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ABSTRACT

In the investigation reported herein, twenty each of five
different types of artificial earthquake accelerograms were generated for
computing nonlinear response spectra of five structural models representing
reinforced concrete buildings. To serve as a basis for probabilistic
design and damage assessment, mean values and standard deviations of
ductility factors were determined for each model having a range of pre-
scribed strength values and having a range of natural periods. Adopting
the standard philosophy, i.e. only minor damage is acceptable under
moderate earthquake conditions and total damage or complete failure should
be avoided under severe earthquake conditions, required strength levels
were investigated for each model. Selected results obtained in the over-
all investigation are presented and interpreted in terms of prototype

behavior.
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I. INTRODUCTION

The general philosophy of seismic resistant design in most
countries of the world, including Japan and the United States, is that
only minor damage is acceptable in buildings subjected to moderate earth-
quake conditions and that total damage or complete failure should be
prevented under severe earthquake conditions. This philosophy serves as
the basic criterion for assessing the potential seismic performance of
existing buildings and for defining design criteria for new buildings.

Usually, the above philosophy is applied to performance assess-
ments and to design in a deterministic manner. In this case, seismic
response analyses are carried out for fixed mathematical models using
fully prescribed ground motion excitations. It should be realized how-
ever that many uncertainties exist in this method. The highly variable
characteristics of ground motions, even for a given site, is the major
cause of these uncertainties. However, other causes also exist such as
the variability of structural properties. For this reason, nondeterministic
methods which formally recognize uncertainties and which predict response
in probabilistic terms should be encouraged. Meanwhile every effort
should be made to reduce the uncertainties through experimental and
analytical research and through improved design and construction methods.

To carry out nondeterministic seismic analyses, an appropriate
stochastic model must be established for the expected ground motions. If
sufficient strong ground motion data were available this model could be
obtained by direct statistical analyses. However, due to the limited
data available, one is forced to hypothesize model forms and to use the
existing data primarily in checking the appropriateness of these forms.

The particular model used in this investigation is essentially



nonstationary filtered white noise as commonly used by many investigators
{1,2]. While this model is admittedly not perfect, it does reflect the
main statistical features of real ground motions; therefore, its use in
seismic response analyses leads to more realistic predictions than does

a single fully prescribed accelerogram.

Since it was the intent of this investigation to concentrate on
low-rise reinforced concrete buildings, two basic single degree of free-
dom structural models were selected for dynamic analysis purposes, namely,
the so called "Origin-Oriented Model" and the "Trilinear Stiffness
Degrading Model" [3]. These models were selected to represent structures
which fail primarily in shear and flexure, respectively. Various strength
values were prescribed for these models and their initial stiffnesses
were varied to produce a wide range of fundamental periods.

Mean values and standard deviations of ductility factor were
generated using the five different classes of earthquake accelerograms
for each structural model having a prescribed period and assigned
strength values. These statistical quantities can be used as the basis
for probabilistic design and damage assessment.

Accepting the basic philosophy previously mentioned, namely
that only minor damage is acceptable under moderate earthquake conditions
and that total damage or complete failure should be avoided under severe
conditions, Umemura has proposed a basic criterion for seismic design
which has been adopted herein [3]. This criterion has been used in
probabilistic terms to establish appropriate strength levels for each
model consistent with the basic design philosophy.

A computer program which generates artiticial earthquake

accelerograms and nonlinear response spectra is presented in Appendix A.



II. GENERATION OF ARTIFICIAL EARTHQUAKE ACCELEROGRAMS

2.1 STOCHASTIC MODELS

Two basic types of nonstationary processes are commonly used to
represent earthquake ground motions, namely, nonstationary filtered white
noise and filtered shot noise [1,4,5]. Shinozuka and Sato suggest that
under similar conditions both types lead to essentially the same response
characteristics of linear systems [6].

In the present investigation, five specific types (Types A, B,

B C, and D) of artificial accelerograms were generated using the

02’
second of the above mentioned basic types. The computer program used for
this purpose was a modified version of the program (PSEQGN) developed by
Ruiz. It follows a procedure consisting of five phases, (1) stationary
wave forms are generated having a constant power spectral density function
(white noise) of intensity SO over a wide range of fregquencies starting
at zero frequency, (2) nonstationary shot noise is next obtained by
multiplying each stationary wave form by a prescribed time intensity
function, (3) each of the resulting wave forms of shot noise is then
passed through a second-order filter which amplifies the frequency con-
tent in the neighborhood of a characteristic frequency and attenuates

the higher frequencies, (4) next each of these filtered wave forms is
passed through a second second-order filter which eliminates the very

low frequency content, and finally (5) a baseline correction is applied

to the double filtered accelerograms in accordance with the procedure of
Berg and Housner [7]. Both second-order filterings are accomplished

digitally by solving numerically the second-order differential equations

relating filter outputs to their corresponding inputs [8]. These



solutions are obtained numerically by the standard linear acceleration
method using constant integration time intervals of 0.01 seconds. By
this procedure, final accelerograms are obtained in digitized form with

each having similar 0.01 second time intervals.

2.2 TIME INTENSITY FUNCTIONS

Five classes of earthquake accelerograms (Types A, B, B.., C

02
and D) were generated using four different time intensity functions as
shown in Fig. 1. These intensity functions are the same as those used
previously by Jennings, et al [2]. Note that accelerograms of Types B
and B02 were generated using the same intensity function. 2all four
intensity functions consist of three phases (1) a parabolic or cubic
build-up phase, (2) a constant intensity phase, and (3) an exponential
decay phase. The total durations of these particular functions are 120,
50, 12 and 10 seconds, respectively; however, since the ends of the decay
phase do not affect maximum response of damped structural systems, they

were cut off at 75, 30, 10 and 5 seconds for Types A, B, C and D,

respectively.

2.3 HIGH FREQUENCY FILTER CHARACTERISTICS

As previously stated, the nonstationary shot noise wave forms
were obtained by multiplying each stationary wave form having a power
spectral intensity So by a prescribed time intensity function.

The high frequency filtering procedure was then used to shape
the frequency content of the shot noise wave forms using the transferv

function (complex frequency response function [81])

1+ (4E2-1) (w/wo)2] - 2i F,O(m/wo)3
i) Gw) = > 2 2 2 (1)
[1 - (w/wo) 17+ 4 Eo(w/wo)




This transfer function, previously suggested by Kanai and Tajimi for this

purpose [9,10]}, is usually written in the more familiar form

1+4¢
2]

2
(w/wo)

(2)

{0 N

EREMIEEE B :
+ 4 &£ (w/w)
O O

r- (w/wo)
Jennings, Ruiz, and other investigators have also used this same transfer
function.

Parameters W and &O appearing in the above filter function
may be thought of as some characteristic ground frequency and damping
ratio, respectively. Kanai has suggested 15.6 rad/sec for Wy and 0.6
for Eo as representative values for firm soil conditions. The fre-
quency transfer function in the form of Eq. (2)is plotted in Fig. 2a for
go = 0.6. These same values of wo and Eo were used in the present
investigation for four of the five classes of accelerograms, namely,
Types A, B, C, and D. Accelerograms of Type B used the same value for

02

wo, i.e. 15.6 rad/sec., but a different value for EO, namely, 0.2.

This damping value was selected for Type B accelerograms to study the

02

influence of a relatively narrow band excitation on structural response.

2.4 LOW FREQUENCY FILTER CHARACTERISTICS
The low frequency filter used in this investigation had the

transfer function [2,8]

o)’ - ww)?l - 21 g e’
H)Gw) = 2.2 2 2 (3)
(r - (w/wf) 17+ 4 Ef (w/wf)

or
w/w)

. 2
!Hz(lm)l (4)

2.2 2 2
[1 - (w17 + 4 £ (w/wy)



where We and Ef are the characteristic frequency and characteristic
damping ratio, respectively, for the filter. The damping ratio term Ef

was assigned the numerical value 1//5' which reduces Eq. (4) to

4
|H (iw) |2 = ~__ﬁf£f£3_.__ (5)
2 4
1+ (w/wf)

Introducing the period ratio T/Tf, where T = 2n/w and Tf = 2ﬁ/wf,

Eg. (5) becomes

1

— (6)
1+ (T/Tf)

] 2
|H2(1T)[ =

In this investigation, Tf equals 7 and 2 seconds for Types A, B and

B02 and for Types C and D, respectively. The square root of the function

given by Egq. (6) is shown in Fig. 2b.

2.5 DISCUSSION ON ARTIFICIAL ACCELEROGRAMS

The constant power spectral intensity SO, used in generating
the stationary wave forms, was assigned the value 0.08952 ft2/sec3. Using
a family of 20 Type B accelerograms, this intensity resulted in a mean
peak acceleration of 0.300g with a standard deviation of 0.032g. In-
creasing the number of accelerograms to 40 gave a mean peak acceleration
of 0.308g and a standard deviation of 0.037g. Following the method of
Gumbel [11], it i1s estimated that for an infinite number of similar
accelerograms, the mean peak acceleration would be 0.309g and the standard
deviation would be 0.04lg. Therefore, in view of this mean peak accelera-
tion and the time intensity function used) the Type B accelerograms
closely represent that class of motions containing the N-S component of
acceleration recorded during the 1940 El Centro, California, earthquake

[2,4].



Table 1 lists the mean values and standard deviations for the
peak accelerations in all 5 classes of accelerograms, i.e. for Types A,

B, C, D, and B In obtaining these results, SO was assigned the same

02"
value 0.08952 ft2/sec3 in each case. ©Notice that the mean peak accelera-
tion decreases as the duration of the constant intensity phase in the
motion decreases. This observation is, of course, consistent with the
theory of extreme values. Notice also that the standard deviations are
relatively small in each case.

Following the suggestion of Jennings, et. al. [2], the Type A
accelerograms are intended to represent the upper bound ground motions
expected in the vicinity of the causative fault during an earthquake
having a Richter Magnitude 8 or greater. The Type B accelerograms are in-
tended to represent the motions close to the fault in a Magnitude 7
earthquake, such as the 1940 El Centro, California, earthquake and the
1952 Taft, California, earthquake. The Type C accelerograms are intended
to represent the ground.motions in the epicentral region of a Magnitude
5.5 shock, such as occurred during the 1957 San Francisco earthquake,
and the Type D accelerograms are intended to represent the motions present
in the immediate vicinity of the fault of a 4.5 to 5.5 Magnitude earth-
guake having a small focal depth, such as the 1966 Parkfield, California,
earthquake. If the artificial accelerograms generated as Types A, B, C,
and D are indeed to be representative of these conditions, then each
class of motions should be normalized by the appropriate factors to raise
the mean peak acceleration levels from 0.332g, 0.309g, 0.244g, and 0.18%qg,
respectively, to approximately 0.45g, 0.33g, 0.10g, and 0.50g.

Since the extreme values of response for all 5 structural models
used in this investigation were measured in terms of ductility factors,

the above mentioned normalization of accelerograms is not required. These



ductility factors are controlled by a structural model strength to ground
motion intensity ratio; i.e. ps/mggo where P is the significant
structural strength parameter, m -is the mass of the single degree of
freedom system, and 3go is the mean peak acceleration. Allowing this
ratio to vary over a prescribed range of values is equivalent to allowing
P and/or ggo to vary independently over restricted ranges.

Further, it should be recognized that the structural response
data generated for ground motions of Types A, B, C, D and B02 can be
interpreted in terms of structural response to other classes of motions.
For example, suppose one wished to interpret these response data for
similar classes of earthquake motions but for a change in the characteristic
ground frequency Wy to reflect a change in soil conditions. This
interpretation can be accomplished by considering a change in the time
'scale of the accelerograms; thus, forcing corresponding changes in the

time intensity functions, the value of T the value of W, and the

£
mean peak acceleration. Since the value of So representing the new
classes of accelerograms is to remain unchanged, the mean peak accelera-
tions of the new motions will be changed exactly in proportion to the
square root of the ratio of the original time interval to the new time
interval. Specifically, suppose the time interval is considered to be
changed from 0.01 sec. to 0.005 sec. for the Type A accelerograms. In
this case, the total duration (as represented by 0OC, Fig. 1) is reduced
from 75 sec. to 37.5 sec., W is increased from 15.6 rad/sec. to 31.2
rad/sec., T is reduced from 7 sec. to 3.5 sec., and the mean peak

£
acceleration is increased from 0.33g to 0.46g (/5-0.33 = 0.46).



III. STRUCTURAL HYSTERETIC MODELS

3.1 BASIC PARAMETERS OF MODELS

The single degreé of freedom system shown in Fig. 3a was used as
the basic form for all structural models investigated. This model has
a linear viscous dashpot but a nonlinear hysteretic spring. The restor-
ing spring force is therefore some prescribed nonlinear function F(v)
of the relative displacement v(t). The principal quantities used to
characterize this function are p_: py, Vi and Vy as shown in Fig. 3b.
Loads P, and py represent the spring restoring forces corresponding

to the concrete cracking strength and the ultimate strength, respectively.

Displacements v, and vy are the corresponding relative displacements.

3.2 ORIGIN-ORIENTED SHEAR MODEL

One of the five structural models used in this investigation
was the so-called "Origin-Oriented" hysteretic model proposed by Umenura,
et. al. [3]. This model is shown in Fig. 4 where it is characterized by
P 1 psy' VSC, and vSY which represent the concrete shear cracking
strength, the ultimate shear strength, the relative displacement produced
by P . and the relative displacement produced by psy' respectively.
Application of this model is restricted to those structural types where
the nonlinear deformations and failure characteristics are controlled
primarily by shear.

This model is defined such that the hysteretic behavior takes
place with increasing relative displacements greater than Voo ©F
decreasing displacements less than Voo Reduction of loads from values
greater than p . ©°r less than P follow linear paths always directed

through the origin, e.g. paths A'O and A"O in Fig. 4. Oscillatory

motions can, of course, take place along the linear paths such as A'OA’
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and A"OA"™ without developing hysteretic loops provided the maximum
displacements do not exceed the maximum displacement previously developed.
The particular model plotted in Fig. 4 is for the case where pSy = 1.9 psc'

= 10. k. = 0. = 0. .
vSy 0 Vsc' 5 0.1 kl' and k3 0.19 kl

3.3 TRILINEAR STIFFNESS DEGRADING FLEXURE MODEL
Four of the five structural models used in this investigation
were the so-called "Trilinear Stiffness Degrading" hysteretic model [3].

14

This model is shown in Fig. 5 where it is characterized by Py pBy’ Voo
and vBy which represent the load at which the concrete cracks due to
flexure, the load at which the main reinforcing steel starts yielding due
to flexure, the relative displacement produced by Po.’ and the relative
displacement produced by pBy' respectively. Application of this model
is restricted to those structural types where the nonlinear deformations
and failure characteristics are primarily controlled by flexure.

The trilinear model is defined such that linear elastic behavior
(without hysteretic loops) always takes place for oscillatory displace-

ments where the corresponding oscillator loads are in the range <

“Ppe
p < ch; however, hysteretic behavior occurs with every cycle of
deformation which has load levels above Py, ©F below “Ppo- During that
period of time between the initiation of loading and that instant at
which the relative displacement first increases above VBy or decreases

below _VBy' the trilinear model behaves exactly like the standard

bilinear hysteretic model having stiffnesses k and k2 (QPOAB; Fig. 5a).

1
However, as soon as the relative displacement increases above vBy or
decreases below —VBy, a new bilinear hysteretic relation controls the

response. For example, suppose the relative displacement for the first
time increases above VBy to level Viax 25 represented by C in Fig. 5a.
Upon decreasing the displacement from this level, the corresponding load

decreases along path CD which has a slope equal to ak where

1'
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o = — B (7)

As soon as the load drops by the amount ZPBc reaching point D in Fig.
. 5a, any further drop in load will follow the continuing path shown
having a slope akz. It should be noted that point D is located at load
level Pp. in Fig. 5a but only because the particular trilinear model
represented in that figure is for pBy/ch = 3.0. If this ratio had been
assigned a different numerical value, the load level at point D would be
different from ch.

The new bilinear hysteretic model controlling the continuing
motion is shown in Fig. 5b. Note that the origin of the skelton curve
is shifted from point 0, the origin of the original bilinear hysteretic
model, to point O'. This point is the intersection point of line QC and
the abscissa axis in Fig. 5a; therefore 00' is equal to BC/2. The stiff-
nesses of the new bilinear model are akl, and ukz.

If during the period of response controlled by the second
bilinear model (Fig. 5b) the relative displacement should increase beyond
Voax (vmax = VBY') as represented by point B' to a new level as
represented by C', the continuing response would be controlled by a
third bilinear hysteretic model whose characteristics could be obtained
in exactly the same manner as the characteristics of the second model.
Also, if yielding of the trilinear model had taken place at load level
—pBy rather than load level pBy' the new bilinear model controlling
the continuing motion would be obtained by a similar procedure.

One characteristic feature of the trilinear stiffness degrading

model worth noting is that when subjected to full-reversal cyclic

displacements at a constant amplitude the bilinear hysteretic loops are
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perfectly stable, i.e. each loop retraces the preceding one. The energy
absorbed during each successive cycle must therefore be equal. Using a
period T2 = 27 V57E;} where ky is én average stiffness as shown in
Fig. 6, one can calculate the equivalent damping ratio & for a linear
viscously-damped single degree system which represents the same energy
absorption per cycle of oscillation. This damping ratio is shown in

Fig. 6 for each of four different bilinear models.
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Iv. SELECTION OF MODEL PARAMETERS

4.1 ORIGIN-ORIENTED SHEAR MODEL
As previously defined, the origin-oriented hysteretic model
shown in Fig. 4 is completely characterized by any four of the seven

parameters k k k

2’

1’ P,V , Vsy. Based on experimental

3" Pge’ Fay’ Vsc

data [3], it has been determined that

pSy = 1.9 P (8)

v = 10 v (9)
sy sc

which reduces the number of independent parameters to two. It is most
meaningful to let one of these two parameters be a stiffness parameter

and the other be a strength parameter. For this purpose, it is con-

venient to use period Tl = 27 Vm/k1 and the concrete cracking force
p_ . As shown later, p is normalized by the force mv__, where v
sc sc go go

is the mean peak ground acceleration.

4.2 TRILINEAR STIFFNESS DEGRADING FLEXURE MODEL
The general trilinear stiffness degrading hysteretic model
shown in Fig. 5 is completely characterized by any four of the seven

parameters k v_ . Four specific models, which

ke X Pay’ VBe! Yy

17 72 + Pper

were previously studied by other investigators [3], were selected for

this investigation,

1 By Be
2. = 2k_ ; = 2
kl v pBy ch (10)
. = 4 ; =
3 kl ky pBy 3pBC

4. k PBy ZPBc
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These four models were chosen because ky and pBy are often found in

the ranges 2k, < ki < 4k,

< < i
v v and 2pBC pBy 3ch, respectively, for

reinforced concrete members. For frame structures, these ranges are not
so well defined so that engineering judgment must be relied upon in
assigning values consistent with their overall nonlinear behaviors.
Having assigned numerical values to the ratios ky/kl and
pBy/ch’ only two independent model parameters remain. In this case it
is most convenient to select a stiffness parameter measured in terms of

Tl = 27 Vm/kl and a strength parameter measured in terms of pBy' Again,

the strength parameter selected (pBy) is normalized by the force m Ggo'

4.3 VISCOUS DAMPING MODEL

As shown in Fig. 3a, the single degree of freedom model used in
this investigation included a linear viscous dashpot having a variable
coefficient c¢. The coefficient used with the origin-oriented shear model
is defined by the relation c(t) = 2 El k(t)/w(t) where 51 is a con-
stant damping ratio, and k(t) and w(t) are variable stiffness and
natural circular frequency in accordance with the stiffness at time ¢,
respectively. The coefficient used with the trilinear stiffness degrad-
ing flexure model is defined by the relation c(t) = 2 El k(t)/wl where
w is a initial natural circular frequency. This coefficient becomes

1

smaller with a reduction or degradation of stiffness.
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V. DYNAMIC RESPONSE ANALYSIS

The complete time history of dynamic response was generated for
the single degree of freedom system using the five different structural
models subjected seperately to the twenty artificially generated earth-
quake ground motions. The equation of motion governing this response is

the well known relation

mv(t) + c(t)v(t) + F(v) = - m %}g(t) (11)

where F(v) 1s the nonlinear spring force defined by the hysteretic
model being considered; i.e. the spring force defined by either Fig. 4

or Fig. 5. Dividing through by m§go (a constant) gives

. v _(t)
Llvw S« B 9 (12)
go go go go

Note that the third term on the left hand side of this equation is the

same force-displacement relation defined by the hysteretic model but with

the force normalized (as previously mentioned) by the constant m v

Knowing the numerical values assigned to constants Ggo’ gl,

as well as the prescribed value of psc/m Ggo (or pBy/m ;go)' one can

and T,
1

solve Eq. (12) for the complete time history of response v(t). This
solution is obtained numerically using the standard "linear acceleration"
method. The time interval At generally used in the integration was
shortened to a subdivided value At' during short periods of time in
which the model stiffness changed value. The numerical values of At

and At' wused for four different ranges of period T are shown in

ll
Table 2.
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The response quantity of primary interest is the ductility
factor u which is defined as v(t)max/vSc for the origin-oriented

model and as v(t)max/vBy for the trilinear stiffness degrading model.

This factor was obtained for each of the five structural models when
subjected separately to each of the 20 ground motions generated for Types

A, B, C, D, and B__. The damping ratio g

02 was assigned the value

1

0.05 for the origin-oriented model and 0.02 for the trilinear stiffness
degrading model. Since the ductility factor was desired for a range of

stiffnesses, period T was assigned 10 different numerical values as

1
given by

. = 0.1(2)Y?

1 {n =0,1,2,...,9) (13)

Using the origin-oriented model, ductility factors were
obtained for a range of values of psc/m vgo' namely 0.50, 0.75, 1.00,

1.25, 1.50, 1.75, 2.00, 2.25, 2.50, and 3.00. Using the trilinear

stiffness degrading model, these values were obtained for pBy/m Ggo

equal to 0.50, 0.75, 1.00, 1.125, 1.25, 1.50, and 1.75.
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VI. DUCTILITY RESPONSE SPECTRA

6.1 LINEAR ELASTIC MODEL

To characterize the five classes of earthquake motions (Types
A, B, C, D, and BO2) in most familiar terms, all 20 accelerograms of each
type were seperately used as the excitation applied to a linear, viscously

damped (£ = 0.05) single degree of freedom system. Mean absolute

acceleration response ratios o as defined by

a = —— (14)

, where gt(t)max is the mean value of 20 maximum absolute accelerations
[§t(t)max] and where ggo is the peak mean value of ground accelerations,
were determined for each excitation over a range of periods T. The
coefficients of variation (ratio of standard deviation to mean value) of
'\'rt(t)max were also determined for the 20 accelerograms in each type of
excitation.

The results of the analyses for all five classes of earthquake
are shown in Fig. 7 where the mean absolute acceleration response ratios
o and the coefficients of variation of '\}t(t)max are plotted as func-
tions of period T. As would be expected, the values of o for the
five classes of earthquakes are widely seperated at the long pericd end
of the abscissa scale but converge together towards the low period end
of the scale. BAs the period goes to zero, o must of course, approach
unity. It is seen in Fig. 7 (excluding Type BOZ) that o increases with
duration of the earthquake excitation. The very high peak shown in the

function of o for Type B is caused by the narrow band excitation in

02

the ground motion in the neighborhood of T = 0.4 sec.
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The coefficients of variation of i}t(t)max decrease with
duration of excitation and increase generally with period T. It should
be recognized that as T approaches zero the coefficients of variation of
R}t(t)max approach the corresponding coefficients of variation of

..

v (t) , as given in Table 1.
go max

6.2 ORIGIN-ORIENTED SHEAR MODEL

Mean ductility factors u and their corresponding coefficients
of variation were generated for the origin-oriented shear model using the
20 response time histories for each class of earthquake ground motions.
Values, as obtained over the period range 0.1 < T1 < 1.6 Y2 and over
the normalized load range 0.50 < Bs < 3.00 (where Bs is defined as
the ratio pc/m ggo)’ are shown in Figs. 8a-8e. For each type of
earthquake, these ductility factors generally increase with decreasing
period and the spread of ductility factors over the full strength range
increases with decreasing period. Also the ductility factors for a
fixed period increases with decreasing structural strength.

The trends of the coefficients of variation with period are
similar to those previously described for mean ductility factor,
particularly regarding strength level and strength variation. It is
most significant to note that the coefficients of variation are low
when the response is essentially elastic (u < 1) but they can become very
large with increasing inelastic deformations.

When interpreting the results in Figs. 8a-8e, it should be
noted that the strength ratio BS = pc/m 390 can be expressed in the

form

Bs = (pc/W)/(vgo/g) (15)
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where W is the weight of the single degree of freedom mass and g is

the acceleration of gravity. Therefore, this parameter can be considered

as the ratio of base shear to coefficient of mean peak ground acceleration.
If for any particular case one wishes to determine the mean

maximum relative displacement G(t)max, this can be accomplished by

using the appropriate mean ductility factor {i taken from Figs. 8a-8e.

By definition of ductility factor, one can state

v(t)max = v, U = (pc/kl) U (16)

Making use of the definition of Bs given above, this equation can be

written in the form

It

|
™
=1
<t

V(t)max kl s go (17)
or
2 v o)
7 (t) = e 0|5 | = (18)
max 1"s 2 g
4T
Equation (18) is the most convenient form for calculating \_I(t)maX°

6.3 TRILINEAR STIFFNESS DEGRADING FLEXURE MODEL

Mean ductility factors and their corresponding coefficients of
variation were generated for the four trilinear stiffness degrading
flexure models using the 20 response time-histories for each ciass of
earthquake ground motions. Values, as obtained over the period range
0.1 < Tl < 1.6 V2 and over the normalized load range 0.50 < Bf < 1.75

(where B is defined as the ratio py/m ng), are shown in Figs. %a-9d,

£
10a-10d4, 1lla-11d, 12a-12d, and 13a-13d for earthquake Types A, B, C, D,

and BO2' respectively.
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The general trends of these results are very similar to those
previously described for the origin-oriented shear model. It is worth
pointing out again that the coefficients of variation of maximum response
are relatively low for cases of essentially elastic behavior but can
become very large for cases involving inelastic deformations.

As in the case of the origin-oriented model, mean maximum
response can be calculated using the relation

- _2e = [ a1 e
V(t)max = T2 Bfu [4ﬂ2][ g] (19)
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VII. USE OF DUCTILITY RESPONSE SPECTRA FOR
PROBABILISTIC SEISMIC DESIGN

7.1 SELECTION OF REQUIRED DUCTILITY LEVELS

It is implied in the basic philosophy of design previously
stated that economical considerations do not permit the design of struc-
tures for zero risk of damage in high seismic regions. To minimize total
costs (initial costs, repair costs after earthquakes, etc.), damage is
often permitted to limited degrees under moderate to severe earthquake
conditions. It should be understood that permitting some damage to occur
in a well designed structure has the beneficial effect of limiting damage
to that same structure. This is due to the fact that the energy absorp-
tion associated with damage is effective in limiting the maximum levels
of oscillatory motion in the strucuture. Therefore, a good seismic
resistant structure should be designed for high energy absorption
capacity assuming it will experience controlled damage under severe to
moderate earthquake conditions. In terms of the hysteretic structural
models presented herein, this concept means that the ductility factor
should be limited to certain values consistent with the basic design
philosophy.

Assume for the moment that one prescribes two numerical values
of ductility factor for a given structural model. The smaller value was
chosen to be consistent with light damage under moderate earthquake
conditions and the large value was chosen to be consistent with heavy
damage (but not complete failure) under severe conditions. Two questions
come to mind (1) "What is the probability of these ductility factors
being exceeded during a single earthquake of Types A, B, C, D, or B__?"

02°

and (2) "What ductility factors are required, consistent with the design
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philosophy?". To answer these questions, one must establish the
appropriate probability density or distribution functions.

Previous investigations have shown that the probability dis-
tribution function for extreme value of structural response for a single

earthquake follows closely the Gumbel Type I distribution [1,4]
P(u) = exp {-exp [-a (p~-ul} (20)

where 1y 1is the maximum response measured in terms of ductility factor,
and o and u are parameters which depend on the average and standard
deviation of u. If only 20 sample values of u are available as in

this investigation, o and u can be obtained using the relations [11]
o = 1.063/0u (21)
and

W = u - 0.493 o (22)

where ﬂ and cu are the mean and standard deviation of the 20 sample
values of . Using these equations and expressing the standard deviation
of Yy in terms of its coefficient of variation (0u = ¢ ﬁ), Eg. (20) can

be written in the nondimensional form

P(q) = exp {~- exp [- l*géé-(q - 1+ 0.4930) 1} (23)
where
g = (u/n) (24)

This probability distribution function is plotted in Fig. 14 over a
range of values of ¢, i.e. over the range 0 < ¢ < 1.5. Since the

probability distribution function is defined such that
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P(x) = Probability [p < x] (25)
, the probability exceedance function is given by
Q(x) = Probability [p > x] = 1 - P(x) (26)

The first question previously raised, namely, "What is the probability of
these ductility factors being exceeded during a single earthquake of

Types A, B, C, D, or B__?", can be easily answered using Eg. (26), Fig.

02
14 and the data provided in Figs. 8a-13d. The second question raised,
i.e. "What ductility factors are required consistent with the design
philosophy?", is more difficult to answer. Before attempting to answer
this question, one must realize that the basic design criteria cannot be
met in absolute terms, i.e. with 100% confidence. This complication is
due to the scatter of coefficient of variation of ductility factor
present for each family of earthquake excitations. The best one can do
is reduce the probability of exceedance associated with each of the two
ductility factors to an acceptable level. Deciding on an acceptable
level is complex as it involves economic, social, and political
considerations.

Suppose for example, it was decided that a 15 percent pro-
bability of exceedance was acceptable, i.e. Q{u) = 0.15 and P(u) = 0.85.
Using Fig. 14 and the data provided in Figs. 8a-13d, one can easily

establish that ductility factor associated with P(u) = 0.85. This

M85
has been done for all four trilinear stiffness degrading models sub-

jected to Type A ground motions giving the results shown in Fig. 15.

7.2 SELECTION OF REQUIRED STRENGTH LEVELS
To establish the required strength levels of the various struc-

tural models for each class of earthquake motions, one must first prescribe
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basic criteria consistent with the basic design philosophy. In the
following discussion, 20, 15, 10 and 5 percent probabilities of exceedance
were selected as examples of acceptable risk and it was assumed that
moderate and severe earthquake conditions are represented by 0.30g and
0.45g, respectively, for the mean peak acceleration of ground motions.
Finally, the two ductility factors, consistent with light and heavy (but
controlled) damage, are chosen as 2 and 10 for the origin-oriented shear
model and 2 and 4 for the trilinear stiffness degrading model. The
values of peak accelerations and ductility factors selected above follow
the suggestions of Umemura, et al. [3].

Using data such as shown in Fig. 15 for each structural model
and for each type of earthquake motions, i.e. using curves of u85 vs. Tl'
one can easily obtain the required strength ratios (8 = p/m ggo) for
discrete values of T.. Linear interpolation between the curves (u85 vs.

1

Tl) for a fixed value of Tl can be used for this evaluation. The
resulting required strength ratios for each prescribed risk level can

then be plotted as functions of period T as shown in Figs. 16-19 for

1
the trilinear stiffness degrading flexure model subjected to earthquake
Types A, B, C and D. Figures 20 and 21 show the required strength ratios

corresponding to ductility ratios and Hgs equal to 6.

Mg’ Mgs’ Hoo
Figs. 22 and 23 show similar results but with the ductility ratios equal
to 8. These results have no direct relation to the basic design criteria
but are of interest in showing the influence of high ductility on the
required strength level. One characteristic feature of all sets of
curves in these figures is that the four curves representing earthquake
Types A, B, C and D are quite close to each other, except for the case

of Type D earthquakes when 10 and 5 percent probability of exceedance is

prescribed. One finds the required strength ratios are significantly
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influenced by the area of the hysteretic loop; see Fig. 6. The required
strength ratios for the trilinear model subjected to earthgquake Type B02
are shown in Figs. 26 and 27.

One very significant feature to notice in these figures for all
five types of earthquakes is that generally, the required strength ratios
for the trilinear model in the range Tl > 0.2 sec. vary in a linear
manner with negative slopes along the log scale for Tl. Converting to
a linear scale, the required strength ratios would vary in inverse pro-
1/2

for T. > 0.2 sec.

portion to the square root of T 1

;e Bm(Tl)~
This implies that buildings represented by the trilinear model which have
a shorter natural period than the predominant period in the ground motions
are likely to suffer excessive deformation, especially in a case of

earthquake Type B because a lengthening of the period caused by

02’
reduction and degradation of the stiffness brings the characteristic
period more in line with the predominant period in the ground motions.
The required strength ratios (BS = pc/m égo) are shown in
Figs. 24 and 25 for the origin-oriented shear model subjected to earth-
quake Types A, B, C and D. The results in Fig. 24 are obtained for the
basic criteria previously established; however, the results in Fig. 25
are for ductility factors wu set equal to 1.5 and 5 which represent
brittle structures. These latter results show the influence of brittle-
ness on the required strength level. The four curves representing
earthquake Type A, B, C and D are quite close to each other similar to
the corresponding curves for the trilinear model. The required strength
ratios for the shear model subjected to earthquake Type B02 are shown in

Fig. 28. The results in Figs. 24, 25 and especially, in Fig. 28, show

a high tendency to peak at T, = 0.4 sec. which corresponds with the

1

predominant period of the input ground motions. This tendency is most
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significant in the case of lower ductility factors which correspond to
small degradations in stiffness. The required strength ratios vary in
inverse proportion to the square root of Tl for T1 > 0.4. As for the
shear model, the period at the peak of these curves becomes smaller with
the higher ductility factors which accompany the larger degradations of
the stiffness.

When judging which of the two prescribed ductility factors
control a particular design or damage assessment, one should be careful
not to base the decision on a direct comparison of the required strength
ratiog as shown in Figs. 16-19, 24, 26 and 28 since these ratios have

different normalization factors. For example, consider a shear model

with Tl = 0.4 sec. as shown in Figs. 24c and 244. Using the light

damage criteria, i.e., ng = 0.30 g.and u85 =2, gives B = 2.2 and

p, = 0.66 mg. Using the heavy damage criteria, i.e. §go = 0.45g and

u85 = 10, gives B = 0.8 and pc = 0.36 mg. Note that for these two
different levels of damage, the resulting values for £ have a different
ratio to each other than do the two values for p.- Obviously in this
case, the light damage criteria requiring P, = 0.66 mg control the
design or damage assessment. Let us consider a second example of the
origin-oriented model with Tl = 0.15 sec. In this case the light damage
criteria give B = 1.7 and P, = 0.51 mg and the heavy damage criteria
give B8 = 1.3 and pc = 0.58 mg. For this particular structural model,
the heavy damage criteria requiring P, = 0.58 mg control the design or
damage assessment. Making similar comparisons for the various trilinear
stiffness degrading models represented in Figs. 16-19 and 26, one finds
85

that the heavy damage criteria (§go= 0.45g and u = 4) always control

the design or damage assessment.
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When using the results in Pig. 16-28 in accordance with the
above example calculations, one should remember that they are based on the
ground motion parameters w, = 15.6 rad/sec (TO = 0.4 sec) and go = 0.6
which represent firm ground conditions. If one should have quite
different ground conditions, these parameters should be adjusted
appropriately. These adjustments shift the level of the predominant
frequencies in the ground motions and also change the mean intensity
level ggo' With considerable experience and using engineering judgment,
certain modifications to the data in Figs. 16-28 can be made to reflect
these new conditions.

One should also keep in mind that these results do not include

the influence of soil-structure interaction which lengthens the natural

period and often increases damping in the overall system.
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VIII. CONCLUDING STATEMENT

The response ductility factors and coefficients of variation
presented herein provide the necessary data for carrying out probabilistic
seismic resistant designs and for conducting damage assessments consistent

with basic design criteria and the statistical nature of earthquake

ground motions.
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TABLE

1

MEAN VALUES AND STANDARD DEVIATIONS OF PEAK GROUND ACCELERATIONS

Type of Statistical Number of Earthquakes

Earthquake Quantity 20 40 Infinity

A Mean 0.327 0.331 0.332

Std. Deviation 0.023 0.036 0.040

B Mean 0.300 0.308 0.309

Std. Deviation 0.032 0.037 0.041

c Mean 0.240 0.243 0.244

Std. Deviation 0.022 0.035 0.039

D Mean 0.191 0.188 0.189

Std. Deviation 0.041 0.039 0.044

B Mean 0.346 0.336 0.337

02 Std. Deviation 0.048 0.049 0.055

TABLE

2

STANDARD TIME INTERVAL AND SUBDIVIDED TIME INTERVAL

Natural Period Tl' sec.
Interval Type
0.1 and 0.14 0.2-0.4 0.57-1.13 1.6 and 2.26
Standaxrd 0.005 0.01 0.01 0.01
Subdivided 0.000625 0.00125 0.0025 0.005
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DUCTILITY FACTOR RATIO, g
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FIG. 14 PROBABILITY DISTRIBUTION FUNCTIONS FOR DUCTILITY
FACTOR RATIOS ON GUMBEL PLOTS
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REQUIRED STRENGTH RATIO (S8)

REQUIRED STRENGTH RATIO (8)

/"'80:2 T2=‘/éT| 'ueo=2 T2=‘/éT| 'u'so;z Tz:ZTI P'BO=2 TZ:ZT'
R = 3R P, =2R R, = 3R, P, =2FR,
L@ (B) ) (d)
TYPE A
—— TYPEB
I8 —.— TYPEC
----- TYPE D
15 | o
\ 8= —
kY - mv 4
1.4 . /f;.af\:\ = ‘\\ go
LAY h \
ZaN| e\
12 o | .
Y W\ \ \
Ny I \
Ll A A\ \\ LY
\\ X A — \
10 \‘ \1\ N b\&
'\Q\\ \\\‘\ \\_\ R\
09 \ Al W \
T
08 W | \ W
-
o7 h\ \ \ \
)Y -
\

06 ) N .
05 Clc bl 1 Cbe bl A ERE NN b
[eX] 02 05 0.1 0.2 0.5 Ol 02 0.5 [eX] 0.2 0.5

T, (SEC)
Moot T =27, e V2T, Hgo=4 T =27 Heo=4 T =27,
R = 3R R =2R R, = 3R, P, = 2R,
. [(@) (&) (c) (@)
TYPE A
—— TYPEB
1.6 — .~ TYPEC
————— TYPED
1.5 8- py B
1.4 mVgo
1.3
1.2
y\\
. \\ =\ 3
10 ) X A \
\ X ; \
A\ \\\\ \ AN
0.9 ) \ AR Ry
\\“\ \ «\\ QQ\
\‘\ p 3 W
08 v ) A AN
\ \\ ) \
'\ 3\ \\ A
0.7 \‘.‘\ \‘.\\ AE) \
t\ \‘b\ '\‘}‘ \\
06 \ ) R N
' \ W 5
05 ol N e rA | ol III\|I|II|I
o.l 0.2 0.5 O.1 0.2 05 Q.1 0.2 0.5 [0X] 0.2 0.5
T, (SEC)

FIG. 16 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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REQUIRED STRENGTH RATIO ()

Hes=2 Tp=V2T, Hes=2 Tp=V2T, Hes=2 To= 2T, fes=2 Tp= 2T,
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(a) (b) (c) (d)
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FIG. 17 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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REQUIRED STRENGTH RATIO (8)

REQUIRED STRENGTH RATIO (S8}

te,"2 T,=/2T, Feo=2 T, 2T, Boo=2 Tp =2T,
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FIG. 18 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED




Hyg=2 T, =v/2T, Mee22 T, =v/2T, Hgg =2 T, =2T, Hgg =2 T, =27,
= 3R, R, = 2R, PR3P, R, =2,

»
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©

REQUIRED STRENGTH RATIO ()
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06 Y h .
- \
05 | |lllllil i [\lllllll [ II'IIIIqi L ‘Ill[llll
01 02 05 01 02 05 01 02 5 01 02 05
T, (SEC)
Mg T,=/2T, Hgs =4 T,=V/2T, o, =4 T,= 2T, g =4 T, 72T,
R = 3R R =2R R = 3R R = 2P,
L@ (b) (c) (d)
TYPE A
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FIG. 19 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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Fao=8 Tp=+/2T, Feo=6 T,=+2T, Heo =6 Tp=2T, Hep =6 T, =27,
R = 3R Ry = 2R R = 3R, Py =2R,
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By 6 Tp=V/2T, Fros™® T2= /2T, o =6 Tp=2T, Fes=6 T2=2T,
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FIG. 20 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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REQUIRED STRENGTH RATIO (B8)
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FIG. 21 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION

LEVELS AND EARTHQUAKE TYPES INDICATED
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For8 To =27, Fao=8 T2=42T, Heo=8 Ta2=2T, Hyo=8 Tp=2T,
B, = 3R P, = 2R, P, = 3P, P, = 2R,
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FIG. 22 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,

DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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REQUIRED STRENGTH RATIO (8)
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REQUIRED STRENGTH RATIO (B8)
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FIG. 23 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,

Hyy=8 T, =27,

DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
'LEVELS AND EARTHQUAKE TYPES INDICATED

57



Hoo=2 Py=l‘9PC Ko =10 R, =19FR, #85=2 Py=|.9Pc M. =10 B, =IL9F

80 y 85 y [+
‘o Vy =10V, Vy =10V, Vy =10V, Vy =10V,
T (a) {(b) (c) (d)
TYPE A |
—— TYPEB |
—-— TYPEC
————— TYPE D
25 4
- 5
Q B=——=—1
= mvgo -
O
5 AN
© 20 o,
i TN P/
5 //i/ ‘\\'\ \‘ ,g// \ . \‘\
uZJ y AN \‘\ ,J/ N \\
o . VL 7 Nt
= v/ L\ \\\ \_\\
[ VY Y
a N\ A
= W = W [
2 NN\ W W
“ o Y AN ZANEN\
. LAY
Y \'\h\\\ \\ N \\\
AN N
\6\ AN
NS RN
050 L Lililll Ll LM C Ll RN
ol o2 05 0f 02 05 ol 02 05 ol 02 05
T, (SEC)
#90=2 Py=|'9Pc P9°=|O Py =19 F’c /435:2 Py=L9Pc ,“-95=|O Py=|9F’c
‘o Vy =10 Vg Vy =10 Vg Vy =10V Vy = 10Vg
T l(e) (f) i (g) (h)
TYPE A |
—— TYPEB
—-— TYPEC
----- TYPE D
. 25 — 0 -
s - e
/1 — Mvgo A
e A I N ¢
R 74N
20 /] /\\ \\\\ S / ‘\\ X\
s of 4 AN J17 LR \
- 1/ i i/ W
/ Ay G [k N\
g /)‘,l]/ \\‘\X _ ‘i\“\
4 N e 4 T
z 7 1 7 Ry
» |5 B / i\
\]
i bt W A
o \ N\ ~\
S /=N N
w //A\ '\\\\\ /7 \\ \\
e 1.0 / \\ 3 x A \\
Y wy
S\ NY
LN\ -\§__
)
o5 Ll TN AT NN
ol 02 -05 o0l o0z 05 ol o2 05 oI o2 0.5

T, (SEC)

FIG. 24 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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FIG. 25 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION
LEVELS AND EARTHQUAKE TYPES INDICATED
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FIG. 26 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
DUCTILITY FACTORS, PROBABILITY DISTRIBUTION

LEVELS AND EARTHQUAKE TYPES INDICATED
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FIG. 27 REQUIRED STRENGTH RATIOS FOR STRUCTURAL MODELS,
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APPENDIX A

COMPUTER PROGRAM "SHOCHU"
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e a e e T e et e & s e e — e s e

PROGRAM SHOCHU (.INPUT. OUTPUT, PUNCH )

“‘t?bttttt‘t#'ttt##‘#‘tt‘tt**#-#*###

INPUT DATA
MCONTL INDEX FUR KINDS OF JUB
CMCONTL = 0 STOP
=1 PSEUDU EARTHGUAKE GENERATION
= 2 EARTHQUAKE GENERATION AND RESPONSE ANALYSI> GF

ORIGIN-ORIENTED SHEAR MJIUEL

=z 3 EARTHWUARE GENERATION ANU RESPUNSE ANALYSIS UF
TRI-LINEAR STIFFNESYS DEGRAVING FLEXJURE MCDEL

= 4 EARTHQUAKE GENERATIUN ANU RESPUNSE ANALYSES uF
BOTH MJDELS

x & ¥ % %X ® ¥ ¥ k ¥ ¥ £ ¥ ¥ ¥ & ¥ ¥ ¥ ¥ ¥ ¥ ¥ & ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ %

DATA ARE READ IN THE CORRESPONDING SUBROUTINES
{ PSEQGN , OURIGIN » OTRILL )

NSTEP = 2 NUMBER OF INTERPULATION OF ACCELEROGRAM

£ & & £ ¥ X K B ¥ ¥ £ X & & ¥ & &5 & &k ¥ & & & & ¥ X & & Xk ¥ ¥ ¥ ¥

COMMON AA(32000)

COMMON /CNTRL/Z NEQREC s T,DT yEAMAXyDAMPyFO,TIsTOyCE2 yNUUTLO) yHED(B)
LyNEQy ISHAPEJACCHMAX(4U) s VELMAX(40) ,D1SMAX(4D) :

COMMON /GENC/ PI2yNOYNIyNDECyNTOTyAMPL 019D2903,049wds05C,

1 ALy A2+sA39A49A5 A0 AT CLYDLyNACC oNVEL

1 READ 100, MCONTL

iFl MCONTL.EQ.O ) GO TJ 2

PSEUDO EARTHIUAKE GENERATION

CALL PSEQGN

IF ( MCONTL +Ew. 1 ) GO 7O 3

LINEAR INTERPOLATIUN uF tARTHQUAKE ACCELERATIUN
NSTEP=2

NTOT2=NSTEP*NTOT

TH=0T/FLOAT({NSTEP)

CALL ERIKO [AA{NACC),AAINVEL) NTOT,NSTEP)

IF ( MCONTL .EQ. 3 ) GO TU &

RESPONSE ANALYSIS OF ORIGIN ORIENTED SHEAR MODEL
CALL ORIGIN (AA(NVEL)pNTOfZ.TH,ACCMAX(l))

IF { MCONTL .EQ. 2 )} GO TO 3

RESPONSE ANALYSIS OF TRI-L[NEAR‘STIFFNESS VEGRADING FLEXURE MUDEL

4 CALL DTRILI (AA(NVEL) ¢NTUT2,TH,ACCMAX{L))
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SHCH 6l

3G0T01 SHCH 62 .
2 STOP SHCH 63
100 FORMAT ( 15 ) ’ SHCH 64
END SHCH 65
SUBROUTINE PSEQGN SHCH 66
SHCH - 67
* & ¥k X K K % kX $ ¥ k £ &£ ¥ & k ¥ ¥ & ¥ &k ¥ £ ¥ ¥ ¥ ¥ ¥ & ¥ & ¥ % SHCH 68
SHCH 69
PSEUDC EARTHIUAKE GENERATIUN SHCH 70
SHCH 7L
PROGRAMMERS 4 «P RUIZ AND J PENZIEN,UNIV OF CALIFr,BERKELEY. 1969 SHCH 72
MODIFICATIONS..NISEE 1972 ‘ SHCH 13
MODIFICATIUNS . oM MURAKAMI 1975 SHCH T4
: SHUH 75
k ¥ & & & %k % k ok % & ¥ & & & % % % ¥ & k k *x k ¥ ¥ ¥ ¥ k ¥ & ¥ & SHUH 76
SHCH 17
COMMUN /CNTRL/Z NEQRECyTyDTyEAMAX3DAMP yF Q4TI ,TI,CELyNOUT {6)4riculb) SHCH 73
13 NEQs ISHAPEZACCMAXL20) y VELMAXT U ) 3 DISMAX(40) ' SHCH 79
COMMUN /GENC/ PLZywWO»NLyNUECYyNTOT yAMPLyULsD2+s0340%yauU,y( ‘ SHUH 80
L ALyA2yA34A4 4 A5 9A0 AT CLYDLyNACC e NVEL SHCH gl
' _ SHCH 82
¥ ¥ ¥ kX ¥ ¥ ¥ ¥ £ ¥ % X & ¥ ¥x ¥ X x ¥ ¥ ¥ ¥ & ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥x ¥ ¥ SHCH 83
SHCH B4
INPUT DATA SHCH 62
SHCH 36
NEQKEC = NUMBER UF EARTHWQUAKE RECURDS SHCH 87
T = DURATIUN OF RECURUS SHCH 88
TH = DT = TIME INCKREMENT SHCH 89
DENST = POWER SPCCTRAL ODENSIYY (CM*%2/SEC**3) SHCH YU
NOUT=0UTPUT CUNTRUL ARKAY : SHCH 91
SHCH 92
HIGH FREQUENCY FILTER PARAMETERS . SHCH 93
SHCH 9%
DAMP = DAMPING RATIO SHCH 25
FO = UNDAMPED NATUKAL FRCJUENCY (CPSI SHCH 96
DENST = PUWER SPECTRAL INTENSITY SHCH 27
SHCH 98
LOW FREQUENCY FILTER PARAMETERS SHCH 99
sHCH 100
DAMPL = DAMPING RATIU SHCH  1J1
FOL = UNDAMPED NATUNAL FRcQUENCY (CPS) SHCH  L02
i SHCH 103
SHAPING FUNCTION PARAMETERS . ) SHCH 104
SHCH 105
TI = DURATION OF INITIAL PARABULIC sUILDUP SHCH 106
TO = TIME AT END OF STATIONARY POUKRTION SHLH 107
CE2 = EXPONENTIAL DECAY CONSTANT : SHCH 108
ISHAPE = 2 (PARABULIC BUILO-UP PHASE]) SKkCH 109
= 3 (CUuBIC BUILD-UP) SHCH LAO
) . SHCH kL1
® 8 % % & 5 5 8 %k 5 k3 % &K TE XS EE T B EE T E X FET SHCH 142
: . . ) SHCH  LL3
BLANK COMMON STORAGE ALLOCATION ) SHCH 1146
SET COMMUN AA{NNN) AND NAA=NNN ) . SHCH 415
: : SHCH 1lé
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WHERE NNN EXCEEDS 3*NTOT#NI+NDEC

WHERE NTOT=T/DT+l
NI=TL/DT+}
NDEC=NTOT-TO/DT¥

* % % & ¥ & £ & £ ¥ & ¥ & ¥ & ¥ ¥ & ¥ & ¥ & £ & ¥ & & & & % & k&

NEQREC = 1 IS REQUIRED FOR RESPUNSE ANALYSIS.
IF LAST TWO CARU ARE "BLANK"™, SUBROUTINE RETURNS TuU MAIN.

& % & $ % k % E X ¥k ¥ £ ¥ £ ¥ X ¥ ¥ ¥ ¥ ¥ ¥ ¥ X & F ¥ ® ¥ & & % ¥

COMMON AA(32000)
NAA=32000

READ SPECIFICATIONS

READ 64 HED NEQREC T TH,DUNST

IF {NEQREC .EW.0Q) GO TU 5

DT=1H :

READ 8, DAMP,FO

READ 9, ISHAPE

READ 35 TI,T70,CE2

READ 8,DAMPL,FOL

READ 9, NOUT

PRINT 10y HEDsNEQRECIUENSTyTyOT ¢NCUT oF U UAMP 3 FIL s UAMPL I, I5HAPE,
17T0,CE2

NTUT=T/DT+1.0001
NO=T0Q/DT+1.0001
NI=TI/DT+1.0001
NDEC=NTOT-NO+1
MAA=3*NTOT+NDEC#+NT+1
IF (NAA-MAA) 2,3,3
PRINT 7, MAA

stTop

CONTINUE

STORAGE ALLOCATION

NP=1

NP LaNP+NOEC
NACC=NP1+NI
NVEL=NACC+NTOT
NDISP=NVEL+NTUOT

GENERATE INTENSITY-TIME FUNCTION
CALL SHAPE L(AAINP)AA(NPL) NI ,NDEC)
GENERAL CONSTANTS

P1226.2831853
MO=PI2%FO
D=2.*DAMP % w0
A226./0T
Al=A2/0DT
A3=3./0T
A4=DT/2.
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12X
122
123
124
145
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121
128
129
120

131
132
133

134
135
136
137
138
139
140
141
L«
143
L44

145

146
147
148
149
150
151
152
153

- 154

153

156

157
158
159
160
L6}
Lo2
lo3
164

165

j¥-1
167
168
109
170
171

112

173
174
175
i7e
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AT=A4

AS5=A7%0T7/3.Q
A6=2,.0%A5
C=AL+D*A3+W0*n0 -
WOL=P[2%FOL
OL=2 .*DAMPL*WUL
CL=AL+DL*A3+n0L*nOL
- AMPL=P[2%DENST/DT
AMPL=SQRT(AMPL)

01=0T/T7

D2aD1*DL/T

D3=02%D
D4=D3%*D

1
1

GENERATE,PRINT AND PUNCH RECUOROS

DO 4 NEQ=14NEQREC

CALL GEN (AAINP),AA{NPL) AAINACC) ;AALNVEL)  AAUNDESP))

CALL OUT (AA[NACC) ,AA(NVEL) JAA(NDISPIZNTOT)

4 CONTINU
GO TO 1

£

5 CONTINUE

RETURN

6 FORMAT (B8A4/15,3F10.0)
T FORMAT (///21H EXECUTIUN TERMINATED/

1
2

8 FORMAT (8F10.4)

2TH
35H

eeeeeSEE USER GUIDE TO SET /
NAA AND-DIMENSIUN OF ARRAY AA )

9 FORMAT {6ll)
10 FORMATLUL1HL+8A4//

PPPRPPPROD NI WN~

END

32H
32+
32H
32H
32H
334
20H
20H
33H
20H
20H
28H
32H
32H
32H
32H

NUMBER OF EARTHQUAKE RECORDS = oI5/

INTENSITY (CM*%2/SEC*#*3) = 4Fl0.5/
DURATION OF RECQRDS (S&(CS) = 4F10,5/
TIME INCREMENT (>eC3). = 4WFlO.5/
OUTPUT CUNTRUL ARRAY = y0ll//7/

HIGH FREQUENCY FILTER PRUPERTIES 7/
NATURAL FREQUENCY =,F10.5/

DAMP ING RATIO = 9F10.5/7/7/

LOA FREQUENCY FILTER PRUPERTIES 7/
NATURAL FREQUENCY =,F1045/

DAMPING RATIO = 2F10.5//77
SHAPING FUNCTIUN PARAMETERS //

DURATION OF BUILO-UP = 4F10.5/
BUILD-UP CURVE = 412/
TIME AT BEGINNING OF DECAY = 9FLl0a.57

EXPONENTIAL DECAY CUNSTANT

SUBRUOUTINE SHAPE (P,PL,NI,NDEC)

* B & & % & * & & % & & ¥ %k ¥ & k k k £ ¥ ¥ & ¥ & &k & ¥ & ¥ ¥ ¥ ¥F

SHAPING FUNCTION FOR ENITIAL PARABULIC OR CuBIC BUlLD-UP

® & & & * % ¥ & % %

1FLOL5/777)

* %k % % ¥ ¥ ¥ &k ¥ ¥ ¥ kX ¥ & ¥ ¥k ¥ ¥ & ¥ ¥ ¥ ¥
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SHCH -
SHCH
SHCH
SHCH

SrCH

SHUH
SHCH
SHCH
SHUK
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SnCH
SHCH
SHCH
SHCH
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SrCH
SHCH
SHChH
SHCH
SHCH
SrCH
SHCH
SHCH
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SHCH
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SHCH

SHCH
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SHCH
SHLH

226
227
2238
229
230
231
232
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COMMON /ONTRL/ NEQREC,T2OT ;EAMAXDAMP, RO T1yTO,LE2,NGUT(2),HED(8)
1y NEQe {SHAPE  ACCMAX(40) ) VELMAX {40} ,0ISMAX(40)

DIMENSION P(1),PL(1)

IF (NI) 3,3,1

COEFF=(DT/TI)**[SHAPE

D3 2 N=1,NI

F=N%* [ SHAPE

PlUN)=F*COEFF

CONT L WUE

SHAPING FUNCTION FOR EdeNENTlAL.DECAY
IF (NDEC) 040,4

CE2=-CE2#DT
0J 5 N=1,NDEC

F=xN
PIN)=EXP(CE2%F}
RE TURN

END

SUoRODUTINE GEN (P4PLlsACCyVEL,DIi>F)
*t#*#**:ﬁ#**#*'*#t##**#*##****#*‘t*‘
PSEUDU EARTHQUAKE GENERATIUN

X % ok Kk K K B X K B X K KK X X K R K K KK K K K K K& ¥ K KK

DIMENSION PUL)4PLIL)»ACCHL),VELLL)»DLSP(L)

COMMOIN /GENC/ PL2yNOyNTyNUEC,NTUT,AMPLyD19D2403¢D4,nWusDsCy

1 AlyA2,A3,449A5,A0,AT»CLsOLsNACCHNVEL

COMMON /INTRL/ NEJREC T )OT ¢EAMAX,DAMP FOaTE,TOsCE2sNUUT (o) 4HED(B)
LeNEJy ISAHAPEJACCMAX(40),VELMAX(4U),01ISMAX(4U)

INETEAL CONODITIUONS

Qs O Q
Q
o

(] uc,a-osr-nouo.-
¢« s OOO IO O O
.
[=]

O Co

NNCI NTINNNNNNG
Ne= O #OOrrOoOC i i
(ol =)

$3=0.0
DI>P(11=0.0
VEL(1)=0.0
ACC(11}=0.0

D0 3 N=2,NTOT

dHITE NOISE
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SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHC v+
SHCH
SHCH

SHCH
SHCH

SHLH

SrlH

SHCH
SHin
SHGH
SHCH

. SHCH

SHLH
SHCH

_ SHCH

233
234
235

230

237
238
239
240
PLYY
242
243
244
245
246
247
248
249
250
251
252

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
269
269
270

271

a1’
273
276
275
276
ary
ave
219

-280

281
282
483
204

285

286
287
288
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GO T0 (1423, 4

..t‘.t“‘tt““t“‘#t“ttttt‘tt“

RANF IS THE CDC RANDUM NUMBER GENERATIUN FUNCTLON
AT¥ EACH CALL IT RETURNS A RANUDUY NUMBER bETWEEN 0.0
S % & & 8 & & K KK XS K EEEF XX XK SEF

X1=RANF{0.0)
X2=P[2*%RANF(0.0)
X1==ALOG(X1)
X1=SQRT{X1+X1)
Ww=X1#C0S{X2)
J=2

‘60 T0 3

WxX1#SINIX2)
J=1
CONTINUE

SHAPE THE WHITE NJISE

I=N=N1

IF (1) 44505
A=weP i {N)
CONTINUE
[=N-NO .

IF (1) 7,7,6
W=w*P(])

FILTER THE SHOT NOISE

AsALSZ¢A2¢2D+Z700+20DD
B=A3SZ+ZID+2ID+A4%ZDD
L=({A-weD%xB)/C
20=A3%7-8

IDD=Al1%Z~-A

CEL R4 D]

L0e FREQUENCY FILTER

AZALSZL +A28Z0L+200L+ZD0OL
B=A3#2L+ZDL+IDL+A4G*ZDDL
IL= (A=W ¢DL*B)/CL
L0L=A3*7L-8B
ZDOL=ALSZL—-A

AG=200L

BASELINE CORRECTION FACTORS

Cl=aF+.5

C2=F/0.+.125

C3InF/3.45./24.
SL=S1+C1eV+(C2%AG+C3*AGL)*DT
F2=FeF

Cl=F2+F+l./3.
C2nF2/64F/4.+0.1
C3=F2/3.¢F/2.4%.15

§$2=S2+C 12V +(L2%AG+C3*AGL)I*DT
F3=F*F2

Cl=F3+41.5%F2¢F+.25
C23F3/6.+.375%F 2+, 3%F+1./12.
C3=F3/34.625%F2+.,45%F+T7./060.

ANU
¥ *

i
-

Y]
x

*

*

*
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$3=S3+CLlev+{C2%AG+C3%AGL)*DT
F=Fel.

V=Y+(AG+AGL)*AS

AGLl=AG

ACCIN)=AG

CONTINUE

BASEL INE CORRECTION COEFFICIENTS

B8l=D2%S1

82=D3%52 v
B3=D4*S3 .
Cl=-300.*31+900.%82-630.%83
C2=1800.%B81-5760.%82+4200.%83
C3=-1890.%81+6300.%82-4725.%B3

BASEL INE CORRECTIUNS AND MAXIMUM VALUES

ACCMAX{NEQ)}=0.0

VELMAXINEQ}=0.0

DISMAXINEQ)=0.0

X1=0.0

D3 9 N=2,NTOT

X1=X1+01

ACC{NI=({ACCIN)+CL+C2%XL+C3RXL*X]L ) *AMPL

CALL AVOMAX{ACC(N) yACCMAX{NEQ))
VELIN)SVELIN=L)+{ACCIN)+ACCIN-1)) *AT

CALL AVOMAX{VEL{N),VELMAX({NEZ))
DISPIN)=DISPIN-L)+VELIN=-1)%DT+ACC{N~-1)*A0+ACC(N)*AS
CALL AVDMAX(DISP(iN) »UI3MAXINEQ)) i
CONTINUE

PRINT 10, NEQ

10 FORMATHULH /77177

1 28H ACCELERATIUN RECORU NUMBER v12)
PRINT 11,ACCMAX{NEQ)}sVELMAX(NEQ) »OISMAXINEW)

11 FURMAT{14 4/

1 36H MAXIMUM ACCELERATION{CM/SEC**2) = FT7.2/
i 36H MAXIMUM VELOCITY(CM/SEC) = GFT.2/
1 36H MAXIMUM DISPLACEMENT(CM) = SF7.2)
RETURN

END

SUBRJUTINE QUT (ACC,VELyDISP,NTOT)

& % & * % & K & %k k ¥ & £ ¥ ¥ & & & £ ¥ & ¥ ¥ ¥ ¥ & & ¥ & x & % &

PRINT AND PUNCH RECORDS

¥ B % & %5 &£ % £ % & % £ & kX 5 & % & € & € ¥ ¥ &£ ¥ ¥ & & X £ X 3B

COMMON /CNTRL/ NEQRECsTyDT yEAMAX DAMPFO,T1,TO,CE2yNOUT(6) 4HED(B)
LoNEQs ISHAPE JACCMAX{ 40} s VELMAX(40},015MAX{40)

DIMENSION ACCUNTOT ), VELINTOT )} OLSPINTUT)

DT5=5.%DT

IF (NOUTUL).NE.O) GO TO 1

PRINT 7, HEDyNEQ

CALL PRIN (ACL,NTOT,0T5)

ve
PRNET 3N

A
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356
357
358
359
360
3561
362
363
364
365
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367
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309
370
37t
372
373
374
375
370
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378
379
380
38t
382
383
384
385
386
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391
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394
395
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397
398
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403
404



[aXaNaNalaNaNal

i

L e . A o - ot bttt et e 1 b8 et S e e ot o+ o U

1 IF (NOUTL2).NELO) GO TO 2
PRINT 8, HEDsNEQ :
CALL PRIN (VEL,NTOT,0T75)

2 IF (NDUT{3).NE.O) GO TO -3
PRINT 9, HED,NEQ :

CALL PRIN (DISPyNTOT,DT5)

3 [F (NOUT(4).NE.U) GO TO &
PUNCH 11y HEDyNEQJNTUT,DT
PUNCH 10y (ACCHI), I=1,NTUT)

4 IF (NOUTI5).NE.Q) GO Tu 5
PUNCH 12, HEDyNEUNTUT,OT
PUNCH 10, (VEL{I),1=L,NTUT)

S IF (NOUT(6).NE.O) GO TO o
PUNCH 13, HED,NEQ,NTUT,DT
PUNCH 10y (DISPII) I=Ll,NTQT)

6 CONTINUE
RETURN

T FORMAT (1H1,8A4,5X,26HACCELERATIUN RECURD NUMBER,13//
1 OXyoHTIME » 5(4Xs LOHACCN (CM/SEC*%2}))
8 FORMAT (1H19BA%¢5Xy22HVELOCITY: RECURD NUMOER,13//
1 6Xo 4HTIME » 518Xy L2ZHVEL (CM/SEC)H))
9 FORMAT (1H1¢B8A495X ) 26HDISPLACEMENT RECURD NUMBER,I3//
1 66Xy @HTIME s S(LLIXGHDISP (CM)})
LO FORMAY (3F10.4}
Ll FORMAT (BA4y12H ACCN RECORD,13+7H NPTS=,15,5H DT=,F5,3)
12 FORMAT (8A4e12H VEL RECURDI3,7H NPIS=,15,5H DT=,F5.3)

- 13 FORMAT (8A4,12H VISP RECUORD,I3,TH NPIS=,1245H DT=,F5:3)

END

"SUBROUTINE PRIN (A,NTUT,DT5)

* & % £ % £ 3 5 EE ¥ £ F F F E X & X XK KX £ T X K Kk 5 ¥ X K F

PRINT RECORDS

S 6 % & & & & 8 & E R & E X E K K K E XX X ®E K KK X & K KX B K

DIMENSION A(NTQT)
Nl=1

N2=5

TI=0.. : :

1 PRINT 2, TT,(A(I},I=N1yN2)
IF (N2.EQ.NTOT) RETURN
NL1l=N1+5
N2=N2+5
TT=TT+0TS
IF (N2.GT.NTOT} N2=NTOT
GO 10 1

2 FORMAT (F10.3,1P5E20.3)
END

SUBROUTINE AVDMAX(A,B)

71
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%05
<06
4«07
408
409
410
411
4ie
ol3
4i4
415

" 416

@i7
2% ]
419
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%21
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%23
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1000

5% k%% tvt % %k 5% % % 5 %S #bt LR TR N R BE 2P I B R N .
DETERMINATION OF MAX[MUM VALUE

s x 8 t.t R R RN t.! £ 5 55 %%k t‘c 5% % & % &3S
X=ABS(A) : V .

IFEX.GT.B) B=X

RETURN
END

SUBROUTINE ORIGIN(ZZ yMISKE o THs ZMAX})

E IR I IR IR IR IR AR PR A B IR I A I A B B N O B B B A R R 4

NONL INEAR RESPONSE ANALYSIS FOR URIGIN-ORIENTED MODEL

PROGRAMMER « « M MURAKAMI 1975

& 2 X X X K & & £ &£ & & 5 K X FE X B & & & € & B E S5 EEEEES

INPUT DATA
NAMEL NAME OF MODEL
Tl INITIAL NATURAL PERIOD (SEC)
X1STR CRACKING STRENGTH IN TERMS OF BASE SHEAR COUEFFICIENT
X2STR ULTIMATE STRENGTH IN TERMS OF BASE SHEAR COEFFICIcNT
DAMP DAMP ING RATIO
AMAX AVERAGE OF MAXIMUM ACCELERATION IN TERMS OF GRAVITY
i0 NUMBER UF T1 INCREASED IN GEOMETRICAL RATIU

{SART{2.0))

® %k % X & € ¥ ¥k £ & & &£ k & & & & ¥ & ¥ ¥ £ k¥ & k. %k & & & ¥ ¥ £ &

Zz EARTHQUAKE ACCELERGQGRAM

MJSKE NUMBER OF DATA UF EARTHQUAKE ACCELEROGRAM
TH TIME INCREMENT

IMAX MAXIMUM ACCELERATIUON

Bl STIFFNESS UF EACH REGION

XE(1) CRACKING DISPLACEMENT

X1 2) YIELDING DISPLACEMENT

tt#t**tt**t##**t‘#tt#*#h‘tt't#ttt.

IFf LAST CARD IS "STOPY(COLUMN 1-4), SUBROUTINE RETURNS TO MAIN.

#t“tttt*ttt*t‘t‘#‘f#’*#*tt#l‘#tt‘

DIMENSION NAMEL(8)+BL1{3),X1(2)+»2Z{MJISKE),OXE(2)
DATA KAERE/4HSTOP/ ’

READ 100, NAMEL

IF (NAMEL{ 1) .EQ.KAERE) GO TO 9999

READ 102, TLsX15TRyDAMPAMAX, 1D

X25TR=1.9%X1STR

SHCH
SHCH

- SHCH

SHCH

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SrCH
SHCH
SHCH
SHCH
SHCH

SHCH -

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

© SHCH

SHCH
SHCH
Shin
SHCH
SHCH
SrCH
SHLH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHEH
SHCH
SHCH
$HCH
SHCH
SHCH
SHCH
SHCH

~408
469
«70
47}
472
473
474
4715
«T76
77
«78
479
480
481
482
483
484
485
%86
©87
488

490
491
%92
493
4©9%
%95
496
697
498
699
- 500
504
502
503
504
505
506
507
503
509
510
511
512
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10

15

20

25

REDUCT=0.19
D0 1 Ii=1,1D

IIRR=1 -1 :

TLl=T1#SQRT{2.0) #*1 [RR

PRINT 104y, NAMEL,AMAXyXLSTRyX25TKsREDUCT,DAMP
81{1)2(6.283185/T1)**x2

B112)=REDUCT*B1(1)

BX=980.%{ X2STR-X1STR)

X1{1)=980.*XLSTR/ol{l)

X1(2)=930.%X2STK/B1(2)

B8L12)=BX/(X1{2)=X1{1))

8113)=0.001%81(2)

NSTEP=1

IF(I1.GT.2) NSTEP=2

DELTAT=TH®FLOATINSTEP)

PRINT 106, TLoDELTAT,X1

Ad=B1(1)

CAR=2.%DAMP*SQRT(AB)

LLL=1

[0A=8

IF{I1.6T.5) [UA=4
[F{I1.6T.7) 10A=2
A2=0.0

v2=0.0

D2=0.0

¥v2=0.0

DUMAX=0.0
DXE(l)=X1{1)
DXE(2)=X1(2)

K2=x}

GG=10A
OT=DELTAT/GG

RESPONSE ANALYSIS

DO 2 I=Ll,MJISKEsNSTEP
Al=A2 :

.V1i=v2

D1=D2

VVi=vy2

Kl=K2
IFtl.NE.1) GO
L22222=12(1)
GO T0 15
III=1-NSTEP
LZZZZZ=ZZ4L)-220111)
CONTINUE
Z22227I=980.%2L2LL22*AMAX/ZMAX

TO 10

CALL RESPL (ZZZ11Z4A2,AKyAByALyVL 0L 0ELTATyV2,0L0VVLyLiL)

LiL=0
IFCI-1) 20425929
CONTINUE

JUDGE FOR CHANGE UF POSITION

CALL MASA(VV]I,VV2,0240XxcsKlstLL)
IFLLLL) 30425530
CONTINUE
CALL AVDMAX{DZ2,DOMAX)
60 7O 2

73

SHCH
-SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHUH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCh
SHCH
SHCH
SHUH
SHCH
SHCH
SnCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH.
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

513

530
537
538
539
540
Hal
942
%43
244
545
546
567
544
549
550
551
552
553
554
555
556
557
558
559
500
561
562
503
264
265
5606
567
Sod
509
570
574
572
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30

40

45

50

55

100
102
104

LLLILI=21211L/G6
RESPUNSE ANALYSIS FOR SUBDIVIDED INTERVAL

DO 3 [A=1,10A ’ .
IF{IA-1) 40,p45,40 )

CONTINUE

Al=A2

Vi=v2

D1=02

VVlavy2

K1=K2

CONTINUE ' : :
CALL RESPL (ZZLZI2Z+A2,ARyABAL,VL 401,07 s V2eD2,VV2eLLL)
LtLL=0

JUDGE FOR CHANGE OF PUSITION AND DETERMINATION OF STIFFNESS

CALL JUNKO{Bl,AByX2STR,VVL,VV2,02,DXEsKL1yK24LLL)
TFELLL) 504555550
CONTINUE
AR=2.%DAMP*SQRTI{AG)
CALL AVDMAX(D2,0D0MAX)}
GO 70 3

CONTINUE

CALL AVDMAX{02,D34AX)
CONTINUE

LiL=1

CONTINUE
DUCT=DOMAX/X1(L)
PRINT 108, DOMAX,0UCT

CONT INUE

60 Tu 1000

FORMAT (84A4)

FORMAT(4F8.0y14)

FORMAT (1HL,844//

1 35H AVERAGE OF MAXIMUM ACCELERATION = ,Foe3/

2 35H CRACKING SHEAR STRENGTH = gF0.3/
3 354 ULTIMATE SHEAR STRENGTH = 9F6.3/

4 35H RATIO OF K2 TO K1 (REDUCTION) = oFbe3/

5 35H DAMPING RATIU = ,Foe3/7)

106 FORMAT {1H ,/

25H NATURAL PERIJD
25H TIME INCREMENT
25H CRACKING DISPLACEMENT
25H ULTIMATE OISPLACEMENT

FB.3/

vF3.3/
tF8e392Ky3HCM /
sFde392X,3HCM //)

0o NH

S ON-

108 FORMAT {LlH ,/

1 24H MAXIMJM DISPLACEMENT = 4F1l0.392Xy3HCM /
2 24H DUCTILITY FACTUR NT = ,F10.3//7)

9999 RETURN

END

SUBROUTINE JUNKO (dlvAByXZSTRon.VZ;DZ.DXE.KI.KZ.K)

t*t“*t#‘t*tv‘##t*#*##*##‘##“‘tt#

SELECTION OF STIFFNESS AT NEXT STEP

SHCH
SHCH
SHCH

- SHCH
SHCH,

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHLH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SitCH
SHCH

- SHCH

SHCH
SHCH
SHCH

SHLH
SHCH
SHCH
SHCH
SHCH

573

574

515

576
511
578
579
580
581
582
583
534
585
536
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603,
004
605
o000
607
008
609
6l0
ell
6l2
613
olée
615
6l6
817
6L8
619
620
62k
622
623

624
2%
626
827
628
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10

40

50
60

20

70

80

30

INPUT DATA

Bl
X2STR
vl

v

D2
OXE

Kl
QUTPUT DATA
AB

K2
K

STIFFNESS UF EACH KEGION

ULTIMATE STRENGTH I TERMS OF dASc SHtAk COEFFICEENT
INCREMENTAL DISPLACEMENT AT LAST STE?

INCREMENTAL DISPLACEMENT

RELATIVE DISPLACEMENT

ORIGINAL OR MUDIFIEVU DISPLACEMENT CURRESPONUING Tu
BREAK-PUILINT

INDEX FUR POSITION

STIFFNESS AT NEXT >STEP
INDEX FUR POSITION AT NEXT STkP
INDEX FOR CHANGE OF PUSITION K=0 NUN

$ 3 & 8 % 2 & 5 & 5 % &% X & K E EE X K & F & & k& FFEX

DIMENSION DXE(2)4B1(3)
IFtvlsv2) 10,10,20
IF{K1.EQ.1) GO TU 30

I=ABS(D2)

IFIK1~2) 40,40,50
ST=BL{L)*DXE(1)

60 10 60
ST=380.%X2STR

ST=ST+BL{(K1)*{Z-DXE(KL-L))

AB=ST/Z
Bl{1)=AB
OXE(L)=Z
K2=1
K=1
GO 1O 30

IF{Kl1.NE.1) GO TG 70

I=ABS(D2)

IF(Z.LTLDXEEL)) GO T0 30
IF(Z.6T.0XE(2)) GO Tu 30

AB=81(2)
K=2
K2=2
G0 70 30

IFIK1.EQ.3) GO TO 30

. 1=ABSID2)

IF(2.LT.OXE(2)) GO TO 30

K=3
K2=3
AB=B1(3)
RETURN
END-

SUBROUTINE MASA (V1,V2,D290XEsK1lsK)

£ % & X* & %k %

X E K £ kK k£ k& X £ K X & K X K & Kk & X K K Kk ¥ &

JUDGE FOR CHANGE OF POSITION

75

SHCH
SHCH
SACH
SHCH
SHCH
SHCH
SHGH
SHChH
SHCH
SHCH

TSHCH

SHCH
SHCH
SHCH
SHCH
SHCH
SrlH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SrCH
SHCH
SHCH
SKLH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SnGH
SHCH
SHeH
SHCH
SHCR
SHCH
SHCH
S H

SHCH
SHCH
SHCH
SHCH
SHCH

629

631
632
@33
034
635
036
037
633
639
640
64l
042
643
644
645
(31}
647
48
649
650
651
e52
653
654
655
656
657
658
659
660
6ol
662
663
[-1-13
665
cob
@67
bbY
609

il
672
673
674
675
ol6
677
678
679

680
681
682
683
684
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10

20

30

INPUT DATA
vl INCREMENTAL DISPLACEMENT AT LAST STEP
v2 INCREMENTAL DISPULACEMENT
D2 RELATIVe DISPLACEMENT v
DXE OKIGINAL OR MUDIFLED UISPLACEMENT CORKESPUNDING Tu

BREAK-PUINT
JUTPUT DATA

K1l INDEX FOR PUSITION

K INDEX FOR CHANGE UF PUSITION K=0 NuN

3t$###t##$~*‘t‘t*t[*“‘tttt#t#-####

DIMENSION DXE(2)
IF(Vl®v2) 10,10,20
IFIK1.EQ.1) GO TO 30
K=1

G0 10 30

IF(K1l.EQ.3) GU TO 30
L=A8S(D2) '
IF{Z.LT.OXE(XL)) 6O TU 30
K=2

RETURN

END

SUBROUTINE OTRILI(ZZ yMJISKE »THyZMAKX)

® % % kK kX X ¥ X ¥ ¥ ®¥ ¥ ¥ ¥ k ¥ ¥ ¥ ¥ X ¥ ¥ & ¥ kK x £ & X &k &£ ¥ X

NONLINEAR KESPUNSE ANALYSIS FUR DEGRADING TRI-LINEAR MODEL

ORIGENALLY PROGRAMED BY UMEMURA LABORATURY
MODIFICATIUNS « .« M.MURAKAMI 1975

(UNIVERSITY OF TOKYu)

‘*#*‘*#‘t#“‘t‘#t.#“‘tt“t..tttt*‘

INPUT DATA
NAMEL NAME OF MOJEL
T1 INITIAL NATURAL PERIOD (SEC)
REDUCT CRATIU OF T1 TU NATURAL PERIOD CURRESPUNDING FO

YIELDING STIFFNESS

X1STR CRACKING STRENGTH IN TERMS OF BASE SHEAR COEFFICIcNT
X25TR YIELDING STRENGTH IN TERMS UF BASE SHEAR COEFFICIENT
DAMP DAMP ING RATIU
AMAX AVERAGE OF MAXIMUM ACCELERATION IN TERMS UOF GRAVITY
ib NUMBER OF F1 INCREASED -IN GEOMETRICAL RATIO

(SQRT(2.0})

% % Xk & % % ¥ % % & £ ¥ ¥ £k 5 ¥ ¥ ¥ ¥ £ ¥ £ X & & £ * * F ¥ £ & &

r ¥4 EARTHQUAKE ACCELERUGRAM
MJSKE NUMBER OF DATA OF EARTHQUAKE

ACCELERUGRAM

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

- -SHCH

SHCH
SHCH
SHCH
SHCH
SHCH
SHih
SHCH
SHCK
SHCH
SHCH
SHiH
SHLH
SHCH
SHOK
SHCH
SHOH
SHCH
SHOM
SHCH

632
693
694
695
696
697
698
699
700
701
102
703
704
705
106
107
708
109
710
711

712
743
114
715
716
717
718
719
720
721
122
723
724
725
726
127
228
729
730
73
132
733
734
735
736
¥37
738
739
740
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1000

[aXaN gl

TH TIME INCREMENT

IMAX MAXIMUM ACCELERATIUN

Bl STIFFNESS OF EACH REGION
Xi{1) CRACKING DISPLACEMENT
x142) YIELDING DISPLACEMENT

'S EEEEEEENNEE NI I I I BN B N RN N N R R

IF LAST CARD IS "STOP"(COLUMN L-4), SUBROUTINE RETUKNS TO MAIN.

£ 0 & % & 8 & % 5% XX E S A S EEESEEEE S EESEER

DIMENSION NAMEL(3),BL(3),X1(2)y2ZZIMISKE)
DATA KAEREZ4HSTUP/

READ 100, NAMEL

IF (NAMEL{1) .EQ.KAERE) GO TO 9999

READ 102y TLeX1STR4X2STRIREDUCT ,DAMP,AMAX 10
DO 1 II=1,10

1IRR=1I-1

Tl=T1#SQRT(2.0)**] [RR

PRINT 104, NAMEL)AMAX,XLSTRX2STR,REDUCT,DAMP
RR=DAMP*TL/3.14159

BLlt1)={6.283185/T1)*s2

Bl(2)=REDUCT*B1(1)}

BX2980.#{ X2STR~XLSTR)

X1(1)=980.*X15TR/BL(1)
X1(2)=980.%X2STR/B1(2)
BLE2)=BX/{X1(2)~XL{L1))

81(31=0.001%8112)

NSTEP=1

- IFLI1GT.2) NSTEP=2

DELTAT=TH®FLOATINSTEP)
PRINT 106, T1,DELTAT,X1
AB=81(1) .
AR=B1{1)*RR

‘Lit=l

10A=8 .

IF(I1.GT.5) [OA=4

IFA11.6T.7) 10A=2

A2=0.0 -

V2=0.0 \
D2=0.0 : : :
¥V2=0.0

DOMAX=0.0

DMAX=X1{2) -

DMIN=-X1(2)

001=20.0

002=0.0

DCE=X1(1)

DC=X1{1)

DY=X1(2)

ALPH=1.0

K2=1

GG=10A

DT=DELTAT/GG

RESPONSE ANALYSIS

DO 2 1=1,MJISKEJNSTEP

77

SHCH .
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SrCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SrtH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHGH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SrCH
SHCH
SHCH
SHCH
SHCH
SHCH

Tel
142
143,
T14%
145
T46
T4T.
[LY:]
749
759
751

753
154
755
756
757
753
159
760
761
T62
To3
To%
Jo5
Tob
707
768
To9
110
171
112
773
774
75
i1o6
717
178
7719
780
781
Ts2
7a3
784
745
1606
787
188
739
790
791
192
T93
794
T95
796
197
798
799
800
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i0

15

20

30

40

45

50

55

78

Al=A2

vi=v2

D1=D2

VVi=vv2

K1=K2

IF{I.NE.1) GO TO 10

227222=2%(1)

G0 TO 15

LI1=1-NSTEP

2LZ221Z=ZZ01)-2Z2{LilL}

CONTINUE

ZZZLIZ=930.%222LLL%AMAX/ LMAX

CALL RESPL (2ZZ227174A24AR1ABsALsVLOLDELTAT,V2,02¢VV2oLLL)
IFL{l-1}) 20+25,20 :
CONTINUE

DE=D2-D01-002

JUDGE FUR CHANGE OF PUSITION

CALL KAZU{VVL,VV2202,DMAX,DMIN,Db oDCE KL pK2,LLLs JJJ)
IF(LLL) 30,25,30
CONT INUE ,
CALL AVOMAX(02,00MAX)}
GU TN 2 .
11212112=1121011/G6

RESPONSE ANALYSIS FOR SUBDIVIDED INTERVAL

DO 3 lA=1i,I0A
IF{IA-1) 40,445,400

CONTINUE

Al=A2

Vi=v2

D1=D2

VVl=vv2

K1l=K2

CONTINUE

CALL RESPL (ZZZZ21,A2,AR,AB,AL,v1sD14DT s¥29D2,VV2yLLL)
tLi=0 . .
DE=D2~001-D02

JUDGE FOR CHANGE OF PUSITION

CALL KAZJ(VVL,VV2,02,UMAX,DMIN,DE,DCEsKLK29LLLYJIJI)
IF(LLL) 50,55,50

DETERMINATION OF STIFFNESS

CALL SHUBOO(BL ¢AByLLL,JJJ,DMAX,OMIN,DOL1,D002,00E yALPH,DY,DC,0D2])

AR=AB*RR
CALL AVDOMAX(D2,D0MAX)
GO 70 3
CONTINUE
CALL AVOMAX(D2,DIMAX)

3 CONTINUE

Lei=1

CONTINUE
DUCT=DUMAX/XL{2])
PRINT 108, DOMAX,DUCT
CONTINUE

- SHCH

SHCH
SHCH
SHCH
SHCH
SHCH

857
858
859

. 860
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GO 70 1000
100 FORMAT(3A4%)
102 FORMAT (6FB.0s)4)
104 FORMAT (1H1,8A4//

1} 35H AVERAGE OF MAXIMUM ACCELERATION = ,Fb0.3/
2 35H CRACKING STREAGTH = yFoe3/
3 35H YIELUING STREMGTH = gF6.3/
4 35H RATIO OF K2 TO K1 (REDUCTIUN) = 4Foe3/
5 35H DAMPING KATIO = yFoe3//)
106 FORMAT (1H ,/
25H NATUKAL PEKRIJO 1F8e3/
25H TIME [NCREMENT vF8e3/

25H CRACKING OISPLACEMENT
25H YIELDING DISPLACEMENT
108 FORMAT (1H +/

24H MAXIMUM DISPLACEMENT = 4FLlu«3,2Xyp3HCM /
24H OUCTILITY FACTOR NT = 4Fl0.3/7)

sFde3s2XyinCM /
vFIe3s2Xe3HCHM //)

LI ]

FWN -

N -

9999 RETURN
END

SUBROUTINE ERIKO(Z+ZZyNyNSTEP)

® 4 % K & K 2 F XS B &k B K XK EEEEE S E K EE XX FS XS

LINEAR INTERPOLATION FOR EARTHQUAKE MUTION

& £ ¢ k% % £ 2 X ¥ X & % X £ Xk X 8 X ¥ Xk * k ¥ k2 X X ¥ ¥

DIMENSION Z{1),22t1)
FN=NSTEP
DO 1 J=1,NSTEP
22(J)=2(1)*FLOATLJI/FN
1 CONTINUE
DO 2 I‘ZQN
IE=NSTEP*(1-1)
DO 3 J=1,NSTEP
I11=l-1
113d=11+J
O ZZCEIIINE LAY~ 2L L) M RFLOATUSD/FNSZLILL)
3 CONTINUE
2 CONTINUE
" RETURN
END

SUBROUTINE RESPLIZZyA29A939A1sV101sDTyV2,02,¥V2sKKK)
S E S 5 5 E E K B K KN K KK EE KK EEEREE LRSS K
LINEAR ACCELERATION METHOD

£ £ £ %X $ % % & ¥ x * £ x kx & ¥ ¥ kX ¥ ¥ ¥ ¥ ¥ ¥ ¥ k¥ ¥ ¥ ¥ ¥ X ¥ %

. IF{KKK.EQ.Q) GO TO 100
DT2=07/2.0 .

79

SHCH
SHCH
T SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
" SHCH
SHCH
SACH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHGH

SHCH
SHCH
SHCH
SHCH
SHCH
ShCH
SHCH
SHCH
SHCH
SHGH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
$HCH
SRCH
SHCH
SHCH
SHCH

SHCH
SHCH
SHCH
SHCH
-SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

880
8al
882
883
884
885
686

888
839

891
892
893
894
895
896

398
899
200
301
902

2013
904%
205
906
907
9038
9093
910
3il
912



80

o o (2N s NaNaEnNaNeNsNaNoNalaNaslaNuReNalaNakaNaN ol ol el

: ‘ - {
DT32DT%%2/2.0 . ‘ -t SHCH . 913
DT6=DT3/3.0 , : S SHCH 914
S1=DT6%B+DT2%A+] ’ : , SHCH 915
$2=DT3*B+DT*A . 7 SHCH . 9l1s
$3=DT*8 . - SHCH 917
100 AZ=—(S2%AL1+S3+%VLI+I1Z)}/51 © SHCH 918"
VV2sDT*V1+DT3*%AL+DT0*A2 . . . . SHCH 919
D2=Dl+VV2 : SHCH 920
V2=V 1+DT*AL+DT2#A2 ] .. SHCH 921
A2=AL+A2 T oSHCH 922
RETURN : ) ‘ SHCH 923
END v . SHCH 924
SUBROUTINE SHUBUO(B,BKyKsJyDMAX,DMIN,DOL,0D02,DCEsALFA,DY,DC,D2)} SHCH 925
: SHCH . 926
x ¥ % k & & % & k k ¥ ¥ ¥ & & ¥ ¥ ¥ & k x ¥ & ¥ & ¥ t‘# *x *x ¥ & ¥ SHCH 927
SHCH 928
SELECTION OF STIFFNESS AT NEXT STEP ) . SHCH ~929
- : SHCH 930
INPUT DATA : . ‘ SHCH  $31
B ORIGINAL SYIFFNESS OF EACH REGION o SHCH 932
oC ORIGINAL CRACKING DISPLACEMENT SHCH 933
DY ORIGINAL YIELDING UISPLACEMENT . SHCH 934
K INDEX FUR CHANGE OF PUSITION K#0 NOW SHCH 935
J INDEX FUR CHANGE OF SIGN OF VELOCITY J#0 NUN - SHCH 936
D2 RELATIVE DISPLACEMENT - ' SHCH 937
SHCH 938"
QUTPUT DATA . - SHCH 939
BK STIFFNESS AT NEXT STEP C SHCH 940
oMAX YIELDING OR MAXIMUM UISPLACEMENT . ... SHCH 94l
DMIN NEGATIVE YIELDING OR MINIMUM UISPLACEMENT : SHCH 942
pol CENTER OF FIRST REGION . ) SHCH 943
002 CENTER UF SECOND REGION . SHCH 94¢
DCE ORIGINAL OR MUDIFIED CRACKING DISPLACEMENT SHCH 945
ALFA RATLIO OF REDUCTION IN RIGIDITY SHCH 946
SHCH 947
x5 & % k & % £ ¥ & ¥ ¥ £ & ¥ ¥ £ £ Xk k £ ¥ & & & ¥k £ x $ * ¥ ¥ ¢ B SHCH 948
' SHCH ~ 949
DIMENSIGN 8¢3) : _— - SHCH 950
: SHCH 951
GO TO (1000,2000),4 ) - SHCH 952
SHCH 953
1000 GO TO (1100,120051300),K SHCH 954
1100 BK=ALFA*B(1) : . SHCH 955
G0 TO $000 ' SHCH 95e
1200 BK=ALFA*B(2) ) : SHCK 957
GO TO 9000 SHCH 958
1300 BK=ALFA*B(3) . . SKHCH  $59
GO TO 9000 ) o : SHCH 960
SHCH 961
2000 IF(K)} 3000,3000,4000 ’ . SHCH 962
. . SRCH 963
3000 K=IABSIK) SHLH 966
GO TU (6000,3200y3300),K ) . . SHCH 965
3200 DOL=D2-DO2+DCE ’ ‘ SHCH 966
GO TQ 6000 . . SHCH Y67

3300 OMIN=D2 ' o SHCH 968
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b g b - ———— . P, ——

Z1=DMAX-DMIN SHCH 969
12=0Y-0DC SHLH 970
DOL=-21%22/(2.0%DY) SHCH 971

G0 TO 5000 SHCH 972

» SHCH 973

4000 GO TO (0000,4100,420U0) 40 SHUH 974
4100 DO1=D2-D02-DCE SHCH 975
GU TO 6000 snCH 976

4200 DMAX=0D2 SHUH 977
11=DMAX-DMIN SACH 978
12=0Y-0C snCr 979
DOL=Z1#%#22/(2.0%DY) SHCH 980

. SHCH 9431
5000 13={Z1-2.0%DY)*a(3) SHLH 982
14=B(1)%DC+BL2)*22 SACH 983
1522.0413/14 » SHCH 984
ALFA=DY*25/121 ' SHCH 935

D02=( DMAX+OMIN) /2.0 SHCH 986

. DCE=Z1%DC/2.0/DY SHCH 987
6000 BK=ALFA*B8(1) SHCH 988
9000 CONTINUE SHCH 989
RETURN SHCH 990

END SHCH 991
SUBROUTINE KAZU(V1yV2 Xy XMAXs XMINoXE 9 XCE KL 9K2 9K 9 d) SHCH 992

C SHCrH 993
C * & % X X X %X ¥ ¥ ¥ ¥ & & ¥ & £ ¥ & & £ &k & ¥ ¥ ¥ £ ¥ ¥k ¥ X ¥ %x & SHCH 994
€ SHCH 993
C JUDGE FOR CHANGE OF POSITION AND DETERMINATION OF POSITION ’ SHCH 996
C SHCH 937
C INPUT DATA SHCH 993
c vl INCREMENTAL DISPLACEMENT SHCH 999
c ve INCREMENTAL DISPLALEMENT UF LAST STEP SHCH 1000
(o X RELATIVE DISPLACEMENT SHCH 1001
c XMA X YIELDING OK MAXIMUM UISPLACEMENT SHCH Lou2
C XMIN NEGATIVE YIELDING UR MINIMUM UISPLALEMENT SHLH 1003
c XE RELATIVE DISPLACEMENT SHIFTED IN >KELETUN CURVE SHCH LUO4
c XCE ORIGINAL OR MODIFIED CRACKING DISPLACEMENT SHCH 100>
c K1 INGEX FOR POSITION SHCH Lude
c OUTPUT DATA SHCH 1007
C K2 INDEX FOR PUSITION AT NEXT STEP SHCH 1008
c K INDEX FOR CHANGE OF PUSLTIUN K#J NUN SHEHA 1009
c J INDEX FOR CHANGE UF DIRECTIUN SHCH 1010
c _ SHCH 1041
[ % & & € X & £ ¥ £ kx x ¥ ¥ & ¥ ¥ ¥ ¥ ¥ & &k ¥ k &k kK ¥ ¥ & £ ¥k ¥ ¥ X SHCH LJl2
(o ) : SHCH 1013
IF{V1*V2) 2000,2000, 100 ' SHCH 1014

c SHCH L1015
100 J=1 SHCH 1016
IF(V2) 1000,110,110 SHCH 1017

110 IF{X-XMAX) 200,150,150 SHCH Luls
150 K2=3 ' SHCH 1019
GO TO 1600 SHCH 1020

200 IF{XE-XCE) 300,250,250 ' SHCH 1021
250 K222 SHCH 1022
60 Y10 1600 ' SHCH 1023

300 IF(XE+XCE) 9999,350,350. SHCh 1024
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350
1000
1150

1200
1250

1300
1350
1500
1620

1630

2000

2100
2150

2200
2250

3100
3150

3200
3250

4000
5500

3500

9399
3000
5000

&

i
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K2=1
GO TO 1600

IF{X-XMIN) 1150,1150,1200.
K2=3

GO TO 1600

IF(XE+XCE) 1250,1250,1300
K2=2

GO TO 160V

[F(XE-XCE) 1350,1350,9999
K2=1

GO TO 1600

IF{K2-K1l} 1629,1630,1620
K=K2 ’
G0 TO 5000

K=0

GO T0O 5000

J=2

IF(V2) 3100,31U0,2100
TF(X=AMIN] 2190,2150,2200
K2=-3

GO TO 3500

IF(XE+XCE) 2250,2250,4000
K2=-2

GO TO 3500

IF{X-XMAX) 3200,3150,3150 .
K2=3

GO TO 3500

IF{XE~-XCE) 4020,3250,3250
K2=2

GO TO 3500

K2=1

IF{K2-K1l} 3500,5500,3530
K=0 ’
GO TO 5000

K=K2

K2=1

GO0 70O 5000

WRITE(6,8000)

FORMAT{// 45X 28H**%% LOGICAL MISTAKES #%%%//)
CONTINUE

RETURN

END

DATA EXAMPLE

D TYPE

5.0 0.01 83l0.792
2.5
2.5 l.606

SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH
SHCH

SHCH
SHCH
SHLH

SHCH
SHCH
SHCH
SHCH

SHCH

L1025
1026
1027
1028
1029
1030
1031
1032
1033
1036
1035
1030
1037
1038
1039
1040
1041
1042
1043 -
L1044
10645
1046
1067
1048
L1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1060
1067
1068
1069
1070
1071

1072
1073
1074
1075
1070
1077
1078
1079
1080
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EARTHQUAKE ENGINEERING RESEARCH CENTER REPORTS

EERC 67-1 "Peasibility Study Large-Scale Earthquake Simulator
Facility," by J. Penzien, J. G. Bouwkamp, R. W. Clough
and D. Rea - 1967 (PB 187 905)

EERC 68-1 Unassigned

EERC 68-2 "Inelastic Behavior of Beam-to-Column Subassemblages
Under Repeated Loading," by V. V. Bertero - 1968
(PB 184 888)

EERC 68-3 "A Graphical Method for Solving the Wave Reflection-

Refraction Problem," by H. D. McNiven and Y. Mengi
1968 (PB 187 943)

EERC 68-4 "Dynamic Properties of McKinley School Buildings," by
D. Rea, J. G. Bouwkamp and R. W. Clough - 1968
(PB 187 902)

EERC 68-5 "Characteristics of Rock Motions During Earthquakes,”

by H. B. Seed, I. M. Idriss and F. W. Kiefer - 1968
{PB 188 338)

EERC 69-1 "Earthquake Engineering Research at Berkeley," - 1969
(PB 187 906)
EERC 69-2 "Nonlinear Seismic Response of Earth Structures,"ﬂby

M. Dibaj and J. Penzien - 1969 (PB 187 904)

‘EERC 69-3 "Probabilistic Study of the Behavior of Structures
During Earthquakes," by P. Ruiz and J. Penzien - 1969
(PB 187 886) ‘

EERC 69-4 "Numerical Solution of Boundary Value Problems in

Structural Mechanics by Reduction to an Initial Value
Formulation,"” by N. Distefano and J. Schujman - 1969
(PB 187 942)

EERC 69-5 "Dynamic Programming and the Solution of the Biharmonic
Equation," by N. Distefano - 1969 (PB 187 9241)

Note: Numbers in parenthesis are Accession Numbers assigned by the
National Technical Information Service. Copies of these reports may
be ordered from the National Technical Information Service, 5285

Port Roval Road, Springfield, Virginia, 22161. Accession Numbers
should be quoted on orders for the reports (PB ~—= ——- ) and remittance
must accompany each order. (Foreign orders, add $2.50 extra for
mailing charges.) Those reports without this information listed are
not yet available from NTIS. Upon request, EERC will mail inguirers
this information when it becomes available to us.



EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

69-6 "Stochastic Analysis of Offshore Tower Structures,"
by A. K. Malhotra and J. Penzien - 1969 (PB 187 903)

69-7 "Rock Motion Accelerograms for High Magnitude
Earthquakes,"” by H. B. Seed and I. M. Idriss - 1969
(PB 187 940)

69-8 "Structural Dynamics Testing Facilities at the

University of California, Berkeley," by R. M. Stephen,
J. G. Bouwkamp, R. W. Clough and J. Penzien - 1969
(PB 189 111)

69-9 "Seismic Response of Soil Deposits Underlain by
Sloping Rock Boundaries," by K. Dezfulian and
H. B. Seed - 1969 (PB 189 114)

69-10 "Dynamic Stress Analysis of Axisymmetric Structures
under Arbitrary Loading," by S. Ghosh and E. L.
Wilson - 1969 (PB 189 026)

69-11 "Seismic Behavior of Multistory Frames Designed by
Different Philosophies," by J. C. Anderson and
V. V. Bertero - 1969 (PB 190 662)

69-12 "Stiffness Degradation of Reinforcing Concrete
Structures Subjected to Reversed Actions," by
V. V. Bertero, B. Bresler and H. Ming Liao ~ 1969
(PB 202 942)

69-13 "Response of Non-Uniform Soil Deposits to Travel
Seismic Waves," by H. Dezfulian and H. B. Seed - 1969
(PB 191 023)

69-14 "Damping Capacity of a Model Steel Structure," by
D. Rea, R. W. Clough and J. G. Bouwkamp - 1969
(PB 190 663)

69-15 "Influence of Local Soil Conditions on Building
Damage Potential during Earthquakes," by H. B. Seed
and I. M. Idriss - 1969 (PB 191 036)

69-16 "The Behavior of Sands under Seismic Loading
Conditions,"” by M. L. Silver and H. B. Seed - 1969
(AD 714 982)

70-1 "Earthguake Response of Concrete Gravity Dams," by

A. K. Chopra - 1970 (AD 709 640)

70-2 "Relationships between Soil Conditions and Building
Damage in the Caracas Earthquake of July 29, 1967," by
H. B. Seed, I. M. Idriss and H. Dezfulian - 1970
(PB 195 762)
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EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

70-3

70-4

70-5

70-6

70-7

70-8

70-9

70-10

71

1
)

71-2

71-4

71-5

"Cyclic Loading of Full Size Steel Connections," by
E. P. Popov and R. M. Stephen - 1970 (PB 213 545)

"Seismic Analysis of the Charaima Building,
Caraballeda, Venezuela," by Subcommittee of the
SEACNC Research Committee: V. V. Bertero, P. F.
Fratessa, S. A. Mahin, J. H. Sexton, A. C. Scordelis,
E. L. Wilson, L. A. Wyllie, H. B. Seed and J. Penzien,
Chairman - 1970 (PB 201 455)

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

"The Propagation of Love Waves across Non-Horizontally
Layered Structures," by J. Lysmer and L. A. Drake -
1970 (PB 197 896)

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

"Applicability of Laboratory Test Procedures for
Measuring Soil Liquefaction Characteristics under
Cyclic Loading," by H. B. Seed and W. H. Peacock -
1970 (PB 198 016) .

"A Simplified Procedure for Evaluating Soil
Liquefaction Potential,” by H. B. Seed and I. M.
Idriss - 1970 (PB 198 009)

"Scil Moduli and Damping Factors for Dynamic Response
Analysis," by H. B. Seed and I. M. Idriss - 1970
(PB 197 869)

“"Koyna Earthquake and the Performance of Koyna Dam,"
by A. K. Chopra and P. Chakrabarti -~ 1971 (AD 731 496)

"Preliminary In-Situ Measurements of Anelastic
Absorption in Soils Using a Prototype Earthquake
Simulator,”™ by R. D. Borcherdt and P. W. Rodgers -
1971 (PB 201 454)

"Static and Dynamic Analysis of Inelastic Frame
Structures," by F. L. Porter and G. H. Powell - 1971
(PB 210 135)

"Research Needs in Limit Design of Reinforced Concrete
Structures," by V. V. Bertero - 1971 (PB 202 943)

"Dynamic Behavior of a High-Rise Diagonally Braced
Steel Building," by D. Rea, A. A. Shah and J. G.
Bouwkamp - 1971 (PB 203 584)
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71-6

71-7

71-8

72-1

72-2

72-3

72-4

72-5

72-6

727

72-9

72-10
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"Dynamic Stress Analysis of Porous Elastic Solids
Saturated with Compressible Fluids,"™ by J. Ghaboussi
and E. L. Wilson - 1971 (PB 211 396)

"Inelastic Behavior of Steel Beam—-to-Column
Subassemblages,”" by H. Krawinkler, V. V. Bertero
and E. P. Popov - 1971 (PB 211 335)

"Modification of Seismograph Records for Effects of
Local Soil Conditions," by P. Schnabel, H. B. Seed
and J. Lysmer — 1971 (PB 214 450)

"Static and Earthquake Analysis of Three Dimensional
Frame and Shear Wall Buildings," by E. L. Wilson and
H. H. Dovey - 1972 (PB 212 904)

"Accelerations in Rock for Earthquakes in the Western
United States," by P. B. Schnabel and H. B. Seed ~
1972 (PB 213 100)

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

"Stochastic Inelastic Response of Offshore Towers to
Strong Motion Earthquakes," by M. K. Kaul - 1972
(PB 215 713)

"Cyclic Behavior of Three Reinforced Concrete
Flexural Members with High Shear," by E. P. Popov,
V. V. Bertero and H. Krawinkler - 1972 (PB 214 555)

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

"Dynamic Properties on Pine Flat Dam,”" by D. Rea,
C. Y. Liaw and A. K. Chopra - 1972 (AD 763 928)

"Three Dimensional Analysis of Building Systems," by
E. L. Wilson and H. H. Dovey -~ 1972 (PB 222 438)

"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)

"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
(PB 220 437)
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EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC"

EERC

EERC

EERC

EERC

EERC

72-11

72-12

73-1

73-2

73-5

73-6

73-7

73-8

73-9

73-10

73-11

73-12

"Literature Survey - Seismic Effects on Highway
Bridges," by T. Iwasaki, J. Penzien and R. W. Clough -
1972 (PB 215 613)

"SHAKE-A Computer Program for Earthquake Response
Analysis of Horizontally Layered Sites," by P. B.
Schnabel and J. Lysmer - 1972 (PB 220 207)

"Optimal Seismic Design of Multistory Frames," by
V. V. Bertero and H. Kamil - 1973

"Analysis of the slides in the San Fernando Dams
during the Earthquake of February 9, 1971," by

H. B. Seed, K. L. Lee, I. M. Idriss and F. Makdisi -
1973 (PB 223 402)

"Computer Aided Ultimate Load Design of Unbraced
Multistory Steel Frames," by M. B. El-Hafez and
G. H. Powell - 1973

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

"Hysteretic Behavior of Epoxy-Repaired Reinforced
Concrete Beams," by M. Celebi and J. Penzien - 1973

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

"A Computer Program for Earthquake Analysis of
Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A. K. Chopra - 1973 (AD 766 271)

"Behavior of Reinforced Concrete Deep Beam—~Column
Subassemblages under Cyclic Loads," by O. Kustu and
J. G. Bouwkamp - 1973

"Earthquake Analysis of Structure-Foundation Systems,"
by A. K. Vaish and A. K. Chopra - 1973 (AD 766 272)

"Deconvolution of Seismic Response for Linear
Systems," by R. B. Reimer -~ 1973 (PB 227 179)

"SAP IV: A Structural Analysis Program for Static and
Dynamic Response of Linear Systems," by K.-J. Bathe,
E. L. Wilson and F. E. Peterson - 1973 (PB 221 967)

"Analytical Investigations of the Seismic Response of
Long, Multiple Span Highway Bridges," by W. S. Tseng
and J. Penzien - 1973 (PB 227 816)
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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
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"Earthquake Analysis of Multi-Story Buildings
Including Foundation Interaction," by A. K. Chopra
and J. A. Gutierrez - 1973 (PB 222 970}

"ADAP: A Computer Program for Static and Dynamic
Analysis of Arch Dams,”" by R. W. Clough, J. M.
Raphael and S. Majtahedi - 1973 (PB 223 763]}

"Cyclic Plastic Analysis of Structural Steel Joints,"
by R. B. Pinkney and R. W. Clough - 1973 (PB 226 843)

"QUAD-4: A Computer Program for Evaluating the

Seismic Response of Soil Structures by Variable
Damping Finite Element Procedures," by I. M. Idriss,
J. Lysmer, R. Hwang and H. B. Seed - 1973 (PB 229 424)

"Dynamic Behavior of a Multi-Story Pyramid Shaped
Building," by R. M. Stephen and J. G. Bouwkamp - 1973

"Effect of Different Types of Reinforcing 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 Material Studies,
Phase I," by B. Bresler and V. V. Bertero - 1973
(PB 235 286)

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

"Constitutive Models for Cyclic Plastic Deformation
of Engineering Materials," by J. M. Kelly and
P. P. Gillis - 1973 (PB 226 024)

"DRAIN -~ 2D Uger's Guide," by G. H. Powell - 1973
(PB 227 0l6)

"Earthquake Engineering at Berkeley - 1973" - 1973
(PB 226 033)

Unassigned

"Earthquake Response of Axisymmetric Tower Structures
surrounded by Water," by C. Y. Liaw and A. K. Chopra -
1973 (aD 773 052)

"Investigation of the Failures of the Olive View
Stairtowers during the San Fernando Earthquake and
Their Implications in Seismic Design,” by V. V.
Bertero and R. G. Collins - 1973 (PB 235 106)
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EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

73-27

74-1

74-4

74-5

74-6

74-7

74-8

74-9

74-10

74-11

74-12

"Further Studies on Seismic Behavior of Steel Beam—
Column Subassemblages," by V. V. Bertero,
H. Krawinkler and E. P. Popov - 1973 (PB 234 172)

"Seismic Risk Analysis," by C. S. Oliveira - 1974
(PB 235 920)

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

"Optimum Design of Earthquake Resistant Shear
Buildings," by D. Ray, K. 8. Pister and A. K. Chopra -
1974 (PB 231 172)

"LUSH - A Computer Program for Complex Response
Analysis of Soil-Structure Systems," by J. Lysmer,
T. Udaka, H. B. Seed and R. Hwang ~ 1974 (PB 236 796)

"Sensitivity Analysis for Hysteretic Dynamic Systems:
Applications to Earthquake Engineering," by D. Ray -
1974 (PB 233 213)

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

Unassigned

"Shaking Table Tests of a Steel Frame - A Progress
Report," by R. W. Clough and D. Tang - 1974

"Hysteretic Behavior of Reinforced Concrete Flexural
Members with Special Web Reinforcement,”™ by V. V.
Bexrtero, E. P. Popov and T. Y. Wang - 1974

(PB 236 797)

"Applications of Reliability-Based, Global Cost
Optimization to Design of Earthquake Resistant
Structures," by E. Vitiello and K. S. Pister - 1974
(PB 237 231)

"Ligquefaction of Gravelly Soils under Cyclic ILoading
Conditions,"™ by R. T. Wong, H. B. Seed and C. K. Chan -
1974

"gite-Dependent Spectra for Earthquake—-Resistant
Design," by H. B. Seed, C. Ugas and J. Lysmer - 1974
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EERC
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EERC

74-13

74-14

74~-15

75-2

75-3

75-4

75-5

75-6

75-7

75-8

75-9

"Earthquake Simulator Study of a Reinforced Concrete
Frame," by P. Hidalgo and R. W. Clough - 1974
(PB 241 944)

"Nonlinear Earthquake Response of Concrete Gravity Dams,"
by N. Pal - 1974 (AD/A006583)

"Modeling and Identification in Nonlinear Structural
Dynamics, I - One Degree of Freedom Models," by
N. Distefano and A. Rath - 1974 (PB 241 548)

"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 - 1975

"Determination of Seismic Design Criteria for the
Dumbarton Bridge Replacement Structure, Vol. 2:
Numerical Studies and Establishment of Seismic
Design Criteria," by F. Baron and S.-H. Pang - 1975

"Seismic Risk Analysis for a Site and a Metropolitan
Area," by C. S. Oliveira - 1975

"Analytical Investigations of Seismic Response of
Short, Single or Multiple-Span Highway Bridges," by
Ma-chi Chen and J. Penzien - 1975 (PB 241 454)

"An Evaluation of Some Methods for Predicting Seismic
Behavior of Reinforced Concrete Buildings," by Stephen
A. Mahin and V. V. Bertero - 1975

"Earthquake Simulator Study of a Steel Frame Structure,
Vol. I: Experimental Results,"” by R. W. Clough and
David T. Tang - 1975 (PB 243 981)

"Dynamic Properties of San Bernardino Intake Tower," by
Dixon Rea, C.-Y. Liaw, and Anil X. Chopra - 1975
(AD/A008406)

"Seismic Studies of the Articulation for the Dumbarton
Bridge Replacement Structure, Vol. I: Description,
Theory and Analytical Modeling of Bridge Components,”
by F. Baron and R. E. Hamati -~ 1975

"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
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EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

75-10

75-11

75-12

75-13

75-14

75-15

75-16

75-17

75-18

75-19

75-20

75-21

75-22

75-23

"Static and Dynamic Analysis of Nonlinear Structures,"
by Digambar P. Mondkar and Graham H. Powell -~ 1975
(PB 242 434)

"Hysteretic Behavior of Steel Columns," by E. P. Popov,
V. V. Bertero and S. Chandramouli - 1975

"Earthquake Engineering Research Center Library Printed
Catalog" - 1975 (PB 243 711)

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

"Determination of Soil Liquefaction Characteristics by
Large~Scale Laboratory Tests,”" by Pedro De Alba, Clarence
K. Chan and H. Bolton Seed - 1975

"A Literature Survey - Compressive, Tensile, Bond and
Shear Strength of Masonry," by Ronald L. Mayes and
Ray W. Clough - 1975

"Hysteretic Behavior of Ductile Moment Resisting Reinforced
Concrete Frame Components," by V. V. Bertero and
E. P. Popov -~ 1975

"Relationships Between Maximum Acceleration, Maximum
Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes," by H. Bolton Seed,
Ramesh Murarka, John Lysmer and I. M. Idriss -~ 1975

"The Effects of Method of Sample Preparation on the Cyclic
Stress-Strain Behavior of Sands," by J. Paul Mulilis,
Clarence K. Chan and H. Bolton Seed - 1975

"The Seismic Behavior of Critical Regions of Reinforced
Concrete Components as Influenced by Moment, Shear and
Axial Force," by B. Atalay and J. Penzien - 1975

"Dynamic Properties of an Eleven Story Masonry Building,"
by R. M. Stephen, J. P. Hollings, J. G. Bouwkamp and
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