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ABSTRACT

In this report, six methods of linearization are used to construct
various equivalent Tinear models to predict the nonlinear seismic
behavior of a one-story steel frame which was constructed and tested by
Sveinsson and McNiven at the Earthquake Engineering Research Center of
the University of California, Berkeley.

Four of the methods of linearization depend on the restoring force-
displacement relation of the frame. Since explicit expressions for the
Tinear model parameters, based on a bilinear hysteretic model, are
readily available in the literature and it is evident from the test
results that the hysteretic behavior of the frame can be approximated
by such a model, two bilinear models are constructed; one to represent
the elastic-plastic nature of the structural steel, the other to
represent the work hardening nature. Both bilinear models reproduce
the response time histories quite accurately in the domain appropriate
to each.

The construction of all the equivalent linear models is based
on the measured nonlinear response of the frame to E1 Centro excitation,
and the objective for their construction is the ability to predict the
maximum response values, with precedence being given to the maximum
displacement response. The assessment of the models is made by
comparing their response predictions with the measured response for
E1 Centro and also three other excitations, i.e., Pacoima, Taft and
Parkfield excitations.

The results of this study indicate that the dependence of the
nonlinear response of a structure on the characteristics of the earth-

quake excitation is so compiex that there is no way that the
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lTinearization schemes considered can have the required generality to
Timit the maximum displacement response to specified value. Nonethe-
less, these methods can provide very valuable guidelines for design,

if their limitations and relationship to the overall design process is

fully recognized.
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1. INTRODUCTION

Because of economic considerations, structures are usually not
designed to remain elastic during severe earthquake excitations. This
design philosophy may be acceptable if it is possible to take advantage
of a structure's ability to dissipate energy through inelastic deforma-
tions. These deformations, however, must be controlled in order to
prevent collapse due to exhaustion of the structure's energy dissipation
capacity or due to excessive lateral displacements. The ability to
predict the ductility demand of a future earthquake excitation for a
structure designed with a specified yield strength is therefore of
great interest in earthquake resistant design.

Representing the future earthuake excitation by a recorded
historical ground motion and knowing the hysteretic material behavior
of a structure, we can predict accurately the ductility demand. Using
the actual hysteretic behavior introduces on the other hand both
technical and practical difficulties for the computations and it wou1d'
be vefy helpful, if the ductility demand could be predicted by a simpler
method of approach. The most practical approach is to replace the
actual hysteretic system by an equivalent linear system and use it's
maximum deformation as a basis for approximating the ductility demand
for the structure. This kind of an approach would be very useful, if
it could give reasonably accurate predictions of the actual response.

The linearization of nonlinear systems is not new and it is not
a recent development in earthquake engineering. One of the problems of
this study was that of selecting from the large array of linearization

schemes a 1imited number that we could examine. Many of the schemes



are very ingenious, and we hope that we have selected a representative
group.

Whenever a nonlinear system is replaced by a linear one, it is
critical to ascertain the limits of the linear system and to appraise
the system in the context what it is that it must predict. To our
knowledge none of the methods of linearization presented in this report
has been appraised against the only real test of its value, that of
predicting physical response to an earthquake excitation. This then
is the purpose of this work.

To construct and later assess equivalent linear models, we use
test results from an experimental program on a one-story steel frame
performed by Sveinsson and McNiven [1] presented in Chapter 2. The
frame was subjected to four historical ground motions - E1 Centro,
Pacoima, Taft and Parkfield - causing inelastic deformations of the
structure in all cases. _

Some of the methods of equivalent linearization used in this
investigation depend on the restoring force-displacement relation.
Since explicit expressions for the equivalent 1inear parameters based
on a bilinear hysteretic model are readily available in the literature
[2,3,4,5], and it is evident from the test results of Chapter 2 that
the hysteretic behavior of the structure can be approximated by such
a model, we construct two bilinear models in Chapter 3. At this point
we must be cognizant of what it is that the linear systems are con-
structed to predict. They are not attempting to predict the complete
time histories of the acceleration and disp]acemeﬁt response, but only
the maximum values of these, with precedence being given to the maximum

displacement response.



Herein Ties the reason that we have to construct two bilinear
models. Structural steel behaves beyond yield as if it were two
different materials. When the strain imposed forces the stress beyond
yield, the first excursion into the plastic zone is elastic-plastic,
but further hysteretic behavior reveals that the steel is work hardened.
One bilinear model is needed for each behavior. The elastic-plastic
bilinear model is appropriate when the maximum displacement respoﬁse
occurs 1in that domain, the work hardening bilinear model when it occurs
later in the response.

Six methods of equivalent linearization for SDOF systems sub-
Jjected to earthquake excitation are described in Chapter 4. Two of
these methods are independent of the restoring force-displacement
relation but depend instead on the response time histories of the
system to the given excitation. The remaining four methods depend on
the restoring force-displacement relation in addition to the maximum
displacement of the system to the given excitation.

In Chapter 5 we use the methods of equivalent linearization
described in Chapter 4 and the structural response to E1 Centro to
construct various equivalent linear models. For the methods requiring
restoring force-displacement relation, bilinear models of Chapter 3
are used. We then make an assessment of the models by comparing their
response predictions with the measured nonlinear responses for
E1 Centro and the other three excitations of Chapter 2.

Concluding remarks on the applicability of the method of
equivalent Tinearization for SDOF systems subjected to earthquake

excitations are given in Chapter 6.



2. THE EXPERIMENTAL PROGRAM

The tests performed on the one-story steel frame, the results
of which are used in this research, are discussed briefly in this
chapter. A more detailed description of the program is contained in

a report by Sveinsson and McNiven [1].

2.1 Test Structure

The primary requirements for the design of the test structure
were that it have essentially a single-degree-of-freedan and that it
exhibit a very simple hysteretic energy dissipating behavior. For-
tunately such a structure had been designed, built and tested at EERC
by Rea, Clough and Bouwkamp in 1969 and Reference [6] gives a complete
description their structure,

The structure tested by Sveinsson and McNiven is shown in Figs.
2.1 and 2.2. Briefly the structure consists of a heavy steel platform
supported by four columns; two fixed to the table and pinned at the
top, and two pinned at both the top and bottom. The platform, which
is rigid‘compared to the columns, has overall plan dimensions of 10 ft
by 7 ft. The fixed-end columns, fabricated from WF 4 x 13 1b. mild
steel, are 66.5 in. in overall length and are installed so that they
bend about their weak axes. Parabolic straps are added to strengthen
the base of the fixed-end columns. |

Two identical pairs of fixed-end columns were used. Each pair
was used twice as virgin columns by rotating them top to bottom after
the completion of a test causing a nonlinear response of the structure.

A1l four of these columns were fabricated from the same piece of steel,
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TEST STRUCTURE ON SHAKING TABLE

2.1

FIG.
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The generalized weight of the structure, defined as the total
weight of the platform plus 1/3 of the total weight of the columns,
is 5978 1b.

2.2 Instrumentation

Accelerometers were mounted on both sides of the platform to
record the absolute accelerations of each side. The absolute displace-
ments of each side of the structure relative to a reference frame
remote from the shaking table was measured by potentiometers. In all
subsequent computations the absolute accelerations (or displacements)
are taken as the average of the measured accelerations {or displace-
ments) of each side. The accelerations of the shaking table were
recorded by three built-in accelerometers; one in the middle of the
table and one on each side. The table accelerations are taken as the
average of the three. The table displacements were measured in the
same manner as the table accelerations.

The accuracy of the recorded data cannot, of course, be pre-
cisely determined since it depends on the accuracy of calibration for
each test, among other things. However, the overall accuracy of the

data acquisition system is thought to be within about 0.1%.

2.3 Test Results

To accomplish the objectives of this research we need records
of the nonlinear response of the structure due to a variety of
excitations. Sveinsson and McNiven subjected the structure tb four
historical earthuake excitations, each severe enough to cause

significant inelastic deformations.



2.3.1 El Centro, 1940

The 1940 E1 Centro, N-S component was used, and the measured
table acceleration time history is shown in Fig. 2.3. The measured
relative acceleration and displacement time histories of the structure
are shown in Figs. 2.4 and 2.5 respectively.

The equation of motion for a SDOF system with viscous damping

and subjected to support excitation may be written as:

my %apbt) + ey x(t) + hix,t) = 0 ;3 x(0) = x(0) = 0 (2.1)
or

h(x,t) + ¢, x(t) = - m % (t) 3 x(0) = x(0) = O (2.2)
where

my is the mass,

€, is the viscous damping coefficient,

xabét) is the absolute acceleration,

x(t) is the relative displacement,

h(x,t) 1is the restoring force.

We can therefore obtain an approximate restoring force time
history of the structure by multiplying the measured absolute accelera-
tion of the platform by the generalized mass of the structure and
changing the sign. This relation is obviously only absolutely true at
the peak values of the displacement, but plotting this force against
the displacement gives an idea of the shape of the dynamic hysteretic
loops. Fig. 2.6 shows this relation, which will be referred to as
pseudo-hysteretic behavior.

An important characteristic of the cyclic inelastic behavior of

mild steel is evident from the shape of the pseudo-hysteretic loops.
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The first major excursion into the inelastic region is essentially
elastic-plastic (phase I}, whereas all subsequent loops have a smooth
transition from e]astié to inelastic response indicating work hardening
behavior (phase II}. This two-phase character is central to the problem

of modeling the behavior of mild steel structures.

2.3.2 Pacoima, 1971

The 1971 Pacoima, S16E component was used, and the measured
table acceleration time history is shown in Fig. 2.7. The measured
relative acceleration and displacement time histories of the structure
are shown in Figs. 2.8 and 2.9 respectively. Fig. 2.10. shows the

pseudo-hysteretic loops.

2.3.3 Taft, 1952

The 1952 Taft, N69W component was used, and the measured table
acceleration time history is shown in Fig. 2.11. The measured relative
acceleration and displacement time histories of the structure are shown
in Figs. 2.12 and 2.13 respectively. Fig. 2.14 shows the pseudo-

hysteretic loops.

2.3.4 Parkfield, 1966

The 1966 Parkfield, N65E component was used, and the measured
- table acceleration time history is shown in Fig. 2.15. The measured
relative acceleration and displacement time histories of the structure
are shown in Figs. 2.16 and 2.17 respectively. Fig. 2.18 shows the

pseudo-hysteretic loops.

2.3.5 Maximum Response Values

Table 2.1 gives the maximum relative displacement and the maximum

absolute acceleration of the structure for each earthquake excitation.
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TABLE 2.1
MEASURED MAXIMUM RESPONSE VALUES

Earthquake ,iabs X

Excitation (in./secz) (in.)
EL CENTRO . 267.9 4.75
PACOIMA 2615 4.85
TAFT 258. 1 3.47
PARKFIELD 248.8 418
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3. CONSTRUCTION OF BILINEAR HYSTERETIC MODELS

As mentioned in Chapter 1, some of the methods of linearization
presented in this report depend on the restoring force-displacement
relation. Since explicit expressions for the linear model parameters,
based on a bilinear hysteretic model, are readily available in the
literature [2,3,4,5], and it is evident from the test results that the
hysteretic behavior of the structure can be approximated by such a
model, two bilinear models are constructed in this chapter based on
the experimental results in Chapter 2.

The equation of motion for a SDOF bilinear hysteretic system
with viscous damping and subjected to support excitation may be
written as:

my %(t) + 5 X(8) + hix,t) = -my % (t); X(0) = x(0) =0 (3.1)
where
m is the mass,

0
c is the viscous damping coefficient,

0

Rg(t) is the support acceleration,

x(t) is the relative displacement,

h(x,t) 1is the restoring force.
Figure 3.1 shows the restﬁring force-dispiacement relation for a bilinear
hysteretic system. This system has initial stiffness ko’ post yield
stiffness ako and yield displacement xy. The maximum response
displacement is shown as Xn = uxy, where 1 is the displacement ductility
ratio.

To represent the measured structural behavior by differential

equation (3.1), we need to establish the appropriate values of my>

Co ko’ o, xy using the measured responses and some parameter adjustment
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h{x)

I X

FIG. 3.1

RESTORING FORCE - DISPLACEMENT RELATION FCR A
BILINEAR HYSTERETIC SYSTEM
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algorithm., It is obvious from the pseudo-hysteretic Toops in Fig. 2.6
that one bilinear model cannot completely describe the two-phase
behavior of the structural material, and therefore it is essential to
clearly define what response character we want our bilinear model to
approximate.

As described in the introduction we need two bilinear models:
a work hardening model and an elastic-plastic model. For both models

we fixed the values of m, and c0 as

2
15.47 1.5ec”

My = in.
_ # sec
Co - 3-67] .]-n.

based on results in Reference [1].

3.1 Work Hardening Model

In their work using a Ramberg-~Osgood model and System Identi-
fication Sveinsson and McNiven [1] noted that a work hardening model
resulted when the full duration of the relative acceleration response
was used in the criterion function. Accordingly, here we use the full
duration of the relative acceleration response to E1 Centro and derive
the three bi]ineér parameters by trial and error, so that the model
matches that behavior. Accurate matching was achieved when the
bilinear parameters had the values:

_ #
1745.5 54—

-~
[

0.4196

K
[}

1.375 in.

x
]
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To ascertain the predictive ability of the above model when
subjected to E1 Centro excitation the calculated and measured (dashed
1ine and solid line, respectively) relative acceleration and displace-
ment time histories are compared in Figs. 3.2 and 3.3. It is
evident that the acceleration time history is very well predicted and
the displacement time histories have the same general character, al-
though the model cannot predict the inelastic shift in the displace-
ment due to the almost elastic-plastic behavior of the structure in
the first-phase of the response.

To assess the general applicability of the model, we subject
it to other support excitations and compare the relative acceleration
and displacement time histories predicted by the model to the measured
responses; Figs. 3.4 and 3.5 show the comparison for Pacoima
excitation, Figs. 3.6 and 3.7 for Taft excitation and Figs. 3.8
and 3.9 for Parkfield excitation. From the Figs. 3.2 - 3.9 we observe
that the bilinear mathematical model, constructed using response data
from the E1 Centro excitation, predicts responses to the other excitations
as accurately as it does to the E1 Centro. Furthermore, we observe that
the responses predicted using the bilinear model are as accurate as the
ones predicted using Ramberg-Osgood model {1].

Table 3.1 gives the maximum relative displacement and maximum

absolute acceleration predicted by the model for each earthquake excitation.

3.2 Elastic-Plastic Model

To construct this bilinear model, we again borrow from Sveinsson
and McNiven [1]. From their pseudo-hysteretic loops for E1 Centro
(Fig. 2.6 here), we ascertain that the structural behavior is elastic-

plastic up to the maximum displacement which occurs after approximately
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3 sec. Here, therefore, we only try to match response for the first 3
sec. By matching the maximum values of acceleration and displacement
only, these first 3 sec. of both acceleration and displacement time

histories were well matched. The parameters capable of achieving this

match are:
_ #
k0 = 1850 Tno
o = 0.1150
= 1.90 in.
xy in

To observe the performance of the above model in the first 3
sec. of the response the calculated and measured (dashed line and solid
line, respectively) relative acceleration and displacement time
histories to E1 Centro are compared in Figs. 3.10 and 3.11. Both
response time histories are very well matched by the model for the first
3 sec., predicting the maximum respbnse values exactly as shown in Table
3.1. From 3 sec. on the model is not able to match the measured time
histories to an acceptable level of accuracy, which is immaterial.

It is of great interest to observe how well the elastic-plastic
model can predict maximum résponse values for the other excitations.
It is clear from Table 3.1, that the elastic-plastic model can predict
the maximum absolute acceleration to all excitations very accurately
and also the maximum relative displacements to El1 Centro and Taft,
but the relative displacements to Pacoima and Parkfield are somewhat
underestimated (26% and 13.5%, respectively)}. By looking at the
measured response time histories we can explain this. For all excitations
the maximum absolute acceleration occurs in the elastic-plastic phase of

the response and the same is true for the maximum relative displacements
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to E1 Centro and Taft, while the maximum relative displacements to
Pacoima and Parkfield occur in the work hardening phase. With these
facts in mind the general applicability of the model to represent the

elastic-plastic phase of the structural response is evident.

3.3 Comments

We could perhaps be critized for formulating these bilinear
models somewhat crudely but they do reproduce time histories quite
accurately in the domain appropriate to each. Without prejudging the
Tinearization schemes that depend on such a model we cannot avoid
pointing out two things. Those people that have constructed equivalent
linear systems using a bilinear model have fo our knowledge not recognized
the two-phase nature of structura] steel and when they choose a single

bilinear model give no rational reasoning for the model they do assume.
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4. METHODS OF EQUIVALENT LINEARIZATION FOR EARTHQUAKE EXCITATION

After appearances of a series of papers on methods of equivalent
linearization by Caughey [2,7,8] of the nonlinear dynamic equation of
motion, these methods have gained a wide application in engineering.
Based on different modeling approximations numerous equivalent Tineari-
zation models were formulated by Jennings [9] for harmonic excitation
and by Lutes [10] for stationary random excitation. For harmonic and
stationary random excitations, methods of equivalent linearization and
their applications are summarized in review articles by Iwan [11] and
Spanos [12].

Since the earthquake excitation is neither harmonic nor station-
ary random, very few methods of equivalent linearization have been
proposed for systems subjected to that type of excitation [3,4].

In this chapter we present Six methods of equivalent linearization
for SDOF systems subjected to earthquake excitation. The first two of
these methods do not depend on the restoring force-displacement
relation of the system but are instead dependent on the time histories
oflthe response of the systém to the given excitation. The remaining
four methods depend on the restoring force-displacement relation in
addition to the maximum relative displacement of the system to the given
excitation. For these methods the restoring force-displacement relation
of our structure is approximated as bilinear hysteretic, as mentioned in

Chapter 3.

4.1 Formulation
The equation of motion for a general nonlinear hysteretic SDOF

system may be written as:
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my X(t) + ¢y x(t) + h(x,t) = -my X (t); x(0) = x(0} = 0 (4.1)
where
m, is the nominal mass,
<, is the nominal viscous damping coefficient,
h{x,t) 1is the restoring force function,
x(t) is the displacement of the system relative to the

ground,

ig(t) is the ground acceleration.

A system represented by Eq. (4.1) dissipates the supplied énergy in
two different ways; by viscous damping and by hysteretic behavior of
the material.

The restoring force-displacement relation for a bilinear hysteretic
system, shown in Fig. 3.1, is characterized by the nominal stiffness ko’
the nominal post yield stiffness a k0 and the yield displacement gy. If
the maximum relative displacement of the system to a given excitation
is X the displacement ductility ratio of the response is defined as
u = xm/xy.

In the methods of equivalent linearization, the nonlinear hystere-
tic system, Eq. (4.1), is replaced by an "equivalent" linear system.

The peak earthquake response of the nonlinear system is then obtained
by calculating the peak response of the linear system specified by it's
equivalent linear parameters,

The equation of motion for the equivalent linear SDOF system

may be written as:

my X(t) + ¢ x(t) + k, x(t) = - m, %4(t)3 x(0) = x(0) =0  (4.2)

where
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My is the equivalent mass,
Co is the equivalent viscous damping coefficient,
ke is the equivalent stiffness.

An equivalent linear system dissipates the supplied energy oniy by
viscous damping.

For all the methods of equivalent linearization presented in
this chapter we take

m, = M- (4.3)

In determining the values of Co and ke, Eq. (4.2) is made equivalent

in some sense to Eqg. (4.1), each method using a different criterion.

4.2 Methods of Equivalent Linearization

4.2.1 Methods Independent of Restoring Force-Displacement Relation

For these methods it is assumed that the response time histories

for the full duration of a given'earthquake excitation are known.

Method 1: System Identification (SI)

The method of System Identification has been extensively used
by McNiven and his coworkers [1,13,14,15] to identify the system
parameters for linear as well as nonlinear systems under earthquake
excitation. Recently Beck and Jennings [16] used this method to identify
linear models from earthquake records.

The method has been very well documented in Reference [13]. The
criterion fungtion used in this investigation is an integral squared
error function that includes error in acceleration and can be written

as:

-

3B, 1) = S RE ) - JH)IF dt (4.4)
)

where
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B is a vector of the parameters c_ and k,

Td is the full duration of the excitation or any portion
of 1t,

%(B,t) is the relative acceleration of the equivalent linear
model using parameters B and excitation Rg(t),

y(t) is the relative acceleration of the nonlinear hystere-

tic system when it is subjected to the same excitation.

To establish the values of thevequivqlent linear parameters the criterion

function is minimized using modified Gauss-Newton algorithm.

Method 2: Giilkan-Sozen Procedure (GSP)

The method was proposed by Giilkan and Sozen [17] for reinforced
concrete structures subjected to earthquake excitation, but is applicable
to all types of structures for which the response time histories are
known.

In this method the equivalent stiffness is defined as

_ molyﬁi |max
ky = -——mix—— (4.5)

where ¥(t) and y(t) are the measured response quantit%es of the
structure when it is subje;ted to the excitation Rg(t). It may be
noted that this definition of equivalent stiffness actually defines
equivalent secant stiffness, where secant stiffness is defined as the
slope of the 1ine from the origin of the restoring force-displacement
diagram to that point on the primary curve where the displacement is
¥ e 1519+ Xyl
nonlinear hysteretic structure, in general, they do not occur

and |y|max occur at the same time. For a

simultaneously.
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The equivalent viscous damping coefficient is calculated by
assuming that all the energy supplied to the structure over the full
duration, Td’ of the excitation is dissipated by an equivalent viscous

dashpot. Thus,

T
s
g
c = $ (4.6)
s
0

where i(t) is the derived relative velocity of the structure when it

is subjected to the excitation.ig(t).

4.2.2 Methods Dependent on Restoring Force-Displacement Relation

For these methods it is assumed that a bilinear hysteretic model
is known, i.e., the parameters ko, a and xy are known. Furthermore,
it is assumed that the maximum relative displacement, Xnax® of the model

to a given earthquake excitation is known, i.e., u is known.

Method 3: Modified Dynamic Stiffness (MDS)

The method of Dynamic Stiffness or Harmonic Equivalent Lineari-
zation was modified by Tansirikongkol and Pecknold [4] for earthquake
excitation.

Using the method of Dynamic Stiffness for a bilinear hysteretic
system under harmonic excitation of amplitude A and circular frequency

Wy s Caughey [7] has derived the following expressions:

k. =m o

o= My Wl g(u), (4.72)

c,=c - (4.7b)

e 0 w

where
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Kys w<
C(u) =1 (4.8a)
k0 1-a
— [(1-o)6+am - (*E—) singl;u > 1
\ m
0 u<l
s(u) = (4.8b)
- (=) ginze; L
T o
0= {4.8c)
cos™! (E2); >l

In Eq. (4.8) u is the displacement ductility ratio of the response
defined as y = A/xy.
For earthquake excitation of total duration T, Eq. (4.7) was

modified to give

~
[

= C(HAF)’ (4.9a)

S(upgn)
c =c -——AD

4.9b)
e 0 /2' ‘ﬂe (

where
Mz
H = .
u

Hap ~ : 72 (4.70b)

[an(fon )]

X

by = o (4.10¢)

Y

k
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Method 4: Average Period and Damping (APD)

For a hysteretic system under harmonic excitation of amplitude
A and circular frequency Wy s in the Geometric Stiffness method (GS), the
equivalent stiffness, ké, is taken as the secant stiffness while energy
balance per cycle is used to evaluate the equivalent viscous damping
[3,9]. |

Thus, for a bilinear hysteretic system equivalent stiffness is

given by .
ko’ A g_xy
k!'(A) = (4.11)
© k [ 1‘m)x +al]; A>x
0 Y ? N
Since
k k!
0 e
m =m =—=-— (4.12)
e 0w, g

Eq. (4.11) can be written in terms of periods as

1 3 A <X

T!(A) ="y
= = (1) (4.13)
0 -0, -1/2,
[——ﬁ*-xy + o) s A > Xy
/S m /m !
) _ 0 _ _(_)_
where Te(A) =27 'E;m and TO = 2m ko .

From Eq. (4.7b), after some manipulation, the equivalent viscous

damping ratio, gé(A), can be written as:

TL(A)
% T A< x,
£a(A) = (4.14)
y TLA) (A-x, ) Té(A))z
QOT—‘P:’F(]-G)- az Xy( TO 3+ A > Xy

Newmark and Rosenblueth [5] extended the GS method to earthquake
excitation by defining the equivalent linear system to be an average of

all the linear systems corresponding to amplitudes less than or equal to
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X0 = Xmax: For a bilinear hysteretic system the average period and

damping are given by [3]

Te 1 m Té(A)
T, % L oTT o A
0 m o (4]
_1 You? + (T-a)u -1 _ {1-a) )
= a.[} + ~ 2372 Tng; u>1 (4.15a)
where y
2 _ . _
.= 2vafon? + (T-a)u] + 2ap + (1-a) (4.15b)
a+ 2/Vd+ 1
and x
L /" g (a) aA
E. = :
e X o ©
= e, 2 (1) [ n(1-a ton) +
0 T0 T U a N H)
(]1a) n ((1;a) ta) s u>1 (4.16)
Thus,
ko
ke = T 2 (4.T7a)
()
To
Ce =2 M u & (4.17b)

Method 5: Average Stiffness and Energy (ASE).

For a bilinear hysteretic system under harmonic excitation of
amplitude A, the secant stiffness, ké(A), is given by Eq. (4.11), while

the energy dissipated per cycle, Awé(A), is given by

AN&(A) = Va(A) + Hé(A) (4.18a)



52

where
2 .
21 EOA k0 : A j_xy
Va(A) = (4.18b)
21 £ A%k [—(11gl X, +al A > x
o 0 A Y ? Y
05 AiXy
Hé(A) = ) (4.18¢)
(1-a .
4 k0 %, (A xy), A > Xy

Similarly for a linear system under harmonic excitation of

amplitude A the energy dissipated per cycle, Awé(A), is given by

A Wi (A) = V. (A) (4.19a)
where

) — 2
Ve(A) = 27 £e A ke' {(4.19b)

As in the APD method, in the ASE method the equivalent linear
system is defined in terms of the average values of the fundamental
parameters [ 91. In this method the fundamental system parameters are
taken as the stiffness and the energy dissipated per cycle. Thus, the

equivalent stiffness, k_, is given by

e
p m :
ke = f ke(A) dA,
m
0
thus,
Kos u<l
ke = (4.20)
kofllifll (T+onu) +al; u>1
By equating
AW, =AW, (4.21a)
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where X
1T
A wo = ;oA wo(A) dA, (4.21b)
m
0
X
1
A we = ;;- ;A we(A) dA, (4.21¢)
0

the equivalent viscous damping ratio is given by

) Ho(r) + Vo(u)

where 03 bo<l
H (u) = (4.22b)
° 2 ko(]..a) {w-1)% . T
U 2
%ﬂ £ ko W3 u<i
Vo(p) = (4.22¢)

£k
—2 0 [(1-a) (¥ - ) + 50Ty w1

Vo(u) = Sk w2 (4.22d)

Method 6: Stationary Random Equivalent Linearization (SREL)

In this method the earthquake excitation is assumed to be
stationary random Gaussian, and the response is assumed to be stationary,
ergodic, Gaussian and narrow band process. It should be noted that
these assumptions for the response will only be satisfied by a weakly
nonlinear system.

For a bilinear hysteretic system, Caughey [2], has derived the
following expressions for the equivalent linear parameters based on the

above assumptions,
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k % 2
e _ 8(1-a) N | 1 -A
u H
and
k k
1-o 1
E = £ > + 2 erfc { ) (4.24)
e t:)Vke ke /5r o, V2 o
%
and T xo where Oy is the root mean square value of the response,
y

and erfc is the complimentary error function.
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5. CONSTRUCTION AND ASSESSMENT OF THE EQUIVALENT LINEAR
MATHEMATICAL MODELS

Using the structural response to E1 Centro discussed in Chapter
2, we will construct in this chapter various equivalent linear models
based on the methods of equivalent linearization mentioned in Chapter 4.
For the methods requiring hysteretic model, bilinear models of Chapter
3 are used. It may be noted that since two bilinear hysteretic models
were constructed, two sets of equivalent linear parameters will be
obtained for these methods.

The assessment of the equivalent 1inear models is made by comparing
their response predictions with the measured response both for E1 Centro
and the other three excitations of Chapter 2.

It should be noted that‘the objective of all the equivalent
Tinear methods except the method of System Identification is to predict
the maximum relative displacement and not the time histories of the

response.

5.1 Construction of the Equivalent Linear Models

5.1.1 System Identification (SI)

To accommodate the jterative schemes and to solve the equations
involved in the System Identification procedure, a computer program was
developed, the details of which are given in Appendix A. Before subject-
ing the identification program to actual test data it was tested with
simulated data to ensure that the algorithms it contains are correct and
alsc to get a feel for the process.

As mentioned in Chapter 4, System Identification can be used to

establish the parameters of an equivalent linear model by matching a
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selected response time history either over the full duration of the
excitation or any portion of it.

First we use the method over the full duration of the measured
relative acceleration response. Using the computer program we obtain

the following parameter set:

_ # sec
Ce © 23.60 in Parameters
for
_ # : ELMSI]
ke = 1566.5 In

As the response time history match does not pay any special
attention to the maximum response values, it can not be expected that
the model, ELMSIT1, constructed above will be able to predict the
maxXimum response values very accurately. An attempt is therefore made
to match the maximum relative displacement occuring at 3.06 sec. by
only including that instant of time in the criterion functions (which
now includes error in displacement instead of acceleration). Using
various sets of initial values of the parameters the program always
converged to the same fina] parameter set, including a negative value
for the viscous damping coefficient. This indicates the fact that the
El Centro excitation does not have enough input energy in the first
3.06 sec. to be able to excite a physically acceptable 1inear system
to the relative displacement of 4.75 in. in the end of that duration.
Although we are unsuccessful in matching the maximum displacement
of the response we will try to match the maximum acceleration. Using
reasonable guess of the initial values of the parameters and the computer

program we obtain:

c,6 = 32.68 .f1§§9 Parameters
e in
# for
k, = 1344.3 n ELMSI2
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5.1.2 Giilkan - Sozen Procedure {GSP)

As mentioned in Section 4.2.1, the establishment of the equivalent
Tinear parameters by this method reguires the derivation of the relative
velocity time history of the structure. Using a still unpublished
computer program, DIPS, written by Marcial Blondet, a graduate student
in SESM at the University of California, Berkeley, we obtain the relative
velocity time history both by differentiating the measured displacement,
Fig. 5.1, and by integrating the measured acceleration, Fig. 5.2. This
is done to check the measured data and also to secure the correct
selection of filters in the derivation of the relative velocity.

Locking at the time histories of absolute acceleration and

relative displacement, respectively, we obtain:

19+ Rl oy = 2677 ;—3;2—2 at t = 2.95 sec.
ly{max = 4,75 in. at t = 3.06 sec.

i.e., the maximum response values occur almost simultaneously.
From the information derived above and with the use of Egs. {4.5)

and (4.6) we obtain:

[

# sec
c 20.69 **_m“—

e Parameters
for
- # ELMGSP
ke = 8§72.4 In

5.1.3 Modified Dynamic Stiffness (MDS)

Using the bilinear hysteretic modeils constructed in Chapter 3 and

Egs. {4.9) we obtain:

~ # sec ;
Ce 24.01 in Parameters
:  for
# ELMMDS1

ke = 1305.5 n
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and
_ # sec
Ce © 23.06 in Parameters
for
# ELMMDS2
ke = ]060.5 ':'—ﬁ'

where ELMMDST and ELMMDSZ indicates an equivalent linear model constructed
with Modified Dynamic Stiffness method using work hardening model and

elastic-plastic model, respectively.

5.1.4 Average Period and Damping {APD)

Using the bilinear hysteretic models constructed in Chapter 3

and Egs. (4.15) and (4.16) we obtain:

\
c, = 25.82 fT%QE
Parameters
4 for
ke = 1404.5 Y | ELMAPD1
and o
c = 38.58 1.5€c
e ' in Parameters
4 for
- _# ELMAPD2
ke = 1389.4 ™ )

5.1.5 Average Stiffness and Energy (ASE)

Using the bilinear hysteretic models constructed in Chapter 3

and Egs. (4.20) and (4.22) we obtain:

_ # sec
Co = 32.53 Parameters
4 for
- ¥ ELMASE1
ke = 1440.4 n
and
¢ = a4g.77 1.Sec
e * in Parameters
for
k= 1467.7 -4 ELMASE2

e in
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5.1.6 Stationary Random Equivalent lLinearization (SREL)

Using the bilinear hysteretic models constructed in Chapter 3

and Eqs. (4.23) and (4.24) we obtain:

_ # sec
Ce = 21.24 in Parameters
; for
L= i ELMSRELT
Ko 1545.1 ™
and
- # sec
Ce © 15.23 in Parameters
4 for
_ i ELMSRELZ
ke = 1746.0 T
5.2 "Assessment of the Eguivalent Linear Models

A17 the equivalent linear models were constructed directly or
indirectly from the measured nonlinear response of the structure to
ET Centro excitation. It is therefore of main interest to observe how
accurately these models can predict the nonltinear response of the
structure to that excitation. The models are alsc subjected to the
Pacoima, Taft and Parkfield excitations and their response predictions
" compared with the measured nonlinear‘%espanse of the structure to those
same excitations to observe the general applicability of the models.

It should be noted that only the construction of ELMSIT aimed at
a model to predict the response time histories; the objecti&e for the
construction of all the other models was the ability to predict the

maximum response values, especially the maximum relative displacement.

5.2.1 Prediction of the Response Time Histories

The construction of ELMSIT is based on the full duration of the
measured relative acceleration to E1 Centro and it is therefore of great

interest to observe how well that model can predict the response time
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histories to that excitation. The calculated and measured (dashed Tine
and solid line, respectively) relative acceleration and displacement time
histories for E1 Centro are compared‘in Figs. 5.3 and 5.4, The relative
acceleration time history is fairly well reproduced by the model and the
relative displacement time history predicted is in phase with the
measured one, although the yielding shift is of course not predicted.
The greater contribution of the work hardening phase of the measured
response in the equivalent linear parameters is evident in the first
4 sec. of the predicted response, leading to overestimation of the
maximum absolute acceleration and underestimation of the maximum
relative displacement.

It is also a matter of interest to examine whether an equivalent
linear model constructed in this way using measured response to El
Centro can predict the response time histories to other excitations
as accurately as it does to E1 Centro. With the criterion for the
construction of ELMSI1 in mind we would expect the same order of
prediction accuracy, if the other excitation causés.a similiar relative
acceleration response of the structure, but using ELMSI1 to predict the
response of the structure to an excitation causing very different relative
acceleration response can not be expected to be that accurate. To observe
the general applicability of ELMSIT we therefore subject it to the
remaining three excitations of Chapter 2 and compare the relative acceler-
ation and displacement time histories predicted by the model with the
measured nonlinear responses; Figs. 5.5 and 5.6 show the comparison for
Pacoima excitation, Figs. 5.7 and 5.8 for Taft excitation and Figs. 5.9
and 5.10 for Parkfield excitation. Having just described the prediction

characteristics of ELMSI1 it is not surprising that the response time
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histories to Taft are most accurately predicted and the response time
histories to Pacoima and Parkfield are not as well obtained. As in
general the nonlinear response of a structure to different earthquake
excitations can have very different characteristics, the general
applicability of an equivalent Tinear model to predict the response time

histories is very limited.

5.2.2 Prediction of the Maximum Response Values

The maximum response values toc E1 Centro and the other three
excitations as predicted by all the equivalent linear models are
summarized in Table 5.1,

A11 of the methods of equivalent 1ineérization except GSP and
SREL underestimate the maximum displacement for El1 Centro more than
30% but ELMGSP is able to predict it within 10% accuracy. It is
interesting to note that all methods except SREL predict the maximum
acceleration for E1 Centro with more accuracy than the maximum
displacement.

As the nonlinear response of a structure to an earthquake
excitation is very dependent on the overall characteristics of the
excitation and can therefore be very different for different excitations,
we would not expect that an equivalent linear model constructed from the
nonlinear response to one excitation will in general be able to predict
the nonlinear maximum response values for other excitations very
accurately. It is therefore surprising to observe that the maximum
displacements for the other three excitations of Chapter 2 are predicted
with more accuracy than the maximum displacement for E1 Centro by most
of the models. In fact some of the models predict those maximum displace-

ments with very high level of accuracy, e.g., ELMSIT which predicts all



(“u) x

(,0s/ut) *T° 310N

72

8Ly | 8°8v2 | Lb'E | L'8G2 | §8'F | G°192 | GL'V | 6°L9¢ 3ISNOdSIY UVINIINON Q3uNSYVIW
. . . . . . . . . . uoiLjeziJeaur]
89°Yv | 8°829 | 6G°C | 2°90F | €2V | 6°LLY | LL'Y | 2°99% | O°9VLL €e¢al FAEN N RE JuajeALnb3
. . . . . . . . . . wopuey
L'y | 2ELY | GbE | 6°9bE | 06V | 6726 | YPE | 6°GVE | L°GPGL ve1e L7134SWT4 AaeuoL3e3s
9L"¢ | 6°LLE | 2P"¢ | L°ObZ { 2CE°E | VEEE | €9°C | ¥'V9C | L°L9FL LL"8Y Z3ASYW13 AbJaau3
pue SsSaujjills
00°F | 2°6LE | €672 | 6°8LC | [8°€ | L°0LE | 00°€ | G'982 | ¥ Ov¥l €67 ¢t LISYW13 abedany
£9°€ | 6°LE€ | SL°z | L'¥Sz | Lb'€ | L°G2E€ | 98°2 | 0°/92 | v¥°68EL 8G°8¢ ¢advi13 BuLdureg
pue polL4ad
6V | L7¢cly | ¥ETE | LTLOE | €L’V { 9°18E | LL7E | G°¢6¢ | S ¥OUL ¢8°4¢ LAdVW13 abedany
Ov'¥ | °G0€ | 98°€ | 9°892 | 9L°€ | L°8l¢ | LE°€ | €°¢€2 | G 090! 90°¢€¢ ¢SAWWT3 mmm:$m*wm
J LweuAq
29°v | O°v6E | 0G°C | ¢°66¢ | 8G°€ | 0°L0E | 0C°€ | G'vLC | G GOElL L0 ¢ LSAWW13 paL4Lpon
. . . . . . . . . ar 94Npad0Ud
Eh'v | 0°€G2 | 9L°G | 6°v62 | 6E°V | 67092 | Lv'¥¢ | L7262 | ¥ dL8 69°0¢ dS9W1d Us20g-uey LNy
00°% | L°GSE | 86°2 | ¢°G9¢ | LS'€ | G°GLE | 00°€ | 2°892 | €°¥vhEL 89°¢¢ ¢ISWT3
uoLieoLjLiuspl
6V'v | 2°8Gv | 9¢°€ | 2¢'eEE | L9V | LTLLy | LE°E | 8'vPE | G799GL 09°€¢ LISWT3 wa3sAs
X mnmx X mnmu X mnmx « mnmx (ut/#) | (ruL/o9s#)
Q13I4%4vd 14vl YWIOJYd 04d1IN3II 13 mx %
L9pOl uotLjeziJdeaul
404 sdajaweded Jeaul juajeArnb3
sanjep asuodsay wnwixey *ury b3 jJuajeatnb3 40 poylsy

$1300W YYANIT LN3TWAINDI 3HL ¥04 S1INSIY TVITUIWNN

L9 318vYL




73

of them within 10% accuracy, ELMAPD] and ELMSREL1 all within 15% and
ELMGSP, all except Taft's, within 10%. The maximum accelerations for
the other three excitations of Chapter 2 are predicted with less accuracy
than the maximum acceleration for E1 Centro by all the models except
ELMGSP.

ELMGSP predicts very accurately the maximum response values for
El Centro and also for excitations causing similiar degree of inelastic
deformations of the structure as E1 Centro does but tends to heavily
overestimate the maximum displacement for excitation causing very mild
inelastic deformations.

For the methods requiring a bilinear hysteretic approximation of
the structural behavior, the equivalent linear models based on the
work hardening mechanism predict the maximum displacement in general
more accurately than the models based on the elastic-plastic model,
result a kind of unexpected. SREL gives fairly accurate predictions of

the maximum displacements while ASE is always too conservative.
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6. CONCLUSIONS

Six methods of linearization have been used to construct various
equivalent linear models to predict the nonlinear seismic behavior of
a one-story steel frame which was constructed and tested by Sveinsson
and McNiven [1] af the Earthquake Engineering Research Center of the
University of California, Berkeley.

Four of the methods of linearization depend on the restoring
force-displacement relation of the frame. We have, therefore, constructed
two bilinear models to approximate the actual hysteretic behavior, one
to represent the elastic-plastic nature of the structurali sfeel, the
other to represent the work hardening nature. Both bilinear models
reproduce the response time historiés quite accurately in the domain
appropriate to each. The bilinear material models were constructed
only for these four schemes, imposing on them the complications that
the dual material models introduce. The other two schemes are
independent of these material considerations.

The construction of all the equivalent 1inear models was based
on the measured nonlinear response of the structure to E1 Centro
~ excitation, and the objective for their construction was the ability
to predict the maximum response values, with precedence being given
to the maximum displacement response. This is the basis of assessment
that authors of the schemes set for themselves.

A1l six schemes of linearization except Giilkan-Sozen Procedure
underestimate the maximum displacement for E1 Centro more than 30%, but
are in general able to predict the maximum acceleration for El1 Centro

with more accuracy. An underestimation of the maximum displacement
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of 30% can be very dangerous, so when the ductility demand for a
structure is estimated using these Tinear models a detailing of

the critical regions in the structure that insures ductility capacities
far in excess of the values computed is recommended.

As might be expected, none of the methods of linearization has
the necessary generality to be able to predict the maximum response
values for other excitations with acceptable level of accuracy, even
though we have considered the two-phase nature of the structural steel
for the material dependent schemes. We note, without comment, that the
two methods that are independent of the restoring force-displacement
relation predict the maximum displacements for other excitations with
more accuracy than the methods dependent on the material properties.

The results of the study indicate that the dependence of the
nonlinear response of a structure on the characteristics of the earth-
quake excitation is so complex that there is no way that the lineari-
zation schemes considered can have the required generality to limit the
ductility demands to specified values. Nonetheless, these methods can
provide very valuable guidelines for design, if their limitations and
relationship to the overall design process is fully recognized.

Finally, it is worth noting that the four material dependent
schemes are modifications of schemes for harmonic or random inputs and
they are probably able to predict the maximum displacements more

accurately for those excitations than for earthquake excitation.
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APPENDIX A: COMPUTER PROGRAM

Program Description

The computer program presented in this appendix, has been
developed to establish the characteristic parameters of a linear SDOF
system subjected to earthquake excitation. Assuming the mass of the
system, m, to be known, only the viscous damping coefficient, ¢, and
the stiffness, k, are open for establfshment.

These two parameters are established by the method of System
Identification, which is a process for constructing a mathematical
description or model of a physical system when both the input to the
system and the corresponding output are known. The resulting model,
when it is subjected to the same input should produce a response that
matches in some sense the system's output. The exactness of the match
is measured by a criterion function, which here is taken as an integral

squared error function in the relative acceleration, thus

T
2
T
where
B is a vector of the parameters ¢ and Kk,
T1 is the lower 1imit of integration,
Tz is the upper 1imit of integration,

X(B,t) is the relative acceleration of the model using parameters
B and excitation Xg(t),
y(t) is the relative acceleration of the physical system when

it is subjected to the same excitation.
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The response of the mathematical model to a specified ground
acceleration is computed by Wilson-6-Method of numerical integration.
Finally, to establish the optimum value of the parameters the criterion
function is minimized by Modified Gauss-Newton algorithm. A more
detailed description of the method of System Identification as used
here can be found in References [13,14].

This process of System Identification is incorporated by the
program IDEN, Tisting of which is given in Appendix B. It should be
noted that the program was written as a special purpose program and
the authors are fully aware of the fact, that various refinements could
be made to increase it's clarity and generality of application. With
some modifications the program can be extended to deal with the
identification of a linear MDOF system subjected to earthquake
excitation.

The computer program is written in FORTRAN IV and was developed

on the CDC 6400 computer at the University of California, Berkeley.

Input Data

The following sequence of punched cards and data on a tape are

required for an identification run using the program IDEN.

Data Cards_
1st Card (2110)
Cols. 1-10 NP: Number of parameters
NP=2, for linear SDOF system
11-20 NDOF: Number of degrees of freedom

NDOF=1, for Tlinear SDOF system
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2nd Card (F10.0, I10)
Cols. 1-10 R : pseudostatic influence coefficient
R =1, for rigid base translation
11-20 IR : Select response quantity in the criterion
function
IR = 3, for relative acceleration
3rd Card (4110, 3F10.0)
Cols. 1-10 NES: = +— ,
Tower 1imit in the integration of
the criterion function (sec)
At: time interval between digitized values
of the measured response of the
physical system (sec) (At = 0.01 sec

in our case)

-

Cols. 11-20 NPTS: _12: )

T2:

]

upper 1imit in the integration of

the criterion function (sec)

Cols. 21-30 ITLS: Maximum no. of iterations allowed in each
line search

Cols. 31-40 IT: Maximum no. of iterations allowed for
minimization of the criterion function

Cols. 41-50 SLMIN: Line search tolerance, i.e., stop the
line search if the slope of the error
surface is less than SLMIN |

Cols. 51-60 ENDTOL: Program stopping tolerance, i.e., stop
the program execution if

| ERROR(1-1) ~ ERROR(I)| < ENDTOL
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Cols. 61-70 DDF: Finite difference control parameter

DBF = 0.0, if finite difference is not

used
4th Card (4F10.0)
Cols. 1-10 DELTA: = 0.5
11-20 ALPHA: = 1/6

21-30 THETA:

v

1.37, to secure unconditional stability
in the numerical integration
31-40 DELT: Time interval between digitized values
of the measured response of the physical
system {sec)
NOTE: These four parameters are for the numerical integration

by Wilson-6-Method.

5th Card {F10.0)
Cols. 1-10 SM: The mass of the system

6th Card (2F10.0)
Cols. 1-10 B(1): Initial guess of the viscous damping
coefficients.

11-20 B(2): Initial guess of the stiffness

Jape

For the identification, the number of digitized points in the
measured response time histories of the physical system, along with the
ground (table) acceleration and the relative acceleration of the system,

should be available on a tape.
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Example

Using the measured nonlinear response to E1 Centro of the
structure tested by Sveinsson and McNiven {1] we will use the computer
program to establish an equivalent 1inear model of the structure based
on the first 4 sec. of the measured relative acceleration time
history.

The necessary input data from cards is shown on page 81. The

computer output is shown on pages 82-85.
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EXAMPLE - INPUT
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APPENDIX B

LISTING OF THE COMPUTER PROGRAM IDEN
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Reproduced from
be& available copY.

PRCGRAN JUL s (P UT e T aPE Sz IbPUTLUTFUT « TAFE99=0UTPUT +TAPEL Y
* TENMbP TR 22 YL F)

FHEFRIEFFERT A H A I AR RE R KK AR F K IR R R KA LK F A PR R I Ak d h RN w kKRR RF TR K & 4

STSTENM ILENTIFLCATIG PROCGRLY FCY A LINEAK
SINRGLE=LEORLE=GF =T KELLUM SYSTEM SUGECTED TO
EnnTHHeULAKL £ACITATLOW

¥
*
¥
*
*
«RITTER BY - GLARY LIMSUALE +
MOUIFICATICLS &Y - HELGTI val DIt ARSSGH *
- UHIVERSITY OF CALIFORNIA *

ULRKFLEY *

x

*

xRk RR kR E R Rk R R KA A KR R R A K Rk AR Rk RN ok ko kK % ok ok koK o o ok ok ok ok o ko Rk

OO OO0 000

CONMMON FELYl/ A PL A v AR AU G AS G HE AT W A8 9 vILLTA +TFETAWDELTWRINT
* yRIGTTaWUCF etk oD LT2  ALFHA

COMMONZLIBPY /%Gl o VAL 488 o IR(1IIvh (1) o HNPTSWNES
COMNFUN ZFFERIC/ PERR(S)

COMMON /FT IFF/ [F +L:DF

DIMENSIOH BAU2Y R (oa2)em{242)0CU2v) 200U 24292)9DK(24¢20¢2)
* RS2+ OrRAUI2) A il242) L6 2) s CLERIEy242)F(2) s

* CR(Z2)sIL3(2)s DR (2)

REAL Kol ohS

_REwW1linC 1

REW1RL &

oo

READ IRFCRFRMATIOHS FRuM CARLDS

READ 1¥ie «[oH yINUCF
176¢ FORMAT (Z11d)
COREAD 1202 ({RCIVIR(L) )2 I=1 W NEOF)
1742 FGRMAT (Fldetyiid)
READ 1 vhL SetiFTS e LTLo v ToSLM INVERDTCL «DDF
16 FORMAT (41200 3F1bed)
READ 1113 ULETASALPHAWTHETAWGELT
1111 FOCRMAT(4F1c.d)
READL S
Yy FORMAT I 14 .5
READ 1Yl eI=l it )
1241 FQORMAT (&Fiwoek)
IF(LOFW5) 17é4103
173 READ (2) {LUI)el=iekp)

C .

C INITIAL IZE VARLICUS PARLAKETERS
C

1

g IUSEFC =k
nNCALL=Z
KuR1T=e
peuUkD=2hhki
PRELKK=1F1#
F ABS(DEF Y GTa1 E=ir) TUSLFL:=1
CF=1.840L01
CALL IR17



1494

ok il

o LR

S¥na

sKa1

aOOn

88

REAL ILEFGHERTI0LS FPUR TAPL

READ(T+121) NPT

FUI""’T(A‘?)

HEAL (14,607 IR RS ETIHENE,
FURMAT(LE 15 .7)

REAG(Tve22) (v{lvldepi=1aliFT)

FRINT IWHFLT IRFUGREATIGAS

FRINT 1004

FORMATU/ /77«39 x805Te IDERTIFICATION FOR A LINEAR SINGLE-UEGREE-C
1F=FREELUN S ¢ /252404575 el SULGCECTFN TC LARTHOUARE EXCITATIOMe%k+///15
2xex] N F U Tx)

PRIBT SURL NP WLCF

FORFATL/Z/7 S narl Pk y (5324 ¥D0F=%,15)

PRIKT SE62 R{1)+3H (1)

FORPMAT( /7 e B2 xRT% 4 F S.5¢2%0¥IRT4,19)

PRIKT Sy 3L apPT !A[LQ'IT SLMINLZENCGTOL 4 DOF

FURNRT(//:Jiv*hEQw* 2X o *¥NPTS= *'lq'dkf*ITLS~*!IS;?Xv*IT ¥9I%6/ 7/
16X xSl ili=xsF1its Y-LA,*EIOTUL * F1BT o2 exliLF=%x4F8,3)

FRIKT c;laqul1»,hLlHﬂolHLlA'PELT

CFORMATU/Z /7090 a=ULLTAS# P 1A 002X e # ALPHAZX W F L2 o854/ / +SXa*xTHETAZ*F1d,5

1 02){'1‘{.‘.“.1.,."3*‘!‘:1{1-5)

PFRIMT SEHL «Sxed(1l)aB(2) :

FORPATU/Z45a a2 o b 1 da54 28X o ¥ 0Tk e F1BeB808X ok K=k o P10 5¢///745X9%x] T E
IR AT I U Nksg//)

MINIFIZATIONG CF ThE CRITERICN FUNLCTION

1S NUMIT=HNUFIT+]

'alaks

LEVIL=3
ESTACLISERERT GF THE SEARCH DIRECTICN BY GAUSS-NEWTCN METOD
cALL LCIRLL ohs WQC.[EJLL DEsLCKSERKsGCRAD AN, U DUDBF«NCALL

* sDb Bk lJdsSk)
IF(IUSLE el wial) LFVLL 2

945 FORMAT (1x.#8TLE *vI”//LKv*ﬂP*n?kqifﬂkﬂNETEP*15X1

* FORALIE T a8 DIRECTIGON*)

UE FORMAT (ed e l2 4 v iZanrtX L1264 X0812.6)
TAES FORMAT (9Y o= [WNTERVULATIONS* /228X o xFIRST PUINT*,

"Ry
14

+ L9A o ASF CORE POINTx/Z14% 424 (1H=) s BX 42U (1H=~) «+7X e *THTER=%/
+ 74X POLATED tUU”uAhr*/11Yc?(bA'*LLPHA*nshn*LRRCR*'Sx.*SLop[x)
+ WBAVKALELIA HEACHEDL®/)

INTR=¥

IFIERKOT . PREERRK) GO TO 244dé

IF (ADRS(ERR=pPREENE ) GLLJENDTCL) CU TC sif

ERKRA=L Kt

PREERR=L RE

LO 210 L71liP

PRIL)=CEAD (L)

CALL SYRECL At LB« MP s A«ehCALL)

PRINT SHHNUMTT '
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PRIGT S8 e { (Lot tI ) aGusiDCI) o LGLIN )0 dl=1 ol )

C
c ESTABLISKHNELT oF Thb STEP S4200 By LILL SEARCH
C

ALPHANA=ZL . &
CJuAa=d, &
EU 228 L71.0F
Bl (L )=t (L)
DdAazDen=LE (L) *uhat (L)
2249 CONTIRUE
TF(WUMITW(TLIT) 6L Tu 708
FRINT 1iks
ALPhAR=1.§
CALL ChLCE (oDl ALFFHAB UKD
CALL CiRtb ek o™ s CoybEVEL ¢ URWCCyKS ERREZGRLAL wAH UL DUDEsF ¢ NCALL
* LB vALFHAL«LOBISH) ‘
née IF (AGS(ILJI) s ToSLMIN) GI TC 454
INTR=INTRk+ ]
IF (Do) 39wuslba227
ALPHARSLUB ICIERRAWOUA«LRARBLUBE vALPHAA JALPLIAB)
IF ((ChanT.l-l’:‘)o}\NDt‘INTRI-EHol)) ECUIAU:3HYES
FRINT 69 ALPHAALVERKASUUAYALPHAP ERRB LUy ALFPHAN BOUKD
BOUND=2h KNG
6 FORMAT (11Xx¢7RE1de30701A3)
N0 232 L=1.nF
P2y opaNlL)Y=R (L) =ALFHAR=DB (L)
CALL LI (e e CobEVvELvUKyLCoKSYyERRR«GRAL«AH«U+DUDRF +NCALL
* JDBALPFHAN D UN S _
IF (ABS(EJN) o TeSLMINY 60 TC 458
IF (Loefl) 2805994545
24U CRRA=ZERRN
DJA=DCA
ALPHAAZAL PHAN
GO TC Hrwk
245 E£RRB=ERKMN
CJB=DCuN
ALPHAE=ALPHAL
G0 TO Huit
g IF (ERHE.CT.ExRAY GO TO 227
ALFHARZSQ (ERBASLIAWERMBLJd « ALPHAA VALY HAR)
CALL ChECKH (B el DB ALFHATN ¢ GRIN)
1F {OkNLWLT.1led) BGUNU=EHYES
PRINT € oAiFHAA ERRAZUJACALPHATYGWERREB oL B s ALPHALLROUND
EQURD=ZEHNC
CALL LIRHEN R M aCyLEVEL DR LC KNS ERBN W GRAL AN UsDULE F yNCALL
* JULALTRHEN LU eS8
IF (AbEStDJINY oL TeSLE L) GO TC 45%
1IF (Gh) 3262450245
329 IF (ERFLLLESFRRE)Y GO 1O 2435
ERRA=ERKE
ALPHAA=AL PHAD
CJA=DCE
G0 Tu 245
417 IFCINTRLTLITLS)Y O O 226
GO TO 455
4% CONTIMUL

rS
Ay
-
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IF (LRELOGTatrtn) GO Ty 227
ERR=ERY L
ALPHANZ AL AL
FRINT € 2vALFPHAAWERRACOUNSALPHAE sERRB DUl ALPHAL «BOULE
30 TU be@
G895 pERR=EFFR
d L0 468 L=l ewl
e w(lL)=Bpni(L)
g CUND=2hK0
L0 TQ 19w
S PRINKT 2upr7
2987 FokeATl (> THLCPLASLHG (UHHROR*)
T FRINT JZbkEeudBvcRIA
AApyd FURMAT (1bidexFIivAL S UPEI* G126/ FINAL ERFORI*x.G1I2,¢)
GEkL AULTE (2) () e Iz=leni?)
PRINT 2973
BYT2 FORMATU//Z/+DX2F 1 i AL Rt S UL T S¥e//+19XexNP¥ SRy xPARARETER
1) '
PRINT 9o {CIsE(LY)Yedi=1eliF)
GHEES FORMAT (1hdeluAe )il enxsE19.8
PRIKNT S6b3s(PERRK(1)Ys0=141D0F)
S6EAZ FORMAT(//+2UXe*t KEOR=¢4E£15.8)

STCP
END
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SULRCUTITE DIR(EaK ot aCrLEVEL DK UL KS s ERR  GRAD s AH o U s CUDR «F o BCALL
* !’thﬂL} ]1[\,{;J,5,’-‘;)

ROUTINE TU CALCULATE Tni LRBEOKe GRal1eMT bl 0ESSIAN CF
fie CRITLEIOH FUhCTauwn USThe wILsuL-TrETA-8FETHOD
FOR ThL LUPLRICAL IeifcorhnATICH

loNeReNeNeN el

COMMUN ZKLYN/ DU ELvA2 v AS AU s RSP G AT A3 A+ LELTACTHFETACDELT JRINT
* fRINTT «ROCE snsb e LT2

CONMMORZIrFT/ZVG 830 H)avile 98 IR(L)aR{L)+PTSWNES

LCOMMON /FFEER/ FERR(Z)

COUMMON /FLIFF/ LFL0OF

COMBMON /1MDEA/ 1114121.131:¢11207224132

CIMLNSTIOR 01 oh(LCALL LY oM UNCALL 43 ) s CURNCALL 1) «DK(NCALL «CALL 1) o
* GRAL{I ) st CCALL o iCALL ) o VO L2 )

* DUDB( (o shCALL»L}vU(ABe1)eF (1)

* ZUC{NCALL «NCALL« 1) onS(NCALL 1)

* BN ET(2)

REAL Kok oKS

JFi=g
CEA=ALFREROOE
CO 708 I=1.hL¥
GRAL(I)=@. ¢
CO 68 L=1.3
U0 60 LL=1 ol
SUCB(LsLLsI)=¢aB
64 CONTINLL
DO 74 Jz=1.8P
AR(I«C)=R. ¥
79 CONTINUL
c GET THE TIFLUENCE COLFFICIENTS
9 CALL MFIKRLD (Koo CaDKoUCenNCALL +vBeSM)
ERR=E .0
IC=¥
YCC(1rI=vi (1)
CO 185 w=1.LDCF
FERNK({LY=R,
-C GET THE Erre€CYIVE STIFRHESS
£U 188 I=1.KLULOF
KS{Isd)Zh (L) +alxM{lvJI+ALIXC (T d)
*Bd CUNTIRLUL
530 lue 1=1.3
L{Isd)=wab
1v2 CONTINUE
TS CONYINLL
CALL SYPSOL(KS KeHUOF 11+ HCALLY)

THE NUMERICAL ILTLGRATION

s NeRel

b
[
[\

IC=IC+) :
TEF (1CLOTLHNPTS) GUC Tu 245
K1l=1

k2=M0D{(IC2)+1
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IF (K2 0G41) niz=p

FIRI=44(F3~1)

ITrg=d {(KE-1)

Itl=1+11r3

[21=113+1

131=121+1

112=1+41i'rg

[22=1172+1

132=12¢+1

VECIKZ)I=VvL(il+1)

GET THE EFyoCTivt LOAL Fuk CALCLULATICH OF THE ERRCR
O 12¢ L1=1+4.0.UF

FOI =P A el d 40l IVGUUIRLIHTHETAR{vECLKZ)Y = VGO (K1) Y ) £xZ286.4
COMTINUL . »
CALL X1 (hisvaeFsUanSRCALL 1)
IF(LCLT«rLYy)Y GL 10 2212

g 132 1= ik

IRT=IR{1)

F {IRTWFLew) GG TU 13k

IS=IRT+1ITH ]

TaU(ISead~viaI0)

r2=T+7 -

ERR=ERK+T

CRERROI)=FEDRE(L)+T2

CONTINULLE

CONTINUE

IF (LevEbL L og) 60 T 11¢ '

GET TrRE EFFUCTIVE wiOnb FOR CALCULATIONS

CF THE GRaLEnT fnD Tk HESSIAN

DO 158 L=1 sl

LU 146 I=1eiallf

F{l)zd.k

0 142 CoFladibCF

FAL)=F (1) =00 {ivuat F¥{u(I21 oG ) +THETA*(U(TIZ2Z o d)~U(I210d) ) )~
¥ DR 1eda L )4 L0101+ +THETA*(U(TL290V=U(I114d)))
CONTIAUL .

CALL XET (R larzsF LUDGvRSVRCALL o LiMeC)
CONTINUL

LU 202 urlsini,OF

IRT=IR(3)

IF (IRYWEGen) GG TO 215

11=1IRT+J17Tk 1

IZ=IRTI+1TE2

LG 242 1FPziepk
GRAEB(CIFI=CKAC IR YA (UL v )=V (JeIC)H I *0LDB{IL vy 1P)
LO 288 18=1¢I¥

ABCIP IS =AU IE Y ISI+L 0Bl v+ gy IF)LLLE(IT4Jde]S)
CCNTINLL

CUNTINUL

CUNTIMNLL

CONTINUL

G0 Fu 11w

THE ERHUF viLLL
ERR=ERF LY LT
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CU &ve 1=l kiCF
FERECT Y=kt (D)) L LY

1F (LEVeL ,FusZ) 0 Tu 9u4?
IF (LEVEL.Lwed) hiTUtia
THE ORALIE AT wbCTUs

LC 21y 1=141r
GPADCII=DtLTZ2%CnAl (1)
[tk HESEI ki “AETHIA

LC 214 Jd=1.,1

ARy L)=PELTE*Al (I vd

AR (Llyd) =P (del)

CCNTINLL

1F {(ALFHA LU, Per )} HETURN
Luzb,.@ '
CC o5 L=1.0P
CJd=bu-Lbi{L)roRALD (L)}
RETURRN

COUNTINLEL

IF ({FlLeEG,1) U TC oei®
TERK=ERK

IFp=1

DO S1¢e L=1.+MF
BT(L)=E(L)

CB(LY=R(L)Y-DAKD (L)

CONTINUE

a0 T0 9%
DU=(ERR-TERK)} /LA
(10 528w L=1wIF
gl y=ET (L}
FRR=TERK

RETURN

EhOG
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SUBRCUT I IKIT

ROUTIAE TO INITLALIZC THE RUFERTCAL IRTEGRATIUN PARAMETERS

COMMUN ZKLTN/ AL il ol s NS e AR e A0 e Na G AT AE e AT« NELTAWTHETASDELTWRINT
* s BIETT yiio LR sl o DL T2 W ALEHA
TAU=TRL T Ax UE LT

Acz=l . e/ (ALPHAXTAY)

Aazh2 /TR

Ar=pa24+0LLTA

AZz= 6 /hLPHA=G o i
Ad=UELIA/ALPRA=T ok

A= b*xThALx (A =1.11)
AAR=RELT* (] =T TRY -
DELTZ=2.¥*UELT

A7=DELTALELT A

CTT=pLLT=LELT

AI=ALPHA®DTT

A8=.5+01T=AY

RINT=THLIA~FLOATY (LFTA(THETA) )
RITT=1e00=KinT

‘RETURN

EnD
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SUERCUTINE HrILH(Keit s CoJRaLCaMNE/ALL +B4Si)

RIJUTIRE TG Le b T VALLES GF THE INFLUFHGCE COLFFICIFHTS
1IN THE LIFFERLNTIAL LwUATISKS

CIMEMSIUH ROMOalled) v 4(nCaLL 1) v L (HCALL 1Y) s LNCALL «CALL o1 )
DCRCAT A 2 8iCaLEL 4 1)

eb5{1)

REAL Kab

NM{l+1)=0P

C(1+1)=L(1)

K{ledl)=p(2)

BC(LIs1e)=1d

CC(lele)=¥o

CR{ledleldzd,

CK{leleec)=1i.

RETURDN

END
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SUBRKCUTIRL XATURLI oK FSaUerkSalICallvalPeMy()

RUUTIANE TCO SOLVE THU e#FPECTIVE EoulblIeRIUS

i THE RUMERICAL INTLGKATIUR

EdunTION

CUME‘E\)'\ APDYN/ A bl A3 A GRS 1 v!\’rvf\@.si\gqi’LLT AyTHETA 'DELT'NINT
% R IR T et UF o b DL T2

COMMON ZIMOLY%/ TI11e000131011241022413

DIMEMNSIULN U eiiCAhLLw g JoBESUNCALL 3 1) oMINCALL v L) o CINCALL Y1)
¥ 2FS(1)

HEAL ~aok S

CO 128 w1 RLUF
TUSUCTILI v Iiif)
TUC=UlZ21 s de 10
TULD=L(231 4100
00 128 =10 UUKF

FSIII=FS I+ (1adr*x{nyxTU+ASHTUDGH A**TUDP)+(_(‘ v JIRIALXTUHAY*TUD+

AS*TLOL)
CONTINUE
CALL SYMLUL{KS«F Sy MOOF o142 hCALL)
U 158 1=1eLULF

SUEI=UCLIY I L)

Uz21=U(icdi+ I+ ILP)

U3I=U(I3ieIvIlH)
T=AR*(FS(1)~Uli)-n2xyuli=-A3*L31
U3d2zU3i+(T=-U31)/THETA

GlI224v1 0 I0LPIzU21 400k 51 +ATHLA2

LOT12+ 1o 10W ) =L b+ LEL T2U214A24U314A9%U 52
UlI3241 10}z 32

CONTIMNULLE

RETURN

END
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SULRCUTINE CHECH (D8 1sD3y ALPHA KR CRLL)

ROUTING 10 CuFer wiil T & CALCULATED PARAMETER SET
£9 wlIThll foid Vehfodlbicn ReGily

COMMON /BLYN/ R hlenl e ASa A e A e N AT AR 9Ll TASTHFETAWDELT W RINT
y /I TT DU e M e DELT2

DIMERSIGH To(2a) w1 120) «3{NCALL )Y S (RCALL )Y JEN(IICALL)

Ch=1,4

pu 1pe L=1.08

BiktL)=t (L) ~ALPHAxDUL(L)

RETURN

T
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FURCTIUNM CUBLCIYLaDLsY24029X1 X))

ROUTIRE Yo FOosbCEe A CuBIC IRTERPOLATION ¢ OK THE LIMNE SEARCH

CLQUIVALENOL (A2 COLFF ) ) {eCCEFT (2D Y (Co LGETF (3))
CIMERSION Tiasu)elDEre (4 I04(4H)
F{lesh)=len

F{2+43)=1.(

TiZy4)=p el

T{3sH4)=iep

T(443)=0e8

TY{Gsli)=bab

U0 180 r=244

KM=Hhek

TULeRM)=X14T{1+F5%+1)

T (30 )=XExT{(Z2obv+1)

COLTINGEL

COLFF(1)=Y1

COLFF{&) =1

CQEFF(3)7Ye

COEFF{®)=lie

cT(2e1)=8.*x1%X]

TL212)=2 ek ¥AL

Tlael)=Ser+a%X2

TC4s2) = b X2 ‘

CALL SCLVEGIT+CORFFetelodaI04)

IF ‘I'\E‘(..«(ﬁ’ol.fclci’.:t."iﬁ) G TC 1p92¢
DISC=l¥is=3, ux AL

IF (DISCLTa2) O TG lued
QISC=8GLET{N1ISC)

TAz3,8%h

APIRIS(LLISC=5)/Th
AMIN2=(=DISL-E)/Th

CussC=ANMINL
TEST=6 s>k AMINZ +2 o Bxy
IF(TESTCTopai) CLEBIC=AMINZ
KETURN .

IF (AGS(E)JLTledE=10) GG TC 18184
AMIN2=2~L/ (211 1)

CLB1C=xe

TEST=g s inf

60 T0 1be

PRINT &

FORMAT (* CUBIC INTLCREFCLATICN AFPEARS COMHSTAMT %)
CUBIC=zac

RETURN

ENU
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FURCTIOH Sd (11l laveol29A14x2)

SUUTTIRE 6 Podb Olue A SUADRATLIC OxTRAPCLATION FOR THE LINE SEARCH

EGULVALENCE (e CurFToea el e CCEYF (20
GIPEMSIOH Tloe o) s LOEFr (33 01L403)
T{1+3)=1ek
Ti2+43)=1.k
T(3+2)=1.C0
TL3408)=) Wk
SGMAXTS JLax2
aC 152 L= s
KMz =K
TCLaKMI=RIAT (Lot 41)
[(2eRMI=XEx] {2t Y4 1)
CCHRITIARUL
T3y 1)z abd Ay
CCEFF{1)=Y1
CLEFF(21=Y2
COEFF(3)}=L2
CALL SULVEUIT s UEFFede1+34103)
I1F O (Aeb Tl =10 QU TOQ 2
SivzeB/ e E*A) ‘
[F{Su.LTeSurall Ry TURKIL
238 SU=x2-Ye/02
SESAMINI{SUWSLUAK)
RETURRK
ERND

Fry
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best available copy. YIS

SULRCUCTINE SyeS0L (nebBeiiliebboMel:CaLL)

dzme TrIbl Llheamiel AfiL SGLVE
vzl TrIFLULTZo OHLY
gl

FCrwlFL « L LCTION all) opAlE SERSTITUTILH

CLVMENSTUN A Cabkl o iCacl) o B ORCALL JLLD
IF (Mt Gaec) GG 10 Sdu

U S80E =1 ey

IF (fiebicelelt) CL fuw Su)i;
C=Aaliie)

IF (DetCekorw) FRILT 2.0034N
fviz=ktl

G 3ud ol s ’

IF (A(hvu)elnadeil) Gu TO 38
Al{lsd)=allt yul /L

CC 28l I=uelti

AL )=l ed)mfi{ I v lid & (Nyy)
AldesIITA(] vd)

CONTINLE

CONTINCGE

FORWARD REDULCTIOH Al BACKSUESTITUTICK

IF (meiit o1} nRECTURI,

20 7¢6 hmlangg

Eu 68a L1 LL
BINsL)SE (v ) 27A0H W)
IF (e EGCehtt) U TG Bau
Nizi+l

Lo 7464 L=1.LL

Ou 7#HE 1=01 «ul

o lel)=ti(lsl)=ACTeNI&E (ML)

TP

NEN=1

IF (Webwef) HETURL

LU 9¥e L=l+Lu

LG 94k o=hlih

Al )=t AL L) =AY 2 {do )
GG TG &kl

FOREAT (59drxx201C DIAGONAL TER™ ECUATION
Eil -

LY

NUMBER

+IU)
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SUBRCUTLITE SCLvEC{Ay MM LL M AXS 1)

GENERAL BECuUrTIVh SubLvti
UIMEMETUN A(L AL MAX ) 4 {MAX el eI ()
SET Isls £rEAY

Lo 58 =N R
€9 ILIN)=N

JC 47% k=1 o by
Wl=iv+l

LCCATE LARGLST BELEMLNT

L= . 8

O 188 1=l el

00 188 C=henly -

IF (AES(AITIsw))=n) 1oite 90902
L=abS(A(Ivd))

CfI=ld

vd=dJ

2hd CONTIKLUL

(%l
L

THTERCHANCGE COLUMIS

LO 118 I=1.ub

L=atleld

AlL«MI=A(T vud)
118 A(Ilvdui=l

RECOKL COLuUM LRTLRCHALGE

I=ib(N)
10y =i Cud)
1D(Jd=a

INTERCHENUE KGOS

120 122 U=kl

Cznalied)

AaJd)I=ALTEed)
129 AlIlel)=L

PUO 138 L—=1.,LL

C=h (ol }

3lie)=E (T I
28 L{1XI.L)=U

FORE Cllueb)

O 158 L=1.L0
18 pliaLI=SEihaL)Z7Aa(le0)
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CHECK FOR LAST EwbLATLICH
IF {fi=N0 Y Ziodeobue2dad
Ud 453 umhl etk

FOub F{hed)

IF fAlled) ) 28038y 2048
Aliivddzhibeudsnlizen)

MOULIFY Al{1sJ)

GO SBH =l lei
ACIsJdY=n(ladi=alTetid®n(ived)

HOUIFY E(IsL)

LC 4p¥d L=1«LL

dlusb )zl CusL)=A{ e =3 (iaL)
CONTIKLL

Cukl Inbit

CSACK-SLESTITUTZION

Niz=h
N=h=-1
[F (1) 7Ed.706455p

BO 64y L=1.LL0L
CO LFd umk Y only
HihoeL )z (e L) =l dr®n(del)

60 10 Sek
REURDER ULKRGwWHS
50 995¢ =1 ol

03 988 1= iy

IF (ICC1)=N) UL 7h29500
00 6810 L=1 4 LL

CE=R L)

gllisL)=(14L)

EXSTINED

60 TO Yoo
COHTINUL
ID(I)=IL (i)
RETURR

END
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G.H., Powell - 1973 (PB 221 260}A08

"A Computer Program for Earthquake Analysis of Gravity Dams Including Reservoir Interaction," by
P. Chakrabarti and A.K. Chopra - 1973 (AD 766 271)A04

"Behavior of Reinforced Concrete Deep Beam~Column Subassemblages Under Cyclic Loads,” by O. Kigty and
J.G. Bouwkamp - 1973 (PB 246 117)Al2

"Earthquake Analysis of Structure-Foundation Systems," by A.K. Vaish and R.K. Chopra - 1973 (AD 766 272)A07
"Deconvolution of Seismic¢ Response for Linear Systems," by R.B. Reimexr -1973 (PB 227 179)A08

“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 - 1972 (PB 221 967}A09

"Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.S. Tseng
and J. Penzien -1973 (PB 227 816)alC

"Barthquake Analysis of Multi-S8tory Buildings Including Foundation Interaction,” by A.K. Chopra and
J.A. Gutierrez - 1973 (PB 222 970)A03

"ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
3. Mojtahedi - 1973 (PB 223 763)A0°

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

"QUAD-4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Variable Damping
Finite Element Procedures," hy I.M, Idriss, J., Lysmer, R. Hwang and B.B. Seed - 1973 {(PB 229 424)}R05

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

"Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columms," by V.V. Bertero,
J. Hollings, ©. Kustl, R.M. Stephen and J.G. Bouwkamp - 1973

"Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Berterc - 1973 (PR 235 G9R6)A06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges,” by
W.8. 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)A03

"DRAIN - 2D User's Guide," by G.H. Powell - 1973 (PB 227 016)a05
"Earthquake Engineering at Berkeley -~ 1973," {(PB 226 033)All
Unassigned

“Earthquake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K, Chopra
1973 (AD 773 052)}A09

"Investigation of the Failures of the Olive View Stairtowers During the San Fernando Earthquake and Their
Implications con Seismic Design,™ by V.V. Bertero and R.&, Colling - 1973 (PB 235 106)Al3

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

"Settlement and Liquefaction 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.S. Pister and A.K. Chopra - 1974
(PB 231 172)A06 ’

"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)A05
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“Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Farthquake Engineering,® by D. Ray
1974 (PB 233 213)A06

“g0il Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
"Shaking Table Tests of a Steel Frame - A Progress Report," by R.W. Clough and D, Tang - 1974 {PR 240 B69)IA02

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

"Applications of Reliability-Based, Global Cost Optimization to Design of Earthguake Resistant Structures,”
by E. vitiello and K.S. Pister - 1974 {(PB 237 231}R06

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

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

"Barthquake Simulator Study of a Reinforced Concrete Frame,” by P. Hidalgo and R.W. Clough - 1974
(PB 241 944)A13

“Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal -1974 (AD/A 006 583)206

"Modeling and Identification in Nonlinear Structural Dynamics - I. One Degree of Freedom Models,” by

N. Distefano and A. Rath - 1974 (PE 241 548)A06

“Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Yol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters," by F. Baron and S.-H. Pang - 1875 (PB 259 407)Al5
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.IT: Numerical
studies and Establishment of Seismic Design Criteria,” by F. Baron and $.-H., Pang - 1975 (PB 259 408}All
{For set of EERC 751 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.S. Oliveira - 1975 (PB 248 134)A09

"analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by
M.~C. Chen and J. Penzien =~ 1875 (PB 241 454)A09

“An Evaluation of Some Methods for Predicting Seis:;nic Behavior of Reinforced Concrete Buildings," by S.A.
Mahin and V.V. Bertero - 1975 [(PB 246 306}Al6

“Earthquake Simulator Study of a Steel Frame Structure, Vol. I: Experimental Results," by R.W. Clcugh and
D.T. Tang - 1975 (PB 243 981)Al3

"Dynamic Properties of San Bernardino Intake Tower,” by D. Rea, C.-¥. Liaw and A.K, Chopra - 1975 (AD/ACO8 405)
A0S

"“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 (PB 251 533)A07

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

"Static and Dynamic Analysis of Nonlinear Structures,"” by D.P. Mondkar and G.H. Powell - 1975 (PB 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and S. Chandramouli - 1975 {PB 252 365)All
"farthquake Engineering Research Center Library Printed Catalog,” -~ 1975 (PB 243 711)A26

"Three Dimensional Analysis of Building Systems (Extended Version)," by E.L. Wilson, J.P. Hollings and
H.H. Dovey - 1975 (PB 243 9B9)A07

"Determination of Soil Liquefaction Characteristics by Large-Scale Laboratory Tests," by P. De Alba,
C.X. Chan and H.B. Seed - 1975 (NUREG 0027)A08

"A Literature Survey - Compressive, Tensile, Bond and Shear Strength of Masonry," by R.L. Mayes and R.W.
Clough ~ 1975 (PB 246 292)310

"Hysteretic Behavior of Ductile Moment Resisting Reinforced Concrete Frame Components," by V.V. Bertero and
E.P. Popov - 1975 (PB 246 3BB)A05

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local Site Conditions
for Moderately Strong Earthquakes,” by H.B. Seed, R, Murarka, J, Lysmer and I.M., Idrigs -1975 (PB 248 172)a03

"The Effects of Method of Sample Preparation on the Cyclic Stress-Strain Behavior of Sands,"™ by J. Mulilis,
C.K. Chan and H.B. Seed - 1975 (Summarized in EERC 75-28)
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"The Seismic Behavior of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1975 (PB 258 842)All

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

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

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

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

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

“"The Generation and Dissipation of Pore Water Pressures during Soil Liquefaction,” by H.B. Seed, P.P. Martin
and J. Lysmer - 1875 (PB 252 648)a03

"Identification of Research Needs for Improving Aseismic Design of Building Structures," by V.V, Bertero
1975 {PB 248 136)A05

"Evaluation of Soil Liquefaction Potential during Earthquakes,” by H.B. Seed, I. Arango and C.K. Chan - 1978
{MUREG 0026)313

"Representation of Irregular Stress Time Histories by Equivalent Uniform Stress Series in Liquefaction
Analyses,” by H.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee ~ 1975 (PB 252 635)a03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Lysmex, T. Udaka, C.-F. Tsai and H.B. Seed -~ 1975 (PB 239 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Soil-Structure Systems," by
E. Berger, J. Lysmer and H.B. Seed - 1975

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

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien -197> (PB 248 130)A03

"Efficient Finite Element Analysis of Seismic Structure - So0il - Direction," by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.~F. Tsai - 1975 (PB 253 570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthquake Loading,"
by R.W. Clough and L.-Y. Li-19%75 (PB 248 841)A05

"Barthgquake Simulator Study of a Steel Frame Structure, Volume II - Analytical Results," by D.T. Tang =~ 1875
(PB 252 926)Al0

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

"Nenlinear Response Spectra for Probabilistic Seismic Design and pamage Assessment of Reinforced Concrete
Structures,” by M, Murakami and J. Penzien - 31975 (PB 259 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected to Farth-
quake Loading," by N.D. Walker and K.S$. Pister - 1975 (PB 257 781)A06

"An Alternative Representation of the Elastic-Viscoelastic Analogy," by G. Dasqupta and J,L. Sackman - 1375
(PB 252 173)203

"Effect of Multi-Directional Shaking on Liquefaction cf Sands," by H.B. Seed, R. Pyke and G.R. Martin - 1975
(PB 258 781)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method," by

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

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T~Beams," by S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PB 260 843)Al2

"Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Gartenbaum
and J.G., Bouwkamp - 1976 (PB 273 279)a07

"Earthquake Induced Deformations of Earth Dams," by N. Serff, H.B, Seed, F,I., Makdisi & C,-¥, Chang - 1976
(PB 292 065)A08
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FERC 76-5  "Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercq and G.H. Powell - 1976 (PB 252 220)
Al0

EERC 76~6  "Time and Prequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake," by T. Kubo
and J. Penzien (PB 260 556)Aall

EERC 76-7 "Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L. Mayes, Y. Omote, S.W. Chen
and R.W. Clough - 1976 (PB 270 098)A05

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, Volume 1 - Test Results,” by R.L. Mayes, Y. Omote, R.W.
Clough = 1976 {PB 264 424)A06

EERC 76-9 "A Substructure Method for Earthquake Analysis of Structure - Soil Interaction,” by J.A. Gutierrez and
A.K. Chopra ~ 1976 (PB 257 783)a08

EERC 76-10 "Stabilization of Potentially Liquefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J.R. Booker - 1976 (PB 258 B20}A04

EERC 76-11 "Influence of Design and Analysis Assumptions on Computed Inelastic Response of Moderately Tall Frames," by
G.H. Powell and D.G. Row~ 1976 (PB 271 409)A06

EERC 76-12 "Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,™ by D. Ray, K.S. Pister and
E. Pplak - 1976 (PR 262 839)}A04

EERC 76-13 “Coupled Lateral Torsional Response of Buildings to Ground Shaking," by C.L. Kan and A.X. Chopra -
1976 (PB 257 907)A09

EERC 76-14 "Seismic Analyses of the Banco de America," by V.V. Bertero, S.A. Mahin and J.A. Hollings - 1976

EERC 76-15 “Reinforced Concrete Frame 2: Seismic Testing and Analytical Correlation," by R.W. Clough and
J. Gidwani - 1976 (PB 261 323)A08

EERC 76-16 "Cyclic Shear Tests of Masonry Piers, Volume 2 - Analysis of Test Results,” by R.L. Mayes, Y. Omcte
and R.W. Clough - 197¢

EERC 76-17 "Structural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roeder - 1976 (PB 260 715)A05

EERC 76-18 '"Experimental Model Studies on Seismic Response of High Curved Cvercrossings,™ by D. Williams and
W.G. Godden = 1976 (PB 269 548)}A08

EERC 76~19 "Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridye Replacement Structure," by
F. Baron and R.E. Hamati - 1976 (PB 282 98l)Ale

EERC 76~20 “Investigation of the Inelastic Characteristics of a Single Story Steel Structure Using System
Identification and Shaking Table Experiments," by V.C. Matzen and H.D. McNiwven - 1976 (PB 258 453)A07

EERC 76-21 "Capacity of Columns with Splice Imperfections," by E.P. Popov, R.M. Stephen and R. Philbrick - 1976
{PB 260 378)R04

EERC 76-22 "Respense of the Olive View Hospital Main Building during the San Fernando Earthguake," by S. A. Mahin,
V.V. Bertero, A.K. Chopra and R. Collins = 1976 (PB 271 425}ald

EERC 76-23 A Study on the Major Factors Influencing the Strength of Mascnrxy Prisms,” by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and S.W. Chen - 1978 (Not published)

BERC 7¢-24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthquake Loading," by J.R, Booker, M,S5. Rahman and H.B. Seed - 1976 (PB 263 947)A04

EERC 76-25 "Seismic Safety Evaluation of a R/C School Building," by B. Bresler and J. Axley - 1976

EERC 76-26 ‘“Correlative Investigations on Theoretical and Experimental Dynamic Behavior of a Model Bridge
Structure,” by K. Kawashima and J. Penzien ~ 1976 (PE 263 388)All

EERC 76-27 "Earthquake Response of Coupled Shear Wall Buildings," by T. Srichatrapimuk - 1976 (pB 265 157)A07
EERC 76-28 "Tensile Capacity of Partial Penetration Welds," by E.P. Popov and R.M. Stephen = 1976 (PB 262 899)A03

EERC 76-29 "Analysis and Design of Numerical Integration Methods in Structural Dynamics,” by H.M. Hilber - 1976
(PB 264 410)A06

EERC 76-30 “Contribution of a Floor System to the Dynamic Characteristics of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Bertero - 1976 {(PB 272 247)al3

EERC 76-31 "The Effects of Seismic Disturbances on the Golden Gate Bridge," by F Barol i i
. n, M. Ar. .E. Hamati -
1876 (PB 272 2739)A09 98 Y ’ tian and R-E =

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction,” by R.E. Klingner and V.V. Bertero - 1976
(PB 265 892)Al3 .
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"PLUSH - A Computer Program for Probabilistie Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M,P. Romo Organista, J. Lysmer and H.B, Seed - 1977

"Soil~Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndals Farthguake of June
7, 1975," by J.E. valera, H.B. Seed, C.F. Tsai and J. Lysmer - 1977 (PB 265 795)a04

"Influence of Sample Disturbance on Sand Response to Cyciic loading,”™ by X. Mori, H.B. Seed and C.K.
Chan - 1977 (PR 267 352}A04

"seismological Studies of Strong Motion Recoxrds,™ by J. shoja-Taheri - 1977 (PB 269 655)Al0

"Testing Facility for Coupled-Shear walls," by L. Li-Hyung, V.V. Berterc and E,P. Popov ~ 1977
"Developing Methodologies for Evaluating the Earthguake safety of Existing Buildings,” by Wo. 1 -

B, Bresler; No. 2 - B, Bresler, T, Okada and D. Zisling; No. 3 - 7. Ckada and B, Bresler; No. 4 - V.V,
Rerterc and B, Bresler - 1977 (PB 267 354)}a08

“A Literature Survey -
R.W. Clough - 1977 (FB

Transverse Strength of Masonry Walls," by Y. Omote, R.L. Mayes, S.W. Chen and
277 933)}A07

"DRAIN-TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensicnal Buildings,” by
R. Guendelman-Israel and G.H. Powell -~ 1977 (PB 270 693)A07

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option,® by D.Q., Ls, H. Petersocn and E.P. Popov - 1977
{PB 270 B&7)A0LS

“Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks," by D.P. Clough
(PB 272 280)al3

“Barthgquake Engineering Research at Berkeley - 1976," - 1277 (PB 273 507}A09

"Automated Design of Earthguake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
{PB 276 526)AD9

“Concrete Confined by Rectangular Hoops Subjected to Axial Loads,"™ by J. Vallenas, V.V. Bertero and
E.P. Popov - 1977 (PB 275 165)A06

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

"Bond Deterioration under Generalized Loading,” by V.V. Bertero, E.P. Popov and §. Viwathanatepa - 1977

"Computer Aided Optimum Design of Ductile Reinforced Concrete Moment Resisting Frames,” by S.W.
Zagajeski and V.V. Bertero - 1977 (PB 280 137)A07

"Earthguake Simulation Testing of a Stepping Frame with Energy-absorbing Devices," by J.M. Kelly and
D.F. Tsztoo - 1977 (PB 273 506)A04

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings,” by C.W, Roeder and
E.P. Popov - 1977 (PB 275 526)Al5

"A Simplified Procedure for Estimating Earthguake-Induced Deformations in Dams and Embankments,” by F.I.
Makdisi and H.B. Seed - 1977 (PB 276 820)A04

“The Performance of Earth Dams during Earthquakes," by H.B. Seed, F.I. Makdisi and P. de Alba - 1977
{PB 276 821)n04

“Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation," by P. Lukkunapvasit and
J.M. Kelly = 1977 (PB 275 453)A04

"pPreliminary Experimental Study of Seismic Uplift of a Steel Frame," by R.W. Clough and A.A. Huckelbridge
1977 {PB 278 769)A08

"Earthquake Simulator Tests of a Nine-Story Steel Frame with Coclumns allowed to Uplift,” by A.A.
Huckelbridge - 1977 (PB 277 944)A0%

"Nonlinear Soil-Structure Interaction of Skew Highway PBridges," by M.-C. Chen and J. Penzien - 1977
{PB 276 176)A0D7

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations," by D.D.-N. Liou and J. Penzien
1977 (PB 283 180)HA06

"Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-Planes," by G. Dasgupta and A.K. Chopra -
1977 (BB 279 b54)al0e6

"A Practical Soft Story Earthguake Isolation System," by J.M. Kelly, J.M. Eidinger and C.J. Derham -
1977 (pB 276 8l14)A07

"Seismic Safety of Existing Buildings and Incentives for Hazard Mitigation in San Francisco: An

Exploratory Study," by A.J. Meltsner - 1977 (PB 281 970)A05

"Dynamic Analysis of Electrohydraulic Shaking Tables," by D. Rea, S. Abedi-Hayati and Y. Takahashi
1977 (PR 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Intericr Joints,” by
B. Galunic, V.V. Bertero and E.P. Popov - 1977 (PB 280 870)A06
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"The Development of Energy-Absorbing Dovices for Aseismic Base Isolation Systems,” by J.M. Kelly and
B.F. Tsztoo - 1978 (pPB 284 978)A04

"Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connections, by J.G. Bouwkamp
and A, Mukhopadhyay - 1978

"experimental Results of an Earthguake Isclation System using Natural Rubber Bearings," by J.M.
Bidinger and J.M. Kelly - 1978 ({PB 281 ©86}A04

“Seismic Behavior of Tall Liquid Storage Tanks," by A. Niwa — 1978 (PB 284 017)Al4

"gysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyc¢lic Shear Forces,™
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