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ARSTRACT

The equivalent linearization method is.applied to input identifi-
cation from known structural response and system paraméters, working
in frequency domain. In addition to the commonly used one-model pro-
cedure, a two-model input identification procedure is proposed. Numeri-
cal examples of structural systems having elements of bilinear force-
deformation relations are presented for different cases of stiffness,
input motion and level of nonlinearity. Structural response obtained
from true hysteretic loop ahalyses are used as the known responses with
the unknown input motions to be identified. These identified motions
are then compared with the real motions to check agreement with their
maximum accelerations, response spectra, Fourier amplitude spectra, and
acceleration time-histories. Comparisons of accelerations and spectra
show differences generally less than 10% and the comparisons of time-
histories show surprisingly good agreement even for cases involving
strong nonlinearities having ductility factors in the range 6<u<8.

Shaking table tests of two three-story braced steel frames are
used as examples to check the accuracy of the suggested input identifi-
cation procedure. The bracing systems used show strong nonlinearities
due to buckling and material vieldipg. Comparisons of the ideatified
and real input motions reveal differences that are in general small
except for the large pulses which produce high levels of nonlinear
displacement.

Sources of error in the analysis are discussed and possible im-

provements of the input identification procedure are suggested.
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1. INTRODUCTION

While the analysis of response of a knéwn structure, linear or
nonlinear, subijected to known dynamic excitations, may be referred to
as the normal problem, the reversed procedure determining structural
parameters or excitations from known structural response may be referred
to as the inverse problem.

The inverse problem of determining structural parameters from
given input and responses of the structure is known as structural
identification. Structural identification was originally the applica-
tion of system identification methods used successfully in electronic
engineering field to structural engineering problems. It has been
applied to the deduction, justification and improvement of analytical
modelling of structures in the laboratory and in the field subjected
to a vast variety of dynamical excitations, artificial or natural,
stationary or transient. Many well-written reviews have already been

published for structural dynamical problems in the last decade[5'7'lo’

18 . . . . .
15, ]. The fundamental idea of structural identification is to

minimize, in the least squares sense, errcors between the observed and
computed structural dynamic responses by selecting the structural
parameter in a systematic manner, i.e. the so-called output error
approach.

The other inverse problem of identifying the input or excitation

to a given structure from given structural responses is relatively

{111]

slightly touched sc far by Ibanez on dynamic forces applied to

structures, by Reimer et al[lG] on Pacoima dam analysis, by Seed and

[18]

Idriss to obtain the bedrock motion in the case of horizontal soil



(9o}

layers and by the author in 19278 in the analysis of strong motion
records obtained on an earth dam. The input identification is useful
either in finding the unknown excitation such as in the case of strong
soil-structure interaction where the record obtained at the basement
of a building cannot be considered as input to the buiiding, or in
finding the unknown excitation at bedrock where no records are obtained
during a strong earthquake. The present report deals with this inverse
problem of input identification.

In most earthquake engineering problems, nonlinear behavior of
structures is inevitably induced; this is especially true when scils
are considered as in the case of soil-structure interaction. The
present report will be devoted primarily to nonlinear problems with
linear problems treated as a special case.

Although methods of direct integration in the time domain and

[1i6]

modal superposition have been widely used in system identification
problems, the method of superposition in the frequency domain will be
used in the present report for ease and simplicity. This method has
been used in the input identification of horizontal layers of socil

[18]

deposits with success but the identified input motions have not
been compared with the real ones. The present paper tries to apply
it to a more general problem including structures and to investigate

the accuracy of tdentification by comparing the results with known

input motions.



2. METHOD OF INPUT IDENTIFICATION

For linear cases where the principle of superposition may be
applied, the responses and the input of a structure are related in the

frequency domain by the simple relation
U(iw) = H{iw) V{iw) (2.1)

where U and V are complex Fourier spectra of the response u{t) at some
location of the structure and the input motion v(t) applied at some
location of the structure, respectively, and H is the transfer func-—
tion relating response to input, Here, w is frequency and i = V1.
Evaluating texms in Eq. {2.1) by the Fast Fourier Transform (FET),
transient vibration of finite duration Sl is considered to repeat
together with a quiescent period 82 following it as shown in Fig. 2.1.
The guiescent part of the input motion is added to guarantee that the
respense u(t) of the structure repeatedly starts from the correct
given initial conditions. Although zero initial conditions u{t=0) =
v(t=0)=0 are generally used, other given initial conditions can also
be considered by some specially selected motions within duration 5.

2

The motions of both response u(t) and input v(t) within the duration

FIGURE 2.1 PERIODICITY OF TIME HISTORIES
u(t) and v{t)



0<t<s will be transient as shown in Fig. 2.1; however over the infinite
duration they repeat with period s. This periodic condition could be
thought of as steady state in & general sense.

Since there are only three complex fregquency-dependent functions
in Eg. (2.1}, it may easily be used to determine any one of them when
the other two are known, In the normal problem, U(iw) is found given
V{iw) and H(iw), in the structural or system identification problem,
H{iw)} is found given U(iw} and V(iw) and in the input identification

problem treated here, V(iw) is found given H({iw) .and U(iw); thus,
V(iw) = U{iw)/H{iw) (2.2)

The computational work reguired to Fourier transform ©U(t) to
obtain U(iw) and to inverse Fourier transform V(iw) obtained from
Eg.(2.2) would have been prohibitive 30 years ago, but the computa-
tional effort today is quite acceptable due to the availability of
digital computers and the FFT algorithm.

Nenlinearity of a problem may be taken into consideration by the
equivalent linearization methed. In this case, the nonlinear force-
displacement relationship is replaced by single-valued relations
involving

K

K{Y)
(2.3)

£ E{y)

where ¥ is the strain or deformation of the element of the system and
K and § are, respectively, the equivalent stiffness and damping ratio
of that element. For many nonlinear vibrational problems, these

equivalent parameters corresponding to a stress-strain loop of strain

amplitude ¥ may be defined as shown in Fig. 2.2.



FIGURE 2.2 NONLINEAR STRESS—-STRAIN RELATION

K = slope of straight line AB = %%
2
£ = %-loop area ADBE/triangular area ABC {(2.4)
_...i( — )
Y =7 Yhax ~ Ymin

where points A and B are, respectively, points of maximum and minimum
strain. In the case of single-valued functional relationships given

by Eg. (2.3), the nonlinear properties of the problem may be considered
by a standard iteration procedure which will be explained later.

Two procedures will be considered in this report, namely one-model
and two-model input identification. The one-model procedure is the
standard one that has been used in equivalent linearization in both
normal and inverse problems vhile the two-model procedure is one sug-
gested by the author in 1978 to be used in normal problems and input
identifications. These two procedures will be discussed in detail in

the fcllowing two sections.






3. ONE-MODEL PROCEDURE

In the one-model procedure of input identification, the whole
process of real structure behavior is simulated by means of a single
equivalent linear model. The entire procedure as represented in Fig.
3.1 can be explained as follows:

(1) The input identificaticon stavts with some given
structural response uz(t) and given structural properties,
including the eguivalent stiffness K{Y) and eguivalent

damping ratio L£{Y) of cach element of the structure.

{(2) A standard Fast Fourier Transform (FFT) is applied
to cbtain the Fourier spectrum Ua(iw) of the given response

history ua(t),

{(3) With the given structural parameters and the given
response, an estimate of strain level for each clement will
give a set of stiffnesses K and damping ratics § to start
the iteration. Although the accuracies of the estimates of
K and £ are not critical, good estimates will give fast
convergence of the iterations. Initial values corresponding

to zero strain are used herein for reasons of simplicity.
(4) The transfer function may then be computed by
solving a set of n simultaneous equations of the type
2 . :
(-w7[M] + iw[C] + [K]){uo} = - [M]{vo} (3.1)

where [M], [C] = o[M] + BIK], and [X] are, respectively, the

- . . . . iwt
mass, damping and stiffness matrices of size nxn; {v} = {Vo}e

Preceding page blank



STRUCTURAL PARAMETERS

GIVEN RESPONSES

Kly) £y ug (1)
iNITlAL?VALUES
ASSUMED |
K , § Ugliw)
| Hgliw)
| Hytiw) 1 @

V(iw)

|

Ttiw

|

y

Yave

|

REVISED

K &

v(t)

FIGURE 3.1 ONE-MODEL INPUT IDENTIFICATION PRCCEDURE




and {u} = {uo}eiwt are respectively input and response vectors.
The n component vectors {Vb} and {uo} are time-independent.
Solution of Eq. (3.1) gives the displacement responses

{u} = {uo}eiwt of the structure subjected to harmonic inputs
{v} = {va}eiwt. The transfer function of displacement

responses will, by definition, be as follows

Haéiw) 1;10633,/&7(}b (3.2)

where Vb is that part of {Vo} representing the vector of input

at b and u__ is that part of {uo} representing the displacement

at a due to Y p Transfer function HaéiM) is complex since both
u and v may be complex. It containg both the amplitude and

oab cb

phase shift of response resulting from the harmonic input, and
it is, of course, a function of the forcing freguency w.

Other transfer functions can easily be found from the solu-
tion {uo} for different response quantities such as accelerations
or strains. The number of transfer functions may be more than
the nuaber of DOF of the system, but only n such functions are
independent. Two sets of transfer functions are used here,
namely Ha(im) for given responses ua(t) and Hr(im) for element
strains.

{5) The input motion spectrum is calculated from the rela-
tion

Vb(im) = Ua(im) / Hab{iw)

where Hab(im) is the transfer function of response ua(t) to a

unit harmonic input at b.

{(6) The Fourier spectrum I'(iw) of the element strain history
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Y {t) is computed from the relation
I'(iw) = Hr(ﬂu)V(ﬂn) (3.3)
where Hr(ﬂn) is the transfer function of the element strain vy (t)

defined in (4) above.

(7) Element strain history y(t) is then obtained from

T (iw) by an inverse FFT for each element,

{8) Some average strain Yave is obtained from y(t) by
first finding the maximum absclute value of Y, for the segment
.th . th X .
of Y (t) between the i and (i+1) zero-crossing as given by

Y, = max |y(t)] £ St<ty (3.4)

Ay(’r)

FIGURE 3.2 STRAIN AMPLITUDE
and then by averaging the top m values of Yi to obtain

Y. (3.3)

Y = i

ave

8=
[ =1

i=1
where ZYi is a descending array rearranged from the Yi's obtained

above. Professor Seed and his colleagues use the fixed value

Yave = 0.65.
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(9) BSince the eguivalent element parameters K and §
are single-valued functions of element strain &, a new set of

X and € are obtained for each element as

XK = K
(Yave

£ = Ely

ave
which will then be used to start the next iteration.

(10} Repeat the foregoing steps (3) - (2) until two sets
of consecutive values of Yave! OF K and £, are considered
sufficiently close. In this report, a maximum difference of

2% is used.

(11} After the completion of iteration, the identified
input history v{t) can be obtained from V{(iw} by an inverse
FFT and any response of the structural system can then be

obtained therefrom.

Since the problem of equivalent linearization analysis applied
to nonlinear problems is well known, only certain unique features of

the present analysis will be described in the subsequent sections.
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3.1 Cut-0ff Frequencies

VAVARGE T
- S=Nat |
V;t” At
0 AJ l I ‘ ! 1 } l I 11 l_lfT E;A &t

FPIGURE 3.3 DISCRETIZATION OF PROCESS wv(t)

In the numerical analysis procedure, we have to deal with a digital
discretization of a continuous function v(t) of finite duration & as
shown in Fig. 3.3, where the time step At is very small but finite.
Inherent from the nature of this discretization and finite duration,
only components of frequencies within the range fu = 52;-(the Nyquist,
felding or aliasing fregquency) and fg =<§; can be found in the Fourier

transformation V(iw) of v(t}. Components cutside this range will not

appear.

In addition to the limitations introduced from the cut-off fre-
quencies fu and-fz, it is necessary to introduce, in the present
analysis, further limitations to the cut-off frequencies.

A necessary high cut~off freguency fui is introduced to prevent
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undesirable amplification of the high-frequency responses introduced
through inaccuracies of the numerical procedures used. Errors generally
exist in test data due to noise and instrumental limitations and dis-
crepancies certainly exist in numerical analysis between the actual
structural system and its mathematical model used in identification,
especially in eguivalent linearization. Although the spectral distri-
bution of these nolses or discrepancies in Ua(im) is in general not
known, it is certain that they are to be amplified in V(iw) by a factor
of<?;%;a?»as shown in Bg. (2.2). Since transform function H{iw) is
simply a resonance curve of the structural system, it approaches zero
on the high frequency tail away from the natural frequencies of the
gystem; thus, the factor 1/H (iw) becomes very large. A cut-off fre-
quency fui is therefore required to limit this kind of undesirable
amplification of errors at a sacrifice of losing the information of

freguencies beyond it in the input moticon. This cut-off frequency

should be different for different problems, but for all the numerical

130
20.48

cases given in this report, it is taken as fui = = 6,5 Hz for
simplicity.

A low cut-off frequency fii is introduced for nearly the same
reason, except that the discrepancy between the actuwal structural
system and its equivalent-linearized model is much more pronounced in
low-frequency components as shown in Fig. 3.4. In general, the strong
nonlinearity in responses u(t) shows itself as a low frequency charac-
ter, since nonlinear displacement generated in the process of nonlinear
response tends to remain there for some time, such as shown by the dotted

line in Fig. 3.4 and appears obviously as permanent displacement on later

part of the vibration. This nonlinear drift shown by the dotted line in
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Fig. 3.4 will result in large Fourier amplitudes in the low frequency
range. Two measures are taken to reduce errcrs due to this nonlinear
drift in the low frequency range, namely a low freguency cut-off and

a shift of base line in the giwven response ua(tio The low cut-off

. 15 ) , .
frequency is taken as f£,, = o= = 0,75 Hz kased on experience. The
i 20.48

base line change in given response uaét} representing permanent drift

is selected in the form

uft) o<t<s

n
=

R
a

i
=
z

!

]
]
5
tA
{7
A
in

where S3<S is chosen arbitrarily and uP is estimated from the given
response curve. This base line change should not include laxge high
frequency components unless there is definite evidence to justify
doing so.

As a consequence of the necessity of introducing cut-cff fre-
Jquencies fui and fﬂi' the input motion can only be identified within
the range between fii and fui’ which is of course a sericus limitation
of the procedure suggested here, However, the effect of frequency cut-
off on the original input history and response spectrum is in general
not very large as shown in the figures given in Appendix A; however, it
can seriously affect the peak values in some input time histories where
high frequency components are proncunced. For example, the Pacoima
records in Appendix A may have peak values reduced to a half; In this

case, the response spectrum is almost unchanged in the period range

0.2 - 1.2 sec.



le

3.2 Averaging Strain or Averaging Stiffness

During earthquake-type strong nonlinear vibrations, the hysteresis

loop diagram of the vibration history may be very complex as shown in

FIGURE 3.5 SIMPLIFICATION OF HYSTERETIC LOOPS

Fig. 3.5(a). The only pattern recognizable in this figure may be its
joops, although they are rather irregular. These irregular loops may
be smoothed at first intoe those as shown in Fig, 3.5(b}, and any loop
¢ that is not centered at the origin can be shifted to the orxigin as
indicated by ¢'. This smoothing process will affect only certain
details of the vibration while the shifting corresponds to ignoring
nonlinear drift from the origin to the center of loop c¢; thus, affecting
only the low frequencies in the input motion. The resulting simplifi-
cation will then be a series of smooth loops as shown in Fig. 3.5(c).
For elements where these simplified hysteresis loops apply, .the equiv-
alent stiffness and damping are considered as single-valued functions
of strain amplitude.

During a whole process of vibration, each element will usually
undergo many loops of various strain amplitudes in a random fashion.
Since each loop of different strain amplitude gives a definite pair

of values for equivalent stiffness K and damping &, there will be



17

many different pairs of stiffness and damping at different strain
amplitudes, However, for the usual one-model equivalent linearization
procedure, only one equivalent linear pair is used for a single element
in representing overall behavior. This points to the serious problem,
"What equivalent pair should be used?",

First of all, this eqguivalent pair of stiffness and damping should
be gome kind cof average ¢f all actual pairs corresponding te scme average

i ors . . . 17
value of strain amplitudes experienced in the process. Prof. Seed' ]

and others suggested uging values corresponding to an average strain

amplitude Yave

Yave = ¢ Ymax (3.6)

where Ymax is the maximum, absolute value of the strain history v (t)
and the coefficient ¢ is taken as 0.65 or %—for all input motions and
structures.

This coefficient ¢ or the relation of Yave with respect to the
actual strain amplitudes is supposed to reflect the transient nature

of vibration. As shown in Fig. 3.6, Yl(t) shows a rather stationary

AY (1)
Y MAX

A

¥

FIGURE 3.6 STATIONARITY OF AMPLITUDE OF VIBRATICN
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or steady-state vibration where the strain amplitudes of all loops are
about equal, Yave should be near or equal to Ymax and C=1; but Yz(t)
shows a nonstationary or transient vibration where strain amplitudes
of all loops are quite different and the maximum amplitude appears only
once, In this case, Yave should be much smaller than Ymax' It is for
this reason that Eg. (3.5} is suggested in defining Yave rather than
Eg. (3.6). If m in Eq. (3.5) is kept constant, coefficient ¢ will
egual 1 for Yl(t) and a much smaller value for Yz(t), After some
numerical trials, a numerical value of 10 for m has heen found most
suitable in the one-model procedure. The corresponding values for
coefficient ¢ in Eg. (3.86) for the numerical examples used here are
given in Table 5.2. They range from 0.5% to 0.86 for m=10 and from

0.23 to 0.46.for m=60.
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4, TWO~MODEL IDENTIFICATION

Although the one model identification procedure mentioned above
works for many cases, it fails sometimes for high levels of nonlinearity
as represented by ductility factors in the range 6-8. Figure 4.1 shows
such a case for ST4 (See Tables 5.1 and 5.2). Curves in {a) are the
Fourier amplitude spectra of responses at the top of a three-story frame
subjected to the El Centro input for ductility factors U =1.8 and 8.5,
respectively, while thoge in (b) are the original input and the inputs
ideptified from the responses, with the abscissa given by a freguency
sequential number K of the frequency expression w = K %§>with 5 =
20.48 sec. At K = 68 which corresponds to the linear fundamental

period T 0.30 sec, there is a wvery prominent peak in the Fourier

1=
amplitude spectrum for Y = 1.8 but only a much smaller peak for py = 8.6.
In Fig. 4.1(b), it can he seen that the identified input spectrum for
U = 1.8 is very close to the real one in the whole range of X = 10 to
140 (corresponding to 2.0 to 0.16 sec) and the corxresponding equivalent
iinear fundamental period Ti is 0.32 sec. This close match of spectira
suggests a cloge match of time histories. But on the other hand, the
identified input spectrum for U = 8.6 is rather different from the real
one in the following manner, higher in both lower (K<15) and higher
{K > 90) freguency reglions and also near the linear fundamental fredquency.
The identifications were made by using one-model procedure as out-
lined above with m = 10. Different values of m will give different
equivalent linear structures with different identified input spectra,

but with no better results. A smaller value of m will give a more

flexible equivalent structure with its fundamental period Ti3’0m45 sec,
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and the amplitudes for T > 0,45 sec or K<46 will be smaller than those
for 4 = 8.6 in Fig. 4.1(b). However, the amplitudes for T<0.45 or

K> 46 will be greater which means consisteﬁtly greater discrepancies
near Tl and within high frequency portion. A greater value of m will
reduce the discrepancies near Tl and within the high frequency portion,
but it will increase the discrepancies in the low freguency portion.

These discrepanclies are belisved to come from the over-simplification
of using one linear systew as the egquivalent of the actual non-linear
structure. A two-model identification procedure is therefore intro-
duced here to reduce the discrepancy.

The sketch in Fig. 4.2 shows the procedure of the two-model input
identification suggested. It starts the same as the one-model procedure
from given structural parameters XK(y) and £{Y) for each element and
some given structural response ua{t); however, two equivalent lineari-
zation models are worked out separately for m = my and m = m., resulting
in two identified input Fourier spectra Vl(im) and Vz(iw), raspectively.
In this report, ml = 10 and m2 = 60 are used temporarily. The second
step is to combine these two models into one V{(iw) by adopting the low
frequency part NL - MM from Vl(iw) of the my model and the high frequency

part NM - NH from Vz(iw) of the m,. model, where NI, NM and NH are respec—

2
tively sequential numbers K of the low cut-off, some medium, and the
high cut-off frequencies as in frequency expression £ = 2Tk/S where S
is duration of vibration. In the present report, NL, NM and NH are
temporarily taken as 15, 35, and 130, respectively, for 5 = 20.48 sec.
The final step 'is then to have the identified input history v(t) by an

inverse FFT from the combined V(iw).

The idea of the two-model identification is to use one flexible
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STRUCTURAL PARAMETERS
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FIGURE 4.2 TWO-MODEL INPUT IDENTIFICATION PROCEDURE
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equivalent model structure to identify the low-frequency portion of the
input and another stiffer equivalent model structure té identify the
high~freguency portion of the input. This idea is founded on the
following two considerations.

Pirstly, judging from Fig. 4.1 and many others, as explained at the
beginning of this section, there is a consistent and strong general
trend in the structural responses that the higher the level of nonlin-
earity, the larger the amplitudes of the lower frequency components,
and the smaller the amplitudes of the higher-frequency components but
always with some peaks near the linear fundamental frequency although
much smaller in the amplitudes. This phenomenon seems to suggest that
there is a gualitative connection between low-frequency vibration and
non-linear deformation in structures of softening nonlinearity.

Secondly, as shown in Fig. 3.5, a larger strain amplitude in the
free vibration does showa smaller eguivalent stiffness of the structure
and hence a lower frequency of vibration. Although wibrations due to
strong earthquake motions are in general not free vibrations, but
vibrations of the forced transient type, we may interpret them from
the point of view of equivalent linear systems, i.e. the eqguivalent
structural stiffness will have a strong influence on the transient
vibration. Strong motion observation data reveal that the vibration
of structures under even minor nonlinear deformations show response
time histories containing longer predominant periods.

Based on these two considerations, it is believed that there is
at least a general effect of the nonlinear deformation to shift the
vibration to lower frequencies, although eguivalent linearization is

only a rough overall approximation of the complex structural vibrations
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during strong earthquakes. The two-model identification idea suggested
here is a first step improvement over the cne-model identification by
taking into consideration this relation between nonlinearity and

frequency content of wibrations.
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5. NUMERICAL EXAMPLES

Some numerical examples and experimen£a1 data are presented here
to show how the proposed input identification procedure works.

In all the numerical examples, a three degree-of-freedom (3 DOF)
structure as shown in.Fig. 5.1 is used to approximate, but not to
simulate a 3~story frame tested on the shaking table at the Farthquake
Engineering Research Center of the University of California at Berkeley
t6, 12, lBE, This structure is subjected t¢ horizeontal ground wmotion
at node 4, and all elements have deformation only in shear. Structural

properties of the elements of the mathematic model in Fig. 5.1 and the

corresponding ones of the test frame are given in Table 5.1.

| @ M
64”T

% 26M
84"

—~— 3 eM
80"
Y 4

V4

FIGURE 5.1 MATHEMATIC MCDEL USED IN NUMERICAL EXAMPLES

The stiffness values given in Table 5.1 correspond to very small
strains. Masses lumped at all nodes are M=0.01024 kips~secz/in. The
linear natural freguencies are 2.8, 8.4 and 17.8 Hz for the test frame,
and 3.45, 10.59 and 18.0 Hz for the corresponding numerical examples

for the case of K23==31.7.
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STRUCTURAL PARAMETERS OF MATHEMATIC MODELS

Stiffness (kips/in.)

Linear
Structure Fundamental | p o B
Element 1-~2 2=3 3-4 Period (Sec)
Test Frame
57.7 57.7 29.6 . . .
Calculated 4 234 0003
Test Frame® 24.33 58,16
Tdentified -37.40 -59.01 1¢.18 .4 .308 |.00015
Mathematic
Model 31.7 31.7 18.1 . 30 .3 1.0 . 0002
5T1
sT2 7.66 12,0 4,38 .59 .1 1.0 .0002
ST3 2.19 3.44 1.25 1.14 .1 1.0 .0002
5T4 31.7 31.7 18.1 .30 .1 .3 . 0002
ST5 31.7 31.7 18.1 .30 .1 1.0 .0002
ST6 31.7 31.7 18.1 .30 .25¢1 1.0 .0002

* Full stiffness matrix is identified




TABLE 5.2

CASES OF NUMERICAL EXAMPLES IYDENTIFIED

8] . X 2
i y (kips/in.<)} .
Example il?zzz) . = - Input | P12 | M2z | M | m c f:ec? RR3p | Eaq
"1 viz | Yy23 | “y34
ST .30 270 47 55 c Etr - 7.1 | 3.5 10 : 76 =36 -61 -18
entro | 60 .36 .30 1.00 0
ST2 .59 55 | 40 | 20 " e | - 7.8 P2 58 11.02 233 | .33
60 .34 .73 .59 | .24
ST3 1.14 - 55 50 10 " - — 7.2 20 -61-.81 | 1.46 233 | .27
60 .46 1.20 .79 | .13
ST4 .30 90 90 120 " -- — |18 P22 -85 =22 871 .08
60 .43 .30 1.00 0
ST4 .30 55 55 55 " -- - | a5 22 =87 =2 21 1 .28
60 .30 . 30 1.00 | 0
sT4 .30 60 60 45 L - -~ | 8.6 P2 223 .45 239 1 .32
60 .23 .32 .93 | .05
574 .30 0 | 90 {120 | ZEE oo | |35 (20 70 38 1 .57 1.3
entr 60 .36 . 30 1.00 | ©
STS .30 40 40 25 Taft - S N 03 .46 .38 | .32
60 .31 .33 .83 | .10
-l ﬂ4 & o
815 .30 150 150 110 | pacoima | -- — | 6.3 P20 2 2 20 30
60 .39 .32 .88 | .08
ST6 .30 30 30 40 Taft 7.1 | 6.4 | 3.3 28 272 22 83 | .18
60 .32 . 30 1.00 0

LT
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The nonlinearity of elements of the mathematical models is taken
as bilinear, with the slope of the second sfraight portion egqual to
p=-times that of the first portion and with symmetry assumed about the
two directions of deformation.

Table 5.2 summarizes all of the cases studied for the 3 DOF system.

The procedure used for the numerical examples of input identifica-
tion is as follows:

{1) Compute the relative displacement u(t) of the top mass
of the given structure due to a given input time-history using
program DRAIN-2D with a time step DT=0.02 sec. For some examples,
DT=0.005 sec has also been used to check the accuracy of the
results using DT =0.02 sec. Figure 5.2 shows a comparison fox ST4
with = 8.6 which gives the largest difference among the cases
compared. This difference is not large; therefore a time step
DT=0.02 sec is used for all examples.

Some important parameters of the four input motions used here

are listed in Table 5.3.

TABLE 5.3 PARAMETERS OF INPUT MOTTONS

r Duration (sec) .
Barthquake a g Predominate
Sl ] max/ Pericd (sec)
El Centro 6.0 20,48 .34 .25, .45- .6
2X El Centro 6.0 20.48 .69 .25, .45-.6
Taft 12.6 20.48 .18 .45
Pacoima 13.0 20.48 1.15 2, .4
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{(2) Relations for the eguivalent stiffness Keqv and
damping ratio geqv as functions of element strain Y have been

reduced from the bilinear stress-strain curve to give

- K: -
c Keqv/ p + (1-p}X

(l-p)X{1-X)
(I-p)X + p

2
Soqv = 7

FIGURE 5.3 EQUIVALENT STIFFNESS FOR BILINEAR NONLINEARITY

where X = Yy/Y i1s the ratio of gstrain at the elastic limit to that
at maximum and where p is the ratio of slopes of the 2nd to lst
straight lines of the bilinear property of the material, as shown

in Fig. 5.3.

{(3) 1Input identification is then performed from the computed
responses ul{t) at the top mass and the given structural properties
as outlined in Fig. 4.2 by the two-model procedure, with some cases

alsc by the one-model procedure. The one~model identification works



TARLE 5.4

PARAMETERS OF TEST EXAMPLES

\ M RK ge qv
Test Bracings kips-sec2/in. a‘max/g m c JTdent. T1 Element Element
1--2 2-3 3~-4 1-2 2-3 3-4
10 .56 .41 .69 .62 .66 .10 .08 .13
P400 Pipe .024 .48
60 .19 . 37 .92 .84 .78 . 25 .08 .14
10 .55 .60 1.00 .81 .22 .10 .10 .17
P800 Angle .024 1.31
60 .19 .36 1.00 .84 .81 .10 .10 .10

1€
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only for certain cases while the two-model identification works

for all cases; therefore, the two-model procedure is recommended.

(4) Comparison of the identified input to the real input

is made for three quantities, namely acceleration time history

ag(t), absolute acceleration response spectrum SA{T) for damping

ratio 0,05, and Fourier amplitude spectrum FAG(w). Results

are given in Figs. Al-All at the end of this report. Discussions

and conclusions from these results will be given in the next

section.

Several steel frames, with and without bracings, were tested on
the shaking table at the Earthgquake Engineering Research Center of the

{2,3,6]

University of California, Berkeley, in the last few years A

[3]

series of early tests was carried out to rather small nonlinear
levels. For these tests, a linear model with equivalent damping can

be used as a good mathematical model to predict the responses., A series
[2,6]

of recent tests of frames (Fig. 5.4) with various types of bracings,
however, produced rather strong nonlinear deformation due to the alter-
nating buckling and yielding of the bracings. Two of them with strong
nonlinear deformations (Figs. 5.5 and 5.6) are chosen here to test the
input identification procedure suggested, with related parameters given
in Table 5.4 and Figs. 5.4-5.6. BAll data presented here have been
obtained from Mr. Y. Ghanaat. For further details, the reader is
referred to his criginal report[G].

The identification procedure used is the same as bhefore except
for the reductions of the functional relations of equivalent stiffness

and damping ratios. These reductions were carried out as follows:

The functional relations of equivalent stiffness Kéqv and damping
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ratio Eeqv are reduced from the given test results of time histories
of story shear Vv(t) and story relative displacement d(t) for each
story of each test structure. Shown in Fig. 5.7 is one complete loop

of the V-d diagram plotted from V(t) and d{t) provided by Mr. Y. Chanaat.

FIGURE 5.7 DEFINITION OF EQUIVALENT PARAMETERS FROM TEST DATA

With points A and B representing, respectively, points of maximum and
minimum story displacement of that loop, the equivalent stiffness K,eqv
is taken as the slope of straight line AB, the equivalent damping ratio
geqv as the ratio of loop area ADBEF/(%»x triangular area ABC}, and the
strain amplitude 4 as (dmax - dmin)/z. For each loop of the main por-
tion of the test data, a set of K {(d) and § (d) may be obtained and
eqv eqv

plotted, with one of them shown in Fig. 5.8. 1It is obvious from this
prlot, and from other similar plots, that the functional relations of

K and & to d are very complicated. First of all, they are not

eqgv eqv .

single-valued functions which is a result of the strong nonlinear

behavior of the bracings produced by the complex combinations of yielding,
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buckling and pinching. The present equivalent linear representation
cannot adequately simulate this complicated case. A rough approxima-
tion can be obtained, however, by using averaged single~valued func-
tional relations as shown in Fig. 5.8. Results obtained this way are

listed in Table 5.5. A discussion of the results will be given in the

next section.



TABLE 5.5 RATIOS OF STIFFNESS RK = K,d/KO AND DAMPING £ FOR TEST EXAMPLES
Story Displacement 4 {(in.)
Test Story KO*
0 .02 .1 .2 .3 .4 .6 .8 1.0 1.4 2.0
RK | 1.0 [ 1.0 .78 .634 .537 .463 .354 . 305 . 268 .268
3 &0
£ .32 .32 .13 .09 .09 .10 .12 .135 .17 .17
RK | 1.0 | 1.0 .867 | .800 .689 .633 .567 .522 .467 .467
P400 2 45
£ .35 .35 .09 .06 .06 .07 .10 .13 .17 .17
RK | 1,0 | 1.0 .850 . 800 . 750 L717 .658 L617 .550 .550
1 41
£ .30 .30 .22 .16 .12 .12 .13 .14 .17 .17
RK | 1.0 1.0 .857 .732 .643 .482 .357 . 250 .214 214
3 60
g 1 .1 .1 o1 .1 .12 .15 .16 .17 .17
RK | 1.0 1.0 .820 .803 . 656 .475 .361 . 246 .197 .197
P800 2 45
£ .1 A .1 .1 .1 ] .15 .16 .17 .17
RK | 1.0 1.0 .820 .803 .656 475 .361 . 246 .197 .197
1 41
£ .1 .1 L1 .1 .1 .12 .15 .16 .17 .17

* kips/in.

6t
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Preceding page blank
6. DISCUSSION

6.1 Coverage of Numerical Examples

Numerical examples given in Table 5.2 are selected to have an
adequate coverage of practical conditions in tyfe of input ground
motion, parameters of structure, level of nonlinearity, and distribu-~
tion of nonlinear deformation.

s for type of input ground motion, the El Centro record of the
NS component of May 18, 1940, is chogsen for its popularity in response
analysis, the Pacoima record of the S16E component of February 9, 1971,
for its high peak acceleration and as a iepresentative of the single-
predominant pulse type of ground motion, and the Taft record of the
S69E component of July 21, 1952, as a representative of the more random
type of ground motion. Only the strong phase of motion is used.

As for parameters of the structure, the variation of stiffness
of whole structure is allowed by changing the stiffness matrix in pro-
portion in models ST1, ST2 and ST3 to give fundamental linear periods
0.30, 0.59 and 1.14 sec, respectively. The mass-proportional damping
o varies in model 8T4 and ST5 and the damping ratios in ST1, ST2 and
8T3 also change due to change of natural frequencies. The corresponding
damping ratios for the fundamental mode are given in Table 6.1.

TABLE 6.1 DAMPING RATIO & OF FUNDAMENTAL MODE
OF STRUCTURES IN NUMERICAL EXAMPLES

Structure STl, §T5, STé ST2 ST3 sT4

g .02 .03 .09 .01
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Level of nonlinearity expressed by element ductility factor U and
distribution of nonlinear deformation are controlled and designed to
vary by adjusting the elastic limit Oy of each element. As shown in
Table 5.2, the ductility factor It varies over a wide range from 1.8 to
8.6. In general, nonlinear deformation occurs at the bottom story as
indicated by U34”1.0 in Table 5.2; however, in two cases nonlinear
deformations also occur at other stories. In medel ST6, nonlinear
deformations occur almost simultaneously at all three stories as in
the case of balanced design. In model ST1, nonlinear deformations
occur at the bottom two stories representing a special case.

The slope of the second straight line of the bilinear force-
deformation relation (Fig. 53.3) is also allowed to vary from p=0.,1

to p=0.3 causing a strong effect on the nonlinear levels of responses.

6.2 Sources of Error

For linear behavior of structures, the errxors in the input identi-
fication procedure come only from the following sources. One source
is the frequency cut-off which is a necessary step in the discrete
analysis of a finite length of data. This error can be reduced by
increasing the data samples and decreasing the time interval between
samples. Another source is noise which inevitably is introduced into
the data when estimating structural parameters and when modelling the
structure. This is common to all identification problems,

For nonlinear behavior of structures, other errors may be intro-
duced by the equivalent linearization method in the frequency domain.
The most serious error is from the differences in mechanism of the
nonlinear deformation represented by the equivalent linear structural

model and the real nonlinear structure shown in Fig. 3.4, If a transfer
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function may be defined for the nonlinear behavior of the structure
from the Fourier spectra of its nonlinear response u{t) and the input

v(t) as given by,

H(iw) = uU(iw}/V(im) ' {6.1)
this relation may give quite different values of transfer functions
at those frequencies far from the main peaks. Figure 6.1 provides a
comparison for case ST1 Qhere the transfer functions H{iw) of the

equivalent linear structures are obtained from m, =10 and m2==60 for

1
the two~model identification and from the ratio U(iw)} /V{iw) ocbtained
directly from the Fourier spectra of the nonlinear response u(t) and
input v(t}. The high fluctuations present in the ratio U({iw)/V{iw)
seem to show the invalidity of processing nonlinear responses in the
frequency domain, It is realized that nonlinear behavior cannot be
viewed in frequency domain since the law of superposition is no longer
valid; therefore, this comparison is used only to show that, at both
ends of the spectrum, the equivalent linear wmodels consistently give
too small a value for the transfer function.

Because there is a significant discrepancy between the actual
nonlinear behavior and that of the equivalent linearized structure due
to the insbility of the equivalent linearized structure to show perma-
nent deformation, as explained in Sec. 3.1, the actual response will
be different in the time history u(t) or in its Fourier spectrum,
mainly at both ends of the frequency range where the spectrum has
small ordinates, The differences at both ends of the frequency range
will be very much amplified after dividing by the transfer function
H(iw) of the equivalent structure which has small ordinates, as shown

in Fig. 4.1 or Fig.'6.l. A further frequency cut-off at both ends is
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needed to reduce this errvor,

6.3 Fitness of the Identified Input

Since there are frequency cut-offs necessary in the input identi-
fication procedure, the identified input can never egqual the oxiginal
input, but it can approach the original input filtered between the cut-
off frequencies., The effect of this filtering process for all cases
investigated is, in general, not large on both the time history and the
reponse spectrum in the medium frequency range, as may be seen from the
figures in Appendix A; however,; it may be considerable for those cases
where high frequency components are important for defining peak values
in the time history, and such as in the Pacoima motion shown in Fig. A.8.

The fitness of the results is tested in three comparisons of time
history, Fourier spectrum, and response spectrum,

As may be seen from a comparison of all numerical examples, the
responsé spectra (damping ratio 0.05) of the identified inputs are
quite close to the original in the range of periods T=0.02 - 1.4 sec.
For longer pericds, the identified response spectra are considerably
in error due primarily to the frequency cut-off used in the analysis.

For spectra in the high frequency portion, mismatch shows two
errors, one from the high frequency cut-off and another from the
fluctuation of the spectrum ordinate. Since smoothing is usually used
in obtaining a "standard" response spectrum, the averages of the high
frequency portion from T<£0.5 sec will be used for comparison in
Table 6.2. The identified response spectra are guite clogse to the
filtered ones and differ from the original ones by errors within 10%

for almost all numerical examples.



TABLE 6.2 COMPARISON OF RESPONSE SPECTRA IN T £ 0.5 SEC and amax
_ AVERAGE ORDINATE B ax’ 9
Case u34
Original Filtered Identified Original Filtered Identified
STl 3.5 287 271 286 0.34 0.35 0,37
sT2 7.8 287 271 263 0.34 0.35 0.40
ST3 7.2 287 271 242 0.34 0.35 0.26
ST4 1.8 287 271 254 0.34 0.35 0;32
4.5 287 271 317 0.34 0.35 0.37
8.6 287 271 300 0,34 0.35 0.34
3.5 574 542 567 0.69 0.68 0.80
5T5 8.0 146 142 147 0.18 0.1s 0.24
6.3 725 669 627 1.15 0.66 0.60
576 3.3 l46 142 154 0.18 0.16 0.20
P400 594 404 416 0.48 0.43 0.64
P800 791 761 659 1.31 0.86 .62

S
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If individual ordinates of the response spectra are compared,
although errors may be as high as 50% at some small portion for indi-
vidual cases and in the short and long period ends for many cases
due to small ordinates, the fitness of the spectrum is in general
within errors less than 20% for most numerical examples.

Comparison of the time-histories and Fourier amplitude spectra
can only be made by a general overall wvisual view since both of them
are highly oscillating in nature., For nonlinearities in the range
M=6-8, the results of input identification using the equivalent
linearized model may be considered good for all numerical examples.
The identified input time~histories always follow the corresponding
original ones for the important wave pulses such as those near t=2.1,
4.5 and 4.8 sec of the El Centro record; £t=3.7, 6,6, 7.7 sec of the
Taft record. For the Pacoima record, the amplitudes'of filtered
acceleration time-history are much smaller than those of the original
because of the high frequency components in the original record
and Fig. A8 shows that the identified input time~history follows
the filtered one for the important wave pulses such as those near
t = 3.3, 6.2, 7.3, 7.5, 7.6 and 8.2 sec. Table 6.2 gives a compari-
son of the maximum accelerations, showing the errors to be in general
about 10%.

Rather similar comments may be made for the identifications using
test results with strong nonlinearities, except the following should
be mentioned. Firstly, two large consecutive cycles of vibration
appeared in the identified time history from t=9.2 to 10.4 sec with
a period about T=0.6 gse¢ {apparently due to a similar wave train in

the input motion) for the case P400 which makes the identified response
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spectrum near that period much higher than the original. Secondly,
the input motion for case P800 contains s¢ many high freguency compo-
nents that the amplitudes of the identified motion are consistently
lower than the original, although wave pulses are generally close and
the ordinates in high frequency range of the response spsctrum are
consistently too low. Thirdly, the greater differences of the identi-
fied input motions are believed to come from the large scattering and

multiple-valued nature of stiffness as a function of deformation ampli~

tude as shown in Fig. 5.5,
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7. SUMMARY AND PCSSIBLE IMPROVEMENTS

A series of structures with bilinear element stiffnesses subjected
to several earthquake excitations were used as a means to test the
feasibility of the input identification procedure presented. The signi-
ficant findings of the investigation were the following:

{a) It is possible to identify input peak acceleration
values, response spectra and time-~history from structural
responses by the equivalent linearization procedure with
acceptable results.

(b) There are two sources of error in the proposed pro-
cedure for input identification. One is inhereni in discrete
analysis of finite data in the form of frequency cut-off
which makes the components of motion identifiable only within
certain frequency limits. TFor linear or weak-nonlinear cases,
this error can be reduced to negligible magnitude by increasing
the duration of analysis and by decreasing the time steps of
sampling. The second error, which becomes apparent with highly
nonlinear cases, is caused by nonlinear drift or by the differ-
ence in responses calculated from the true nonlinear model and
the equivalent linear model. This error is more pronounced for
the low-frequency components. This suggests using a cut-off
preventing the drift associated with permanent deformations.

(c} For linear or weak-nonlinear cases, one-model identi-
fication procedure giveg good results; however, for strong non-
linear cases, a two-model identification procedure is reguired

to vield good results.
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Further improvements of the identification procedure are believed
possible by taking the following steps:

{a) As shown in Fig. 4.2, the combination of two models
obtained by taking the lower-freguency components {freguencies
SfNM) from one model and the higher-frequency components (fre-
quencies >fNM) from anothexr. The shift from one model to another
is suddenly taken at some arbitrarily chosen frequency ENM; there~
fore, a suitable gradual shift should give better results.
Although several values of fNM as well as my and m, have been
tried, it is not c¢laimed here that thev are the best.

(b} Accepting the belief that a better two-model identi-
fication procedure can be developed, it is reasonable to
believe also that even better results might be obtained with
higher order models with each model being responsible pri-
marily for a specified freguency band of limited width.

{c) Although the strain-averaging method used herein
in the equivalent linearization procedure is believed better
than using some predetermined fraction of the maximum strain,
it could possibly be improved by recognizing the influence
of other factors, such as the variation of intensity of
vibration with time.

{d) In many practical cases, there are several responses
known at the same time. Undoubtedly, the input identification
procedure could be improved by developing effective means of
using the additional response data available. One approach
which appears promising would be to weight the inputs identi-

fied from individual responses in a manner which would minimize
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in a least sgquares sense the differences between the given and

computed responses from identified input.
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Preceding page blank

APPENDIX A: COLLECTION OF IDENTIFIED INPUTS

This appendix contains a set of figures which show comparisons
in time-history, response spectrum and Fourier spectrum of the identi-
fied and the real input. The identified inputs are those obtained
from two-model identification procedure. Results of all numerical
cases in Table 5.2 are included except cone for ST4, ELl Centro, U=1.8
which shows very good coincidence between the identified and the real

input, but is not included because it is almost a linear case.
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EERC 70-2 "Relationships between Soil Conditions and Building Damage in the Caracas Earthquake of July 2%, 1967." by
H.B. Seed, I.M. ldriss and H, Dezfulian - 1370 (PB 195 762)A05

EERC 70-3 “Cyclic Loading of Full 8ize Steel Connections," by E.P. Popov and R.M. Stephen - 1870 (pp 213 545)a04
EERC 70-4 "seismic analysis of the Charaima Building, Caraballeda, Venezuela," by Subvommittes of the SEAONC Research

Cormittee: V.V. Bertero, P.F, Fratessa, 5.A. Mahin, J.H. Sexton, A.C. Scordelis, E.L. Wilscn, L.A. Wyilis,
H.B. Seed and J. Penzien, Chairman - 1970 (PB 201 458)R0é
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"A Computer Program for Earthguake Analysis of Dams," by A.K. Chopra and P. Chakrabarti - 1970 {AD 723 994}A05

"The Propagation of Love Waves Across Non-Horizontally Layered Structures,”™ by J. Lysmer and L.A. Drake
1370 (PB 197 896)A03

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

"Applicability of Laboratory Test Procedures for Measuring Soil Ligquefaction Characteristics under Cyclic
Loading," by H.B. Seed and W.H. Peacock - 1970 (PB 198 016)}A03

"A Simplified Procedure for Evaluating Soil Liquefaction Potential," by H.B. Seed and I.M, Idriss - 1970
(PB 198 (09}A03

"Soil Moduli and Damping Factors for Dynamic Response Analysis," by H.B, Seed and I.M. Idriss -1970
{PB 197 869)A03

"¥oyna Earthguake of December 11, 1967 and the Performance of Koyna Dam," by BA.K. Chepra and P. Chakrabarti
1871 (AD 731 496}AC0

"Preliminevy 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)A03

"Static and Dvnamic Analysis of Inelastic Frame Structures,™ by F.L. Porter and G.H. Powell - 1971
{PB 210 1233)A06

"Research Needs in Limit Design of Reinforced Concrete Structures,™ by V.V. Bertero - 1971 (PB 202 943)A04

"Dynamic Behavior of a Bigh-Rise Diagonally Braced Steecl Building,” by D. Rea, A.A. Shah and 5.G. Bouwlamp
1971 (PB 203 S84)R06

"Dynamic Stress Analysis of Porous Elastic Solids Saturated with Compressible Fluids," by J. Ghaboussi and
E. L. Wilson -~ 1971 {(PB 211 396)A06

"Inelastic Behavior of Steel Beam-to~-Column Subassemblages,” by H. Krawinkler, V.V. Bertero and E.P. Popov
1471 {(pPp 211 335)A14

"Modification of Seismograph Records for Effects of Logal Soil Conditions," by P. Schnabel, H.B, Seed and
J. Lysmer - 1971 (PB 214 450)A03
“Static and Farthquake Analysis of Three Dimensional Frame and Shear Wall Buildings," by E.L. Wilson and

H.E. Dovey - 1972 (PR 212 904)A05

"accelerations in Rock for Earthquakes in the Western United States," by P.B. Schnabel and H.B. Seed - 1972
{PE 213 100)A03

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

"Stochastic Inelastic Response of Offshore Towers to Strong Motion Earthquakes," by M.K. Kaul - 1972
(FB 215 713}a05

"Cyclic Behavior of Three Reinforced Concrete Flexural Merbers with High Shear,” by E.P. Popov, V.V. Bertero
and H. Krawinkler - 1972 (PB 214 555)A05 -

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

“Dynamic Properties of Pine Flat Dam,” by D. Rea, C.Y¥. Liaw and A.K. Chopra -1972 (AD 763 928)A05
"Three bimensional Analysis of Building Systems," by E.L. Wilson and H.H. Dovey - 1972 (PB 222 43B)A06

"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 S520)A0B

"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}A04

"lLiterature Survey - Seismic Effects on Highway Bridges,” by T. Iwasaki, J. Penzien and R.W. Clough - 1972
(PB 215 613)A19

"SHAKE-A Computer Program for Barthguake Response Analysis of Horizontally Layered Sites," by P.B. Schnabel
and J. Lysmer - 1972 (PB 220 207)A06
"Optimal Seismic Desigm 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)Al4
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EERC 73-3 "Computer Aided Ultimate Load Design of Unbraced Multistory Steel Frames," by M.B. El-Hafez and G.H. Powell
1973 (PB 248 315)A09

EERC 73-4 "Experimental Investigation into the Seismic Behavior of Critical Reqions of Reinfoxced Concrete Components
as Influenced by Moment and Shear," by M. Celebi and J. Penzien - 1973 (PB 215 884)2a09

EERC 73-5 "Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien = 1973
(FB 239 308IR03

EERC 73-8 "General Purpose Computer Program for Inelastic Dynamic Response of Plane Strudtures," by h. Kanaan and
G.H. Powell - 1973 (PB 221 260)A08

EERC 73-7 "A Computer Proagram for Farthquake Analysis of Gravity Dams Including Reserveir Interaction," by
P. Chakrabarti and A.X. Chopra - 1973 (AD 766 271)A04

EERC 73~8 "Behavior of Reinforced Concrete Desp Beam-Column Subassemblages Under Cyclic Loads,” by O. Kisti and
J.G. Bouwkamp = 1973 (PB 246 117)Al2

EFRC 73-9 "Earthquake Analysis of Structure-Foundation Systems,” by A.X., Vaish and A.K. Chopra - 1973 (AD 766 272)A07
EERC 73-10 "Deconvolution of Seismic Response for Linear Systems,” by R.B. Reimer -~ 1373 (PB 227 179)308

FERC 73-11 "SAP IV: A Structural Analysis Program for Static and Dynamic Response of Linear Systems.” by K.-J. Bathe,
E.L. Wilson and F.F. Peterson - 1973 (PB 221 947}A09

BERC 73-12 "Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.8. Tseng
and J. Penzien - 1373 (PB 227 81l6)}AR10

EERC 73-12 "Earthguakc Analysis of Multi-Story Buildings Including Poundation Interaction,”™ by A.X. Chepra and
J.A. Gutirrrez - 1973 (PR 222 970}3a03

EERC 73-14 "“ADAP: A Computer Program for Static and Dynamic Analysis of Arch Dams," by R.W. Clough, J.M. Raphael and
3. Mojtahedi - 1973 (PR 223 763}A08

EERC 73-15 "“Cyclic Plastic Analysis of Structural Steel Joints,” by R.B. Pinkney and R.W. Clough - 1973 (PR 226 843}A08

EERC 73-16 "QUAD~4: A Computer Program for Evaluating the Seismic Response of Soil Structures by Varlable Ramping
Finite Element Procedures," by T.M. Idriss, J. Lysmer, R. Hwang and H.B. Seed - 1973 (PB 229 424}A05

EERC 73-17 '"Dynamic . havior of a Multi-Story Pyramid Shaped Building,"” by R.M. Stephen, J.P. Hollings and
J.G. Bouwkamp - 1973 (PB 240 718)A06

EERC 73-18 "Effect of Different Types of Reinforcing on Seismic Behavior of Short Concrete Columns,™ by V.V. Bertero,
3. Hollings, O. Kisri, R.M. Stephen and J.G. Bouwkamp ~ 1973

EERC 73-19 "Olive View Medical Center Materials Studies, Phase I," by B. Bresler and V.V. Bertero - 1973 (PB 235 $86)A06

EERC 73-20 '"Linear and Nonlinear Seismic Analysis Computey Programs for Long Multiple-Span Highway Bridges,"” by
W.3. Tseng and J. Penzien ~ 1973

EERC 73-21 "Congtitutive Models for Cyclic Plastic Deformation of Engineering Materials," by J.M. Kelly and P.P. Gillis
1973 (PB 226 024)aC3

EERC 73-22 "DRAIN - 2D User's Cuide,"” by CG.H. Powell - 1973 {(PB 227 016}A05
EERC 73-23 "Rarthquake IEnglneering at Berkeley — 1973," (PB 226 033)Al11
EERC 73-24 Unassigned

EERC 73-25 '"Earthguake Response of Axisymmetric Tower Structures Surrounded by Water," by C.Y. Liaw and A.K. Chopra
1973 faD 773 052)A09

EERC 73-26& "Investiqation of the Failures of the Olive View Stairtowers During the San Fernando Barthquake and Their
Implications on Seismic Design,” by V.V. Bertero and R.G. Colling - 1973 (PR 235 106)A13

ECRC 73-27 "Further Studies on Seistic Behavior of Steel Beam-Column Subassemblages," by V.v. Bertero, H., Krawinkler
and E.P. Popov - 1973 (PB 234 172)AD6

EERC 74-1 "Seismic Risk Analyﬂis," by C.S. Oliveira - 1974 (PB 235 920}A06

FERC 74-2 "Setrlement and Licquafaction of Sands Under Multi-Directional Shaking," by R. Pyke, C.X. Chan and H.B. Seed
1974

EERC 74-3 "Optimum Design of Earthguake Resistani Shear Bulldings," by D. Ray, K.S. Pister and A.K. Chopra - 1974

(PB 231 172)A06

ELRC 74~4 "LUSH - A Computer Program for Complox Response Analysis of Soil-Structire Systems," by J. Lysmer, T. Udaka,
H.B, Seed and R, Hwang -~ 1274 (PB 236 796)A05
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"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications to Earthquake Engineering,” by D. Ray
1974 (PB 233 213)A06

"S§0il Structure Interaction Analyses for Evaluating Seismic Response,” by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
“sShaking Table Tests of a Steel Frame - A Progress Report,” by R.W. Clough and D. Tang - 1974 (PB 240 862)A03

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

“Applications of Reliability-Based, Global Cost Optimization to Design of Earthquake Resistant Structures,”
by E. Vitiello and K.S. Pister ~1974 (PB 237 231)A06

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

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

"Earthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough - 1974
(PB 241 9443213

"Nonlinear Earthquake Response of Concrete Gravity Dams,® by N. Pal - 1374 (AD/A 006 583)R06

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

N. bDistefano and A. Rath- 1974 {PB 241 548)A06

#Determination of Seismic Design Criteria for the Dutbarton Bridge Replacement Structure,Vel.l: Description,
Theory and Analytical Modeling of Bridge and Parameters,” by F. Baron and S.-H. Pang - 1975 (PB 259 407)A15
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol,TT: mmerical
Studies and Establishment of Seismic Design Criteria," by F. Baron and S.-H. Pang- 1975 (PB 259 408}Al1l
{For set of EERC 75-1 and 75-2 (PB 259 406})

"Seismic Risk Bnalysis for a Site and a Metropolitan Area,” by C.S. Oliveira -~ 1975 (PB 249 134)A09

"Analytical Investigationé of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by
M.-C, Chen and J. Penzien ~ 1975 (PB 241 454)}A09

"An Evaluation of Some Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.A.
Mahin and V.V. Bertero -1975 (PB 246 306)Alc

"parthquake Simulator Study of a Steel Frame Structure, Vol. I: FExperimental Results,” by R.W. Clough and
L.T. Tang - 1975 (PB 243 981)Al3

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y. Liaw and A.K. Chopra -1975 (AD/RCOE 406}
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 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol, 2: Numerical
Studies of Steel and Concrete Girder Alternates," by ¥, Baron and R.E, Hamati - 1975 (PB 251 540}A10

"Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell -1975 (PE 242 434)A08B
"Hysteretic Behavior of Steel Columns,” by E.P. Popov, V.V. Bertero and S. Chandramoull - 1975 (PB252 365)All
"Barthguake Fngineering 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 243 989)A07

"Determination of Soil Liquefaction Characteristics by lLarge-Scale Laboratory Tests," by P. De Alba,
C.K. 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)Al0

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

"Relationships Between Maximum Acceleration, Maximum Velocity, Distance from Source, Local S8ite Conditions
for Moderately Strong Earthquakes," by H.B. Seed, R. Murarka, J. lLysmer and I.M. Idriss - 1975 (PB 248 172}A03

"The Effects of Method of sample Preparation on the Cyclic Stress-Strain Behavier 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 Foree," 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

"Statc-of-the-Art in Seismic Strength of Masonry - An Evaluation and Review,” by R.L. Mayes and R.W. Clough
1975 (PEB 245 (040)A07

"Frequency Dependent Stiffrness Matrices for Viscoelastic Half-Plane Foundaticns,” by A.X. Chopra,
P. Chakrabarti and G. Dasgupta - 1975 (PB 248 121)AQ7

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Berterc 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 Liguefaction Characteristics of Sands,"” by H.B. Seed, K. Mori and
C.¥.. Chan - 1975 (Summarized in EERC 75-28)

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

"Identification of Research Needs for Improving Aseismic Design of Building Structures," by V.V. Bertero
1975 (PB 248 136}A0DS5

"Bvaluvation of Soil Liquefaction Potential during Earthgquakes,” by H.B. Seed, I. Arango and C.K. Chan - 1975
{NUREG 0026}A13

"Representation of Irregular Stress Time Histories by Equivalent Unjiform Stress Series in Liguefaction
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 Interactien Problems," by
J. Lysmer, T. Udaka, C.~F. Tsai and H.B. Seed ~ 1975 (PB 259 332)A07

"ALUSH - A Computer Program for Seismic Response Analysis of Axisymmetric Scil-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. Lvsmer and H.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien - 1875 {PB 248 130)Ai

"Efficient Finite Flement Analysis of Seismic Structure ~Soil -Direction,” by J. Lysmer, H.B. Seed, T. Udaka,
R.N. Hwang and C.-F. Tsai - 1975 (PR 253 S570)A03

"The Dynamic Behavior of a First Story Girder of a Three-Story Steel Frame Subjected to Earthguake Loading,"
by R.W. Clough and L.-Y. Li- 1975 (PB 248 841)A05

"Barthquake Simulator Study of a Steel Frame Structure, Volume II -Analytical Results," by D.T. Tang - 1975
(PB 252 926)A10

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

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures," by M, Murakami and J. Penzien - 1975 (PB 25% 530)A05

"Study of a Method of Feasible Directions for Optimal Elastic Design of Frame Structures Subjected te Farth-
guake Ieading," by N.D. Walker and K.S. Pister - 1975 (PB 257 7811206

"an Alternative Representation of the Elastic—Vigcoelastis Analoegy,” by G. Dasgupta and J.L. Sackman - 1874
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands," by H.B. Seed, R, Pyvke and Z.R. Martin - 1975
(FB 258 7811403
"Strength and Ductility Bvaluation of Existing Low-Rise Reinforced Concrete Buildings - Screzening Method,” hy

T. Okada and B. Breslex - 1276 (PB 257 906}AlLlL

"Experimental and 2Znalytical Studies on the Hysterxetic Behavior of Reinforced Concrete Rectangular and
T-Beams," hy S.-Y.M. Ma, E.P. Popov and V.V. Bertero - 1976 (PR 260 843)al2

“Dynamic Behavior of & Mulitistory Triangular-Shaped Building," by J. Petravski, R.M. Stephen, E. Gartenbaum
and J.G. Bouwkamp ~ 1876 {PB 273 279)207

"Earthguake Induced Deformations of Barth Dams,” by N. Serff, H.B, Seed, F.I. Makdisi & C.-Y. Chang - 1976
{PB 292 (65)A08
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EERC 76-%  "Analysis and Design of Tube~Type Tall Building Structures,” by H. de Clercq and G.H. Powell - 1976 (PB 252 220}
AlD

EERC 76-6 "Time and Frequency Domain Analysis of Three-Dimensional Ground Motions, San Fernando Earthquake,® by T. Kubo
and J. Penzien (PR 260 556)All

BERC 76~-7 "Expected Performance ©f 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 258 820)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)A0D6

EERC 76~12 "Sensitivity Analysis for Hysteretic Dynamic Systems: Theory and Applications,” by D. Ray, K.S. Pister and
E. Polak - 1976 (PB 262 859)B04

FERC 76-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by C.L. Xan and A.X. Chopra -
1976 {PB 257 207)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 Bnalytical Correlation," by R.W. Clough and
J. Gidwani -~ 1976 (PB 261 323}A08

EERC 76-16 "Cyclic shear Tests of Masonry Plers, velume 2 - Analysis of Test Results,™ by R.L. Mayes, Y. Cwote
and R.W. Clough - 1976

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

EERC 76~18 "Experimental Model Studies on Seismic Response of High Curved Overcrossings," by D. williams and
W.G. Godden - 1976 (PB 265 548)A08

EERC 76-19 "Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure,” by
P, Baron and R.E. Hamati — 1276 (PB 282 981)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. McNiven - 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)A04

EERC 76-22 ‘“Response of the Olive view Hospital Main Building during the $an Fernando Earthquake," by S. A, Mahin,
V.¥, Bertero, A.K. Chopra and R. Collins -~ 1976 (PB 271 423)a14

EERC 76-23 "A Study on the Major Factors Influencing the Strength of Masonry Prisms," by N.M. Mostaghel,
R.L. Mayes, R. W. Clough and S.W. Chen - 1976 (Not published)

EERC 76-24 “GADFLER - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or BEarthquake Loading,”™ by J.R. Bocker, M.S. 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 pynamic Behavior of a Model Bridge
Structure,"” by K. Kawashima and J. Penzien -~ 1976 {(PB 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. Berterc - 1976 (PB 272 247)Al13

EERC 76-31 "The Effects of Seismic Disturbances on the Golden Gate Bridge," by F. Baron, M. Arikan and R.E. Hamati -
1976 (PB 272 279)A09

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction," by R.E. ¥lingner and V.V. Bertero - 1976
(PB 265 892)p13
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