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SUMMARY

A response spectrum method for stationary random vibration analysis of linear structures
is developed. The method is based on the assumption that the input excitation is a wide-band,
stationary Gaussian process and the response is also stationary. However, it can also be uséd as |
a good approximation for the response to a transient stationary Gaussian input with a duration
several times longer than the fundamental period of the structure. Various response quantities,
including the mean-squares of the response and its time derivative, the response mean fre-
quency, and the cumulative distribution and the mean and variance (;f the peak response are
obtained in terms of the ordinates of the mean response spectrum of the input excitation and
the modal properties of the structure. The formulation includes the cross-correlation between
modal responses, which are shown to be significant for modes with closely spaced natural fre-

quencies.

The proposed procedure is demonstrated for an example structure that is subjected to
earthquake induced base excitations. Computed results based on the response specirum
method are in close agreement with simulation results obtained from time-history dynamic
analysis. The significance of closely spaced modes and the error associated with a conventional

method that negiects the modal correlations are also demonstrated through this example.
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INTRODUCTION

In random vibration analysis of structures subjected to stationary excitations, a description
of the input excitation in terms of a power spectral density function is commonly used. For
linear systems, it is well known that the power spectral density of the stationary response is the
product of the system transmittancy function and the power spectral density of the input pro-
cess (8). It is also known that most response quantities of engineering interest can be obtained
in terms of the first few moments of the response power spectral density taken about the fre-
quency origin (16). For example, the zeroth moment, i.e. the area under the power spectral
density function, is the mean-square response, whereas the second moment, i.e. its moment of
inertié, is the mean-square of the response rate. In the special case when the response process
is Gaussian, it has been shown that the first three spectral moments, i.e., the zeroth, the first,
and the second, are also sufficient to determine the cumulative distribution and the mean and
variance of the peak response over a specified duration (16,5). These response quantities are
fundamental to and, for the most part, are adequate for safety assessment of structural systems

subjected to random excitations.

In certain applications, such as in earthquake engineering, the specification of the input
excitation in terms of a power spectral density function is not the most convenient method. A
description that is often found to be more expedient is in terms of the mear response spectrum.
This is a function describing the mean of the peak response of an oscillator of varying fre-
quency and damping to a given input excitation. In structural engineering practice, a response-
spectrum description of an input is preferred because of a variety of reasons. Chief among
these is, perhaps, tradition; many existing structural codes and specifications are based on the
response-spectrum method, and most structural engineers are accustomed with this idea.
Another reason is convenience in generating design response spectra rather than power spectral
densities from existing data. Finally, as shown in this paper, for certain critical response quanti-
ties, such as the mean of the peak response, a formulation based on the response spectrum

method is computationally simpler than that in terms of the power spectral density function.
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It is shown in this paper that, under a general set of conditions, the first three moments
of the response power spectral density for a linear structure can approximately be obtained in
terms of the mean response spectrum of the input excitation and the modal properties of the
structure. These conditions are that: (a) the structure have classical modes, (b) the input exci-
tation be a stationary Gaussian process, and (c) the input be a wide-band process, i.e. have a
smoothly varying power spectral density over a range of frequencies covering the signiﬁcant _
modes of vibration of the siructure. The resulting expressions for the three spectral moments
lead to a set of modal combination rules whereby each statistical quantity of the response,
including the mean-squares of the response and its time derivative, the response mean fre-
quency and the mean and variance of the peak response, is expressed 'as a combination of the
mean values of maximum modal responses, where each maximum modal response is obtained
in terms of the ordinate of the mean response spectrum, associated with the corresponding
modal frequency and damping, and the modal properties of the the structure. This analysis also
yields the cumulative distribution of the peak response in terms of the input response spec-
trum. An important feature of this formulation is that it accounts for the cross-correlation
between modal responses. It is shown that this correlation can be highly significant for struc-

tures with closely spaced natural frequencies,

In practice, the restrictions under which the method is applicable can be considerably
relaxed. Specifically, the method may be used for the transient response of structures to wide-
band Gaussian inputs, provided the peak response occurs during a stationary phase of the input
with a duration several times longer than the fundamental period of the structure. Within this
context, the method can be particularly useful in earthquake engineering in determining the
response of structures to transient base inputs. Such an application is demonstrated for an
example structure with closely spaced frequencies subjected to an ensemble of artificially gen-
~erated earthquake motions. Computed results based on the proposed response spectrum
method are shown to be in close agreement with Monte Carlo results obtained through time-

history analyses of individual motions. The example also serves to demonstrate the significance
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of the cross-correlation between responses in modes with closely spaced frequencies.

RESPONSE OF MDF SYSTEMS TO STATIONARY EXCITATION

Consider an n-degree-of-freedom, viscously damped, linear structure. Assume that the
structure has classical modes with w;, {,, i=1,2,...,s, denoting its modal frequencies and damp-
ing coefficients, respectively. It is well known (2) that, using a mode-superposition procedure,

any response R (1) of such a system can be expressed in terms of its modal responses as

R(D) = TR(D) = TU,5,(1) (1)
i i
where R, (¢} =¥,S,(t) is the response in mode / in which ¥, is the effective participation factor
for mode /and is a constant in terms of the i-th modal vector and the mass matrix (it is in gen-
eral the product of the conventional participation factor and a linear combination of the ele-
ments of the ~th modal vector (2)), and S§,(¢) is the i-th normal coordinate, representing the
response of an oscillator of frequency w, and damping coefficient {; to the given input. Con-
sider the stationary response of the system to a stationary input F (1), described through a one-
sided power spectral density Gr(w). With no loss of generality, let F(¢) be a zero-mean pro-
cess. Then, the response is also a zero-mean process. Its one-sided power spectral density is

given by

Grlw) = LYV Y, Gr(w) H(w) H(w) (2)
J

i

where H (&) =1/(w}—0+2i{;0,m) is the complex frequency-response function (for displace-
ment response) of mode /i and the asterisk denotes a complex conjugate. Using Eq. 2,

moments of the response power spectral density about the frequency origin are obtained as

AIH =

1

OHS

meR (w)dco = 22\1};\]}./?‘:7:.!] (3)
J

where

}‘m,tj = Re fmeF(w) Hi(m)H;((l)) dw (4)
0
are cross-spectral moments of the normal coordinates associated with modes i and j (5). It is

noted that because of symmetry Gg(w) is always real-valued, therefore, only the real parts of
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the cross-spectral moments are of interest. Introducing coeflicients p,, ;=X ;/~/A ik m i+ EQ.

3 can be written in terms of the spectral moments of the individual normal coordinates as

Ay = qu’iq’jpm,um . (5)
it

It is well known that Ag=o} and A\,=a} are the mean squares of the response, R (1), and its
time derivative, R (1), respectively, whereas A ,; and A, are the mean squares of the i-th nor-
mal coordinate S;(¢) and its time derivative, S:(¢), respectively. Also, from the preceding .
definition of p,, ;;, it should be clear that pg ; and p, ; are cross-correlation coeflicients between
S.(1) and S;(¢) and between their time derivatives, S,(r) and S_,(r), respectively. The moments
A, and A, ; are related to the envelope of the response process, as described in Ref. 16. The
corresponding coefficients, p;;, have no obvious physical interpretation. However, their

behavior is also similar to a correlation coefficient, as shown in Ref. 5.

Closed-form solutions for A, and p,; for m=0,1,2, i.e., for the first three spectral
moments, are given in Ref. 5 for responses to white-noise and filtered white-noise inputs. For
these classes of inputs, the power spectral densities are of the form

GF(OJ) = Go (6)

and

P
0
(02—w?)2+ 4L Jo 2o’

Grlw) = (7
respectively, where G, is a scale factor and w, and {, are the filter frequency and damping
coefficient. By proper selection of these parameters, a variety of input power spectral density
shapes can be studied. In particular, the filter frequency, w,, determines the dominant range of
input frequencies, whereas {, determines the smoothness of the power spectral density shape,
see Fig. 1. Observe that spectral amplitudes for frequencies greater than e, rapidly diminish
with increasing frequency. As a result of this, responses in modes with frequencies much
greater than w, will generaily be small and iinsigniﬁcant in comparison to responses in modes

with frequencies within the dominant range. This fact plays an important role in the subse-

quent development, since results obtained in the response spectrum method for modes within
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the dominant range of frequencies will be more accurate leading to accurate estimation of the
response. Also observe in Fig. 1 that the spectra are smoother for larger values of {,. For the
purpose of this study, a filtered white-noise input with ¢, > 0.6 will be consiﬁered as a wide-
band input. It is noted in passing that a filtered white noise with o, =57 and {,=0.6 is com-

monly used in earthquake engineering to model the ground acceleration process (2,7).

It is shown in Ref. 5 that whereas A, ; are sensitive to the shape of input power spectral
density (as described by parameters o, and (), the coefficients p,; remain relatively
indifferent for wide-band inputs, i.e. for {, > 0.6. As an example, Fig. 2 shows a comparison
of py ;4 for responses to white-noise and filtered white-noise inputs with.Z,=0.6. Similar results
are given in Ref. 5 for p, ; and p, ;. Observe in this figure that the correlation coefficient
rapidly diminishes as the two modal frequencies w; and w; move further apart. This is especially
true at small damping values that are typical of structures. Thus, for wide-band inputs cross
terms in Eq. 5 are only significant for modes with closely spaced frequencies. Also note that
the coefficients for responses to the two types of inputs are nearly the same as long as the
modal frequencies are not far beyond the dominant range of input frequencies, as it happens at
the right end of the lower graph in Fig. 2 where both w; and w; are much greater than o,.
Since the latter case is not critical, it follows that cross-correlation coefficients based on
response to a white-noise input are good approximations to the corresponding coefficients for
responses to wide-band inputs. Exact solutions of p,, ,;, m=0,1,2, for response to white-noise

input are given in Ref. 5. A set of approximate expressions obtained from these results are

I (a0 ) 2C ) + (=) 00|

Poij = 4(0);—0)_/)2 + (w;+w_;)2(§i+§_j)2 ' ®
2L |0 +0 )2 ) — 4(m,-—w_j)2/'rr]

Pri = o~ )+ (040 )L A+)? ®)
WL | (0 )2 +) ~ @] 1)

P2 = “ ' (10)

Ho—w) + (w40, (g +E,)?

These expressions, which are simpler but good approximations of the exact results, are plotted

in Fig. 3 for selected values of damping. On the basis of the preceding discussion, these
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expressions will be used here for responses to wide-band inputs with arbitrary power spectral
density shapes. With these expressions given, to evaluate Eq. 5 it is only necessary to compute

the spectral moments for individual normat coordinates given by

Npit = f")mGF(m)lHi(m)‘zdm a1
0
These moments for m=0, 1, and 7 are subsequently obtained in terms of the ordinates of the

mean response spectrum.

STATISTICS OF PEAK RESPONSE FOR GAUSSIAN EXCITATION

It is well known that the response of a linear structure to a zero-mean Gaussian input is
also zero-mean and Gaussian (8). Vanmarcke (17) has derived a distribution for the first-
crossing time of a symmetric barrier for a zero-mean, stationary Gaussian process in terms of
its first three spectral moments. Using his formulation, the cumulative distribution of the peak

absolute response over & duration 7, defined as

R, = max|R (1| (12)

can be expressed as

‘ 1—exp(—/m/238,5)
Fp {r) = [l—exp(—32/2)]exp —uT P 5 / , r>0 (13)
’ exp{s4/2)—1
in which s =r/o z = r/~/Ag is a normalized barrier level,
T A
/RN Ny I o
O R T Ag
is the mean zero-crossing rate of the process, and 8, =8', where
A
= — (15)
8 1 ks

is a shape factor for the response power spectral density with a value between zero and unity.
(A small value for & denotes a narrow-band process whereas a value near unity denotes a wide-
band process (17).) The mean and standard deviation of R, may in general be obtained as

§T=p0'R and o =qap, respectively, where p and ¢ are peak factors given in terms of the

three spectral moments and the duration 7. For 10 < v7 <1000 and 0.11 < 8 < 1, which are of
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interest in earthquake engineering, approximate expressions for p and g from Ref. 5 are

0.5772
= w7+ 22

F veT ~2lav,.7 (16)
12 54

T e 13+ Qo) 17)

where

(1638°9-0.38)v, 5 <0.69
ve= o, 8069 | (18)

is an cquivalent rate of statistically independent zero crossings. Fig. 4 shows plots of p and ¢
versus vt for selected values of 8. Shown in this figure is also the ratio ¢/p which is the

coefficient of variation of the peak response.

For large values of vr {say, »7 2 5000), which may be of interest in some applications
such as in wind and ocean engineering, asymptotic expressions of the peak factors given by

Davenport (3) may be used

~ 0.5772

p =~ 2lnvr + .f——zlmﬂr (19
T i 00)

T="76 nwr

These expressions, which are independent of 9, disregard the dependence between the crossings
of the process. For this reason they can only be used for large v for which the influence of

such dependence on the mean and variance is negligible (17).

Results similar to the above also apply to each normal coordinate §,(7). It suffices to
replace R by S, and A, by A, in each of Egs. 12-15. For notational purposes, the parameters
v, &, p, and ¢ for the i-th normal coordinate will be denoted in the subsequent analysis by v,,

8,, pi,» and g, respectively.

DEVELOPMENT OF THE RESPONSE SPECTRUM METHOD

Let S,(w,) represent the mean value of the maximum absolute response of an oscillator
of frequency » and damping { to a stationary input excitation, F(r), over a duration 7. The
function §,(w,£) for variable ® and { is defined herein as the mean response spectrum associ-

ated with the input F(r) and the duration 7. It is the objective in this section to develop a
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procedure for evaluating the response of a multi-degree-of-freedom structure when the input is
a zero-mean, wide-band, stationary Gaussian process specified through its mean response spec-

trum,

From solutions in Ref. 5, it can be shown that the mean zero-crossing rate,
V,-=\/W/7T, and the shape factor, §, =\/1—)\12_,,-/)\0‘,,~)t2,,v,, associated with the response of
an oscillator of frequency w; and damping coeflicient {;, are not too sensitive to the shape of
the input power spectral density, provided that the input is wide-band and that the oscillator
frequency is not far beyond the significant range of input frequencies. As an example, Fig. 5
shows the ratios of these quantities for response to a ﬁltered‘white-noise input with £,=0.6 to
those for response to a white-noise inpul. Observe that the ratio of the mean zero-crossing
rates is always very near unity. Also, the ratio of shape factors is near unity for values of the
oscillator frequency that are within the dominant range of input frequencies. From this argu-
ment, and the fact that the response is not overly sensitive to small variations in the mean
zero-crossing rate and the shape factor (as it is evident in Fig. 4 for the mean and variance of
the peak response), it follows that values of »; and §; that are based on a white-noise input are
good approximations for the corresponding values for response to a wide-band input with arbi-

trary power spectral density shape. Thus, using results for a white-noise input (5,17),

£

v, = — 21)

and

1

Y
i] (22)
™

et 2 E ] =
Vi T VI

where the approximation is valid for small damping. These expressions are used in Egs. 16-18
{or 19-20) to compute the peak factors p, and ¢; for each normal coordinate in terms of the

corresponding modal frequency and damping coefficient.

From the definition of the mean response spectrum, it is clear that §,(m,, £} is the mean

of the absolute maximum of the ~th normal coordinate, S;(z). Thus, using the relation

S (w,, ) =p~/Xg i, onc obtains
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AO,!'I' = LE (m1’€ ) (23)
P

i

Furthermore, using the relations v, =+/X, ;/Ag /7 and &, =~/1—A{ /X ;A5 together with the
above expression and Egs. 21-22, the first and second spectral moments for the ith normal

coordinate are obtained as

A.[.,',' = —lp—cﬂs (w,,§ ) (24)

and

hl:}

i

2

Wi —

—;Sf (0,8) (25)
Pi

respectively. Egs. 23-25 give the first three spectral moments of the i-th normal coordinate in
terms of the corresponding modal frequency and damping coefficient and the ordinate of the
input response spectrum. These results are, of course, only valid for responses to wide-band
inputs and for modes whose frequencies are within the dominant range of the input frequen-

cies.

Using Egs. 23-25 together with Eqs. 8-10 in Eq. 5, the moments Ag, Ay, and A; of the
response power spectral density are computed in terms of the response spectrum ordinates.
These moments can be used to evaluate the cumulative distribution of the peak response or the
various statistical quantities of the response as described in the previous section {Egs. 13-20).
In particular, denoting R,,=¥,S.(w, {,} as the mean of the maximum response in mode /, this
analysis yields the following modal combination rules for the response quantities:
Root-mean-square of response:

Tp =

7
22 ﬁpo SRR ] (26)
ioj orivy

Root-mean-square of response rate:

A

Pl IJRITRJT (27)

[22

Mean of peak response:

pip;

]
R, = pox = [):z——po,, R] (28)

Ji pfpl
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Standard deviation of peak response:
s
TR, ={qog = [22—‘.00“ R (29
Pib;
where p and g in the last two equations are the peak factors for the response and are obtained
from Egs. 16-18 {or 19-20) in terms of the mean crossing rate (Eq. 14) and the shape factor
(Eq. 15) of the response process. Another quantity that is of practical interest is the response

mean frequency, denoted by @, which is given by

>

@) ; _— =
lo g Ez pp, pz":jR”R-jT .
BE=ay=— = i (30)
R
E?‘ PPy posR

This frequency determines the average number of response cycles over a unit duration and is
useful in certain studies such as for fatigue related failures. Observe that, since pg; and p,
are nearly the same (see Fig. 3), the mean response frequency is a weighted root-mean-square

of the modal frequencies of the structure.

It is important to note in the preceding expressions that since 5,(w;, ;) is by definition
positive, the sign of l?,-, is the same as that of the corresponding effective participation factor,
W,. The sign of this factor depends on the modal characteristics of the structure and on the
direction of input. Since pg, and p,, are always positive, it follows that the cross terms in
Egs. 26-30 are negative when ¥, and WV, assume opposite signs. It is easy to show, however,

that the double summations inside parcnthescs in these expressions are always positive.

In many practical applications, the mean of the peak response is all that is required.
Therefore, a close examination and possible simplification of Eq. 28 is of special interest. It is
first noted from substituting Eq. 21 in Eq. 30 that the mean zero-crossing rate of the response
process, v, is a weighted root-mean-square of the mean zero-crossing rates, »;, of the normal
coordinates. On the other hand, the shape factor, 8, of the response process would usually tend
to be greater than §;, since the response being contributed by all modes is usually a broader-
band process than each of the normal coordinates. This, however, may not be true when the

response is mainly contributed by one mode or two closely spaced modes, in which case 8§ can
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be equal to or smaller than &;. In any case, since the peak factor is only slightly dependent on
the shape factor (see Fig. 4), it is easy to see that, because of the relation of v to »,, p would
generally tend to be some sort of an average of p;. It follows, then, that the ratios p/p, are
around unity and, since the peak factor monotonically increases with the frequency, they tend
to decrease with increasing mode number. The role of these ratios in Eq. 28 for the mean
response, therefore, is to enhance the contributions from the lower modes and to reduce those
from the higher modes of the structure. Since the peak factor has slow variation with the fre-
quency, as is evident from its logarithmic relation to the mean-crossing rate {see Fig. 4), for
most structures the ratios p/p; would tend to be near unity. Thus, these ratios in the expres-
sion for the mean response can be discarded without much loss ‘of accuracy. With this
simplification, Eq. 28 reduces to

V

ET= EEPO,UEiTR—jT (3l)
iJ

The advantage gained from this simplification is that the mean response is now given directly in
terms of the maximum modal responses and the coefficients pg ;; i.e., there is no need to com-
pute the spectral moments from Eq. 5. Also note that this expression for the mean response is
independent of the duration (except that which is implied through the input response spec-

trum).

A similar simplification of the expression for the response mean frequency, w, is also pos- .
sibie, which after multipiying the numerator and denominator in Eq. 30 by p and neglecting the
ratios p/p,, reduces to

= = 3
ZZw,w,sz,f;thR,-r
o=|—2 == (32)
22 p0iRiR;
i

Observe that, with this simplification, @ becomes the root-mean-square of the modal frequen-

cies as weighted by the maximum modal responses. Because of this, this frequency is a good
indicator of the significance of contributions from various modes of a structure to a particular

response, i.e. a larger @ would indicate larger contributions from higher modes.
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For structures with well separated frequencies the coefficients p,, ; vanish; see Fig. 3. As
a result, all cross terms in the response expressions, i.e., Egs. 5 and 26-32, can be neglected for
such structures. (As a simple rule, such terms can be dropped when ®,/w ; is less than
0.2/(¢,+¢,), which approximately corresponds to p,, ; less than 0.1 (5).) In particular, Eq. 31 in
this case reduces to

s

R = [zﬁﬁ 33)

This is the well known square-root-of-sum-of-squares {SRSS) rule for modal combination. It is
clear from this derivation that the SRSS rule for the peak response is only adequate for struc-
tures with well spaced frequencies. The error associated with the SRSS method for neglecting

the modal cross-correlations can be significant, as illustrated in the subsequent example.

APPLICATION TO EARTHQUAKE LOADING

The proposed moedal combination procedure should be particularly useful in earthquake
engineering, where a response spectrum description of the ground motion is widely used. How-
ever, for such an application, it is important to examine the validity of the basic assumptions of
the method relative to earthquake excitations. Specifically, assumptions to be examined are: (a)
that the ground motion is a stationary Gaussian process with a wide-band power spectral den-
sity, and (b) that the response of the (linear) structure is a stationary process. Whereas
earthquake-induced ground motions are inherently nonstationary, the strong phase of such
motions is usually nearly stationary. Since the peak response generally occurs during this
phase, it is reasonable, at least for the purpose of developing a response spectrum method, to
assume it to be a stationary process. This assumption would clearly become less accurate for
short-duration, impulsive earthquakes. The assumption of Gaussian excitation is acceptable on
the basis of the central limit theorem, since the earthquake ground motion is the accumulation
of a large number of randomly arriving pulses (2). The wide-band assumption for the earth-
quake motion has been verified based on recorded motions and is generally accepted (2,7).

Finally, for the assumption of stationary response, it is well known (e.g., Ref. 8) that the
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response of a not-too-lightly damped oscillator to a wide-band input reaches stationarity in just a
few cycles, Thus, this assumption should be acceptable for structures whose fundamental
periods are several times shorter than the strong-phase duration of the ground motion. These
considerations also suggest that the strong-phase duration of the ground motion is the appropri-

ate value for the parameter r to be used in the response spectrum method.

It is clear from the above discussion that the response spectrum method for earthquake
loading will be most accurate for earthquakes with long, stationary phases of strong shaking and
for not-too-lightly damped structures whose fundamental periods are several times shorter than
the duration of earthquake. Through a number of example studies, it_has been found that the
procedure is quite accurate for typical structures and earthquakes (see the example below). It
has also been found that Eq. 31 for the mean response closely approximates the maximum
response for a deterministic ground motion with a non-smooth response spectrum. For this
reason, it ha;s been proposed as a replacement for the SRSS method in deterministic analysis
(18). Based on the coefficient of variation of the peak response, i.e. the ratio ¢/p in Fig. 4,
maximum errors in such applications are expected to range within 10 to 30 percent, depending

on the response frequency.

Several formulations for the mean of the peak response to earthquake excitations have
previously been proposed (10,11,14), These are similar to Eq. 31 of the present formulation,
except for the difference in expressions given for the cross-correlation coefficient. The best
known among these methods is that of Rosenblueth et al. (10). In their formulation, which
has somewhat heuristic bases, the cross-correlation coefficients are given in terms of the modal
frequencies and damping coefficients and the duration of motion. For earthquake-type excita-
tions, this method appears to give good results if the duration is known (see Refs. 4 and 13 for
comparisons of the method with exact solutions). However, since the duration is often unk-
nown, Eq. 31, which is independent of duration, provides a better method to be used in such
applications. It must be pointed out that none of the existing response spectrum methods pro-

vide any means for computing the variance or the cumulative distribution of the peak response.



- 15 -

This aspect of the present formulation, therefore, is unique and a furtherance of the state of

the art.

EXAMPLE APPLICATION

As an example application of the proposed response spectrum method, the responses of a
5-story building structure to a set of 20 simulated ground motions are studied. The building is
assumed to have rigid floors with uniform mass and stiffness along the height. A typical floor
plan and the properties are shown in Fig. 6. The structure is subjected to ground motions in
the x direction only. However, because of asymmetry about the x axis, the center of mass at
each floor has a rotational as well as a translational degree of freedom. This results in modes

with closely spaced frequencies, as described in the table in Fig, 6.

The ground motions used in this study were obtained using a simulation method by Ruiz
and Penzien (12). In this method, ground acceleration records are generated as samples of a
filtered Gaussian white-noise process as modulated by an intensity function. The filter parame-
ters for the power spectral density were selected to be w, =57 and {,=0.6. An intensity func-
tion similar to that of a type-B earthquake, as defined by Jennings et al. {6), was used for this
purpose. It includes a stationary strong-motion phase of 11 seconds (between 4 and 15
seconds), yielding =11 for the response spectrum analysis. The power spectral density scale
factor, G, (see Eq. 7), was selected such as to produce a mean peak ground acceleration of 0.5¢
over the ensemble of records. A sample of the simulaied ground motions is illustrated in Fig.

7.

Pseudo-velocity response spectra associated with each individual ground motion for 0, 2,
5, 10, and 20 percent damping were computed. Means, standard deviations, and coefficients of
variation of these spectra are shown in Fig. 8. For comparison, the coefficient of variation, ¢/p,
based on Egs. 16-18 and 21-22, are also shown in Fig. 8{(c) for the spectra with non-zero damp-
ing (smooth curves). Observe that for such spectra the analytical estimates of the coefficient of
variation closely agree with simulation results. It is interesting to note that the coefficient of

variation is relatively insensitive to damping. Also, note that it increages with increasing period
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ranging from about 0.1 at short periods (0.05 seconds) to about 0.3 to 0.4 at long periods (5
seconds}. This implies that the peak response of low-frequency oscillators is more sensitive to
details of the ground motion than that of high-frequency oscillators. This is iﬁ agreement with
Trifunac’s results in a study of digitization noise for recorded accelerograms (15). It is also
interesting to note in the simulation results of Fig. 8(c) that for an undamped oscillator the
coefficient of variation in the peak response is much larger than that for a damped oscillator,
especially for short period oscillators. (Note that for an undamped oscillator the response does
not reach stationarity and the analytical expressions in Egs. 16-18 do not hold.) A somewhat
surprising result in Fig. 8(c) is the small magnitude of the coefficient Jof variation for damped
spectra. Studies based on recorded accelerograms, such as that by Newmark {9), generally indi-
cate much larger variability. This can be explained by the fact that acceleration records used in
such studies are for different earthquakes and site conditions and do not represent members of
a single stochastic process. The larger coeflicient of variation is a consequence of this added
variability.

Using numerical integration, peak responses of the example structure to each of the 20
ground motions were computed. These samples are subsequently compared with response esti-
males based on the proposed method using the mean response spectrum in Fig. 8(a). Table 1
shows a comparison of the means and standard deviations of peak responses. (The word "simuy-
lation” in this table denotes results based on numerical integration). Included in this table are
estimates of the mean peak response based on Eq. 28, the simplified method of Eq. 31, and the
SRSS method of Eq. 33, and estimates of the standard deviation of peak response based on Eq.
29. Estimates of the root-mean-square response based on Eq. 26 are also included in the last
column of the table. It can be observed in this table that Egs. 28 and 29 for the mean and
standard deviation of the peak response are in close agreement with the simulation results, The
simplified expression for the mean response, Eq. 31, also appears to give good results. How-
ever, the SRSS method, Eq. 33, is in gross error reflecting the significance of the correlation

between modal responses which is neglected in this approach., Note that this method of modal
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combination underestimates the translational responses by as much as 27 percent and overesti-

mates the rotational responses by a factor greater than 2.

Fig. 9 shows a plot of the mean frequency, @, for various responses of the structure. As
can be observed, this frequency has a small value (close to the frequencies of the first two
modes) for floor displacements and rotations and for lower story shears and torques, whereas it
has a larger value for upper story shears and torques and for floor pseudo-accelerations. ’Since‘
® is the root-mean-square of modal frequencies as weighted by the corresponding modal
responses, it follows from Fig. 9 that, as expected, floor displacements and rotations and lower
story shears and torques are mainly contributed by the first two modes, whereas upper-story
shears and torques and floor pseudo-accelerations have significant c;mtrihutions from higher

modes.

Finally, Fig. 10 shows comparisons between the cumulative histograms of the simulated
samples and the cumulative distribution of Eq. 13, based on the response spectrum method, for
selected response quantities. In all cases, the theoretical distribution is acceptable based on the

Kolmogorov-Smirnov test (1) at all significance levels.

CONCLUSIONS
The principal results and conclusions of this study can be summarized as follows:

(1) A response spectrum method for stationary random vibration analysis of linear structures
subjected to wide-band, stationary Gaussian excitations is developed. Modal combination
rules are derived for the mean-squares of the response and its time derivative, the mean
and variance of the peak response and the mean frequency of the response. The cumula-
tive distribution of the peak response is also obtained in terms of the input response spec-

trum. The analysis properly accounts for the cross-correlation between modal responses.

(2) The cross-correlation between modal responses is significant for modes with closely spaced
frequencies. The conventional SRSS method of modal combination, which neglects this

correlation, can lead to gross errors in estimating the peak response when the structure
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frequencies are closely spaced.

(3) The proposed response spectrum method can be used for structures subjected to transient
Gaussian wide-band inputs, such as earthquake induced base excitations. In such applica-
tions, the method would be more accurate when the excitation has a long, stationary
phase of strong motion, and the structure is not too lightly damped and has a fundamental

period which is several times shorter than the duration of excitation.

{4) In an example application, results based on the proposed response spectrum methoed are in
close agreement with simulation results based on time-history computations. It is shown
that the coefficient of variation in the peak response of an psci]lator increases with
decreasing oscillator frequency and damping. This coefficient is found to range between
0.1 to 0.4 for osciltators of period 0.05 to 5 seconds. It is also shown that the response
mean frequency, which is given as the root-mean-square of modal frequencies as weighted
by the corresponding modal responses, is a good indicator of the significance of higher

modes to a particular response.
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NOTATION

cumulative distribution of R,

power spectral density scale factor;

power spectral density of F{);

power spectral density of R (1),

frequency response function for mode /;

complex conjugate of H, (w);

a non-negative integer;

peak factor for mean of peak response;

peak factor for mean peak of ~th normal coordinate;
peak factor for standard deviation of peak response;
peak factor for standard deviation of peak of i-th normal coordinate;
barrier level,

random process describing response of structure;
time derivative of R (¢);

random process describing response in mode
peak of R {¢) over 7;

mean of R ;

mean of peak response in mode 7

normalized barrier level,

normal coordinate associated with ith mode;

time derivative of S;(¢);

ordinate of mean response spectrum at frequency o and damping £
time;

shape factor for power spectral density of R (1)

an effective value of §;

shape factor for power spectral density of S;(1);
filter damping coefficient;

damping coefficient for mode /;

m-th moment of response power spectral density,
m-th cross-spectral moment of S,(¢) and S,(¢);
mean zero-crossing rate of R (£);

an equivalent mean zero-crossing rate;

mean zero-crossing rate of S, (1},

correlation coefficients associated with A, ;;
root-mean-square of R (f);

root-mean-square of o 4

standard deviation of peak response;

duration of excitation;

effective participation factor for mode /;
circular frequency;

filter circular frequency;

natural circular frequency of mode /; and
mean frequency of response.
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Table 1. Summary of Results for Example Structure

R, TR, TR
Response Level
Description . Eq. 28 | Eq. 31 | Eq. 33 . Eq. 29

Stmul. = | Simal, | S || O™ | S (| B4 26

Displacement, ¢m. 5 8.05 0.99 0.97 0.74 1.59 0.92 2.96
4 7.38 0.98 0.98 0.74 1.43 0.90 2.68

3 6.10 (.99 0.99 0.75 119 0.88 2.23

2 4.36 1.00 0.99 0.75 0.85 0.88 1.59

1 2.29 1.02 0.99 0.75 0.43 0.87 0.82

Rotation, radx1072. 5 0.463 1.06 14 2.32 0.088 1.01 0.200
4 0.426 1.02 12 2.31 0.082 1.05 0.178

3 0.355 1.00 11 2.30 0.070 1.07 0.146

2 0.256 0.99 10 2.29 0.051 1.06 0.104

1 0.134 1.01 10 2.28 0.026 1.03 0.054

Pseudo-Acceleration, g 5 1.430 0.99 0.97 0.73 0.278 0.90 0.486
4 1.270 1.02 0.98 0.74 0.237 0.87 0.458

3 1.050 1.08 1.01 0.76 0.192 0.87 0.384

2 0.843 1.08 0.99 0.74 0.114 1.09 0.298

1 0.611 0.96 0.86 0.73 0.067 1.07 0.182

Angular Pseudo- 5 0.803 1.07 1.11 2.31 0.136 1.09 0.296
Acceleration, rad/s’. 4 0.716 1.10 1.12 2.31 0.140 0.93 0.278
3 0.624 1.16 1.09 2.25 0.131 0.81 0.246

2 0.494 1.17 1.07 2.23 0.101 0.79 0.192

1 0.296 1.21 1.10 2.30 0.051 0.89 0.112

Story Shear, &N. S 1408 0.99 0.97 0.73 273 090 478
4 2648 1.00 0.97 0.73 504 0.84 G45

3 3628 0.98 0.98 0.74 687 0.89 1305

2 4302 0.99 0.99 0.75 829 0.89 1569

1 4701 1.00 0.99 0.75 893 0.90 1681

Story Torque, kN.m, 5 2488 1.07 1.1 2.31 421 1.09 914
4 4640 1.13 1.12 2.32 837 1.05 1897

3 6367 1.03 1.13 2.34 1246 1.08 2641

2 7686 1.01 1.12 2.33 1568 1.04 3166

1 8442 1.06 1.13 2.31 1727 0.94 3577

Note:R ,= mean of peak response; & R= standard deviation of peak response; o - root-mean-

square response.
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Modal Properties

Mode | Freq., ¢ps | Damp. Ratio
I 2.00 0.05
2 2.11 0.05
3 5.84 0.05
4 6.17 0.05
5 9.20 0.05
6 9.72 0.05
7 11.80 0.05
8 12.50 0.05
9 13.50 0.05

10 14.20 0.05

Figure 6. Properties of Example Structure.
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"Static and Dynamic Analysis of Inelastic Frame Structures,” by F.L. Porter and G.H. Powell - 1871
(PB 210 135)A0¢

"Research Needs in Limit Design of Reinforced Concrete Structures,” by V.V. Bertoro - 1971 (PB 202 941)A04

"Dynamic Behavior of a High~Rise Diagonally Braced Stecl Building,” by D. Rea, A.A. Shah and 5.G. Bouwhawp
1971 (PB 203 584)A06

"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 Subaasemblages," by H. Krawinkler, V.V, Bertero and E.F. Popov
1971 (PB 211 335)}Aal14

"Modification of Seismograph Records for Bffects of Local Soil Conditions," by P. Schnabel, H.B. Seed and
J. Lysmer - 1971 (PB 214 450)A03

"Static and Earthquake Analysis of Three Dimensional Frame and Shear Wall Buildings,"” by E.L. Wilson and
H.H. Dovey - 1972 (PB 212 S04)A05

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

"Elastic=-Plastic Earthgquake Response of 50il1-Building Systems," by T. Minami ?1972 (PB 214 B6R)ADS

"Stochastic Inelastic Responge of Offsghore Towers to Strong Motion Earthauakes,” by M.K. Kaul -1972
(PR 215 713)A05

"Cyclic Behavior of Three Reinforced Concrete Flexural Members with High Shear," by E.P. Popov, V.V. Bertero
and H. Krawinkler - 1872 (PB 214 585)A05

"Earthquake Response of Gravity Dams Including Reservoir Interaction Effects," by P. Chakrabarti and
A.K. Chopra - 1972 {(aAD 762 330)a08

"Dynamic Properties of Pine Flat Dam," by D. Rea, C.Y, Liaw and A.X. Chopra -1972 (AD 763 928)A05
"Three Dimensional Bnalysis of Building Systems,” by E.L. Wilson and H.H. Dovey - 1972 (PB 222 438)a06

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

"Computer Program for Static and Dynamic Analysis of Linear Struactural Systems," by E.L. Wilson, K~J. Bathe,
J.E. Peterson and H.H.Dovey - 1972 (PB 220 437)R04

"Literature Survey - Seismic Effects on Highway Bridges,™ by T. lwasaki, J. Penzien and R.W. Clough - 1972
(FB 215 ©613)A19

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

“mnalysis of the Slides in the San Fernando Dams During the Earthguake of February 9, 1971," by H.B. Seed,
X.L. Lee, I.M. Idriss and F. Makdisi- 1973 {(PB 223 402)Al4
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EERC-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

"Experimental Investigation intc the Seismic Behavior of Critical Reqions of Reinforced Concrete Components
as Influenced by Moment and Shear,” by M. Celebi and J. Penzien - 1973 (BB 215 884)A09 :

"Hysteretic Behavior of Epoxy-Repaired Reinforced Concrete Beams," by M. Celebi and J. Penzien - 1973
(PR 239 B68)AD3

"General Purpose Computer Program for Inelastic Dynamic Response of Plane Structures,” by A. Kanaan and
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 0. XKustu and
J.G. Bouwkamp - 1973 (PR 246 117)Al12

"Earthquake Analysis of Structure-Foundation Systems," by A.K. Vaish and A.K. Chopra - 1973 (AD 766 272)A07
"Deconvolution of Seismic Response for Linear Systems," by R.B. Reimer - 1973 (PB 227 179)308

"SAP IV: A Structural Analysis DProgram for Static and Dynamic Response of Linear Systems,” by K-J. Bathe,
E.T.. Wilscen and F.E. Peterson -~ 1973 (PB 221 967)A00

"Analytical Investigations of the Seismic Response of Long, Multiple Span Highway Bridges," by W.S. Tseng
and J. Penzien - 1973 (PB 227 816)Al10

"Earthquake Bnalysis of Multi-Story Buildings Including Poundation Interaction,”™ by A.K. Chopra and
J.A, Gutierrez - 1373 (PB 222 970)a03

"BRDAP: A Computer Program for Static and Dynamic Analysis of Arch Dams,” by R.W. Clough, J.M. Raphael and
S. Mojtahedi - 1973 (PB 223 763)A09

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

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

"Dynamic schavior 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 Reinforcirg on Seismic Behavior of Short Concrete Columns," by V.V. Bertero,
J. Hollings, O. Kustu, R.M. Stephen and J.G. Bouwkamp - 1973

"Olive View Medical Center Materials Studics, Phase I," by B. Bresler and V.V. Bertero - 1973 (PR 235 9861A06

"Linear and Nonlinear Seismic Analysis Computer Programs for Long Multiple-Span Highway Bridges," by
W.5. 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 Rerkelev - 1973," (PR 226 033)All
Unassigned

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

“Investigation of the Failures of the Clive View Stairtowers During the San Fernandeo Earthguake and Their
Implications on Seismic Design," by V.V. Bertero and R.G., Collins - 1973 (PB 235 106)A13

"Further Studies on Scismic Behavier 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.8. Oliveira -1974 (PB 235 920)206

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

"Optimum Design of Barthquake 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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EERC-4

"Sensitivity Analysis for Hysteretic Dynamic Systems: Applications te Earthquake Engineering,” by D. Ray
1974 (PB 233 213)A06

"Soil Structure Interaction Analyses for Evaluating Seismic Response," by H.E. 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 B. Tang - 1974 (PB 240 8A9)A0Z3

"Hysteretic Behavior of Reinforced Concrete Flexural Members with Specihl Web Reinforeement,” by
V.V. Bextero, E.P. Popov and T.Y. Wang - 1974 (PB 236 797}A07

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

"Liquefaction of Gravelly Secoils Under Cyeclic Loading Conditions,”™ by R.T. Wong, H.B. Seed and C.X. Chan
1974 (PB 242 042)A03

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

"Earthquake Simulator Study of a Reinforced Concrete Frame," by P. Hidalgo and R.W. Clough - 1974
(PB 241 924)A13

"Nonlinear Earthquake Response of Concrete Gravity Dams,” by N. Pal - 1974 (AD/R 006 583)R06

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

N. Distefano and A. Rath - 1974 (PB 241 S548)A0&

"Determination of Seismic Degign Criteria for the Dumbarton Bridge Replacement Structure,Vol.I: Description,
Theory and Analytical Modeling of Bridge and Parameters," by ¥. Baron and 8.-H. Pang - 1975 (PB 259 407)Al5
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.II: Numerical
Studies and Establighment of Seismic Degign Critexia,” by ¥, Baron and $.-H, Pang-1975 (PR 259 408)all
(For set of EERC 75-1 and 75-2 (PB 259 406))

"Seismic Risk Analysis for a Site and a Metropolitan Area,” by C.3. Oliveira - 1275 (PB 248 134)a03

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by
M.-C. ¢Chen and J. Fenzien- 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)Al6

"Earthquake Simulator Study of a Steel Frame Structure, Vol, I: Experimental Results,” by R.W. Clough and
D.T. Tang-1975 (PB 243 981)Al13

"Dynamic Properties of San Bernardino Intake Tower," by D. Rea, C.-Y¥. Liaw and A.K. Chopra - 1975 (AD/AQ0S 406)
ADS

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol. I: Description,
Theory and Analvtical 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: HNumerical
Studies of Steel and Concrete Girder Alternates," by F. Baron and R.E. Hamati - 1975 (PB 251 540)Al10

"Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell - 1975 (FPB 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and S. Chandramouli - 1975 (PB 252 365)All
"Earthquake 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 243 989)a07

"Determination of Soil Liquefaction Characteristics by Large-Scale Laboratoyxy 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

"Relatianships Between Maximum Acceleration, Maximum Velocity, Digtance from Source, Local Site Conditions
for Moderately Strong Earthgquakes," by H.B. Seed, R. Murarka, J. Lysmer and I.M. Tdriss - 1975 (PR 248 172)R03

"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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EERC-5

"The Seismic Behavigor of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien = 1975 (PR 258 842)Al1

"Dynamic Properties of an Eleven Story Masonry Building," by R.M, Stephen, J.P. Hollings, J.G. Bouwkamp and
D. Jurukovski - 1875 (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 Stiffrness Matrices for Viscoelastic Half-Plane Foundations," by A.K, Chopra,
P. Chakrabarti and ¢. Dasgupta - 1975 (PB 248 121)AG7

"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 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 Liguefaction,” 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. Bertera
1975 {PB 248 136)}A05

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

"Representation of Irregular Stress Time Histories by Eguivalent 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,"
J. Lysmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)A07

by
"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 Tnteraction Analysis with Horizontally Travelling
Waves,"” by T. Udaka, J. Lvsmer and H.B. Seed - 1975

"Predicting the Performance of Structures in Regions of High Seismicity,” by J. Penzien - 1975 (PB 248 130)JA0%

"Efficient Finite Element Analysis of Seismic Structure - Soil - Directioen,™ 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 - 1975 {(PB 248 841;h0%

"Earthquake Simulator Study of a Steel Frame Structure, Volume II - Analytical Results,” by D.T, Tang - 1975
(PB 252 926)Al10

"ANSR-T General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Fowell - 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 (PR 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.§. Pister - 1975 (PB 257 781}a06

“An Alternative Representation of the Elastic-Viscoelastic Analogy,"™ by G. Dasgupta and J.L. Sackman - 1375
(PB 252 173)A03

“"Effect of Multi-Directional Shaking on Liquefaction of Sands,” by H.B. Seed, K. 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 Rectanqular and
T-Beams,” by §.-Y.M. Ma, E.P. Popov and V.V, Bertero - 1976 (PB 260 B43}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



EERC-6

EERC 76-5 “Analysis and Design of Tube-Type Tall Building Structures,” by H. de Clercq and G.E. Powell - 1878 (PB 252 220}
Al0

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

EERC 76=7 "Expected Performance of Uniform Building Code Design Masonry Structures,” by R.L., Mayes, Y. Omote, 5.W. Chen
and R.W. Clough - 1976 (PB 270 098)a05 ’

EERC 76-8 "Cyclic Shear Tests of Masonry Piers, vVolume 1 - Test Results," by R.L. Mayes, Y. Omote, R,W,
Clough - 1376 (PB 264 424)A06

EERC 76-9 "A Substructure Method for Earthquake Analysis of Structure - Seil Interaction,” by J.A. Gutierrez and
A.K. Chopra ~ 1976 (PB 257 783)A08

EERC 76-10 "Stabilization of Potentially Liguefiable Sand Deposits using Gravel Drain Systems," by H.B. Seed and
J.R. Bocker - 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)A06

© 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)}A04

EERC 70-13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by C.L. Kan and A.K. Chopra -
1976 (PB 257 907)ACO

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

EERC 76-17 ‘"sStructural Steel Bracing Systems: Behavior Under Cyclic Loading,” by E.P. Popov, K. Takanashi and
C.W. Roedexr - 1876 {PB 260 715)20%

EERC 76-18 ‘"Experimental Model Studies on Seismic Response of High Curved Overcrossings,” by D. Williams and
W.G. Godden - 1976 (PB 269 548)A08

EERC 76-19 "Effects of Non-Uniform Seismic Disturbances on the Dumbarton Bridge Replacement Structure," by
F. Baron and R.E. Hamati - 1976 (PB 282 981)al%

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
(PR 260 378)A04

EERC 76-22 '"Response of the Olive View Hospital Main Building during the San Fernando Earthquake,”™ by S, A, Mahin,
V.V. Bertero, A.K. Chopra and R, Collins - 1976 (PB 271 425)}al4

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 $.W. Chen - 1876 (Not published)

EERC 76-24 "GADFLEA - A Computer Program for the Analysis of Pore Pressure Generation and Dissipation during
Cyclic or Earthguake Loading,”™ by J.R. Booker, M.S5. Rahman and H.B. Seed - 1976 (PB 263 347)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 - 1276 (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 B899)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 Characteristies of Reinforced Concrete Buildings," by
L.E. Malik and V.V. Berterc - 1976 (PB 272 247)Al3

EERC 76-31 "The Effects of Seismic Disturbances on the Colden Gate Bridge," by F. Baron, M. Arikan and R.E. Hamati =~
1976 (PB 272 279)n09

EERC 76-32 "Infilled Frames in Earthquake Resistant Construction,” by R.E. Xlingner and V.V. Bertero - 1976
{PB 265 892)al13



UCB/EERC-77/01
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UCB/FERC-77/06

UCB/EERC~77/07
UCB/EERC-77/08

UCB/EERC-77 /09

UCB/EERC-77/10

UCB/EERC~77/11

UCB/EERC-77/12
UCB/EERC~77/13

UCB/EERC-77/14

UCB/EERC-77/15
UCB/EERC-77/16
UCB/EERC-77/17
UCB/EERC-77/18
UCB/EERC-77/19
UCB/EERC-77/20
UCB/EERC-77/21
UCB/EERC-77/22
UCB/EERC-77/23
UCB/FERC-77/24
UCB/EERC-77/25
UCB/EERC-77/26
UCB/EERC-77/27
UCB/EERC-77/28
UCB/EERC-77/29

UCB/EERC-77/30

EERC-7
"PLUSH ~ A Computer Program for Probahilistie Finite Element Analysis of Seismie Soil-Structure Inter—
action,” by M.P. Rome Organista, J. Lysmer and H.B. Seed - 1977

“Soil-Structure Interacticn Effects at the Humboldt Bay Power Plant in the .Ferndale Earthquake of June
7, 1975," by J.E. Valera, H.B. Seed, C.F. Tsai and J. Lysmer — 1377 (PR 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic Loading," by K. Mori, H.B. Seed and C.K.
Chan - 1977 (PB 267 352)A04

"Seismological Studies of Strong Motion Records,” by J. Shoja=-Taheri - 1977 (PB 269 655)Al10
"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Bertero and E.P. Popov - 1977
"Developing

B. Bresler;
Bertero and

Methodologies for Evaluating the Earthquake Safety of Existing Buildings," by No. 1 -
No. 2 - B. Bresler, T. Okada and D. Zisling; No. 3 -~ T. Okada and B. Bresler; No. 4 - V.V.
B. Bresler = 1977 (PB 267 354)a08 :

"A Literature Survey - Transverse Strength of Masonry Walls," by Y. Omote, R.L. Mayes, S.W. Chen and
R.W. Clough =~ 1977 (BB 277 933)A07

"DRATN-TABS: A Computer Program for Inelastic Earthquake Response of Three Dimensional Buildings," by
R. Guendelman-Israel and G.H. Powell - 1977 (PR 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. Le, H. Feterson and E.P. Popov - 19277
(PB 270 5€7)A05

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks," by D.P. Clough
(PB 272 280)Al3

"Earthguake Engineering Research at Berkeley - 1976," - 1977 (PB 273 507)A09

"Autcomated Design of Earthguake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. - 1977
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