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ABSTRACT

Stationary responses of single- and multi-degree-of-freedom structures subjected to sta-
tionary input excitations are studied. Using a modal superposition procedure, closed form solu-
tions for the first three spectral moments of response to white-noise and filtered white-noise
.inputs are derived. These solutions account for the correlation between modal responses of
multi-degree structures; thus, they are applicable to structures with closely spaced modes. Spe-
cial attention is given to excitations which are typical of earthquake ground motions. Various
quantities of response can be obtained in terms of the three spectral moments. These include
the mean squares of the response and its time derivative and, in the special case of Gaussian
response, the mean zero-crossing rate and the mean, the variance, and the distribution of the
peak response over a specified duration. In this regard, improved, semi-empirical relations for
the mean and variance of the peak of a stationary Gaussian process are developed. -Results
from the study demonstrate the range of applicability of the white-noise model as an approxi-

mation for wide-band inputs,
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[. INTRODUCTION

The response of structural systems to stationary excitations is of wide ‘engineering interest,
Various quantities of response to such an excitation may be of interest in determining the relia-
bility of an existing system or in making design decisions for a proposed one. Of particular
intercst among these are the probability distribution or the mean and variance of the peak
response over a service duration of the system. Recently, Vanmarcke (8) has shown that many
quantities of response to a stationary excitation can be expressed in terms of the first three
moments of the response power spectral density. In particular, when the response is Gaussian,
an expression for the distribution of the first-passage time is given by Vanmarcke (9) which can
be used to evaluate the distribution of the peak in terms of the three spectral moments. No

closed form solutions of the mean and variance for this distribution were given.

In the first part of this report, semi-empirical relations for the mean and variance of the
peak of a stationary Gaussian process, consistent with Vanmarcke’s distribution, are developed.
In subsequent parts, closed form solutions for the spectral moments of the response of single-
and multi-degree-of-freedom siructures to the classes of white-noise and filtered while-noise
input excitations are derived. For multi-degree systems, a modal superposition procedure is
used which explicitly accounts for the correlation between modal responses. The method, thus,
is applicable to structures with closely spaced modes. Throughout the analysis, results for
response to filtered white noise are compared with those for response to white noise, thus
demonstrating the range of applicability of the white-noise model as an approximation for
wide-band inputs. In this study, particular attention is given to excitations which are typical of
earthquake ground motions.

It is noted that some results reported herein are not new. However, the formulation
presented here is unique and has definite practical advantages in application to structures with

closely spaced modes.
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2. PEAK OF STATIONARY GAUSSIAN PROCESS

Let S(1) represent a stationary Gaussian process with zero mean. Let G¢{w) denote its
ong-sided power spectral density, The maximum absolute value of the process over duration 7

is defined as

S, =max|S()| (1

Based on Vanmarcke (9}, the cumulative distribution of S, is

s>0 (2)

a? _at . o
Fy (5) = [l —e ! ]exp —pre 117€ 70
l—e¢

in which @ = s/4/\; is the normalized barrier level, » = /A y/A¢/m is the mean zero-crossing

rate, g, = ¢'*%, and ¢ = \/1—-A{/Aor; , where £ =0.2 is an empirically determined constant and

A, = _Tm’”G_g(m)dm, m=201,2 (3)
0

are moments of the power spectral density about the frequency origin. Note that Ay = a-_% and
A, = o} are the mean squares of the process and its time derivative, respectively. The parame-
ter ¢ has a value between zero and one and is a measure of dispersion (spread) of G¢(w) about
its centroid. In deriving Eq. 2, Vanmarcke {9) has included the dependence between barrier
crossings of the process through a consideration of their clumping effect. He has shown that ¢
is inversely proportional to the number (clump size} of barrier crossings of the process which
immediately follow each barrier crossing by its envelope. Thus, this parameter is a measure of
dependence between barrier crossings. For narrow-band processes, ¢ is small indicating a large
clump size and, therefore, a significant dependence between crossings. For this reason, the
commonly assumed Poisson model of crossings, which implies independence, produces poor

resuits for such pracesses. Eq. 2 has been shown by Vanmarcke (9) to closely agree with simu-

lation results obtained by Cook (2).
Using Eg. 2, the mean, ug , and the standard deviation, oy, of §,, as normalized with

respect to o, are evaluated and are shown in Fig. 1 for various values of ¢ and for vr = | -
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1000. (This is the range of values that is of interest in earthquake engineering.) Shown in Fig.
1 are also two other sets of curves. One set, the dashed curves, correspond to the asymptotic

expressions of the mean and standard deviation given by Davenport (4) as

0.5772
— |Vainer + 03772 4
Hs, n AnoT Tg 4)

S R S
78 {\/6 V2Inpr ]O-S ®)

The other set, the solid thick curves, is based on a distribution of S, which assumes the Pois-

son model for the barrier crossings and considers a random initial condition, i.e.

q2

Fs (s) = F|5(0)[(S)6Xp[—v1'€ 2l s>0 6)

where Fig()(s) is the cumulative distribution of |S{0}| and is to assure that the process starts
within the barriers s and —s. The asymptotic nature of Davenport’s expressions, which are also
based on the Poisson model of crossings, is apparent in Fig. | from a comparison of the two sets
of curves. - From this figure, the influence of the dependence between crossings on the mean
and variance is found to be significant for small g. The distribution based on Poisson crossings
generally tends to overestimate the mean and underestimate the variance. The error can be

quite significant, i.e. more than 30 percent for ¢=0.11.

I appeafs in Fig. 1 that if the Poisson model of crossings is to be used, a reduced crossing
rate, representing an equivalent rate of statistically independent crossings, would be appropriate.
Let v, denote such a reduced mean zero-crossing rate. The ratio »,/v as computed using Eq. 4
for the mean value is shown in Fig. 2. Observe that for narrow-band processes this ratio can be

quite small, e.g. about 0.2 for ¢ =0.11. An empirical relation for v, in terms of » and g is

(1.63¢"%—0.38)y, ¢<0.69
v, = M
v, g20.69

This relation appears as dashed lines in Fig. 2. Using the reduced rate, the mean value for the

distribution in Eq. 2 is

[ 2lav, T + —9217*2** T (8)

lnv T
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For the standard deviation, whereas the same reduced rate gives good results when used with
the exact curve based on Poisson crossings, unfortunately meaningless results are obtained with
Eq. 5. -An -empirically determined expression that closely follows the standard deviation con-

sistent with the distribution in Eq. 2 is

12 5.4 o
V2wt 134 Qe 320V o0
Usrz 0650’g, y('ng'l . (9)

Egs. 7-9 are applicable in the range 0.1 € ¢ €1 and 5 < vr € 1000. Resulting errors in the
estimated values are generally within 3 percent for the mean and within 6 percent for the stan-

dard deviation.

The above discussion was restricted to zero-mean processes and to the maximum absolute
value as defined in Eq. 1. With appropriate modification of parameters, however, same results
also apply to other situations (see Refs. 6 and 9). For example, for the maximum positive
value of a process with mean ug, it suffices to replace Ay, v, and g by Aq—u?, v/2 and 24,

respectively, and to add u ¢ to the right-hand side of Eq. 8.

The remainder of this report concenirates on determining spectral moments for the sta-
tionary response of single- and multi-degree-of-freedom structures. With these moments deter-
mined, various response quantities such as the mean squares of the response aﬁd its timev
derivative and the parameters v and g4 can be determined. In the case of Gaussian response,
these quantities can be used to evaluate the distribution or the mean and variance of the peak
response from the preceding relations. Other quantities, such as the mean crossing rate of a
specified barrier level, may also be evaluated using well known relations in terms of spectral

moments; see Ref. 8.

3. RESPONSE OF A SINGLE-DEGREE OSCILLATOR

Let $(1) represent the displacement response of a single-degree, viscously damped, linear

oscillator to a stationary excitation F(r). With no loss of generality, let F (1) be a zero-mean
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process. Neglecting the effect of initial conditions for a short-period oscillator, §{(r) is also sta-
tionary with zerp mean. Its one-sided power spectral density is

Glw) = Grlw) |H{(w)|? (10)
where Gr(w) is the one-sided power spectsal density of the excitation, and H(w) is the com-

plex frequency response function of the oscillator

1

H(w) =
¢ wi—w? +2i{ww

(1

where wy is the circular natural frequency and { is the damping ratio (6}.

2.1 Response to White Noise (WN) -- For a white noise excitation, G.{w) = G, is a con-

stant. Using Egs. 10 and 11 in Eq. 3, the spectral moments are obtained as

TTG()
Ap =
= Hod (12)
_2 eIl
- =Gy 1 7Ttan &/~ | 1)
4w VI=¢?
. ‘ITG()
2 4€&J0 (14)

The results in Eqgs. 12 and 14 are well known (6). The result in Eq. 13 is somewhat simpler

than one given by Vanmarcke (8). From these,

Wy

v=— (15)
w
|
¢ =|1- 51— Lian 2 I (16)
1-¢? m V1=2

are obtained. An empirically determined expression that closely follows the preceding relation
is

g = (1.16¢"%=0.21)" (17)
This equation has negligible error. Using Eq. 17 in Eq. 7, the reduced zero-crossing rate may

be expressed in terms of the damping ratic as

(1.90£07°—0.73)v, £<0.54

o, £30.54 (18)

v, =

which is valid for £ > 0.01. In Fig. 1, damping coefficients corresponding to the various curves
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for response to white-noise input are shown in parenthesis. It is observed, thus, that in the
case of response to white-noise input, the distribution as well as the mean and variance of the
- peak response can directly be obtained in terms of the frequency and the damping coeflicient of

the osciltator.

3.2 ReSponse to Filtered White Noise {FWN) --Formally, filtered white noise results as the
response of an oscillator to a white-noise input. [t is often used to represent the input into a
structure supported by a single-degree primary system which itself is subjected to a white-noise
excitation. A common example .is the base input into a structure situated on a soil layer which
is excited by earthquake motions; see Ref. 1. More generally, however, the filtered white noise
may be used as a convenient model for a large class of excitations. Consider a power spectral
density of the form

4 2.2, 2
0+ 4 fwiw

Grlw) =
rle (wl—aw?)? + 4 20k0’

Gy (19)
where w, and [, are constants. This represents the power spectral density of the absolute
acceleration response of a single-degree-of-freedom system to a white-noise base acceleration,
where w, and {, are the circular natural frequency and the damping coefficient, respectively.
For example, Kanai (5) and Tajimi (7) have suggested w, = 57 and {, = 0.6 for modeling
ground acceleration response during earthquakes. However, by proper selection of w, and ¢,

Eq. 19 may be used to represent excitations with varying power spectral density shapes.

Spectral moments for response to filtered white noise are obtained by using Eqs. 10, 11,
and 19 in Eq. 3. Here, the following results were obtained from more general solutions given

in Appendix I:

- A 2 (20)
ho déwg F o)} F
7Gy l~~2—tan"'(§/\/l—§2) p
l Y wd V1-¢? F
= -1 f1_r?
Gy M GV ¢ 26, p Q1)



£ (22)
where r = wy/w, and

A = Ag+402r 2402 — 3=4LD) r2 = 4L %)

A = Ag+4r 1422000 =202

A" = Ag+ 422 -4l

B =1-8.1-201=-20)r 4+ (1+4L D1

C = 1=402= 20120420 =40 D ri+ Q4L 80 H rt

D =1-(-=209r2-203r"

E = 1-201-20440 2820 ) r? + (1440 2- 160 D it

F=Fo+80201=20 2 =200 r? + (1=2¢ D 4]
in which

Ag=1-201-4L2) r?+ (1+4L ) r

Fo=1-4(1-20)r+ 2038048 Nt —4(1-2¢ Dt + 18

Ratios of spectral moments from Egs. 20-22 to their corresponding values for response to

white noise, Egs. 12-14, are plotted in Fig. 3 against » and for selected vaiues of {,. It is
interesting to note that these ratios for the three moments are quite the same. Also note that
even for wide-band excitations with £, as large as 0.60, e.g. for earthquake type excitations,

these ratios can considerably deviate from unity.

Several special cases in preceding relations are noteworthy. First, as o~ oo, the filtered
white noise approaches a white noise. In this case r—0, 4, 4, A", and F—1, and terms in
Egs. 20-22 with w,, in their denominators vanish. These expressions then reduce to Eqgs. 12-14
for response to white-noise input. Second, for {<<{,, e.g. for a lightly damped oscillator and a
wide-band input, first terms on the right-hand sides of Eqs. 20-22 are dominant, provided w, is
not much greater than w, (Nole that for wy>>w,, the oscillator frequency is beyond
significant frequencies of the excitation. Therefore, such a case is of less interest.) Observe
that in this case A =~ 4 =~ A" = 4, and F = F,. Thus, the spectral moments in this case differ

from those for response to white noise by the factor 4,/F, This factor, which is only a
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function of r and {,, is compared in Fig. 3 with the exact results. Observe in this figure that
this factor closely agrees with the gxact ratios of spectral moments over the significant range of
“frequencies when c/(_t'g“-is=‘small; say, when it is of order 0.1. Next, consider the case where ¢
and {, << 1, e.g. a lightly damped oscillator and a narrow-band excitation. Under the condition
that ris not in the neighborhood of 1, Egs. 20-22 can be approximated by

, Ay = offdpGrlowg) +ofde|Hw )2, m=10,1,2 (23)
where Ay = m/4lwd and Ap = 7 Gy, /4L, are areas under |H(w)|? and Gp(w) diagrams,
respectively. This simple relation can be used, for example, to approkimatc the response of a
secondary system supported by a lightly damped primary systerﬁ whose natura! frequencies are
well separated. Finally, in the case of resonance, when wy; = w, and r = 1, Eqgs. 20-22 reduce

to

TGy 1+4L (L, +0)

M= el W, 1D (24)
TrGU 1-%&1“71({/'\}1—@2) 1+4C§_2C2
Ay =
U AL} Vi-g2 42—
1—%tan—1(§g/,/1—§g) L +20)
_ | 25
N S =
2

)\2 7TG{) 1+4€g (26)

- 4€(1)0 4€g(§g + g)

It is observed that in this case the spectral moments for response to filtered white noise are
equal to those for response to white noise as amplified by a factor in terms of {, and {. Note
that the amplification factor can be very large for small {,, i.e. for narrow-band inputs, thus

indicating the inadequacy of the white-noise model for such excitations.

Attention is now focused on parameters v=mw and ¢ =m. Using Egs.
20-22, ratios of these parameters to their corresponding values for response to white noise, Egs.
15 and 16, are plotted in Fig. 4 against r for selected values of {,. Several observations in this
figure are noteworthy. First observe that at r =1, the mean zero-crossing rate for response to

filtered white noise, denoted by vpyw, is virtually equal to that for response to white-noise,
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vy This result is also predictable from Eqs. 24 and 26. Second, observe that in general for
r<lvegy Zvyy and for r > 1, vepy <vyy. This result is more pronounced for heavily
“damped oscillators and for narrow-band inputs. Finally, note that for { << {, and for not too
large r, vy is nearly equal to v yy. This result is also predictable from Egs. 20 and 22, where

first terms on the right-hand sides become dominant and A/F = A"/F = Ay/F,.

For the parameter g, an interesting behavior is observed at r=1. At this point, gy is
much smaller than gy, especially for small {,, i.e. for a narrow-band input. This results
because the power spectral density of response in this case is shérply centered around the reso-
nance frequency and, therefore, has a small dispersion. Note that a significant reduction in ¢
may result from this phenomenon. At r <1, gy is generally close lo gy for large ¢, ie.
for wide-band inputs. However, at large values of r , the response power spectral density
becomes bimodal and, as a result, gpyy becomes larger than g,y indicating a wider dispersion

in the frequency distribution.

4. RESPONSE OF MULTI-DEGREE SYSTEMS

Consider an n-degree-of-freedom, viscously damped, linear system having classical modes.
Let w,,¢;,, i=1,2,..,n represent its natural circular frequencies and damping coefficients,
respectively. It is well known (e.g., see Ref.l) that any response of such a system can be

expressed in terms of modal contributions as

R() =Y R() =3 ¥ 551 (27

i i
where R;(1) =¥,S,(¢) is the contribution from mode i in which ¥, is the effective participation
factor, a constant in terms of modal vectors and the mass matrix, and S;(¢) is the ~th normal
coordinate representing the response of an oscillator of frequency »; and damping ratio {; to
the given input excitation. For a zero-mean stationary input F(¢), neglecting the effect of ini-
tial conditions for short period systems, S,(t) and, hence, R (¢} are also stationary with zero

means. The power spectral density of response is
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Grlw) = T3V Y, Gl H(w) H/ (w) (28)

i
where H, (o) is as in Eq. 11 with ey and ¢ replaced by w, and {,, respectively, and the asterisk
denotes a complex conjugate. Note that since terms corresponding to indices /j and j,/ in the
summation are complex conjugates, G (w) is always real valued. In evaluating a typical term,

therefore, only the real part will be considered.

Using Eq. 28 in Eq. 3, the spectrai moments of the response are

Ay = _{w”’GR (w)dw = 221y,1yj)hn,w m=0,1,2 (29)
i
where
Ay = Re fm”’GF(m)I-L(w)H}(m)dw o om=0,1,2 (30)
0

may be defined as cross-spectral moments of normal coordinates §,(s) and §,(z), associated
with modes / and j. It can be shown that X, and A, are covariances between the normal

coordinates, S,(¢) and §,(¢), and between their time derivatives, S, (1) and .S"J- (1), respectively.

It is useful to introduce coeflicients

Am i
Py = —f——==, m=0,12 (31)
i 2 )\m,iikm,jj
Note that p;; and p; ; represent correlation coefficients between §;(¢) and S;(1) and between
S'[(t) and Sj (#), respectively. Although p1,; has no physical interpretation, it is expected to also

behave like a correlation coefficient. Using Eq. 31 in Eq. 29, the spectral moments of response

can be expressed in terms of unimodal moments as

A= L2V 00N N mirmy, m=0,1,2 (32)

iy
where A, ; represent spectral moments of the response of a single-degree oscillator of fre-
quency o, and damping coefficient {; to the specified input, as given in the preceding section.
In the following, solutions of cross-spectral moments, X, ;, and coefficients p, ; for responses

to the two classes of excitations under consideration are presented.

4.1 Response to White Noise -- For a white-noise input, using the residue theorem of
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integration for Ay and X, ;, and the method of partial fractions for A, ;, the following results

are obtained:

2

AO,U‘ = 7'”_0 (iji + g_,wj) . (33)
Ay = K, i lo, (0, +{ o)) + o Lo+ w0)]
- %tan_l(ﬁjlw/l =)
T 4J1-12 o, G0+ Lj0) + 0,80+ Lw)]
c"}l
ln:'
= Y (w2 ?
o (0! —w;) (34)
2 G
Az = _7;{"9 G +{w)ow; (35)
i
where
K= (‘”fz_‘“})z + 4€i€jmfmj(-wr‘2+wjz) + 4(@,2+§,2)m,2wf (36)

Note that for /= j, Egs. 33-35 reduce to Egs. 12-14 for a single-degree oscillator. Using Eqgs. 33
and 35 together with Eqs. 12 and 14 in Eq. 31, correlation coeflicients g, ; and p,,; are

obtained as

_ 8 /8L jww, (L + o )ow,

Po,; KU 37
8 {,éjwiwj(g,w_[+C.jw,)w,wj
o= 2 (39)

i

The corresponding derivation for p, ;; does not yield a simple expression and for that reason is

not presented here.

The coefficients p,, ; for response to white-noise input are shown in Fig. 5 as plotted
against the ratio w,/w, for various damping values. Observe that all three ratios rapidly dimin-
ish as the tWo frequencies depart, particularly at small damping . Thus, cross-modal terms in
Egs. 29 or 32 are only significant for modes with closely spaced frequencies. As a simple rule,
these terms can be dropped when w/w; is less than 0.2/ (£;+¢,+0.2), which approximately

corresponds to p,, ,; less than 0.1.



-12 -

For small damping and for closely spaced modes, Egs. 37 and 38 as well as the

corresponding relation for p; ; can be reduced, through a first-order approximation, to

2'\f§f€j[(wi+mj)2(€(+€j) + (“’12_"’,;‘2) (C."“Cj)]

Po; = Ho,—0)? + G +) o, +0)’ B9
2\/Z,C—, (w,+ )¢+ %(m,hmjV]
Pri ™ 4(o,— o) + +) o, +w)? 40
WG @ +0,)2 +1) — wi-0D @~ )]
Py = 41)

4((0, _(Uj)z + (C,"'CJ)Z((U,‘}'U),)Q

These expressions are compared in Fig. 5 with exact resuits. Observe that these approximate
expressions provide reasonable accuracy for damping values as large as 0.20, and that they

should be adequate for most practical applications.

4.2 Response to Filtered White Noise --Solutions of cross-spectral moments for response to
filtered white-noise input are summarized in Appendix I. These are rather long expressions of
modal frequencies, damping ratios, and the filter parameters, w, and {,. Although approximate
expressions for small damping are possible, such results are not expected to be simple encugh
to justify their use in place of the exact expressions. One possible simplification, however, is to
use the approximate expressions of p,,, in Egs. 39-41, which were based on a white-noise
input, in this case when {, is large, i.e. when the excitation is wide-band. For ¢, = 0.6, i.e. for
earthquake type excitations, comparisons between approximate expressions in Egs. 39-41 and
exact values of these coefficients from Appendix I, are shown in Fig. 6. Note that the approxi-
mate expressions are reasonably accurate, particularly for small damping and for values of the
modal frequencies that are within the dominant frequencies of the input excitation. When this
approximation is possible, Eq. 32 may be used to evaluate the spectral moments of response,
and A

where A are now obtained from Egs. 20-22.

m,ii m. i
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5. SUMMARY AND CONCLUSIONS

The responses of single- and multi-degree-of-freedom structures to stationary input exci-
tations are studied. Closed form solutions for the first three moments of the power spectral
density of response to the classes of white-noise and filtered white-noise inputs are presented.
Typically, these are expressed in terms of cross-spectral moments between normal coordinates,
which are functions of the corresponding modal frequencies and damping coefficients and of the
parameters of the input power spectral density. These terms signify the correlation between
modal responses of multi-degree-of-freedom structures. Results for a single oscillator can be
derived as a specialization of cross-modal terms. For response to wide-band inputs, it is
demonstrated that cross-terms befween modal responses are only significant for modes with

closely spaced frequencies and can be neglected otherwise.

Various statistical quantities of the response can be obtained in terms of the spectral
moments. These include the mean square values of the response and its time derivative and,
in the special case of Gaussian response, mean rates of barrier crossings and the mean, the
variance, and the distribution of the peak response over a specified duration, In this regard,
improved semi-empirical relations for the mean and variance of the peak of a stationary Gaus-
sian process are developed. Finally, through comparisons of results for the two classes of input
excitations, the range of applicability of the white-noise model as an approximation for wide-

band inputs is demonstrated.
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APPENDIX I. - CROSS-SPECTRAL MOMENTS FOR RESPONSE TO FWN INPUT

The following results were derived using the residue theorem for Ag; and A, ;, and the
method of partial fractions for A ;. The resuits for a single oscillator, Eqs. 20-22, are obtained

by letting w, = @; = wpand {; = {; = {.

Let ay={,w, a1={w;, ay={w, b0=wg\/1—§§, b1=w,\/]—§,-2, and b2=m_,-\/1-—§‘f.

Also let X, =w+4L2(b2—a?) , Y, =8L2a,b,, k=0,1,2, and define functionals:

A= Ailag,bg ay.b,a2by) L

= [t@r=ap?= 63 -6D]|(artar = (63 -63)] - 483 (ar=ay) aytay)
Ay = Aylag,bg,ay,by,a3,b) '

= 2bg(agtay) [(ao-al)z—(b(%—bf')] + 2b0(00—6’])[(00+02)2_ (b —b3)
Ay = A\(a,b),—anbganby), Ay= A,(a),by,—ayby,aby),
As= Alaybg,—aby,~ayby), Aq= Ay(ag,bg,—abr.—asb,),
As=A(ay,b,a5.bp.a0,b0), Ay = A:(ay.by,ay.bgaq.by),
Ag= A {aybyap.b0.a0.b0), Ajg = A4:(as,b5.00.80.a0.8¢),

B, = B{ay,by.ay,b1.a:,b;) = b1[(al+a2)2— (b%—bf)]—Zalbl(aﬁaz),
B, = By(ay,bg,ay,byaqy,by) = a1[(a!1+az)2— (bf—bzz)]+2b12 (a,+ay),
By = Bylag.by.azby,ay,b)), By= Bylag.bg.arbyarb),

C,\= [(aoval)2+ (b(,zwa)])(1 +2b(ag—ap ¥y,

CZ = 2b,(a0—a1)X1 - [(ao—a1)2+(b§—b,2)] YI'

2
Dl = Dl(ao,bo,al.b],ﬂz,bz) = [ (00_01)2“(173 —blz)] +4b(§ (00‘01)2}
2
X[l(ao+02)2_ (b& —bzz) +4b& (do+02)2}.
Dz = Dz(ao,bo,al,b],az,bg) =

|

D3 = Dl(ao,bo, —(Il,bl,_az,bz), and D4 = Dz(ag,bo,az,bz,al,bl)

——,

(ao_tl 1)2+ (b&—b!‘z)]z—l-‘l-b]z (00*01)2}

2
(a0+a1)2+ (b()z*blz) +4b]2 (ao+01)2

{[(a1+a2)2— (b2—b3 )]2+4bf (a1+a2)2]

The solutions for cross-spectral moments, Eqgs. 30, then are

(42)

A,(_)‘,-j = TTG{)(()

2 (b0X0+00Y0)A1+(00X0—b0Y0)A2 + C1A4—C2A3
& 4aob0m§D1 leZ




- 1§ -

(Xogd\—YoA ) D3+ (Xgds— YA D .
Ay = wGow?| X022 3T FofsT Torls 1{1__2_mn_1 &, ]

£ 8aQbOD]D3 fl_gﬁ
+(XIBZ-*-YIBI)A?‘F(XIB]—YIBQ)Ag l—ltan_l é[
2b1D2 w ,/l_gfz
+(X234+Y233)A9+(XzBs“’YzB4)A101 2 b
__-_._a i
2bQD4 ki} ,/1_;[2
(XoAd+ Yo AP D3+ XA+ YA D, |
— n
47TaobuDlD3 @«
(XIBI—Yle)A7_(XIBQ"]"Y;BI)Ag
+ Ing,
'ﬂ'leQ
XsB—Y,B)Ag— (X B+ Y,B) A
| KoBy=¥,B) A9= (XB+ YBy) ]omwj] @)
Wb2D4 :
and
o = G (bpXg—agYo) A, — (agXo+bo Yo 4,
i T Omg . 4aub001
Ci2abjAs~(af—bEYAJ+Cyl2a,b A+ (af—bE) A4
+1[0113(01 i 4b]D2[all4(al )4, (44)
142
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APPENDIX III - NOTATION

The following symbols are used in this paper:

a = s/o ¢= normalized barrier level,

ay, by= functions of w,and,;

ay, b= functions of w,and {;;

ajy, by= functions of w;and{;
A, A, 47, B, C, D, E, F= functions of {, {,, and r
Ao, Fo= functions of , and r;

Ay, By, G, D= functions of w,, {,, w;, {;, w;, and{;
Ap, Ay= areas under G (@) and |H{w)|? diagrams, respectively;
= an empirically determined constant;

b
F()

stationary Gaussian excitation;

FST(S)= cumulative probability distribution of §, ;

Gy

power spectral density scale factor;

Grlw), Gylw) = power spectral densities of F(¢) and S (¢}, respectively;

H(w)= frequency response function of an oscillator;

H:(w) = frequency response function of mode

K

i

= a function of w,, {,, w,, and{;

¢, g. = coeflicients related to the shape of power spectral density;,

I

@y

R () = response of multi-degree-of-freedom system;
R (1), S(1)= time derivatives of R (¢) and S(1), respectively;

S
S.(#)
h

= response of single-degree-of-freedom system,;

i-th normal coordinate;
maximum absolute value of S{¢) over 7;

Xo, Yo= functions of w,and{,;

X, ¥,= functions of w,, {,, @;, and ;;

X,. Y,= functions of w,, {,, @;, and {;

Mo, Ay, Ay= spectral moments;

Aoii» Arij Ay = cross-spectral moments;

7

14

Ve

= mean value;

Poijr M1
= standard deviation;

mean zero-crossing rate;
reduced mean zero-crossing rate;

4 P2.;= coefficients associated with Mg ;;, Ay ;;, and A, ; , respectively,

duration of excitation;
effective participation factor of mode /;
natural circular frequency and damping ratio of an oscillator, respectively,
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w;, {;= natural circular frequency and damping ratio of mode 7 ; and
w,, §,= parameters describing the power spectral density of filtered white noise.
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FIG. 2.- Ratio of Reduced to Mean Zero-Crossing Rate
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1974

“Optimum Design of Earthquake Resistant Shear Buildings,” by D. Ray, K.S. Pister and A.K. Chopra -1974
(PB 231 172)AC06

"LUSH - A Computer Program for Complex Response Analysis of Soil-Structure Systems," by J. Lysmer, T. Udaka,
H.B. Seed and R. Hwang - 1974 (FB 236 796)A05
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EZRC
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EERC

ELRC

ELRC

EERC

TERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

EERC

74-5

74-8

74-9

74-10

74-11

74-12

74-13

74-14

74~15

75-1

75-6

75~8

75-9

75-10

75-11

75-12

75~13

75-14

75-15

75-16

75-~17

75-18

"Sensitivity Analysis for Hysteretic Dynamic Systems: BApplications to Earthguake Engineering," by D. Ray
1974 (PB 233 213)A06

"So0il Structure Interaction Analyses for Evaluating Seismic Response," by H.B. Seed, J. Lysmer and R. Hwang
1974 (PB 236 519)A04

Unassigned
"Shaking Table Tests of a Steel Frame - A Progress Report," by R.W. Clough and D. Tang - 1974 (PB 240 £69)AD3

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

"Applications of Reliability-Based, Global Cest Optimization to Design of Barthquake Resistant Structures,"
by E. Vitiellc and K.S. Pister - 1974 (PB 237 231)A05

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

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

"Carthquake Simulator Study of a Reinforced Concrete Frame," by P, Hidalge and R.W. Clough - 1974
(PB 241 944)Aa13

“Nonlinear Earthgquake Response of Concrete Gravity bams," by N. Pal -1974 (AD/A 006 583)A06

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

N. Distefano and A. Rath ~ 1974 (PB 241 548)AC6

"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.I: Description,
Theory and Analytiecal Medeling of Bridge and Parameters," by F. Baron and S.-H. Pang - 1975 (PB 259 407YAlS
"Determination of Seismic Design Criteria for the Dumbarton Bridge Replacement Structure, Vol.II: Numerical
Studies and Establighment of Seismic Design Criteria," by F. Baron and 5.-H. Pang - 1975 (PB 259 408)all
{For set of EERC 75-1 and 75-2 (PB 259 406))

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

"Analytical Investigations of Seismic Response of Short, Single or Multiple-Span Highway Bridges," by
M.~C, Chen and J. Penzien- 1275 (PB 241 454)R09

"An Evaluation of Seme Methods for Predicting Seismic Behavior of Reinforced Concrete Buildings," by S.a,
Mahin and V.V. Bertero - 1975 (PB 24¢ 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 9B1)Al3

"Dynamic Properties of San Bernardine Intake Tower," by D. Rea, C.-Y, Liaw and A,.K. Chopra - 1375 (AD/AQOOB 406)
ADS

"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.F. Hamati - 1975 (PB 251 539)A07

"Seismic Studies of the Articulation for the Dumbarton Bridge Replacement Structure, Vol., 2: Numerical
Studies of Steel and Corcrete Girder Alternates,” by F. Baron and R.E. Hamati - 1975 (PB 251 S540}Al0

"Static and Dynamic Analysis of Nonlinear Structures," by D.P. Mondkar and G.H. Powell - 1975 (PR 242 434)A08
"Hysteretic Behavior of Steel Columns," by E.P. Popov, V.V. Bertero and S. Chandramouli - 1975 (PB 252 3f5)All
"Earth¢uake 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. Dowvey = 1975 (PB 243 989)A07

"Determination of Soil Liquefaction Characteristics by Large-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,
Cleugh - 1975 (PB 246 292)Al10

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

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

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

EERC
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BEERC
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EERC

EERC

EERC
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75-19

75-20

75-21

75-22

75-23

75-24

75-25

75-26

75-27

75-28

75-29

75-30

75=31

75-32

75-33

75-34

75-36

75-37

75-38

75-39

75-40

75~-41

76-1

76-2

To-3

76-4

"The Seismic Behavier of Critical Regions of Reinforced Concrete Components as Influenced by Moment, Shear
and Axial Force," by M.B. Atalay and J. Penzien - 1875 (PB 258 B42)All

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

"Stare—of-the-Art in Seismie Strenqth of Masonry - An Evaluation and Review," by R.L. Mayes and R.W. Clouyh
1975 (PR 249 040)A07

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

"Hysteretic Behavior of Reinforced Concrete Framed Walls," by T.Y. Wong, V.V. Bertero and E.P. Popov - 197%
"Testing Facility for Subassemblages of Frame-Wall Structural Systems," Ly V.V. Bertero, E.P. Popov and
T. Endo -~ 1975

"Influence of Seismic History on the Liquefaction Characteristics of Sands," by H.B. Seed, K. Mori and
C.¥. Chan -« 1975 (Summarized in EERC 758-28)

"The Generation and Dissipation of Pore Water Pressures during Soil Liguefaction," by H.B. Seed, P.P. Martain
and J. Lysmer - 1975 {PR 252 648)}A03

"tdentification of Research MNeeds for Improving Aseismic Design of Building Structures," by V.V. Berterc
1975 (PR 248 136)A05

“Evaluation of Soil Liguefaction Potential during Earthquakes,” by H.B. Seed, I. Arango and C.K. Chan ~ 1975
(NUREG 0026)A13

"Representation of Irregqular Stress Time Histories by Equivalent Uniform Stress Series in Ligquefaction
Analyses," by KH.B. Seed, I.M. Idriss, F. Makdisi and N. Banerjee - 1975 (PB 252 635)A03

"FLUSH - A Computer Program for Approximate 3-D Analysis of Soil-Structure Interaction Problems," by
J. Ywsmer, T. Udaka, C.-F. Tsai and H.B. Seed - 1975 (PB 259 332)Aa07

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

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

"Predicting the Performance of Structures in Regions of High Seismicity," by J. Penzien ~ 1975 (PB 248 130)2

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

"The Dynamic 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 B41)A05

"Rarthquake Simulator Study of a Steel Frame Structure, Volume II ~Analytical Results,"” by D.T. Tang ~ L975
{PB 252 926)Al10

"ANSR-I General Purpose Computer Program for Analysis of Non-Linear Structural Response,” by D.P. Mondkar
and G.H. Powell - 1975 (PB 252 386¢)Ac8

"Nonlinear Response Spectra for Probabilistic Seismic Design and Damage Assessment of Reinforced Concrete
Structures,”" by M, Murakami and J. Penzien - 1978 (PR 259 530)A05

"Study of a Method of Feasible Dizections for Optimal Elastic Design of Frame Structures Subjected to &
quake Ioading," by N.D. Walker and K.S. Pister - 1975 (PB 257 781l)A086

"An Alternative Representation of the Elastic-Viscoelastic Analogy,” by G. Dasgupta and J.L. Sackman - 1970
(PB 252 173)A03

"Effect of Multi-Directional Shaking on Liquefaction of Sands," by H.B. Seed, R. Pyke and G.R. Martin -~ 1977
(PB 258 781)A03
"Strength and Ductility Evaluation of Existing Low-Rise Reinforced Concrete Buildings - Screening Method, "

T. Okada and B. Bresler - 1976 (PB 257 9G6)All

"Experimental and Analytical Studies on the Hysteretic Behavior of Reinforced Concrete Rectangular and
T-Beams," by S.-Y.M. Ma, £.D. Popov and V.V. Berters - 1976 (PBE 260 843)Al12

"Dynamic Behavior of a Multistory Triangular-Shaped Building," by J. Petrovski, R.M. Stephen, E. Garxtenbaum
and J.G. Bouwkamp - 1976 (PB 273 279}R07

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

EERC 76-6 "Time and Frequency Domain Analysis of Three-bimensional Ground Motions, San Fernande 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. Cmote, S.W. Chen
and R.W. Clough - 197¢ (PB 270 098)A05

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

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

EFRC 76-10 "Stabilization of Potentially Liquefiable 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 - 1876 (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 B59)A04

EERC 76~13 "Coupled Lateral Torsional Response of Buildings to Ground Shaking,” by €.L. Kan and A.K. Chopra -
1976 (FB 257 907)AC9

EERC 76~14 "Seismic Analyses of the Banco de America," by V.v. Bertere, $.A. Mahin and J.A. Hollings ~ 1976

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

EERC 76-16 "Cyclic Shear Tests of Masonry Plexs, volume 2 - pnalysis of Test Results,”™ by R.L. Mayes, Y. Omote
and R.W. Clough - 1276

EERC 76-17 “Structural Steel Bracing Systems: Behavior Under Cyclic Loading," by E.P. Popov, K. Takanashi and
C.W., Poedex - 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 269 548}A08

EERC 76-12 "Effects of Hon-Uniform Seismic¢ Disturbances on the Dumbarton Bridge Replacement Structure,” by
F. Baron and R.E. Hamati - 1976 {pB 282 981}Alé

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 - 1376 (PB 258 453)A07

BERC 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 San Fernando Barthquake," by S. A. Mahin,
V.V, Bertero, A.K. Chopra and R. Collins - 1076 (PR 271 425)Al4d

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 S5.W. Chen - 1976 (Not publishcd)

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.5. 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. Axiey - 1976

EERC 76-26 ‘"Correlative Investigations on Theoretical and Experimental Dynamic 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 262 893)A03

EERC 76-29 "Analysis and DESi n of Numerical Inteqration Methods in Structural Dynamics," hy H.M. Hilber - 1976
g
{PB 264 410)a06

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

EERC 76-3l "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. Klingner and V.V. Bertero - 1976
(PB 265 892)Al3
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UCB/BERC-77/01

UCB/EERC-T77/02

UCB/EERC-77/03

UCB/EERC~77/04

UCB/EERC=-77/05

UCB/EERC-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/ERRC-77/15

UCB/EFRC-T7/16

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/EERC-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

"PLUSH - A Computer Program for Probabilistic Finite Element Analysis of Seismic Soil-Structure Inter-
action," by M.P. Romo Organista, J, Lysmer and H.B. Seed - 1977

"soil-Structure Interaction Effects at the Humboldt Bay Power Plant in the Ferndale Earthquake of June
7, 1975, by J.E. Valera, H.B. Seed, C.F. Tsai and J. Lysmer = 1977 (PB 265 795)A04

"Influence of Sample Disturbance on Sand Response to Cyclic loading,” by K. Mori, H.B. Seed and C.K.
Chan - 1977 {PB 267 352)A04
“Seismological Studies of Strong Motion Records,” (PB 269 855)Al0

by J. Shoja-Taheri =~ 1977

"Testing Facility for Coupled-Shear Walls," by L. Li-Hyung, V.V. Bertero and E.P. Popov ~ 1977

"Developing Methodologies for Bvaluating the Barthquake Safety of Existing Buildings,” by No. 1 -
B. Bresler; No. 2 - B. Breslier, T. Okada and D. Zisling; No. 3 - T. Okada and B. Bresler; No. 4 - V,V.
Bertero and B. Bresler - 1977 {(pPB 267 354)R08

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

"DRAIN-TABS:
R. Guendelman-Israel and G.H,

A Computer Program for Inelastic Earthguake Response of Three Dimensional Buildings," by
powell - 1977 (PB 270 6%3)AG7

"SUBWALL: A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
of Structural Walls with Substructure Option," by D.Q. Le, H. Peterson and E.P. Popov - 1977
(PB 270 567)a05

"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks," by D.P. Clough
(PR 272 280}Al13

"Earthquake Engineering Research at Berkeley - 1276," - 1977 {PB 273 507)}A09

"Automated Design of Earthquake Resistant Multistory Steel Building Frames,” by N.P. Walker, Jr. = 1977
(PB 276 526)A09

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

"Selsmic Strain Induced in the Ground During EBarthquakes," by Y. Sugimura = 1977 {PB 284 201}A04

"Bond Deterioration under Generalized Loading,®™ by V.V, Bertero, E.P. Popov and $. Viwathanatepa - 1977

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

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

"Inelastic Behavior of Eccentrically Braced Steel Frames under Cyclic Loadings,” by C.W. Roeder and
E.P, Poepov - 1977 {(pB 275 526)AlS5

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

"The Performance of Earth Dams

during Earthquakes," by H.B. Seed, F.I. Makdisi and P. de Alba - 1977
(PR 276 821)A04 :

"Dynamic Plastic Analysis Using Stress Resultant Finite Element Formulation," by P. Lukkunapvasit and
J.M. Kelly - 1977 (PB 275 453)a04

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

"Earthgquake Simulator Tests of a Nine~Story Steel Frame with Columns Allowed to Uplift," by A.A.
Huckelbridage - 1977 (PB 277 944)A09

"Nonlinear Soil-S8tructure Interaction of Skew Highway Bridges,"™ by M.-C. Chen and J. Penzien - 1977
(PB 276 176)A07 .

"Seismic Analysis of an Offshore Structure Supported on Pile Foundations," by D,D.-N. Liou and J. Penzien
1977 (PB 283 180)A06

“pynamic Stiffness Matrices for lomogeneous Viscoglastic Half-Planes," by G. Dasgupta and A.K. Chopra -
1977 (PB 279 654)A06

"A Practical Soft Story EBarthquake Isolation System," by J.M. Kelly, J.M. Eidinger and ¢.J. Derham -
1977 (PB 276 814)A07

YSeismic Safety of Existing Buildings and Incentives for Hazarxd Mitigation in San Francisco: An

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

"Dynamic Analysis of Electrchydraulic Shaking Tables," by D. Rea, $. Abedi-Hayati and Y. Takahashi
1977 (PB 282 569)A04

"An Approach for Improving Seismic - Resistant Behavior of Reinforced Concrete Interior Joints," by
B. Galuniec, V.V. Bertero and £.P. Popov - 1977 (PR 280 870)A06
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UCB/FERC-78/01

UCR/EERC=78/02

UCR/EERC-78/03

UCB/EERC-78/04

UCB/EERC-TR/05

UCB/EERC-78/06

UCB/EERC-78/07

UCB/EERC-78/08

LCB/EERC-78/09

UCB/ERRC=-78/1C

UCR/EERC-78/11

UCCB/EERC-78/12

UCB/EERC-78/13

GCB/EERC-78/14

UCB/EERC~78/15

UCB/EERC-78/16

UCB/EERC-78/17

UCB EERC-7#5/18

UCB/EERC-78/19

UCB/EERC~78/20

UCB/EERC-78/21

UCB/EERC-78/22

UCB/EERC~78/23

UCB/EERC~-78/24

UCB/EERC-78/25

UCB/EERC-78/26

UCB/EERC~78/27

UCB/EERC-78/28

GCB/EERC=78/29

"The Development of Energy-Absorbing Devices for Aseismic fiase Tsolation Systems,"™ by J.M. Kelly and
D.F. Tsztoo ~ 1978 (PB 284 974)A04

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

"Experiméntal Results of an Earthguake Isolation System using Natural Rubber Bearings,™ by J.M.
Bidinger and J.M. Kelly - 1978 (PB 281 686)A04
"Seismic Behavior of Tall Liquid Storage Tanks," by A. Niwa - 1978 (PR 284 017)Al4

"Hysteretic Behavior of Reinforced Concrete Columns Subjected to High Axial and Cyclic Shear Forces
by S.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp - 1978 (PB 283 BSR)Al3

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

"Studies of Structural Response to Earthguake Ground Motion," by O.A, Lopez and A.K. Chopra - 1978
{PB 282 790)A0%

"A Laboratory Study of the Fluid-Structurc Interaction of Submerged Tanks

and Caissons in Earthquakes,"
by R.C. Byrd - 1978 (PB 284 957)A08

“Model for Evaluatinyg Damageability of Structures,” by I. Sakamoto and B. Bresler - 1978

"Seismic Performance of Nonstructural and Sccondary Structural Elements," by I. Sakamota - 19678

"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns," by S,
and J. Penzien - 1978

Nakata, T. Sproul

"Damageakility in Existing Buildings," by T. Blejwas and B, Bresler - 1978

"Dynamic Behavior of a Pedestal Base Multistory Building,” by R.M. Stephen, E.I. Wilson, J.G. Bouwkamp
and M. Button -~ 1978 (FPB 286 ©50)A08

"Seismic Response of Bridges - Case Studies,” by R.A.
(PB 2806 503)Al0

Imbsen, V. Nutt and J. Penzien - 1978

"A Substructure Technique for Nonlinear Static and Dynamic Analysis,” by D.G. Row and G.H. Powell -
1978 (PB 2B8 077)Aal0

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

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

"Respongse of K-Braced Steel Frame Models te Lateral Loads,” by J.U. Bouwkamp, R.M. Stephen and
E.P. Popov - 1978

"Rational Design Methods for Light Equipment in Structures Subjected to Ground Motion," by
J.L. Sackman and J.M. Kelly - 1978 (PB 292 2357)A04

"Testing of a Wind Restraint for Aseismic Base Iscolation,”

by J.M. Kelly and D.E. Chitty - 1978
(PB 292 B833)a03 ’

"APOLLO - A Computer Program for the Bnalysis of Pore Pressure Generation and Dissipation in Herizontal
Sand Layers During Cyclic or Earthquake Loading," by P.P. Martin and H.B. Seed - 1978 (PR 292 835)AD4

"Optimal Design of an Carthquake Isolatjon System," by M.A. Bhatti, K.S. Pister and E. Polak - 1978

(PB 294 733)}A00

"MASH - A Computer Program for the Non-linear Analysis of Vertically Propagating Shear Waves in
Horizontally Layered Deposits," by P.P. Martin and H.B. Seed - 1978 (FB 293 101}A05

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

"Investigation of the Nonlinear Characteristics Of a Three-story Steel Frame Using System
Identification,"” by I. Kaya and H.D. McNiven -

"studies of $trong Ground Motion in Taiwan,” by ¥.M. Hsiung, B.A. Bolt and J. Penzien ~ 1978
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