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ABSTRACT

The stochastic response spectium approach is presented for predicting the dynamic behavior of
stzuctures to earthquake excitation expressed by a random process, one of whose sample functions
can be regarded as a recorded strong-motion earthquake accelerogram. The approach consists
of modeling recorded ground motion by a random process and the rms response analysis of a
single-degree-of-freedom system by using the moment equations method. The stochastic response
spectrum is obtained as a plot of the maximum rms response versus the natural period of the
system and is compared with the conventional response spectram.

1. INTRODUCTION

The 1esponse spectrum approach (Housner 1953) plays an important role in aseismic design of
nuclear power plants, liguid storage tanks and other structures. The study of the probabilistic
approach to aseismic design is becoming of increasing importance in order to improve the accu-
racy of earthquake response prediction and reliability assessment of structures. There have been a
number of investigations of stochastic modeling of the earthquake excitation and response analysis
of a system to a wide class of random excitation.

In this paper, the stochastic response spectrum approach is presented for obtaining the proba-
bilistic estimation of the earthquake response of structures. The approach consists of modeling a
recorded ground accelerogram and the mean square response analysis of a system to the stochastic
seismic excitation by using the moment equations method (Kimura and Sakata 1988).

2. STOCHASTIC MODEL OF EARTHQUAKE EXCITATION

Earthquake excitation is characterized by monstationary and nonwhite properties since it is a
suddenly applied and duration-limited input and the significant dominant frequency exists in its
power spectrum. Thus, the recorded ground acceleration is modeled by an amplitude modulated
nonwhite random process (Shinozuka and Henry 1965, Bolotin 1969)

f(t) = e()n(1) (1)

where e(t) is a deterministic envelope function and n(?) is a stationary nonwhite noise with zero
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mean and correlation function R(v)
Eln(t)] = 0,  Eln(@)n(t+v)] = R(v) (2)
An exponential function of the form (Shinozuka and Sato 1967)

g—at _ e—bt

e(t) = max(e ol — ¢b) (3)
is used to simulate the envelope characteristic of the earthguake excitation. The recorded accelero-
gram of El Centro (1940 NS) and its envelope are shown in Figure 1.

The power spectrum and the correlation function of nonwhite moise n(t) are obtained by FFT
analysis of ihe time series, which is generated by multiplying the recorded accelerogram by 1/e(t)
. Figure 2 shows the shape of the calculated power spectirum.

3. RESPONSE ANALYSIS

The equation ol motion of a single-degree-ol-freedom system subjected to an earthquake excitation
is

i+ wod +wle = f() , f() = -% ()

where ( is the damping ratiio, wg is the undamped naturzal frequency and z is the relative displace-
ment
5(t) = X(1) - Z(1) (8)

wherte X and Z are zbsoluie displacements of the mass and the ground, respectively. f(¢) is the
random process derived from the recorded earthquake accelerogram as the form of equation (1).
The mean square respomses of the sysiem are obtained by solving ihe moment equations (Sakata
and Kimura 1979)

. Elyi] = 2E[1ys)]
Elyys] = Eld] - 20woElyr] — Wi B[] + /) (6)
Elyd] = —4(woEBlyl] — 2wiElyiys] + 2E[f]

where y; = z and y; = & are the state variables. The cross-correlations of the responses and
the forcing function, Efy; f] and E[yzf] , which are the inhomogenious terms of equation (), are
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determined by

Enf] = e(t) /Dte(t — w)h(u) R(u)du

Elyf] = eft) J[e(t — w)h(u) R(u)du

(7)

where h(u) is the impulse response function of the system and R(u) is the correlation {unction of
the recorded ground accelerogram. The numerical integration is used for equation (7) since R(u)
is given as the discrete time series.

The mean square absolute displacement response is given by

w2
E[X7] = 4CwiBly3] + 4Cwi Elyya] + w5 Elyi]

4. STOCHASTIC RESPONSE SPECTRUM

(8)

The response spectrum (Housner 1953) is expressed as a plot of the maximum response of the

‘ Seismic record I

!

{ i
Envelope function : ————— Seismic record x-éfﬁ’
e(t) )

} Specirum analysis |

[ Power spectrum |

Y
]jlonwhi‘le stationary noise : n(t)]
|
v
Stochastic seismic modet
ft) = eV nt)

!

Response analysis of SDOF system
Xe 28, k+wy2x = f(t) , T=

0

Mean square responses : E[x21,E[x%] EIX?)

21

°

(Moment equations method)

y
Maximum rms response

9 .o, .o, at7T,t

I

Stochastic response spectrum]

Fig. 3 Flow chart for stochastic response spectrum approach

— 303 —



system to the recorded earthquake excitation versus the period of the system. Here, attention
is paid to the maximum rms response of the system obtained by the stochastic analysis in the
preceding section. The maximum rms responses with respect to the relative displacement, the
relative velocity and the absoiute acceleration are denoted by

o = max+/E[z?]
o, = maxi/E[i?] (9)
max\/ E[XZ]

These values are the function of the damping ratio ¢ and the natural period T' (= 2 /wp) of the
systiem.

{l

Ta

The stochastic response spectrum is cbtained by plotting the maximum rms response oy, 7, oI
o, against the period 7" as a family of curves in ¢ . Thus, it can provide the response characteristics
of the structures to the modeled stochastic process, whose envelope and spectral properties are the
mirror of those of the recorded ground acceleration.

The flow chart for the stochastic response specirum approach is shown in Figure 3.

c€m

Dis .

£=0.05 , T=0.69 sec

Fig. 4 Displacement response to recorded ground acceleration and
rms respomnse to stochastic seismic excitation (El Centro)
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5. ILLUSTRATIVE EXAMPLES

5.1 RMS response

The displacement response to the recorded ground acceleration (El centro Figure 1) and the rms
response to the stochastic seismic excitation (Figures 1 and 2) are shown in Figure 4. Both re-
sponses are represented as the broken and solid lines, respectively. In this case, the natural period
of the system, 7' = 0.69s , is coincident with the dominant period of the input excitation.

It is noted that the maximum of the rms response does not necessarily correspond to that of the
response since in general each sample function of the response process reaches its maximum at the
different time from sample to sample. However, in the present case where the envelope exhibits a

short rise time and a slow decay, the maximum of the response is provided in the neighborhood of
the time of the maximum rms response.
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5.2 Stochasiic response spectrum

Figure 5 shows the velocity response spectrum 5, to the El Centro accelerogram and Figure 6
shows the velocity stochastic response spectrum o, obtained by the present approach. The broken
(long and short) and solid lines represent the resulis in the case of ¢ = 0.02,0.05,0.1 , respectively.
It is noted that although both spectra are globally similar in character, the stochastic response
spectrum is rather smooth, while the local irregularity is seen in the conventional respomnse spec-
jrum. These observation indicate that the recorded ground accelerogram is in itself one of the
sample functions of the stochastic seismic process and that the present approach can be employed
effectively to predict the response of the structure to the future earthquake.

Figure 7 shows the comparison of the response spectrum Sg, Sy, 5., the averaged response
spectrum Sy, Sy, S, and the stochastic response spectrum oy, 0, , 0, for displacement, velocity
and acceleration. These specira are represented as the broken, chain and solid lines, respectively.
Moreover, 204,20, ,20, and 304,30, , 30, are also shown in the figure. (2} and (b) correspond to
the results for El Centro 1940 and Taft 1952, respectively, whereas the stochastic model for Taft
accelerogram is not shown here.

The results confirm the smooth characteristic of the stochastic response spectrom. It is shown
that the shape of the averaged response spectrum, which is obtained by using ithe 10 sample func-
tions generated from the modeled stochastic excitation, is smoothed and similar to that of the
stochastic response specirum. It is also noted that the ratio of the averaged specirum to the
stochastic spectrum is I~z

6. CONCLUSIONS

The stochastic response spectrum approach is presented for predicting the dynamic behavior of
structures to earthquake excitation. The approach consists of modeling a recorded ground ac-
celerogram by a random process and the rms response analysis of a single DOF sysiem. The
stochastic response spectrum is obtained as a plot of the maximum rms response versus the period
of the system.

Numerical results for El Centro and Taft accelerograms show that the stochastic response spec-
trum is smooth, while the local irregularity is seen in the conventional response spectrum, although
both spectra are globally similar in character. It is suggested that the present approach can be
employed effectively to obtain the probabilistic estimation of the earthquake response of struciures.
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