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Nonstationary Seismic Response Analysis of Offshore Compliant Tower
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1. INTRODUCTION

The guyed tower is one of the compliant structures developed for deepsea oil production?. It is
mainly composed of a slender tower and a guyline system as shown in Fig.1a. The guyline system
is an array of guylines radiating from the tower and provides the lateral support to the tower.

Recently, many studies have been reported on the seismic analysis of offshore structures?3,
However, in most cases, the random characteristics particularly on the nonstationary behaviors are
not analyzed rigorously. More rigorous approaches for nonstationary analysis have been reported
for several cases of simpler structures*®. By treating the nonstationary excitation as sequences of
random pulses, Lin* developed a method to compute the response in terms of the long-characteristic
functional. Shinozuka et al® developed a procedure to obtain the time dependent variance function
of the response by modeling the earthquake ground motion as a filtered Poisson process.

In the present paper, a method for nonstationary response analysis of a guyed offshore tower
subjected to strong seismic excitations is developed. The equation of motion is constructed for
the horizontal motion of the tower using a multi-degree of freedom model. By taking the auto-
correlation function of the ground acceleration in terms of complex exponential functions of time,
an analytical procedure is developed for the computation of the time varying variances of the tower
responses. Expected peak responses are also evaluated and the results are compared with those
by the spectral method. ‘
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2. EQUATION OF MOTION

An idealized structure as shown in Fig.1b is used for the dynamic analysis against earthquake
loadings. The governing equation of motion for the structural model subjected to earthquake can
be written as?>®

[(MUX} + [CHUXY + KXY + {1} R(zm) = =[M1{1}T, = [0.50CaA|{(T, + XU, + X[} (1)

where {X},{X} and {X}= vectors of horizontal displacement, velocity and acceleration of the
tower relative to the ground, respectively; z,,= horizontal displacement of the guynode; [M] =
[M + M,}; [M], [C] and [K]= matrices of structural mass, damping and stiffness of the tower,
respectively; R(z,,)= nonlinear restoring force of the guying system; U and U are the horizontal
ground velocity and acceleration; [M,]= diagonal added mass matrix(= [p(Cm — 1)V]).

In this study, the nonstationary horizontal ground acceleration, U,(t), is modeled as a modu-
lated stationary random process as®®

Us(t) = p(t) (1) : (2)
where () is a deterministic envelope function, and r(t) is a stationary random process having an

autocorrelation function R,.(r). In the present work, R,.(7) is taken as the one corresponding to
the filtered Kanai-Tajimi spectrum®® (Figs. 2 and 3):

R,(r) = e oi{agcos(wp, |7]) + bosin(w,, |7])} (3)
+ e~w1@ ITl{al cos(wp, |7[) + b1 sin(wp, |7])}

where w, and (, are the characteristic ground frequency and ground damping ratio; the constants
w, and (; are selected to obtain the required filter characteristics®®; wp, and w, are damped
frequencies for w, and w;, respectively; ao, bo,a; and b, are constants determined from the given
parameters Sy(constant power spectral density), wy, {;, w; and ¢y, as in Ref. 12.

Equation 1 includes two nonlinearities. One is the restoring force of guying system and the other
is drag term in modified Morison equation’. Based on the equivalent linearization technique?>€
the linearized equation of motion against Eq. 1 can be obtained as

(M{X} + [CU{X} + [KN{X} = -[M){1}T, (4)

where [C] are consists of the structural damping [C] and the linearized hydrodamping; [K] includes
the equivalent stiffness of the guyline system in addition to [K]. The linearized forcing term
related to the ground velocity has been neglected in this study, since the effect is considered to be
insignificant.

By using the natural mode superposition, {X} = [®]{Y’}, the uncoupled equations are ontained
as:

}.;:1 + 2annyn + w:xl = _I‘nﬁg(t) (5)
where w, and (, are the n-th mode frequency and damping ratio, respectively, and T, is the n-th

mode participation factor. The time dependent covariances of the modal coordinates Y and its
time derivatives Y, can be computed by using convolution integral as follows:

BYu®Ya()] = Tl [ [ hn(t=m)halt=n)o(m)p(m)Ru(n-m)dndrs  (6)

Efn(®¥(t)] = Taln [ [ W (t=ml(t=m)oln)e(m)Rer(m=m)dnidrs (D)



where h,(t) is the impulse response function for the n-th modal equation and h!(-) denotes the
time derivative of k,(-).

The deterministic envelope function is assumed to be expressed in terms of exponential functions®
as
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¢(t)=e—T—— b>a>0 (8)
where a and b are the constants which may be determined based on the measured earthquake
records, and ¢ is a constant adjusting the envelope function to have a peak of unity. Then, the
double integrations in Eqgs. 6 and 7 can be efficiently carried out, and analytical expressions of the
covariance functions can be obtained as in Ref. 13.

For evaluation of the expected maximum response, the method proposed by Davenport!® based
on stationary processes have been widely used. In the present work, however, the expected maxi-
mum response for the nonstationary process is evaluated by using the approach by Shinozuka and
Yang!!.

3. EXAMPLE ANALYSIS

Example analyses have been carried out: for a hypothetical guyed tower that is assumed to be
located at a site in 1000 ft water in the Gulf of Mexico (Fig.1). Structural properties for the tower
and the restoring force of guying system are similar to those described in Reference 6. Dynamic
analysis has been performed using the first four vibration modes of the tower. The corresponding
natural frequencies were obtained as 0.234, 2.04, 6.28, and 13.7 rad/s (i.e., natural periods = 25.9,
3.08, 1.0, 0.46 seconds, respectively). The structural damping is assumed to be 5 percent for each
mode. Dynamic responses are obtained for the top displacement, bottom shear force and bending
moment at node 8.

The parameters for the earthquake spectrum were w,= 15.7 rad/s and ;= 0.6, as suggested by
Kanai® for a firm ground condition; and wy= 0.4 rad/s, (;= 0.9 and Spo= 0.0459 ft*/s*-rad, which
correspond to a class of earthquakes® having an average intensity similar to the N-S component
of the 1940 El Centro earthquake. The duration is assumed to be 25 sec. The parameters of the
modulating envelope functions for a given earthquake intensity are approximately evaluated based
on two sets of earthquakes records. One is a=0.083, 5=1.166 for Case 1 and the other is a=0.083,
b=1.166 for Case 2 (Fig. 4).

Figures 5, 6, and 7 show the time varying variances of the tower responses for two different
envelope functions with the same PSD. The limite case by setting the parameters for the envelope
function as a=0 and b=1 has been investigated to demonstrate the validity of the nonstationary
response analysis procedure in this study.

Table 1 summarizes the comparisons of the expected maximum responses obtained by two
different methods, one is the frequency domain spectral method and the other is the time domain
nonstationary method that has been developed in this work. It can be seen in general that the
maximum responses using the nonstationary method are less than those by the ordinary spectral
method approximately by 30 percents.

4. CONCLUSIONS

An efficient method for the nonstationary response analysis of offshore compliant structures
under earthquake loading has been presented in this study. It is a time domain approach on the
basis of convolution integral. By taking the auto-correlation function of the ground acceleration
in terms of complex exponential functions of time, an analytical procedure is developed for the
computation of the time varying variances of the tower responses. The expected maximum re-
sponses are also evaluated. It has been found that the maximum responses obtained by including
the nonstationary effect, are significantly less than those estimated by the conventional spectral
method based on the stationary assumption.
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Table 1. Expected maximum responses calculated by different methods

So Methods Deck Displ. | Base Shear | Moment at No.8
(ft?/sec®) (ft) (10%kips) | ( 10°kips - ft)

Nonst.-Case 1 2.920 2.11 5.29

0.0459 Nonst.-Case 2 3.196 2.37 6.00
Spectral 4.821 3.23 8.38

Nonst.-Case 1 4.078 3.09 7.71

0.1033 | Nonst.-Case 2 4.492 3.48 8.76
Spectral 6.616 4.72 12.2
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Fig. 1 Structural Configuration of Offshore Guyed Tower
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Fig. 2 Filtered Kanai-Tajimi Spectrum for Ground Acceleration
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Fig. 3 Auto-correlation Function Corresponding to Filtered Kanai-Tajimi Spectrum
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Fig. 5 Variance Functions for Deck Displacement
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Fig. 6 Variance Functions for Base Shear
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Fig. 7 Variance Functions for Base Moment



