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Response of Secondary Systems



Primary Systems:

Building that receives the motion directly
from the ground

Secondary Systems:

Piping systems and equipments that are
attached to the building



Conventional Analysis Method

[\ i o

Building Design Spectrum Compatible Time History

i o

Building Model

Floor Time History Floor Response Spectrum




Problems

1. Evaluation of the compatible time
history is not unique. (Several time
histories can be developed that are
"compatible.")

2. The method does not account for mass-
interaction between secondary and
primary systems - response is
overestimated.



Multiply Supported Secondary
System (Piping Systems)

1. Floor spectra are enveloped -
overestimation of response.

2. For relative displacements between the
supports - worst case analysis is
performed - overestimation of response.

Overall, calculated piping stresses may
be an order of magnitude too high.



New Methods

1. Coupled Response Spectrum Analysis

2. Floor Response Spectrum Analysis -
approximating the coupled analysis



These new methods are rational, rigorous
and elegant.

In the overall scheme of things, the new
methods do not significantly increase the
cost of analysis.



New methods give significantly reduced
seismic stresses. They are useful for:

1. Requalification of existing systems for
higher than the original design seismic
forces.

2. Reduction of piping supports (snubbers).

3. Margin evaluation.



Free Vibration Equation
[M1{U} +[C1{U} +[K]{U} = {0}
(U} =[$1(X}, (X} =[{X,}T{X,}]

$, 0] (X,}7=[X, X,...]

[¢] =
10 & (X}'=[X;X;,...]

(6,1 =[b,; &y -]

[b,] = [ ;-]



ra? = [y J{d,)

SDOF Secondary System

(Y] =y/m,

SDOF Primary System
{ ¢ci } .

Jm

1

m
ﬁﬂzJ_i
mP

N



The definitions of [IZ] and [5] are as accurate as
they can be.

For moderately light secondary systems, these
expressions can be used to obtain approximate
but accurate eigenvalues and eigenvectors.



Eigenvalue Problem

[K*]1{X} ={0]}

[K*]=22[1] + A[C] + K]

A = coupled complex eigenvalue

= -Lo+ioyl-¢

® = coupled frequency

{ = coupled damping




CHER R F A T EEL T

Each Story Mass (m,) and stifiness (k,) ™) Node Mumber m
Mass m=1 Kip- s¥in are varied to obtain a range @Elememmmern
Stiffness k = 5000 Kips/in of r,, and r, values




Comparison of Coupled Frequencies, Damping Ratios
Case 2

Frequency, (Hz) Damping Ratio (%)

Percent Error Percent Error

Exact GuptaJaw IDK Exact GuptaJaw IDK

2.8 0.05 10.21 5.7 0.19 22.38
4.2 0.17 -9.12 3.2 0.52 -37.49
6.5 0.02 1.61 22 0.25 -10.94
8.2 0.05 -2.48 6.7 -0.15 4.69
12.8 -0.01 -0.42 7.0 -0.35 0.25
16.9 -0.01 -0.33 7.0 -1.65 -0.50
19.9 0.00 -0.05 7.0 -0.28 -0.09
21.9 0.00 -0.16 7.0 -0.43 0.06




Example: Case 9, El Centro (NS, 1940)
Damping 7 %, 2 %

N —————
Forces in Kips
Element 1 Element 2 Element 3
Time History 88.6 6.18 89.4
QOur Method 83.9 561 86.5
Conventional 243 16.8 243




High Frequency Mode Effect
on Coupled Analysis



Equation of motion of the coupled system

.

(M]{U} + [C]{U} + [K]{U} = - [M]{Us} 4

w1 ={ o |

{(U,},{U,} are the primary and secondary system
displacements, respectively, relative to the base of

the primary system.




Secondary system displacement vector relative to
the primary systems connecting DOF

{00} . {Ua} - [Ucc} {Uc}

U, contains one secondary system displacement
vector for each connecting DOF.

Each such vector represents the displacement
vector when the corresponding connecting DOF
undergoes a unit displacement.



Transformation

@ ={{}=om ml @

{Up} = {0y}

j

[U,,) is obtained from the matrix [U,] by adding
zeros for the non-connecting DOF of the primary

system.

w1 {} + (€){0} + (RO} = ~ (M) (T} iy



Primary system residual mode vector

(K] {Uo} = - (M) {Uso} 325 Scaled Out

(Ui} = (U}~ X {65}
Normalize {U,} to get {¢.} such that

{6o}7 [M,] {0} =1



Define a fictitious frequency

w? = {¢}" Kyl {0}

Treat {¢,} as an extra uncoupled primary system
mode just like any other mode.




Evaluation of Secondary System Residual Mode
Vectors

(M) {0.} +(C){U.} + [K.){

) = - M) U {O)

c

3 . .
{U } = Total acceleration at the primary system
connecting DOF.




M) {0 )+ {0} +K (O} = - 5 (M) {€1} T real

+.. = Participation factor for the secondary system
mode o at connecting DOF ¢, an element of [I']

[FC] . [(pa] [Ma] [Uu]



(K (T} = = [M)) S {Useo} 7 Sceled Out

(Ui} = {Uic} = £ {10} %o
Calculate nc values of {U,.} vectors

[Kl] {U.oo} - [M‘] {Ulco}

Normalize each {U,,} to give {¢z} such that

{#r}" [M,) {¢r} =1




Each of the nc {¢z} vectors is orthogonal to the
given ns modal vectors {¢,a}.

However, the {¢z} vectors themselves are not
orthogonal to each other.



Coupled eigenvalue problem

(M{U} + [C1{U} + [K]{U} = — [M]{Us} i

wy = { ] =m1en)

{X,}

(®,] [0] [0] g

- . {Xs}
[ [0] [‘D,] [‘bR] {XR}

M) {X) + [C] {X} + (K] {X} = — [&]" [M] {Us} i
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Frequencies and Damping Ratios for Case 1

" 6-DOF Primary System

4-DOF Secondary System

Freq.
(Hz.)

Damping
Ratio

Mode
No.

Freq.
(Hz.)

Damping
Ratio

2.10148

0.07

9.83625

0.02

6.18237

0.07

18.71025

0.02

9.90389

0.07

25.75100

0.02

1 13.04991

0.07

|
-
B

30.27286

0.02

115.43755 |

0.07

|

116.92772

I

0.07

|




Comparison of Nodal Displacements (inch) for
Secondary System DOF

CREST / PIPESTRESS
Node | Including all| Truncated modes; | TIME HISTORY
no. modes | Including missing mass
1 1.281 1.277 1.289
2 1.498 1.493 1.498
3 1.688 1.682 1.682
4 1.849 1.842 1.838




Comparison of Spring Forces (kip) for Secondary
System Elements

CREST / PIPESTRESS

Elcment | Including all|  Truncated modes; | TIME HISTORY
no. modes | Including missing mass
1 240.4 239.7 239.9
2 217.6 217.0 214.8
3 191.0 190.3 185.9
4 161.3 160.6 155.6
5 128.8 128.2 124.1




Description of Input Parameters

Description Notation
Primary System
Modal frequencies @y
Modal dampings Cpi
Modal participation factors Yoi

Modal vectors for connecting DOF Dei



Description of Input Parameters

II. Secondary System

Modal frequencies 7 Wi
Modal dampings Csi
Modal vectors Psi
Mass matrix M,
Stiffness matrix K,
Connecting stiffness matrix K:
Support influence matrix U
Base influence vector Ubs

III. Primary System Base Response Spectra

Spectral accelerations Sé(w', ¢
Corresponding frequencies w*
Corresponding dampings ¢!

r

Rigid frequency w



PROGRAM
|

PIPESTRESS Control Data
nput Base Spectra
Mass and -
Stiftness Matrices rr—-o—

CREST
PIPESTRESS w“‘;’.“.
Member Forces
Stresses CREST
Support Reactions Mode Combination

Generalized Flow Chart for Interaction of
CREST and PIPESTRESS
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Research on Coupled Seismic Response of Secondary Systems

Ajaya Kumar Gupta'
Hussein Ahmad Megahed?

Abstract

Coupled seismic analysis of primary-secondary systems may reduce response of a
secondary system by one or more orders of magnitude over that calculasd from a
conventional uncoupled secondary system analysis. When individually classically damped
primary and secondary systems are coupled, the combined system becomes nonclassically
damped if the modal damping values of the two systems are different. Various topics related
to such systems have been studied to further the state of the art, and thereby improve the
accuracy of the analysis. Two methods of analyzing nonclassically damped systems, an
"original” and a new canonical, are shown to be mathematically identical. The former is
preferred because it represents response in terms of physical quantities, relative displacements
and velocities. The response spectrum method for nonclassically damped systems requires the
conventional relative displacement-based response spectrum and a new relative velocity-based
spectrum. For combination of modal responses, three sets of correlation coefficients are
needed. Evaluation of the response of a single-degree-of-freedom (SDOF) system is studied
to be able to evaluate the response spectra and correlation coefficients. It is shown that the
commonly used time-domain analysis gives incorrect relative velocity values for high
frequency SDOF systems. An alternative frequency-domain approach is proposed. New
expressions for correlation coefficients showing better agreement with the numerical values
than the existing expressions are developed. Impact of damping values on rigid response
coefficients is studied and is incorporated in new equations. Empirical values for the key
frequencies that define the rigid response coefficients are derived. To account for
uncalculated high frequency modes of the uncoupled primary and secondary systems, a
residual mode method is developed.

Introduction

Various topics related to analyzing nonclassically damped coupled primary-secondary
systems have been investigated to further the state of the art, and thereby improve the
accuracy of the analysis. Coupled respornse of a secondary system may be one or more orders
of magnitude less than that calculated from the conventional uncoupled analysis. Dynamic
analysis of multi-degree-of-freedom (MDOF) systems is often performed by the modal
superposition-time history method, or the equivalent response spectrum method. Mode shapes

'Professor and Director, Research Program on Nuclear Power Plant Structures, Equipment and
Piping, Department of Civil Engineering, North Carolina State University, Raleigh, NC 27695-7908.

?Assistant Professor, Department of Civil Engineering, Cairo University, Cairo, Egypt. Former
graduate student, Department of Civil Engineering, North Carolina State University, Raleigh, NC
27695-7908.
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and frequencies of the undamped system are calculated. It is assumed that when the equation
of motion (including the damping term) is transformed using the mode shapes and normal
coordinates, a set of uncoupled equations in terms of the normal coordinates are obtained.
These equations are similar to the equations of motions of single-degree-of-freedom (SDOF)
systems, thus greatly simplifying the solution process. In the above process, the off-diagonal
terms in the modally transformed damping matrix are assumed to be zero. The systems, in
which this assumption is valid, are called classically damped. MDOF systems in which the
off-diagonal terms in the transformed damping matrix cannot be ignored are called
nonclassically damped. A coupled primary-secondary system is an example of such a
system. A detailed state of the art of analyzing nonclassically damped coupled systems is
presented by Gupta (1992). A summary of recent research performed by us (Megahed and
Gupta, 1¥92) at North Carolina State University to further the state of the art is presented
here.

Methods of Anaiysis

The equation of motion of an N-DOF coupled nonclassically damped system is given
by:

MU +CU +KU = -MU,i, (1

where M, C and K denote mass, damping and stiffness matrices, respectively; U is the
relative displacement vector; U, is a displacement vector obtained by statistically displacing
the support by unity in the direction of the input motion; u, is the ground displacement; and
the super dot (-) represents a derivative with respect to the time variable. In the Foss
approach (Foss, 1958), Equation (1) is cast into a 2N-dimensional matrix equation, and a
complex eigenvalue problem is solved. There are N-pairs of complex eigenvalues and
eigenvectors. Each pair consists of eigenvalues and eigenvectors that are conjugates of each
other. The complex eigenvalue pairs give the values of modal frequencies w, (rad/sec) and
damping ratios {,, in which (here and elsewhere in the paper) the subscript denotes the mode
number. Each compiex eigenvector pair gives two real vectors \f, and ] of the rank Nxl.
The modal superposition equation of the nonclassically damped system is given by:

. 4 d v E v
U=ZU =XU*-U" = Evix-vx, (2)
i=l i=1 i=1

in which x; is the relative displacement of an equivalent SDOF system and can be calculated
from:

- 2 »
X‘*Z(D‘C‘X“(D‘X""“‘ (3)

A new "canonical" method was recently proposed by Yang, Sarkani and Long (1987).
They define sine and cosine responses of a SDOF system, denoted here by s, and ¢,
respectively. The modal superposition equation is written in terms of these responses and
new modal vectors yj and f as:
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N N
U ,=ZU U = Z Vs +vc, 4)
in]

in]

We have shown that:

Vi = -y <L) ey
Wp;
$i = ~ax;, ¢ =k -Lox )

in which wp, is the damped frequency of the ith mode. Equations (4) and (5) give a vector
U, that is identical to the vector U of Equation (2). In the time domain, therefore, the new
canonical method would give responses that are identical to those given by the "original"
method. The corresponding response spectrum methods should give comparable results. The
original method deals with physically meaningful quantities, relative displacement (x;) and
velocity (f), and the sine and cosine responses (s; and ;) used in the canonical method are
physically not as meaningful. Therefore, we propose to continue to use the original method.

In the response spectrum method of nonclassically damped systems, two response
spectra need to be defined (Gupta, 1992; Gupta and Jaw, 1986).
S¢ = max|x(r)|, Sy = max |x(n)| (6)

Both the spectra can be defined in alternate units.

d
S4 = 0y = w’Sp,

S, = Sy = 0’S, 0]

in which the small letter superscripts d and v denote the source of the spectral value (relative
displacement and velocity, respectively), and the capital letter subscripts A, V and D denote
the units, acceleration, velocity, and displacement, respectively.

The maximum value of a response R in mode i obtained from the relative
displacement spectra is denoted by R? and that from the relative velocity spectra by R;. Since
these maximum values do not occur at the same time, the following modal combination
equation is used:
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R? =« LE(efR R +€R'R -20,R R]) (8)
L |

in which €f;, €}, and 4, are appropriate correlation coefficients.

In the analysis of classically damped systems, only relative displacement-based design
spectra are needed and defined. Analysis of a system as nonclassically damped is uncommon,
and therefore, relative velocity-based design spectra are not readily available. A method for
estimating a velocity spectrum from the corresponding displacement spectrum is proposed by
Gupta and Jaw (1986) that will be further investigated here. Analytical values of the
correlation coefficients ef,-, €}, and u; based on the assumption that the ground motion is a
white noise are available in literature. Empirical studies based on real earthquake ground
motions are also available in literature for €, No such studies have been performed,
however, for €]; and ;. It is proposed to empirically investigate ail three coefficients in the
present work. fn all these numerical investigations on the response spectra and the correlation
coefficients, we need to evaluate the response of SDOF systems subjected to earthquake
motions in all frequency ranges. Problems with the calculations of the responses were
investigated and are summarized (along with the solutions to the problems) in the next
section.

Response of an SDOF System

Response of an SDOF system subjected to earthquake ground motions is usually
calculated in time domain using an "exact” Nigam and Jennings method (1969). The
processed earthquake data has nonzero initial values of the acceleration, velocity and
displacement. That is due to the instrument triggering threshold and the process of data
fillering. When these nonzero initial conditions are not explicitly accounted for, the
calculated response becomes erroncous for the low-frequency SDOF oscillators. This problem
has been long recognized and can be solved by introducing a fictitious, prefixed pulse
proposed by Pecknold and Riddell (1978). The ground motion is defined in terms of
acceleration values at discrete time intervals. In the response evaluation it is assumed that the
ground acceleration varies linearly between the data points. The assumption of linear
acceleration variation between the data points introduces a practically limitless frequency
content in the ground motion that is well beyond the Nyquist frequency, f. (Hz) = 1/2 Az, the
upper frequency limit of the accurate representation, in which Az is the record interval in
seconds. The spurious high frequency content of the motion does not significantly affect the
calculation of the relative displacement values that have been calculated in the past for the
classically damped systems. The same is, however, not true of the relative velocity
calculations. For illustration, let us consider a 100 Hz oscillator with 2% damping subjected
to the El Centro earthquake (SOOE, 1940). The earthquake record is digitized at 0.02
intervals, and is capable of representing a maximum frequency of 25 Hz. It is not expected
to generate a significant 100 Hz response in the oscillator. Figure 1 shows a 0.5 second
segment of the relative velocity history of the oscillator, that clearly shows a major 100 Hz
content (for any 0.1 second duration in the figure, we can count approximately 10 sinusoidal
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waves). We were unable to develop a suitable time-domain technique to suppress this
spurious response.

<)
2

Relative Velocity (cm/sec)
o
a
]

0.05+
0‘ 10 J -
0.15 | ' ' : -
2.0 2.1 2.2 2.3 2.4 2.5
Time (sec)

Figure 1 0.5 Second Segment of Relative Velocity History of an SDOF System, 100 Hz,
Damping Ratio = 0.02, El Centro (SOOE, 1940)

To calculate the response of the oscillator accurately in all frequency ranges, therefore,
we proceeded to perform a frequency-domain analysis. The method consists of obtaining the
Fourier transform of both the input motion and the unit impulse function over an appropriate
range of frequencies, multiplying the two transforms, and performing an inverse Fourier
transform on the product resulting in the response time history. The nonzero initial
conditions are handled the same way as in the time-domain analysis. When the unit impulse
function is also discretized in the time domain (the input motion is already discretized), two
new problems appear in the solution. The Fourier analysis implicitly introduces periodicity in
the input and output, the period being equal to the length of the record being processed. This
results in an "end effect,” due to nonzero output at the end of any "period” interfering with
the outputs of the subsequent periods. The error is cumulative from period to period and can
give very erroneous results. The problem is solved by adding enough zeroes at the end of
both the earthquake and the unit impulse data, assuring a zero output at the end of the period,
thus avoiding the end effect. Another problem is “aliasing” that occurs in the high frequency
range. When the oscillator frequency is beyond the earthquake record's Nyquist frequency,
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the true high frequency content of the unit impulse function cannot be accurately represented.
The mathematical process interprets the unit impulse function records in terms of the lower
"alias" frequencies within the Nyquist frequency, thus giving incorrect response values.

To avoid the aliasing problem, we used an alternate procedure in which the unit
impulse function is not discretized to evaluate its Fourier transform. Instead, we use the
analytical form of the Fourier transform of the unit impulse function, thus avoiding the
aliasing problem. To overcome end effect problems in this case, a correction proposed by
Veletsos et al (Veletsos and Ventura, 1985) is used. Figure 2 shows the velocity response of
the 100 Hz oscillator (the same as the one used before) from the frequency-domain analysis
along with that from the time-domain analysis. The frequency-domain analysxs has clearly
eliminated the spurious 100 Hz output.

——  Frequency Domain
—  Time Domain

(<)
S

Relative Velocity (cmvsec)
[S)
&
|

-0.05 +

-0.10 ¢+

l | | | |

2.0 2.1 22 2.3 24 2.5
Time (sec)

Figure 2 Comparison of 0.5 Second Segment of Relative Velocity History of an SDOF System
from Time and Frequency Domain Analyses, 100 Hz, Damping Ratio = 0.02,
El Centro (SOOE, 1940)
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Correlation CoefTicients

The correlation coefficients €, €}, and 4, are used in Equation (8) to obtain the
combined response R from the corresponding maximum modal responses RY and RY. These
coefficients depend upon the closeness of the modal frequencies, except in the high frequency
range, where the correlations €f; and €, become practically equal to unity irrespective of the
(lack of the) closeness of modaf frequencies.

Rosenblueth and Elorduy (1969) have proposed an expression for efj (called the
Rosenblueth equation) assuming earthquake motion to be a finite segment of white noise, and
Igusa, Der Kiureghian and Sackman (1984) have given expressions for €, €, and u;; (called
the Der Kiureghian equation) for white noise input of infinite duration. Both sets of
equations are applicable only when the high frequency effects are not present. We found that
Rosenblueth and Der Kiureghian equations gave values of tfj that were numerically very
close when the finite segment length (duration) of the earthquake is assumed to be infinity
and the two modal damping values are identical. When a practical earthquake duration, 10 -
20 seconds, is substituted in the Rosenblueth equation, it gives correlation values that are too
high. Also, the Rosenblueth equation gives €/, values that do not agree with the numerical
results when the two modal damping values are significantly different. A modified
Rosenblueth equation, given below, can be developed by setting the earthquake duration to
infinity and by incorporating an expression to account for different modal damping values
based on the Der Kiureghian equation:

ml - mj I 2 Ci Cj (9)
, Q.. =
Y - .
According to Igusa and Der Kiureghian, e‘{,— = Efl, and:

o ke (10)

2
B, = . v
i) '&"th (l). po wj U

Equations (9) and (10) are in reasonable agreement with the average numerical data
from twelve earthquakes for low modal damping values. Further modification of the
equations is needed for the raodal damping values that are on the order of 10%. We propose
to modify the above equations as follows:

1Y5-7



cd =25 Sth < C.-*C,' ¢! -o.oos»o.7i:.5..
i 0 o 3 i 3

.
c; =035+065_L, w20,

w.
=035+065—, w2w; 1<c’s3 (1)
, '

Figure 3 shows one set of comparisons between the average numencally obtained correlation
coefficients and those predicted by Equation (11).

"o i ] 1 T i | 1 [

0.9 |

0.8 f= 0.5 Hz = 0.10 - |
f,=0.5-5.0 Hz = 0.20

007‘
0.6

Correlation Coefficient g,

0.5, . * Numencal -
0.4} | ——  Modified Rasenbiueth ,
0.3“- SS——— PW |
0.2+ —
0.14 o -+
0.0 e LY T | L | | 1 | 1

1 2 3 Kl 5 6 7 8 810

Figure 3a Comparison of Displacement Correlation Coefficients in the Frequency Range 0.5-
5.0 Hz, Numerical, Modified Rosenblueth, Proposed, {=0.10, {=0.20
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Correlation Coefficient e,

Figure 3b

£

Correlation Coefficient

Figure 3¢

0.9 -4
“v— k) '| A 1 Hz = 0.10 e |
pd f=1-10 Hz = 0.20

Comparison of Velocity Correlation Coefficients in the Frequency Range 1-10 Hz,
Numerical, Der Kiureghian, Proposed, {=0.10, {=0.20
b s ] 1 T | i i
QL Qoo ——————————————————————————
I T L S o |
o245 200 T it
0.3 1 ™ |
0.4 « Numerica! —
0.5 4 oo Der Kiureghian o |
0.6} —  Proposed A
017“- =
0.8 + fi=1H2z =005 -
09 fi=1-10 H2 §=020 4
',.o | 1 | 1 1 L | -
1 2 3 4 § 6 7 8 810
f/1
Comparison of Cross Correlation Coefficients in the Frequency Range 1-10 Hz,

Numerical, Der Kiureghian, Proposed, §=0.05, {=0.20
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High Frequency Effect - Rigid Response CoefTicients

To account for the high frequency effect on correlation, modal responses, R{ and R},
can be decomposed into two parts each: the rigid parts, R and R}, and the damped periodic
parts, R% and R”. The following relationships have been proposed by Gupta et al (Gupta,
1992; Gupta and Chen, 1984):

RY = R, R® = Jl-(af)’ R!
R =R, R? =|1-(c})?* R (12)

in which af and o are rigid response coefficients, both of which are assumed to vary
between 0 and 1. The rigid parts from various modes are combined algebraically, and the
damped periodic parts are combined in accordance with Equation (8).

RY = ERY, R" = R
i i

- g d ,dp dp*v VP p VP _ dp pvp
(R?) FF(EUR.' R,‘ eajRi Rj 2“!’/Ri R/ ) (13)

Finally, the two rigid parts (R¥ and R"") and the combined damped periodic part (R”) are
assumed to be statistically independent. Therefore,

R? = (R“P (R + (RP)? e
Equations (12) through (14) give:
2 dpd = vV - dpv
R? = !E!j:(édk- RY+E,R'R’-21,R R (15)

7 i

in which the modified correlation coefficients are defined as follows:

) = {[1-@[1 -] ¢ -afef

€ = \[[l -(ar)z][l -(a,')z] £+ o

5y = ([t
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Note, in the high frequency range, af, af, o}, @} = 1, and &, €); = 1; and in the low

frequency range o, of, af, &} = 0, and €, = €f, &, = €}, J; = u;

Gupta and Chen (1984) originally proposed an approximate equation for u‘,’ that can
be represented by a straight line on a semi-log chart. Such an equation did not account for
the effect of damping on the coefficient. We have modified the original equation for & and
proposed a similar equation for . The two sets of modified equations are given below:

d
o

d _d d d
P =0 0, (1-ay)Aay,

v v v v v
a =a,-a,(l-a,)da,

In( f. d
WL

r por .fl‘sf,-sz‘
In(f,/f,)

v ICRETY
O = e f S5 Sy
In(fy/f,) (17

in which £; is the modal frequency, and %, £,%, f,", f," are key frequencies (all in Hz) yet to
be defined. The expressions for af; and @), define the coefficients without taking into
account the effect of damping that is introduced in Equation (17) by including Aa? and Aa.
The key frequencies, £,%, £,¢, f,*, f," were studied by performing numerical analysis on twelve
earthquake ground motions. Empirical expressions of these frequencies, and Aa? and Aat!
based on the averages of the twelve earthquakes are given below:

£ = 08675, £, = 084r°,

£ = 18615, £ = 12017,

d
Amax

S

fAd: ‘. -
2R Sy max

Aal =2.1+068,

Acl = 1.2+05¢, (18)

in which £¢ is the rigid or the ZPA frequency defined as the lowest frequency at which the
(relative displacement-based) spectral acceleration becomes almost equal to the zero period
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acceleration (ASCE, 1986). We found that the definition is not very precise since it can lead
to the use of different £, values by different engineers for the same earthquake motion.
Therefore, we propose to add the requirement that the spectral acceleration become practically
independent of the damping values at the rigid frequency. Figure 4 shows a companson of
the numerically calculated af and @] values with those predicted by Equations (14) and (15)
for three damping values. Figure 5 shows a comparison of numerically calculated correlaton
coefficients with those calculated using Equation (16) in the high frequency range.

1.9 100

Figure 4a Comparison Between the Numerical o Values with those from the Proposed Model,
El Centro (SOOE, 1940)
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Figure 4b Comparison Between the Numerical a” Values with those from the Proposed Model,
Taft (S69E, 1952)
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Frequency Range 10-100 Hz, Numerical, Proposed, {=0.05, {=0.20
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Velocity Response Spectrum

As was discussed earlier, two types of response spectra are needed in the analysis of
nonclassically damped systemns: the relative displacement spectrum, 59, and the relative
velocity spectrum, S*. Conventionally, most structures and equipments are assumed to be
classically damped for which only the relative displacement spectrum is needed. Therefore,
as a rule, only relative displacement-based design spectra are available. To analyze
nonclassically damped systems, we need to be able to estimate a relative velocity spectrum
from a relative displacement spectrum. A method proposed by Gupta and Jaw (1986) is
investigated here.

In the intermediate frequency range, it can be shown that the relative displacement and
velocity-bs~ed spectra are almost equal when represented in the same units. In the low and
high frequency ranges, the following relationships hold:

b ® ool s o 19
ZnSf 2ROUy " 2T .

If the key frequencies (Hz) f; and fj, are known, the relative velocity-based spectrum can be
calculated from a relative displacement spectrum in the low and high frequency ranges using
Equation (19). Gupta and Jaw had given empirical values of these frequencies based on
twelve earthquake ground motions. They used time-domain analysis that does not give
accurate relative velovity values in the high frequency ranges. Therefore, we repeated their
work with our frequenc -domain analysis. The new relationships for f; and f, are:

Sd
dd dd Vmax
fo=fwp: fvp = S —
2rS
i D max

fu = 26815 = 0221,

d
Amax

S

dd
Jaw ®

" d
.
2RSSy max

There is a small transition zone between the intermediate and the high frequency
ranges, the relative velocity spectrum for which can be evaluated using the procedure
presented in the references (Gupta, 1992; Megahed and Gupta, 1992, Gupta and Jaw, 1986).
Figure 6 shows a comparison between the estimated and the directly calculated velocity
spectrum for the El Centro earthquake (1940, SOOE), which is one of the twelve given in the
original report (Megahed and Gupta, 1992). In the estimation of the velocity spectrum in
Figure 6, actual values of f; and fy for the earthquake were used.
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Figure 6 Comparison of Estimated and Actual Velocity Spectra, Damping Ratio = 0.05,
El Centro (SOOE, 1940)

Secondary Systems with High F requency Modes

In recent years, several modal synthesis methods have been developed to perform
coupled analysis of primary and secondary systems. In these methods, it is assumed that all
uncoupled modal properties of the primary and secondary systems are known, which is not
practical for systems with large degrees of freedom. Typically, several (often, much less than
all) modes each of both the primary and the secondary systems are calculated. It is well
known that in certain complex problems, the effect of higher uncalculated modes can be quite
significant. In the analysis of (uncoupled) single systems, this effect is represented in terms
of a residual response vector obtained through a pseudo-static analysis of the svstem subjected
to the missing mass inertia forces. We have developed a method in which we use this type
of residual response vector as a fictitious mode, called the residual mode, to represent the
response of all the uncalculated higher medes both for primary and secondary systems.

In the existing coupled analysis methods, both the prnmary and secondary degree of
freedom are represented relative to the fixed base of the pnmary system. Thus, the secondary
system degrees of freedom include a rigid body motion component that the residual mode
vector cannot model - since, by definition, it represents a i=formed shape. Therefore, we
reformulated the coupled problem such that the secondary system: degrees of freedom are
defined relative to the primary system degrees of freedom at which the secondary system is
connected to the primary system.

The new formulation, that at the present is applicable to only singly connected
pnimary-sccondary systems, has been implemented in a new version of the CREST program
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originally developei by Gupta and Jaw (1985). The modified program was used to analyze
five primary-seco «dary coupled systems of the type shown in Figure 7. The five coupled
systems havc identical primary systems, and have secondary systems with identical story
masses and with five different storv stiffnesses. The frequencies (Hz) of the uncoupled
primary system modes are: 8.139, 23.944, 38.358, 50.542, 59.789 and 65.561. Uncoupled
secondary system frequencies (Hz) are: Case 1, 8.155, 22.849, 33.018; Case 2, 12.495,
35.009, 50.589; Case 3, 12.690, 38.358, 55.429; Case 4, 23.398, 65.562, 94.758; Case 5,
38,328, 107.392, 155.186. The uncoupled primary system modal damping is 2%, and all the
uncoupled secondary systems have 7% modal damping. The frequencies and damping ratios
for the five coupled system are given in Table 1. All the coupled systems were subjected to
the El Centro earthquake (1940, SOOE). The coupled analysis was performed two ways:
considering all the uncoupled modes, and considering only the uncoupled modes up to the
rigid frequency and accounting for the remaining modes with the residual mode vector. The
two sets of nodal displacements and spring forces given in Table 2 are practically the same.

|

= |
Y | n | :

1
® | o | ® .
~/ [ 7| ? @ -
7 |
~ s | ‘ ®
> n

| & m| Node Number
© (7) Element Number
Figure 7 Example Coupled System
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Tabie 1

Coupled Frequencies and Damping Ratios for Various Cases

Case Frequences (Hz) / Damping Ratios
e () [ Duoping Betioe ()}
1 |8.132] 8.155 | 22.833 | 23.966 | 33.019 | 38.360 | 50.548 | 59.790 | 65.567
5.338 | 3.663 | 2.071 | 6.932 | 2.002 | 6.999 | 6.997 | 7.000 | 6.998
2 | 8.123 | 12.506 | 23.953 | 35.006 | 38.367 | 50.558 | 50.590 | 59.790 | 65.576 |
6.970 | 2.029 | 6.994 | 2.015 | 6.991 | 6.973 | 2.028 | 7.000 | 6.996
3 | B.124 | 13.696 | 23.958 | 38.356 | 38.361 | 50.557 | 55.434 | 59.791 | 65.580
6.976 | 2.024 | 6.994 | 2.053 | 6.955 | 6.991 | 2.010 | 7.000 | 6.997
4 | B8.122 | 23.133 | 24.210 | 38.367 | 50.547 | 59.787 | 65.587 | 65.618 | 94.771
6.993 | 3.179 | 5.827 | 6.998 | 6.990 | 6.997 | 6.788 | 2.220 | 2.002
5 | 8,129 | 23.874 | 38.292 | 38.371 | 50.676 | 59.794 | 65.562 | 107.480 | 155.200
6.990 | 6.959 | 2.707 | 6.378 | 6.959 | 6.999 | 6.990 | 2.008 | 2.000
Table 2

Comparison of Nodal Displacements and Spring Forces from the Present Method

Nodal Displacements Spring Forces
Case | Node (inch) Element (kips)
All Residual All %uidnd

Modes Modes Modes | Modes
1 04328 04322 1 30.180 | 30.270
1 2 0.7296 0.7299 2 23.850 | 23.940
3 0.8836 0.8648 3 13.140 | 13.200

1 0.1113 0.1112 1 5.812 5.809

2 2 0.1322 0.1321 2 4.230 4.120
3 0.1431 0.1431 3 2.141 2.144

1 0.1051 0.1051 1 5.323 5.322

3 2 0.1231 0.1212 2 3.702 3.699
3 |0.1205 0.1295 3 1.808 1.900

1 0.0912 0.0912 1 6.546 6.559

5 2 0.0977 0.0877 2 4.673 4.703
3 0.1010 0.1011 3 2.437 2.461

1 0.0843 0.0843 1 4.360 4.353

5 2 0.0860 0.0860 2 2.932 2.922
3 0.0868 0.0868 3 1.474 1.468
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Summary and Conclusions

The conventional uncoupled analysis of secondary system gives resonse values that
may be one or more orders of magnitude higher than the actual coupled resonse. In recent
years, several efficient methods have been developed that treat the primary and secondary
systems as a single coupled mutli-degree-of-freedom (MDOF) system. It is shown that the
original method of analysis in which the modal responses are represented in terms of the
relative displacements and velocities of the equivalent SDOF oscillators is mathematically
identical to a newly proposed canonical method in which the sine and cosine responses are
used. Since the relative displacements and velocities are physical quantities, it is proposed to
continue to use the original method of analysis. The corresponding response spectrum
method requires definition of relative displacement-based response spectrum, which is also
used in the conventionally performed analysis of the classically damped systems and is
commonly available, and of a new relative velocity-based spectrum. The modal responses are
calculated in terms of these two spectral values. Combination of modal responses requires
definition of correlation coefficients :‘f €, and u;; Investigations related to the new relative
velocity spectrum and the correlation coefficients are reported in the paper.

To numerically evaluate the spectrum and the correlation coefficients for a given
ea-.\quake, we need to calculate the response of SDOF systems subjected to ground motion.
It is shown that the time-domain analysis introduces spurious inputs in the calculation of the
relative velocity of an SDOF system having frequencies beyond the Nyquist frequency of the
earthquake record. An appropriate frequency-domain analysis eliminates the problem.

The Rosenblueth equation for e‘ is first modified to be in better agreement with the
Der Kiureghian equation by chmmanng the earthquake duration term and by including a term
to account for different modal damping values, thus obtaining a better agreement with the
average numerical values from the twelve actual earthquakes. These equations are further
modified to improve agreement between the equation and numerical values, especially for
systems with relatively higher damping values, in the order of 10%. New equations are also
proposed for €]; and u;;

The high frequency effects in modal combination are mcorpomcd using the rigid
response coefficients a‘ and o}. A previously proposed equation for o, that gives a straight
line variation with respect to Lhe modal frequency f; on a semi-log chart and is independent of
the modal damping value, has been modified to include a damping dcpendcm term
mtroducmg a parabolic representation of the coefficient. A sumlar cquauon is proposed for
a). Empirical equations are obtained for the key frequencies f, /2 f;* and f," that are
needed in the evaluation of the rigid response coefficients.

In the present seismic analysis practice, only relative displacement-based design
spectra are given. For the analysis of the nonclassically damped systems, therefore, one
needs to estimate the relative velocity spectrum from a given relative displacement spectrum.
An existing method of making such estimations that is based on two key frequencies f; and fy
is reviewed. The method gives estimatss of the relative velocity spectra that are in good
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agreement with the actual spectra, provided that the key frequency, fy,. is recalculated based
on the new frequency-domain analysis.

Finally, results of the coupled analysis from a new formulation are presented. It is
shown that the effect of uncalculated uncoupled primary and secondary system modes having
frequencies beyond the rigid frequency can be accounted for by introducing residual mode
vectors both for primary and secondary systems.
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Table 1: Frequencies and Damping Ratios - Case 1

6-DOF Primary System 4-DOF Secondary System
Mode | Freq. | Damping | Mode Freq. | Damping
No. (Hz.) | Ratio No. (Hz.) | Ratio

1 2.10148 0.07 1 9.83625 0.02

2 6.18237 O.QZ 2 18.71025 0.02

3 9.90389 0.07 3 25.75100 0.02

4 13.04991 0.07 4 30.27286 0.02

5 15.43755 0.07

6 16.92772 0.07

Table 2: Comparison of Nodal Displacements (inches) for Secondary System - Case 1

CREST / PIPESTRESS
Node [ Including all |  Truncated modes; TIME HISTORY
no. modes Including missing mass
1 1.281 1.277 1.289
2 1.498 1.493 1.498
3 1.688 1.682 1.682
4 1.849 1.842 1.838

Table 3: Comparison of Spring Forces (kips) for Secondary System - Case 1
CREST / PIPESTRESS

Element | Including all Truncated modes; TIME HISTORY
no. modes Including missing mass
1 240.4 239.7 239.9
2 217.6 217.0 214.8
3 191.0 190.3 185.9
4 161.3 160.6 155.6
5 128.8 128.2 124.1
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JB=1111 IU=1 OU=1 PL=/PIPESTRESS INPUT FILE/
SU=1 CV=2 TI=/CASE-1, 4-DOF PROBLEM/

FREQ FR=33 LO=]1 MX=Z TI=/TRUNCATED MODES /

CA=1l EVsl TY=1 SU=3 LO=0 FX=1 FY=l Fi=l
CA=2 EV=l SU=l FX=l1 FY=1 F2=l

EV=1l ME=1 FP=0 SH=0

Lv=1 DX=1 DY=1 D2=1

1.071.0 50.0/1.0
1.0/2.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=2 DX=1 DY=1 D2=1

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=3 DX=1 DY=1 D2=1

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 $0.0/1.0
LV=4 DX=1 DY=1 DZ=1

1.0/1,0 50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 $0.0/1.0
LV=5 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0

1.0/1.0 $0.0/1.0

1.0/1.0 50.9/1.0
LV=6 DX=1 D¥Y=1l DZ=1
DI=X
1.0/1.0 S50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
CD=3 EC=28.0 SC=75 SH=75 KL=l
PT=1 LV=1
PT=2 DX=1.0 AZ=1000.0
PT=2 MA=318.64
PT=2 DY=1 LV=2
PT=2 DZ=1 LV=2
PT=2 RX=1
PT=2 RY=l
PT=2 RI=l
PT=3 DX=1.0 AZ=1000.0

PT=3 MA=18.64

PT=3 DY=l LV=]}

PT=3 DZ=1 LV=]

PT=3 RX=1

PT=3 RY=1

PT=3 RZ=1

PT=4 DX=1.0 AZ2=1000.0

PT=4 MA=38.64

PT=4 DY=1l LV=4

PT=4 DZ=1 LV=4

PT=4 RX=1

PT=4 RY=1

PT=4 RZ=1

PT=5 DX=1.0 AZ=1000.0
PT=5 MA=38.64

PT=5 D¥=1 LV=S

PT=5 DZ=1 LV=5

PT=5 RX=1

PT=5 RY=1

PT=5 RZ=1

PT=6 DX=1.0 AZ=1000.0
PT=6 LV=6




cclr.dat 1/1

CREST/ PIPESTRESS RUN FOR CASE-1, TRUNCATED MODES OF S.S.
6 2 2 6 2 1 0 11 1 1 0 1 1

900 10 10 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02
2 6
1 16
100000000. 0.0
0.0 100000000.
16
2.10148200 6.18237000 9.5038940 13.0499100 15.4375500 16.9277200
~0.25778 -0.55066 0.36783 0.13275 0.51865 0.45651
-0.55066 0.51865 0.45651 0.36783 -0.25778 0.13275

-0.2284E+01 -0.7313%+00 0.4018E+00 -0.2457E+00 -0.1456E+00 0.6836E-01
10 0.020089
2.1291.2220 6.5500.8379 8.9410.718911.1560.715613.2270.534515.3120.6440
16.9800.514619.3090.515525.9200.439530.3200.4303
10 0.020570
2.1291.2127 6.5500.8284 8.9410.715011.1560.711113.2270.533415.3120.6403
16.7800.513619.30580.513825.,9200.437630.3200.4285
10 0.025668
2.1291.1228 6.5500.7413 8.9410.678211.1560.668913.2270.520215.3120.6033
16.9800.503619.3090.497425.9200.418530.3200.4137
10 0.038864
2.1290.9478 6.5500.6178 8.9410.608711.1560.591713.2270.483915.3120.5476
16.9800.484919.3090.467825.9200,380330.3200.387
10 0.047920
2.1290.8611 6.5500.5556 8.9410.578511.1560.559513.2270.463315.3120.5251
16.9800.471719.3090.452325.9200.364630.3200.3%54
10 0.064194
2.1290.7464 6.5500.4921 8.9410.537511.1560.519413.2270.457315.3120.4935
16.9800.458219.3090.431625.9200.358930.3200.3621
10 0.064384
2.1290.7453 6.5500.4918 8.9410.537111.1560.519113.,2270.457315.3120.4932
16.9800.458019.3090.431425.9200.358930.3200.3620
10 0.065102
2.1290.7412 €.5500.4907 8.9410.535611.1560.517613.2270.457015.3120.4920
16.9800.457419.3090.430625.9200.358730.3200.3615
10 0.067043
2.1290.7302 6.5500.4876 8.9410.531511.1560.513713.2270.456115.3120.4889
16.9800.455819.3090.428725.9200.358130.3200.3604
10 0.068084
2.1290.7245 6.5500.4862 8.9410.529411.1560.511713.2270.455615.3120.4872
16.9800.454919.3090.427625.9200.357830.3200.3598
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Figure 2: Primary, Secondary and Coupled Systems, Case 2



Table 4: Frequencies and Damping Ratios - Case 2

6-DOF Primary System 5-DOF Secondary System
Mode |  Freq. | Damping | Mode Freq. | Damping

No. (Hz.) | Ratio No. (Hz.) | Ratio

1 5.83144 0.07 1 5.82555 0.02

2 17.15531 0.07 2 11.25400 0.02

3 27.48288 0.07 3 15.91549 0.02 -

4 36.21252 0.07 4 19.49171 0.02

5 42.83814 0.07 5 21.74056 0.02

6 |46.97300 0.07

Table 5: Comparison of Nodal Cisplacements (inches) for Secondary System - Case 2

CREST / PIPESTRESS
Node | Including all Truncated modes; TIME HISTORY
no. modes Including missing mass
1 0.3875 0.3875 0.3874
2 0.6098 0.6096 0.6097
3 0.7038 0.7035 0.7037
4 0.6497 0.6497 0.6496
5 0.4659 0.4657 0.4658

Table 6: Comparison of Spring Forces (kips) for Secondary System - Case 2

CREST / PIPESTRESS
Element | Including all Truncated modes; TIME HISTORY

no. modes Including missing mass
1 154.0 154.0 154.0
2 112.9 112.9 112.9
3 48.04 47.98 48.02
i 33.6 33.61 33.61
5 100.2 100.1 100.2
6 146.2 146.1 146.2




c2.dat

1/2

IDEN JB=1111 IU=1 OU=1 PL=/PIPESTRESS INPUT FILE/
TITL SU=1 CV=2 TI=/CASE-2, 5-DOF PROBLEM/
FREQ PR=33 LO=1 MX=5 TI=/INCLUDING ALL MODES /
RCAS CA=1 EV=1 TY¥=1 SU=3 LO=1 FX=1 FY=1 FZ=1
RSEC CA=2 EV=1 SU=1 FX=1 FY=l FZ=1
SPEC EV=1 ME=1 FP=0 SH=0
LV=1 DX=1 DY=1l DZ=1l
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=2
1.0/1.0 50.0/1.0
LV=2 DX=1 DY=1 DZ=1
DI=X
1.071.0 50.0/1.0
Di=Y
1.0/1.0 50.0/1.0
DI=2
1.0/71.0 50.0/1.0
LV=3 DX=1 DY=1l DZ=1
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.071.0 50.0/1.0
DI=2
1.0/1.0 50.0/1.0
LV=4 DX=1 DY=1 DZ=1
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=2
1.0/2.0 50.0/1.0
Lv=S DX=1 DY=1 DZ=1
DI=X
1.0/1.0 $0.0/1.0

1,0/1.0 50.0/1.0
DI=2Z
1.0/1.0 50.0/1.0
LV=6 DX=1 DY=1 D2=1l
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.041.0 850.071.0
DI=2
1.0/1.0 50.0/1.0
LVv=7 DX=1 DY=] DZ=1
DIi=X
1.0/1.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=2
1.0/1.0 50.0/1.0
MATL CD=3 EC=28.0 SC=75 SH=75 KL=1
ANCH PT=1 LV=1l
SPRS PT=2 DX=1.0 AZ=500.0
LUMP PT=2 MA=38.64
RSUP PT=2 DY=1 LV=2
RSUP PT=2 DZs=1 LV=2
ROTR PT=2 RX=1
ROTR PT=2 RY=1l
ROTR PT=2 RZ=1
SPRS PT=3 DX=1.0 AZ=500.0
LUMP PT=3 MA=38,h64
RSUP PT=3 DY=]1 LV=3
RSUP PT=3 DZ=1 LV=3
RCTR PT=3 RX=1l
ROTR PT=3 RY=1l
ROTR PT=3 RZ=1
SPRS PT=4 DX=1.0 AZ=500.0
LUMP PT=4 MA=38.64
RSUP PT=4 DY=1 LV=4
RSUP PT=4 D2=1 LV=4
ROTR PT=4 RX=1
ROTR PT=4 RY=1l




c2.dat

2/2

ROTR PT=4
SPRS PT=5
LUMP PT=5
RSUP PT=5
RSUP PTs=5
ROTR PT=5
ROTR PT=5
ROTR PT=5
SPRS PT=6
LUMP PT=6
RSUP PT=6
RSUP PT=6
ROTR PT=6
ROTR PT=6
ROTR PT=6
SPRS PT=7
ANCH PT=7
ENDP

RZ=1

DX=1.0 AZ=500.0
MA=38 . 64

DY=1 LV=5

DZ=1 LV=S

RX=1

RY=1

RZ=1

DX=1.0 AZ=500.0
MA=38.64

DY=1 LV=6

DZ=1 LV=6

RX=1

RY=1

RZ=1

DX=1.0 AZ=500.0
LV=?




cc2.dat

1/1

CREST/ PIPESTRESS RUN FOR CASE-2, WITH ALL THE S.S. MODES
6 2 2 6 95 1 0 11 1 0 0 0 1

900 11 11 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02 0.02 0.02 0.02
2 6
1 19
100000000. 0.0
0.0 100000000.
32

5.83144000 17.1553100 27.4828800 36.2125200 42.8381400 46.9730000
-0.25778 -0.55066 0.36783 0.13275 0.51865 0.45651
-0.55066 0.51865 0.45651 0.36783 -0.25778 0.13275
-0.2284E+01 -0.7319E+00 0.4018E+00 -0.2457E+00 0.14S5E+00 -0.6833E-01
11 0.020068
5.1640.8486 6.6590.837311.1490.711015.9360.652817.2960.552219.6100.5449
21.7360.423727.5810.359336.2420.355142.8910.351547.0050.3488
11 0.020304 '
5.1640.8466 6.6590.831611.1490.708715.9360.651617.2960.550919.6100.5440
21.7360.423027.5810.359336.2420.355042.8910.351447.0050.3488
11 0.020811
5.1640.8424 6.6590.821611.1490.703915.9360.649017.2960.548219.6100.5420
21.7360.421427.5810.359236.2420.354842.8910.351247.0050.3488
11 0.022647
5.1640.8272 6.6590.801811.1490.688215.9360.639917.2960.538519.6100.5352
21.7360.416027.5810.359036.2420.354242.8910.350647.0050.3488
11 0.038318
5.1640.7113 6.6590.655911.1490.599415.9360.576317.2960.473319.6100.4860
21.7360.389627.5810.358036.2420.352242.8910.348647.0050.3487
11 0.047266
5.1640.6557 6.6590.591511.1490.566415.9360.548617.2960.443719.6100.4653
21.7360.383427.5810.357436.2420.353242.8910.348447.0050.3487
11 0.066337
5.1640.5936 6.6590.501711,1490.517115.9360.503917.2960.433819.6100.4343
21.7360.371127.5810.356136.2420.350742.8910.348647.0050.3488
11 0.069%9376
5.1640.5893 6.6590.496411.1490.510915.9360.498117.2960.432519.6100.4305
21.7360.369227.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069785
5.1640.5887 6.6590.495811.1490.510115.9360.497417.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069811
5.1640.5886 6.6590.495811.1490.510115.9360.497317.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069887
5.1640.5886 6.6590.495811.1490.510115.9360.497317.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
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IDEN JB=1111 IU=1 OU=l PL=/PIPESTRESS INPUT FILE/
TITL SU=sl CV=2 TI=/CASE-2, 5-DOF PROBLEM/
FREQ FR=33 LO=1 MX=3 TI=/TRUNCATED MODES /
RCAS CA=1 EV=1 TY=1 SU=3 LO=0 FX=1 FY=l FiZ=1
RSEC CA=2 EV=1 SU=]l FX=1 FY=l1 F2=1
SPEC EV=1 ME=l1 FP=0 SH=0
LV=1 DX=1 DY=1 D2=1
DI=X
1.0/1.0 S50.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=2
1.0/1.0 50.0/1.0
LV=2 DX=1 DY=1 D2=1
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=3 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=4 DX=1 DY=1 D2=1
DI=X
1.071.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=5 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=6 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=7 DX=1 DY=1 D2Z=1
DI=X
1.0/1.0 50.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=2
1.0/1.0 50.0/1.0
MATL CD=3 EC=28.0 SC=75 SH=75 KL=1
ANCH PT=1 LV=1
SPRS PT=2 DX=1.0 AZ=500.0
LUMP PT=2 MA=38.64
RSUP PT=2 DY=1 LV=2
RSUP PT=2 DZ=1 LV=2
ROTR PT=2 RX=1
ROTR PT=2 RY=1
ROTR PT=2 RZ=1
SPRS PT=3 DX=1.0 AZ=500.0
LUMP PT=3 MA=18.64
RSUP PT=3 DY=1l LV=3
RSUP PT=3 DZ=1 LV=3
ROTR PT=3 RX=1l
ROTR PT=3 RY=1
ROTR PT=3 RZ=1
SPRS PT=4 DX=1.0 AZ=500.0
LUMP PT=4 MA=38.64
RSUP PT=4 DY=1 LV=4
RSUP PT=4 DZ=1 LV=4
ROTR PT=4 RX=1
ROTR PT=4 RY=1
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SPRS
RSUP

ROTR
ROTR

SPRS
LUMP
RSUP

ROTR
ROTR

SPRS
ENDP

PT=4
PT=5
PT=5
PT=5
PT=5
PT=5
PT=5
PT=5
PT=6
PT=6
PT=6
PT=6
PT=6
PT=6
PT=6
PT=7
PT=7

c2r.dat

RZ=1

DX=1.C AZ=500.0
MA=38.64

DY=1 LV=5

DZ=1 LV=S

RX=1

RY=1

RZ=1

DX=1.0 A2=500.0
MA=38.64

DY=1 LV=6

DZ=1 LV=6

RX=1

RY=1

RZ=1

DX=1.0 AZ=500.0
LVs?
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CREST/ PIPESTRESS RUN FOR CASE-2, TRUNCATED MODES OF S.S.
€ 2 2 L S e SRR - N | 0 0 1 1

900 11 11 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 €.07
0.02 0.02 0.02
2 6
1 19
100000823, 2.0
0.0 10C000000.
17

5.83144000 17.1553100 27.4828800 36.2125200 42.8381400 46.9730000
-0.25778 -0.5%066 0.36783 0.13275 0.51865 0.45651
-0.55066 0.51.865 0.45651 0.36783 -0.25778 0.13275
-0.2284E+01 -0.7319E+00 0.4018E+00 ~0.2457E+00 0.1455E+00 -0.6833E-01
11 0.020068
5.1640.8486 6.6590.837311.1490.711015.9360.652817.2960.552219.6100.5449
21.7360.423727.5810.359336.2420.355142.8910.351547.0050.3488
11 0.020304
5.1640.8466 6.6590.831611.1490.708715.9360.651617.2960.550919.6100.5440
21.7360.423027.5610.359336.2420.355042.8910.351447.0050.3488
11 0.020811
5.1640.8424 6.6590.821611.1490.703915.9360.649017.2960.548219.6100.5420
21.7360.421427.5810.359236.2420.354842.8910.351247.0050.3488
11 0.022647
5.1640.8272 6.6590.801811.1490.688215.9360.639917.2960.538519.6100.5352
21.7360.416027.5810.359036.2420.354242.8910.350647.0050.3488
11 0.038318
5.1640.7113 6.6590.655911.1490.599415.9360.576317.2960.473319.6100.4860
21.7360.389627.5810.358036.2420.352242.8910.348647.0050.3487
11 0.047266
5.1640.6557 6.6590.591511.1490.566415.9360.548617 2960.443719.6100.4653
21.7360.383427.5810.357436.2420.353242.8910.348447.0050.3487
11 0.066337
5.1640.5936 6.6590.501711.1490.517115.9360.503917.2960.433819.6100.4343
21.7360.371127.5810.356136.2420.350742.8910.348647.0050.3488
11 0.069376
5.1640.5893 6.6590.496411.1490.510915.9360.498117.2960.432519.6100.4305
21.7360.369227.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069785
5.1640.5887 6.6590.495811.1490.510115.9360.497417.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069811
5.1640.5886 €.6590.495811.1490.510115.9360.497317.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
11 0.069887
5.1640.5886 6.6590.495811.1490.510115.9360.497317.2960.432319.6100.4300
21.7360.369027.5810.355936.2420.350742.8910.348647.0050.3489
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Figure 3: Primary, Secondary and Coupled Systems, Case 3



Table 7: Frequencies and Damping Ratios - Case 3

6-DOF Primary System 6-DOF Secondary System
Mode Freq. | Damping | Mode Freq. | Damping

No. (Hz.) | Ratio No. (Hz.) | Ratio

1 9.85694 0.07 1 14.16606 0.02

2 28.99800 0.07 2 27.62134 0.02

3 46.45145 0.07 3 39.69324 0.02

4 61.20940 0.07 4 49.77253 0.02

5 72.40913 0.07 5 57.35785 0.02

6 79.39922 0.07 6 62.06565 0.02

Table 8: Comparison of Nodal Displacements (inches) for Secondary System - Case 3

CREST / PIPESTRESS
Node [ Including all | Truncated modes; | TIME HISTORY
no. modes Including missing mass
1 0.07188 0.07182 0.07186
2 0.0954 0.0944 0.09435
3 0.1097 0.1097 0.1097
4 0.1168 0.1167 0.1167
5 0.1152 0.1151 0.1152
6 0.1053 0.1052 0.1053

CREST / PIPESTRESS

Table 9: Comparison of Spring Forces (kips) for Secondary System Case - 3

Element | Including all Truncated modes; TIME HISTORY
no. modes Including missing mass
1 112.9 112.9 112.9
2 90.40 90.46 90.59
3 61.62 61.58 61.63
4 28.92 28.86 28.92
5 8.58 8.51 8.58
6 40.50 40.67 40.50
7 71.17 71.26 71.17




c3.dat

1/1

JB=1111 I1U=1 QU=1 PL=/PIPESTRESS INPUT FILE/
SU=1 CV=2 TI=/CASE-3, 6-DOF PROBLEM/
FR=65 LO=1 MX=6 TI=/INCLUDING ALL MODES /

CA=1
CA=2
EV=1l
Lv=1

Lv=2

Lv=3

Lv=4

Lv=5

Lv=é

Lv=7

Lv=8

CD=3
PT=1
PT=2
PT=2
PT=2
PT=3
PT=3
PT=3
PT=4
PT=4
PT=4
PT=5
PT=5
PT=5
PT=6
PT=6
PT=6
PT=?
PT=7
PT=?
PT=8
PT=8

EV=l TYsl
EV=l SUs=l

SU=3 LO=1 FX=1 FY=1 F2=1l
FX=1 FY=l FZ=l

ME=1 FP=0 Si=0
DX=1 DYsl DZ=1

1.0/1.0 SO
1.0/1.0 S0

1.0/1.0 S0
DX=1 D¥=1 DZ=1

1.0/1.0 S0
1.0/1.0 S0

1.0/1.0 S0
DX=1 DY=1 D=1
DI=X

1.0/1.0 S0
DI=Y

1.0/1.0 S0
DI=2

1.0/71.0 50
DX=1 DY=1 DZ=1
DI=X

1.0/1.0 S0
DI=Y

1.0/1.0 S0
DI=2

1.0/1.0 SO0
DX=1 DY=1 D2Z=1
DI=X

1.0/1.0 S0

1.0/1.0 50

1.071.0 S0
DX=1 DY=1 DZ=1
DI=X

1.0/1.0 S0
DI=Y

1.0/1.0 SO
DI=2

1.0/1.0 S0
DX=1 DY=1 DZ=1
DIs=X

1.0/1.0 SO
DI=Y

1.0/1.0 S0
DI=2

1.0/1.0 S0
DX=1 DY=1l D2=1
DI=X

1.0/1.0 5¢
DI=Y

1.0/1.0 %0
DIs=2

1.0/1.0 SO

.0/1.
.0/1.
.0/1,

0/1.
071,
.0/1.

.0/1.
0/1.
.0/1.

.0/1.
.0/1,
.0/1.

.0/1.
.0/1.
.0/1.

Q/1.
.0/1.
071,

071,
073,
.0/1.

0/1.
.0/1,
.0/1.

BC=28.0 8C=75 SH=7%5

Lvs=1

DX=1.0 AZ=4000,
MA=38.64

DY=1l DZ2=1 RX=1
DX=1.0 AZ2=4000.
MA=33 64

DY=l DZ=1 RX=1l
DX=1.0 AZ=4000.
MA=38. 64

DY=1 D2=1 RX=l
DX=1.0 AZ=4000.
MA=38 .64

DY=1 DZ=1 RX=1l
DX=1.0 AZ2=4000.
MA=38.64

D¥=1 DZ=1 RX=l
DX=1.0 AZ=4000.
MA=38 64

DY=1 DZ=1 RX=1l
DX=1.0 AZ=4000.
Lv=8

Q
RY=1

RY=1

RY=1

RY=1

RY=1

RY=1

2

KL=1

RZ=1

RZ=1

RZ=1

RZ=1

RZ=1

RZ=1

Lv=2

Lv=3

Lv=4

Lv=%

LV=6

Lv=?




cc3.dat

1/1

CREST/ PIPESTRESS RUN FOR CASE-3, WITH ALL THE S.S. MODES
6 2 2 6 6 1 0 11 1 1 0 0 1

900 11 10 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02 0.02 0.02 0.02 0.02
2 6
1 22
100000000. 0.0
0.0 100000000.
18

9.85694300 28.9980000 46.4514500 61.2094000 72.4091330 79.3992200
0.36456 -0.77874 0.52020 -0.18773 -0.73349 -0.64560
0.77874 0.73349 0.64560 -0.52020 0.36456 -0.18773
0.1615E+01 -0.5171E+00 0.2841E+00 0.1737E+00 0.1029E+00 0.4834E-01
10 0.020151
8.4050.712511.6820.682818.4690.517425.8030.443029.4140.390330.4910.4236
46.6630.348861.2760.348272.5310.348679.7720.3498
10 0.021093
8.4050.710011.6820.680818.4690.512125.8030.439929.4140.388830.4910.4216
46.6630.348861.2760.348372.5310.348779.7720.3498
it 0.029183
8.4050.680111.6820.656518.4690.464425.8030.409029.4140.374930.4910.4024
46.6630.348561.2760.348572.5310.349079.7720.3498
10 0.037682
8.4050.649511.6820.629618.4690.431225.8030.384429.4140.364330.4910.3875%
46.6630.348561.2760.348572.5310.349179.7720.3498
10 0.047%21
8.4050.626511.6820.598718.4690.415225.8030.363829.4140.358130.4910.3749
46.6630.348661.2760,348672.5570.349279.7720.3497
10 0.058319
8.4050.603711.6820.570318.4690.406325.8030.360629.4140.354530.4910.3660
46.6630.348761.2760.348772.5310.349279.7720.3496
10 0.069038
8.4050.580211.6820.544418.4690.402125.8030.357629.4140.353230.4910.3594
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.069702
8.4050.578811.6820.543018.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.069721
8.4050.578811.6820.542918.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310,349279.7720.3495
10 0.069726
8.4050.578711.6820.542918.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.070000
8.4050.578211.6820.542318.4690.402225.8030.357429.4140.353130.4910.3589
46.6630.348861.2760.348772.5310.349279.7720.3495
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MATL
ANCH
SPRS
LUMP
MULR
8PRS
LumMp

SPRS
LuMp

SPRS
LUMP

SPRS
LumMe

SPRS
LUMP
MULR
SPRS
ANCH
ENDP

JB=1111 IU=1 OU=1 PL=/PIPESTRESS INPUT FILE/
§U=1 CV=2 TI=/CASE-3, 6-DOF PROBLEM/

FR265 LO=1 MX=4 TI=/INCLUDING ALL MODES /
CA=1

EV=l TY=1 SU=3 LO=0 FX=1 FY=1 Fizl
CA=2 FY=1 Fi=l
EV=l
LV=1

Lv=2

Lv=3

Lv=4

Lv=5

Lv=6

Lv=7

LV=8

CD=3
PT=1
PT=2
PT=2
PT=2
PT=3
PT=3
PT=3
PT=4
PT=4
PT=4
PT=S
PT=S
PT=5
PT=6
PT=6
PT=6
PT="7
PT="
PT=?
PT=8
PT=8

EV=1l SU=1 PX=l
ME=1 FP=0 SH=0
DX=1 DY=1 DZ=1
DI=X

1.0/1.0 S0.

1.0/1.0 S0.

DI=X

1.0/1.0 50.

DX=1 DY=l DZ=1
DI=X

1.0/1.0 50,

DI=Y

1.0/1.0 S0,

DI=Z

1.0/1.0 50.

0/1.0
/1.0
.0/1.0

.0/1.0
.0/71.0
.0/1.0

.0/1.0
.0/1.0
.0/1.0

.0/1.0
.0/1.0
.0/71.0

.0/1.0
.0/1.0
.0/1.0

.0/1.0
.0/1.0
0/1.0

.0/1.0
.0/1.0
0/1.0

0/1.0
0/1.0
0/1.0

EC=28.0 8C=75 SH=75 Kl=1l

Lv=1

DX=1.0 AZ=4000.
MA=38. 64

DY=1 DZ=1 RX=1
DX=1.0 AZ=4000.
MA=38. 64

DY=1 DZ2=1 RX=1]
DX=1.0 AZ=4000.
MA=3B. 64

DY=1 DZ=1 RX=]
DX=1.0 AZ=4000.
MA=38.64

DY=1 DZ=1 RX=1

0

RY=1 RZ=1 LV=2
0

RY=1 RZ=1 LV=3}
0

RY=1 RZ=1 LV=4
0

RY=1 RZ=1 LV=5

DX=1.0 AZ=4000.0

MA=38.64
DY=1 DZ=1 RX=1

RY=1 RZ=1 LV=6

DX=1.0 AZ=4000.0

MA=38. 64
DY=1 DZ=1 RX=1

RY=1l RZ=1 LV=7

DX=1.0 AZ=4000.0

Lv=8
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CREST/ PIPESTRESS RUN FOR CASE-3, TRUNCATED MODES OF S.S.
6 2 2 6 4 1 9 .32 3 1 0 :§ 1

900 11 10 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02 0.02 0.02
2 6
3 a2
100000000. 0.0
0.0 100000000.
18

9.85694300 28.9980000 46.4514500 61.2094000 72.4091330 79.3992200
0.36456 -0.77874 0.52020 -0.18773 -0.73349 -0.64560
0.77874 0.73349 0.64560 -0.52020 0.36456 -0.18773
0.1615E+01 -0.5171E+00 0.2841E+00 0.1737E+00 0.1029E+00 0.4834E-01
10 0.020151
8.4050.712511.6820.682818.4690.517425.8030.443029.4140.390330.45910.42136
46.6630.348861.2760.348272.5310.348679.7720.3498
10 0.021093
8.4050.710011.6820.680818.4690.512125.8030.439929.4140.388830.4910.4216
46.6630.348861.2760.348372.5310.348779.7720.3498
10 0.029183
8.4050.680111.6820.656518.4690.464425.8030.409029.4140.374930.4910.4024
46.6630.348561.2760.348572.5310.349079.7720.3498
10 0.037682
8.4050.649511.6820.629618.4690.431225.8030.384429.4140.364330.4910.3875
46.6630.348561.2760.348572.5310.349179.7720.3498
10 0.047921
8.4050.626511.6820.598718.4690.415225.8030.363829.4140.358130.4910.3749
146.6630.348661.2760.348672.5310.349279.7720.3497
10 0.058319
8.4050.603711.6820.570318.4690.406325.8030.360629.4140.354530.4910.3660
|46.6630.348761.2760.348772.5310.349279.7720.3496
10 0.069036
8.4050.580211.6820.544418.4690.402125.8030.357629.4140.353230.4910.3594
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.069702
8.4050.578811.6820.543018.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310.349279.7720.3495
16 0.069%9721
8.4050.578811.6820.542918.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.069726
8.4050.578711.6820.542918.4690.402225.8030.357429.4140.353230.4910.3590
46.6630.348861.2760.348772.5310.349279.7720.3495
10 0.070000
8.4050.578211.6820.542318.4690.402225.8030.,357429.4140.353130.4910.3589
46.6630.348861.2760.348772.5310.349279.7720.3495
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Ty FREQUENCY  INTUT SRECTRAL

L e
i ° © YiavE.00
3 o ticem.e2 © sazam.0c
3 0 1847802 S S17e8400
. © 15s0m.0% S 410800
s 8 3%sixe02 8 3503N.00
. © 304wR.03 0 «dyems00
4 0 sbken.02 0 Jetsm.00
. 0 &13emc03 © MSIE.00
» 0. 73%3%+02 P 3aReRe00
1e ° 79TIm.03 © jases.00

INPUT SPECTROM CURVE NUMBER < 2

poINT zy ACCRLERATL OW
i e 1 o 7ioom.00
3 © 116sx.02 © Evoem.00
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: : I%ein02 ©. reRER. 60
°
hd © desan-03 o Jasag-00
. S €13m-02 0 Jasmso0
» 0 7353802 & 3487m00
w o T9TIR-0) °

INPUT TMFUT SPECTRAL

o .z o
1 ° SE01 O &hoLE-00
2 ¢ Lisem.c3 0 SAe5K.00
3 . b S dedam.00
. e el e
3 0 i%aim-02 T AT49B00
. ° : S eolen-00
? ° 3} o Jasig-00
. 0 §139%.0) 6 Jaese.00
. € 7253803 9 3evoz.00
10 o ISTIR.02 O 3498R-00

INFUT SPECTRUR CUSVE SRR - ¢
ERERER OF DEPIMITION POINTS - L0
DANFING BATIO POS THIS CURVE ~ 0 1eazk 0t

Ut FRELUDS 1 TNPUT SPECTRAL

Poter ) ACCELERAT L ON
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1 o Lisex.-02 © &2%K. 00
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4 ° e o 84sm-0c
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. ° 9 Wism-00
L © 4sssn.02 °
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18 e 7977802 o Jasem.00

IHPUT SPECTRUR CURVE RGeS - 5
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MODE SHAPE OF F 5 AT COMNECTING DOP 2 POINT .y ACCHLERATTON
1 © MOSE-01 0 &adS3-00
0 YE4AR-00 -0 TIRIN.D0 O SIDIN-00 0 18700 -0 TIISE.00 -0 EeSem-00 3 & 1isa8.02 ¢ Sserm.00
3 © 1eerR.02 o 41%2K.00
. © I5e0m.03 0 J6IAR.0C
MODE SHARE OF B 5 AT COMNECTING DOF - S 0 Ivaimeed ° oo
. o JoavE02 s Mas-00
0 TTEIR00 O THISE-00 O 44SER-00 0 SIOIW.00 O IAEEE-00 -0 10TIRe00 7 © e6esR.02 © 36E6N-00
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Figure 4: Primary, Secondary and Coupled Systems, Case 4



Table 10: Frequencies and Damping Ratios - Case 4

6-DOF Primary System 4-DOF Secondary System
Mode Freq. | Damping | Mode |  Freq. | Damping

No. (Hz.) | Ratio No. (Hz.) | Ratio

1 7.25094 0.07 1 9.83625 0.02

2 | 21.33154 0.07 2 | 18.71025 0.02

3 34.17216 0.07 3 25.75100 0.02

4 45.02652 0.07 4 30.27286 0.02

5 |53.31372 0.07

6 58.40668 0.07

Table 11: Comparison of Nodal Displacements (inches) for Secondary System - Case 4

CREST / PIPESTRESS
Node [ Including all | Truncated modes; TIME HISTORY
no. modes Including missing mass
1 0.1380 0.1377 0.1380
2 0.1878 0.1878 0.1878
3 0.2032 0.2031 0.2032
4 0.1821 0.1816 0.1822

Table 12: Comparison of Spring Forces (kips) for Secondary System - Case 4
CREST / PIPESTRESS

Element | Including all Truncated modes; TIME HISTORY
no. modes Including missing mass
1 76.41 ~76.41 76.42
2 50.75 51.03 50.81
3 16.55 16.51 16.51
4 24.35 24.79 24.52
5 56.86 56.92 56.78
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TITL

8E3

SPEC

MATL

SPRS
LUMP
RSUP

ROTR
ROTR
ROTR
SPRS
LuMp
RSUP

ROTR
ROTR
ROTR
SPRS
LUMP
RSUP
RSUP
ROTR
ROTR
ROTR
SPRS
LUMP
RSUP
RSUP
ROTR
ROTR
ROTR
SPRS
ANCH
ENDP

JB=1111 IU=1 QU=1 PL=/PIPESTRESS INPUT FILE/
8U=z1l CV=2 TI=/CASE-4, 4-DOF PROBLEM/

FR=33 LO=1 MX=4 TI=/INCLUDING ALL MODES /
CA=1 EV=l TY=1 SU=] LO=1 FX=1 PY=l F2=1
CA=2 EV=1 SU=1 FX=1 FY=1 FZ=l

EV=1l ME=l FP=0 SH=0

V=1 DX=1 DY=1 DZ=1

1.0/1.0 5¢.0/1.0
1.0/1.0 50.0/1.0

1.0/1.¢ 50.0/1.0
LVv=2 DX=1 DY=1 DZ=l
DI=X
1.0/1.0 50.90/1.0

1.0/1.0 50.0/1.0

1.0/1.0 S0.0/1.0
Lv=3 DX=1 DY=1 DZ=l

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=4 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
Lv=5 DX=1 DY=1 D2Z=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=6 DX=1 D¥=1 D2Z=1
DI=X
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
CD=3 EC=28.0 SC=75 SH=75 KL=1
PT=1 LV=1
PT=2 DX=1.0 A?-1900.0
PT=2 MA=38 .44
PT=2 CY=1 LV=2
PT=2 DZ=1 LV=2
PT=2 RX=1
PT=2 RY=l
PT=2 RZ=]
PT=3 DX=1.0 AZ=1000.0
PT=3 MA=18.64
PT=3 DYzl LV=l
PT=3 DZ=1 LV=3
PT=3 RX=1l
PT=3 RY=l
PT=3 R2=1
PT=4 DX=1.0 AZ2=1000.0
PT=4 MA=38, 64
PT=4 DY=1 LV=4
PT=4 DZ=1 LV=4
PT=4 RX=]
PT=4 RY=1
PT=4 RZ=1
PT=S5 DX=1.0 A2=1000.0
PT=5 MA=3B.64
PT=5 DY=1 LV=$
PT=5 D2=1 LV=5
PT=5 RX=1
PT=5 RY=l
PT=5 RZ=1
PT=6 DX=1.0 AZ=1000.0
PT=6 LV=6
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CREST/ PIPESTRESS RUN FOR CASE-4, WITH ALL THE S.5. MODES
6 2 2 6 4 1 0 31 ‘1 1 0 0 1

900 11 10 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02 0.02 0.02
2 6
1 16
100000000. 0.0
0.0 100000000.
16

7.25094000 21.3315400 34.1721600 45.0265250 53.3137200 58.4066800
0.30811 -0.65816 0.43965 -0.15866 -0.61911 -~0.54563
0.65816 0.61991 0.54563 -0.43965 0.30811 -0.15866
0.1911E+401 -0.6119E+00 0.3362E+00 0.2056E+00 0.1223E+00 0.5720E-01
10 0.020337
6.7360.834310.6270.627218.0510.577822.2840.442625.7170.444730.3190.4293
34.4250.416445.0970.349353.4380.351758.4820.3493
10 0.020594 -
€.7360.831610.6270.625718.0510.575622.2840.441325.7170.443530.,3190.4285
34.4250.415845.0970.349353.4380.351758.4820.3493
10 0.027041
6.7360.765610.6270.591518.0510.526322.2840.415125.7170.416530.3190.4102
34.4250.402045.0970.348653.4380.351358.4820.3450
10 0.031606
6.7360.722610.6270.570818.0510.498322.2840.400825.7170.401330.3190.3999
34.4250.394045.0970.348453.4380.351158.4820.3490
10 0.058645
6.7360.535710.6270.493418.0510.408622.2840.369525.7170.360430.3190.3659
34.4250.366045.0970.348453.4380.350358.4820.3491
10 0.061902
6.7360.521710.6270.491218.0510.406422.2840.367525.7170.359530.3190.3636
34.4250.363945.0970.348453.4380.350358.4820.3491
10 0.069086
6.7360.508910.6270.486518.0510.401622.2840.563125.7170.357730.3190.3592
34.4250,359845.0970.348553.4380.350158.4820.3491
10 0.069662
6.7360.507810.6270.486118.0510.401222.2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3491
10 0.069700 '
6.7360.507710.6270.486118.0510.401222.2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3491
10 0.069703
6.7360.507710.6270.486118.0510.401222.2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3491
10 0.070000
6.7360.507210.6270,485918.0510.401022.2840.362525.7170.357430.3190.3588
34.4250.359445.0970.348553.4380.350158.4820.3491
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cédr.dat

1/1

SPIC

MATL
SPRS
RSUP

ROTR
ROTR

SPRS
Lump
RSUP

ROTR
ROTR
ROTR
SPRS

RSUP
RSUP

ROTR
ROTR
SPRS

RSUP
RSUP
ROTR
ROTR
ROTR
SPRS

ENDP

JB=1111 IU=1 OU=1 PL=/PIPESTRESS INPUT FILE/
§U=1 CV=2 TI=/CASE-4, 4-DOF PROBLEM/

FR=33 LO=1 MX=2 TI=/TRUNCATED MODES /

CA=1 EV=1l TY=1 SU=3 LO=0 FX=1 FY=l FZ=l
CA=2 EV=1 SU=l1 FX=1 FY=1 F2=1l

EV=1 ME=1 FP=0 SH=0

LV=]l DX=1 D¥Y=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=2 DX=1 DY=1 DZ=1

1.v/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
LV=3 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 50.0/1.0

1.0/2.0 50.0/1.0
LV=4 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/1.0 S50.0/1.0

1.0/1.0 50.0/1.0
Lv=3 DX=1 DY=1l DZ=1
DI=X
1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0

1.0/1.0 50.0/1.0
Lv=6 DX=1 DY=1 DZ=1

1.0/1.0 50.0/1.0
1.0/10.0 S0.0/1.0

1.0/1.0 50.0/1.0
CD=3 EC=28.0 8C=75 SH=75 KL=1
PT=1 LV=1
PT=2 DX=1.0 AZ2=1000.0
PT=2 MA=38.64
PT=2 DY=1l LV=2
PT=2 DZ=1 LV=2
PT=2 RX=1
PT=2 RY=1
PT=2 RZ=1
PT=3 DX=1.0 A2=1000.0
PT=] MA=38.64
PT+3 DY=1 LV=)}
PT=3 D2=1 LV=3
PT=3 RX=1
PT=3 RY=1
PT=3 R2=1
PT=4 DX=1.0 A2=1000.0
PT=4 MA=38. 64
PT=4 DY=1l LV=4
PT=4 DZ=1 LV=4
PT=4 RX=1l
PT=4 RY=1
PT=4 RZ=1
PT=5 DX=1.0 AZ=1000.0
PT=5 MA=38.64
PT=5 DY=1 LV=$S
PT=5 DZ=1 LVsS
PT=5 RX=1
PT=S RY=l
PT=$ RZ=1
PT=6 DX=1.0 AZ=1000.0
PT=6 LV=6




ccdr.dat

1/1

CREST/ PIPESTRESS RUN FOR CASE-4, TRUNCATED MODES OF S.8S.
6 2 2 6 2 1 0 - b . | i 0 1 1

900 11 10 1.0E-6 20.5 386.4 0.10
0.07 0.07 0.07 0.07 0.07 0.07
0.02 0.02
2 6
1 16
100000000. 0.0
0.0 100000000.
16

7.25094000 21.3315400 34.1721600 45.0262255 53.3137200 58.4066800
0.30811 -0.65816 0.43965 -0.15866 -0.61911 -0.54563
0.65816 0.61991 0.54563 -0.43965 0.30811 -0.15866
0.1911E+01 -0.6119E+00 0.3362E+00 0.2056E+00 0.1223E+00 0.5720E-01
10 0.020337
§.7360.834310.6270.627218.0510.577822.2840.442625.7170.444730.3190.4293
34.4250.416445.0970.349353.4380.351758.4820.3493
10 0.0205%4 '
6.7360.831610.6270.625718.0510.575622.2840.441325.7170.443530.3190.4285
34.4250.415845.0970.349353.4380.351758.4820.3493
10 0.027041
6.7360.765610.6270.591518.0510.526322.2840.415125.7170.416530.3190.4102
34.4250.402045.0970.348653.4380.351358.4820.3490
10 0.031606
6.7360.722610.6270.570818.0510.498322.2840.400825.7170.401330.3190.3999
34.4250.394045.0970.348453.4380.35115¢.4820.3490
10 0.058645
6.7360.535710.6270.493418.0510.408672.2840.369525.7170.360430.3190.3659
34.4250.366045.0970.348453.4380.3503%8.4820.3491
10 0.061902
6.7360.521710.6270.491218.0510.406422.2840.367525.7170.359530.3190.3636
34.4250.363945.0970 348453.4380.350358.4820.3491
10 0.069086
6.7360.508910.6270.486518.0510.401622.2840.363125.7170.357730.3190.3592
34.4250.359845.0970.348553.4380.350158.4820.3491
10 0.069662
6.7360.507810.6270.486118.0510.401222.2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3491
10 0.069700
6.7360.507710.6270.486118.0510.401222,2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3491
10 0.069703
6.7360.507710.6270.486118.0510.401222.2840.362725.7170.357530.3190.3589
34.4250.359545.0970.348553.4380.350158.4820.3¢¢"
10 0.070000
6.7360.507210.6270.485918.0510.401022.2840.342525.7170.357430.3190.3588
34.4250.359445.0970.348553.4380.350158.4820.3..91
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INPUT  FREEQUEBNCY  INEUT SPECTRAL
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ACCELERATION
CEETRAINYY
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16
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TANPING RATIO POR THIS CURVE -
3

INPUT SPECTRUN CURVE NOMBES - &
WMRER OF DEFINITION POINTS «
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