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ABSTRACT

The CREST program performs a coupled seismic analysis of piping (secondary)
systems in conjunction with a piping analysis program. We have interfaced CREST
with the piping analysis program PIPESTRESS. The CREST program accounts for
the interaction between primary and the secondary systems and uses the response
spectrum input specified at the base of the primary system directly, without con-
verting it into either a compatible time history or a power spectral density function.
CREST represents a new method of analysis which is computationally efficient and
theoretically elegant. It eliminates many uncertainties associated with conventional

methods of analysis and gives accurate response values.
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CENTER FOR NUCLEAR POWER PLANT
STRUCTURES, EQUIPMENT AND PIPING

There are some one hundred nuclear power generating units in the Uniied States and four
hundred worldwide. Nuclear power plants have been the safest and ecologically friendliest among
all competing sources of energy. However, nuclear power is no longer the cheap source of
energy it was expected to be.

Technology can help bring down the cost of operating existing plants and of building new
plan‘s to make nuclear power competitive. It is with this knowledge that we have embarked on
establishing the Center at North Carolina State University. Our goal is to become a premier
university-based research and professional organization for nuclear power plant structures,
equipment and piping.

We have already developed sophisticated engineering tools that can save millions of
dollars in the lifetime of an existing plant. We believe that the engineering tools need not be
complicated nor cumbersome. Often, the more sophisticated the technology is, the simpler and
more elegant the solutions are. This report is an example of our effort.
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Introduction

CREST is a computer program developed at North Carolina State University for
the evaluation of seismic response of the secondary systems, such as piping and other
equipment. "CREST” is an acronym which stands for C-oupled RE-sponse spectrum
analysis of S-econdary sys-Tems. This title essentially describes the main features of
the program. More details regarding the capabilities of CREST are described helow.

The conventional practice of calculatirg seismic response is to perform the analysis
of the primary structure {building) and the secondary systems (piping and equipment)
separately. Earthquake input to the primary system is defined in terms of a design
response spectrum. An acceleration time history compatible with the design response
spectrum is developed (a non-unique process) and primary system is analyzed to
obtain the acceleration histories at the desired floors. Floor time histories are used for
generating the corresponding instructure response spectrum (IRS). The instructure
response spectra are used as input at the supports of secondary systems. Further, in
case of multiple supports, an envelope spectrum (a source of conservatism) is obtained
from the individual support IRS. The enveloped spectrum in then used as an input
at all the supports of secondary system. For multiply supported secondary systems,
an alternate practice is to evaluate the responses due to individual support IRS and
combine them using absolute sum (which is also conservative). In these two methods
the effect of relative support motion is incorporated by a separate worst-case static
analysis (additional source of conservatism) and combined with the dynamic response
by square root of sum of squares (SRSS) rule. In the above methods, mass interaction
between the secondary and primary system is ignored, which may significantly reduce
the response of the secondary system in modes with resonant frequencies. All together

the conventional methods calculate the secondary system response tliat is excessively

conservative.



The most important feature of CREST is that it gives the coupled response of
the secondary systems. It accounts for the interaction between primary and the
secondary systeius. 1oe interaction between the two systems is a reality, and as
such CREST jives more accurate response values than would be given by any other
analysis procedure in which the secondary system is uncoupled. An equally important
feature of CREST is that it directly uses the response spectrum input at the base
of the primary system without converting it into a compatible time history or a
power spectral density function, either directly or indirectly. Therefore, it eliminates
the uncertainties associated with the analysis procedures that convert the response
spectrum input at the base of the main structure into other forms. In this respect,
the accuracy of the CREST calculated response is the same as one would expect from
the well established and accepted response spectrum method.

The computer program CREST has eliminated the need for intermediate step of
having to calculate the floor response spectra. The coupled analysis does not have
to make any assumptions about the multiply supported secondary systems. The
correlation between the inputs at various secondary system supports is automatically
accounted for. Such artificial steps as having to envelope the floor response spectra
at various secondary system supports are eliminated. Also, the need for a separate
static analysis of the secondary system using support displacements is eliminated; the
separate static analysis must not be performed when using CREST. CREST has thus
eliminated unnecessary conservatisms associated with having to envelope the floor
response spectra and the additional static analysis.

The program requires that the secondary system be light relative to the primary
system. We have successfully analyzed sample secondary systems which when coupled
with the primary system, changed the uncoupled frequency of the primary system by
+ 10%. When using this measure, we found that some of the mass ratios were as

high as 0.25. We expect that CREST should give the response of a secondary system




accurately when the change in the uncoupled frequencies of the significant primary
system modes is within + 10%. Further, the + 10% limit in change is not sacred, it
is the limit we used in our sample problems.

The secondary system can apply static constraints to the primary system. An
effect of such constraints is the increase in frequencies of the coupled system over
those of the uncoupled primary system alone. The CREST program is capable of
accounting for this and related effects of the static constraints.

The theoretical background of the program is described in references (2, 1, 3.
A summary is provided here. When the secondary system is light relative to the
primary system, the coupled mode shapes, frequencies and damping values can be
obtained using a perturbation technique. The perturbation technique is one of the
ways of performing modal synthesis. In a conventional modal synthesis method, one
may have to perform an eigenvalue analysis using the transformed coupled matrices.
In the perturbation technique, it is assumed that the change in the uncoupled modal
properties is small. This change is called "perturbation”. The perturbation can be
calculated quite efficiently and accurately using approximate methods, such as those
used in CREST. Since the objective is to calculate the response of the secondary
system, it is reasonable to assume that the necessary inertia, damping and stiffness
properties of the secondary system are specified for the CREST program. The un-
coupled mode shapes and frequencies of the significant secondary system modes are
also assumed to be specified. Only limited information about the primary system
is required. We need to specify the frequencies and the participation factors of the
significant modes of the uncoupled primary system. In addition, the corresponding
mode shape parameters for the connecting DOF only need be specified. This infor-
mation is sufficient to perform the modal synthesis of the coupled system using the
perturbation or any other technique. The modal properties of both the primary and

secondary system are required for significant modes up to the rigid frequency only.
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The effect of higher frequency residual modes is appropriately accounted for by using
the residual modal vectors as explained in reference [1].

In most practical cases, the primary and secondary systems have different damping
values. It is assumed that each system is individually classically damped. Even then,
the coupled system becomes nonclassically damped because the two systems have
different damping values. The eigenvectors (mode shapes) and the eigenvalues of a
nonclassically damped system are complex, which the CREST program calculates.
The complex eigenvalue for any mode gives the real frequency and the corresponding
real damping value. This damping value for any mode of the coupled system is
between the damping values of the constituent primary and secondary systems.

For calculating the response of the coupled system, we 2valuate two real respounse
vectors for each complex mode shape (and its conjugate). In the response spectrum
method, this requires the knowledge of the conventional input response spectrum
plus another response spectrum. The conventional response spectrum is based on
the maximum relative displacement of the SDOF oscillator; therefore we call it the
relative displacement response spectrum. We denote the displacement response
spectrum by S¢. The response spectrum values can be represented in the units of dis-
placement (D), velocity (V) or acceleration (A). We represent the unit of the spectrum

by the capital letter subscripts D, V or A. We recall the well known relationship
84 = wS§ = W'SH (1)

where w is the circular frequency, The other response spectrum is based upon maxi-
mum relative velocity, and we call it the relative velocity response spectrum, S".
The velocity response spectrum can also be represented in the units of displacement,
velocity or acceleration. The relative velocity spectra in the three units have the same

relationship, as do the relative displacement spectra; viz.,
S = wSy = w'Sp (2)
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In the intermediate frequency range, the two spectra are approximately equal
when represented in the same unit. In the lower and higher frequency range, it is not
so. The relative displacement spectra is higher in the high frequency range and the
relative velocity spectra is higher in the low frequency region. The available design
spectra at the base of the primary structure is the relative displacement spectra.
The relative velocity spectra is usually not available. We have developed empirical
relationships betweer the relative velocity and the relative displacement spectra which
are included in the CREST program. The program input requires the displacement
spectra only. The relative velocity spectra is evaluated from the relative displacement
spectra using the empirical relationships.

In the response spectrum analysis of classically damped systems, the mode com-
bination is performed by a double sum technique which uses the correlation between
various modes. The situation is slightly more complicated in the case of nonclassically
damped systems. Now each mode has a response vector related to the displacement
spectrum, and another to the velocity spectrum. To combine these vectors for all the
modes, a triple-double sum is employed. One double sum uses the same correlation
matrix as the conventional response spectrum method. Another double sum accounts
for the correlation between the velocity spectrum-based responses. The third double
sum represents the cross-correlation between the displacement and velocity spectra-

based responses.



Piping Analysis Using CREST

The computer program CREST can be used to perform the coupled analysis of
piping systems when interfaced with a pi g analysis program. The flow chart in
fig.1 completely describes the exchange of information between CREST and a piping
program. As can be seen from the chart, the secondary system (piping) is modeled
using the piping program. The piping program then calls CREST as a subprogram to
evaluate the coupled modal displacements. CREST requires an additional input file
that contains the control data, the primary-secondary system connectivity data, the
modal properties of the uncoupled primary system and the design response spectra at
the base of primary system. The coupled modal displacements evaluated by CREST
are used by the piping program to evaluate coupled modal responses in terms of
member forces, support reactions and pipe stresses. The coupled modal responses
are then appropriately combined in CREST using the mode combination procedure
given in reference [3].

The piping analysis program that is currently being used with CREST is the com-
mercial program PIPESTRESS [|. The source code of PIPESTRESS was provided
by DST Computer Services which was then installed on DEC and SUN workstations.
CREST and PIPESTRESS were made to interact through a Master Program. Since
the purpose of interfacing CREST and PIPESTRESS was to perform research on
coupled analysis of real piping systems, a simplified interfacing was performed and is
shown in Fig. 2. In this interface, the piping system is modeled on PIPESTRESS and
the conventional response spectrum analysis is performed. A restart file is created as
an output of PIPESTRESS run. The restart file contains the nodal and element data,
the mass and stiffness properties, unit solutions and properties for each mode of the
piping system. A “level” number is specified for each support in the PIPESTRESS

input file. PIPESTRESS creates unit solutions for piping responses when any level



displaces by unity in the three global directions. The total number of such unit solu-
tions are, therefore, equal to three times the total number of support levels. Fu rther,
three residual vectors are associated with each level, one in each of the three global
directions. PIPESTRESS generates unit solutions for each such residual vector also.
The Master Program reads the necessary information from the PIPESTRESS restart
file. The Master Program requires additional input related to the uncoupled primary
system properties, primary-secondary connectivity data and the response spectra at
the base of primary system. A detailed explanation of this input file is given later. The
master program then calls CREST to evaluate the coupled modal responses in terms of
displacements, member forces and support reactions. The coupled modal responses

are combined using the mode combination procedure described in reference [3].

Input Files for CREST

In order to run the Master Program for CREST/ PIPESTRESS, the user needs
to input the names of three files that CREST asks for interactively. The two of these
files are the input files and the third is the output file. The first file is a restart
file generated by PIPESTRESS. As stated earlier, the secondary system (piping)
is modeled on PIPESTRESS and an uncoupled analysis performed. This run of
PIPESTRESS generates a restart file. The user of CREST should input the name of
this restart file when CREST asks for PIPESTRESS restart file. CREST then asks
for CREST input file. This file contains the primary-secondary connectivity data,
the uncoupled modal properties of primary system and the response spectra at the
base of primary system. The user needs to prepare this file using the input format
given in this manual. Next CREST asks for the name of the output file that would
be created by the program (CREST).
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Figure 1: Interaction of CREST with a Piping Program
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Figure 2: Flow Chart for Interaction of CREST and PIPESTRESS




Table 1: FREE FORMAT INPUT DATA FOR MASTER PROGRAM

Variable

Card I - Heading Card

TITLE Alphanumeric information to be printed out as
heading

Card 11 - Master Control Card

NP Number of primary system DOF*
NC Number of primary system connecting DOF
NA Number of anchors in piping system
NPM Number of uncoupled primary system modes?
NSM Number of uncoupled secondary system modes
NORMP Normalization index for primary system
mode shape input
EQ.0, unnormalized
EQ.1, normalized
NORMS Normalization index for secondary system
mode shape input
EQ.0, unnormalized
EQ.1, normalized
NONZP Number of nonzero elements in the lower triangular

2

primary system stiffness matrix'
[PRINT Output type indicator
EQ.0, limited output
EQ.1, detailed output printed
| IPRINTS Output type indicator for response spectrum

values
EQ.0, limited output
EQ.1, detailed output printed




Card 1I - Master Control Card (Contd.)

KRESP Flag for evaluation of primary systemn residual
modes®
EQ.0, do not evaluate
EQ.1, evaluate
KRESS Flag for evaluation of secondary system
residual modes*
EQ.0, do not evaluate
EQ.1, evaluate
KFLG Flag to indicate global direction of input
spectra
EQ.1, global X direction
EQ.2, global Y direction
EQ.3, global Z direction

Card 111 - Control Card for CREST subroutine

NITER Maximum number of iterations allowed
for coupled frequency calculations
If EQ.0, defauilt is 50

NCURVE Number of response spectrum curves
input at the base of primary system

MXLP Maximum number of input spectrum
definitions points; max. of NLP(NCURVE)

TOL Convergence tolerance in the calculation
of coupled frequencies. If EQ.0, default
1.0E-6

FR Rigid frequency for the input response
spectra, Hz.

SFTR Scale factor to be applied to the input
spectral values

ET Tolerance value used in the evaluation

of modal correlation coefficients
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Card IV - Uncoupled Primary System Critical Damping Ratios

XIP(NPM) Damping ratios for modes 1 to NPM

Add as many cards as necessary for all the NPM modes

Card V - Uncoupled Secondary System Critical Damping Ratios

XIS(NSM) Damping ratios for modes 1 to NSM

Add as many cards as necessary for all the NSM modes

Card VI - Primary System Connecting DOF

IEL(NC,1) Primary system DOF numbers
connected to secondary system

Add as many cards as necessary for NC DOF

Card VII - Piping support DOF

IEL(NC,2) Support DOF numbers at various levels to
which piping is connected®

Add as many cards as necessary for NC DOF

Card VIII - Secondary System Stiffness Matrix for Connected DOF

SKCC(NC,NC) Stiffness matrix containing support
stiffnesses at each connecting DOF®

Add as many cards as necessary for NC DOF
Start a new card for each of the NC DOF

12




Card IX - PIPESTRESS node numbers for piping anchors

IAL(NA) Node numbers of anchors for piping
model in PIPESTRESS

Add as many cards as necessary for NA anchors

Card X - Uncoupled primary system frequencies, Hz

WP(NPM) Frequencies for modes 1 to NPM

Add as many cards as necessary for NPM modes

Card XI - Uncoupled primary system mode shapes (KRESP=0)

PHIC(NC,NPM) Primary system mode shapes at
connecting DOF only for NPM modes’

This card is required only when KRESP=0.
When KRESP#0, skip this card

Add as many cards as necessary for NPM modes
Start a new card for each of the NC DOF

Card XII - Uncoupled primary system participation factor (KRESP=0)

GAMAP(NPM) Participation factor for each of
the NPM modes®

This card is required only when KRESP=0
When KRESP#0, skip this card
Add as many cards as necessary for NPM modes

13
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Card XIII - Uncoupled primary system mode shapes (KRESP#0)

PHI(NP,NPM) Primary system mode shapes
for NPM modes”

This card is required only when KRESP#0
When KRESP=0, skip this card

Add as many cards as necessary for NPM modes
Start a new card for each of the NP DOF

Card XIV - Lumped masses for primary system DOF (KRESP#0)

DM(NP) Lumped masses for NP DOF

This card is required only when KRESP#0
When KRESP=0, skip this card
Add as many cards as necessary for NP DOF

R

Card XV - Stiffness matrix for primary system (KRESP#0)

SP(NONZP) Lower triangular part of the primary
system stiffness matrix®

This card is required only when KRESP#0
When KRESP=0, skip this card
Add as many cards as necessary for NP DOF




Card XVI - Address of diagonals of primary system stiffness matrix (KRESP#0) |

JDP(NP) Address of diagonal elements of the lower
triangular part of primary system stiffness
matrix?

This card is required . ly when KRESP#0
When KRESP=0, skip this card
Add as many cards as necessary for NP DOF

Card XVII - Base influence vector for primary system

UBP(NP) Influence vector for primary system DOF'

This card is required only when KRESP#0
When KRESP=0, skip this card

Add as many cards as necessary for NP DOF

Card XVIII - Base response spectra'’

A. Card 1
NLP(1) Number of definition points for curve ]
SDAMP(1) Critical damping ratio for curve 1

B. Card 2

FSAD(1,1) Frequency at point 1, curve 1, Hz
FSAD(2,1 Spectral acceleration at point 1, curve |
FSAD(1,2) Frequency at point 2, curve 1, Hz
FSAD(2,2) Spectral acceleration at point 2, curve 1

FSAD(1,NLP) Frequency at point NLP, curve 1, Hz
FSAD(2,NLP) Spectral acceleration at point NLP, curve 1
Provide necessary number of cards for curve |

Repeat the set of Card 1 and Card(s) 2 for all NCURVE curves

|
l
|
ool S ST

1 >
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NOTES

1. For the case KRESP=0, the user should input nonzero integer values for NP

and NONZP.

Only significant and non-rigid primary and secondary system modes need to be

considered.

Primary system residual mode is evaluated using the procedure defined in rei-
erence [4]. The residual modal vector can be easily calculated using a static
analysis program by solving the equation

np
(Kp] {Uo} = M} {Use},  {Uso} = {Usp} = 3_ {8pi} Wi (3)

=1

where +,, is the participation factor and {¢,,} the mass normalized mode shape

A X .
* uncoupled primary system mode; np the aumber of significant

vector in the 1
non rigid primary system modes; and {U,, } the static displacement vector of the
primary system when the base undergoes a unit displacement in the direction of

the earthquake. The solution of the above equation yields an eigenvector {¢,},

which is then normalized such that {¢,)’ (M) {¢.} = 1. We can also evaluate

a fictitious frequency corresponding to the residual mode by
(4)

This modal vector and the corresponding fictitious frequency w, are then inut
into CREST along with other modal vectors and frequencies. When the above
procedure is followed, the variable KRESP is set equal to zero. Alternatively,
the residual vector can be calculated in CREST, by inputing the mass and
stiffness matrices, the static displacement vector {U,,} and the complete modal

vectors {¢,} (Other than for calculating the residual mode vector, CRES']

16




-3

needs the modal vectors corresponding to the connecting degrees ot freed-m

only). In this alternate method, the variable KRESP is set equal to 1.

High frequency modes (missing mass) of the secondary system can significantly
affect the coupled response. The missing mass effect of the secondary system
can be accurately accounted for by making KRESS=1. When all the modes of

secondary sytem are included, the user should set KRESS=0.

The array SKCC(NC,NC) is input to evaluate the static constraining effect of
the secondary system. Its elements contain the stiffness of the piping supports

used in PIPESTRESS.

Each piping support in PIPESTRESS has a level number associated with it.
PIPESTRESS generates unit solutions for support displacements and residual
vector associated with each level. At any given level there are three such sets
of unit solutions, one in each of the three global directions. The total number
of such solutions are therefore equal to three times the total number of levels.
Since piping is connected to the building at NC DOF only, IEL(NC,2) contains
the row of numbers that helps in identifying the particular unit solutions needed

in the coupled analysis.

The PHI(NP,NPM) array contains one modal vector for each uncoupled primary
system mode. Each vector includes the elements of the ¢ orresponding uncoupled
primary modal vector for NP DOF. The complete primary system modal vectors
are normalized such that {¢,,}7[M,]{¢} = 1. PHIC(NC,NPM) is a submatrix
of PHI(NP,NPM) and contains the elements of the corresponding uncoupled

primary modal vector associated with the connected DOF only




)

8. The elements of GAMAP(NPM) are calculated from the following equation:

10.

11.

o

i = {650} (M, {Usp) 5
where {¢,:}, [M,] and {U,,} are defined above.

SP(NONZP) contains the lower triangle part of the primary system stiffness
matrix. The elements are stored row-wise starting from first non-zero element
in each row. NONZP is the total number of non-zero elements in SP. The

addresses of the diagonal elements in SP are stored in the array JDP

UBP(NP) is the primary system displacement vector when the base of the

primary system is displayed by unity in the direction of the earthquake.

A total of NCURVE spectral acceleration curves are specified at the base of the
primary system, one for each damping value, SDAMP. The number of points
defined on each curve NLP can be different from curve to curve. MXLP is the
maximum of NLP values for all the curves. The FSAD(KN,MXLP) array is
arranged as follows :

fl.l fl.? fl.M).l,P

k. , J1* curve
SA1,1 SA1,2 . SALMXLP

fia fia fimxrp }ith

' o v I cCurve
Sain SAi2 ‘s SALMXLP
NCURVE,1 INCURVE2 -+ NCURVE,MXLP A
{v { f }NCURV E*"curve
| SANCURVE,1 ODANCURVE2 - SANCURVEMXLP |

Each curve has two rows. The first row defines the frequencies in Hz, and the

seco

nd row defines the spectral accelerations. The spectral accelerations should have

the same length unit as used in the rest of the analysis. For example, if the length

unit

is ft., the So unit should be ft./sec®.
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Sample Problem

A 4-DOV secondary system coupled to a 6-DOF primary system is analyzed. The
secondary system is connected to the primary system at DOF numbers 2 and 6.
The primary system was subjected to the El Centro (SO0E, 1940) ground motion.
This problem is identical to Case-1 given in reference [1]. Fig. 3 illustrates the
coupled system and also gives the mass and stiffness properties of the two uncoupled
systems. To perform the coupled analysis, the secondary system was modeled on
PIPESTRESS. The PIPESTRESS input file for this analysis is given later in this
section. The frequencies and damping ratios of the uncoupled primary and secondary
system modes are given in table 2. The restart file from the PIPESTRESS run was
then used by the Master Program for the CREST/ PIPESTRESS interface along
with the additional input file required by CREST. The additional input file required
by CREST is also given later in this section. This input file is based on the input
format described in this manual. The coupled analysis results are given here in the
form of output file obtained from the CREST run. Two different sets of analysis were
performed on this system. First, all the modes of primary and secondary system were
considered in the analysis. Second, the two highest modes of secondary system are
truncated and their effect is included in the analysis using the residual modal vectors
evaluated inside CREST. The two modes of secondary system that were truncated
have frequencies higher than the rigid frequency ( 20.5 Hz.) of El Centro ground
motion response spectra. The input and output files for the two sets of analysis are
attached here.

The secondary system is modeled on PIPESTRESS using the element “Internal
Spring”. This element has six DOF at each node. In order to model one DOF at each
node, the remaining five DOF at each node are restrained. As stated earlier, each

restrain in PIPESTRESS is assigned a level number. This makes the total number
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Table 2: Frequencies and Damping Ratios for Uncoupled Systems
Fﬁ;@_uygystgm Secondary System
Mode | Freq. | Damping | Mode | Freq. | Damping
No. (Hz.) Ratio No. (Hz.) Ratio

1 2.10148 0.07 i 9.83625 0.02
2 6.18237 0.07 2 18.71025 0.02
3 9.90389 007 | 3 25.751 6.02
4 13.04991 0.07 4 | 30.27286 0.02
5 15.43755 0.07
6 16.92772 0.07

of levels equal to six. However, we need the unit solutions for only the connecting
DOF and therefore use the appropriate numbers in IEL(NC,2). As explained earlier,
a response spectrum analysis of the piping system is performed using PIPESTRESS
to obtain the unit solutions needed in the coupled analysis (and not to calculate
the uncoupled response PIPESTRESS gives). This analysis needs the floor spectrum
input at each level that does not affect the unit solutions. Dummy spectra with
constant unit values at all frequencies are input. Since, the secondary system supports
are modeled using spring stiffnesses in PIPESTRESS, the SKCC matrix therefore
consists of the default anchor stiffness values of PIPESTRESS. The secondary system
responses in terms of nodal displacements and spring forces from the two sets of
analyses are given in tables 3 and 4. These response values are also compared to
those obtained from the time history analysis of the coupled system. As can be seen
from these tables, the coupled analysis results are in good agreement with the time

history analysis results.
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Table 3: Comparison of Nodal Displacements (inches) for Secondary System

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 4: Comparison of Spring Forces (kips) for Secondary System

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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cl.dat

1/1

JB=1111 IU=1 OU=l PL=/PIPESTRESS INPUT FILE/
SUsl CV=2 TI=/CASE~l, 4-DOF PROBLEM/
FR=33 LO=1 MX=4 TI=/INCLUDING ALL MODES /
CA=1 EVsl TY=l SU=3 LO=1 FX=1 FY=1 FZ=1
CA=2 EV=1 8U=1 FX=1 FY=1 F2=1
EV=1 ME=1 FPs=0 SH=0
LV=]l DX=1 DY=1 D2=1
DI=X
1.0/1.¢ S0.0/1.0
DI=Y
1.0/1.0 S0,0/1.0
DI=Z
1.0/1.0 S$0.0/1.0
LV=2 DX=1 DY=1 D2Z=1
DI=X
1.0/1.0 S0.0/1.0
DI=Y
1.0/1.0 50.0/1.0
DI=Z
1.0/1.0 50.0/1.0
LVv=3 DX=1 DY=1 D2=l
DI=X
1.0/1.0 50.0/1.0
BI=sY
1.0/1.0 S0.0/1.0
DI=2
1.0/1.0 50.0/1.0
LV=4 DX=1 D¥=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 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 D¥=1 D2=1
DI=X
1.0/1.0 S50.0/1.0
DI=Y
1.0/1.0 850.0/1.0
DI=2Z
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 A2=1000.0
PT=2 MA=138.64
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=3 MA=38.64
PT=3 DY=1 LV=]}
PT=3 DZ=1 LV=1
PT=3 RX=1
PT=] RY=1l
PT=3 RZ=1
PT=4 DX=1.0 A2=1000.0
PT=4 MA=38, 64
PT=4 DY=1 LV=4
Pr'=4 DZ=s1 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 DY=1 LV=§

PT=5 DZ=1 LV=3

PT=5 RX=1

PT=5 RY=1

PT=5 RZ=1

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




cel.dat

1/1

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

800 10 10 1.0B-6 20.5 386.4 0.10
0.07 .07 0.07 0.07 .07 0.07
0.02 0.02 0.02 0.02
2 6
i 1e
100000000, 0.0
g.g 100000000.
2.10148200 §.18237000 9.9038940 13.0499100 15.4375500 16.9277200
-0.25778 -0.55066 0.36783 0.1327% 0.51865 0.45651
-0.55066 0.51865 . 0.45651 0.3678) =0.25778 0.13278

~0.22‘ll;01 ~0.7313E+00 0.40182+00 -0.2437E+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 8.9410.715011.1560.711113.2270.533415.3220.6403
16.9800.513619.3090.513825.9200.437630.3200.4285
10 0.025668
2.1291.1228 6.5500.7413 8.9410.676211.1560.668913.2270.520215.3120.6033
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
16.9800.4845919.3090.467825,9200.380330.3200.2387
10 0.047920
2.1290,8611 6.5500.5556 6.9410.578511.1560.559513.2270.463315,3120.5251
16 9800.471719.3090.452325.9200.364630.3200.3754
10 0.064194
2.1290.7464 6.5500.4921 8.9410.537511.1560.519413.2270.457315.2120.4935
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
16.9800.458019.3090.431425.9200.358930.3200,13620
10 0.065102
2.1290.7412 6.5500.4907 8.9410.535611.1560.517613.2270.457915.3120.4920
16.9800.457419.3090.430625.9200.358730.3200.3615
10 0.0670423
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 8.9410.529411.1560.511713.2270.455615.31%0.4872
16.9800.454919.3090.427625.9200.357830.3200.3598
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celr.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

800 10 10 1.0E-6 20.5 366.4 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
g.g 100000000.
2.10148200 6.18237000 9.9038940 13.04939100 15.4375500 16.9277200
-0.25778 -0.55066 0.36783 0.1327% 0.51865 0.45651
-0.55066 0.51865 0.45651 0.36783 -0.25778 0.13275
~0.2284B+01 -0.7313E+00 0.4018E+00 -0.2457E+00 -0.1456E+00 0,6836E-01
10 0.02008%

2.1291.222C 6.5500.8379 9.9410.718911.1560.715613.2270.534515.3120.6440
16.9800.524619.3090.515525.9200.439530.3200.4303
10 0.020570
2.1291.2127 6.5500.8284 8.9410.715011,156C.711113.2270.533415.3120.6403
16.9800.513619.3090.513825.9200.4137630.3200.4285
10 0.025668
2,1291.1228 €.5500.7413 8.9410.678211.1560.668913,2270.520215.3120.6033
16.9500.503619 3090.497425.9200.418530.3200.4137
10 0.038864
2.1290.9478 6.5500.6178 8.9410.608711.1560.591713.2270.483915.3120.5476
16.9800.484919.3090.467825.9200.380330,3200.2387
i0 0.047920
2.1290.8611 6.5500.5556 8.9410.578511.1560.559513.2270.463315.3120.5251
16.9800.471719.3090.452325.9200.364630.3200.3754
10 0.0641594
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 €.9410.537111.1560.519113.2270.457315.3120.4932
16,9800.458019.3090.431425.9200.358930.3200.3620
10 0.065102
2.1290.7412 6.5500.4907 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,.513713.2270.4561." 7120.4889
16.9800.455819.3090.428725.9200.358130.3200.3604
10 0.068084
2.1290.7245 6.5500.4862 8.9410.529411.1560,.511713.2270.455615.3120.48"2
16.9800.454919.3090.427625.9200.357830.3200.3598
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Attachment 3

Coupled Piping System Analysis Using CREST

Theoretical Concepts

Conceptually, we model the building (primary system) and the piping (secondary sys-
tem) as a single structure (coupled system). Because the building and the piping
damping values are different, the coupled system becomes nonclassically damped even

though the two uncoupled systems are assumed to be classically damped

Displacement vector of the coupled system is transformed in terms of the undamped
modal vectors of the two uncoupled systems (reference 2], article 6.2). The effect of

missing mass is accounted for by using residual vectors for both the building and the
piping (reference [1]).

Since the coupled system is nonclassically damped, it can not be analyzed using the
undamped mode shapes of the (coupled) system. (That would lead to nonzero off-
diagonal terms in the transformed damping matrix).

['he eigenvectors and eigenvalues of a nonclassically damped system are complex. Com-
plex eigenvalues represent the frequency and the damping of the coupled system. Com
plex eigenvectors can be represented in terms of two real modal vectors. The relative
displacement vector of the coupled system can be represented in terms of the sum of
these vectors multiplied by the relative displacement and velo ity of the equivalent sin
gle degree of freedom systems. (For classically damped system the modal vector that
multiplies with relative velocity is identically equal to zero. The resulting response is

the same as that calculated using the conventional modal superposition method: ref

erence (2], article 5.2). The process of evaluating the omplex modal properties of the
coupled system using the modal properties of the uncoupled systems is called modal
synthesis. Since, the mass of the piping is much smaller than that of the building.

an efficient modal synthesis procedure is used in which the effect of higher order mass

ratio terms is ignored (reference (2], article 6.3).

In the response spectrum method for nonclassically damped systems, the relative dis

placement and velocity are replaced by respective maximum values. These maximum
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values define two response spectra. One is based on the maximum relative displace-
ment values, and is same as the spectrum used in the conventional analysis. The other
is bases on the maximum relative velocity. Both these spectra can be represented in
displacement, velocity and acceleration units by appropriately multiplying or dividing
the spectral values by the circular frequency (w, radians/ sec; reference (2], article 5.3)

The relative velocity spectrum is almost equal to the relative displacement spectrum
(when represented in the same upiis) in the intermediate frequency range. In high
frequency range, relative velociiy spectrai values become progressively small compared
with the corresponding relative displacement values as the frequency increases. In low
frequency range the reverse is the case (reference (2], Fig.5.1).

The relative velocity spectrum can be evaluated in the same way as the relative dis-
placement spectrum is. However, the current design spectra are exciusively relative
displacement based. An empirical method (based on a study with several actual ground
motion records) is used to estimate the relative velocity spectrum from a relative dis-
placement spectrum (reference [3]).

Two sets of maximum response values arc calculated for each mode of the coupled
system based on the relative displacement and velocity spectra, respectively. These
maximum values are combined using a theoretically developed rule that requires three
sets of correlation coefficients. The rule is similar to that used for the conventional
response spectrum analysis. Expressions for the correlation coefficients are evaluated by
emperically modifying (based on several earthquake motion responses) the theoretically
derived formulas(reference [3]).

Flow Chart

. The computer program CREST together with a piping analysis program can be used

to perform coupled seismic analysis of piping systems. The piping analysis program
used for the coupled analysis of SM piping is PIPESTRESS. The flow chart describes
the flow of information between CREST and PIPESTRESS. This flow chart describes
a conceptual relationship between the CREST and any piping analysis program. The
uncoupled modal properties, mass matrix and the stiffness matrix of the piping system
are obtained from PIPESTRESS. This information along with the uncoupled modal

2



properties of the supporting structure and the response spectra at the base of the struc-
ture are used by CREST to evaluate the ccupled modal properties and displacements.
The coupled modal displacements are then used by PIPESTRESS to give the coupled
modal responses in terms of member forces, support reactions and pipe stresses. The
modal responses are combined using the appropriate mode combination procedure in

CREST.
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