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1. INTRODUCTION D

Structures for nuclear power plant facilities etc., must be designed

1.1 Background

to have sufficient structural capacity to resist safely and effectively all
types of load combinations that may be expected during their lifetime. These
load combinations include both multiple dynamic loads as well as static
loads. Specifically, the piping systems, as well as other pressurized com-
ponents of the light water reactors (PWR or BWR), will be subjected to
dynamic loads from various sources, such as earthquakes, loss-of-coolant
accidents, safety relief valve actuations and vent chugging loads. The
Nuclear Regulatory Commission has historically required that the responses
due to these loads must be properly combined to insure the safety of

these structural or mechanical components. In most cases, peak responses
from eac. of the dynamic loads are first calculated and then subsequently
combined to obtain a resultant peak combined dynamic response. Once the
resultant peak combined dynamic response has been determined from a combina-
tion of the multiple peak dynamic responses, the resultant is added absolutely
to the elastically calculated static response. This elastically calculated
combined maximum response is then compared to code allowable stress levels,
with the acceptance criterion beiag that the combined response must be lower
than the code allowable level.

For some loading phenomena, the dynamic analysis provides a definitive
time history response thus allowing for a straightforward additior of
responses where more than one load is acting simultaneously. In other cases,
no specified time phasing relationship exists, either because the loads are
random in nature or because the loads have simply been postulated to occur

together without a known or defined coupling.
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The basic problem involves the combination of two or more responkA

which are assumed to occur concurrently. This means that there is some Fr
degree of overlap between the signals. The second signal is assumed to

occur some time after the start of the first signal. The only uncertainty

{s the relative starting time (time lag or phasing difference). Figure

1.1 depicts the combination for a particular time lag.

Where the time phase relationship is lacking, design engineers have
utilized two distinctive methods to combine the dynamic responses. One
method is called the Absolute Sum Method (ABS) by which the peak responses
are added absolutely. The other is called the Square Root of the Sum of
the Squares (SRSS) by which the combined result is equal to the square root
of the sum of the squares of the individual resonse peaks. Depending on the
relative magnitudes of the responses, the SRSS value will vary between
about 0.7 ABS and 1.0 ABS for the combination of two dynamic responses.

It is obvious that ABS represents the maximum possible combination result
and may lead to overly conservative design requirements. On the other hand,
the approach of SRSS is mainly based on heuristic reasoning, and is not
supported by a rigorous mathematical proof.

Both General Electric and Westinghouse have carried out extensive
studies in regard to the combination of dynamic responses for their respective
reactol systems to support the validity of the SRSS method [1-2]. A working
group was also formed in NRC to examine the problem of dynamic load com-
bination and, in their report, further evaluations based on generic studles
were recommended [3].

The Structural Analysis Group of Brookhaven National Laboratory was

given a technical assistance contract for FY'79 by the Mechanical Engineering

90011007



Branch, Division of Systems Safety of NRC to carry out the following: ‘0£4F
generic study of the methods and criteria needed for appropriate combinations ,
of dynamic responses in piping components and b) a study of the validity,

adequacy, limitations and applicability of the two criteria for dynamic re-

sponse combinations given in the General Electric report (NEDC-24010-2) entitled

"Basis of Criteria for Combination of Earthquake and Other Transient Responses

by the Square Root ¢f the Sum of the Square Method."

The major tasks carried out under item (a) were:

1. Investigate the key parameters which can be utilized to fully
characterize dynamic responses in the time and frequency domain. Parameters
should include (br- are not necessarily limited to) amplitude, frequency,
phasing, and duration.

2. Develop the dynamic responses to two dynamic inputs for combination
studies, both in the time and frequency domains, using the quantified
parameters specified in Item 1. Conduct semsitivity studies by varying one or
more than one of the parameters. The degree of influence of parameter varia-
tion on the results c© response combination should be quantified. The methed
used to quantify the combination results may be in terms of non-exceedance
probability or other appropriate means acceptable to the staff.

3. Based on knowledge obtained in sensitivity studies, develop recommenda-
tions for the combination of two dymamic responses, either expressed in the
frequency domain or in the time domain.

Similarily, the major tasks carried out under (b) were:

1. Review the references cited in NEDO-24010-2.

2. Clarify the extent to which combinations of responses should only be
based on the characteristics of the response time functions as opposed to the
loading time functions. This clarification will be limited to computer runs with

simple systems containing a few degrees of freedom.

: 90011008



3. Using Monte Carlo simulation investigate the extent to which departures

from zero mean affect the acceptability of the criterion.

4. Using Monte Carlo simulation, verify with real and simulated response h

functions whether the bases of limited number of high peaks (i.e., 5 or less ex-
ceeding 75% of maximum and 10 or less exceeding 60% of the maximum) is always
acceptable. If not acceptable, determine alternate limitations.

5. Using Monte Carlo simulation, investigate the effect of the variation
of signal duration time on the applicability of Criterion 1.

6. Using the Monte Carlo simulation, investigate--using various values of
correlation coefficient-~-the acceptability of an equal or less than 0.4 value of
correlation coefficient for the SRSS methodology.

b) for Criterion 2:

1. Review references pertaining to Criterion 2,

2. Using Monte Carlo simulation, verify with real and simulated response
functions the degree of conservatism (or non-conservatism) obtained by accepting
a 50% conditional probability that the actual peak combined response exceeds the
SRSS calculated peak response.

3. Using Monte Carlo simulation, verify with real and simulated response
functions the degree of conservatism (or non-conservatism) obtained by acce,ting a
15% conditional probability that the actual peak combined response exceeds approxi-
mately 1.2 times the SRSS calculated peak response.

This final report, which covers the period October 1978 to September 1979,
is divided fnto eight sections. The present section, Section 1, is intended to pro-
vide an introduction to the problem and to touch upon some aspects of the scope
of the investigations. A summary of the conclusions from all sections is also
given at the end of Section I. Section II details the available analytical

methods and their limitations. This Section also describes some aspects of the
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numerical techniques developed to investigate and to carry out the objecc

ARy

Section 1II details various aspects of combinations of sinusoidal responses

of the BNL study.

which were initially studied to gain insight into the problem. The results of
these studies are summarized under the headings: Summary of Conclusions for
Sinusoidal Responses and Summary of Conclusions of Multisinusoidal Responses.

The former deals with various forms of combinations of sinusoidal responses,
while the latter deals with more complex forms that are somewhat similar in shape
to those of real earthquakes.

Section IV deals with combinations of simulated responses in the frequency
domain. The shapes of these responses were generated so that thev closely re-
semble earthquake type of responses. Similarly, Section V deals with the
particular effects related to the time domain. 1In this Section, the procedures
and evaluations of simulated time~history response combination are discussed.
The conclusions for Sections IV and V are, respectively, listed below under the
titles: Summary of Conclusions for Artificial Responses in the Frequency Domain
and Summary of Conclusions for Artificial Responses in the Time Domain.

Sections VI and VII detail the results of investigations regarding the
acceptability of the two criterion for response combination set forth in the
General Electric report NEDO-24010. Conclusions regarding Criterion 1 are
listed under the heading Summary of Conclusions for General Electric NEDO-24010
Criterion 1, while those for Criterion 2 are listed under the title Conclusions
for General Electric Report NEDO-24010 Criterion 2. Finally, in Section VIII,

a suggested BNL criterion for response combination is presented. In our opinion,
the BNL method considers all important aspects that contribute to the maximum

response of the combinations and yet is relatively simple to apply.
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1.2 Summary of Conclusions for Sinusoidal Responses I?A

1. Two identical sinusoids have combined responses based on SRSS at 507
non-exceedance level (NEP of SRSS at 50%).

2. Two different frequencies are a primary factor in reducinj, the per-
cent of non-exceedance of SRSS.

3. Amplitude ratio is not a primary factor in changing the percent of non-
exceedance of SRSS.

4. Increased damping will raise percent of non-exceedance of SRSS,

5. Density function for random phase angle is not & primary factor.

6. For random frequencies with normal distribution, an increase in C lowers
the percent of non-exceedance of SRSS.

7. More of the same sine waves will raise the percent of non-exceedance of SRSS.
1.3 Summary of Cenclusions for ultisinusoidal Responses

1. Frequency relations of major components will affect percent of non-
exceedance ©f SRSS, as is indicated in conclusions for sine response.

2. Number of peaks is a primary factor in determining percent of non-
exceedance of SRSS.

3. Responses with the same components can give very different percent of
non-exceedance of SRSS depending on phase angle of components.
1.4 Summary of Conclusions for Artificial Response in the Frequency Domain

1. NEP of SRSS decreases with increasing frequency bandwidth when pre-
dominant frequencies are same.

2. NEP of SRSS increases somewhat with smaller predominant frequencies.

3. NEP of SRSS decreases when predominant frequency differences increases.

4, NEP of SRSS may increase or decrease when the second response decreases
in duration.

5. When both frequency and duration differences occur, NEP of SRSS may

6 90011011
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1.5 Summary of Conclusions for Artificial Response in Time Domain Iap’

1. The larger the number of peaks passing the 60% and 75% of the maximum
peak values, the lower will be the NEP of the SRSS. However, the peak count
should be based on a rational scheme which includes the width (in time scale)
of the peaks. In other words, peak count should reflect the percentage of the
time of the response above a certain level of responses.

2. Based on the above reasoning, a more realistic approach appears to

be that the NEP of SRSS is dependent on O/Rmax value of the individual responses

where O is the standard deviation of the digitized response distributions or,

2
S
ro

and Rmax is the maximum absolute value of the peak response. As shown in the
table, as the G/Rmax value grows, the NEP of SRSS becomes smaller.

3. The envelope shape of the response appears to play an important role.
As the ratio of rising or decaying time to the duration of the signal increases,
the NEP of the SRSS decreases.

4. When combining two signals, if the duration of the second signal is
much shorter than the first one, then the combined response has a relatively

low NEP of the SRSS.

1.6 Summary of Conclusions for General Electric Report--Criterion One,
NEDO-24010

1. Response combinations should, gensrally, be based upon the charcater-
{stics of the response time histories and not upon the loading time histories.
2. Monte Carlo computations show that in some cases, the non-exceedance

probability of SRSS falls below 50% even when the requirements of Criterion 1
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are met with the required number of peaks. Duration time of peaks 15@
an important factor that affects the NEP of SRSS. l ‘ y
3. For the case of non-zero mean, the following formula can be used:

SRSS = zluil + JI(R -\ )2 ’

imax -

where is the mean and Ri is the maximum value.
max

4. 1f the duration of one signal is very much shcrter than the other,
the chances for peaks to combine become less, and hence, the non-exceedance
probability of the SRSS inc;eases.

5. The correlation coe’ficient has no bearing on the SRSS role if random
time lag is used in the combination.

1.7 Conclusions for General Electric Report, Criterion Two, NEDO-2401

1. Cumulative Distribution Function (CDF) constructed on the basis of
absolute values of the combined results is slightly more conservative than the
CDF curve which separates the positive portion and the negative portion.

2. The acceptable NEP level on the CDF should be preferably at the
mean-plus-one standard deviation \approximately 84%).

3. 1In cases where the load specifications are rigorously determined at
a conservative level (say, 84% probability level), based on all the factors
influencing the response characteristic, then the acceptable NEP level may be
lowered.

It should be nnted that although we have made a run which resulted in
verification of Criterion 2, we do not, however, consider the verification to

be "all conclusive." The reason for this is that there are some ambiguities

90011013



in the load definitions at mean-plus-one standard deviation. Furthe@,g

the verification approach itself is not unique and, thus, the results ar‘

questionable.
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TI. METHOD FOR INVESTIGATION D D
i\y

2.1 Analytical Approach

When two or more dynamic responses with random starting times are combined
together, the matheuatical expression of the probability distribution of the

result can be written as follows:

ho
R(E) = 3 £, (t=1))
i=
x(

1 (2.1)
t)| £ y) = F(y)

? ([Rma
where each component response, fy(t), may be taken as a non=-stainary stochas~
tic process, and Ty is the random time lag with unknown probability distribu~
tion. The closed form solution of F(y) in general is extremely difficult to
obtain. To gain insight into the problem, combinations of sinusoidal re-
sponses were initially investigated. The closed form solution of two combined
equal frequency sinusoidal responses with random phase angle is given by the

expression:

R(t) = Asin wt + B(wt + 8)

= Cgin (wt + ¢)

where © {s assumed to be uniformly distributed between O and 7 or the density

function f(8) = %. and C, the resultant amplitude, is

c -\A: 4+ 2A8 cosf + B?

90011016
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i)
-1 /€% = a® - 8? . “5\A
The inverse relationship is & = cos 1 (-___Tﬂﬁf—___— ) , while the
g% 5 o

absolute value of the derivative of © with respect to C is I%% = !Ih !
i | v

thus the density function of the absolute value C {.e., g(c) is

1 2C

n
\JZAZBZ - (C? = A? - B?)?
The plot for the case where A is equal to B is shown in Fig. 2.1. Similarly the

(2.2)

g(c) = £(8) jdc

plot for the case where A = 2B is shown in Fig. 2.2. The cumulative distribu-
tion functions (CDF) for the two cases are also shown in the respective figures.
It is to be noted that the nonexceedance probability (NEP) of SRSS for both

cases is 0.5 i.e.,

NEP of SRSS = % (2..3)

When the frequencies of the two sinusoids differ significantly, it is
expected that the combined response peak will approach the absolute sum of the
individual amplitudes with a high probability. This means that the nonexceed=-
ance probability of SRSS will be lower than % + An approximate solution for
the case of the combination of two sinusoids with normally d’stributed frequen-
cies has been formulated. Each frequency is defined to *..e a mean value M
and standard deviations o As shown by the derivation given in Appendix F,
NEP of the SRSS is given by

P(R < SRSS) = —-;-4-@(”" : +~T)B)

2
" chi +0,° [1 . - ] (2.4)

2n?

90011017
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where T is the duration of both responses, o, and o are the standard de- ;
viations of the frequency distribution and ¢ is the cumulative distribution I %

function of the standard normal distribution. Equation 2.4 is subjected to the

limitation that %, and To, are much less than !. The analytical solution

W Ty
for the case where T = 5 and o, = o, * 0.1 18 P(R < SRSS) = 0,41, Thus the

introduction of randomness into the frequency serves to lower the R NEP of SRES. In
addition to this observation, the closed form solutions are important in that
they provide checks for the numerical methods that had to be developed in order
to solve the general problem of response combinations.
2.2 Monte Carlo Simulation

Since the closed form solutions for combining two or more general dynamic
responses are extremely difficult to obtain, it was necessary to develop a nu=
merical solution scheme. Specifically for the problems to be investigated under
this study a Monte Carlo simulation computer code was developed. The capability
of this simulation code encompasses all types of signals. This includes the
combination of sinusoids, damped sinusoids, artificially generated signals such
as earthquakes, SRV's or digitized real responses. The maximum number of sig-
nals that can be combined is limited to four for this investigation but can be
increased. The distribution of the time lag or phase angle can be uniform, nor-
mal, centered triangular or skewed triangular. The flow chart of the code is
shown in Fig. 2.3, The notations used in the flow chart are defined as follows:

Ty = Duration in seconds of i-th response

i

Aq Amplitude of i-th response
{ = damping ratio used

mean of the frequency distribution

¢
!

standard deviation of the frequency distribution

Q
'

.
1

digitized response values for the i-th response

6, - phase angle of the i-th response

15 90011020



W - frequency of the j-th sinusoid D

Ty = time lag in seconds of the j.¢j response

To verify the accuracy of the code, the random number generator was first
validated by the procedure of two dimensional plotting as suggested in reference
[2]. The combination of sinusoids was then carried out and checked against the
closed form solutions discussed in the previous section (i.e., section 2.1). As
can be seen from Fig. 2.1 and 2.2 the Monte Carlo results, designated by the
points marked by the x's, match with the solid line which represents the closed
form solution. A check of Monte Carlo simulation values obtained for the CDF
and NEP of SRSS vs. closed form results for two responses with mean frequency
M, ® 7.5, duration T = 5 and 0, = U, = 0,1 {s shown in Fig. 2.4. The

result of P(R < SRSS) = 0.43 checks fairly closely with that of the analytical

result which was equal to (.41,

90011021
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111. COMBINATION OF SINE RESPONSES

3.1 Basie Study D]MF
There is no general closed form mathematical solution that could be use

for guidance in determining the degree of conservatism regarding the ccrbination
of randamly occuriitg signals by the absolute sum method. The absolute sum is 3
bounding case. This is all that is known. The degree to which departures in
the absolute sum procedure may be u;;d safely, and the restricting conditions
that should be imposed, is the subject of this section. Only simple sinuscidal
type signals are used.

The entire question of combining signals that arise from different tran-
sient sources is an easy one to answer if the procedure of adding the maximums
of the separate signals is used and if the added conservatism does not unbalance
other aspects of the design. The combined response in a linear system cannot
exceed this sum. The difficult problem of response combination arises if i more
precise definition of the probable bounds of the actual combination is
attempted.

The first part of this study was intended to develop some understanding of
the basic mechanisms involved in combining signals; which parameters in signal
combination are of primary importance in affecting the maximum magnitude of the
combination and which parameters are of only secondary importance.

Accordingly, the first part of this study was done with simple type signals
with known properties, such as sine waves. Sensitivity studies were carried out
by changing one or more of the parameters. Special selected cases were used to
identify the important parameters. The general form of the basic combinations

studied is

-Q

n it
R(t) = 7 Ae sin w, (t-t ) @ (3.1)
j=]

19
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Sensitivity studies were carried out to examine the effect on the m&?AF

value 5f R(t) for each of the parameters in Equation 3.1. This includes:

a)

ES
e
'

the amplitudes of the signals

b) Wy = the frequencies

c) ¢t - the relative times of the signals
d) 8y = the demping

e) tp ~ phase relationship or time lag

f) R(T) - the response combination

3.2 Two Sine Responses - Equal Frequency

For the case of two equal frequency sine waves, without damping, the gen-
eral equation can be expressed in the form previously given in Section sl
i.e., R(t) = A sinwt + A, ein w(t - tp). The amplitude ratios were
changed over a range from | to 10. The time delay was selected randamly to have
a value no greater than a full period of the first signal. For the first series
of tests, the distributic: of wtp was assumed to be uniform. Supsequently,
different types of distributions for time lag were also investigated. Three
different choices for the random phase angle, wtp, were selected

1) uniform froe O to 27

2) triangularly distributed from 0 to 27 with mean F:;J at m

3) normally distributed with Eh -7, 0= %
These studies were intended to determine whether an accurate assessment of the
nature of the randomness was important to the combined result.

For each se.cction of the values of the two sine waves, a Monte Carlo com~
putation was carried out. The cumulative distribution function (CDF) curve was
plotted and the value of the square root of the sum of squares (SRSS) was

super imposed. The results are listed in Table 3.1.
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Combpinations of Equal Frequency Sine Waves E’4I ;

n = 8
Case 2. em:llft:ge
1 10, 10
2 10, 10
3 10, 5
4 10, 1
5 10, 10
6 10, 5
7 10, 1
8 10, 10
9 10, 10

The results show that, for equal sine waves, the combined responses have a

non-exceedance level of SRSS at about 50%.

closed form analytical results that were obtained and discussed in Section 2

TABLE 3.1
Frequencies Duration
rad/sec Time,sec.

10, 10 5, 5
7.5, 7.5 5 3
7.5, 7.5 5, 5
7.5, 7.5 5, 5
7.5, 7.5 5, 5
7.5, 7.5 5, 5
7.5, 7.5 $: 5
10, 10 5; 3
10, 10 -

(NEP)

P(R < SRSS) Phase Angle

3 wtp

o |

32
52

52

2n

40

50

0 "

This is in accordance with the

-

Changing the amplitude ratio over a wide range, from 1 to 10, does not affect

the result and the P(R < SRSS) is still at about 50%, as seen by Cases 2

P
§ Wy

and & of Table 3.1. When other types of distributions are used to descride

the randomness of the time delay, these conclusions are not materially changed.

Figures 3.1 s:xrough 3.7 show a plot of the percent non-exceedance of the SRSS

for some of ::e cases in Table 3.1,

3,3 Two Sir: Respenses - Different Frequencies

The eff:.is of cianging the frequence ratio between the two sinusoidal com-

ponents was =Xt esamined.

It is known that if the two frequencies are greatly

different, Liimately they will add absolutely if they persist long enough.

Freques. Tatlds were varied over a range of one to two. The frequencies

vere also cc-ned o & random basis with each frequency having a mean value and

a pormally = tributel standard deviation.

The standard deviation was also

21
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varied in separate cases over a range of values, The results are listed in Table

3.2, ]
Combinations of Different Frequency Sine Waves D’? 4F
TABLE 3.2 lf
NEP
Case No. Amplitudes Frequencies Duration SRSS Phase Angle

10 10, 10 .S 5, 9 14.1

0 2

11 10, 5 10, 5 5, 5 11.8 |
12 10, 10 wbx'w“;'7‘5 5, 5 19
c,=0,=.5
13 10, 10 WU,'“L2'7'5 5, S 33
Ol-C:'.Q
14 10, 10 Wy =y =75 5, 5 42
P mighes A
15 10, 10 10, 5 5, 5 ey 0| 2

16 10, 5 10, 5 5 5 11.1 m

Table 3.2 shows that the frequency ratio between the two sinusoids plays a
primary roll in the non-exceedance probability of the SRSS. Comparing Case |,
from Table 3.1, with Case 10, the NEP has been reduced to 14%, a reduction of
more than 3 to 1. Whether the amplitudes were the same or different and indeed,
regardless of the assumption on the nature of the time delay distribution, the
same sizeable reduction occurred. With a 2 to 1 frequency ratio that lasted for
5 seconds, the P(R < SRSS) was about 14X whether the amplitude ratio was 2 to |
or | to | and whether the randow distribution of the time delay was uniform,
triangular or normal.

3.4 Combinations of More Than Two Sine Responses
Combinations of three and four sine waves were examined. The same kind of

changes in amplitude and frequency ae those of Section 3,3 were introduced.
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The time durations of the various components were also changed. This wa’
by introducing zero values for the signal after the duration time had elapsed,
The results a:e also shown in Table 3.2,

Table 3.3 shows that the NEP of SRSS has increased somewhat with more
terme. The same ceneral conclusions that were previously obtained still hold.
The introduction of a normally distributed frequency content lowers the P(R <
SRSS) from 62 per=nt to 28 percent with three sinusoidal components and from 66
percent to 35 percent with four sinusoidal components. The change in duration
time has also lowered the P(R < SRSS) somewhat for these cases.

3,5 Combinations of Damped Sinusoidal Responses

The final investigation in this basic series, introduced damping into the
responses that were to be combined. Studies were made of the effects of fre-
quency content, wore than two response signals and different time durations.
The shorter time durations were again accomplished by curtailing a signal and
assigning a zero value after that time. These are listed in Table 3.4.

The results show that the essential effect of damping is to increase the
P(R < SRSS). For example, with 2 percent of critical damping, Case 25 shows an
increase of 3 percent over the corresponding problem in Case 3. It can be
expected that as damping is increased, the NEP of SRSS will also increase. The
s.yne conclusions are indicated for cases involving the combination of more than

"
ti#) responses.

‘¢
3+6 Conclusions for Combining Sine Responses.
The conclusions that can be drawn from the investigation of sinusoidal
responses can be summarized as follows:

1. Two identical sinusoids have combined responses at 502 non-exceedance

level

90011035
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Combinations of More Than Two Sine Waves D?
vk

TABLE 3.3
Frequenc .es Durations
Amplitudes rad/s:c time, sec SRSS c/cc
- . L 4 nole
Case No. Al‘AZ'AB'AL wI tI ;4 4 Phase angle
17 10,10,10 - S T D99 62 ——
18 10,10,10 135, 1.5,7:5 5.4.3 52 —— D 2"
19 10,3010 W =W =W =7.5 5ads S 28 —
vl M2 3
0y=02=03%,5
20 10,10,10 W =W =W =7.5 5,4,3 22 -
M1 M2 M3
01=0,=03=,5
23 10,30,30.10 7.5.71.8,7.59,7:5 $:5,9,5 66 -
22 30.30,10.30 7:5,0:8,7,84749 Bl 8.2 51 -
23 10,10,10,10 W =W =W =W =7,5 5,5,5,5 35 -——
(S -2 3 b
31'?;‘\73'0“'.5
24 10,10,10,10 W =W =W =W =7.5 5,4,3,2 35 -
M1 M2 -3 M

01=0,=03=0,=.5

90011036 6)
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Combinations of Damped Sine Responses

U;\’A

TABLE 3.4 -
Frequencies Durations
Amplitudes rad/sec time, sec SRSS c/Ee
Case No. AI'AZ'A3'Ab wI - CI - % % Phase angle
Damped Responses ‘ E
25 10,10 7.3,7.5 5,5 55 2 6 2“'
26 10,10 y F B 5,4 54 2
27 10,10 W =W =7.5 B> 47 2
M1 M2
0,=0;,=.5
28 10,10 W =W «7.5 5,4 45 2
M1 M2
0,=0,=.5
29 10,10,10 1:8:0:9,:%.5 L 62 2
30 10,10,10 4 T e W 5,4,3 65 2
31 10,10,10 W =W =W =7.5 5.5;5 57 2
M1 M2 U3
Oy=0;=0:=,5
32 10,10,10 W =W =W =7,5 S b3 53 2
4 2 ]
01=0,%03=,5
33 10,10,10,10 BT 8. 0.8, 7,5 DS 67 2
34 10.10,10,10 1815, 0.5:7.5 §5.4.3,2 63 2
35 10,10,10,10 W =W =W =W =7,55,5,5,5 56 2
M1 U2 Ha M
01=0,=03=0,=.5
36 10,10,10,10 W =W =W =W =7.5 5,4,3,2 48 2
M1 Mz M3 My
01®0,=0=0,=,5
37 10,10,10,10 0\ =U,=0,=0,=.4 8.4.,3.3 44 2
38 10,10,10,10 0 =0,=0 =m0 =, 2 5,64,3,2 L8 2
39 10,10,10,10 0)%0;%03%0, =, 1 5,4,3,2 51 2
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2. Two different frequencies are a primary factor in reducing the&!un’

of non-exceedance,

3. Amplitude ratio is not a primary factor in changing the percent of

non-exceedance,

4. Increased damping will raise percent of non-exceedance,

S Density function for random phase angle is not a primary factor,

6. For random frequencies with normal distribution, an increase in ©

lowers the percent of non-exceedance,

y More of the same sine waves will raise the percent of non~exceedance.
3,7 Complex Sine Waves

Additional studies were made of two or more responses in which each re-
sponse was composd of at least two sine waves. This was done because the
amplitudes are fix»d for the case of simple sine waves and the peaks occur peri-
odically. With more than one sine wave, the shape of each response could be
altered. The relative frequency content, numbers of peaks and amplitude config=
uration are easily changed and the effects of these changes on the response
combination could be studied. In particular, simply by shifting the phase
relationship between the components, the physical appearance of each response as
plotted is different. The harmonic content i{s still the same but the magnitude
and the appearance of the peaks changes with the phase shifting of the individ~
ual components.

Large changes in the NEP of SRSS were obtained by using this procedure.
Relatively simple changes of a particular parameter in the equation which
defined the sinusoidal components of a response gave Very different results of
90011038

non-exceedance percentages.

Each separate complex response is defined as:

xi(:) = T aisin(uit - wi) .15
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the Xi(t) are the separate responses, or signals, which are to be combined as:

b - (3. 7.0
Ri(t) b Xi(t ED) 3
DR}" i

Equation (3.7.1) is completely deterministic. The components are defined

to get a response combination.

beforehani, including the phase angle ¢ 4. The combination Ry(t), Equation
(3.7.2), however, has a randomly distributed delay time, tp, between the two
response signals that are to be combined, in accordance with the procedures used
in previous sections.

Four particular cases have been selected to show the concepts and conclu-
sions that were developed ir reference to the extension of sine waves into com=
plex waves. All cases involve the combination of only two response signals. In
the first two combinations, each of the two signals is composed of a fundamental
sine wave and a third harmonic. In the third and fourth combinaticn cases, each
of the two response signals has four sinusoidal components.

The first signal used is described by

Xi(t) = 10 sin 10t = 5 sin 30t. (3.7.3)
This is combined with an identical signal described by

X2(t) = 10 sin 10 it = tp) = 5 sin 30 (t = tp) (2.7.4)

where the random delay time, tp, is used in the combination. Previous studies
{n S:-tion 3.2 had shown that the distribution of the random delay time was not
of primary importance in the maximum response, Ri(‘) where

Ry(t) = X;(t) + Xp(t = tp). (3.7.5)
A uniform distribution of tp was taken over an interval equal to the period of
the longest component of the first signal.

Figure 3.8 shows a plot of Equation (3.7.3). The result of the combina-

tion oi Equations (3.7.3) and (3.7.4) gave an NEP of SRSS of 72 percent. This
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is much higher than the 50% for the random combination of two <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>