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ABSTRACT

The square-root-of-the-sum-of-squares (SRSS), double algebraic sum (DAS), and double
absolute sum (DABS) modal combination methods are evaluated. These methods are used to com-—
pute dynamlc responses of a large complex building with many closely spaced coupled and un-—
coupled modes. These responses are then compared to the average response of three time-
history modal superposition (T-H) analyses. Deviation of responses using different modal
combinations from the average time-history response are compared statistically. It is shown
that for structures with closely spaced modes the SRSS method estimates responses which are
poorly correlated to those calculated by the T-H method, the DABS significantly overesti-
mates the responses, while the DAS estimates responses reasonably close to those from T-H

method.

1. INTRODUCTION

Response K spectrum analysis method 1s commonly wused for determination of seismic
responses 1n nuclear power plant structures. In such analyses, modal responses are gener-
ally combined by square-root-sum-of-the-square method (SRSS) 1f the modes are well sepa-
rated. For closely spaced modes, other methods of combining modal responses are available,
among which are the double algebraic sum (DAS), the double absolute sum (DABS), and the

groupling methods.

Several studies [1,2] have been reported in the recent literature which investigate the
accuracy of the different modal combination methods 1n calculating the responses of struc-
tures. These studies, however, consider simple structural systems. In the study reported
herein, the responses from a large mathematical model of a nuclear power plant turbine
building are examined to evaluate differences due to the use of various modal combination
schemes. The model, because of 1its size and complex structural system, has a very wide
range of different dynamic behaviors. Hence, the results of this study could be considered

equivalent to a series of analyses of many different structures.

2. DESCRIPTION OF MODAL RESPONSE COMBINATION METHODS
The SRSS method 1s based on the assumption that the modal vibrations are statistically

independent, that is, the vibration of any mode is not correlated to that of any other mode.
The DAS method includes the correlation between the responses in different modes assuming

that the earthquake excitation 1s a sample of a broad frequency-band stationary Gaussian
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process and the modal responses of the structure are also stationary processes [3]. The
total maximum response, R, is given by the expected mean as:
M M 1/2
R =X X KRR g, W
k=1 s=1

where Ry and Ry are the maximum responses in the kth and sth modes, respectively, and modal
correlation factor
=)
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in which: w! = w_ (1l - 82)1/2 and B! = B, + 2/t,w,_; where w, and B, are th dal
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frequency and the damping ratio in the kth mode, respectively, and ty 1s the duration of the

earthquake.

In equation (1), £rg expresses the coupling between the different modal responses. It
accounts for the mutual teinforcement and/or cancellation of modes with closely spaced fre-—
quencies. Elements of the Eks matrix can assume values ranging from zero to one depending
primarily on the proximity of the structural frequencies. It is clear from equation (1)
that DAS method reduces to the SRSS method for structures with well separated modes, while

for very closely spaced modes the method converges to algebraic sum combination.

In the DABS method, the components of equation (1) are added on an absolute basis
rather than algebraically. There 1s no theoretical basis for this except that it 1s more
conservative than the DAS method and is one of the methods recommended by Nuclear Regulatory

Commission [4].

3. BUILDING LAYOUT AND FINITE ELEMENT MODEL DESCRIPTION

The building analyzed 1s rectangular in plan, approximately 400 ft long in the longi-
tudinal direction, 140 ft wide in the transverse direction, and 108 ft high. It has four
working floor levels with a large opening for the turbine pedestal which 1s structurally
isolated from the building. The bullding has a complex lateral force resisting system with

a stiff concrete substructure and a more flexible steel superstructure above.

A detalled finite element model 1s developed to rigorously model the complex lateral
and longltudinal force-resisting system of the building. The building model has a total of
492 nodes, 439 beam elements, 264 plane stress elements, 269 truss elements, and 30 general-
ized uniaxial elements. The model is fixed at base and has 7% of critical damping for all

modes. Figure 1 presents the bullding layout and some detalls of the finite element model.

It should be noted that the buillding model, because of its size and complex structural
system, has a very wide range of different dynamic behaviors. There are 208 significant
modes up to a frequency of 33 Hz. No single mode dominates the overall dynamic behavior.
The superstructure 1s domlnated by localized behavior which accounts for most of the 208
modes with a small number of modes describing the dynamic response of one localized area.
The stiff concrete substructure has more of a global behavior defined by a smaller set of
modes. Of interest 1s the coupling of many longitudinal modes with transverse modes produc-—

ing a relatively large set of torsional modes.
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4, ANALYSIS METHODOLOGY

Seismic responses of the turbine building are calculated using response spectrum modal

superposition method with modal responses combined on SRSS, DAS, and DABS bases. The analy-
ses are done for a broad-band design spectrum applied as input motion in the transverse
direction. The same responses are also calculated using the time-history modal superposi-
tion method. Three statistically independent time historles, whose spectra closely matched

the design spectrum, are chosen as input in the transverse direction.

For each time-history analysis, the maximum value of each response quantity 1is
retained. The average of these values from the three time-history analyses are chosen as
base responses. The difference between base responses and responses from the SRSS, DAS, and
DABS response spectrum methods normalized to base response are called error coefficients.
Error coefficlents for member stresses and member forces are calculated for a large sample
from every element type used in the model. The error coefficient is negative or positive
when the maximum response from a particular modal combination is lower or higher than maxi-

mum base response from time history analyses.

5. DISCUSSION OF RESULTS

Responses from the three input time historles were found to converge very closely.

Error coefficlents were calculated for all nodal maximum relative displacement and maximum
member stress responses for the three input time histories. The maximum mean and standard

deviations of these error coefflclents are 3% and 0.6%, respectively.

The error coefficlents for varlous responses from the three modal combination methods
were also calculated. Table 1 gives the mean and standard deviations of the error coeffi-
clents for many of the significant responses calculated on the basis of the three modal com—
bination methods. The maximum sample mean of the error coefficient for the DAS, SRSS, and
DABS methods is 13%, 40%, and 225%, respectively, and the maximum standard deviation for the
threee methods 1s 8%, 127%, and 498%, respectively. Figure 2 gives histograms of the error
coefficlents for axial stress in steel truss members and shear stress in concrete floor

diaphragms for the three modal combination methods.

The results show that the DAS method yielded the closest results to those from a time
history analysis, as reflected by the small values of the mean and standard deviation of the
error function. The SRSS method followed, with mean and standard deviation error functions
several times higher than those for the DAS. The DABS consistently overestimated the

responses by a large margin.

The sample standard deviation of the error coefficients given in Table 1 and the histo-
grams of Figure 2 give further insight into the performance of the three modal combination
methods. The DAS method consistently gave low standard deviations, and the histograms show
a falrly narrow distribution of the error coefficients about the mean. The SRSS and DABS
methods both yield wide distributions of the error coefficients about the mean, with the
DABS clearly biased towards positive error coefficlents, while the SRSS seems to have a more
symmetrical distribution. This seems to indicate that the DAS method is expected to yleld
responses that are on the average very close to those from a time history analysis.

Furthermore, the maximum deviation in individual members is also expected to be small.
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The DABS responses are expected to be consistently higher than those from a time his-
tory analysis, with the increases in response being quite substantial in some individual
members. The SRSS method seems to give inconsistent results, with mean error coefficients
of approximately -40%Z to +40% when compared with time history responses, and significantly

larger crror margins, both positive and negatlve, in individual member responses.

A close examination of the individual responses also shows that the error coefficients
for longitudinal responses (orthogonal to direction of ground motion) seem to increase for
the SRSS and DABS methods when compared with coefficients for transverse responses but
remain essentially within the same order of magnitude for the DAS method. This trend can be
seen in Table 1 when comparing transverse and longitudinal relative displacements. The rea-
son is that the closely spaced modes contribute more significantly to the total longitudinal
responses than to transverse responses. This seems to indicate that the DAS method 1s more
stable when the contribution of closely spaced modes in the response increase, whereas the
other two methods yield error coefficlents which increase with the increase in the contribu-

tion of closely spaced modes.

6. CONCLUSIONS

Dynamic responses to seismic motions were calculated for a large building model with a
large number of coupled and closely spaced modes. Responses calculated on the basis of
response spectrum method with DAS, SRSS, and DABS modal combination procedures show that for

calculating responses of structures with closely spaced modes:

a. The DAS method closely approximates maximum responses calculated on the basis of a time
history procedure. Furthermore, the error function 1s narrowly distributed about its

means

b+ The DABS method greatly exaggerates the maximum responses and the error function is
skewed sharply towards positive error functions (overestimates of response) with a wide
band distribution. Any merit derived from the fact that responses from this method are
always expected to be conservative has to be assessed in light of the excessive overes-—

timation of the responses and its impact on design.

c. The SRSS method inconsistently estimates maximum responses with error function having a
mean *40% and a wide distribution about the mean. The results from this method are the
least desirable, as it is difficult to asses the expected error in any given structure

Or response parameter.

d. The DAS method appears to be stable in that the error coefficient does not seem to be
sensitive to the contribution of closely spaced modes to the total response., The SRSS
and DABS methods have increasing error functions as the contribution of closely spaced

modes to the total response increases.
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TABLE 1 - Statistics of Error Coefficlients for Responses
From the Three Modal Combination Methods

Sample Standard
Sample Sample Mean Deviation

Parameter Size

DAS SRSS DABS DAS SRSS DABS
All Relative 864 -.03 .09 1.21 .01 .76 4.98
Displacements
Transverse 432 -.06 -.21 .17 .08 .23 .25
Relative
Displacements
Longitudinal 430 .01 40 2,25 +07 1.13  2.78
Relative
Displacements
Axial Stresses 252 -.01 .35 1.93 .07 1.27 3.69
in Truss Members
Moments in Beams 189 -.02 .05 1.12 .06 25 .75
Axial Force in 201 -.03 04 .93 .06 «53 1.81
Columns
Shear Stress in 172 -.01 -.06 .87 .07 «39 .86
Floor Diaphragms
Shear Stress in 48 -.13  -.37 .02 .04 .09 .08
Transverse Walls
Shear Stress in 43 .00 .01 1.45 .05 «24 .79
Longitudinal Walls
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Building Layout and Finite Element Model

Figure 1
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