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ABSTRACT 

The method of Response Spectra Analysis (RSA) is extensively used in seismic analysis and qualification 

of Structures, Systems, and Components (SSCs) important to nuclear safety. In applying this method, the 

factors of spatial combination rules, damping, missing mass, and periodic and rigid modes may affect the 

seismic analysis results significantly. Firstly, there are a few rules can be used to combine the RSA results 

from each of the three spatial directions, such as Square Root of the Sum of Squares (SRSS), 100-40-40 

in nuclear industry, 100-30-30 in common civil engineering. In this paper, both RSA and Response 

History Analysis (RHA) are performed to investigate the differences of results by using different spatial 

combination rules. To compare the significance of the response difference, a 10-story building structure is 

used for the analysis with El Centro earthquake excitation motion. In addition, the ways to determine 

resultant force/moment from the combination rules for seismic design of structures is investigated. 

Secondly, other factors such as structural damping, missing mass effect, and rigid motion effect on 

seismic response are also investigated in this study. For the seismic analyses, a model for the 10-story 

building structure developed using the SAP2000 software is presented first. Then, the Rayleigh damping 

model, combination of periodic and rigid modes in RSA, missing mass effects are discussed. Finally, the 

effect of different combination rules on the seismic responses is assessed based on the analysis results. 

The building base reactions and typical member forces are analyzed and compared. It is found that the 

frequency range in the Rayleigh damping model is important to the response. Also the frequencies for 

Gupta method accounting for rigid motion can lead to response difference. When a resultant force or 

moment is required for design check, the 100-40-40 rule rather than the SRSS rule is rational and 

suggested for the special combination in the RSA. 

INTRODUCTION 

Response spectra analysis (RSA) has been traditionally performed in seismic design of various types of 

structures. This methodology, by concept, is used to obtain the maximum response parameters of the 

structure to the selected seismic hazard level. Due to the three-dimensional (3D) nature of the seismic 

wave propagation, the design codes/standards, such as CSA (2010), ASCE (2016) and NRC (2012), 

require the engineers to analyse the structures for two horizontal and one vertical spectra for the safety-

related SCCs in a nuclear power plant (NPP). In the literature, there are a few rules that engineers can use 

in order to combine the results of the RSA in the three directions to account for the independent random 

earthquake excitation. The common combination rules include Square Root of the Sum of Squares 

(SRSS), 100-40-40 in nuclear industry, and 100-30-30 in common civil building and bridge structures. 
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The SRSS rule is traditionally applied to combine modal responses from different modes; and now the 

Complete Quadratic Combination (CQC) rule is more frequently used in modal response analysis. The 

most common SRSS rule is suggested by the applicable seismic safety codes in the nuclear sector, CSA 

(2010) and ASCE (2016). Also, the use of 100-40-40 rule is allowed based on references NRC (2012) and 

ASCE (2016). Therefore, these two rules are focused on in this investigation.  

Using SRSS spatial combination rule for design and analysis of structures leads to ambiguous and 

conservative results in determining resultant force/moment, as the maximum of all components, such as 

forces and moments are obtained simultaneously. On the other hand, the 100-40-40 rule as described by 

Newmark (1975) and Newmark & Hall (1978) combines the parameters in a more realistic way, without 

enveloping the maximum parameters. The difference between the results of the two combination rules is 

significant in cases where the design demand is dominated by more than one response parameter, for 

instance in members under bi-axial bending moments or axial force-bending moment interactions. Some 

ambiguities in using these combination rules for seismic design and qualification of SSCs are addressed 

in this paper. To this end, a benchmark 10-story building structure under El Centro earthquake excitation 

is analysed. Both RSA and Response History Analysis (RHA) are used in the analysis using three spatial 

components of the motion. The results are combined using different combination rules for comparison. 

MODELLING OF THE 10-STORY STRUCTURE 

For investigating the effect of combination rule and other factors on the seismic response, the selected 

structure is a benchmark 10-story moment frame reinforced concrete (RC) building, which has been 

designed based on the National Building Code of Canada (2010) and CSA concrete design code (2014). 

This building structure has been analysed by other investigators, Saatcioglu et al. (2009), Nourzadeh et al. 

(2015, 2017a and 2017b). The building structure has been designed for moderate ductility at the design 

seismicity level in Montreal. After design, the structural members used are summarised in Table 1. The 

typical floor plans feature rectangular 6m by 6m bays with 4 m centre to centre elevation for each story. 

Upon using these member sizes, geometry and the material properties, a finite analysis model has been 

developed using SAP2000 and a pictorial view of the model is shown in Figure 1.  

Table 1: Structural members used in the benchmark 10-story building 

Member type Size (mm×mm) Longitudinal rebar Location 

Beam 

300 × 400 3- 25M top, 2-20M bot. Interior and exterior St. 10 

300 × 450 3-20M top, 2-15M bot. Interior St. 6-9 Exterior St. 1-9 

300 × 500 3-25M top, 2-20M bot. Interior St. 1-5 

Column 

350 × 350 8-20M Corner St. 6-10 

350 × 350 8-25M Corner St. 1-5 

400 × 400 8-20M Edge St. 6-10 

400 × 400 8-25M Edge St. 1-5 

500 × 500 12-20M Interior St. 6-10 

500 × 500 12-25M Interior St. 1-5 

In the model for current analysis, the specified compressive strength of concrete (f’c) is 30 MPa, 

which results in the modulus of elasticity (Ec) of 24647 MPa per CAS A23.3. The yield stress (fy) and 

modulus of elasticity (Es) of the steel reinforcement is 400 MPa and 200 GPa. For superimposed dead 

and live loads of the building, uniformly distributed 1.0 kPa and 1.9 kPa are respectively considered on 

the floor slabs. The dead load 1.0 kPa includes the self-weight of the beams and columns plus the weight 

of 250 mm-thick slabs in each floor. In addition to other live load, the roof of the building supports a 

uniform 2.4 kPa snow load, which is considered also as live load in the seismic analysis. 
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Figure 1. 3D model of the 10-story building in SAP2000 

The CSI SAP2000 version 16.1 (2014) used for modelling the structure was verified and 

validated before analysing the 10-story building structure. The beam and column members are modelled 

using elastic beam elements, divided into 4 sub-elements for the analysis. The base nodes of the building 

are fixed, which means no soil-structure interaction has been considered in this case-study. Rigid 

diaphragm constraints are assumed in each floor of the structure. Stiffness values of the beams and 

columns in bending are reduced by 50 and 30 percent, respectively, to consider the cracking effects in 

accordance with ASCE (2016). 

FACTORS CONSIDERED IN SEISMIC ANALYSIS 

Seismic Input 

Rather than using the Montreal-based seismic design spectrum for the design, the recorded motion from 

El Centro earthquake is selected as the seismic hazard for current study to investigate the seismic 

behaviour. The three components of the ground motion in east-west (EW), north-south (NS) and vertical 

(V) directions are obtained from PEER ground motion database (http://ngawest2.berkeley.edu). The

ground motion time-histories in EW, NS and V directions as shown in Figure 2, are applied in x, y and z

directions to the base of the structure model in Figure 1, respectively. The seismic RHA is carried out

using direct integration method. Rayleigh’s mass and stiffness proportional damping model with constant

damping ratio of 5% is assigned to the structure for two selected frequencies, which are discussed later

on. The dynamic analysis is carried out by Newmark’s average acceleration method (Humar (2012)).

In addition to the seismic time-history RHA analysis, the response spectra with 5% damping are 

obtained from each component of the ground motion and also shown in Figure 2. Each of the three 

response spectra is applied to the structure. For comparison, the same damping value of 5% is used for the 

building structure in both RHA and RSA. In the RSA, the modal combination is carried out by CQC rule. 

From the SAP 2000 RSA output response results in each of the three directions, a spatial combination 

rule is used to the combined results, which are compared with those from RHA as presented in the next 

section. A few of options such as considering missing mass effect and the combination of rigid and 

periodic response are chosen, and the changes of seismic responses of the building are investigated. 

Rayleigh Damping Model 

For defining the structural damping in a multi-degree of freedom (MDOF) system, the most common 

model is the Rayleigh’s mass and stiffness proportional damping model (Humar (2012)), which is an 

accepted modelling methodology in the seismic time-history analysis of SSCs in NPPs by ASCE (2016). 

In this method, the damping matrix of the structure [C] can be calculated as shown in Equation 1. 

http://ngawest2.berkeley.edu/
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Figure 2. Ground time-histories and response spectra of El Centro earthquake in three directions 

[𝐶] = 𝛼[𝑀] +  𝛽[𝐾] (Equation 1) 

where, [M] and [K] are mass and stiffness matrices of the structure, respectively, and α and β are 

proportional coefficients, calculated by Equations 2, (ASCE (2016) and Humar (2012)). 

𝛼 =
2𝜆𝜔𝑚𝑎𝑥𝜔𝑚𝑖𝑛

𝜔𝑚𝑎𝑥+𝜔𝑚𝑖𝑛
; 𝛽 =

2𝜆

𝜔𝑚𝑎𝑥+𝜔𝑚𝑖𝑛
(Equation 2) 

where, λ is the intended viscous damping ratio; 𝜔𝑚𝑖𝑛 and 𝜔𝑚𝑎𝑥 are two selected un-damped circular

frequencies defining the frequency range of interest for the seismic analysis. The uncertainties in the 

seismic analysis of structures rise from the unknown frequency range of interest, especially the upper 

bound frequency𝜔𝑚𝑎𝑥. In the seismic analysis of the conventional structures, it is customary to assume

the frequency range of interest from the frequency of the first mode of vibration up to the frequency of 

another mode of vibration (say fourth mode) that has the highest contribution in the overall response 

(Humar (2012)). For nuclear structures, the determination of the upper bound frequency value is expected 

even though a code/standard such as ASCE (2016) does not provide clear guidance. From practice, 

engineers often select 𝜔𝑚𝑖𝑛=𝜔1 = 2𝑓1, the first frequency corresponding to the first mode of vibration;

select 𝜔𝑚𝑎𝑥 = 2𝑓𝑚𝑎𝑥 and 𝑓𝑚𝑎𝑥as the cut-off frequency, say 33 Hz for Newmark type ground response

spectra, or 50 Hz for uniform hazard response spectra. However, the fourth frequency is selected as the 

upper bound in the analysis for comparison. 
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For testing the effect of changing the frequency of the interest in Rayleigh damping model on the 

seismic response of the structure, two different variations with the same 5% damping ratio are used in this 

study as shown in Table 2. These cases are applied to both RSA and RHA setups in the software.  

Table 2: Different Rayleigh damping cases used in analysis 

Case 
Damping 

ratio 

Lower bound of 

frequency  

Upper bound of 

frequency  
α β 

1 5% f1 = 0.631 Hz fmax= f4 = 1.894 Hz 0.2974 6.304E-4 

2 5 % f1 = 0.631 Hz fmax= 33 Hz 0.3891 4.686E-4 

Combination of Periodic and Rigid Modes in RSA 

Accounting for the rigid components of motion in RSA can be very important, especially in the case of 

nuclear SSCs (Liu et al. (2017)). There are various acceptable methods to account for these effects and 

their combinations with periodic components of the motion (ASCE (2016) and NRC (2012)). One of the 

methods that can capture these effects is the Gupta method, which is also available in SAP2000.  

In the Gupta method, the periodic and rigid components of response are considered separately. 

The rigid response 𝑅𝑟𝑖 and periodic 𝑅𝑝𝑖are given in Equation 3.

𝑅𝑟𝑖 = 𝑖𝑅𝑖; 𝑅𝑝𝑖 = [1 − 𝛼𝑖
2]1/2𝑅𝑖 (Equation 3) 

where, 𝛼𝑖 is called rigid response coefficient, and can be idealized as Equation 4, using two key

frequencies 𝑓1and 𝑓2.

𝛼𝑖 = 0,for 𝑓𝑖 ≤ 𝑓1; 𝛼𝑖 =
ln (𝑓𝑖/𝑓1)

ln (𝑓2/𝑓1)
, for 𝑓1 ≤ 𝑓𝑖 ≤ 𝑓2; 𝛼𝑖 = 1, for 𝑓𝑖 ≥ 𝑓2 (Equation 4) 

Selection of 𝑓1and 𝑓2 is very important, as the response is proven to be somehow sensitive to

these parameters (Morante & Wang (1999)). Different procedures for selection of these key frequencies 

are available in US NRC regulatory guide (2012). In order to give a better understanding of the selection 

procedures, the different methods are summarized in Table 3. The recommended procedure shown in 

Table 3 differs from the recommendation in ASCE 4-16 (2016), which is shown in Figure 3. Based on the 

recommended procedures, a sensitivity analysis is carried out to use the values in Table 4 for the two key 

frequencies.  In addition to the three cases defined in Table 3, Gupta method can be either used explicitly, 

or in combination with various modal combination rules (SRSS, CQC, etc.) in SAP2000. In order to 

examine the sensitivity of the responses to this, both of the two procedures are used. 

Missing Mass Effects 

The missing mass effect on the structural response in RSA is considered by Ritz vector modal 

analysis in SAP2000 (2014). In order to investigate the effect of the missing mass on the response, the 

cases shown in  

Table 5 are considered in the analysis. In all of these cases, 5% Rayleigh damping is assigned to the first 

mode of vibration and the frequency of 33 Hz. Also, the US-NRC recommended values for rigid phase 

combination based on Table 4 are used. 
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ANALYSIS RESULTS AND DISCUSSION 

Based on the discussion in previous section, both RHA and RSA are performed for the analytical cases to 

examine the effects of different options and parameters on structural response. The analysis results of the 

structure base reactions are assessed to investigate the overall seismic response behaviour. The response 

assessment of the internal column and beam members shown in Figure 4 in the first story can reflect the 

typical member response behaviour. A comparison of seismic responses for the overall structure and the 

local structural members is carried out in this section. 

Table 3: Selection procedure for frequency range in Gupta method by US NRC (2012) 

Response spectrum type Selection of 𝒇𝟏 Selection of 𝒇𝟐

Single-peaked, un-broadened 𝑓1 = 𝑆𝑎,𝑚𝑎𝑥/2𝜋𝑆𝑣,𝑚𝑎𝑥

𝑓2 = 𝑓𝑟, where 𝑓𝑟 is the

lowest frequency at 

which the responses of 

single degree of 

freedom (SDOF) 

oscillators become 

completely correlated 

with the input motion. 

𝑓𝑟 is considered to be

smaller than 𝑓𝑧𝑝𝑎 (see

curves in the left 

column). 

Single-peaked, broadened 

±15% 

Multiple-peaked, narrow 

banded 

Broad-banded (typical 

design spectrum) 
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Figure 3. Definition of the key phasing frequencies by ASCE (16) 

Table 4: Selected cases for sensitivity analysis on key phase frequencies 

Case Direction of spectrum 𝑓1 (Hz) 𝑓2 (Hz) Selection criteria 

1 

E-W 5.0 16.7 

US NRC N-S 4.6 33.3 

V 25.0 33.3 

2 

E-W 1.67 16.7 

ASCE 4-16 N-S 1.67 33.3 

V 10.0 33.3 

3 

E-W 5.0 33.3 

Use of 𝑓𝑧𝑝𝑎 for 𝑓2N-S 4.6 33.3 

V 25.0 33.3 

Table 5: Cases for sensitivity analysis on the missing mass effects in SAP2000 

Case Modal analysis type 

1 Eigen vectors (no advanced option) 

2 Eigen vectors with 99% target dynamic participation and static correction 

3 Ritz vectors with 99% target dynamic participation 



25th Conference on Structural Mechanics in Reactor Technology 

Charlotte, NC, USA, August 4-9, 2019 

Division VI 

Figure 4. Selected beams and column in first story plane view 

Effects of Rayleigh Damping with Interest of Frequency Range 

Analysis results of base forces and moments using both RSA and RHA methods are given in Table 6. It is 

seen that using a wider frequency range to determine damping results in more conservative results for the 

two methods. Using 33 Hz instead of the frequency of fourth mode of vibration for the upper bound 

frequency of interest in Rayleigh damping method increased the base reactions by up to 6.3% in RSA and 

28.5% in RHA for base shear forces, but 58.9% and 123.6% for axial force. For bending moment the 

maximum difference is 9.3%. Also, the internal forces of the selected beams and columns are increased 

by 6.3% and 130%, respectively, when a wider range of frequency of interest is used. This is due to using 

a narrower frequency range in Rayleigh proportional damping method over-damps the response of the 

structure in the frequencies outside of the range of interest, which results in a smaller magnitude of 

overall response. Therefore, when using the Rayleigh damping model, selecting upper bound frequency 

should be with caution.  

Table 6: Effect of frequency-dependant damping on base forces 

Method f range Vx (kN) Vy (kN) Fz (kN) Mx (kN.m) My (kN.m) 

RSA 

(f1, f4) 7900 9497 13113 168300 146500 

(f1, 33Hz) 8261 10094 20831 169800 147800 

Diff (%) 4.6 6.3 58.9 0.9 0.9 

RHA 

(f1, f4) 7759 7882 8429 151330 131300 

(f1, 33Hz) 9968 9366 18849 165300 139200 

Diff (%) 28.5 18.8 123.6 9.2 6.0 

Effects of Rigid Motion and Missing Mass 

The following observations are made based on the analysis results for the effect of rigid motion. (1) Using 

ASCE 4-16 methodology (picking the first peak or start of the constant acceleration plateau in the 

response acceleration spectrum as f1) leads to slightly more conservative results than the US NRC 

recommendation (picking the second peak or end of the constant acceleration plateau in the response 

acceleration spectrum as f1). This conservatism is observed to be less than 1% for all cases. (2) Using fzpa 

as the f2 in Gupta method led to slightly (less than 1%) smaller results with respect to when smaller value 

of f2 was used. (3) Using CQC modal combination option in SAP2000 in combination with Gupta 

frequencies led to slightly (less than 1%) smaller results with respect to when Gupta combination was 

used. Thus, the methods dealing with rigid motion are not sensitive to the response. 
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Based on the results, using static correction in Eigen vector analysis or Ritz vectors did not 

significantly increase the response of the structure. Using static correction method increased all the 

response parameters by less than 1.5%, while Ritz vector method increased the magnitude of torsional 

and vertical response. For this beam-column framed structure the missing mass effect is not significant.  

Spatial Combination Effects and Resultant Response 

Both 100-40-40 and SRSS rules are used for the spatial combination of results from RSA and RHA of the 

10-storey structure Figure 1. Table 7 provides the combined results of base forces and moments from the 

RSA. There is no torsion moment (Mz=0) due to the structural symmetry. In using SRSS, a response in a 

given direction is the SRSS value from the corresponding responses in the three directions. For instance, 

Vx is the SRSS of Vxx, Vxy and Vxz, and Vxi (i=x, y, z) is the base shear force in x direction due to the 

seismic excitation in i direction. While using 100-40-40 rule, Table 7 lists three possible combined 

results. For instance, the result Vx, in the last row as using 40-40-100, is the summation of 0.4Vxx + 

0.4Vxy + 1.0Vxz. After getting the results in the three directions, the enveloped results from the 100-40-

40 rule are listed in the third row of Table 7. For example, Vx =max{8373, 3349, 3349}. It is seen that the 

SRSS combined values are the same values enveloped from 100-40-40 combinations. In the same 

manner, the combined forces and moments in a beam or column can be found such as those for the 

selected column as given in Table 8. The SRSS combined values are nearly the same values enveloped 

from 100-40-40 combinations except for Fz. Therefore, using both SRSS and 100-40-40 rules can obtain 

much closed response results for a structural member in a given direction. 

However, it is important to distinguish the SRSS rule applied in the seismic spatial combination 

and in the Newton’s law to find a resultant force or moment, such as the base shear force and moment for 

seismic stability check of a reactor building (CSA N289.3-10). Table 9 provides the results of resultant 

base shear forces and moments from different rules. From SRSS in RSA, VRmax = 13115 kN= 

(83732+100942); while from 100-40-40, VRmax = 10872 kN = max{(83732+33942, (40382+100942}. 

Similar calculations can obtain the MRmax from RSA using both combination rules. As shown in Table 9, 

the SRSS results are greater than 21% and 23% for VRmax and MRmax comparing the corresponding results 

from 100-40-40 rule. 

Table 7: Base forces in RSA with different spatial combinations 

Rule Vx (kN) Vy (kN) Fz (kN) Mx (kN.m) My (kN.m) 

SRSS 8373 10094 21043 169800 147800 

Enveloped 8373 10094 21043 169801 147800 

100-40-40 8373 4038 8418 67921 147800 

40-100-40 3349 10094 8417 169801 59121 

40-40-100 3349 4038 21043 67921 59120 

Table 8: Column forces in RSA with different spatial combinations 

Rule Vx (kN) Vy (kN) Fz (kN) Mx (kN.m) My (kN.m) 

SRSS 586 706 1822 1143 944 

Enveloped 587 707 1947 1144 945 

100-40-40 587 283 901 458 945 

40-100-40 235 707 1097 1144 378 

40-40-100 236 284 1947 458 379 
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To check the difference from the RSA, the results from RHA are obtained for comparison. In the 

RHA the results are combined in each time-step using the same manner in RSA, and the maximum 

resultant base shears and moments are given in the last two rows. The SRSS results are less than 6% for 

both VRmax and MRmax comparing the corresponding results from 100-40-40 rule. The RHA results 

demonstrate that when determining the resultant force/moment, using SRSS rule may significantly over 

estimate the response. 

Table 9: Base resultant forces from RSA and RHA with different combination rules 

Method Rule VRmax (kN) MRmax (kN.m) Diff_VRmax Diff_MRmax 

RSA 
SRSS 13115 225115 21 23 

100-40-40 10872 182882 0 0 

RHA 
SRSS 12057 195333 -6 -6

100-40-40 12822 206992 0 0 

SUMMARY AND CONCLUSIONS 

Seismic analysis of a benchmark 10-story RC building was carried out in this study with using RSA and 

RHA methods for the three components of EL Centro earthquake. The effects of some seismic analysis 

options and parameters on response were studied, including the Rayleigh damping model, the effect of 

missing mass and rigid motion, and spatial combination rules. The following conclusions can be drawn 

from the seismic analyses of the 10-story building in using SAP2000:  

1) In Rayleigh’s proportional damping model, using wider frequency range to determine  and  leads

to greater response, and the f1 for the first mode and fzpa is suggested for the frequency.

2) Using ASCE 4-16 frequencies for Gupta method accounting for rigid motion can lead to more

conservative results. The frequency at the peak plateau starting of the response spectra can be used as

f1, while the second frequency can be either fzpa or fr based on US NRC recommendations.

3) Using Gupta method for seismic analysis with the abovementioned frequencies is more conservative

than using CQC modal combination option.

4) Using Eigen vector analysis with 99% target dynamic participation and static correction as the modal

analysis type in SAP2000 considers the missing mass effects. The Ritz vector analysis method is

suggested in the seismic analysis.

5) Using SRSS and 100-40-40 rules in RSA for spatial combination can lead to quite close results for a

specified direction. The maximum results from SRSS and 100-40-40 rules do not differ significantly

in RHA when combining in each time-step.

6) The concepts of applying SRSS in seismic spatial combination and in Newton’s resultant calculation

are different. When a resultant force/moment is required from the RSA, the 100-40-40 rule rather

than the SRSS rule is rational and suggested for design check.
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