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ABSTRACT 

 
Seismic responses of structural systems obtained on the basis of coupled analysis (selected equipment 

modelled along with the civil structures) results in lower responses and economical designs when compared with 
uncoupled analysis. For Nuclear Safety Related Structures, from considerations of limiting problem size for analysis 
and also to reduce modelling efforts, it is necessary to select which equipment need to be modelled with its supports 
so as to adequately obtain the response of the structural system with interaction of such equipment. Coupled analysis 
of a primary structure and secondary system is necessary when the effects of interaction between them are significant. 
This paper attempts to study the structural response of Reactor Building structures of PHWR as well as PFBR to 
arrive at specific conclusions with respect to effect of coupling of secondary systems. The paper presents an approach 
followed to evolve a rational basis for inclusion or non-inclusion of such equipment in the coupled model of the 
primary system. 
 
KEY WORDS: Dynamic Coupling Criteria, equipment, seismic analysis, RC structures, coupled, nuclear power 
plant. 
 
INTRODUCTION 

 
Dynamic analysis of Nuclear Safety systems, especially a Reactor Building differs from that of a conventional 

building in terms of stiffness and mass distribution. A typical Reactor Building structure is a composite structure 
consisting of components with different structural forms and material properties. It is customary to include major 
equipment into a coupled model of supporting structure so as to adequately simulate their interaction between them 
and to analyse rest of the equipment, piping without such interaction. Practically, it is difficult to decide on coupled or 
de-coupled model only based on engineering judgement. While formulating a scheme of a coupled seismic analysis of 
such a structure, it is necessary to consider characteristics of different equipment systems with respect to the 
supporting structure while putting together an appropriate vibration system model which has precise definitions of 
geometry, masses, stiffness and damping.  
 

DYNAMIC COUPLING CRITERIA 

De-coupling criteria is specified by various codes and standards in various forms, but these are mainly based 
on the mass ratio and frequency ratio of primary Structure and Secondary Structure. As per the stipulations of ASCE 
4-98, coupling is not required if the total mass of the secondary system is less than 1% of the mass of the supporting 
primary structure. If a coupled analysis will not increase the response of a primary system over that of a de-coupled 
analysis by more than 10%, then also a coupled analysis is not required. In other cases, the code specifies guidelines 
to account for dynamic interaction considering modal frequency ratios and modal mass ratios for all combinations of 
dominant secondary system modes and the dominant primary modes. In case of multi-point attachments, the relative 
stiffness of the subsystem to structure shall also be investigated. As per USNRC, the criteria for single point 
attachment is defined based on the frequency ratio and mass ratio to decide on coupling of secondary system. If mass 
ratio is less than 1%, de-coupling can be done for any frequency ratio. If mass ratio is between 1 to 10%, then de-
coupling can be done if frequency ratio is less than 0.8 or greater than 1.25. If mass ratio is more than 10%, then it is 
necessary to include the secondary system in the primary system model. 

 
Working on these lines, an uncoupled model was first set up to investigate the dynamic characteristics of the 

supporting structure. At the same time, each major equipment system was modelled independently to study its 
vibrational properties. A free vibration analysis is carried out for individual models of equipment, uncoupled model of 
supporting structure and coupled model of the entire system. The response of various models are studied to inter-
relate the modal frequencies and to identify participation of various structural components. Dynamic properties of 
individual equipment models were studied in parallel with those of the uncoupled model of the supporting structure 
with respect to the frequencies and modal masses. These studies were used to establish the sufficiency of the 
equipment modelled in the coupled analysis. 
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Fig 1  :   Decoupling criteria for secondary systems with single point attachment to the primary system 

 

MODELING ASPECTS FOR PHWR 

For PHWR, for seismic response analysis of the Reactor Building , the mathematical model consists of 
multiple bending-shear beams connected by rigid beams at the base representing the foundation raft. The various sub-
structures such as Outer Containment Wall, Inner Containment Wall, Internal Structure, Calandria Vault etc are 
represented by independent stick-models with discrete lumped masses. The equipment are modelled in a similar 
fashion as independent stick-models connected to global model at appropriate attachment points. The equipment 
systems selected for inclusion in the coupled model are Calandria End Shield Assembly, Steam Generators, Pumps 
and related piping and pressuriser. After performing free vibration analysis, the responses of coupled and uncoupled 
models are compared. 

Calandria End Shield Assembly (CEA) is modeled using spring mass system as shown in Fig. 2. The CEA is 
housed in Calandria Vault (CV). It is rigidly connected to CV walls in EW direction whereas the connection is 
felxible in NS direction. Hence, the CEA stick is connected to the Calandria Vault stick through the springs allowing 
movement only in N-S direction and rotation only about E-W direction. A major portion of the total height of CV is 
occupied by CEA, hence a multi-point attachment model is used with appropriate mass and stiffness parameters, 
instead of a single point attachment model.  

The Pressuriser is idealized by a cantilever stick as shown in Fig. 2. Its mass and mass moment of inertia 
(MMI) are lumped at seven  nodes along its height. It is connected to the global model through springs representing 
the local stiffness of the connection of Pressuriser with the floor. 

Stick models of Steam Generators (SG) and PHT Pumps are used in the coupled analysis as shown in Fig. 2. 
The suction pipe between SG and pump is very large in size and therefore its stiffness is considered by modeling a 
spring between SG and pump. 
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                        Fig  2  :   Stick-model of Reactor Building of a Typical Indian PHWR 

MODELING ASPECTS FOR PFBR 

For the Fast Breeder Reactor under development, the mathematical model consists of a complete 3D 
representation of the Nuclear Island Connected Building (NICB) using 3D beam elements and shell elements. The 
structure consists of Reactor Vault, Reactor Vessel, Cells in the Reactor Building to serve various functions, Sodium 
piping, Steam generators, Pumps, Fuel Handling facilities and other miscellaneous systems. The equipment are 
modelled as either stick models or complete 3D models by means of shell elements. The major equipment modelled 
in this case are Main Reactor vessel, Safety Vessel, Steam generators, Pumps and Fuel Transfer Machine. 

Various secondary systems, equipment are supported on the floors, walls of primary structure of NICB. A 
study was carried out to investigate if it is necessary to model mass of the equipment along with the supporting 
element stiffness with the primary structure or whether it could be considered rigidly supported. Depending upon the 
significance of possible effects of interaction, Models-A, B or C as specified in ASCE:4-98 [1] (refer Fig 1) were 
adopted for idealising the secondary systems. The major secondary systems qualifying the requirements of Model-C 
are Reactor Assembly and Main Vessel, Safety Vessel, Steam Generators and AHX Chimneys. Idealisation of 
Reactor Assembly and Steam Generators is described in the following paragraphs. 
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Modeling Of Reactor Assembly and Main Vessel 
 
The Reactor Assembly is idealised by 

using a blend of shell, beam and mass 
elements. The main vessel and roof slab are 
modelled using 8-node isoparametric shell 
elements. The core support structure and core 
are represented by a stick-model using 3D 
beam elements as shown in Figure-3. The mass 
of vessel and roof slab is idealised by assigning 
appropriate equivalent density to the shell 
elements to account for the weight of un-
modelled portion. The mass of sodium is 
idealised by means of point mass elements 
distributed on surface of the vessel. Central 
stick model of core and core support structure 
is connected to the vessel by four horizontal 
rigid arms at the bottom. The Reactor 
Assembly is connected to the concrete structure 
of the Reactor Vault at EL 31500 by means of 
rigid arms. 

Fig. 3  :  Finite element model showing                 
                         cut section of Reactor Assembly of PFBR

 
Modeling Of Steam Generators 
In each SG Building, there are four Steam Generators supported on floor at EL 37500. These are idealised in 

the form of stick-models that represent stiffness and mass of different sections of SG. Each stick model is connected 

Fig  4  :   Stick-model of Steam Generator of PFBR 

to the global model by means of four rigid arms. A typical FE model of Steam Generator is shown in Figure-4. 

 
 

4 



 

OBSERVATIONS  
 

For PHWR 
 
Free vibration analysis of the coupled model of Reactor Building is carried out. The results of the coupled 

model, un-coupled model and their comparison are also presented in Table- 1. The comparison of modes shapes, 
frequency of vibration, percentage of modal damping and percentage modal mass in X, Y and Z directions are 
considered to identify one to one correspondence between the modes of the coupled model and that of un-coupled 
model.  Difference in the frequency of the un-coupled model with reference to the corresponding frequency of the 
coupled model is also tabulated. Similarly variation in the effective modal damping percentages is also tabulated. 
Predominant modes are mentioned in the remarks column. 

 
Table- 1  :  Comparison of free vibration characteristics of PHWR for coupled and uncoupled models 

 

 
 is observed that the maximum differnece in the frequencies varies between ( - 4.97 % ) and ( + 2.14 %). First 

two m

History Analysis is performed for the coupled model in each direction for the given seismic input 
motion

% FREQ % MODAL REMARKS
Modal DIFF Modal DAMPING

damping X Y Z % damping X Y Z VARIATION
1 3.64 5.75 0.00 35.76 0.00 -2.91 1 3.75 5.57 0.01 35.76 0.00 3.29 (IC+IS) Y1
2 3.87 5.60 32.94 0.00 0.00 0.15 2 3.86 5.59 32.91 0.01 0.00 0.09 (IC+IS) X1
3 5.02 7.03 7.44 0.00 0.00 0.00 3 5.02 7.03 7.52 0.00 0.00 -0.03 OC - X1
4 5.03 7.03 0.00 7.02 0.00 0.00 4 5.03 7.03 0.00 6.91 0.00 0.01 OC - Y1
5 5.65 6.86 7.44 0.00 0.01 0.72 5 5.61 6.80 7.66 0.00 0.01 0.87 IS - X2

6 6.21 3.01 0.01 0.00 0.00 SG+PUMP
6 6.59 6.79 2.37 0.01 0.00 1.46 7 6.49 6.57 2.14 0.00 0.00 3.36 CV -X1

8 6.80 6.35 0.00 0.05 0.02
7 6.98 6.80 0.03 3.92 0.09 0.01 9 6.98 6.74 0.00 4.34 0.07 0.88 IS - Y2
8 7.04 6.94 0.27 0.15 0.00

10 7.23 3.25 0.16 0.00 0.00 SG+PUMP
11 7.95 3.01 0.00 0.00 0.68 SG+PUMP
12 8.41 3.43 0.00 1.05 0.00 SG+PUMP

9 8.47 5.46 0.00 0.05 0.00 -0.02 13 8.48 5.44 0.00 0.01 0.00
10 8.70 7.11 0.00 7.76 0.13 -0.44 14 8.74 6.73 0.00 6.57 0.11 5.71 CV - Y1
11 9.12 6.98 0.00 0.00 0.00 0.00 15 9.12 6.98 0.00 0.00 0.00
12 9.75 7.85 0.01 0.07 33.44 -1.80 16 9.93 6.85 0.02 0.07 32.73 14.62

17 10.13 3.76 0.08 0.00 0.11
13 10.63 7.00 0.03 0.02 0.51 -0.04 18 10.64 6.96 0.03 0.02 0.83
14 11.16 6.96 2.76 0.01 1.27 -0.17 19 11.18 6.94 2.75 0.02 1.61 0.26 IC - X2
15 12.19 6.04 0.01 0.02 16.78 0.10 20 12.18 5.89 0.01 0.09 15.02 2.68

21 12.27 4.59 0.45 0.20 0.99
22 12.30 3.77 0.51 0.03 0.37
23 12.37 3.23 0.03 0.05 0.00
24 12.37 3.38 0.21 0.01 0.00

16 12.47 6.10 0.07 0.35 0.01 -1.88 25 12.71 4.48 0.01 0.08 0.04
17 13.10 7.13 0.20 0.00 5.00 -0.03 26 13.11 7.18 0.02 0.00 5.09 -0.61
18 13.15 6.25 1.57 0.00 0.20 -0.81 27 13.26 5.53 0.84 0.00 0.00
19 13.49 7.00 5.15 0.00 0.00 -0.10 28 13.50 7.04 4.13 0.00 0.00 -0.61 OC - X2
20 13.66 6.98 0.00 5.89 0.00 -0.09 29 13.67 7.02 0.00 5.16 0.00 -0.70 OC - Y2
21 13.80 6.15 3.31 0.01 0.02 -0.91 30 13.93 5.89 2.91 0.65 0.01 4.45
22 13.91 6.12 0.15 2.12 0.02 -0.49 31 13.98 6.03 1.27 2.11 0.04 1.53
23 14.99 7.03 1.23 0.00 0.01 0.04 32 14.99 6.94 1.18 0.00 0.01 1.28
24 15.32 6.76 0.00 0.01 0.01 -0.18 33 15.35 6.55 0.00 0.00 0.01

34 16.14 4.40 0.03 0.00 0.00
25 16.34 7.04 1.01 0.00 0.00 -0.74 35 16.46 5.89 1.13 0.00 0.00 19.36

36 17.38 3.12 0.00 0.00 0.00
26 20.39 6.61 0.02 0.01 0.36 -0.11 37 20.41 6.63 0.02 0.01 0.43
27 21.04 5.13 0.56 0.00 0.00 -0.20 38 21.08 5.09 0.77 0.00 0.00
28 21.30 7.32 4.60 0.03 0.03 -0.97 39 21.51 6.88 2.83 1.02 0.07 6.44 CV -X2
29 21.52 6.31 0.03 3.48 0.91 -0.11 40 21.54 6.58 1.09 2.46 0.79 -4.12 IC - Y2
30 21.93 6.93 0.14 0.00 0.05 -0.32 41 22.00 6.95 0.70 0.00 0.13
31 22.10 7.10 0.00 0.30 1.79 -0.03 42 22.11 6.92 0.00 0.25 0.93

% Modal Mass % Modal MassMode 
No

UNCOUPLED MODEL COUPLED MODEL
FREE VIBRATION CHARACTERISTICS FREE VIBRATION CHARACTERISTICS

Mode 
No

Freq 
Hz Freq Hz

It
ode shapes of CV, OCW, ICW and IS sticks for uncoupled and coupled models in both NS and EW directions 

are appended.  
A Time 
. The seismic shears and moments obtained from analysis of the coupled model in the Calandria Vault stick are 

compared with the corresponding forces from un-coupled model. It is observed that Shears in N-S direction in 
coupled model are marginally high at the base. The variation in E-W direction is also marginal. The vertical direction 
excitation shows reduction in the seismic forces by 26% at the base. Thus no significant coupling effect as such is 
observed in the two horizontal directions. In vertical direction, even though there is some reduction in seismic forces, 
the effect on final combined forces will be only marginal because vertical forces are substantial in dead load and other 
static load cases. 
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The horizontal seismic forces to be applied on the FE model of CV are obtained from the cumulative shears 
mentioned above. For the sake of comparison, horizontal forces are also calculated based on the equipment inertia 
forces obtained by using FRS. The horizontal forces at various levels from the analysis of un-coupled model, coupled 
model and those based on FRS are plotted on a  BAR CHART in Fig. 5. This also confirms that the seismic forces on 
CEA considered in the analysis of CV based on FRS are much higher than that obtained from analysis of coupled 
model. 

 
 

Fig 5  :   Internal forces on Calandria vault under various modelling conditions 
 

 is observed that the forces arrived at on the basis of FRS of uncoupled model are much higher as compared 
to thos

or PFBR
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It
e based on coupled model. This resulted in economy in design of sections of RC structure of Calandria Vault. 
 
F  

or NICB, fundamental frequency of the structure is about 2.4 Hz. Among secondary systems, the Reactor 
Assem

ONCLUSION 

he de-coupling criteria as stated in codes and standards, when applied judiciously, results in economical design of 
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F
bly has dominant modes in horizontal direction at 4 Hz and 7 Hz and in vertical direction at 5.2 Hz, 8 Hz and 

9.7 Hz. For Safety Vessel, horizontal frequency is 14 Hz and vertical frequency is about 21 Hz. For Steam Generators 
horizontal frequency is about 1.5 Hz whereas vertically it is about 28 Hz. It is seen that there is coupling between 
primary and secondary systems. Though the comparison of results for uncoupled and coupled FE model of NICB 
shows little difference with respect to dominant structural frequencies, it is seen that there is introduction of modes 
corresponding to equipment frequencies and also there is re-distribution of modal masses of global modes having 
frequencies near equipment frequencies. 
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