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Abstract –Graphite plays an important role in the thorium based molten salt 
reactor (TMSR) nuclear energy system. The graphite core acts as reflector, 
moderator and structural material in the TMSR core. The graphite core assembly 
has hundreds of graphite bricks interconnected with graphite keys and dowels. In 
other words, the graphite core is a kind of discrete stack structure with highly 
nonlinear dynamic behaviour, and it will show totally different dynamics responses 
comparing with welded structure or bolted structure when subjected to the seismic 
loading. Hence it is important to investigate the dynamics characteristics of the 
TMSR graphite core assembly and to meet the seismic design requirement. The most 
popular way to investigate the nonlinearity of graphite core is to do finite element 
analyses. Due to the large number of nonlinear behaviour caused by contacts, 
collisions and impacts between the graphite bricks and keys, the computational 
costs on seismic analysis of the whole core would be very high. Many methods have 
been developed in the past 20 years to conquer this difficulty. In this work 
substructure method and finite element method have been used to study the dynamic 
behaviour of a stack of graphite bricks under seismic loading. The numerical results 
of these two methods will be compared. The results show that the super element 
method is an efficient method for graphite core seismic analyses. 

 
I. INTRODUCTION 

 
The Chinese Academy of Sciences (CAS) has 

launched a strategic priority research program named 
“advanced fission energy program” in January 2011 
to confront two grand challenges in the nuclear 
energy world:- long-term nuclear fuel supply and 
permanent disposal of spent nuclear fuel. The 
program consists of two projects, the Thorium 
Molten Salt Reactor (TMSR) and the Accelerator-
Driven System (ADS). The TMSR project is to 
utilize the thorium energy via the development of 
molten salt and molten salt-cooled reactor 
technologies, in order to secure the long-term 
nuclear fuel supply by diversifying the sources of the 
fuel.  By around 2035 the TMSR project shall build 
a 1000MWe molten salt-cooled demonstration 
reactor and a 100MWe molten salt demonstration 
reactor (liquid fuel), as well as possess the 
technologies that pave the road to commercialization 
of the thorium-fuelled nuclear energy system. The 

Shanghai Institute of Applied Physics is leading the 
efforts to build a 10 MW molten salt research reactor 
by 2017. A centre dedicated to TMSR research has 
been established at 2011 and in 2014 the TMSR 
centre has become one of the Centres for Excellence 
within CAS. 

A reactor core in TMSR has a graphite structure 
used as moderator and reflector. The graphite core is 
a multi-layered arrangement of discrete graphite 
bricks that are loosely connected to each other using 
a system of keys and dowels. The graphite core is a 
kind of discrete stack structure with highly nonlinear 
dynamic behaviour and it behave completely 
different dynamic responses comparing with welded 
structure or bolted structure when subjected to the 
seismic loading. Hence it is important to investigate 
the dynamic characteristic of the TMSR graphite 
core assembly and to meet the seismic design 
requirement.  

According to IEEE standard 344 [1], during an 
earthquake the reactor core requires structural 
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integrity to be maintained and safety shutdown of the 
reactor. The core is required to withstand two kinds 
of earthquake, namely operating basis earthquake 
(OBE) and safe shutdown earthquake (SSE). OBE is 
an earthquake that could reasonably be expected to 
occur at the site during the operating life of the 
reactor and the reactor is designed to remain 
functional. SSE is an earthquake that is based upon 
an evaluation of the maximum earthquake potential 
considering the regional and local geology and 
seismology and specific characteristics of local 
subsurface material. SSE produces a maximum 
vibratory ground motion for which capability to shut 
down the reactor and maintain it in a safe shutdown 
condition is reqired. The fundamental safety 
requirements of the graphite cores are to allow free 
movement of control rods and to direct the flow of 
coolant to ensure adequate cooling of the fuel and 
the core structure, both in normal and fault/hazard 
conditions. Consequently safety analysis 
demonstrating the tolerability of core safety 
functions to geometrical changes and earthquake are 
required.  

An understanding of the behaviour of keyed 
graphite cores and the internal stress and 
deformation of individual core components under 
normal operation and transient conditions is essential 
in assessing core geometry, component integrity, 
inspection strategy and consequently core safety. 
Finite element methods have been used to model the 
reactor core components. One major advantage of 
finite element analysis is that it can provide detailed 
displacement and stress solutions for individual 
components. Also the effects of irradiation and the 
thermal expansion can be included in the analyses. 
However it is impossible to perform the whole 
graphite core analysis by using the conventional 
finite element method. The whole graphite core 
structures are so large and complex that a 
conventional finite element model of the complete 
whole core structure would put excessive demands 
on available computational resources, such as 
computational time and computer physical memory.  

Substructure method has been used in the past [2-
6] to reduce the overall size of problem and to 
improve the computational time. In this paper the 
conventional finite element method and the 
substructure method will be used to analyse a stack 
of two-dimensional graphite bricks on a shaking 
table. The results show both methods are in good 
agreement but the substructure method can produce 
results much faster than conventional finite element 
method.  

 
II. SUBSTRUCTURE METHOD 

 
Substructure method has been use in many 

industries to enhance the computational efficiency. If 

identify parts appear in a structure, it is appropriate 
to apply the substructure method. There are several 
advantages in using the substructure method 
comparing with conventional finite element method:  

• The size of stiffness matrix is small. 
Subsequent to the creation of substructure, only 
the retained degree of freedom and the 
associated substructure stiffness matrix are used 
in the analyses.  

• Efficiency is improved when the same 
substructure is used multiple times. The 
stiffness calculation is done only once at the 
beginning of the analysis. However the 
substructure itself can be used many times, 
resulting in a significant saving in the 
computational time.  

• Substructure provides a systematic approach to 
complex analyses. Each graphite components 
can be represented by a substructure. Hence the 
amount of pre-processing time can be reduced 
significantly.  

The substructure method doesn’t produce 
additional approximation in linear structural analysis. 
The substructure is an exact representation of the 
linear, static behaviour of its host. The main 
drawback is that a substructure’s stiffness matrix is 
fully populated. Consequently if the substructure has 
a large number of retained degrees of freedom, the 
wavefront of the stiffness matrix can be very large 
and thus leading to longer computational time to 
solve the equations. This difficulty can be resolved 
by selecting the substructure’s boundaries carefully 
and by combining several smaller substructures 
rather than a single larger substructure.  

Although the substructure method doesn't 
introduce any approximation in static analysis, it 
does introduce approximation in dynamic analysis. 
Usually the same transformation as the stiffness 
matrix is used to reduce its mass matrix and damping 
matrix, which is known as Guyan reduction. This 
approach assumes that the response between the 
eliminated and retained degrees of freedom is 
correctly represented by the static modes only. This 
representation may not be accurate if dynamic modes 
within the substructure are important. The dynamic 
representation may be improved for Guyan reduction 
by retaining additional physical degrees of freedom 
that are not required to connect the substructure to 
the rest of the model.  

In a whole core analysis there are a lot of 
interaction between graphite bricks and keys. 
Usually these interactions require many iterations in 
each time step. One way to improve the 
computational efficient is to retain nodes for 
interaction by using the substructure method and 
eliminate most of internal nodes. Thus the total 
degree of freedom of the whole core model can be 
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significantly reduced. In this paper we would 
compare the substructure method with the 
conventional finite element method. The finite 
element program ABAQUS has been used to 
perform all the analyses in this work. 

 
III. THE PROBLEMS 

 
A two dimensional seismic analysis of TMSR 

graphite bricks will be considered in this paper. A 
stack of graphite bricks is placed on a shaking table. 
There are two dowels in between each graphite 
bricks and the shaking table is subjected to motion in 
horizontal direction. The interaction of dowels and 
brick sockets will be studied here. The layout of the 
problem is shown in Figure 1. A stack of different 
number of graphite bricks will be considered by the 
conventional finite element method and the 
substructure method.  

 
Fig. 1: Layout of the problem 

The finite element mesh for a stack of two 
graphite bricks is shown in Figure 2. There are 6130 
nodes and 5698 elements in the model. The 
corresponding substructure model has 1151 nodes 
and 574 elements. The substructure and finite 
element mesh for a dowel are shown in Figure 3. The 
substructure mesh has all the internal elements 
removed and only outer elements have been retained. 

Table 1 shows the node number and element 
number for each component by using finite element 
method and substructure method. The total number 
of finite element can be significantly reduced by 
using substructure method. 

Table 1: Comparison of finite element models and 
substructure models for each component.  

 Finite element Substructure 
Nodes Elements Nodes Elements 

Dowel 232 205 104 52 
Brick 2224 2089 352 174 
Table 1218 1110 239 117 

 
Fig. 2: Finite element model for 2 bricks 

 

 
Fig. 3: The substructure model and finite element 
model for dowel 

In this paper two horizontal motions will be 
considered for the shaking table. The two motions 
are sine waves and a random seismic movement.   

 
III.A Sine waves  

In this subsection the numerical results for the 
shaking table subjected to 20 sine waves will be 
presentation. The period for each sine wave is 1 
second and the magnitude is 10 mm. Table 2 shows 
the computational time and total number of iterations 
for 5 different stack numbers. For a stack of 17 
bricks the computational times for finite element 
method and substructure method are 247.26 hours 
and 107.44 hours respectively. The substructure 
method is about 2.3 times faster than the finite 
element method.  

 
Figure 4 and Figure 5 show the maximum and 

minimum displacement obtained from finite element 
method and substructure method respectively. The 
results from both finite element and substructure 
method are in good agreement.  
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Table 2: Computational times and total number 
of iterations for each case obtained by finite 
element method and substructure method 

Number 
of 

dowel 
layers  

Finite element Substructure 
Comp. 
time 
(h) 

No. of 
iterations 

Comp. 
time 
(h) 

No. of 
iterations 

1 7.79 21,587 3.62 20,485 
2 11.30 21,932 5.59 21,189 
4 16.79 23,287 8.73 22,620 
8 29.95 30,245 13.56 26,532 

16 247.26 203,754 107.44 245,526 
 

 
Fig. 4: Finite element results for x-displacement 

of Brick 1 and Brick 17 

 
Fig. 5: Substructure results for x-displacement of 

Brick 1 and Brick 17 

 
III.A  random seismic 

Table 3 shows the computational time and total 
number of iterations for 5 different stack numbers 
subjected to a random seismic wave (hypothetical 
wave). The period for the seismic wave is 7 second. 
The maximum and minimum displacements for the 
wave are 4.27 mm and -5.24 mm, respectively. The 
random seismic wave is depicted in Fig. 6. 

For a stack of 17 bricks the computational times 
for finite element method and substructure method 
are 66.48 hours and 26.01 hours respectively. The 
substructure method is about 2.6 times faster than the 
finite element method. Also the substructure method 

requires less number of iteration than the finite 
element method.  

Figure 7 and Figure 8 show the maximum and 
minimum displacement obtained from finite element 
method and substructure method respectively for the 
case of 16 bowel layers. The results from both finite 
element and substructure method are in good 
agreement. The peak of maximum displacements 
predicted by the finite element method and the 
substructure method are 11.79 mm and 12.55 mm 
respectively. The correspondence computational time 
against the number of CPU is shown in Figure 9. The 
computational time can be reduced by using more 
CPU in the analysis. 

 

 
Fig. 6: The random seismic wave 

Table 3: Computational times and total number 
of iterations for each analysis 

Number 
of 

dowel 
layers  

Finite element Substructure 
Comp. 
time 
(h) 

No. of 
iterations 

Comp. 
time 
(h) 

No. of 
iterations 

1 2.62 14,099 0.92 11,984 
2 4.18 16,532 1.42 14,968 
4 7.63 20,478 3.02 20,114 
8 47.28 81,966 17.87 76,147 

16 66.48 59,123 26.01 58,491 
 

 
Fig. 7: Maximum and minimum displacement 

from finite element method 
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Fig. 8: Maximum and minimum displacement 

obtained from substructure method 

 
Fig. 9: Computational time against CPU numbers 

CONCLUSIONS 
In this paper the finite element method and 

substructure method have been used to analyse two 
dimensional TMSR graphite bricks on a shaking 
table. The results obtained by two methods are in 
good agreement. However the computational time 
required by the substructure method is at least two 
times faster than the finite element method. The 
substructure method is an efficient method for 
graphite core seismic analyses. 
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