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Abstract A reactor core in a thorium molten salt reactor
uses graphite as a moderator and reflector. The graphite
core is a multi-layered arrangement of graphite bricks that
are loosely connected to each other using a system of keys
and dowels. Consequently, the graphite core is a type of
discrete stack structure with highly nonlinear dynamic
behavior. Hence, it is important to investigate the dynamic
characteristics of the graphite core. In this study, a three-
dimensional single-layer graphite core model, which is a
part of the thorium molten salt reactor side reflector
structure, was analyzed using the explicit method in
ABAQUS 2016 to study the core dynamic behavior when
subjected to different excitations. The design parameters,
such as the diameter of the dowel, the gap between key and
keyway and the bypass flow gap between two adjacent
bricks, were also considered in this model. To reduce
excessive demands on available computational resources
considering the effect of molten salt, the spring—dashpot
model was applied to model the interaction forces between
the molten salt and graphite bricks. Numerical simulation
results show that the effect of molten salt is a reduction in
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the peak maximal principal stress, and a larger gap between
two bricks is beneficial to maintain the integrity of the
graphite core under earthquake loading. The results
obtained by the simulation can be used as a reference for
future designs of a molten salt graphite core.
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1 Introduction

The Chinese Academy of Sciences (CAS) has launched
a strategic priority research project to utilize thorium
energy via the development of a thorium molten salt
reactor (TMSR) to secure a long-term nuclear fuel supply
by diversifying the sources of nuclear fuel [1, 2]. The
reactor core in a TMSR contains graphite components used
as moderator and reflector. The graphite core is a multi-
layered arrangement of graphite bricks that are loosely
connected to each other using a system of keys and dowels.
The graphite core is a type of discrete stack structure with
highly nonlinear dynamic behavior and its behave com-
pletely differently in terms of dynamic response compared
to a welded structure or bolted structure when subjected to
seismic loading [3, 4]. Hence, it is important to investigate
the dynamic characteristic of the TMSR graphite core
assembly.

According to Institute of Electrical and Electronics
Engineers Standard 344 [5], during an earthquake the
reactor core requires structural integrity to be maintained
and safe shutdown of the reactor. The core is required to
withstand two types of earthquakes, namely an operating
basis earthquake (OBE) and a safe shutdown earthquake
(SSE). An OBE is an earthquake that could reasonably be
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expected to occur at the site during the operating life of the
reactor and the reactor is designed to remain functional. An
SSE is an earthquake that is based upon an evaluation of
the maximal earthquake potential considering the regional
and local geology and seismology and the specific char-
acteristics of the local subsurface material. An SSE pro-
duces a maximal vibratory ground motion for which the
capability to shut down the reactor and maintain it in a safe
shutdown condition is required. The fundamental safety
requirements of the graphite core are to allow free move-
ment 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,
a safety analysis demonstrating the tolerability of the core
safety functions to geometrical changes and earthquakes is
required.

An understanding of the dynamic response of the gra-
phite core and the internal stress of individual graphite
components under normal operation and transient condi-
tions is essential in assessing core geometry; structure
integrity; inspection strategy; and, consequently, core
safety. A numerical method plays a principal role in the
dynamic analysis of the graphite core. One major advan-
tage of this method is that it can provide detailed dis-
placement and stress distribution information for individual
components. It also can allow for more complex analysis
and inaccessible experimental conditions.

Reactors including a gas-cooled reactor, advanced gas-
cooled reactor (AGR), high-temperature gas-cooled reactor
(HTGR) and molten salt reactor have a graphite core. The
dynamic analysis of a graphite core using a numerical
method has occurred quite often during the past decades.
For an HTGR, Merson and Bennett developed a small
number of degrees-of-freedom computer program to study
the seismic response of an HTGR core [6]. Ikushima and
Honma contrived a simplified model for HTGR core seis-
mic analysis to reduce the considerable computational cost.
In this code, one degree-of-freedom mass with nonlinear
column characteristics has been used instead of a stacked
column [7]. Considering the pebble-bed HTGR has various
graphite shapes, a generalized three-dimensional (3D)
model with the associated computer code was developed to
treat these interconnected graphite bricks with arbitrary
shapes by Zeng and Wang [8]. In this model, each brick is
treated as a rigid body with six degrees-of-freedom: three
translational displacements and three rotations around the
brick center of gravity. A nonlinear spring dashpot model
has been applied to model the collision between adjacent
bricks and the interaction forces through the key systems.
Tsuji and Ohashi [9] developed a vertical two-dimensional
analytical model using multi-purpose commercial finite
element method (FEM) code, which considers the multiple
impacts and friction between block interfaces and rocking
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motion in contact with dowel pins of the HTGR core using
contact elements. For an accurate prediction response of an
AGR core to an earthquake, Ahmed et al. [10] proposed an
analytical method with several hundred thousand degrees
of freedom for an AGR reactor. The graphite bricks which
comprise the core were idealized as rigid masses, whilst the
contact spring elements were used to represent the load
transmissions or impacts that could occur between the
bricks. The graphite core of the AGR core has been seis-
mically qualified using the non-linear computer program
AGRCOR [11, 12]. Graphite bricks have been treated as
rigid bodies and each brick has three degrees of freedom:
two translational displacements and one rotation.

However, few works have addressed the dynamic
behavior of the graphite core in a TMSR. The difference
between a TMSR and other types of graphite-moderated
reactors is the existence of molten salt, which is a vital
factor influencing the dynamic response of the graphite
core, because the mass density of molten salt is much
higher than that of a gas coolant. In addition, the afore-
mentioned literature used a rigid body and limited
dimensions in numerical analysis. For a better under-
standing of the dynamic response of graphite cores and the
internal stress of individual core components in a TMSR,
graphite bricks cannot be treated as a rigid body and the
model should be three-dimensional with full stress analy-
sis. In this study, analysis was conducted using the FEM
program ABAQUS 2016. A single layer of graphite core
was built. Each brick was treated as a deformable body.
Because the design of the TMSR graphite core brick is
different from that of the other graphite-moderated reac-
tors, several design parameters such as the diameter of the
dowel, the gap between key and keyway and bypass flow
gaps were also considered in this model to investigate how
these parameters influence the dynamic responses and
stresses within the graphite bricks.

2 Numerical study
2.1 Explicit dynamic analysis

The equation of equilibrium governing the dynamic
response of a system in the FEM program at time ¢, is
generally expressed as follows:

Mii, 4 Ci, + F"(u,) = R,, (1)

where M is the mass matrix and C is the damping matrix;
R, is the vector of the externally applied loads; Finrlt is the
internal force vector; and u,, u,, u, are the acceleration,
velocity and displacement vectors, respectively.
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Equation (1) is integrated by an explicit central difference
integration rule and can be written as follows:

i, =M [R, — Cu, — F"(u,)]. (2)

Velocities and displacements are updated in each time
step as follows:

U,y 12 = U, 10 + Atyly, (3)
Uy = U, + Atn-o—l/Zlin-H/Za (4)

where At, = (At, + At,41)/2.

The explicit integration scheme has a very important
advantage in that it improves the computational efficiency
by using a diagonal mass matrix because the inversion of
the mass matrix used in Eq. (2) is trivial. Among the dis-
advantages of the explicit integration procedure is the
stability of the numerical integration. To achieve stability,
the calculation time step size must be smaller than the
critical time step Af.;, which is determined by the character
length of the elements and their material properties. For a
finite element mesh of constant strain and rate independent
materials, the critical time step can be calculated as
follows:

Ater < min(le /cc), (5)

where [, is the character length of the element and c. is the
wave speed in the element [13].

2.2 Fluid-structure coupling method

In TMSR, all the graphite components with narrow gaps
between them are immersed in molten salt. It is difficult to
construct the finite element model of the totally assembled
reactor internals with molten salt using the coupled Eule-
rian—Lagrangian method because of the complex multi-
body interaction, boundary conditions and limitation on
computational time and physical memory of the computer.
The effects of fluid on the brick can be regarded as the
stiffness k and damping ¢ of the spring element [14].
Spring-like elastic behavior and dashpot-like (damping)
behavior are used in the model to consider fluid—structure
interaction (FSI). The graphite brick is subjected to sinu-
soidal harmonic P(#). The effect of the fluid—structure
interaction between the two bricks can be simplified as an
added mass, added damping and added stiffness coefficient
as shown in Fig. 1.

In this model, the graphite brick is supported by six
parallel springs. If the effect of the molten salt is negligi-
ble, the free vibration equation of the brick is as follows
[15, 16]:

myj 4+ Ky = 0, (6)
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Fig. 1 Simplification of brick vibration in the TMSR

where m and K are the mass of the brick and the stiffness of
the spring, respectively; y is the displacement of the brick;
and y is the acceleration of the brick. When the brick
vibrates in the fluid, the added damping and resistance
force are produced. The vibration equation of the brick in
the fluid is written as follows:

(m + mad))')' + Cad)} + (K + kad)y =0, (7)

where C,q is the added damping coefficient caused by the
fluid; myg is the added mass caused by the fluid; and kg is
the added stiffness coefficient caused by the fluid. Thus, the
spring—dashpot is applied to present the interaction forces
between the molten salt and graphite to reduce excessive
demands on available computational resources.

3 Structural details and finite element model
3.1 TMSR graphite core

The design of the TMSR graphite core is shown in
Fig. 2. Graphite serves as an internal structural material as
well as a moderator in the TMSR. A large number of
graphite bricks are involved in the TMSR core, forming
reflectors. The reflectors, which consist of a top, side, and
bottom reflector, together with the core support structure,
form an inner space for fuel elements and at the same time
serve as a flow guidance structure for the molten salt.

3.2 3D finite element model

A single-layer side reflector model of the TMSR core is
shown in Fig. 3. The single-layer model is a typical unit of
the side reflector core structure of the TMSR reactor, in
which the dynamic response of an individual component
and the interaction between bricks can be investigated. The
model is composed of 16 graphite bricks, 16 keys and a
plate. The bricks are all horizontally constrained by dowels
on the plate. Each brick is interconnected with a key to
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Fig. 2 (Color online) TMSR graphite core

restrain the circumferential relative motion. The whole
model is mounted on a plate that generates the dynamic
motion.

As a simplification, a 3D finite element model without
side metallic component support, which is part of the
TMSR side reflector structure, was developed using the
ABAQUS 2016 software according to the parameters of the
TMSR. The main parameters of the graphite material are
listed in Table 1. To improve the accuracy of the model,
the mesh on the corner and channel designs was refined as
shown in Fig. 3. Some descriptions regarding this model
are shown in Table 2.

Fig. 3 (Color online) 3D
modeling and detailed mesh of a
single-layer graphite core

Dowel pin
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Table 1 Material properties of graphite

Parameters Values
Density (g/cm’) 1.85
Young’s modulus (GPa) 10
Poisson’s ratio 0.21
Compressive strength (MPa) 85.3
Tensile strength (MPa) 41.5

Table 2 Description of the model

Description

Components 16 bricks (173,312 elements)
16 keys (16,560 elements)
1 plate (50,624 elements)

Type of element C3D8R*

Contact All with self
Procedure Dynamic, explicit
Output Whole model

Time 20 periods of every job

“The C3D8R element is 3D 8-node element, with reduced integration
(one integration point)

3.3 Boundary conditions

In this study, the aim was to investigate the dynamic
behavior and response characteristics of the integrated
graphite components. The seismic excitation applied on
this model included the following: (case a) the excitation
amplitude was from 3 to 20 mm in the X direction; (case b)
the frequency ranges were from 2 to 10 Hz. During TMSR
operation, the dimension of the graphite bricks will change

Holddown plate

Dowel . .
A single layer graphite core
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under high temperature and fast neutron irradiation
[17, 18]. When the bricks contract, the gaps between the
graphite bricks will increase, which will affect the dynamic
response of the whole core structure. Consequently, the
following cases were considered in the analyses: (case c)
the gap between the dowel and brick, (case d) the gap
between the key and keyway and (case e) the bypass flow
gap between the two bricks. Another crucial factor that also
needed to be considered was the effect of the molten salt in
the TMSR (case f). All load and condition details are listed
in Table 3.

3.4 Mesh sensitivity study

It is well known that the accuracy of numerical results is
strongly dependent on the mesh density used. Better results
would have been obtained by increasing the total number of
elements, but the computational time and required computer
memory would increase substantially as well. The 3D model
with full degrees-of-freedom requires larger computational
power and memory. Because of the limitations of the com-
puter and software, it was impossible to use the largest mesh
density in the analyses. Thus, an acceptable mesh density
needed to be identified. Based on the numerical results, the
peak maximal principal stress error of the total element
numbers 140 K, 240 K and 340 K (as shown in Fig. 4) are
28.84 and 108.48% at 0.5 s, 8.42 and 128.14% at 1.0 s, and
7.05 and 149.17% at 1.5 s. The errors in the peak maximal
principal stress of different mesh numbers are shown in
Table 4. Therefore, the total number of elements of 240 K
was used for all the analyses in this study.

4 Results and discussion
4.1 Brick maximal principal stress location

The graphite bricks were numbered from 01 to 16 in an
anticlockwise direction with the 01 brick at 0 degrees

(+ Y axis) as shown in Fig. 5a. The motion of the plate was
assumed to be a sine wave with a forcing frequency 10 Hz

Table 3 Contents of numerical analyses

Cases Values

(a) Different input amplitude (mm) 3,5, 10, 15, 20
(b) Different input frequency (Hz) 2,4,6,8, 10
(c) Gap between dowel and brick (mm) 05,1,1.5,2
(d) Gap between key and keyway (mm) 05,1,15,3
(e) Gap between two bricks (mm) 05,1,3,5

(f) Effect of molten salt -

and an amplitude of excitation of 5 mm. The maximal
principal stress of the brick and its location were recorded as
shown in Fig. 5b. It can be seen from the results that the
location of the maximal principal stress always appears on
01, 08, 09 and 16. Compared to all the maximal principal
stresses during the analysis process, the peak maximal
principal stress (10.78 MPa) appears on number 08. Thus,
further research objectives should be concentrated on the
Number 08 brick.

4.2 Effect of excitation
4.2.1 Different amplitude

The displacements of the graphite bricks may affect the
insertion of the control rods and shutdown material and
consequently the reactor’s shut down. Therefore, it is of
vital importance, from the viewpoint of seismic design, to
investigate the effect of different amplitudes of excitation.
The vibration was excited by a sinusoidal wave whose
frequency was a fixed value in the X direction. The value of
the amplitude was a variable parameter. It was set to be 3
mm, 5 mm, 10 mm, 15 mm and 20 mm respectively.
Different amplitude time histories of brick: 08-point P in
the Z direction were recorded as shown in Fig. 6. The
obtained results indicated that the displacement of the point
in the Z direction during a certain frequency was sensitive
to the oscillation amplitude, and collapse of the layer
occurred when the excitation amplitude was greater than
10 mm. As shown in Fig. 6, the largest amplitude of the
total structure of the graphite core is less than 10 mm,
which has the smallest peak displacement response as
compared to the other amplitude situations. These load and
boundary conditions are extremely conservative compared
to the actual seismic motion. For the graphite core, side
metallic component support was ignored, which reduced
the total dynamic response of the model. Therefore, such a
collapse is not expected in the following seismic experi-
ments and in the actual reactor core.

According to the figure, the whole single-layer model
maintained its basic integrity and no graphite bricks were
found to lose their initial position when the excitations
were 3 and 5 mm. The No. 08 brick time histories of a
maximal principal stress of 3 and 5 mm were recorded as
shown in Fig. 7. It is clearly observed that the greater the
excitation amplitude, the greater the maximal principal
stress in brick No. 08. This result means the maximal
principal stress also has a strong relationship with excita-
tion amplitude.

@ Springer



141 Page 6 of 11 Y. Zhong et al.

Fig. 4 (Color online) Peak 60
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Table 4 Errors of different Total element number (K) Peak maximal principal stress of model
mesh numbers
T1 (%) T2 (%) T3 (%)
Error (%) 140 108.48 128.14 149.17
240 28.84 8.42 7.05
340 - - -

(b)

25

Amplitude 5mm
Frequency 10Hz

N
o

-
(6]

7 7 6 %
% -
o] | g |
5] 0l |
Ellmm Al |
A il
2od UL T i
el e Tl
5 o
S e |
A single layer graphite core Location of brick
Fig. 5 (Color online) Brick maximal principal stress location
4.2.2 Different frequencies different values of frequency was investigated as described

in this section. The frequency of an earthquake is usually
The excitation frequency also has a significant influence  less than 10 Hz; thus, five different excitation frequencies
on the dynamic analysis results. Thus, the effect of (2 Hz, 4 Hz, 6 Hz, 8 Hz and 10 Hz) on the dynamic
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responses of the model are represented in Fig. 8. It is
observed from the figure that the greater the excitation
frequency, the greater the value of the maximal principal
stress in brick No. 08 and the gap between No. 08 and the
whole model bricks increases as the excitation frequency
increases. In summary, the dynamic response of the model
has a significant relationship with the excitation frequency.

4.3 Effect of design parameters

During TMSR operation, the dimensions of the graphite
bricks will change under fast neutron irradiation. The
graphite material will contract then turn around and return
to the zero point, which is considered as the life end of the

components. When the bricks contract, the gap between
brick and dowel, the gap between the key and keyway and
the bypass flow gap between two bricks will increase,
which will affect the dynamic response of the whole core
structure.

4.3.1 Gap between key and brick

The graphite brick nonlinear dynamic response is
mainly caused by the interaction between the bricks and
dowel. Different values of dowel diameter, namely the gap
between the dowel and brick, are a vital factor. It was set to
be 0.5 mm, 1 mm, 1.5 mm and 2 mm respectively in this
section. The motion of the plate was assumed to be a sine
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Fig. 8 (Color online) Peak maximal principal stress of different
frequencies

wave with a forcing frequency of 10 Hz and an amplitude
of excitation of 5 mm. The maximal principal stress of No.
08 and the maximal displacement of point P in the X di-
rection were recorded as shown in Fig. 9. As is shown, the
larger the gap between dowel and brick, the greater the
maximal principal stress and absolute displacement of P.
The reason for this phenomenon is because the gap affects
the displacement of the brick, which makes the impact
forces between the graphite bricks increase. Consequently,
the gap should be as small as possible to reduce the col-
lision between two bricks to ensure the structural integrity
of the core.

26
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Fig. 9 (Color online) Peak maximal principal stress of brick No. 8
and displacement of P
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4.3.2 Gap between the key and keyway

The whole graphite core consists of a large number of
graphite components interconnected by keys. Keys are
employed to restrain the circumferential relative motion to
maintain the integrity of the graphite core. Thus, the gap
between the key and keyway is also a vital factor in
dynamic analysis. The plate was excited by a sinusoidal
wave at a frequency of 10 Hz and an amplitude of 5 mm.
The gap between the key and keyway was a study
parameter. It was set at 0.5 mm, 1 mm, 1.5 mm and 3 mm.
The key under consideration was that between brick: 08
and brick: 09. The maximal principal stress and absolute
displacement in the X, Y and Z directions were recorded as
shown in Fig. 10. It can be seen from Fig. 10 that the peak
maximal displacement in the X, ¥ and Z directions at P
increases along with the gap between the key and keyway
and the maximal principal stress of key also showed this
trend. The reason for these phenomena may be because the
larger gap provides more room for the displacement of the
key, which means there is less restraint on the key and the
impact forces between the graphite brick and key increase.

We also found that the displacement in the Z direction
increased rapidly compared to that of the X and Y direc-
tions. This was because the movement of the brick in the
X and Y directions was not only confined by the gap
between the key and keyway, but also the gap between the
two bricks. When the gap between the key and keyway was
3 mm, the 1-mm gap between the two bricks had less of an
effect on movement of the key. In the Z direction, the
larger gap confined movement of the key less. Thus, the
displacement in the Z direction increased rapidly.

4.3.3 Bypass flow gap

In this section, four different gaps were considered and
compared to each other to obtain the dynamic response
considering the gap effect between the two bricks. The
plate was excited by a sinusoidal wave at a frequency of
10 Hz and amplitude of 5 mm. The gap between the two
bricks was a study parameter. It was set to be 0.5 mm, 1
mm, 3 mm and 5 mm, respectively. The maximal principal
stress and displacement in the X, Y and Z directions of P
were recorded as shown as Fig. 11. The results showed that
the gap between the two bricks had little influence on the
displacement of point P in the three directions. The
responsible factor for the slight variation in the displace-
ment response at different gaps may be that the movement
of the brick was also restricted by the gaps between the key
and keyway. As previously discussed, the movement of the
brick was confined not only by the bypass flow gap but also
the gap between the key and keyway. The gap between the
key and keyway was 0.5 mm in this section. When the
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Fig. 10 (Color online) Peak
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bypass flow gap was larger than 0.5 mm, the movement of
the brick was restrained by the gap between the key and
keyway. As for the peak maximal principal stress of brick:
08, the movement of the brick had strong a relationship
with the stress. The bypass flow gap had little influence on

Table 5 Stiffness and damping coefficient of different gaps

Groups (mm) Added mass (kg) Added damping Stiffness (N/m)

9.76 833.40 39,492
8.41 755.59 37,776
10 6.65 540.25 32,140
15 4.87 455.38 29,839
20 451 432.80 29,147

the movement of the brick. Thus, the peak maximal prin-
cipal stress also changed slightly.

4.4 Effect of molten salt

When a structural component is subjected to dynamic
motion, the viscous fluid produces reaction forces that are
generally referred to as added mass and added damping
forces [19-21]. The added mass is associated with a mass
of fluid that is accelerated by the structure and added
damping is related to the shape of the structure and the
viscosity of the fluid [22]. All the graphite components
with a narrow gap between them are immersed in a TMSR
and its mass density is much greater than that of gas
coolant as in gas-cooled reactors. Therefore, the FSI
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Fig. 12 (Color online)
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Table 6 Displacement of point P and peak maximal principal stress
of No. 08 in air and liquid

Air Liquid
X (mm) 7.12 6.80
Y (mm) 1.25 1.05
Z (mm) 3.80 4.00
Max peak stress (MPa) 10.14 9.607

between the molten salt and graphite components cannot be
ignored when subjected to an excitation load.

To reduce excessive demands on computational
resources, such as computational time and computer
physical memory, the spring—dashpot method was applied
to represent the interaction forces between the molten salt
and graphite bricks [8]. The dynamic characteristics of
added mass, added damping and stiffness can be obtained
by fitting the time history of vibration experiments with the
analytical solution. Thus, the proper stiffness of the spring
and the damping coefficient in the equivalent model can be
obtained as shown in Table 5 [23]. Then, the equivalent
model can be used in the seismic analysis of the TMSR
graphite core as shown as Fig. 12. The vibration was
excited by a sinusoidal wave at a frequency of 10 Hz and
an amplitude of 5 mm in this section. The results of the
displacement of point P in the three directions (X, Y and
Z) and the peak maximal principal stress were recorded
around brick:08 as shown in Table 6. As indicated, the
existence of molten salt can reduce the peak maximum
principal stress of brick: 08. In addition, the displacement
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of X and Y at point P is different from that of Z. The peak
maximal displacement of P in the X and Y directions
increased when the effect of molten salt was added, but the
peak maximal displacement in the Z direction decreased
considering the effect of the liquid. The phenomenon of the
response of the graphite considering the FSI effects as
concluded using the spring—dashpot model is that it only
acts in the X and Y directions when the structure is sub-
jected to excitation. In the horizontal Y direction, there is
no restriction and the there is a stronger effect in the X and
Y directions making movement of the brick more possible.
Thus, the larger bypass flow gap is the best choice for a
design reducing the dynamic behavior under earthquake
loading. This is because there is more molten salt in this
gap, thus there is a stronger damping effect for a dynamic
response of graphite bricks and maintain the integrity of the
graphite core.

5 Conclusions

A single-layer model was built based on a TMSR gra-
phite core structure side reflector using commercial soft-
ware ABAQUS 2016. The overall objectives of the present
study were to numerically investigate the dynamic
response and determine the seismic response of the gra-
phite core. The dynamic responses under different excita-
tions were obtained. Some conclusions can be drawn based
on the numerical results of the maximal principal stress and
displacement:
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The location of the maximal principal stress always
appears on bricks 01, 08, 09 and 16 when subjected to
excitation in the X direction.

The whole single-layer model cannot maintain its basic
structural integrity when the excitation amplitude is
greater than 10 mm without side metallic component
support and the maximal principal stress on brick No.
08 increases with an increase in amplitude and
excitation frequency.

The movement of a brick is restrained by two factors
namely the bypass flow gap and the gap between the
key and keyway. For a certain gap of key and keyway,
the bypass flow gap has a slight influence on
displacement in the three directions and the maximal
principal stress.

The effect of molten salt can reduce the peak maximal
principal stress, thus a larger bypass flow gap is
beneficial to maintain the integrity of the graphite core
under earthquake loading.
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