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ABSTRACT 

 
The present paper (a) describes the main structural characteristics of a Liquid Metal Fast Breeder 

Reactors (LMFBR) core, (b) exposes the design challenges posed to such structure by dynamic loadings, 
(c) details the different modeling strategies that could be used to represent the leading physical 
phenomena for the dynamic response of the core, and (d) illustrates the application of these modeling 
strategies to improve the design of the ASTRID (Advanced Sodium Technological Reactor for Industrial 
Demonstration) core against dynamic loadings. 
 
INTRODUCTION 

 
LMFBR belong to the 4th generation of nuclear reactors. This type of reactor is expected to 

significantly increase the amount of energy that could be extracted from both natural uranium and 
existing plutonium reserves. It does also have the potential for reducing the inventory of highly activated 
long duration nuclear wastes. Several experimental LMFBR have been built around the world, some of 
them are in operation today and some others are planned or under construction. In France, the ASTRID 
project aims at completing the detailed design of a LMFBR, with sodium as a primary coolant. This 
project is led by the CEA, in partnership with AREVA. 

A strong objective of the ASTRID project is to guarantee a safety level at least equivalent to the 
one of the new generation of light water reactors. This includes a robust design against any type of 
dynamic loading as well as the demonstration of the absence of cliff-edge effects in case of an unexpected 
or beyond design loading. In LMFBR cores, the response of the fuel assemblies to dynamic loadings can 
induce, on top of mechanical damages, significant reactivity variations. Possible initiating events include 
seismic excitation and internal abnormal conditions; such as the one believed to have caused four 
emergency trips of the Phénix reactor in France, see Chaumont et al. (1992) and Fontaine et al. (2011).  

A significant R&D effort has been spent over the years on developing tools able to simulate the 
dynamic behavior of LMFBR cores, see Martelli et al. (1981), Preumont et al. (1987), Gibert et al. (1989) 
Morishita et al. (1993), IAEA (1995), Fontaine (1997), Koo et al. (2004) and Moussallam et al. (2011), 
Broc and al (2013)  among numerous others. Some of these tools are now becoming sufficiently mature to 
perform design calculations at an industrial stage. The ASTRID project has provided the frame for such 
an industrial use. 

Two methodologies, respectively developed by the CEA and AREVA were used in parallel to 
simulate the response of a complete core submitted to seismic excitation and to internal postulated energy 
releases. These simulations resulted in design improvement of the assemblies and in a reduction of the 
risk of reactivity increase due to the core movements. For internal energy releases, even though the 
intensity of such beyond design phenomena is unknown by nature, it can be shown that some design 
parameters do drastically reduce the potential for reactivity increase. 
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STRUCTURAL DESCRIPTION OF LMFBR CORE 
 

From a structural analysis point of view, most of the LMFBR cores share some common 
characteristics see IAEA (1995). The core is composed of several types of assemblies. The fuel 
assemblies are located at the center of the core. They are surrounded by a large number of other 
assemblies containing various materials such as breeding material, experimental devices, reflector 
material or neutron shielding material. The external shell of each assembly is constituted of a metallic 
hexahedral tube, which dimensions are typically a few meters in height, a few tens of centimeters in 
diameter and a few millimeters in thickness. The hexahedral tube provides the bulk of the assemblies’ 
flexural stiffness, whereas the contained material provides the bulk of its mass. A cut view of a typical 
LMFBR assembly is given in Figure 1 (b). 

 
 

   
 

(a)       (b) 
 

Figure 1. Core overview (a) Top view of a network of hexahedral assemblies (b) Lateral view of a single 
assembly 

 
In sodium cooled reactors, assemblies are supported at their lower level. In lead cooled reactor, 

the support might be located at the higher assembly level. The dynamic behavior of each assembly taken 
alone is close to the one of a vertical cantilever beam. The exact boundary conditions at the bottom and 
the top levels are design dependant. For the ASTRID project, the connection is realized at the foot of the 
assembly, see Figure 1 (b), which is inserted into the supporting structure, called diagrid.  

The assemblies are arranged in a hexahedral pattern. Figure 1 (a) shows a top view of such 
pattern. Each assembly is itself surrounded by six others and contacts are possible between neighboring 
assemblies. Some contacts are effective under normal conditions so that there is at least one compact 
plane in the network of fuel assemblies. A protuberance (pad) on the hexahedral tube ensures the 
positioning of the compact contact plane. Under a dynamic loading, some contact can also occur at 
positions where the fuel assemblies exhibit their maximum deflection. In the case of ASTRID fuel 
assemblies, there is a design contact level located approximately at mid height, above the fissile zone, 
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denominated “pad level” on Figure 1 (b) and a second possible contact level under dynamic loading 
located at the head of the assemblies.  

A sodium flow circulates upward into the fuel assemblies. It enters the assemblies through holes 
in the assembly foot. It is then warmed up at the contact of the pellets containing the fissile material. The 
sodium exits the assembly vertically at the head level in the fluid zone called the hot collector. The 
possible dynamic excitation or damping coming from this flow is not the topic of the present article and is 
considered disconnected from the dynamic accidental behavior of the core. 

Except for the foot, which is inserted into the diagrid, the rest of the assembly is totally immersed 
into the hot collector. The hot collector fluid fills the gaps between neighboring assemblies and 
constitutes thin fluid layers between solid surfaces. These layers are typically a few meters high, a few 
centimeters wide and a few millimeters thick. This reduced thickness implies a strong dynamic coupling 
of the network of fuel assemblies: a small displacement of one assembly will immediately result in a 
significant change of the pressure field on all other assemblies. The coupling effect of the environmental 
fluid on the dynamic behavior of the core is of primary importance. 
 
DYNAMIC LOADING AND DESIGN CHALLENGES 

 
Several types of dynamic loadings shall be considered when designing a LMFBR core. These 

include (a) Fluid-induced vibration excitation, (b) Seismic excitation, (c) Shock induced excitation and 
(d) Internal energy release. 

 
Fluid-induced vibration excitation 

 
Such excitation may be due to the coolant flow through the assemblies. The design shall ensure 

that no damage could reasonably be induced by such phenomena. The prevention of fluid induced 
vibration is cited here for reference but will not be treated further in the present paper, since its treatment 
requires a different modeling strategy than the one adopted for the three following types of loading. 

 
Seismic excitation 

 
The prevention of seismically induced damages has been a major concern in the design and 

justification of LMFBR throughout the world. The cantilever behavior of the assemblies implies high 
displacements at the head level (typically several centimeters) and high moments on the foot, where the 
flexural inertia is the lowest. The displacement of the heads must be kept below the value at which the 
control rod insertion, from the top, could be prevented. Impacts between assemblies at either pads or 
heads level may deteriorate the hexahedral tube and the pads. These impacts do also generate series of 
impulsive loadings on the pins containing the fissile material inside the hexahedral tubes, potentially 
leading to a breach into the first containment barrier. Finally, and especially if pads are deteriorated 
during the event, a seismic excitation can induce variations of the core volume and an increase of 
reactivity which shall be kept below a certain level, sufficiently far from prompt-criticality phenomena 
(uncontrolled exponential increase of the fission reaction). 

In short, when submitted to seismic excitation, there is a specific set of design “macro” criteria to 
fulfill. From the complete assembly point of view, this set includes: maximum allowable head 
displacement, maximum allowable moment at the foot, maximum allowable acceleration at pins level, 
maximum allowable force on pads and maximum allowable core outer volume decrease. Each of these 
“macro” criteria is deduced from local analysis on FE models (for foot, pads and pins), testing (control 
rod drop) or neutron analysis (core outer volume decrease). 
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Shock induced excitation 
 
Such excitation can typically be associated to an accidental handling condition or to an external 

impact on the building housing the reactor (typically an airplane crash). If the buildings are properly 
designed against such events, there are chances that they will be covered by the seismic design. In certain 
cases though, as when the use of a seismic isolation system is foreseen, the seismic excitation can be 
brought down to a level below possible shock induced vibration. These excitations are short compared to 
seismic excitation and their energy tends to be more concentrated in the high frequency range, far from 
the first assemblies’ frequencies. 

 
Internal energy release 

 
The Phénix sodium fast reactor, located in Marcoule, in the south of France, has experienced four 

automatic trips between 1989 and 1990, due to the detection of a negative reactivity threshold by its 
instrumentation. An extensive work has been conducted to explain these negative reactivity transients 
(NRT); see Chaumont et al. (1992). Part of it is still ongoing with series of tests performed on the Phénix 
reactor core, which is now shutdown; see Fontaine et al. (2011). In addition to the neutron chamber 
signals, some other plant measurement variations were recorded during the events, for example on the 
seismic detection accelerometers located below the reactor, which can be interpreted as the consequence 
of a dynamic excitation of the reactor block. The most recent interpretation of this phenomenon associates 
it to the loading of an experimental assembly containing a moderator. The under estimation of the power 
produced in the moderator material could have lead to an increase of the sodium temperature beyond its 
boiling limit, inside the assembly. The energy released by the sudden boiling of sodium is believed to 
have caused a movement of the assemblies, provoking a variation of the core volume due to the 
assemblies bending, and, consequently, the measured variation of reactivity. This variation of reactivity, 
directly linked to thermal power, is illustrated by Figure 2 for the 3rd and 4th of these events.  

 

 
 

 
Figure 2. Recordings of Phénix Negative Reactivity Transient (NRT) number 3 and 4 

 
The oscillatory nature of the signals reproduced on Figure 2 is believed to be linked with the 

global dynamic “opening” and “closing” of the core, the opening being defined as all assemblies bending 
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outward on their first flexural mode (increase of the core volume, reactivity decrease) and the closing 
being defined as the compaction of the core, when all assemblies bend back and enter into contact with 
one another (decrease of the core volume, reactivity increase). This dynamic response of the core to a 
hypothetical internal energy release is illustrated on Figure 3. This figure is extracted from a study 
performed with the Phénix core characteristics, in support of the explanatory work on the negative 
reactivity transients (NRT). 

 
 

   
(a)    (b)    (c) 

   
(d)    (e)    (f) 

 
Figure 3. Core dynamic response to an energy release. (a) Hypothetical energy release, (b), (c) 

and (d) opening phase of the core (reactivity decrease), (e) and (f) closing phase of the core 
(reactivity increase) 

 
For any LMFBR project, the core design shall ensure that no internal energy release could 

happen, either in normal or in accidental conditions. Then internal energy release does not constitute a 
design load case as seismic or shock induced vibrations. It still constitutes a beyond design condition, 
potentially occurring in deteriorated situation (partial core melt), which shall not induce a cliff edge effect 
in the safety demonstration of the reactor. Namely, whatever the initiating event, it shall not bring the core 
to the limit of the prompt-criticality.  

For the ASTRID project, since no design value can be associated to an internal energy release, an 
original methodology was set in place. It is considered that whatever the nature of the energy release and 
whatever its forms (pressure wave, kinetic energy of the coolant…), it results in a transient force field on 
all the core assemblies. The origin of this force field, called the source, is a geometrical point, which 
position inside the core may be arbitrary. All forces are oriented outward in the radial direction in a 
spherical coordinate system centered on the source. The intensity of the forces varies as the inverse of the 
squared distance to the source. The source position and the global energy transmitted to the assemblies 
(through the forces intensities) are the varying parameters for further analysis. Moreover, it is considered 
that the most penalizing position of the source is at the center of the network of assemblies, therefore, 
only the source’s height is considerer as a varying parameter. 
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MODELING STRATEGIES 
 
Historically, 2 dimensional models of cores were used to design the LMFBR assemblies against 

seismic loadings. These include models of a single row of assemblies as well as models of a horizontal 
plane of the core, see IAEA (1995). Some of these models, such as the one described in Preumont (1987), 
did consider the fluid coupling created by the thin fluid layers between assemblies. In some others, see 
Martelli (1981), the coupling effect of the fluid was replaced by an added mass on each assembly 
individually. The latter kind of model was used for the Phénix and Superphénix reactor design in France. 

More recently, it was demonstrated by Moussallam et al. (2011) that present computer capacities 
were sufficient to perform calculations on full 3D models of LMFBR core, with a simplified 
representation of the fluid effects and a full representation of contacts between assemblies. Such modeling 
was found to be mandatory to avoid an over-estimation of the impact forces on pads, of the accelerations 
on fuel pins and of the core compaction under a seismic excitation. In this model, assemblies were 
represented by simple beams and the possible impacts between assemblies by non linear spring-dampers. 

For the modeling of the fluid effects, the inherent assumptions in Moussallam et al. (2011) were: 
(a) the fluid is initially at rest, (b) the fluid effect is purely inertial, with no energy dissipation, which is a 
conservative assumption (c) the relative displacement between adjacent assemblies are small. Finally, the 
full Navier-Stokes equations describing the fluid behavior are reduced to the wave propagation equation 
associated with a pressure boundary condition at the interfaces with structures:  
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with p the pressure, c the celerity of sound within the fluid, {∇p} the pressure gradient vector at the fluid-
structure interface, {n} a vector denoting the direction normal to the interface, {u} the displacement vector 
of the fluid at the structure interface and ρ0 the fluid density. 

The introduction of these equations into a structural model can be achieved through purely 
acoustic finite elements, with pressure degrees of freedom everywhere and displacement degrees of 
freedom at the interfaces with the structure only. The discrete dynamic equation of the complete fluid-
structure system reads: 
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where {P} is the vector of the pressure degrees of freedom within the fluid, {u} is the vector of the 
displacement degrees of freedom of the structure, comprising the interface with fluid, [M] , [C]  and [K]  
are the traditional mass, damping and stiffness matrices of the structure, {Fext} is the external forces  
vector applied on the structure (possibly including contact forces), [K P] , [M P]  and [M fs]  matrices derive 
from equations 1 and 2, and [K fs ] represents the integration of the pressure on the fluid-structure interface 
to generate fluid forces on the structure. 
 An additional assumption made by Moussallam et al. (2011), is that the fluid can be considered 
incompressible (c tends to infinity), making the term [M P]  disappear from equation 3. In this case, the 
fluid coupling effect can be modeled by creating an added mass matrix in an otherwise purely structural 
system, see equations 4 and 5. This last step is not mandatory if the total number of degrees of freedom of 
the coupled fluid-structure system can be kept within reasonable bounds. 
  

( ){ } { } { } { }extfluid FuKuCuMM =+++ ][][][][ &&&    (4) 
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][]][[][ 1 fsPfsfluid MKKM −=     (5) 
 

Another possible path for simplifying the modeling of the LMFBR core is to use homogenization 
techniques, as described in Sigrist et al. (2008). These techniques avoid the direct and tedious modeling of 
the fluid layers between assemblies by considering homogenous cells containing both fluid and structures. 
They also reduce the size of the problem to solve (and the associated IT resources) and have the potential 
for “lumping” several assemblies together, even though this possibility has not yet been explored. The 
associated hypotheses are identical to those presented earlier, without the need to consider an 
incompressible fluid. The amount of fluid in the cell is defined by a confinement ratio J (scalar value in 
1D, tensor value in 3D). An equivalent fluid displacement through the cell is defined as {uF} and is related 
to the structural acceleration and the pressure field through the equation: 
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The wave propagation equation, for its part, becomes: 
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For the ASTRID project, direct fluid-structure coupling, mass matrix coupling and homogenization 

methods were applied by AREVA and the CEA using two different finite element codes. A test case of 
seismic excitation on a reduced core model was performed. The results gave reasonable confidence in the 
fact that all three methodologies were equally applicable for the project. A comparison performed by the 
CEA with the available experimental data of Fontaine (1997) reinforced this confidence in the modeling. 
 

  
(a)     (b) 

 
Figure 4. ASTRID Core models. (a) Homogeneous model developed by the CEA, (b) Full fluid-

structure model developed by AREVA 
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APPLICATION TO THE ASTRID PROJECT 
 
For the ASTRID project, two finite element models of the complete core (about 900 assemblies) 

and its surrounding fluid volume were constructed, with the objective of comparing the behavior of 
different assembly designs under dynamic loadings. Figure 4 illustrates the two models that were 
developed by the CEA and AREVA using respectively a homogenization technique and a full fluid-
structure approach. Both models can be used for seismic analysis, shock vibration analysis or internal 
energy release analysis. For the latter, a representation of a sixth of the model is sufficient, see 
Figure 4 (b). Departing from a reference design, four alternative assembly designs were studied. These 
alternatives will be denominated “option 1” to “option 4” in the following paragraphs.  

 
Methodology and results for seismic excitation 

 
For seismic analysis, the behavior of the assemblies is expected to remain essentially linear and a 

purely elastic modeling was adopted. Several time histories calculations were performed and the results 
were extracted in terms of head displacements, moments at the foot, forces on the pads, acceleration at the 
fissile material level and variation of the core outer volume. The four alternative design options were 
compared to the reference. This comparison is reproduced on Figure 5. Option 1 was found to 
significantly reduce the core compaction phenomenon, at the price of increased forces on the pads. The 
other options did not provide any significant improvement on the seismic results.  

An important point for the analysis is that the calculations were performed assuming the presence 
of a seismic base isolation system below the reactor building. This system does reduce the seismic 
loading on the core in a tremendous manner. Without this system, it is expected that the spreading of the 
results between different options would be larger (more activation of non linearities). With this system, 
the seismic loading does not constrain the design of the assemblies and all criteria are respected with 
comfortable margins, whatever the option. 
 

 
Figure 5. Comparison of assembly design options against seismic loading 
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Methodology and results for internal energy release 
 

For internal energy release analyses the first phase of the core response is an outward bending 
movement, as illustrated on Figure 3 (d). If unrestricted, this movement does produce high bending 
stresses in the foot, potentially leading to significant yielding of the material. An equivalent non linear 
element was then introduced in the model of each assembly, at the foot level. The mechanical 
characteristics of this element were determined based on a refined local model of the foot representing the 
yielding phenomenon under an imposed flexural moment. The equivalent non linear element allows 
energy dissipation during the outward bending phase and prevents the assemblies from reaching a more 
compact configuration during the inward return phase, illustrated on Figure 3 (f).  

Parametric calculations were performed, varying the height of the source and the intensity of the 
energy release. For each case, the maximal value of core compaction reached during the simulation time 
was recorded. Figure 6 illustrates the maximal values of core compaction reached with an increasing level 
of input energy and for all assembly design options. For the curves given in this figure, the source is 
located at pads level. From this figure, it is clear that past a certain amount of input energy, the yielding 
taking place in the foot prevents the assemblies from returning to a more compact state. Consequently, it 
is possible to determine a maximum physically possible compaction due to an internal energy release at 
pads level. If this value is below the allowable criteria, with appropriate margins to prompt-criticality, it 
can be said that, whatever the amount of energy released, there will be no cliff-edge effect associated to 
the dynamic response of the assemblies.  
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Figure 6. Comparison of assembly design options against internal energy release  
 
Finally, it was clearly highlighted that some design option were more efficient than others in 

preventing unacceptable core compaction. Option 1 was found to be by far the most efficient. This same 
option was also the most efficient in reducing compaction under seismic excitation. Options 2 and 3, on 
the contrary, were found to deteriorate the core behavior by allowing compaction values larger than the 
reference case. 
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CONCLUSION 
 
The development of numerical tools able to represent the dynamic behavior of a LMFBR core has 

been a long term task. A first generation of tools is now fully operational. They rely on simplified 
modeling of the assemblies, of the contact between assemblies and of the surrounding fluid. They do give 
results that were successfully checked against experimental data. Compared to historical models, the 
newly developed tools are able to correctly account for 3D effects and fluid inertial coupling. This results 
in lower values of computed impact forces, accelerations of fuel pins and core compaction under seismic 
loading. R&D is still in progress on the models, with experimental and theoretical developments, among 
other for the representation of the fluid dissipative effects.  

The ASTRID project benefitted from these new models to improve the design of its assemblies. 
Several design options were compared, one of which provided significant gains in terms of robustness of 
the core against the risk of prompt-criticality induced by a core compaction. Accounting for the possible 
yielding of the assemblies allowed demonstrating that, in case of a beyond design energy release inside 
the core, there is a maximum physically possible compaction of the core. If this value is below the 
allowable limit, it can be said that no safety cliff-edge effect is to be expected from such events.  
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