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ABSTRACT 

Nuclear facilities are usually complex reinforced concrete structures with severe requirements as regards 

integrity and cracked state. During normal operating or maintenance procedures, there is a need to handle 

heavy loads, with low but not negligible risk of failure of the lifting devices. In case of high energy 

dropped loads, innovative solutions have to be developed either to protect existing structures or to 

optimize concrete thicknesses and minimize required reinforcement quantities in design of new layouts. 

This paper presents for this purpose a methodological approach for designing and optimizing a movable 

energy dissipation device, whose functions have to comply with challenging confines such as geometrical 

and weight aspects and safety towards high amounts of energy to be dissipated among others.  

Different paths shall be studied and developed with regard to the type, geometry and material. Several 

designs will be considered so as to reduce the impact loads and to transmit it properly to the supporting 

and surrounding concrete structures. The eventually selected pre-design fulfills the requirements of 

appropriate codes and simultaneously matches the properties of materials in the existing structures. 

This pre-design is then validated and optimized by FEM simulations which involve various sensitivity 

and validity analyses on models with non-linear properties. 

  

Following this approach enables to work out a relatively confident design that could be adapted to various 

configurations. This approach is especially valuable in existing nuclear facilities where accessibility or 

limited free space left by existing equipment make difficult strengthening of concrete structures. 

INTRODUCTION 

The context and issues of the Energy Dissipation Device design described in this paper is commonly met 

in nuclear Power Plant: an existing structure with strength capacity and confinement requirements 

subjected to a heavy load drop (>20MJ), which can occur at different locations. 

The Energy Dissipation Device (EDD) design shall then be in compliance with the constraints formerly 

identified. These confines could be site dependent and antagonistic, which implies to look for an optimal 

solution. 
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Figure 1. Requirements and constraints related to the EDD design. 

DESIGN STRATEGY AND OPTIMIZATION 

In a first step, the security related constraints have to be selected so as to define the design criteria and to 

select the main lines of research on the EDD itself, including its support. A preliminary design is then 

established on the basis of closed form calculation through idealized calculations which highlights a kind 

of potential device. In following design step, FE calculations will validate through sensivity analyses the 

material parameters and other key input data to be used in local and global model, allowing validating and 

optimizing finally the device design. Eventually, complete FEM associated to local FEM calculations and 

hand calculations enables to validate strongly the integrity of both the EDD and supporting structure.

Figure 2. Design and optimization process of an EDD. 
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The design process is usually followed – in case of nonstandard materials or hard requirements – by 

material and mock-up assays in order to validate used parameters for the calculations. These phases can 

lead to modify the absorbing material and finally the design itself and should consequently not be 

neglected in the design planning. If possible, the material assays should be realized as far as possible in 

parallel of the pre-design phase. 

SEARCH OF ENERGY DISSIPATION DEVICE (EDD) AND FIRT DESIGN 

Energy dissipating material 

Material definition and dimensions shall comply with the following constraints: 

• Dimensional limits restrictions accounting with available space and an optimized distribution of 

reactions loads  

• Material inelastic behavior, which should satisfy the 2 following antagonistic requirements:  

o the densification limit stress �d and the densification strain �d shall be important enough 

to dissipate the drop load total energy of,  

o the densification limit stress �d shall be low enough to transfer allowable  load with 

regards to the structure bearing capacities. 

Ductile materials with high densification strain are for instance elastomers, some bronze alloys, carbon, 

aluminium or some stainless steel. Moreover, dedicated manufacturing processes allow modifying the 

material structure (bubbling, alveolar frame) and consequently increasing energy dissipating properties. 

The following curve illustrates the energy dissipation principle of the absorbing material: during the 

energy dissipation stage, the material is crushed and the “void” between the bubbles or the alveolar frame 

is filled. Once all the free space inside the material is replete and the limit of ductility is reached, the load 

applied beyond the densification limit induce a direct transfer to the support of the material. 

Figure 3. Stress-strain relation for dissipating materials. 
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A preliminary order of magnitude of the required EDD thickness may be obtained from the references of 

available materials:  

Table 1: First design of the dissipating material volume. 
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The actual stress-train behavior shall be considered to define a specific material skeleton which reaches a 

satisfying compromise between the transferred load action on the surrounding structures and the limit 

densification strain. 

Additional equipments to spread the reactions load and to prevent projections at the vicinity of the EDD 

are also designed at this stage.  

Support of the EDD 

The absorbing material pre-selected, the supporting sub-structure of the EDD is then designed in 

accordance with: 

(a) Maximal bearing capacity of the structure supports, considering the dynamic amplification and 

the non-linear behavior of the reinforced concrete;

(b) Other supporting device functionalities, such as being movable and to transfer properly the loads 

to the surrounding structures if (a) is not fulfilled, and potentially to dissipate extra energy. 

In the particular case of the EDD design described in this paper, two types of supporting sub-structures 

have been yet studied: use of non-linear dampers and different configurations of steel frames structures. 

For the first one, the free space did not enable to reach a satisfying optimum in which the load transferred 

finally to structures would have been reduced as well as the bulk of the EDD due to the limit of such 

devices travel.  

Optimum has been reached through a grid of steel beams resting on 4 steel brackets, the geometry of 

which allows bending under the load drop without failing. Next step of the optimization process is 

focused on the design of the girders and their connections to: 

- ease the constructability of the device and its lifting during handling, 

- resist the force transferred by the dissipating material under the drop load, without any need for 

strengthening of the existing surrounding structures. 
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Figure 4. Partial 3D view of the EDD  

Figure 5. Plan view of an EDD (left) and elevation (right) and of the surrounding structures 

The final step of the preliminary design stage is the validation of the EDD through analytical and 

simplified Finite Element Models (FEM) of the support (in agreement with [EN1993-1]) and of the load 

transfer to the supporting concrete structure (in agreement with [EN1992-1]). 
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FEM VALIDATION AND SENSIVITY STUDIES 

Sensitivity studies 

Before running a complete FE calculation or postprocessing its results, several analyzes shall be 

performed to work out a relatively confident design. Shall be especially examined the followings items: 

• Compliance with the validity domain (both for sensivity and local analyzes and complete FEM), 

by checking the reduction of specific variables and total absorption of the initial kinetic energy, 

• Mesh sensivity studies, boundary conditions, margins on the impact point location , mass 

distribution of the projectile, type of hourglass control,  

• Sensivity of the parameters caracterizing the dissipative material: elements formulation, damping 

of the material, Young modulus, Poisson ratio, tension resistance, 

• Fulfillment numerical convergence, through the timestep, the hourglass energy and the energy 

balance. 

Sensivity studies are performed through displacement, velocity, acceleration, nodal reactions, energy 

balance, stresses (in the steel girders, under the dissipating material) and compared to analytical 

calculations. 

                           

Figure 6. 3D  views of different simplified models for sensivity studies 

Complete FEM 

The second phase of the design of an EDD is closely linked to the detail strength checks and validation 

through FEM calculations. 

To carry out this design step, a complete FE model of the EDD has to be built on LS-DYNA software 

using contact elements between the constitutive parts of the device and considering a non-linear behavior 

for the dissipating material and the steel support.  

An elastic behavior of the impacting projectile is adopted on the purpose to spare some energy absorption 

margins; a dedicated analysis is then required to obtain estimates of its damage under the drop. 
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This complete FE model also comprises a partial modeling of the surrounding reinforced concrete 

structure with appropriate boundary conditions in order to study the load path: 

Figure 7. 3D  views of the complete FEM with the projectile (left) and without (right), reinforcement 

(partial view below) of the concrete structure. 

Validation of the EDD 

The EDD design is then validated on the basis of the rigid body displacement of its components, as 

illustrated on the following graph which presents a maximal crushing displacement lower than the EDD 

height, but in the same range of value, as pre-designed: 

Figure 8. Rigid body displacements of the distributing load device on the dissipating material (C32), of 

the dissipating material (B30) and of the projectile (A38) 
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Stresses in the dissipating material are checked during the load drop, as well as all constitutive elements 

of the EDD supporting structure: steel beams, brackets, anchorages in concrete, stiffeners, bolts…  

                    

Figure 9. Stresses in the EDD steel support (beam grid on the left, brackets on the right) 

In parallel, a local FEM model using a second independent FE Code (implicit calculation on ANSYS) has 

been performed to determine the dynamic amplification factor resulting from the impact and to validate 

with static equivalent analytical calculations orders of magnitude of stresses and their validation towards 

[EN1993-1]. 

Integrity of the supporting structure  

Post-processing of the FE calculations with LS-DYNA code also highlight conclusions related to the 

integrity of surrounding structural elements belonging to building housing the EDD device according to 

the compression state, tension and damage of the concrete, as well as the stress in the reinforcement 

modeled with its non-linear behavior. A special attention has been paid, in this particular context to a 

reinforced concrete beam supporting one of the 4 brackets under the EDD. The following view presents 

the maximal axial force of the beam longitudinal lower reinforcement: 

Figure 10. Longitudinal lower reinforcement rebars of the concrete supporting beam, maximal stress: 

1.42.10
5
/804.2=177MPa 
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The damage state analysis enables to conclude that concrete cracking remains localized cracked state and 

non crossing under the bracket #4: 

                           

Figure 11. Damage state – Cut on the slab and concrete beam support of the EDD 

Each critical area identified in advance is carefully checked, as for instance the concrete zones under steel 

brackets. Stress distribution and forces in the concrete below the bracket, computed using implicit 

calculations with ANSYS code were compared to those resulting from dynamic calculations with LS-

DYNA code . Analytical checking are then performed in a 2nd step to optimize the geometry of one of 

the 4 brackets (in order to reduce the compression state) through non-linear calculations, with an taylor 

made software according to [EN1992-1]: 
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Figure 12. Comparison between hand, implicit (ANSYS) and explicit (LS-DYNA) calculation of strut and 

tie model of compression under the bracket #3  

CONCLUSIONS AND DEVELOPMENT 

Following the successive phases of the methodology on a practical case here described brings out a robust 

approach which enables to design EDD and to validate under heavy load drops: 

• The strength capacity of the supporting structure, which is not reconsidered. According to the 

definition of the numerical damage state, only limited cracking and superficial scabbing or 

compression localized under brackets are planned, and limited plasticization of the reinforcement, 

• Keeping the load drop under control: the EDD fulfills its function by crushing according to its 

pre-design height, 

• The integrity of EDD: the constitutive parts of the EDD exhibit only few zones in plastic state 

under the load drops, the assembly are studied in detail, 

• The displacements of the EDD and of the surrounding structural elements of the building are 

compatible with the structural joints and the in place equipment, 

• And finally, the dissipative material behavior remains globally consistent with the material 

nominal stress-strain law. 

Non-standard material shall be used with care regarding their properties and capacities. Material assays 

and mock-up are deeply recommended, especially if the EDD has to fulfilled requirements associated to 

people security.   

The development of this approach, here described on a particular complex case, could lead to a 

convenient standardization of simpler dissipating devices, by designing one movable EDD in each 

industrial or nuclear (new or existing) site with appropriate handling device to be moved it at each load 

handling procedure.  
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