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ABSTRACT 

 

This paper shows the main results of the work carried out by F4e/IDOM to justify the use of 

aluminium foam as energy absorber to prevent damage in case of drop loads, if several equipment falls 
accidentally onto the civil engineering structure of the ITER project. The performance of the Energy 

Dissipating System (EDS) is analysed, not only about the local behaviour but also about the transmission 

of energy to other zones of the building. Detailed local ABAQUS\Explicit 3D FE models with explicit 

representation of concrete and reinforcement, and the E.D.S, based in the ABAQUS Crushable foam 
plasticity model, are developed for the zone of the impact. The effectiveness of the EDS is determined in 

terms of the energy dissipation and the force transmitted to the RC structure. In a second stage, once 

characterized the aluminium foam behaviour, the effective impact forces produced by the impact onto the 
E.D.S are introduced in 3D linear FE models of the Tokamak Complex and the response (time histories of 

displacements, accelerations…) along the building determined. The dynamic transient analysis is carried 

out using ABAQUS\Standard software. Results are presented in terms of Shock Response Spectra at 
different point of the building. 

 

INTRODUCTION 

 
Operations within the ITER Tokamak Complex (TC) include movements of components by cranes 

for normal operation and maintenance. These movements may result in accidental drops, in which a heavy 

item is dropped from a certain height, impacting the floor and potentially damaging the structure. In 
accordance with the frequent practice for nuclear facilities, the building structures must sustain the resulting 

drop loads, keeping the confinement function. The Safety Important Components (SIC) have also to be 

operative after such accidental drops.  
Drop load impacts could take place onto different slabs of the Tokamak Building. In this context, it 

is possible to place an Energy Dissipating System (EDS) on the structure. The EDS is usually a low-density 

material with high energy absorption. Currently, the aluminium foam layers can become an EDS. 

As a first stage, the analysis of simplified structure under drop loads is performed with and without 
EDS. The resulting forces can be used as input loads for a global dynamic analysis of the TC. Thus, the 

motion induced by the drop load impacts can be determined and the influence of EDS analysed. For achieve 

this goal, the following activities have been carried out: 

• A brief study about the aluminium foam as Energy Dissipating System (EDS) is performed. During 
this study the constitutive law of the EDS is calibrated in Abaqus/Explicit. 

• Generation of a local non-linear FE model for the impacted slab in Abaqus/Explicit. The FE models 

are made by solid elements. The force-time curve on concrete surface due to drop load is obtained 

for two cases: with and without EDS (direct impact onto the concrete surface). 
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• Using the forces deducted from the local model, a global transient analysis of the TC is performed 

for different locations of drop loads. Different locations for the both force-time curves 
(representative of scenarios with and without EDS) are analysed. 

• Post-processing of the acceleration time histories at selected points (control points) and 

computation the Floor Response Spectra (FRS). 

 

INPUT DATA 

 

This section summarizes the input data necessary for the analysis. 

 
Materials 

 

The material properties are used during the report to perform various FE models. The main references 
(codes, standard, technical papers) used in the definition of the material properties are defined here. 

The concrete used for the Tokamak Complex (TC) is class C40/50. Parameters of concrete are 

defined according to I-SDCB [6] and EC-2 [7]. The volumetric mass is 2500Kg/m3, the Poisson’s ratio is 

equal to 0.2 and the young modulus for dynamic analysis is 35GPa. The nonlinear properties of concrete 
are introduced according the methodology followed in previous assessments [14]. This methodology 

implies the use of the ABQUS concrete damaged plasticity (CDP) constitutive model for concrete. 

Reinforcement steel used for the Tokamak Complex (TC) is class B-500. Parameters of rebars are 
defined according to I-SDCB [6] and EC-2 [7]. The volumetric mass is 7850Kg/m3, the Poisson’s ratio is 

equal to 0.3 and the young modulus for dynamic analysis is 200GPa. The nonlinear properties of rebars 

follow the von-Mises plasticity with isotropic hardening [14]. Strain rate effects are computed for steel 
rebars according to CEB-187 [15]. 

Additionally, structural damping of reinforced concrete is introduced according to USNRG 1.61 [8]. 

For the analysis carried out is proposed a damping ratio equals 4%, according to a moderate action. 

Note that the lineal part of concrete and reinforcement steel definition are in concordance with the 
construction design report of L4 slab [4]. 

On the other hand, aluminium foam is class ML-76.2-0.22 from Cymat Technologies Ltd. The data 

sheet of the main properties of this product is attached in appendix 1 of [5]. However, some parameters are 
not included in the data sheet and some technical papers are used. Section §3.1 includes a detailed 

description of aluminium foam properties and parameters. 

Finally, duet to the fact that there is no information available about impactor materials, rigid material 

is assumed. 
 

Remark: Ansys FE model of the TC has pre-defined materials [3]. In general, these materials are not 

modified. 
 

Drop load scenarios 

 
Table 1 summarise the drop scenario considered for the analysis. 

 

Table 1: Drop load scenarios considered for the analysis [1] 

 

 Mass (t) Gravity Centre 

elevation (m) 
Drop height 

(m) 

Base area 

Drying cask 30 4.865 3.865 1.7 m × 2.3 m 
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ALUMINIUM FOAM CALIBRATION 

 
Constitutive behaviour of Aluminium foam 

 
Aluminium foam has non-uniform distribution of cell size and internal wall imperfections. However, 

the global characteristics in terms of energy absorption are of interest in our study. Several researchers have 

investigated the constitutive behaviour of metal foams. Reference [9] shows that isotropic hardening is 
adequate for metallic foams with proportional stress paths. Subsequent studies of aluminium foams loaded 

in one direction usually take this hardening model. 

Abaqus includes this material behaviour as linear elastic and crushable foam plasticity with isotropic 
hardening. Section 23.3.5 of Abaqus user’s guide [10] explains in detail the material behaviour and the 

parameters that the user needs to define. The elastic part of the response is specified trough linear isotropic 

elasticity. The Poisson’s ratio for low-density foams (8%) is nearly zero. Young modulus is defined by the 
yield point in the stress-strain diagram. However, after of the yield point softening occurs. It is a good 

practice perform an equivalent law without softening to improve the convergence of the calculations. Figure 

1 shows the equivalent law. 

 

 
 

Figure 1. Equivalent strain-stress law of aluminium foam ML-76.2-0.22. 

 
The plastic part of the response is specified trough crushable foam with isotropic hardening. To 

define the shape of the yield surface (ellipse) user needs to define k parameter, which is the ratio between 

the plateau values in uniaxial and hydrostatic compression. The flow potential shape is related to the plastic 
Poisson’s ratio (υp), which is nearly zero for many low-density foams [10]. Commonly, yield surface and 

plastic flow are associated. In this case, parameters are related by the following equation: 

 

 𝑘 =  √3(1 − 2𝜐𝑝) (1) 

 

Input data does not provide information about k and υp parameters. So that, two considerations are 

adopted: plastic Poisson’s ratio is zero and yield surface and plastic flow are associated. These assumptions 

lead to values of υp=0.001 and k=1.73. 
The hardening law defines the evolution of the yield surface. This law is defined by the plastic 

component of true stress – true strain diagram of uniaxial compression test. The true stress-logarithmic 

strain curve is obtained from the nominal stress and strain curve (Figure 1). Two formulations are available 
to calculate the true stress-logarithmic strain curve: 

 

Classic 𝜎𝑡𝑟 =  𝜎𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚)              𝜀𝑡𝑟 =  −𝑙𝑛(1 − 𝜀𝑛𝑜𝑚) (2) 
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Ref. [11] 𝜎𝑡𝑟 =  𝜎𝑛𝑜𝑚(𝜀𝑛𝑜𝑚)2𝜐𝑝              𝜀𝑡𝑟 =  −𝑙𝑛(1 − 𝜀𝑛𝑜𝑚) (3) 

 
Table 2 shows the parameters used in the FE models. 
 

Table 2: Aluminium foam FE model properties. 

 

ρ E ν 
Plastic behaviour 

K = σ/p υp Hardening 

Law kg/m3 N/m2 [0, 0.5] [0, 3] [-1, 0.5] 

220 5.0E+07 0.00 Crushable Isotropic 1.73 0.001 Ref. [11] 

 

On the other hand, the dynamic properties of many materials change when strain rates increase. 

The Figure 18 of the reference [12] shows the impact velocity dependence of the strength properties of 
aluminium foams. The plateau stress increases according shock model and the material can dissipate more 

amount of energy. However, impact velocities lower than 20 m/s do not cause significant changes on 

material behaviour. Thus, the dynamic properties of material (strain rate) are not considered in this paper 

(safety side). 
Sometimes the drop loads can produce a penetration in the aluminium foam. This type of failure 

dissipates the fracture energy, neglecting the strain energy beyond the fracture plane. This type of failure is 

not considered in this report. 
 

Finite Element model and results 

 
A simplified Finite Element model is generated in Abaqus/Explicit for calibration. The model, 

presented in Figure 2 and it is composed of two parts: Impactor and EDS device, both elements are modelled 

as rectangular prisms. The following points summarizes the main aspects of the model: 

 

• Geometry: The EDS prism has dimensions at its base size equals 0.85×1.15 m. The thickness is 
0.4 m to enforce that the aluminium foam works until the densification point (62%). The impactor 

base size is 0.85×1.15 m and the height 2.0 m. 

• Materials: The material of the impactor is like a stiff elastic material. The volumetric mass to 

achieve the total weight is 3840 kg/m3, the Poisson’s ratio is zero and the young modulus is 2000 
GPa. Crushable foam plasticity with isotropic hardening is adopted for aluminium foam. The 

properties are defined in Table 2. 

• Boundary conditions: The bottom of the FE model is full restrained in the vertical direction. The 

centred node of the bottom is also restrained in X and Y directions. 

• Interactions and Constraints: The impactor crash against aluminium foam layer. The interaction 
between the impactor and other body is defined by a general explicit contact with normal ‘hard’ 

behaviour. 

• Mesh: The aluminium foam layer and the impactor body are meshed with hexahedral solid 

elements with reduced integration (C3D8R). The mean FE size is equal to 5 cm for all FE models 

except for the vertical size of the impactor (20 cm). 

• Load Steps and Solver: Dynamic explicit solver with geometric nonlinearities (large deflections) 
is used. The transient analysis uses HHT time integration. Automatic time step is chosen for 

calculations, but the maximum time increment is limited to 1 ms.  
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The results obtained are very good, special care was taken in control the energy balance and the 
amount of artificial energy in the model, which is close to zero. Figure 2 shows the stress-strain curve 

obtained and its comparison with the experimental information available [5].  

 

 
 

Figure 2. Finite Element model used for calibration of aluminium foam ML-76.2-0.22 and results. 

 

LOCAL ANALYSIS - IMPACT FORCE CALCULATION 

 
The FE models have some geometrical simplifications because are focused in the study of a small 

zone of the slab, representative of all cases. Figure 2 show the zone of the building in which the impacts 

are analysed. In this zone, a rectangular area of 9.6 m × 11.0 m is identified. In the centre of this area it is 
considered that the impact takes place. Thus, the FE model is simplified to represent this zone. Assuming 

vertical impact, double symmetry can be used to reduce the size of the FE model.   

 

 
 

Figure 2. Impact zone, inside the Tokamak Complex [2]. 

 
In the impact zone, the thickness of the slab is 1 m. The thickness of the aluminium foam is in 

function of the energy that wants dissipate. Reference [5] shows a methodology to obtain the minimum 

thickness of aluminium foam. From drop load defined (see Table 1), a 0.6 m thick of aluminium foam is 
necessary to no overpass a 47% of energy absorption rate.  

Three Nonlinear FE models are developed to determine the impact force time history. These models 

are presented in Figure 3 and the main aspects are: 
 

• General: Model 101b and 102b are similar, being the difference in the concrete material 

constitutive behaviour. In these models the impactor, the EDS and the slabs are modelled. In model 

103b only the slab is modelled, the impact force determined from model 102b is introduced as 

pressure time-history and only the mass of the EDS is considered.  

• Materials: In the models the EDS material is represented by using the crushable foam plasticity 
model, as defined in the previous sections. In model 101b, the impactor and concrete behave as 

linear elastic materials, with the properties commented previously. In model 102b, the non-linear 

properties of concrete are by a concrete damage plasticity (CDP) law, and rebars (B-500-S) are 
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included in the FE model. The longitudinal rebars adopted are HB40@200 in both faces and 
directions and the shear reinforcement adopted is 25×HB12/m2. In model 103b only linear concrete 

is modelled. 

• Boundary conditions: Boundary conditions are similar for all models; a quarter of slab are 

modelled. Simplified, both faces (X+, Y+) are fully restrained in the three translational directions. 

The other both faces (X-, Y-) are defined as symmetric outfaces. Note that in models 101b and 
102b solid impactor also takes the advantage of symmetry conditions (in the middle of slab). 

• Interactions and Constraints: For models 101b and 102b the interaction between the impactor 

and the other body is defined by a general explicit contact with normal ‘hard’ behaviour. The 

interaction between aluminium foam and concrete is defined with surface to surface contact. Both 
normal and tangential behaviour are defined in this contact, with frictional coefficient of 0.4. In 

model 102b rebars are embedded inside the concrete. For joining nodes, a rigid constraint by 

embedded region command is used, although the reinforcement nodes and concrete nodes usually 
have the same location. 

• Mesh: the concrete slab, the aluminium foam layer and the impactor body are meshed with 

hexahedral solid elements with reduced integration (C3D8R). The zone near the impact has a mean 

FE size less than 5 cm, while in the furthest zone the size of mesh increases to 10 cm. In model 

102b rebars are represented with truss elements (T3D2) with the same mesh size criteria as concrete 
slabs.  

• Load Steps and Solver: Gravity is applied gradually during 0.2 s previously the impact takes place. 

Dynamic explicit solver with geometric nonlinearities (large deflections) is used. Automatic time 

step is chosen, but the maximum time increment is limited to 1 ms. 
 

 

 
 

 
Figure 3. Finite Element models used for calculation of impact loads. 
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One of the goals of this work is to quantify the effect of EDS and compare it with the case in which 
the impact takes place against concrete. Thus, three additional FE models called 104b, 105b and 106b were 

generated. These models are analogous to the previous ones, with the difference that no EDS is 

implemented, see Figure 3. 

Figure 4 show the vertical displacement of the slab in the symmetry axis. The figure on the left 
corresponds to the result obtained with EDS and the figure on the right, the case of direct impact onto the 

concrete. The brown dot and continuous grey lines represent the results obtained when nonlinear behaviour 

of concrete is considered or not, respectively. Comparing both curves, when EDS is disposed in the slab, 
the curves are not so different, however when the impact is direct onto the concrete, the damage is 

considerably producing permanent settlement and a reduction of the vibration magnitude. Figure 5 show 

the impact force laws deduced from the local analysis, that are used to the global analysis, presented in the 
next section. Figure 6 show that the impulse of both curves, with and without EDS, is 82455.5 N·s and 

145022.7, respectively, which implies a reduction of 43%. The same figure shows that the strain energy of 

models 101b and 105b is similar. Although not showed, frequency content of the signals is considerable, 

for the case with EDS there are no Fourier components for frequencies higher than 150 Hz, whereas for the 
direct impact onto the concrete the content grows up to 800 Hz. 

 

 
 

Figure 4. Vertical Displacement-Time curves on concrete slab 

 

 
 

Figure 5. Force-time curves for impact with (left) or without EDS (right).  
 

 
 

Figure 6. Impact with or without EDS: Impulse (left) and Strain Energy (right).  
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GLOBAL ANALYSIS – FLOOR RESPONSE SPECTRA 

 
The dynamic global response of the Tokamak Complex (TC) is obtained by applying the resultant 

impact forces (with and without EDS) in the FE model of the building. Thus, the FE model is loaded in 
various points of the slab for studying the response (FRS) of the drop load scenarios. Figure 7 shows the 

loaded node (red), the control nodes (red and black) and the gridlines studied for one specific case. 

 

 
 

Figure 7. FE model of the Tokamak Building (left). Points analysed in the impacted slab (right).  
 

The analysis has been carried out based on a fully transient procedure (HHT time integration). Linear 

elastic material properties are assumed for all materials. The specific damping for concrete with low level 
of damage is 4% [8]. Alpha and Beta parameters have been selected for matching at frequencies equal to 3 

and 30 Hz. This encompasses all the main natural frequencies for the TC and results in lower effective 

damping for some significant modes, which could lead to a significant amount of conservatism. For the 
Floor Response Spectra (FRS) the frequency points are adopted with a logarithmic distribution between 1 

Hz and 1000 Hz. Damping ratios are 2%, 5%, 7%, 10% and 20%. The FRS follows the nodal orientation, 

which it is equal to global Cartesian axes. 

Figure 8 shows the acceleration peaks X, Y and Z in the gridline X. The graphs on the left correspond 
to drop load with EDS and the graphs on the right without EDS. Although not presented, results with similar 

characteristics are obtained for the alignment Y, showing a more regular movement in Y direction along 

the corridor. As expected, this figure shows that the EDS produces a reduction in the acceleration peaks, 
especially in vertical direction. The walls have strong influence in the acceleration motions which leads to 

a significantly reduction of the FRS. In general, vertical response in loaded zone is considerably greater 

without EDS. 

Additionally, Figure 9 show the Floor Response Spectra (FRS) at node 76972 for drop load with and 
without EDS (left and right, respectively). In both cases, the acceleration has the same magnitude and the 

most significant frequency range is around 100 Hz. 

 
CONCLUSIONS 

 

This paper presents a study of the effect of the use of EDS in the wave transmission along the 
building. This effect is quantified by means of the determination of Floor Response Spectra (FRS) at 

different points of the Tokamak Complex. These FRS are obtained from the application of the force-time 

impulses representative of the drop loads acting against concrete surface with and without EDS. The work 

accomplished have three main activities: First, calibration of the constitutive behaviour of the Aluminium 
foam as Crushable plasticity with isotropic hardening. Second, calculation of the impact force by means of 

local nonlinear FE models with ABAQUS\Explicit and Third, calculation of FRS at different point of the 

structure for impacts with and without EDS. 
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Figure 8. Envelope of acceleration peaks in the gridline X, with and without EDS (left, right) 

 

 

Figure 9. FRS of 76972 when load is close to 76354, with (up) and without (low) EDS 

 

Local analysis of the impact show that the plastic strain of aluminium foam absorbs a considerable 

amount of energy and the concrete slab remains practically elastic. Consequently, the force-time curve 
applied on elastic FE model (103b) provides a similar response. On the other hand, without EDS, results 

show that the concrete slab has a significant plastic strain (damage), absorbing a considerable amount of 
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energy in this process. The release of energy to the rest of the building is considerably reduced by this local 
damage of the slab. Due this damage, the application of the nonlinear force-time curve on elastic FE model 

(106b) provides a similar response in terms of period but not in amplitude. Note that period is directly 

related with frequency content of load. 

The comparison between both scenarios shows that the accumulated strain energy is similar in both 
cases. Note that force-time curves are so different. The force-time curve where EDS is disposed has a low 

peak and a large period range of application (orange). Conversely, the force-time curve without EDS has a 

very high peak value, but it is applied in a very small instant of time (black). Despite the difference in the 
force time curves, and especially in the peak force, the impulse is not so different, being the impulse of the 

impact onto EDS about a 57% of the direct impact against concrete. The frequency content is different, the 

EDS have frequency content until about 100 Hz, whereas the direct impact in concrete have frequency 
content up to 800 Hz.  

Finally, the FRS obtained in different points of the Tokamak Complex (TC). Note that the natural 

frequency of the building is between 3-30Hz, so both impacts excite the slab. Close to loaded zone, the FRS 

obtained when EDS is disposed have lower magnitudes, but far of this zone, both FRS have similar 
responses up to 150 Hz. Above the cut-off frequency of the EDS, the FRS presents a certain smoothing for 

high frequencies, which is compatible with the frequency content commented previously. 

In general, the placement of the EDS reduces local damage of the concrete slab if it is far from the 
densification point of the aluminium foam. The great capacity of deformation of the EDS produces that the 

force time history on the concrete slab does not vary in function of the location of the impact, since the 

variation of the vertical stiffness in different points of the slab is much smaller than the effect of the 
aluminium foam deformation. 

Despite these advantages, the momentum and content of the frequencies between the scenarios with 

and without EDS leads to FRS more similar than expected, in the zone defined by the cut-off frequency of 

the EDS, about 150 Hz.  
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