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ABSTRACT 

This paper summarizes the main aspects of the methodology for the structural assessment of aircraft 
impacts used by F4e/IDOM in the ITER project. The participation in the OECD_IRIS Benchmark is 

fundamental for the calibration of the numerical tools and the validation of this type of analysis. In this 

Benchmark, reliable experimental information obtained from reinforced concrete mockups subjected to 

missile impacts, is contrasted with numerical results obtained with ABAQUS/Explicit software. The 
characterization of the impact load and the wave propagation to zones far away of the building is the main 

target of the third phase of the Benchmark. Some concepts as the damping and the cut-off frequency are 

studied deeply because its incidence in the results. In this context, this paper shows the hypothesis behind 
the methodology, the limitations and the main results obtained during the Phase 3B. 

INTRODUCTION 

The application of advanced numerical tools to complex problems within a nuclear safety 

environment requires some sort of validation. Precisely, this is the purpose of the IRIS benchmarks 

organized within the framework of the OECD/NEA (2010 – 2019). The team F4e/IDOM is actively 
participating in these benchmarks since the beginning, and the methodology developed was successfully 

applied in different non-linear assessment related to ITER project (F4E-2008-OPE-11, F4E-OMF-503-02-

01). 
In 2016 the OECD/NEA launched the IRIS benchmark phase 3, dedicated to the transmission of the 

induced vibrations from the impacted wall of a reinforced concrete structure to floors and walls which are 

outside the impacted area. This phase starts from the conclusions obtained in previous work, related to the 
local behaviour of the impacted zone and extend the validation to other regions of the structure. Two sub-

phases are defined: A and B. Phase A was dedicated to blind calculations based in experimental information 

from VTT impact tests, explained in a preliminary paper (Ezeberry et al, 2017) presented in SMIRT-24 

Congress. Moreover, these results were presented in a workshop celebrated in June 2017 in the EDF 
Laboratory (Saclay, Paris). Phase B started at the end of 2017, with the experimental information necessary 

to reproduce the tests and the results were provided to the organization in March 2019. Thus, this paper 

details the advances during this phase. The main activities are: 

• Review of the experimental information.

• Generation of a non-linear FE models for mockup and missile.

• Calibration of materials and boundary conditions.

• Analysis of the structural response.
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INPUT DATA 

The input data provided for the phase B consists of the geometry of the IRIS3 mockup, the materials and a 

complete set of material properties and experimental results. 

Geometry and configuration of the tests 

The reinforced concrete specimen, whose dimensions are 1730×2100×3000 mm 

(width×longitude×height), is presented in Figure 1. A frontal wall rigidly connected to two horizontal slabs 
at its base and a height of 2000 mm is impacted by a missile. A rear wall, connected to the same slabs 

complete the structure. Except the bottom slab whose width is 400 mm, the rest of the walls and slabs have 

a width of 150 mm. The longitudinal reinforcement of the walls of width 150 mm is of rebar’s Ø6 each 
50mm in both directions, whereas for the bottom slabs is of rebar’s Ø10 each 50 mm. All the front wall is 

reinforced with stirrups Ø8 each 50 mm, and specific zones of the rest of the walls and slabs. The existing 

boundaries in the structure are four steel supports grade S355 rigidly connected at its base in the corners of 

the bottom slab. Two cantilever steel profiles representing the equipment are located in the rear wall. These 
profiles IPE140 that support the masses of 60.7 kg (including the plate from which the displacements are 

measured) which can be identified as equipment, are similar in dimensions but the connection with the 

anchorage plate is different, one is bolted to the supporting plate embedded in the wall whereas the other is 
welded to a similar plate. 

Figure 1. IRIS-3 mockup: drawings (Hervé, G., 2016-2017) 

Three impact tests are conducted, over the same mockup. The impactors have the characteristics 
presented in Figure 2 and Table 1. First two missiles have a mass/length of 50.10kg/1500 mm, whereas the 

third missile has 50.260kg/2400 mm. The velocity of impact is 91.8, 93.5 and 167 m/s for the three tests, 

respectively. Al the impacts are intended to occur in the midspan of the front wall.  

Figure 2. Missile scheme (Hervé, G., 2017) 
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Table 1: Missiles characteristic (Hervé, G., 2017) 

Item  [mm] t [mm] L [mm] Materials 

Stainless steel pipe 254.0 1.89 1500-2400 
EN1.4404 

Stainless steel end cap 256.0 3.0 86 

Carbon steel pipe 244.5 12.5 111 - 190 S355J2H 

Carbon steel Carbon steel plate 256.0 25.0 25 

Materials 

For the mockup the concrete strength is C40/50, rebars are class B500B and the structural steel is 

grade S355. Classical values are assumed for density (concrete: 2500 kg/m3, steel: 7850 kg/m3), Poisson 

module (concrete: 0.2, steel: 0.3). The missile material is Stainless Steel grade EN1.4404, an additional 

S355 Carbon Steel plate is located at the rear part of the missile. Details of the materials of the mockup and 
missile can be found in Tables 2 and 3, respectively.  

Table 2: Mockup mean material properties (Hervé, G., 2017) 

Concrete Reinforcement 

Panel fc 

[MPa] 

fct 

[MPa] 

E 

[MPa] 

Diameter 

[mm] 

E 

[MPa] 

fy 

[MPa] 

Floor 58.1 2.92 25960 
Ø10 200000 504 

Ø6 200000 524.0 

Walls 52.0 2.88 28856 Ø6 200000 524.3 

Ceiling 62.4 2.42 27241 Ø6 200000 524.3 

Cantilever 47.0 2.30 27555 Ø6 200000 524.3 

Table 3: Missile mean material properties (stainless steel EN1.4404) (Hervé, G., 2017) 

b 

[mm] 

a0 

[mm] 

s0 

[mm] 

Rp0,2 

[N/mm2] 

Rm 

[N/mm2] 

A80mm 

[%] 

20.08 1.893 38.02 344.3 616.0 47.43 

Experimental results 

The following experimental information is provided by the organization: 

• Missiles: The velocity, exact location of the impact and deformation state after the impact (number

of folds, length, photography).

• Mockup: Modal information: First 11 natural modes identified experimentally for each test.

• Mockup: Time history records of displacements, accelerations and horizontal reactions forces for
each test.

• Mockup: A summary of the extreme and RMS values for accelerations, displacements, vertical

reactions, strains in concrete and rebars.

• Photography set showing the state of the mockup after the impact.

METHODOLOGY 
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The numerical assessment is made by FE models using Explicit time-integration schemes 

(ABAQUS\Explicit). This technique is the most appropriate for analysis of very short-time behaviour 

(during the impact) because allows the consideration of the different non-linarites in an effective way. The 
assessment is divided in two parts: First, the impact force is obtained by using a 3D non-linear shell model 

of the missile impacting against a rigid wall; Second, the resultant impact force is applied in a non-linear 

shell model, in which longitudinal rebars are introduced as a distributed reinforcement in specific layers of 
the shell elements. In general, nuclear facilities are constructed with structures based in walls and slabs, 

thus shell models are the best choice to reduce the number of DOFs of the models. Moreover, the inclusion 

of Rayleigh damping is not possible from practical point of view, at least for the high frequency range (beta 

parameter). Only the alpha parameter can be included without affect the stability limit of the integration 
scheme. The following sections describe details about the main issues of the methodology. 

Constitutive model for concrete 

For concrete, the use of the ABQUS concrete damaged plasticity (CDP) constitutive model was 

found that reproduces reasonably well the flexural tests in the first phases of IRIS (2010-2012), for cases 

in which the missile does not penetrate the structure. This model uses concepts of isotropic damaged 
elasticity in combination with isotropic tensile and compressive plasticity to represent the inelastic 

behaviour of concrete. It assumes that the main two failure mechanism are tensile cracking and 

compressive crushing of the concrete material. The evolution of the yield (or failure) surface is controlled 
by two hardening variables linked to failure mechanism under tension and compression loading. For the 

evolution of the tensile yield surface and for the stress-strain diagram of concrete in compression, is 

defined by unidimensional curves following the proposal of Aslani (2012) is used. The parameters which 
defines the flow potential eccentricity is left by default equal 0.10 and the ratio of the second stress 

invariant on the tensile meridian to that of the compressive one which is left by default equal 2/3. Other 

parameters are: the dilation angle in the p-q plane equals 40º, the ratio of initial equibiaxial compressive 

yield stress to initial uniaxial compressive yield stress equals 1.16, and the viscosity parameter for 
viscoelastic regularization equals 1e-06. 

Constitutive model for reinforcement 

Regarding the reinforcement steel, the constitutive model used is the von-Mises plasticity with 

isotropic hardening. The material parameters showed in Table 2 are used to define the constitutive 

equations for low strain rate. On the other hand, strain rate effects are computed according to CEB-187. 

Finite Element Model of the Mock-up 

As commented in the introduction, the model is based in shell elements. Figure 3 show the FE model 
of the mockup carried out in ABAQUS\Explicit. Reduced integration shell elements (S4R) are used to 

model the reinforced concrete. In general, a uniform mesh is used, being the mean size of the mesh about 

20 mm. The number of elements is 79871. 

The reinforcement is distributed along specific layers of the shell elements. This implies that perfect 
bounding is accepted between concrete and steel. Moreover, shear reinforcement is not considered by the 

model. This has little incidence in case no shear failure is verified. The Mock-up rest on four steel supports, 

each one is anchored to the mockup and to the ground by anchorage rebars. Reduced integration shell 
elements (S4R) are used to model the supports. 

The connection between the supports and the mockup is made by MPC type LINK which represents 

the anchors embedded in concrete. On the other hand, a frictional contact (steel-concrete) is established 
between the upper surface of the support and the lower surface of the bottom slab. The connection with the 

soil is done similarly, four “LINK” MPC represents the anchorage rebars and a frictional contact (concrete-
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concrete) is established between the lower surface of the support and the ground. The ground is represented 
by a rigid surface supported by springs which represents the soil stiffness in X, Y and Z directions. 

One interesting result is the comparison between the responses of the cantilevers, one is bolted and 

the other is welded. Reduced integration shell elements are used (S4R) to model the cantilevers. The bolted 

profile is anchored by a system of L profiles and bolts. The profile is connected to the L90x60x80s Profiles 
with the bolts. The connection is made by connectors (CONN3D2) in the places where the bolts are set. L 

profiles are connected to the plate that is anchored to the wall of the mock-up. Multiple frictional surfaces 

are implemented (steel – steel) to represent the contact between profiles and anchorage plates. The welded 
profile is connected in the perimeter in contact with the plate by connectors as well. The anchorages plates 

are connected to mockup with MPC Link elements, which represents the rebars, and a frictional contact is 

implemented between concrete and steel surfaces. 

Figure 3: FE model of the IRIS-3 mockup 

Figure 4 show the FE models of the impactors that are modelled with reduced integration shell elements 
(S4R). Due the spatial symmetry, a quarter of the FE model is generated (the impact is assumed perfectly 

horizontal). The mean size of the FE elements is 1 mm. The figure shows a detail of the (very refined) mesh 

in the tip of the missile. The number of elements for the missile #1 and #2 is 310156, whereas for missile 
#3 the number is 446465. 

Figure 4: FE model of the missile 

Data filtering 

Time histories of displacements, accelerations, etc., contain amplitude, time, frequency and phase 
information, all of which are interrelated. Independent of the source, the experimental records and the 

numerical results are obtained at discrete points in time.  

Experimental devices introduce different type of noises in the records, avoiding the interpretation in 

the high frequency range. On the other hand, explicit algorithms require very small time-steps to obtain 
accurate results and have the problem that numerical oscillations related to numerical instabilities exists at 

high frequency range. Independent of the source of the signal (experimental or numeric) noise must be 
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removed from the signals. The cut-off frequency must be carefully determined, some guides are given by 
the organization of the Benchmark (Hervé, 2017). For example: displacements and strains are filtered with 

a 2nd order Butterworth low-pass filter with cut-off frequency of 250 Hz; whereas accelerations are filtered 

with a 5th order Butterworth low-pass filter with cut-off frequency of 1000 Hz. 

In order to avoid aliasing, the following procedure related to Digital Signal Processing (DSP) is 
adopted for the filtering of records (Diehl, 1999-2000): 

• First, the history output of results is obtained for all the points determined by the Explicit

algorithm (the files are considerable large).

• Second, the result is transferred to a text file to be processed with Matlab (Mathworks).

• Because the time step changes during the dynamic solution, the data must be regularized to a

constant time step. To avoid aliasing, a new time vector with the smallest time step used in the
process must be generated and the signal interpolated (linear interpolation is valid).

• Reduce the regularized data sets down to 10 time the highest frequency of interest (cut-off

frequency). To decimate the data safety, the signal must be treated by a low-pass filter to attenuate

all the frequency content above the Nyquist frequency of the desired (Reduced) sample rate. This
is known as antialiasing filtering. Filters usually implies a transition band; thus, the selected

frequency must be sufficiently greater than the ideal cut-off frequency (a safety factor of two is

recommended).

• Once the unwanted frequency content is removed, the signal is decimated to the new sample rate.

This procedure is especially useful to treat accelerations, which have considerably high frequency content 
and noise. Displacements, strains and reactions are less sensitive to the noise. 

Frequency domain 

The basic tool to transfer signals from time domain to frequency domain is the FFT (Fast Fourier 

Transform). In general power spectrum (magnitudes) of signals will be analysed together with the 

traditional time-domain analysis. The analysis in frequency domain is useful to detect changes in the natural 
frequencies of the structure, product of the evolution of damage. 

RESULTS 

Calibration of the impact force produced by the missile 

Respect the impact force, this force is not provided (Only reaction forces) and must be deducted from 
impacts against rigid surfaces as was made previously (Ezeberry et al, 2017). The material of the missile 

has been calibrated to match the as close as possible the shortening and number of folds experimented by 

the missiles, according the information provided by the organization, see Table 3. The calibration is 

achieved by introducing the following modified Cowper-Symonds equation: 

𝜎 = 𝜎0   (1 + 𝑘 ((
�̇�

100
)

1

10
)) (1) 

The calibration has been performed with the impact of the missile against a rigid surface. The 
computed value of k is 50% for tests #1 and #2, and 10% for test #3. This means that the strain-rate effect 

is not as important as predicted by Cowper and Symonds formula. Table 4 show the comparison between 

numerical and experimental results. The number of folds is subjected to certain uncertainty for the last folds 

in the numerical model. To determine the maximum force, it is very important to select adequately the cut-
off frequency. The results obtained revealed that the values provided by organization match adequately the 

magnitude order of results when this are filtered at 250 Hz. However, if the numerical results are filtered at 

higher frequencies this magnitude change drastically. For example, for 1000 Hz, Fmax is equals 1.39, 1.38 
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and 2.4 MN for tests #1 to #3, respectively. Thus, for the numerical calculation, the obtained impact force 
from missiles is filtered at very high frequency (>1000 Hz) before be applied in the mockup, see Figure 5. 

Table 4: Missile experimental results (Hervé, G., 2017) and numerical calibration 

Experimental data Numerical results 

Test Impact vel. 

(m/s) 
Folds ΔL 

(mm) 

Folds 

Number 

Fmax
* 

(MN) 

Adjusted 

factor k 

Folds ΔL 

(mm) 
Folds 

Number 

Fmax
* 

(MN) 

#1 91.8 160 14 ~ 0.4-0.5 0.50 143-161 13-15 0.630 

#2 93.5 150 14 ~ 0.4-0.5 0.50 120-168 14-15 0.645 

#3 167.0 330 47 ~ 0.90 0.10 197-241 45-47 0.846 
* Forces low-pass filter at 250 Hz

Figure 5: Location of the impact zone. The Impact Force is distributed the red points. 

Calibration of the modes and boundary conditions 

For the calibration of the modes, elastic material properties are used, and different soil-stiffness were 

tested, until match the frequency provided by the IRIS Organization. All the contacts are removed and 
replaced by fixed “tie” connections between surfaces. After some numerical tests, the following soil 

stiffness (for directions X, Y and Z) were chosen: Horizontal direction (X and Y) kx = ky = 4.216·108 N/m; 

Vertical direction (Z) kz = 5.068·108 N/m. Figure 6 show the correlation between the experimental modes 

and the modes obtained from the model. As can be seen, there is a good correlation for the initial state. 

Figure 6: Correlation of eigenmodes for the initial state. 
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Calibration of damping 

The value of damping was approximately obtained from the dynamic signals by using the classical 

formula based in logarithmic decrement of damping (Clough, 2003): 

 ≅ 𝑙𝑛 (
𝑣𝑛

𝑣𝑛+𝑚
) ·

1

2𝑚𝜋
(2) 

In this formula, the logarithmic decrement between the displacement of the first peak, vn, and the 

consecutive ‘m’ peak are used to estimate the damping ratio. The analysis of the displacements obtained in 
the different tests, show that although with some variability, a damping ratio of 3% is representative of the 

damping after the impact. This damping is introduced in the model using alpha (Rayleigh) parameter: 

 = 2  = 4𝜋𝑓 (2) 

The frequency chosen is something lower than obtained from the modal analysis, 14.5 Hz, which 

agree better with the state after the test #1.º 

Displacements 

Figure 7 show the evolution of the displacement D01 (impact zone) and D02 (located at the edge of the 
panel) for test#3. Although test #1 and test #2 have similar missiles, test #2 start with the damaged 

configuration after test #1. The vibration of the second impact it is related to the fact that the energy 

necessary to produce cracking in concrete in first impact can now be released to the rest of the building. 
The third test #3 implies additional damage because of the increase of velocity. 

Figure 7: Displacement in point D01 (upper) and D02 (lower) for #1 to #3 (left to right). CDP model vs. 
exp. data. 

Accelerations 

Figure 8 show the evolution in point A10H, for this case the result underestimate the acceleration for the 

test #1, one reason is that the impact is displaced about 2 cm from the impact point (Hervé, 2017), producing 

certain amplification of the response in the bolted cantilever. However, it is important to note that the 
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vibration of the numerical model at the beginning is affected by the dissipation of energy produced by the 
local damage in the zone of the impact, whose dissipation of energy affect the transmission of energy to the 

rest of the building. However, in test #2, for a similar impact force, the vibrations are considerable higher 

and conservative. Test #3 shows the same characteristics. 

Figure 8: Accelerations in point A10H for tests #1 to #3 (left to right). CDP model vs. exp. data. 

CONCLUSIONS 

This report states the methodology and results followed to accomplish the Phase B of the Benchmark 

IRIS. A 3D shell FE model (ABAQUS\Explicit) is used to represent the mockup and missile. The main 

conclusions are: 

• ABAQUS\Explicit can be used to simulate the problem for the free vibrations (long period) based

in the hypothesis adopted here: calculation of the force separately, use of shell elements,
introduction of damping based the parameter alpha (Rayleigh) and use of filters based in DSP.

• The shell model is a reasonable choice for the analysis of nuclear facilities and provides adequate

results. The number of DOF compared with the solid FE model (used in the past) is reduced

considerably.

• About the impact force, the numerical simulations show that the peak forces can be calculated only
by the inclusion of great frequency content in the signal. Thus, the cut-off frequency used for

experimental results seems to be low. In any case, the forces calculated filtered at 250 Hz match

reasonably well the forces provided for the calibration.

• The results obtained in the mockup reveals that CDP model tends to overestimate the local damage
produced by the missile impact. This produces that for the first test, considerably energy will be

dissipated in this process, reducing the release of energy to the rest of the building, and

consequently reducing the magnitudes of the induced vibrations. For test #2 it is verified greater

magnitudes of vibrations along the building, for the same level of impact force.

• Other characteristic of the numerical response is that is always stiffer (in terms of frequency) than
the experimental result.

• The degraded natural frequencies of the numerical models match well the modal information

provided.

• The results obtained provides conservative estimations of displacements for the damaged impact

zone and accelerations levels for zones far away.
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Future development 

CDP model needs to be improved to simulate better the local behaviour in the impact zone, where the 

maximum strain rates are verified. The inclusion of realistic tension-stiffening laws and strain rate effects 

in tensile behaviour must be studied for future applications of this methodology. On the other hand, the no 

inclusion of beta (Rayleigh) damping in high-frequency range have considerable effects in the accelerations 
results obtained at high frequencies. Other aspects, as the non-linear evolution of the boundary conditions 

can provide additional explanations about the frequency shift experienced by the model in tests. 
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