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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

The OECD is a unique forum where the governments of 34 democracies work together to address the economic, social 
and environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help 
governments respond to new developments and concerns, such as corporate governance, the information economy and the 
challenges of an ageing population. The Organisation provides a setting where governments can compare policy 
experiences, seek answers to common problems, identify good practice and work to co-ordinate domestic and international 
policies. 

The OECD member countries are: Australia, Austria, Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, 
Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Luxembourg, Mexico, the Netherlands, 
New Zealand, Norway, Poland, Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, 
Switzerland, Turkey, the United Kingdom and the United States. The European Commission takes part in the work of the 
OECD. 

OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, 
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

This work is published on the responsibility of the OECD Secretary-General. 
The opinions expressed and arguments employed herein do not necessarily reflect the official 

views of the Organisation or of the governments of its member countries. 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1 February 1958. Current NEA membership consists of 
30 OECD member countries: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the Netherlands, Norway, Poland, 
Portugal, the Republic of Korea, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom 
and the United States. The European Commission also takes part in the work of the Agency. 

The mission of the NEA is: 
– to assist its member countries in maintaining and further developing, through international co-operation, the 

scientific, technological and legal bases required for a safe, environmentally friendly and economical use of 
nuclear energy for peaceful purposes, as well as 

– to provide authoritative assessments and to forge common understandings on key issues, as input to government 
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 
development. 

Specific areas of competence of the NEA include the safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law 
and liability, and public information. 

The NEA Data Bank provides nuclear data and computer program services for participating countries. In these and 
related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, with which it 
has a Co-operation Agreement, as well as with other international organisations in the nuclear field. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

 “The Committee on the Safety of Nuclear Installations (CSNI) shall be responsible for the 
activities of the Agency that support maintaining and advancing the scientific and technical knowledge 
base of the safety of nuclear installations, with the aim of implementing the NEA Strategic Plan for 2011-
2016 and the Joint CSNI/CNRA Strategic Plan and Mandates for 2011-2016 in its field of competence.  

 The Committee shall constitute a forum for the exchange of technical information and for 
collaboration between organisations, which can contribute, from their respective backgrounds in research, 
development and engineering, to its activities. It shall have regard to the exchange of information between 
member countries and safety R&D programmes of various sizes in order to keep all member countries 
involved in and abreast of developments in technical safety matters. 

 The Committee shall review the state of knowledge on important topics of nuclear safety science 
and techniques and of safety assessments, and ensure that operating experience is appropriately accounted 
for in its activities. It shall initiate and conduct programmes identified by these reviews and assessments in 
order to overcome discrepancies, develop improvements and reach consensus on technical issues of 
common interest. It shall promote the co-ordination of work in different member countries that serve to 
maintain and enhance competence in nuclear safety matters, including the establishment of joint 
undertakings, and shall assist in the feedback of the results to participating organisations. The Committee 
shall ensure that valuable end-products of the technical reviews and analyses are produced and available to 
members in a timely manner.  

 The Committee shall focus primarily on the safety aspects of existing power reactors, other 
nuclear installations and the construction of new power reactors; it shall also consider the safety 
implications of scientific and technical developments of future reactor designs.  

 The Committee shall organise its own activities. Furthermore, it shall examine any other matters 
referred to it by the Steering Committee. It may sponsor specialist meetings and technical working groups 
to further its objectives. In implementing its programme the Committee shall establish co-operative 
mechanisms with the Committee on Nuclear Regulatory Activities in order to work with that Committee 
on matters of common interest, avoiding unnecessary duplications.  

 The Committee shall also co-operate with the Committee on Radiation Protection and Public 
Health, the Radioactive Waste Management Committee, the Committee for Technical and Economic 
Studies on Nuclear Energy Development and the Fuel Cycle and the Nuclear Science Committee on 
matters of common interest.” 
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FOREWORD 

 
The Committee on the Safety of Nuclear Installations and the Committee on Nuclear Regulatory Activities 
jointly issued in February 2011 a Joint Strategic Plan taking into account the evolving status of nuclear 
industry worldwide and the main challenges that will face the regulatory bodies, technical safety 
organisations over the next six years (2011-2016). 

The clear safety priority of the Committees is on existing nuclear installations and the design and 
construction of new reactors and installations.  In particular the CSNI provides a forum for improving the 
safety related knowledge and promotes joint research. The interest in nuclear energy has expanded 
worldwide, however public acceptance of existing and new nuclear installations in part depends on 
demonstrating adequate structural robustness of the installation and the effectiveness of emergency 
response strategies to avoid or mitigate the effects of severe accident including missiles impact. 

Many countries have performed missiles impact analyses, but due to their sensitivity, the results are not 
easily shared.  Therefore, it was considered important and worthwhile to perform a study that can be 
publicly vetted as a means of validating the evaluation techniques used in these analyses.   

The Committee on the Safety of Nuclear Installations (CSNI) approved in December 2008 a proposal of 
the Working Group on Integrity and Ageing of Components and Structures (WGIAGE) to conduct a round 
robin study, called IRIS_2010, where the different computer codes, modelling approaches methods and 
results were to be compared to data and other codes used to determine effective means of analyzing the 
structural and vibrational effects of a postulated missiles impact on a NPP.  

This report documents the main results and conclusions of the benchmark study officially launched in 
February 2010 with the participation of twenty eight teams from twenty different organisations from 
eleven countries that concluded in December 2010 with a final workshop convened to discuss the results of 
the simulations performed. 
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EXECUTIVE SUMMARY 

Introduction 
 
This report documents the results and conclusions of the Integrity and Ageing of Components and 
Structures Working Group (WGIAGE)' activity called IRIS_2010 "Improving Robustness assessment of 
structures Impacted by missileS". The objective of the activity was to conduct a benchmark study as a 
means of validating the evaluation techniques used in the assessment of the integrity of structures impacted 
by missiles. 

An Organising Committee was set up with participation of IRSN and CNSC. A Scientific Committee was 
also established to support the Organising Committee and to provide guidance and recommendations.  

Two preparatory meetings were organised in April and October 2010 to define the benchmark study and to 
select the tests to be simulated. The tests were initially supposed to be found in the literature, but there 
were not available tests exhibiting bending mode failure and moreover it was considered as more 
interesting (and exciting) to propose blind simulations. 

Therefore, it has been decided to simulate one test among the tests performed in Germany at Meppen’s 
whose results are known and well described in different papers. And to simulate one of the two new 
identical bending rupture tests and one of the three new identical punching rupture tests performed under 
the framework of IRIS_2010.  

The benchmark was officially launched in February 2010 with the participation of twenty eight teams from 
twenty different institutions (Safety Authorities, TSOs, Utilities, Research Institutes) and from eleven 
different countries from Europe, North America and Asia (plus 2 international organisations).  

A three day workshop was convened in mid December 2010 where each participating team presented and 
discussed their results of the three simulations performed. The workshop proceedings were gathered in the 
part 3.2 of the attached CDRom.  

Tests to be simulated  
 
Three tests were selected to be simulated: 

1. Test Meppen II-4 is one of the series of tests performed during the 80's at Meppen, Germany and 
whose results are well known and interpreted through numerous paper. Basic information of the 
facility, slab geometry and concrete reinforced properties were provided to all the teams, as well 
as detailed data on the missile.  

2. One dedicated test series conducted at VTT with bending mode failure was blindly simulated.  

3. One dedicated test series conducted at VTT with punching mode failure was blindly simulated. 
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Numerical simulation reports 
 
Numerical simulation reports were provided by each of the participating teams describing the methodology 
applied for the numerical simulation of the tests proposed during IRIS-2010 benchmark and presenting 
numerical results obtained by the team. The reports provided a rationale for each analytical choice or 
assumption made by the analyst. They were available, on the OECD/NEA IRIS dedicated web site, to all 
participants, before the workshop, in order to facilitate further exchange and discussion.  

Content of the numerical simulation reports was previously defined in order to facilitate harmonisation and 
includes: an introduction with a description of the expected behaviour of the missiles and the slabs; a 
description of the material input data and the rationale for choices made regarding parameters which were 
no provided; main assumptions made regarding calculation code, and effort dedicated to the computation; a 
description of the concrete slabs modelling including type of model developed (1D, 2D or 3D), boundary 
conditions and choice of finite elements; information on the missiles modelling and on the contact 
modelling; and information on the calculation such as time steps, duration of calculation and the main 
results of the simulations. 

To facilitate the analysis of the results, a detailed format was prepared for submitting the main results of 
the calculation such as energy balance, momentum balance, duration of impact, speed of missile after 
impact, vibration of the target after impact, description of the damage to missile and target due to the 
impact and time histories of the contact force and of the displacement of the slab. 

Preliminary analysis of the results 
 
A preliminary analysis of the results was done by LMT-Cachan (Laboratory of Mechanics and Technology 
from the Institute ENS Cachan that is the French public institution of higher education and research) under 
IRSN request. The analysis is divided into three parts. In the first part, a general analysis (finite element 
code, employed models, etc.) is presented. In the following parts, flexural (VTT-flexural) and punching 
(VTT-punching and Meppen II-4) tests are analysed (only experimental results of the Meppen test were 
available for the participating teams).  

For the analysis of the numerical data, several steps were performed: different numerical results (load 
displacement curve, load versus time, displacement versus time, impulse versus time etc.) are compared 
and plotted with the comparison with the experimental data; the results and different calculated ratios are 
analyzed: calculated maximal load  with respect to either the mean value of all the numerical results or the 
experimental one; these different ratios have been plotted, for example the normalised load versus the 
normalised displacement to check a relationship between these two quantities; and a global indicator has 
been calculated as the arithmetic mean of either the ratio if greater than one or its inverse if lower than one 
in order to obtain a value greater than one. If the indicator is equal to one it means that the numerical 
computation gives exactly the experimental values (or the mean values in some cases).  

 
General analysis 
 
Most of the computations, more than 4/5 of teams, have been made using 3D finite elements for concrete 
and only a quarter mesh for symmetry reasons. Three teams have used shell elements and one team 
Reissner Mindlin shell elements.  In general, the frame was not modelled, only five teams have modelled 
the support mainly by metallic beams.  
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Concerning the concrete and rebars, the FE for concrete are mainly 3D elements; six teams used shell 
elements without any indication of the particular reason. The rebars are very often beam elements or truss 
(only two teams used layers or homogenized material). The constitutive law of rebars elements is based 
most of time on rate independent plasticity, perfect or with hardening. A strain rate effect is sometimes 
included in the models (for rebars) but it seems that it has not an important effect in the modelling results. 
The Johnson and Cook or Cowper-Symonds laws appear also. 

Several different concrete constitutive equations were used taking into account concrete plasticity and 
concrete damage. Some participants have used FE deletion (erosion) as a numerical method to simulate 
concrete damage. 

The missile is modelled by shell elements in most of the simulations, using the same constitutive laws than 
for rebars ones. The behaviour is supposed to be plastic (perfect or with hardening) and for some teams, 
the rate effect has been taken into account. For the loading, a method to derive its time history (Riera 
method or other) is sometimes used. 

Meppen test 
 
Concerning the prediction of the size of the cracking zone, numerical results are very different from one 
team to another. However, the cracking pattern (provided by only less than half of the teams) is close to the 
experimental one. About half of the teams found a penetration of the missile. None of the teams found a 
penetration that is in accordance with the test. Few teams did not find spalling, scabbing, cone and radial 
cracking.  

Concerning the residual deflection, which is useful information, since it refers to the damage state of the 
structure, about half of the team predict during the calculation time an irreversible deflection (some of 
them found oscillations of more or less amplitudes). Some teams found, after the impact, a deflection of 
opposite sign (which is not expected). 

For the Meppen test, it appears that there is less discrepancy for the load (maximal load and impulse) than 
for the maximal displacement of the slab, the strain in reinforcement, and the cracked/scabbing/spalling 
areas.  

VTT Flexural test 
 
An analysis of the global indicator, which represents the sum of the ratio of the six quantities given in the 
analysis (duration of the impact, reinforcement strain, residual and maxima displacement, impulse and load 
peak) shows that different strategies exist to get good results for the simulation of flexural tests. 

However it is noted that the global indicator shows that the results for the VTT-flexural tests are less in 
accordance with the experimental ones than for the Meppen test. An analysis was done computing different 
ratios such as computed maximal displacement to the experimental ones, computed maximal load to the 
mean one, computed strain to the experimental one, in order to try to understand what is a good strategy to 
model this flexural test without any conclusive result.  

VTT punching test 
 
Considering a punching test with perforation, the available quantities of interest are almost limited to 
missile residual velocity and concrete damage. Some other indicators are also worth examining: concrete 
displacement evolution and reinforcement strain values 
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Due to highly non-linear effects, the simulation of punching tests show important gaps between the 
computed values and the experimental ones. These gaps are also exacerbated by high discrepancies within 
the numerical results themselves. Among these results it is quite clear that a large number of teams share 
common modelling strategies which are leading to somehow comparable results. On the contrary a few 
teams are providing very different results, some of them being quite close to the experimental values. 
Considering the latter it seems that including erosion feature within the concrete model is a major point for 
punching. 

Conclusions and recommendations 
 
IRIS_2010 benchmark is the first robin of a three-robin, multi-year OECD CAPS IRIS aimed to improve 
the experience and expertise of the member countries in the field of the assessment of the consequences of 
missiles impact on nuclear installations. This exercise is the first of this kind and represents a pioneering 
work for civil engineering community (highly non-linear analysis with large displacements and material 
non-linearities).  

It was found that simulation scattering is large while tests scattering were rather small. Analyst's 
assumptions and choices are the main origin of the scattering. Simulations were found to be not only 
software dependent but analyst dependent.  

The input data provided in this benchmark particularly in terms of material properties were considered by 
many participants as not sufficient and a possible origin of the scattering. Further research is needed to 
determine the impact of material properties. 

It can be concluded that flexural behaviour is easier to predict than punching behaviour. The difficulties 
and uncertainties increase with the increase of non-linearities. The case which appears the most difficult to 
model is the concrete slab perforation. 

As a general conclusion, the civil engineering community is in a learning phase regarding the impact 
analysis of concrete structures. This first exercise confirms the need to carry out research programs on this 
topic and to improve analysts’ skills as well as the tools for structural impact simulation. 

This type of benchmark study where the models of tests are compared is an efficient way to improve 
member countries skills and to survey the state of the art in fast dynamic computations in civil engineering. 
Further actions are recommended as part of the WGIAGE IRIS in order to: 

1) Improve current models using a single set of material properties. Prior to simulation of impact tests, the 
material tests (e.g. tri-axial tests) shall be modelled to calibrate material constitutive laws; and 

2) Develop simplified analytical tools for fast dynamics impact problems as a practical mean to control and 
ascertain the simulation results. 
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1.  INTRODUCTION 

1.1 Objectives of IRIS-2010 

The CSNI/IAGE launched by the end of 2008 a CSNI Activity Proposal Sheet (CAPS) under the label 
“Improving Robustness assessment of structures Impacted by missileS” whose acronym is IRIS_2010. Its 
objective “is to suggest a mean to facilitate technical exchanges […] without producing detrimental 
results. It is then proposed to compare the assessment of typical impacts on well known structures, the 
emphasis being on effects description rather than on justification. In order to avoid any malevolent use of 
NPP’s robustness evaluation, the idea is to consider similar structures encountered on NPP site but at 
reduced size […]. The technical exchanges are based on numerical simulations rather than on effective 
tests on real mock-ups.” 

The CSNI/IAGE initiated then a benchmark study as a means of validating the evaluation techniques used 
in the assessment of the integrity of structures impacted by missiles. In the proposed IRIS_2010 round 
robin study, the different computer codes, modelling approaches methods and results are to be compared to 
data and other codes used to determine effective means of analyzing the structural effects of a postulated 
missiles impact on civil structures. 

A series of two meetings were held by the representatives of the IAGE/Concrete subgroup in year 2009: a 
1st one in April, where the organization and the rules have been adopted and the second one in October 
where the number and the type of simulations have been defined and adopted. 

1.2 Benchmark organization and tests selection 

An Organizing Committee, headed by IRSN and CNSC, is created; its role is to ensure the development of 
the project. A Scientific Committee is created; its role is to be a consultant for the Organizing Committee 
(selection of the tests to be simulated, definition of the game rules, lectures, guidance for 
recommendations). A dedicated website is created in order to facilitate the exchange of heavy numerical 
files and to guarantee the same level of information for all participants. 

The tests are selected in such a way they address the behaviour of typical NPP structures (reinforced 
concrete wall or slab) damaged by missile at medium velocity (in the range 100 to 200 m/s). The 2 main 
features of damaging are considered, either by bending or by punching. The tests were initially supposed to 
be found in the literature, but there were not available tests exhibiting bending mode failure and moreover 
it was considered as more interesting (and exciting) to propose blind simulations. 

It has been decided: 

• to simulate one test among the tests performed in Germany at Meppen’s and whose results are 
known and well described in different papers; 

• to simulate one new test with bending rupture mode; 

• to simulate one new test with punching rupture mode; 
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• to repeat those new tests: 2 identical bending rupture tests and 3 identical punching rupture tests, in 
order to have better confidence in what is supposed to be the reality. 

The new tests are performed by the Finnish company VTT, they are financed by VTT (50%), IRSN (40%) 
and CSNC (10%). 

1.3 Benchmark development, and Numerical Simulations 

The Organizing Committee defines and pilots the overall scheduling and prepares the data that could be 
useful in the simulations. The Organizing Committee, with the help of VTT, defines the slabs to be tested 
(dimension, reinforcement, concrete resistance) and the missile to be launched (dimension, velocity). 
Special dispositions are taken in order the results remain concealed. The Organizing Committee defines the 
formatting of the simulation results (figures and report) in order to ease their further treatment. 

The main steps of the benchmark are recalled: 

• beginning February 2010: official launching with input data (cf. attached CD part 1.1.) 

• April and May 2010: the new tests are performed (the concrete properties and the effective missiles 
velocities are then transmitted) 

• September 2010: the results (under formatted spreadsheets) from the participants are collected (cf. 
attached CD part 2) 

• end of October 2010: the numerical simulation reports are collected (cf. Chapter 3 and attached CD 
part 2) 

• beginning of November 2010: the tests results are revealed (cf. Chapter 2 and attached CD part 1.2.) 

• beginning of November 2010: the Organizing Committee makes available to each participant, 
through the website, the results obtained by the other teams  

• mid-December 2010: the Workshop is held in OECD premises. 

 
The Organizing Committee used the period from October up to Workshop date, for the whole analysis and 
tried to give sense to all those numerical results (cf. Chapter 4 and attached CD part 4.2.). 

1.4 The Workshop 

The Organizing Committee organizes the 3-day workshop, where each participant may present the 3 
simulations during 20 min and where large time is devoted to discussion and technical exchanges.  

28 teams from 20 different institutions (Safety Authorities, TSOs, Utilities, Research Institutes) and from 
11 different countries from Europe, North America and Asia (plus 2 international organisations) were 
participating in the workshop. Among the 28 teams, 24 performed all the 3 simulations requested, 2 only 2 
simulations and 2 only 1 simulation. 

The proceedings of the workshop are gathered in the part 3.2 of the attached CD. 

At the end of the workshop, the Organizing Committee submits its own analysis and proposes conclusions, 
recommendations and proposals for further activities (cf. Chapter 5). 
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1.5 Outcomes 

The outcomes from this exercise are provided under numerical form in the attached CD. They consist in 
benchmark inputs, in Meppen and VTT tests detailed results, in benchmark outputs (significant numerical 
extracts on formatted spreadsheets an Numerical Simulation Reports provided by each team), in workshop 
presentation slides by each team, in lectures by Scientific Committees members, in syntheses by 
Organizing Committee and in Conclusions and Recommendations issued by the assembly. 
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2.  TESTS TO BE SIMULATED 

2.1 Introduction 

Three tests are to be simulated: 

• one among the series of tests performed at Meppen and whose results are known and interpreted 
through numerous papers, 

• one dedicated tests series conducted by VTT with bending mode failure and blindly simulated, 

• one dedicated test series conducted by VTT with punching mode failure and blindly simulated. 

2.2 Test Meppen II-4 

The Meppen II-4 test is described in the CD’s files 1. BENCHMARK INPUT\1.1  Data provided for the 
benchmark\9 February 2010 email (basic data)\ IRIS_ Synthesis of Meppen II 4 test data.pdf and in 1. 
BENCHMARK INPUT\1.2 Detailed experimental data provided after the simulations\MEPPEN TESTS\ 
pdf_format_Problem Statement - Benchmark Simulation MEPPEN II-4 und II-5 (final).pdf . 

The following pictures are reproduced in order to give some idea of this test, the detailed data that are 
necessary for the simulation are to be found in the above mentioned files. 

2.2.1 Test facility at Meppen 

 
Fig. 2.1 General survey of the Meppen facility showing the launcher, the missile and the 

target 
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2.2.2 Meppen II-4 slab dat 

 
 
 

 
Fig. 2.2 RC slab data 

 

The slab is simply supported along 
its four edges 
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2.2.3 Meppen II-4 missile data 

 

 
Fig.2.3 Missile data 

 

2.2.4 Meppen II-4 outputs 

The following figures present some curves showing the recordings of the time history of displacements and 
deformations and some representation of the damaging of the slab. 
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Fig.2.4 Time history of displacements near the centre of the slab (R=920mm) 

 

 
Fig.2.5 Time history of deformation of rebars located in a corner of the slab 
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Fig.2.6 Sketch showing the pattern of cracks after the impact (front side for the 
central part). 
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Fig. 2.7 Test II/4: Crack pattern of the test slab along sections 1 and 2, values of crack 

width in mm 
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2.3 VTT tests with bending mode of failure 

2.3.1 Introduction 

The following paragraphs are aimed to illustrate the VTT tests facility, the input data given to the 
participants and some tests results. 

2.3.2 VTT tests facility 

 

 
 

Fig 2.8 The VTT launcher installed inside an underground cavern 
 

Pressure accumulator tube
∅500mm L=13500mm 

Acceleration tube
∅500mm L=12000mm 

RC slab as target 
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Fig. 2.9 Detail showing the target, the supporting frame and the piston catcher 
 
 

2.3.3 Input data 

The inputs are provided in:  

BENCHMARK INPUT\1.1  Data provided for the benchmark\9 February 2010 email basic data)\ IRIS_ 
Data for IRSN-VTT Bending rupture tests.pdf 

Piston catcher 

Target : RC slab 
within its 
supporting frame 
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Fig. 2.10 Typical dimensions of slabs to be tested according to bending mode failure 

 

 
 
 
 
 
Fig.2.11 Drawing showing the 
supporting frame. The 4 back pipes 
are not to scale, they are longer and 
are fixed on the rock at the 
extremity of the cavern  

 

Steel angle 
protecting 
the edge 
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Fig.2.12 Detail showing the 
principle of the contact between 
the slab and the supporting frame 
 
 
 
2 repeated tests have been performed 
(named B1 and B2), with measured 
velocity 110.15m/s and 111.56m/s 
for a targeted value of 110m/s. 
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Fig. 2.13 Typical sketch of the missile used for the bending rupture mode. The missile is 
deformable in order to generate a soft impact. The measured total mass was 50.5kg (targeted 

value 50kg) 
 

2.3.4 Output data 

The recordings mainly consist in time history of the displacement and time history of deformation 
measured along some rebars or on concrete front face 
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Fig. 2.14 Time history of the displacements recorded during and after the impact on 

the slab B1 
 

 
 

 

Fig. 2.15 Missile whose length is 
reduced from 2111mm to 1140 mm 
 
 
 
Fig. 2.16 Horizontal cross section of 
quarter of the slab. 
The axis perpendicular to the slab at 
its centre is located on the vertical 
edge on the left part of the section. 
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The complete set of results is documented in the report provided in the CD. 

2.4 VTT tests with punching mode of failure 

2.4.1 Input data 

Same device is used to launch the missile and to fix the reinforced concrete slabs (see Fig. 2.8 and 2.9). 

The only change in the slabs geometry is the thickness which is about 250mm (instead of 150mm for 
bending rupture mode tests). 

The reinforcement is quite different: 8.7cm²/m each direction and each face for longitudinal rebars (by 
10mm diameter rebars spaced by 90mm), there is no transverse rebars. 

The missile is quite different too, it is intended to generate an impact of hard type: a thick wall pipe is 
filled with light concrete and its total length is shorter than the one of soft impact missile, in order to keep a 
total mass around 50kg. 

 

 
Fig. 2.17 Missile data for punching failure mode tests 

 

2.4.2 Output data 

The duration of the impact is shorter than the one of bending mode failure tests. This is due to the type of 
missile that generates a hard impact. The output data mainly consists in the velocity of the missile after 
having crossed the slab, the displacements of the slab, the deformations of the rebars, of the missile, etc., 
… 
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Three identical tests have been performed, with following measured missile velocities: 

 
Velocity (m/s) Slab P1 Slab P2 Slab P3 

Initial 136 135 136 
Residual 33.8 45.3 35.8 

 

 
  

 
 

Fig. 2.18 Still picture showing 
the crossing of the slab by the 
missile 

Fig. 2.19 Back face of the slab 
after the impact 

 



 NEA/CSNI/R(2011)8 

 33

 
 

Fig. 2.20 Horizontal cross section of quarter of the slab. The hole limit is on the left part of the 
section. 

 
 

 
 

Error! Objects cannot be created from editing field codes.Fig. 2.22 Time history of 
displacements measured on the slab P1 

 
The complete set of results is provided in the CD 

 

Fig. 2.21 Missile after the 
impact 
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3.  NUMERICAL SIMULATION REPORTS 

3.1 Introduction 

The Numerical Simulation Reports provided by the participants have been formatted by the Organizing 
Committee, in order to harmonize their content and size. Each report issued by each calculation team 
describes the methodology applied for the numerical simulation of the tests proposed during IRIS-2010 
benchmark and supports numerical results. The reports are expected to provide a rationale for each 
analytical choice or assumption made by the analyst. They were available, on the OECD’s web site, to all 
participants, before the workshop, in order to facilitate further exchange and discussion. The optimum size 
of the contribution, for the set of the 3 simulations, was quoted between 5 and 10 pages. 

3.2 Typical content of the Numerical Simulation Report 

1. Introduction 
The introduction presents the general opinion of the calculation team concerning each IRIS_2010 test, 
including the testing conditions. 
The introduction includes an expert judgment on the probable behaviour of the missiles and of the slabs, in 
particular the dominant behaviour of each slab (flexural or punching) and the possible damage of concrete 
slabs, for example plastic hinges, scabbing, cone cracking or perforation. 

 
2. Material input data 
General opinion about the material input data provided in IRIS_2010. Choices made (if any) regarding the 
parameters which were not provided. 

 
3. Basic choices (one paragraph for each of the 3 tests) 
Choice of the calculation code, reasons why 
Implicit or explicit, reasons why 
Effort dedicated to the computations: number of persons, number of man-months, overall time, budget 
Time and financial constraints taken into account 

 
4. Concrete slabs modelling (one paragraph for each of the 3 tests) 

a. 1-D, 2-D or 3-D model 
b. simplifying assumptions (for example choice of  a half model or a quarter model, and reasons why) 
c. Boundary conditions of the slab  

i. modelling the supporting frame, or not 
ii. detailed arrangement of the boundary conditions on four edges of the slab, through 

limitations of the degrees of freedom or through modelling of metal members or bolts, if 
any pre-stressing of metal members or bolts that constitute the supporting of the slab in the 
model 

iii. symmetry conditions in case of half model or quarter model 
 

d. Choice of finite elements for the concrete and for the reinforcing steel 
i. Type of elements: concrete and rebars 

ii. Fineness of the mesh, reason why 
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iii. Rebars attached or not to the concrete elements 
e. Constitutive law of rebars elements 
f. Constitutive law of concrete, reason of this choice 
g. If any, erosion , and means to control it 
h. Strain-rate effect 

 
5. Missiles modelling (one paragraph for each of the 3 tests) 
Two possibilities; modelling of the missile, or loading function 

a. Modelling of the missile:  
i. modelling principles 

ii. assumptions, types of elements used, constitutive laws of the materials 
iii. strain-rate effect 

b. Loading function: method to derive this function (Riera method of other) 
 

6. Contact modelling (one paragraph for each of the 3 tests) 
 
7. Calculation (one paragraph for each of the 3 tests) 

a. Time step, duration of the calculation 
b. Main results 

i. Energy balance, including Hourglass 
ii. Momentum balance 

iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 
iv. Description of the damage to missile and target because of the impact 
v. Time history of the contact force and of the displacements of the slab 

 
8. Conclusion (one paragraph for each of the 3 tests) 
Comments on the results of the calculation 
 

3.3 Participants 

The following tables give a general view of the participation 
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3.3.1 List of participating teams 
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3.3.2 E-mail address of simulation correspondents 
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3.4 Numerical Simulation Reports 

3.4.1  Team #1 AECL 

IRIS_2010 NUMERICAL SIMULATION REPORT: 
Atomic Energy of Canada Limited (AECL) 

 
A. Shehata, T. Sabrah, A. Saudy, and M. Elgohary 

 
1. Goal 

The ultimate objective of the IRIS_2010 program is to provide recommendations for structural modelling 
and analysis as well as design criteria for structures impacted by a missile. It is proposed that various 
methods be compared in a round-robin study of impact data. Three robins (phases) have been proposed for 
this project. The objective of the first robin, the current one, is to calibrate numerical models using test 
results. 
 
2. Introduction 

This document summarises the contribution made by Atomic Energy of Canada Limited (AECL) for the 
IRIS 2010 program. Three non-linear simulations are carried out using the explicit dynamic finite element 
software LS-DYNA. Simulation I (GERMAN Meppen Test II/4) is analysed using pre-known results of 
the test. Simulation II (IRSN-CNSC-VTT-Punching Failure) and Simulation III (IRSN-VTT-Flexural 
Failure) are analysed, blindly, without knowing experimental results.  The finite element models are solved 
using LS-DYNA_971. The version of the solver is “ls971_s_R4.2.1_win32_p.exe”. 

 
3. Material input data 

For Simulation I, the concrete and steel material properties are used based on the available experimental 
results report for Meppen Test II/4 as provided by the organizing committee. Any missing data were 
reasonably assumed.  

For Simulation II, the concrete material properties are calculated as average values from the two tests W-T-
B1-1 and W-T-B2-1 reported for cylindrical test pieces. Whilst, steel material properties for reinforcement 
rebars and missile are used based on the data provided in “IRSN-CNSC-VTT tests: punching mode” 
document.  

For Simulation III, the concrete material properties are calculated as average values from the test W-T-P1-
1-A reported for cylindrical test pieces. The stainless steel material properties of the missile and the steel 
properties of the reinforcement bars and the missile are used based on the data provided in “IRSN-VTT 
Tests: flexural mode” document. Table 1 summarizes the concrete and steel parameters used in the 
simulations. The concrete material parameters are input to the program using the parameter generation 
option. 
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Table 1. Material Properties 

 Target Missile 
 Concrete Reinforcing Steel 
Simulation I  (not used) 2500 kg/m3 7850 kg/m3

 7850 kg/m3 
 (cubic) 37.2 MPa 520 MPa  280 MPa 

 (not used) 4.8 MPa 200,000 MPa  200,000 MPa 
 (not used) 29053 MPa     
 (not used) 0.2     

Aggregate dia. 8.0 mm     

Simulation II  (not used) 2310.8 kg/m3 7850 kg/m3  7700 kg/m3 
 (cyl.) 60.25 MPa 600 MPa  260 MPa 

(not used) 4.04 MPa 200,000 MPa  200,000 MPa 
(not used) 29,429 MPa    1210 kg/m3 

 (not used) 0.15    30,000 kg/m3 
Aggregate dia. 8.0 mm     

Simulation III  2274 kg/m3 7850 kg/m3  8000 kg/m3 
 (cyl.) 59.63 MPa 600 MPa  300 MPa 

 (not used) 3.71 MPa 200,000 MPa  200,000 MPa 
 (not used) 29,915 MPa    7850 kg/m3 
(not used) 0.15    300 MPa 

Aggregate dia. 8.0 mm    200,000 MPa 
 

4. Basic choices 

LS-DYNA software is selected for conducting the simulations. LS-DYNA is an advanced general-purpose 
multiphysics package based on the finite element analysis method. LS-DYNA was originally developed to 
solve impact loading problems similar in nature to the class of problem considered in the three simulations. 
An extensive amount of software validation has been conducted on LS-DYNA by various industries and 
scientific communities. 

Explicit analysis scheme is chosen in conducting the three simulations since the time step required for the 
analysis is very small and implicit analysis would lead to divergence and unstable calculations. 

The investigation that is carried out for this benchmark includes, developing the analyses models, 
performing sensitivity studies to decide on the key models parameters, applying the impact loadings, and 
sifting through the enormous output results. The analysis team spent about 3 months to complete the 
needed investigations and analyses. The main challenge that faced the analysis team was the time allocated 
for the task as the simulation runs were taking considerable amount of time plus time taken to confirm each 
input parameters of the material constitutive models and solving techniques.  

 
5. Concrete slabs modelling  

5.1  Simulation I 

A 3-D finite element model is developed to simulate the reinforced concrete target slab with its full dimensions 
6.5 × 6.0 × 0.70 m (Figure 1). The concrete cover is 30 mm from each side. The model includes about 
246,098 elements, among which solid elements for concrete slab and beam elements for reinforcement steel. The 
reinforced concrete target is modelled explicitly using constant stress elements (element type 1 in LS-
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DYNA) to represent the concrete. The concrete is modelled using material type 159 (MAT_CSCM). To 
simulate the boundary conditions, the nodes along the line of supports are restrained only in the z-direction 
which is the loading direction.  

BEAM (Truss) elements (ELFORM =3) are used to represent the reinforcement bars (rebars) (including the top, 
bottom, and transverse reinforcement) (Figure 2). Material type 3 (MAT_PLASTIC_KINEMATIC) is used for 
the rebars. The diameter of longitudinal horizontal and vertical rebars at the front face is 20 mm; while the 
reinforcement mesh (horizontal and vertical) at the back face has a 28 mm diameter. Transverse rebars of 20 
mm diameter are modeled with a total density of 59.7 cm2/m2. Reinforcement and transverse rebars nodes are 
coupled to the concrete slab nodes through using *CONSTRAINED_LAGRANGE_IN_SOLID keyword in 
order to simulate the interaction between rebars and concrete. The element erosion criteria for concrete is 
employed in the analysis. 

 

  
Figure 1 Meppen II/4 target and supporting system Figure 2 Meppen II/4 reinforcement bars 

5.2  Simulation II 

A 3-D finite element model is developed to simulate the reinforced concrete target slab with its full dimensions 
2.1 × 2.1 × 0.25 m (Figure 3). The concrete cover is 20 mm from each side. Modelling half or quarter of the 
model will require adding constraints at the planes of symmetry of the missile, which will restraint the free body 
motion of the missile during and after the impact that may affect the final analyses results. The supporting 
system is modelled explicitly using the arrangement provided in the project document. Perfect coupling is 
assumed between edges of the slab and the supporting frame.  

The model includes about 315,936 elements, among which solid elements for concrete slab and beam elements for 
reinforcement steel. Concrete slab is modelled using constant stress SOLID (brick) element (ELFORM = 1) with 
mesh size 14.8 × 14.8 × 15.6 mm (16 elements through the concrete wall thickness). The mesh size is chosen 
based on comprehensive mesh discretization sensitivity analysis using four different mesh sizes. Reinforcement 
rebars are modelled using BEAM (Truss) elements (ELFORM =3) with a mesh size 20 mm (Figure 4). The 
diameter of longitudinal horizontal and vertical rebars at the front and rear faces is 10 mm with a total number of 
rebars in each direction per each face 24 bars. The nodes of the reinforcement rebars are coupled to the nodes of 
the concrete slab through using *CONSTRAINED_LAGRANGE_IN_SOLID keyword.  

The constitutive model used to model the concrete slab is *MAT_WINFIRTH_CONCRETE, while the 
constitutive material model used to model the reinforcement rebars is *MAT_PLASTIC_KINEMATIC. The 
WINFIRTH material model is used to model the concrete since it is very robust in modelling impact problems 
and it has the ability of displaying the crack pattern over the displaced geometry of the model during the impact. 
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The strain rate effect is included in the analysis. An erosion criteria of maximum principal compressive strain 
(20%) is added to the model using *MAT_ADD_EROSION. The value of the employed erosion criteria is 
chosen based on comprehensive sensitivity analysis. 

 

 

  

Figure 3 Target and supporting system Figure 4 Longitudinal Reinforcement Rebars 

 

5.3  Simulation III 

A 3-D finite element model is developed to simulate the reinforced concrete target slab with its full dimensions 
2.1 × 2.1 × 0.15 m (Figure 5). The concrete cover is 15 mm from each side. The supporting system is modelled 
explicitly using the arrangement provided in the project document. Perfect coupling is assumed between edges 
of the slab and the supporting frame.  

The model includes about 216,584 elements, among which solid elements for concrete slab and beam elements for 
reinforcement steel. Concrete slab is modelled using constant stress SOLID (brick) element (ELFORM = 1) with 
mesh size 14.8 × 14.8 × 15.0 mm (10 elements through the concrete wall thickness). This mesh size is chosen 
based on comprehensive mesh discretization sensitivity analysis using four different mesh sizes. Reinforcement 
rebars are modelled using BEAM (Truss) elements (ELFORM =3) with a mesh size 20 mm (Figure 6). The 
diameter of longitudinal horizontal and vertical rebars at the front and rear faces is 6 mm with a total 
number of rebars in each direction per each face 38 bars. The transverse rebars of 4.41 mm diameter are 
modeled with total density of 50.10 cm2/m2. The nodes of the longitudinal and transverse reinforcement rebars 
are coupled to the nodes of the concrete slab through using *CONSTRAINED_LAGRANGE_IN_SOLID 
keyword.  

The constitutive model used to model the concrete slab is *MAT _CSCM_CONCRETE, while the constitutive 
material model used to model the reinforcement rebars is *MAT_PLASTIC_KINEMATIC. The CSCM 
material model is used to model the concrete since it is more robust than WINFIRTH in modelling flexural 
behaviour problems. The strain rate effect and erosion criteria are included in the analysis. 
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Figure 5 Target and supporting system Figure 6 Longitudinal reinforcement rebars 
  

6. Missiles modelling  

6.1  Simulation I 

A 3-D finite element model is developed to the whole missile with its full dimensions. The model includes 
about 6,732 elements. The missile components are represented using co-rotational, four-node, single-point 
quadrature Belytschko-Tsay (Element Type 2 in LS-DYNA) quadrilateral shell elements, with five 
integration points through the thickness. As shown in Figure 7, each missile component is modelled using 
shell with the equivalent thickness. For simplicity the two end plates of the missile are represented together 
as one plate with the total thickness 60 mm. The constitutive material model used to model the steel parts 
of the missile is *MAT_PLASTIC_KINEMATIC. The own weight (gravity) load of the missile is ignored. 

6.2  Simulation II 

A 3-D finite element model is developed for the whole missile (Figure 8). The model includes about 85,032 
elements, among which solid elements for the solid steel nose, shell elements for the steel pipe and the rear plate, 
and solid elements for the light-weight concrete. The solid steel nose of the missile is modelled using SOLID 
(brick) element with a mesh size does not exceed 8.0 mm. The missile steel pipe and rear plate are 
modelled using SHELL elements with mesh size 8.0 mm. The light-weight concrete that is used to fill the 
missile pipe is modelled using SOLID (brick) elements. Perfect coupling is assumed between different 
parts of the missile. The constitutive material model used to model the steel parts of the missile is 
*MAT_PLASTIC_KINEMATIC, while the constitutive model used to model the concrete filling is *MAT 
_ELASTIC. Strain rate effect is not included in modelling the missile. 

6.3  Simulation III 

A 3-D finite element model is developed for the whole missile (Figure 9). The model includes about 118,920 
elements, among which shell elements for the stainless steel pipe and the rear carbon steel pipe and plate, and 
beam elements for the screws connecting carbon steel pipe to the stainless steel pipe. The stainless steel parts of 
the missile as well as the rear plates and the carbon steel pipe are modelled using SHELL elements with 
mesh size of 4.0 mm. The carbon steel pipe is connected to the stainless steel pipe using 6 bolts along the 
length of the steel pipe every quarter of the perimeter.  

The constitutive material model used to model the parts of the missile is *MAT_PLASTIC_KINEMATIC. Strain 
rate effect is not included in modelling the missile. 
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Figure 7 Meppen II/4 Missile 
Model 

Figure 8 IRSN-CNSC-VTT 
Missile Model Figure 9 IRSN-VTT Missile Model 

 

 
7. Contact modelling 

The contact card used for the three simulations (I, II, & III) was 
*CONTACT_AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE; where the missile represents 
the slave part and the target slab represents the master parts. The one-way contact is chosen as it is 
computationally efficient since it almost has half the cost of the two-way treatment.  
 
8. Calculation 

8.1  Simulation I 

The time step used in the calculation is 5.09×10-3 ms. The total computational time for this simulation is 
around 9 Hrs. The energy balance, including hourglass energy, is shown in Figure 10. The total momentum 
transmitted to the target that is the impact force integrated with respect to time is shown in Figure 11. 
Figure 12 shows that the contact force between the target and the missile almost goes to zero at about 40 
ms. The displacement time history at the centre of the rear face of the slab is shown in Figure 13. Figures 
14 and 15 show the crack pattern at the front and rear faces of the target, respectively. During the 
simulation the missile is found to be very soft as it experiences considerable crushing (about 5.7 m). By 
employing erosion criteria in concrete material, the target experiences a scabbing area 4.7 × 4.8 m in the 
rear face. The maximum deflection recorded at the rear face is about 40 mm.  
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Figure 10 Energy Balance for Simulation I Figure 11 Momentum Balance for Simulation I 

Figure 12 Contact Force for Simulation I Figure 13 Rear Target Disp. for Simulation I 

  

Figure 14 Crack pattern at the target 
front face 

Figure 15 Crack pattern at the target rear 
face 
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8.2  Simulation II 

The time step that is used in the calculation is 3.72×10-4 ms and the total elapsed running time is around 80 
Hrs. The energy balance, including hourglass energy, is shown in Figure 16. The total momentum 
transmitted to the target that is the impact force integrated with respect to time is shown in Figure 17. In 
the current simulation, the duration of impact is determined when the first pulse of the contact force 
between missile and target reaches its lowest value. Figure 18 shows that the contact force between the 
target and the missile almost goes to zero at time 8.0 ms. At around 5.0 ms, the missile starts to rebound 
and it almost loses the contact with the slab at 8.0 ms. During the simulation, the missile is found to be 
very rigid as it experiences very little shortening in its solid steel front nose (about 2.2 mm).  

By employing an erosion criteria, maximum principal compressive strain, of 20% for the concrete target, 
the target experiences a penetration of about 137 mm of the slab depth associated with spalling of diameter 
203 mm in the front face and scabbing of diameter 670 mm in the rear face. A punching cone formation 
with a punching angle 42~45◦ can be observed from a section view. The displacement time history at the 
centre of the rear face of the slab is shown in Figure 19. The maximum deflection recorded at the centre if 
the rear face is about 107 mm.  

Figure 16 Energy Balance for Simulation II Figure 17 Momentum Balance for Simulation II 

Figure 18 Contact Force for Simulation II Figure 19 Rear Target Disp. for Simulation II 
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Figure 20 Crack pattern at the target front face Figure 21 Crack pattern at the target rear face 

8.3  Simulation III 

The time step that was used in the calculation is 3.10×10-4 ms and the total elapsed running time is around 
100 Hrs. The energy balance, including hourglass energy, is shown in Figure 22. The total momentum 
transmitted to the target that is the impact force integrated with respect to time is shown in Figure 23. The 
time history of the contact force between target and missile is shown in Figure 24  

In the current simulation, the duration of impact is determined when the first pulse of the contact force 
between missile and target reaches its lowest value. Based on Figure 24, the duration of impact is almost 
40 ms. At time 29.5 ms, the missile stopped and started to rebound till the contact between target and 
missile completely diminishes at 95 ms. During the simulation the missile showed to be very soft 
(crushable), since about 1700 mm out of 2000 mm of the stainless steel pipe length is crushed when 
reaching 29.5 ms.  

On the other hand, the target experiences small amount of spalling in the front face area that is located 
inside the perimeter of the missile pipe, as shown in Figure 26. The rear face of the target experiences 
scabbing within a diameter of about 320 mm and radial cracks toward the edges of the slab, as shown in 
Figure 27. The displacement time history at the centre of the rear face of the slab is shown in Figure 25. 
The maximum deflection recorded at the centre of the rear face is about 8.4 mm. The frequency of the 
target vibration around the permanent deflection is around 0.07 Hz. 

The simulation response of the target slab is found to be considerably lower than what was expected. This 
result could be attributed to the strain rate effect that was employed in the analysis for the concrete target. 
Besides, the very thin thickness of the stainless steel pipe (2.0 mm) can cause most of the impact energy to 
be consumed in the missile crushing.  
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Figure 22 Energy Balance for Simulation III Figure 23 Momentum Balance for Simulation III 

Figure 24 Contact Force for Simulation III. Figure 25 Rear Target Disp. for Simulation III 

 
Figure 26 Crack pattern at the target front face Figure 27 Crack pattern at the target rear face 

 
9. Conclusion  

This document summarises the main results of the LS-DYNA simulations conducted by Atomic Energy of 
Canada Limited (AECL) for the IRIS-2010 benchmark program. In general, reasonable agreement with the 
known results of the Meppen II/4 test; however better missile behaviour investigation is recommended for 
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future work. The other two simulations are pending further investigation once the actual test results are 
disclosed. It is worthy to highlight few issues as recommendations for future improvements: 

• It is recommended to carry out more sensitivity studies on the key modelling parameters that affect 
the analysis results, such as mesh size, material constitutive model, erosion criteria and type of 
contact.  

• When conducting a comparison between results of these simulations, the same constitutive material 
model is recommended to be used, since different models could lead to different behaviour. 

• In general, there should be a clear definition about the identification of the crack pattern 
(geometries) using finite element software.  
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3.4.2  Team #2 AREVA 

IRIS_2010 NUMERICAL SIMULATION REPORT 
AREVA 

 
 
1. Introduction 
 
The 0.15 m thick slab of the VTT flexural test has longitudinal and transverse reinforcement. A rough 
estimate of the required longitudinal reinforcement under consideration of an equivalent quasi static load 
of the soft missile and the dynamic behaviour of the slab indicate that the longitudinal reinforcement ratio 
is low. Hence a flexural failure has to be expected which is confirmed by the performed numerical 
simulations. 
 
The 0.25 m thick slab of the VTT punching mode test has only longitudinal reinforcement. With a hard 
impact a punching failure is most likely which is confirmed by the numerical simulations. 

 
2. Material input data 
 
The material input data provided in IRIS_2010 did not cover all parameters that are possible to investigate 
by experiments and that are necessary for the constitutive laws in the models of the VTT flexural mode and 
punching mode tests. While detailed information on slab concrete material properties was available, 
information on possible strain rate effects of missile steel and reinforcing steel was not provided. The 
material of the missile steel pipe at the punching mode test was not defined. The strength of the light 
weight concrete in the missile of the punching mode test was not provided. 
 
For the strain rate effect of the missile steel EN1.4432 an approach from literature was taken. This 
approach determines the strain rate effect as a function of the steel material strength.  
For reinforcing steel no strain rate effect was considered. 
An EN1.4432 was assumed for the missile steel pipe at the punching mode test.  
A light weight concrete LC 25/28 was assumed inside the missile at the punching mode test.  

 
3. Basic choices  
 
ABAQUS/Explicit Version 6.9-2 was used for all tests because of good experience with this code.  
The explicit solver was applied for all tests because it is most efficient for models with short dynamic 
response times and extremely discontinuous events like the considered impact of missiles. 
One person has carried out modelling and simulations. About one man-month was necessary for the 
Meppen test simulation. 
 
About two man-weeks were necessary for the VTT flexural mode test simulation. 
 
About two man-weeks were necessary for the VTT punching mode test simulation. 

 
4. Meppen test concrete slab modelling 

 
a. A 3D-model was used.  
b. Although the test configuration including slab and missile has two axis of symmetry no 

simplifying assumption was applied. Both planes of symmetry cut the impact zone where 
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high strains and high contact pressures were expected. We didn’t want to introduce 
numerical disturbances from boundary conditions in this region of high nonlinearity. 

c. Boundary conditions of the slab 
i. The supporting frame and the pre-stressing through the tie rods were neglected. 

ii. Four continuous lines of boundary conditions are realised at the backside of the 
slab model where the load cells and tie rods were located. The degree of freedom 
that is perpendicular to the slab surface is fixed in positive and negative direction 
so that tension and compression forces can be transferred. The degrees of freedom 
parallel to the slab face and rotational degrees of freedom are not fixed.  

d. Choice of finite elements for the concrete and for the reinforcing steel 
i. For concrete 8-node 3D continuum elements with reduced integration (C3D8R) 

were used. For rebars 2-node 3D truss elements (T3D2) were used. 
ii. The size of each concrete element is 0.10 m x 0.10 m x 0.10 m. These elements 

are well shaped. Seven elements along the height of the slab are considered 
enough. It was assumed that the distance of major cracks is not larger than 0.1 m. 
The length of the rebar elements is 0.1 m in order to be consistent to the concrete 
mesh.  

iii. Rebars are attached (embedded) to the concrete elements. 
e. A multi-linear elastic plastic constitutive law was applied for rebars.  
f. The constitutive law of concrete is the concrete damaged plasticity model in ABAQUS. 

This is the only constitutive law for concrete in ABAQUS/Explicit that considers 
nonlinear behaviour in tension and compression. 

g. No erosion was considered. 
h. For concrete strain-rate effects were indirectly considered by increasing fct according to 

ModelCode 90 and the observed strain rate in the simulations. The stress strain curve for 
rebars was obtained by curve fitting to the provided curve with a strain rate of 0.2s-1. This 
is approximately the observed maximum strain rate in the simulations. 

 
5. VTT-flexural mode test concrete slab modelling 

 
a. A 3D-model was used.  
b. Although the test configuration including slab and missile has two axis of symmetry no 

simplifying assumption was applied. Both planes of symmetry cut the impact zone where 
high strains and high contact pressures were expected. We didn’t want to introduce 
numerical disturbances from boundary conditions in this region of high nonlinearity. 

c. Boundary conditions of the slab 
i. The steel frame was considered and modelled with beam elements. A linear elastic 

constitutive law was applied.  
ii. The load transfer between concrete slab and frame was realized by contact 

surfaces.  
d. Choice of finite elements for the concrete and for the reinforcing steel 

i. For concrete 8-node 3D continuum elements with reduced integration (C3D8R) 
were used. For rebars 2-node 3D truss elements (T3D2) were used. 

ii. The size of each concrete element is 0.03 m x 0.03 m x 0.03 m. These elements 
are well shaped. Five elements along the height of the slab are considered enough. 
It was assumed that the distance of major cracks is not larger than 0.03 m. The 
length of the rebar elements is 0.03 m in order to be consistent to the concrete 
mesh.  

iii. Rebars are attached (embedded) to the concrete elements. 
e. A multi-linear elastic plastic constitutive law was applied for rebars. The stress strain 

curve was obtained by curve fitting to the provided curve.  
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f. The constitutive law of concrete is the concrete damaged plasticity model in ABAQUS. 
This is the only constitutive law for concrete in ABAQUS/Explicit that considers 
nonlinear behaviour in tension and compression. 

g. No erosion was considered. 
h. For concrete strain-rate effects were indirectly considered by increasing fct according to 

ModelCode 90 and the observed strain rate in the simulations. For rebars no strain rate 
effects were considered. 

 
6. VTT-punching mode test concrete slab modelling 

 
a. A 3D-model was used.  
b. Although the test configuration including slab and missile has two axis of symmetry no 

simplifying assumption was applied. Both planes of symmetry cut the impact zone where 
high strains and high contact pressures were expected. We didn’t want to introduce 
numerical disturbances from boundary conditions in this region of high nonlinearity. 

c. Boundary conditions of the slab 
i. The steel frame was considered and modelled with beam elements. A linear elastic 

constitutive law was applied.  
ii. The load transfer between concrete slab and frame was realized by contact 

surfaces.  
d. Choice of finite elements for the concrete and for the reinforcing steel 

i. For concrete 8-node 3D continuum elements with reduced integration (C3D8R) 
were used. For rebars 2-node 3D truss elements (T3D2) were used. 

ii. The size of each concrete element is approximately 0.04 m x 0.04 m x 0.04 m. 
These elements are well shaped. Six elements along the height of the slab are 
considered enough. It was assumed that the distance of major cracks is not larger 
than 0.04 m. The length of the rebar elements is 0.04 m in order to be consistent to 
the concrete mesh.  

iii. Rebars are attached (embedded) to the concrete elements. 
e. A multi-linear elastic plastic constitutive law was applied for rebars. The stress strain 

curve was obtained by curve fitting to the provided curve.  
f. The constitutive law of concrete is the concrete damaged plasticity model in ABAQUS. 

This is the only constitutive law for concrete in ABAQUS/Explicit that considers 
nonlinear behaviour in tension and compression. 

g. No erosion was considered. 
h. For concrete strain-rate effects were indirectly considered by increasing fct according to 

ModelCode 90 and the observed strain rate in the simulations. For rebars no strain rate 
effects were considered. 

 
7. Meppen test missile modelling 

 
a. Modelling of the missile:  

i. A soft impact with large deformations at the missile compared to the target was 
assumed. Hence it was possible to split the test into two simulations: one 
simulation with the missile and a rigid target in order to gain the loading function 
and a second simulation with only the slab and the loading function. 

ii. The missile was modelled with 4-node shell elements with reduced integration 
(S4R). The Johnson Cook constitutive law with plastic hardening was applied. 

iii. The Johnson Cook law considers strain rate effects. 
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8. VTT flexural mode test missile modelling 

 
a. Modelling of the missile:  

i. A soft impact with large deformations at the missile compared to the target was 
assumed. Hence it was possible to split the test into two simulations: one 
simulation with the missile and a rigid target in order to gain the loading function 
and a second simulation with only the slab and the loading function. 

ii. The missile was modelled with 4-node shell elements with reduced integration 
(S4R). The Johnson Cook constitutive law with plastic hardening was applied. 

iii. The Johnson Cook law considers strain rate effects. 
 

9. VTT punching mode test missile modelling 
 

a. Modelling of the missile:  
i. A hard impact with small deformations at the missile compared to the target was 

assumed. Therefore only one simulation where the missile itself hits the concrete 
slab was performed. 

ii. The missile was modelled with 4-node shell elements with reduced integration 
(S4R). The Johnson Cook constitutive law with plastic hardening was applied. The 
light weight concrete inside the missile was modelled with 8-node 3D continuum 
elements with reduced integration (C3D8R). The concrete damaged plasticity 
model in ABAQUS was used for the light weight concrete. 

iii. The Johnson Cook law considers strain rate effects. For leight weight concrete no 
strain rate effect was applied. 

 
10. Meppen test contact modelling 

 
a. In normal direction hard contact with possible separation between contacting surfaces was 

applied. In tangential direction a coefficient of friction of 0.4 was assumed. 
 
11. VTT-flexural mode test contact modelling 
 

a. In normal direction hard contact with possible separation between contacting surfaces was 
applied. In tangential direction a coefficient of friction of 0.4 was assumed. 

 
12. VTT-punching mode test contact modelling 
 

a. Contact between missile and concrete slab as well as between steel of missile and light 
weight concrete was used. In normal direction hard contact with possible separation 
between contacting surfaces was applied. In tangential direction a coefficient of friction of 
0.4 was assumed. 

 
13. Meppen test calculation 

 
a. The missile simulation has a time step of 1.1e-07 s to 1.5e-7 s and duration of 0.035 s. The 

slab simulation has a time step of 4.4e-07 s and a duration of 0.1 s. 
b. Main results 

i. The maximum total energy in the missile-simulation amounts 31.2 MNm. The 
artificial strain energy that includes hourglass energy and drilling stiffness energy 
in shells increases from 0 to 0.79 MNm at the end of the missile simulation. The 
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maximum internal energy in the slab simulation amounts 0.7 MNm while the 
artificial strain energy amounts 0.075 MNm. 

ii. There is no momentum balance output in ABAQUS/Explicit known to the authors. 
iii. The duration of impact is 0.03 s. The speed of the missile after impact drops to 

zero. The frequency of vibration of the slab after the impact is approximately 
50 Hz.  

iv. The total length of the missile of 6.0 m reduces to 2.0 m while the crushed length 
is 0.78 m. The target has distinct radial cracks and cone cracking. According to 
concrete tension strain at the face of the slab spalling is most likely. 

v. Time history of the contact force  
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14. VTT flexural mode test calculation 
 

a. The missile simulation has a time step of 1.6e-07 s and duration of 0.03 s. The slab 
simulation has a time step of 4.4e-07 s and a duration of 0.1 s. 

b. Main results 
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i. The maximum total energy in the missile-simulation amounts 0.3062 MNm. The 
artificial strain energy that includes hourglass energy and drilling stiffness energy 
in shells increases from 0 to 0.0096 MNm at the end of the missile simulation. The 
maximum internal energy in the slab simulation amounts 8.30e-03 MNm while the 
artificial strain energy amounts 9.6e-04 MNm. 

ii. There is no momentum balance output in ABAQUS/Explicit known to the authors. 
iii. The duration of impact is 0.018 s. The speed of the missile after impact drops to 

zero. The frequency of vibration of the slab after the impact is approximately 
60 Hz.  

iv. The total length of the missile of 2.10 m reduces to 1.19 m while the crushed 
length is 0.20 m. The target has radial cracks and an initiating cone cracking. 
According to concrete tension strains spalling and scabbing are unlikely. 

v. Time history of the contact force  
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15. VTT punching mode test calculation 
 

a. The combined missile and slab simulation has a time step of 1.7e-07 s and a duration of 
0.05 s.  

b. Main results 



NEA/CSNI/R(2011)8 

 56

i. The maximum total energy in the combined missile and slab simulation amounts 
0.432 MNm. The artificial strain energy that includes hourglass energy and 
drilling stiffness energy in shells increases from 0 to 0.032 MNm at the end of the 
simulation.  

ii. There is no momentum balance output in ABAQUS/Explicit known to the authors. 
iii. The duration of the main impact is 0.001 s while the complete momentum transfer 

lasts 0.01 s. The speed of the missile after impact drops to zero. The frequency of 
vibration of the slab after the impact is approximately 55 Hz.  

iv. There is almost no reduction in the total length of the missile. The missile mainly 
bulges at the front. Although the missile gets stopped, it most likely penetrates the 
target. In a localized region around the centre of the target the concrete is 
completely crushed. Spalling and scabbing are most likely, too. 

v. Time history of the contact force  
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16. Conclusion 

 
Meppen test:  
In general the numerical simulations are in good agreement to the test results. The missile and slab 
simulation did not show any numerical instability. The deformation of the missile and the load history can 
be predicted well. The deformations, crushing and cracking of the slab can be predicted well, too. The 
prediction of scabbing and spalling can only be estimated by evaluation of tension strains. Erosion is not 
considered in the model. In order to predict spalling, scabbing and erosion a finer mesh is necessary. 
However a finer mesh increases strain localisation effects due to strain softening in the material laws and 
there is no effective localisation limiter in ABAQUS (e.g. nonlocal averaging of strains). 
Besides element size the simulation results are sensitive to material parameters like the fracture energy at 
high strain rates that cannot be exactly determined. In addition, there is only few and inconsistent 
information on strain rate dependence of steel at strain rates below 1.0 s-1 in the literature known to the 
authors. Hence the calibration of numerical simulations to experimental tests should be as detailed as 
possible.  

 
VTT flexural mode test 
The simulation did not show any numerical instability and the results including the failure mode appear 
plausible to the authors. However the Meppen test has a distinctly different slab and missile geometry and 
all materials are different. Hence the effectiveness of calibration of the VTT flexural mode simulation to 
the Meppen test is only limited and a certain variation of results not only coming from finite element codes 
and methods used is expected from the authors.  
 
VTT punching mode test 
The simulation did not show any numerical instability and the results including the failure mode appear 
plausible to the authors. However the Meppen test has a distinctly different slab and missile geometry, all 
materials are different and the failure mechanism is different. Furthermore the material of the missile steel 
and the light weight concrete inside the missile was not defined. Hence the effectiveness of calibration of 
the VTT punching mode simulation to the Meppen test is only limited and a certain variation of results not 
only coming from finite element codes and methods used is expected from the authors.  
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3.4.3  Team #3 BARC 
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3.4.4  Team #4 CEA-GRAMAT 

 

 - Author 

Alain ROUQUAND 

 – Title 

Iris 2010 International Benchmark, Impact of soft projectiles on a reinforced concrete plate, Presentation 
of CEA Gramat results 

 – Summary  
The work presented in this report has been done in the frame work of the IRIS 2010 project: Improving 
Robustness Assessment Methodologies for Structures Impacted by Missiles. Three finite element 
simulations have been performed by the CEA Gramat using the ABAQUS explicit finite element code 
and the PRM (Pontiroli, Rouquand, Mazars) concrete material model. The first numerical analysis is the 
simulation of the MEPPEN test II-4. This test has been conducted at the end of the years 70’ in Germany. 
A heavy steel tube of about 1000 kg impacts at 248 m/s a reinforced concrete plate of 6 m by 6.5 m by 0.7 
m. The two others finite element simulations are blind simulations of two tests performed by the VTT 
research center in Finland. In the first VTT test, a hard projectile of 50 kg impacts at 135 m/s a reinforced 
concrete plate of 2.5 m by 2.5 m by 0.25 m. The last simulation refers to the impact of soft projectile (50 
kg thin metallic tube) impacting at 110 m/s a square reinforced concrete plate of 2.1m by 2.1m by 0.15m. 
This report details the numerical model and the results. 
 – Key words: Finite element method, Concrete dynamic behaviour, Reinforced concrete structure under 
impact, International benchmark, IRIS 2010. 
 

 
Summary 
 
The French Institute of Radio protection and Nuclear Safety (IRSN) and the VTT research institute in 
Finland are jointly organising an International benchmark called IRIS 2010. This IRIS 2010 project is 
subtitled: Improving Robustness Assessment Methodologies for Structures Impacted by Missiles. It is 
devoted to the numerical simulation of high dynamic impact resulting from the crash of aircraft structure 
on reinforced concrete infrastructures. After the 11 September 2001 events, this problem becomes an 
increasing preoccupation. The simulation of this phenomenon remains an open and difficult problem. Both 
complex mechanisms have to be solved simultaneously. The first one is the computation of the loading 
generated on the structure during the impact and this loading is the result of the dynamic projectile 
behaviour during the crash process. The second refers to the dynamic behaviour of the reinforced concrete 
structure under this concentrated and severe loading. 
 
CEA Gramat has been involved in the numerical simulation of such kind of problem. This project offers 
the opportunity to exchange and to share experiences at the highest technical level on this subject. This 
report briefly presents the material models, the loading assumptions, the boundary conditions and the 
numerical procedure used at CEA Gramat in this international benchmark. Finite element results are shown 
for the three requested simulations: the MEPPEN test II-4 where experimental results are available, and 
two others VTT tests where the experimental output are not known.  
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Introduction 
 
CEA Gramat has developed during the last decade advanced finite element material model to simulate the 
behavior of reinforced concrete structures under a large panel of severe loading going to quasi static loads, 
to high velocity impacts including the effect of earthquake and the effect of blast loads generated by far 
field or near field explosions. The advanced model is the results of a long research program between CEA 
Gramat and several university laboratories like ENS Cachan in the south of Paris, the 3SR laboratory in 
Grenoble, the LPMM laboratory near Metz and the University of Lille. These research programs focus on 
the understanding of concrete behavior for static and dynamic controlled loading path. Behavior of concrete 
under complex loading path is also investigated. Laboratory equipments able to generate high pressure load 
on concrete [1] or high dynamic loading rate are used [2]. Experimental observations of the damage process 
at the mesoscopic level (intermediate scale level) are used to propose plasticity and damage theory that 
describes the concrete macroscopic behavior applicable to finite element analysis of complex reinforced 
concrete structures. 
 The PRM concrete model proposed by C. Pontiroli, A. Rouquand and J. Mazars is the result of this long 
research program. This model is used in the free benchmark simulations.  All the simulations presented here 
can be run on a standard portable PC computer. The durations of these simulations take less or about ten 
hours of computation time.  
 
The dynamic behavior of the steel reinforcement or of the steel projectile is simulated using the well known 
Johnson Cook plasticity and damage model where strain rate effects are introduced to control the stress 
level in the material but also the failure strains. 
 
Participants of the international benchmark IRIS 2010 have to simulate 3 experimental tests. The first one is 
the Meppen II-4 test done in Germany at the end of the years 70’. The results of this test are known and the 
participants can used these experimental data to optimize their numerical results. The two others tests are 
performed by the VTT research center and the results are unknown. The numerical simulations of these two 
tests are blind simulations.  
 
Material models description 

PRM Concrete Damage Model 

Constitutive relations  
 
To simulate the behaviour of concrete at a moderate stress level, a two scalar damage model has been 
proposed from works by J. Mazars (1986) [3], C. Pontiroli (1995) [4], A. Rouquand (1995 & 2005) [5], 
[6]. The named PRM model simulates the cyclic behaviour of concrete. This model distinguishes the 
behaviour under tension and the behaviour under compression. Between these two loading states a 
transition zone is defined by ),( ftft εσ  where ftσ  and ftε are respectively the crack closure stress and the 
crack closure strain. The main equations of the PRM model for a uniaxial loading are:  

under traction:           )-( 1 ft0ft εεσσ ) -D(= E t −  (1)  

under compression:   )-( 1 ft0ft εεσσ ) -D(= E c −  
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E0 is the initial Young’s modulus. Dt evolves as well in tension as in compression through the variable 

∑ +
=

i
ix 2~ε   (2) 

 <xi>+ = xi if xi > 0 and <xi>+ = 0, if not, xi = ει are the principal strain components in compression and xi 
= (ε-εft)i are the principal strain in tension. ε~ is an indicator of the local state of extension (positive strain 
state), responsible of damage. The general evolution of damage is an exponential form driven byε~ : Dt = 
f(ε~ , ε0t, At, Bt), ε0t, At, Bt are material parameters. ε0t is the tensile damage threshold. Dc is driven by the 

same variable ∑ +
=

i
i

2~ εε  and evolves through the same function: Dc = f(ε~ , ε0c, Ac, Bc).  

Initially εft = εft0 is a material parameter. Afterwards εft is directly link to Dc.  

σft = f(εft, Dc) gives the stage where the transition between the two kinds of damage occurs. The 
corresponding response for a uniaxial cyclic loading is given figure 1. 
 

ε

Tension

compression

σ c

σ t

εft0εft

σ ft0

σft

 
Figure 1: stress – strain relation given by the PRM concrete model under 1D cyclic tensile and 
compressive loading. 
 

We can observe that the behavior can be described by the classical equation:  

σd = E0 (1-Di) εd          with i = t, c, εd  = ε − εft   and    σd  = σ − σft  

The general 3D constitutive equation of the model relating strain and stress tensors is reported below: 

 )-( 1 ft0ft εεσσ -D) (= E  −  (3) 
 
or: 
      

( ) ( )[ ] 2 1 00ft ftft Itrace-D) = ( εεµεελσσ −+−−  (4) 
 
Where ftσ  and ftε  are the crack closure stress and strain tensors used to manage permanent effects. λ0 is 
related to the initial mechanical characteristics of the material. D, the damage remains a scalar and is issued 
from a combination of the two modes of damage: 

D = αt Dt + (1- αt)Dc                                                                                           (5) 
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αt evolves between 0 and 1 and the actual values depend on ( )ftft εσ , .  For more details see Mazars (1986). 
 
This formulation is an explicit one. It has been implemented into “ABAQUS explicit” and is used for 
dynamic structural simulations. In order to avoid depending mesh size solutions, a Hillerborg method [7] 
has been used (Hillerborg 1976) which allows the control of the dissipated energy in each element. 
 

Strain rate effects – internal friction damping 
 
It is well known that concrete is strain rate dependent particularly by pure tensile loading. This effect is 
accounted for using dynamic thresholds (ε0t

d and ε0c
d) instead of static one's (ε0t

s and ε0c
s). Dynamic 

thresholds are deduced from the static ones through a dynamic increase factor R = ε0
d / ε0

s. Its value for a 
compressive dynamic loading takes the following form: 

)50.2  ,0.1min( cb
cc aR ε&+=                 (6) 

and for a dynamic tensile loading:  

]0.10  ),0.1( [max min tb
tt aR ε&+=         (7) 

ac, bc and at, bt   are material coefficients defined by the user. For a high strain rate, the tensile dynamic 
increase factor is supposed to follow an empirical formula: 46.09.0 ε&  that agrees very well with the 
experimental data obtained by Brara & Klepaczko (1999) [2] on a particular micro concrete. Figure 2 
illustrates the evolution of the compressive (dashed line) and tensile (continuous line) dynamic increase 
factors versus the strain rate. A recent research program performed at the LPMM laboratory in Metz 
(France) gives lower strain rate effects in concrete so, finally, for the numerical simulations presented 
thereafter, the empirical formula: 46.09.0 ε& that drives the dynamic increase factor under high strain rate, has 
been suppressed. Consequently only relations (6) and (7) are taken into account. 

 
Figure 2: Strain rate effects (PRM damage model). 

In the following numerical simulations, the fracture energy (energy per unit area) that controls the crack 
propagation in a concrete media is taken constant and is not strain rate dependant. So, under high strain 
rate, the maximum stress level increases but the softening part becomes more abrupt in such way that the 
area under the stress strain curve remains constant. 
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For cyclic loading, as the one encountered during an earthquake loading, friction stresses induce significant 
dissipated energy during unloading and reloading cycles. To account for this important phenomenon an 
additional damping stress is introduced in the model: 

 dampingdamage
ft ft σ σ σ σ σ + − = − ) ( 

      
(8)

 
The damping stress generates a hysteretic loop during the unloading and the reloading cycle. This stress is 
calculated from the damping ratio ζ classically defined as the ratio between the area under the closed loop 
and the area under the linear elastic-damage stress curve: 

( ) ( )2
max0  1 ft

h

DE
A

εε
ς

−−
=                 (9) 

Ah is the loop area under the stress strain curve, E0 (1-D) is the current material stiffness. εmax is the 
maximum strain before unloading, εft is the closure strain that defines the transition point between 
compression and tension.  

 
The damping stresses are computed in such a way that the damping ratio ζ is related to the damage D 
according to the relation: 

 

ζ = (β1 + β2D)                      (10) 

 

β1 is a damping ratio for an undamaged and perfectly elastic material. β1 + β2 is the damping ratio for a 
fully damaged material. β1 and β2 are material parameters. Usually β1 can be chosen equal to 0.02 and β2 
can be chosen equal to 0.05. Figure 3 shows, for cyclic tensile or compressive loading, the strain stress 
curve including damping stresses. 
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Figure 3: Cyclic loading including damping stresses. 

Plastic model with effective stresses 

 
The previous damage model is very efficient to simulate the behavior of concrete for unconfined or low 
confined cyclic loading (Rouquand 2005) [6] . For very high dynamic loads leading to a higher pressure 
level, an elastic plastic model is more appropriate. For example, the impact of a projectile striking a 
concrete plate at 300 m/s induces local pressures near the projectile nozzle of several hundred MPa. The 
previous damage model cannot simulate the pore collapse phenomena rising at this pressure level. It also 
cannot model the shear plastic strain occurring in this pressure range. To overcome these limitations, the 
elastic and plastic model proposed by Krieg (1978) [8] has been chosen to simulate this kind of problem. 
From this simple elastic and plastic model a first improvement has been introduced in order to simulate the 
non linear elastic behavior encountered during an unloading and reloading cycle under a high pressure 
level. A second improvement has been made to account for the water content effects introducing an 
effective stress theory as described by C. Mariotti (2002) [9]. This effect induces change on the pressure 
volume curve and on the shear plastic stress limit. 

the modified Krieg model (dry material) 
The Krieg model can be applied to describe the behavior of a dry material. The improvements made here 
concern the elastic behavior which is now non linear and pressure dependent. This non linearity increases 
as the pore collapse phenomena progresses. Figure 4 shows a typical pressure volume curve used in the 
modified Krieg model. For pressure values under P1, the behavior between pressure and volume is linear 
and elastic. For a pressure greater than P1, the pore collapse mechanism becomes effective. During the 
loading process, the pressure-volume response follows a curve identified from experiments. During the 
unloading, the behavior is elastic but non linear. The bulk modulus becomes pressure dependent. It is equal 
to Kmax at the first unloading point and decreases to Kmin when the tensile pressure cut-off Pmin is reached 
(this value is generally negative, which means that traction is necessary to recover the initial volume). This 
pressure cut-off becomes smaller and smaller as the maximum pressure Pmax increases. When Pmax is close 
to P1, Kmax is close to Kmin and also closed to the initial bulk modulus Kp. When Pmax reaches Pcons, Kmax 
becomes equal to Kgrain and Kmin becomes equal to K0grain. So the non linearity becomes more and more 
important as the pore collapse phenomena progresses. 
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Figure 4:  Pressure volume behaviour in the modified elastic and plastic Krieg model. 

When Pmax becomes greater than Pcons, the pore collapse phenomena is achieved because all the voids are 
removed from the material. At this pressure level the material is consolidated and the behaviour becomes 
purely elastic and non linear. 

 

Improvement of the Krieg model for partially saturated material 

Pressure volume behaviour 
Many concrete and geologic media have an open porous structure. The water can move through the porous 
media from one void to another. Consequently, the void can be partially or totally filled with water. This 
induces significant changes in the material response and particularly on the relation between pressure and 
volume. To understand more easily the water effect on geologic media, the material structure can be studied 
as a mixture of a solid medium with a void partially filled with water as shown in figure 5. 
 
 
 
 
 

 

 

Figure 5: simplified geologic media of a partially saturated material. 

 
 
For high dynamic loads, the time scale is very low (few milliseconds or less) so the water has no time to 
move inside the material and undrained conditions can be considered. Figure 6 shows the generic response 
of a partially saturated material. This response is given in terms of pressure versus the volume change. For 
a dry material, the pressure volume response follows the solid curve shown on figure 6. When the pressure 
is sufficient to remove all the voids, the response is given by the thick dashed curve. In case of a partially 
saturated material, the relation between pressure and volume is given by the response of the dry material 
until all the voids (part of the pores without water) are removed from the medium. Thereafter, the thin 
dashed curve gives the response of the solid and water mixture. The intersection of the large dashed curve 

 Solid

Water
Void
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with the horizontal axis gives the porosity of the dry material. The intersection of the dashed light curve 
with the horizontal axis gives the “free porosity” εvps of the partially saturated material. Consequently, 
when the material becomes more and more dry, the thin dashed curve moves to the right. In the modified 
plastic model presented here, the knowledge of the water content ratio η (water volume divided by the total 
void volume) is sufficient to deduce all the improvements of the material behavior. 

Pvps

          Partially saturated material

          Porous material
            Solid & dry material after consolidation

P

εv

  Water + void volume

 Water volume

εvps

 

Figure 6: water content effect on pressure volume relationship. 

 
When the pressure reaches the particular value Pvps corresponding to the intersection of the solid line with 
the thin dashed line, all the voids of the partially saturated medium are removed, so the medium becomes a 
two phase mixture of liquid and solid. To define the behaviour of this solid and water mixture (thin dashed 
curve) the pressure is assumed to increase in the same way in the two phases (solid and liquid phases). So 
an iterative procedure as to be run in order to find the relative volume changes of each phase. This 
procedure gives a pressure difference equal to the consolidation pressure of the partially saturated material 
Pvps when the total volume change of the two phases (εv - εvps) is known. Liquid behaviour is described 
using the Mie Gruneisen equation of state and the solid phase behaviour is the non linear elastic model 
briefly described in § 1.2.1. 

 Shear behaviour 

Water content has an effect on the shear behaviour. In the Krieg model, the plastic shear strength q0 
(computed as the Von Mises stress) is pressure dependent (see figure 7). As the pressure increases, the 
shear yield stress increases too. This effect is the consequence of the porous structure of the material. 
During the pore collapse phenomena the void volume decreases, the pressure increases so the contact area 
of the solid grains inside the material matrix increases and the shear forces inducing sliding motions 
between the solid grains also increase. When all the voids are removed, the shear strength remains 
constant and becomes pressure independent because the contact area cannot increase any more. The 
material becomes “homogeneous” and the shear strength reaches a limit that is material dependent. For a 
partially saturated material, the behaviour remains similar to the behaviour of a dry material until all the 
voids are removed. Thereafter we suppose that water pressure and solid grain pressure increase together 
in the same way. So the pressure difference between the two phases remains constant, contact forces and 
contact areas at the micro scale level maintain constant and the shear strength remains also constant.  

At this point, the effective stress concept can be introduced. The shear strength is related to the effective 
pressure and this effective pressure is taken equal to the interstitial pressure. For a dry material, the 
effective pressure is always equal to the total pressure. But for a partially saturated material, the effective 
pressure is the total pressure like in dry material until all the voids are removed. After consolidation the 
interstitial (or the effective) pressure does not increase any more and consequently the shear yield strength 
remains constant. As the water contents increase, the pressure level Pvps decreases and then the shear 

Pcons 



NEA/CSNI/R(2011)8 

 78

strength q0 also decreases. Figure 7 illustrates the effect of the effective pressure concept. The solid line 
gives the shear yield strength versus the pressure for a dry material. For a partially saturated one, the shear 
strength follows the solid line until the pressure Pvps is reached. Afterwards the shear strength does not 
increase and it follows the dashed horizontal line. 
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Figure 7: Shear yield strength versus pressure for a dry and a partially saturated material (q is the 

Von Mises stress). 

Coupling procedure for the damage and the modified Krieg model (PRM Crash model) 

The scalar damage model has been coupled with the modified Krieg model. The coupling procedure 
ensures a perfect continuity between the two model responses. The predicted stresses correspond to the 
damage model response if the maximum pressure is too low to start the pore collapse phenomena or if the 
shear stress is too low to reach the shear yield stress. If not, the plastic model is activated and pilots the 
evolutions until the extensions sufficiently increase to lead to a damage failure. 

Figure 8 shows the static response obtained on a cylindrical specimen for tri-axial tests with increasing 
lateral pressure. Tests performed on the GIGA machine at 3S-R Grenoble prove the pertinence of these 
results (Gabet 2006) [1]. 
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Figure 8: stress strain response on a concrete given by the coupled damage and plastic model (tri-
axial tests with increasing lateral pressure). 
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All the numerical simulations run for the IRIS 2010 benchmark have been done using the two scalar 
damage model described in § 1.1. This choice is justified because the projectile velocity are relatively low 
(less than 135 m/s in the VTT tests) and the projectile is often a soft structure, a thin metallic tube that is 
easily crashed during the impact process.  

Johnson Cook plastic and damage model 

The behavior of the metallic parts of the structure, the steel reinforcement and the metallic projectile tube is 
simulated using the Johnson Cook dynamic failure model [10]. In this model, the plastic stress Error! 
Objects cannot be created from editing field codes. is related to the plastic strainError! Objects cannot 
be created from editing field codes., to the plastic strain rate Error! Objects cannot be created from 
editing field codes. and to the damage variable D via the following expression: 
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0ε& is a reference strain rate. A, B, n and C are material parameters. The Damage D is also related to the 
plastic strain as follow: 
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0plε is the plastic threshold. The Damage variable D becomes to increase when the cumulated plastic strain 
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iε becomes greater than the plastic threshold

0plε . The plastic threshold
0plε is given by: 
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d1, and d2 are material parameters. When d2 is positive the plastic threshold increases with the plastic strain 
rate.  
Le is the element characteristic length. This size is defined by the distance between the two nodes forming 
the element (1D finite element), by the square root of the element surface (2D finite element) or by the 

cubic root of the finite element volume (3D finite element). 
pl
fL ε0 is the failure displacement. This failure 

displacement can be related to the plastic failure strain 
pl
fε using the internal material length L0. Figure 9 

shows an example of the stress strain curve obtained with the Johnson Cook dynamic failure model. In this 
example we have the following material parameters:  A = 5.6 108, B = 2.3 108, n = 0.36, C = 0.0141, d1 = 
0.045, d2 = 0.203, L0 = 0.2, In this figure four curves are plotted. They correspond to different constant 
strain rate values given in the legend. 
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Figure 9: example of a stress strain curve (Johnson Cook dynamic failure model). 
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Simulation of the MEPPEN II-4 Test 
 
Description of the Meppen test simulation 

 Finite element mesh 
 
Missile impact on a reinforced concrete structure can simultaneously generate local and global damages. A 
3-D finite element model with solid brick elements is the most appropriate to reproduce the local and the 
global complex strain field generated during the impact on the target. The projectile is composed of a thin 
steel tube which can be efficiently modelled using 3-D shell elements. The target size is 6.5 m by 6.0 m the 
thickness is 70 cm. Figure 10 shows the mesh used for the concrete plate and for the steel reinforcement. 
The concrete plate is composed of 65 x 60 x 10 = 39 000 “C3D8R” finite element (8 nodes solid elements 
with reduced integration). The reinforcement is modelled using 2 nodes beam elements with a circular 
cross section.  

 

       
Figure 10: Mesh of the projectile and of the slab (Meppen II-4 test). 
 
The number of beam elements is 6 732 for the horizontal reinforcement, plus 6 872 for the vertical 
reinforcement and 6 240 for the transverse (shear) reinforcement. Therefore the total number of beam 
elements is 19 844. These elements are embedded in the concrete finite element mesh. Concrete nodes are 
not coincident with the reinforcement nodes but a displacement constraint is applied on these nodes in order 
to simulate a perfect link between them. The square grey line on the left part of figure 9 shows the metallic 
support located on the back face of the concrete plate. This support is supposed to be perfectly rigid. The 
concrete plate is in contact with the nodes belonging to the metallic support. Table 1 gives the 
reinforcement characteristics. The rebar diameter is 28 mm on the back face and only 20 mm on the front 
face. The concrete cover is 30mm. 
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Table 1: reinforcement characteristics (Meppen II-4 test). 
Target geometry Modeling Experimental

Unit 
Longitudinal vertical rebars Front face Rear face Front face Rear face 

Vertical length target 6 6 m 
Diameter of rebars 20 28 20 28 mm 
Number of vertical rebars 56 56     
Density 29.3 57.5 27.3 53.6 cm²/m 
Concrete cover 30 30 30 30 mm 

Longitudinal horizontal rebars Front face Rear face Front face Rear face Unit 
Horizontal length target 6.5 6.5 m 
Diameter of rebars 20 28 20 28 mm 
Number of horizontal rebars  51 51     
Density 24.6 48.3 27.3 53.6 cm²/m 
Concrete cover 30 30 30 30 mm 

Transverse rebars Modeling Experimental Unit 
Diameter of rebars 20 20 mm 
Number of rebars / m² 16 16 /m² 
Density 50.27 50.27 cm²/m² 

 

Figure 11 shows the projectile mesh. The missile is represented using 10 032 “S4R” shell elements (4 
nodes reduced integration shell elements). 48 elements are used along the circumferential direction. The 
projectile diameter is 600 mm and its total length is 5.99 m. The steel tube is divided in four parts. The cap 
(orange part) has a thickness of 7 mm, the front tube (blue part) is 2.5 m long and has a thickness of 7 mm. 
The third part (black part) is 3.0 m long and has a thickness of 10 mm. Finally the rear portion (30 cm 
long) has a thickness of 52.9 mm. This thickness has been chosen in order to get the good mass for the 
entire tube (1 016 kg). The steel density is 7 836 kg/m3.  

                           

Figure 11: projectile mesh (Meppen II-4 test). 
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Concrete material parameters 
 
The PRM concrete material model presented in chapter 1 is used. Table 2 gives the concrete material 
characteristics. Yellow background rows correspond to measured material data. Other parameters are 
deduced from the previous one or are representative of a standard concrete.  
Table 2:  PRM material data (Meppen II-4 test) 

N° Parameters Designation Unit 
(MKS) 

Value 

1 E0 (>0) Young Modulus N/m2 3.98 1010 

2 ν0 (>0) Poisson ratio - 0.2 

3 σt (<0) Tensile strength N/m2 4.7 106 

4 σc (>0) Compressive strength  N/m2 - 46.0 106 

5 ε erosion (>0)  maximum strain before erosion - 1.0 

6 σfinal (>0) Residual tensile stress N/m2 0.0 

7 β (> 0) Mazars coefficient - 1.05 

8 σft0 (<0) Initial closure stress N/m2 - 4.7 106 

9 σfc (>0) Focus point of unloading in compression  N/m2 46.0 106 

11 Gf (>0) Fracture energy N/m 120.0 

13 at (>0) First tensile strain rate coefficient - 1.4 

14 bt (>0) Second tensile strain rate coefficient - 0.21 

15 ac (>0) First compression strain rate coefficient - 0.4 

16 bc (>0) Second compression strain rate coefficient - 0.21 

17 β1 (>0) Damping coefficient in the elastic domain - 0.02 

18 β2 (>0) 2nd damping coefficient induced by damage - 0.05 

19 ρ0 (>0) Density Kg/m3 2190.0 
 

Reinforcement material parameters 
 
The Johnson Cook dynamic failure model is used. Table 3 gives the reinforcement (steel) material 
parameters. Figure 12 gives the corresponding stress strain curves at constant strain rate of respectively 5.0 
10-5, 2.0 10-1, 2.0 100, 8.5 100.  These curves correspond to L0 = 0.2. These material parameters are 
deduced from the experimental data shown on figure 13. 
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Table 3: reinforcement material data of the Johnson Cook dynamic failure model (Meppen II-4 test) 
N° Parameters Designation Unit Value 

1 E0 Young Modulus N/m2 2.0 1011 

2 ν0 Poisson ratio - 0.3 

3 A Initial yield stress N/m2 4.8 108 

4 B Hardening yield stress N/m2 1.53 108 

5 n Johnson Cook exponent - 0.36 

6 C Strain rate effect coefficient - 0.0141 

7 
0ε&  

Reference strain rate - 5.0 10-5 

8 d1 Plastic strain at damage initiation - 0.045 

9 d2 Coefficient of the strain rate effect  
on the failure strain 

- 0.203 

11 pl
fL ε0  

Failure displacement - 0.009 
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Figure 12: Stress strain curve for the Johnson Cook dynamic failure model (reinforcement of the 

concrete slab, Meppen test II-4). 
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Figure 13: measured stress strain curve of the reinforcement (Meppen II-4 test). 

 

Projectile material parameters 
 
The Johnson Cook dynamic failure model is used. Table 4 gives the material parameters of the projectile 
steel. Figure 13 gives the corresponding stress strain curves at constant strain rate of respectively 5.0 10-5, 
5.0 10-2, 5.0 101, 1.0 103. These curves correspond to L0 = 0.2. These material parameters are deduced from 
the experimental data shown on figure 14. This experimental stress strain curve is supposed to be obtained 
at a very low strain rate of 5.0 10-05. 

 
Table 4: projectile material data of the Johnson Cook dynamic failure model (Meppen II-4 test) 

N° Parame
ters Designation Unit Value 

1 E0 Young Modulus N/m2 2.0 1011 

2 ν0 Poisson ratio - 0.3 

3 A Initial yield stress N/m2 2.8 108 

4 B Hardening yield stress N/m2 2.41 108 

5 n Johnson Cook exponent - 0.36 

6 C Strain rate effect coefficient - 0.07 

7 
0ε&  

Reference strain rate - 5.0 10-5 

8 d1  Plastic strain at damage initiation - 0.18 

9 d2 Coefficient of the strain rate effect on the failure strain - 0.24 

11 pl
fL ε0  

Failure displacement - 0.015 
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Figure 13: Stress strain curve for the Johnson Cook dynamic failure model (projectile steel, Meppen 

test II-4). 
 

 
Figure 14: measured static stress strain curve of the steel projectile material. 
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Results 
 

Projectile results 
 
Figure 15 shows the projectile shape at time t = 15 ms and at time t = 40 ms (at the end of the numerical 
simulation). The computed residual projectile length is 2 m. The measured projectile length is around 2.14 
m as shown on figure 16. 
 

 
 
Figure 15: deformed shape of the projectile at time t = 15 ms (left) and at time t = 40 ms (right) 
(Meppen II-4 test). 

 
Figure 16: view of the experimental residual projectile shape (Meppen II-4 test). 
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Figure 17 shows the evolution of the displacement of a point located on the rear part of the missile. The 
maximum displacement is about 4 m. The initial projectile length was 6m, so its computed residual length 
is closed to 2 m. 
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Figure 17: computed displacement versus time of the rear part of the projectile (Meppen II-4 test). 
 
Figure 18 shows the evolution of the computed projectile velocity versus the time. The velocity is measured 
on a point located on the rear part of the projectile. The initial velocity is 247.5 m/s. The velocity becomes 
slightly negative after 30 ms due to the rebound effect.  
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Figure 18: evolution of the computed projectile velocity versus time (Meppen II-4 test). 
 
Figure 19 shows evolution of the computed force versus time. This force is exerted by the projectile on the 
reinforced concrete target during the impact. 
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Load time history between the missile and the target
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Figure 19: Evolution of the computed projectile impact force (Meppen II-4 test). 
 
The maximum force is around 15 000 N at 0.75 ms after the beginning of the impact. At time t = 12 ms, an 
increase of the impact force is observed. This increase of the load is the result of the increase of the 
projectile tube thickness that is 7 mm in the first part of the tube and becomes equal to 10 mm in the second 
part (see figure 10). This force has not been measured. 
 
Figure 20 shows the evolution of the force impulse exerted by the projectile during its crash on the 
reinforced concrete plate. This curve is the integral of the previous curve shown on figure 19. 
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Figure 20: computed load impulse generated by the projectile during impact (Meppen II-4 test). 
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Results obtained on the reinforced concrete plate 
 
Figure 21 shows the experimental crack pattern observed on the reinforced concrete plate after the test. 
Figure 22 shows the computed deformed shape of the target and of the projectile at the end of the numerical 
simulation (t = 40 ms).  
 
The contours plotted on the reinforced concrete target give the maximum value reached by the principal 
strains. The blue contour corresponds to the elastic limit of the reinforcement. This means that residual 
open cracks are visible on the blue part but not on the grey part. The purple color corresponds to area where 
the principal strain is greater then 0.025. The upper and left part shows the results on the front face of the 
reinforced concrete plate. The right and upper part shows the results on the back face. The lower and left 
part gives the result on a horizontal cut plane located in the middle of the plate. The lower and right part 
gives the results on the vertical cut plane passing through the middle of the concrete plate.  
 
In these numerical simulations, the link between the steel reinforcement and the concrete is supposed to be 
perfect. Sliding between these two materials are not allowed. So the concrete strains and the steel 
reinforcement strains are identical. These results show that the reinforcement doesn’t fail because the 
maximum tensile strains remain below 6.65 % every where in the reinforced concrete plate and this value is 
under the steel failure limit. 
 
These numerical results agree quite well with the experimental one. 
 

  
Figure 21: schematic view of the experimental damage observed on the concrete slab (Meppen II-4 
test). 
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Figure 22: view of the maximum principal positive strains reached on the reinforced concrete target 
during the impact (Meppen II-4 test). 
 
Figure 23 shows the displacement histories of the two point w6 and w9 located on the rear face of the 
reinforced concrete plate. The upper part of this figure shows the point locations. The maximum 
displacement is 40 mm for point w6 and 17 mm for point w8. These maximum displacements are obtained 
at 23 ms after the beginning of the impact.   
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Figure 23: computed and measured displacements at point w6 and w8 (Meppen II-4 test). 
Figure 24 shows the positions and the orientations of the strain gages bonded on the reinforcement. Red 
color segments refer to strain gage measurements plotted on figures 25 to 37. Table 5 gives the coordinates 
of these strain gages. For each computed strain curve, the maximum and minimum measured strain is 
reported on the figure. 

 
Figure 24: strain gage location and orientation. 
 
Table 5: strain gage location and orientation 

Position relative to the center 
point D3 D6 D7 D9 D13 D14 D18 D21 D25 D26 D28 D33 D34 
x (cm) 0 0 75 75 150 150 0 75 75 150 150 250 250 
y (cm) 75 150 0 75 0 75 75   0  150 0 75 250 250 
z(cm) -30 -28 -30 -30 -30 -28 28 30  30 28 28 30 28 

direction y x y y y x x   y     y x x   y x 
position rear rear rear rear rear rear front front front front front front front 
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Figure 25: strain gage history D3 (Meppen II-4 test). 
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Figure 26: strain gage history D6 (Meppen II-4 test). 
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Figure 27: strain gage history D7 (Meppen II-4 test). 

Maximum experimental strain: 2.6 10-03 

Minimum experimental strain: 0.0 10-03 

Maximum experimental strain: 2.7 10-03 
Minimum experimental strain: 0.0 10-03 

Maximum experimental strain: 6.0 10-03  
Minimum experimental strain:  0.0 10-03 
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Figure 28: strain gage history D9 (Meppen II-4 test). 
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Figure 29: strain gage history D13 (Meppen II-4 test). 
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Figure 30: strain gage history D14 (Meppen II-4 test). 

Maximum experimental strain: 5.0 10-03 
Minimum experimental strain: 0.0 10-03 

Maximum experimental strain: 2.2 10-03 
Minimum experimental strain: 0.0 10-03 

Maximum experimental strain: 1.5 10-03 
Minimum experimental strain:  0.0 10-03 
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Figure 31: strain gage history D18 (Meppen II-4 test). 
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Figure 32: strain gage history D21 (Meppen II-4 test). 
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Figure 33: strain gage history D25 (Meppen II-4 test). 

Maximum experimental strain:   0.5 10-03 
Minimum experimental strain: - 0.9 10-

Maximum experimental strain:    0.2 10-03 
Minimum experimental strain:  - 0.45 10-

03

Maximum experimental strain:   0.2 10-03 
Minimum experimental strain:  - 0.1 10-
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Figure 34: strain gage history D26 (Meppen II-4 test). 
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Figure 35: strain gage history D28 (Meppen II-4 test). 
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Figure 36: strain gage history D33 (Meppen II-4 test). 
 

Maximum experimental strain:   0.22 10-03 
Minimum experimental strain: - 0.10 10-

Maximum experimental strain:   0.03 10-03 
Minimum experimental strain: - 0.05 10-

Maximum experimental strain:   0.15 10-03 
Minimum experimental strain: - 0.0 10-03 
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Figure 37: strain gage history D34 (Meppen II-4 test). 
 
These numerical results can be compared to experimental measurements given in appendix A. This 
comparison shows that significant differences can be observed between computed and experimental strains. 
But in spite of this, the magnitude of these strains remains comparable. Measured strain amplitude is very 
sensitive to the relative strain gage position compared to the tensile crack position like shown on figure 38. 
A strain gage bonded on a rebar located in the crack vicinity gives higher strain than another one located 
between two cracks. This phenomena is very difficult to simulate numerically because a very fine mesh is 
required to represent the individual cracks and even in this case, the precise location of each crack cannot 
be predicted because it depends on local and random defaults that are not introduced in the numerical 
model. 
 

                          
Figure 38: schematic view of the location of two strain gages bonded on a reinforcement in a cracked 
area. 
 
This numerical simulation shows that the behavior of the impacting projectile and the behavior of the 
reinforced concrete slab are well predicted. The finite element model is able to reproduce all of the main 
observed phenomena:  
- the residual shape of the projectile after impact very similar to the experimental data, 
- the non perforation of the reinforced concrete slab, 
- a correct deflection of the reinforced concrete slab, 
- a computed crack pattern similar to the observed one, 
- computed strain amplitude in the reinforcement comparable to the measured values. 
 

x x 

Concrete  Crack  Strain gages  

Maximum experimental strain:   0.06 10-03 
Minimum experimental strain:  - 0.13 10-

03
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Blind simulation of the vtt punching test 
 
Description of the VTTpunching test simulation 

Finite element mesh 
 
A 3-D finite element model with solid brick, shell and rigid elements is used to simulate the VTT punching 
test. The projectile is a 168 mm diameter steel tube filled with concrete (see figure 39). Its length is 64 cm 
including 5 cm for the front and the caped part. Rigid elements are used to mesh the projectile because the 
concrete material inside the steel tube strongly prevents the possible projectile deformations. A total of 
5242 (4 nodes) rigid elements are used to mesh the projectile. The total projectile weight is 47 kg. 

 
Figure 39: Projectile characteristics and projectile mesh (blind simulation of the VTT punching test). 
 
The reinforced concrete target of 2.1m by 2.1 m by 0.25 m is inserted between two stiff metallic frames as 
shown on figure 40. The right part of this figure shows a detailed view of the boundary conditions for the 
square concrete slab. The concrete is casted inside a metallic ring (yellow part in figure 40). This metallic 
ring is meshed using shell elements.   
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Figure 40: support device of the reinforced concrete slab (VTT punching test). 
 
The left part of figure 41 shows a view of the 3D finite element model of the concrete slab. The mesh is 
composed of 84 by 84 by 10 = 70 560 solid (8 nodes) brick elements. The red line on this figure 
corresponds to the line of nodes where boundary conditions are applied. All nodes belonging to the 
concrete slab and located along this red line have their horizontal displacement fixed to zero. The right part 
of figure 40 shows the metallic ring around the concrete plate (yellow part). 6 520 shell elements are used 
for the ring structure that shares the same nodes than the concrete plate. The thickness of the metallic ring is 
12 mm and its total mass is 381.4 kg. The beam elements used to simulate the reinforcement can also be 
seen on the right part of figure 41. This reinforcement is composed of a total of 24 x 2 (horizontal + 
vertical) x 2 (front face and rear face) = 96 rebars. There is no transverse rebar to connect the front face and 
the rear face layers. The rebar diameter is 10 mm. The rebar space is 90 mm and the concrete cover is 20 
mm. 

 
Figure 41: view of the finite element mesh of the reinforced concrete plate (blind simulation of the 
VTT punching test). 
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Concrete material parameters 
 
The PRM concrete material model presented in chapter 1 is used. Table 6 gives the concrete material 
characteristics. Yellow background rows correspond to measured material data. Other values are deduced 
from the previous one or are representative of a standard concrete. PRM compressive strength parameters 
refer to cylindrical concrete specimens. When measurements are done on cubic concrete specimens, the 
measured values are multiplied by 0.8 

 
Table 6:  PRM material data (Meppen II-4 test) 

N° Parameters Designation Unit 
(MKS) 

Value 

1 E0 (>0) Young Modulus N/m2 3.0 1010 

2 ν0 (>0) Poisson ratio - 0.2 

3 σt (<0) Tensile strength N/m2 3.8 106 

4 σc (>0) Compressive strength  N/m2 - 60.0 106 

5 ε erosion (>0)  maximum strain before erosion - 1.0 

6 σfinal (>0) Residual tensile stress N/m2 0.0 

7 β (> 0) Mazars coefficient - 1.05 

8 σft0 (<0) Initial closure stress N/m2 - 3.8 106 

9 σfc (>0) Focus point of unloading in compression  N/m2 60.0 106 

11 Gf (>0) Fracture energy N/m 120.0 

13 at (>0) First tensile strain rate coefficient - 1.4 

14 bt (>0) Second tensile strain rate coefficient - 0.21 

15 ac (>0) First compression strain rate coefficient - 0.4 

16 bc (>0) Second compression strain rate coefficient - 0.21 

17 β1 (>0) Damping coefficient in the elastic domain - 0.02 

18 β2 (>0) 2nd damping coefficient induced by damage - 0.05 

19 ρ0 (>0) Density Kg/m3 2300.0 
 

Reinforcement material parameters 
 
The Johnson Cook dynamic failure model is used. Table 7 gives the reinforcement (steel) material 
parameters. Figure 42 gives the corresponding stress strain curves at constant strain rate of respectively 5.0 
10-5, 2.0 10-1, 2.0 100, 8.5 100.  These curves correspond to L0 = 0.2. These material parameters are 
deduced from the experimental data shown on figure 43. 
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Table 7: reinforcement material data of the Johnson Cook dynamic failure model (Meppen II-4 test) 

N° Parameters Designation Unit Value 

1 E0 Young Modulus N/m2 2.0 1011 

2 ν0 Poisson ratio - 0.3 

3 A Initial yield stress N/m2 5.8 108 

4 B Hardening yield stress N/m2 2.3 108 

5 n Johnson Cook exponent - 0.36 

6 C Strain rate effect coefficient - 0.0141 

7 
0ε&  

Reference strain rate - 5.0 10-5 

8 d1 Plastic strain at damage initiation - 0.045 

9 d2 Coefficient of the strain rate effect on the 
failure strain 

- 0.203 

11 pl
fL ε0  

Failure displacement - 0.005 
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Figure 42: Stress strain curve for the Johnson Cook dynamic failure model (reinforcement of the 

concrete slab, blind simulation of the VTT punching test). 
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Figure 43: measured static stress strain curve of the reinforcement (blind simulation of the VTT 

punching test). 
 

No material data are needed for the projectile because it is supposed to be perfectly rigid. 

RESULTS 

Projectile results 
 
Figure 44 shows the evolution of the displacement of a point located on the rear part of the missile. The 
maximum displacement is about 45 cm at the end of the simulation (25 ms). The initial projectile velocity is 
135 m/s.  
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Figure 44: computed displacement versus time of the rear part of the projectile (blind simulation of 

the VTT punching test). 
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Figure 45 shows the evolution of the computed projectile velocity versus the time. The velocity is measured 
on a point located on the rear part of the projectile. This velocity is strongly decreasing in the first 2 ms. In 
the last 20 ms the projectile deceleration becomes much lower.  
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Figure 45: evolution of the computed projectile velocity versus time (blind simulation of the VTT 

punching test). 
Figure 46 shows the evolution of the computed force versus the time. This force is exerted by the projectile 
on the reinforced concrete target during the impact. 
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Figure 46: Evolution of the computed projectile impact force (blind simulation of the VTT punching 

test). 
 
The maximum force is around 3.0 106 N at 0.5 ms after the beginning of the impact. After time t = 4 ms, the 
impact force becomes and remains very low.  
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Figure 47 shows the evolution of the force impulse exerted by the projectile during the crash on the 
reinforced concrete plate. This curve is the integral of the previous curve shown on figure 46. 

Impulse time history received by the target

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.00 10.00 20.00

Time (ms)

Im
pu

ls
e 

(k
N

.s
)

cutoff frequency=2000HZ

 
Figure 47: computed load impulse generated by the projectile during impact (blind simulation of the 

VTT punching test). 

Results obtained on the reinforced concrete plate 
 
Figure 48 shows the computed deformed shape of the target and the projectile position at the end of the 
numerical simulation (t = 25 ms). The contours plotted on the reinforced concrete target give the maximum 
value reached by the principal strains. These contours are similar to the one presented in the simulation of 
the Meppen test. The blue contour corresponds to the elastic limit of the reinforcement. The purple color 
corresponds to area where the principal strains are greater than 0.025.  
 

 
Back face Front face 
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Figure 48: view of the maximum principal positive strains reached on the reinforced concrete target 

during the impact (blind simulation of the VTT punching test). 
 
The reinforced concrete plate is perforated by the rigid projectile and its residual velocity is closed to zero. 
The lack of transverse rebars between the two reinforcement layers is responsible of the propagation of a 
large crack located along the back face reinforcement layer. The crack dimensions are half of the size of the 
concrete plate. 
 
Figure 49 shows the displacement histories of the two points (w2 and w3) located on the rear face of the 
concrete plate. Figure 50 give the displacement of point w4, w5 and w6. The upper part of this figure shows 
the point locations. The maximum displacement reaches 130 mm at point w2 and 45 mm at point w3.  
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Figure 49: computed displacement at point w2 and w3 (blind simulation of the VTT punching test). 
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Displacement time histories at the rear of the slab : w5
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Figure 50: computed displacement at point w4 and w5 (blind simulation of the VTT punching test). 
Left part of figure 51 shows the positions and the orientations of the strain gages bonded on the 
reinforcement. Strains are plotted on figures 52 to 59. Table 8 gives the coordinates of these strain gages. 
The precise location of the strain gage on the rebar is unknown (see figure 51). In some particular 
situations, significant differences can be observed between each position. The plotted curves are an average 
of the four possible locations. 
 

            
Figure 51: strain gage location and orientation. 
 

 

Several positions are 
possible for strain 
gages on the rebar 

Rebar  

The plotted curves are an 
average of the 4 strain 

gage locations  
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Table 8: strain gage location and orientation 
Position relative to the center 
point D1 D2 D3 D4 D5 D6 D7 D8 
x (mm) 45 45 405 405 80 440 270 440
y (mm) 470 270 470 110 405 405 45 45
z(mm) -85 -85 -85 -85 -95 -95 -95 -95
direction y y y y x x x x
position rear rear rear rear rear rear rear rear
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Figure 52: strain gage history D1 (blind simulation of the VTT punching test). 
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Figure 53: strain gage history D2 (blind simulation of the VTT punching test). 
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Figure 54: strain gage history D3 (blind simulation of the VTT punching test). 
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Figure 55: strain gage history D4 (blind simulation of the VTT punching test). 
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Figure 56: strain gage history D5 (blind simulation of the VTT punching test). 
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Figure 57: strain gage history D6 (blind simulation of the VTT punching test). 
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Figure 58: strain gage history D7 (blind simulation of the VTT punching test). 
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Figure 59: strain gage history D8 (blind simulation of the VTT punching test). 
 
Figure 60 shows the location of two strain gages that measured the concrete strain directly. Two points has 
to be considered. Figures 61 and 62 give the corresponding strain histories.  

                                 
Figure 60:  positions of the strain gages bonded on the concrete front face (blind simulation of the 

VTT punching test). 
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Figure 61: strain gage 1 history (concrete front face, blind simulation of the VTT punching test). 
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Figure 62: strain gage 2 history (concrete front face, blind simulation of the VTT punching test). 
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Blind simulation of the vtt FLEXURAL test 

Description of the VTT flexural test simulation 

Finite element mesh 
 
A 3-D finite element model with solid brick and shell elements is used to simulate the VTT flexural test. 
The projectile shown on figure 63 is a 254 mm diameter steel tube. Its length is 2.088 m including 0.088 m 
for the front and the caped part. A total of 48 x 134 = 6 432 (4 nodes) shell elements are used to mesh the 
projectile. The total projectile weight is 49.99 kg.  

  
Figure 63: Projectile characteristics (blind simulation of the VTT flexural test). 
 
Figure 64 shows the projectile mesh. The shell thickness is 2mm except in the rear part (yellow part) where 
it is equal to 18.215 mm. 
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Figure 64: Projectile mesh (blind simulation of the VTT flexural test). 
 
The target size is 2.1 m by 2.1 m. The thickness is 15 cm (instead of 25 cm in the punching test). Figure 65 
shows the mesh used for the concrete plate (left part) and for the steel ring and the steel reinforcement. The 
concrete plate is composed of 84 by 84 by 10 = 70 560 “C3D8R” finite elements (8 nodes solid elements 
with reduced integration). The reinforcement is modelled using 2 nodes beam elements with a circular 
cross section.  

 

Figure 65: Mesh of the reinforced concrete slab (VTT flexural test). 
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All the nodes along the red line (see figure 65) have their displacements in the z direction set to zero. The 
metallic frame around the concrete plate (U shape) is modeled using 6 520 shell elements (4 nodes reduced 
integration shell S8R elements). The thickness of the metallic ring is 12 mm. The frame weight is 314,4 kg 
 
The reinforcement is modeled using 84 x 38 x 2 x 2 = 12 768 beam elements and the rebar diameter is 6 
mm. The space between 2 rebars is 55 mm. The rebar length is 2,035m. Transverse rebars are also 
introduced using 28 x 28 x 6 = 4 704 beam elements. The transverse rebar diameter is also 6 mm. The 
distance between two transverse rebar is 75 mm along the 2 orthogonal directions. The concrete cover is 15 
mm. 
 
Table 9: reinforcement characteristics (VTT flexural test). 

Target geometry Modeling Experimental
Unit 

Longitudinal vertical rebars Front face Rear face Front face Rear face 
Diameter of rebars 6 6 6 6 mm 
Number of vertical rebars 38 38     
Concrete cover 20 20 20 20 mm 

Longitudinal horizontal rebars Front face Rear face Front face Rear face Unit 
Diameter of rebars 6 6 6 6 mm 
Number of horizontal rebars  38 38     
Concrete cover 20 20 20 20 mm 

Transverse rebars Modeling Experimental Unit 
Diameter of rebars 6 6 mm 
Number of rebars / m² 176  /m² 
Density 50.0 50.0 cm²/m² 

 

 

 Concrete material parameters 
 
The PRM concrete material model presented in chapter 1 is used. Table 10 gives the concrete material 
characteristics. Yellow background rows correspond to measured material data. Other values are deduced 
from the previous one or are representative of a standard concrete. PRM compressive strength parameter 
refers to cylindrical concrete specimens. When measurements are done on cubic concrete specimens, the 
measured values are multiplied by 0.8 
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Table 10:  PRM material data (VTT flexural test) 

N° Parameters Designation Unit 
(MKS) 

Value 

1 E0 (>0) Young Modulus N/m2 3.0 1010 

2 ν0 (>0) Poisson ratio - 0.2 

3 σt (<0) Tensile strength N/m2 3.8 106 

4 σc (>0) Compressive strength  N/m2 - 60.0 106 

5 ε erosion (>0)  maximum strain before erosion - 1.0 

6 σfinal (>0) Residual tensile stress N/m2 0.0 

7 β (> 0) Mazars coefficient - 1.05 

8 σft0 (<0) Initial closure stress N/m2 - 3.8 106 

9 σfc (>0) Focus point of unloading in compression  N/m2 60.0 106 

11 Gf (>0) Fracture energy N/m 120.0 

13 at (>0) First tensile strain rate coefficient - 1.4 

14 bt (>0) Second tensile strain rate coefficient - 0.21 

15 ac (>0) First compression strain rate coefficient - 0.4 

16 bc (>0) Second compression strain rate coefficient - 0.21 

17 β1 (>0) Damping coefficient in the elastic domain - 0.02 

18 β2 (>0) 2nd damping coefficient induced by damage - 0.05 

19 ρ0 (>0) Density Kg/m3 2300.0 
 

Reinforcement material parameters 
 
The Johnson Cook dynamic failure model presented in chapter 1 is used. Table 11 gives the reinforcement 
(steel) material parameters. Figure 66 gives the corresponding stress strain curves at constant strain rate of 
respectively 5.0 10-5, 2.0 10-1, 2.0 100, 8.5 100.  These curves correspond to L0 = 0.2. These material 
parameters are deduced from the experimental data shown on figure 67. 
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Table 11: reinforcement material data of the Johnson Cook dynamic failure model (Meppen II-4 

test) 
N° Parameters Designation Unit Value 

1 E0 Young Modulus N/m2 2.0 1011 

2 ν0 Poisson ratio - 0.3 

3 A Initial yield stress N/m2 6.0 108 

4 B Hardening yield stress N/m2 1.53 108 

5 n Johnson Cook exponent - 0.36 

6 C Strain rate effect coefficient - 0.0141 

7 
0ε&  

Reference strain rate - 5.0 10-5 

8 d1 Plastic strain at damage initiation - 0.045 

9 d2 Coefficient of the strain rate effect on the 
failure strain 

- 0.203 

11 pl
fL ε0  

Failure displacement - 0.004 
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Figure 66: Stress strain curve for the Johnson Cook dynamic failure model (reinforcement of the 

concrete slab, VTT flexural test). 
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Figure 67: measured static stress strain curve of the reinforcement (VTT flexural test). 

 

Projectile material parameters 
 
The Johnson Cook dynamic failure model presented in chapter 1 is also used. Table 12 gives the material 
parameters of the steel used in the projectile. Figure 68 gives the corresponding stress strain curves at 
constant strain rate of respectively 5.0 10-5, 5 10-2, 5 101, 1 103. These curves correspond to L0 = 0.2. These 
material parameters are deduced from the experimental data shown on figure 69. This experimental stress 
strain curve is supposed to be obtained at a very low strain rate of 5 10-05. 

 
Table 12: projectile material data of the Johnson Cook dynamic failure model (VTT flexural test) 

N° Parameters Designation Unit Value 

1 E0 Young Modulus N/m2 2.0 1011 

2 ν0 Poisson ratio - 0.3 

3 A Initial yield stress N/m2 2.7 108 

4 B Hardening yield stress N/m2 6.66 108 

5 n Johnson Cook exponent - 0.384 

6 C Strain rate effect coefficient - 0.025 

7 
0ε&  

Reference strain rate - 5.0 10-5 

8 d1  Plastic strain at damage initiation - 0.18 

9 d2 Coefficient of the strain rate effect on the failure 
strain 

- 0.24 

11 pl
fL ε0  

Failure displacement - 0.005 
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Figure 68: stress strain curve for the Johnson Cook dynamic failure model (projectile steel, VTT 

flexural test). 

 
Figure 69: measured stress strain curve of the steel projectile material. 
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Results 

 

Projectile results 
 
Figure 70 shows the projectile shape at time t = 9 ms and at time t = 40 ms (at the end of the numerical 
simulation). The computed residual projectile length is 1.25 m.  

  
Figure 70: deformed shape of the projectile at time t = 9 ms (left) and at time t = 40 ms (right) (blind 
simulation of the VTT flexural test). 
 
Figure 71 shows the evolution of the displacement of a point located on the rear part of the missile. The 
maximum displacement is reached at time t = 16 ms. 

Displacement time history of the rear of the missile during impact
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Figure 71: computed displacement versus time of the rear part of the projectile (blind simulation of 
the VTT flexural test). 
 
Figure 72 shows the evolution of the computed projectile velocity versus the time. The velocity is measured 
on a point located on the rear part of the projectile. The initial velocity is 110.0 m/s. The velocity becomes 
slightly negative after 30 ms due to the rebound effect.  
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Velocity time history of the rear of the missile during impact
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Figure 72: evolution of the computed projectile velocity versus time (blind simulation of the VTT 
flexural test). 
 
Figure 73 shows evolution of the computed force versus time. This force is exerted by the projectile on the 
reinforced concrete target during the impact. 
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Figure 73: Evolution of the computed projectile impact force (blind simulation of the VTT flexural 
test). 
 
The force oscillations are related to the plies formation. A series of plies are done during the projectile crash 
process. The maximum of the force is reached when the previous ply is completely done and when the 



 NEA/CSNI/R(2011)8 

 123

buckling load initiating the formation of the next ply is obtained. During the ply formation, the load 
decreases a lot. Thereafter the ply formation is ended when contact conditions are established on the last ply 
in formation. Finally the load continues to increase until the next ply formation starts.  
 
Figure 74 shows the evolution of the force impulse exerted by the projectile during its crash on the 
reinforced concrete plate. This curve is the integral of the previous curve shown on figure 73. 
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Figure 74: computed load impulse generated by the projectile during the impact (blind simulation of 
the VTT flexural test). 
 

Results obtained on the reinforced concrete plate 
 
Figure 75 shows the computed deformed shape of the target and of the projectile at the end of the numerical 
simulation (t = 40 ms).  
 
The contours plotted on the reinforced concrete target give the maximum value reached by the principal 
strains. The blue contour corresponds to the elastic limit of the reinforcement. This means that residual 
open cracks are visible on the blue part but not on the grey part. The purple color corresponds to area where 
the principal strain is greater then 0.05. The upper and left part shows the results on the front face of the 
reinforced concrete plate. The right and upper part shows the results on the back face. The lower and left 
part gives the result on a horizontal plane located in the middle of the plate. The lower and right part gives 
the results on the vertical plane passing through the middle of the concrete plate.  
 
In these numerical simulations, the link between the steel reinforcement and the concrete is supposed to be 
perfect. Sliding between these two materials are not allowed. So the concrete strains and the steel 
reinforcement strains are identical. These results show that the reinforcement maximum tensile strains 
remain below 0.123 % every where in the reinforced concrete plate. This value is under the steel failure 
limit. 
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Figure 75: view of the maximum principal positive strains reached on the reinforced concrete target 
during the impact (blind simulation of the VTT flexural test). 
 
Figure 76 shows the displacement histories of the two point w1 and w2 located on the rear face of the 
reinforced concrete plate. The upper part of this figure shows the point locations. The maximum 
displacement is 40 mm for point w1 and 22.5 mm for point w8. These maximum displacements are 
obtained at 15 ms after the beginning of the impact.   
 
Figure 77 shows the computed displacement at point w3, w4 and w5. The maximum displacements reach 
respectively 29, 16 and 22 mm.  
 

Front face Back face 

Horizontal plane 

Vertical plane 
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Figure 76: computed displacements at point w1 and w2 (blind simulation of the VTT flexural test). 
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Figure 77: computed displacements at point w3, w4 and w5 (blind simulation of the VTT flexural 
test). 
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Figure 78 shows the positions and the orientations of the strain gages bonded on the reinforcement. Red 
color segments refer to strain gage measurements plotted on figures 79 to 88. Table 13 gives the 
coordinates of these strain gages.  

 
Figure 78: strain gage location and orientation. 
Table 13: strain gage location and orientation 

Position relative to the center 
point D3 D4 D5 D6 D7 D8 D10 D12 D14 D15 

x (mm) 0 27.5 220 192.5 220 192.5 192.5 192.5 467.5 715 
y (mm) -27.5 0 -27.5 0 -27.5 0 220 220 495 687.5 
z(mm) -54 -48 -54 -48 54 48 -48 48 -48 -54 

direction x y x y x y y y y x 
position rear rear rear rear front front rear front rear rear 
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Figure 79: computed strain gage history D3 (blind simulation of the VTT flexural test). 
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Figure 80: computed strain gage history D4 (blind simulation of the VTT flexural test). 
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Figure 81: computed strain gage history D5 (blind simulation of the VTT flexural test). 
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Figure 82: computed strain gage history D6 (blind simulation of the VTT flexural test). 
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Figure 83: computed strain gage history D7 (blind simulation of the VTT flexural test). 
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Figure 84: computed strain gage history D8 (blind simulation of the VTT flexural test). 
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Figure 85: computed strain gage history D10 (blind simulation of the VTT flexural test). 
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Figure 86: computed strain gage history D12 (blind simulation of the VTT flexural test). 
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Figure 87: computed strain gage history D14 (blind simulation of the VTT flexural test). 
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Figure 88: computed strain gage history D15 (blind simulation of the VTT flexural test). 
 
 
Figure 89 shows the location of the three strain gages that directly measure the concrete strain. Figure 90 
gives the computed strain histories for the first point. Computed concrete strain histories on the two other 
points are shown on figure 91 and 92. 
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Figure 89: location of the three concrete stains gages (blind simulation of the VTT flexural test). 

Strain time histories on the front of the slab : 1
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Figure 90: computed concrete strain gage history (point 1, front face, blind simulation of the VTT 
punching test). 
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Strain time histories on the front of the slab : 2
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Figure 91: computed concrete strain gage history (point 2, front face, blind simulation of the VTT 
punching test). 
 
 

Strain time histories on the front of the slab : 3
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Figure 92: computed concrete strain gage history (point 3, front face, blind simulation of the VTT 
punching test). 
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Conclusion 
 
The CEA Gramat center participates to the international benchmark IRIS 2010 organized by the French 
Institute of Radioprotection and Nuclear Safety (IRSN) and by the Finland research institute (VTT). This 
benchmark is devoted to the numerical simulation of soft projectiles impacting reinforced concrete panels. 
This reports gives the results obtain on three tests. The first one is the Meppen II-4 test that has been 
performed in Germany at the end of the years 70. A steel tube 6 m long, 0.6m in diameter and of 1000kg, 
impacts, with an initial velocity of 247.7m/s, a reinforced concrete slab of 6m by 6.5m by 0.7m. For this 
test, experimental results are available and they have been compared to the numerical data. This comparison 
shows that the main observed phenomena are well predicted. Like seen in the experiment, the reinforced 
concrete plate is not perforated and the computed reinforced concrete plate displacements are closed to the 
predicted displacements. The metallic tube crash on the concrete target and its computed residual length 
agrees well with the measured residual length. The shape of the computed strain curves is sometimes 
significantly different from the shape of the computed curves but the level of the strain magnitude is 
comparable. 
 
The two other tests are performed by the VTT research institute. The experimental results are not available. 
In the first VTT punching test a rigid 47 kg projectile of 0.168 m in diameter and 0.64 m long impacts a 
reinforced concrete target of 2.1 m by 2.1 m by 0.25 m. The predicted results shown on this report will be 
compared to experimental data in a second step. The numerical results predict a perforation of the 
reinforced concrete slab with a residual exit projectile velocity closed to zero. In the second VTT flexural 
test a soft 50 kg steel tube of 2.1 m long and of 0.254m in diameter, impacts a reinforced concrete target of 
2.1 m by 2.1 m by 0.15 m. The numerical results predict a non perforation of the reinforced concrete plate 
with a maximum plate defection of 39 mm. The computed reinforcement strains are below the failure limit.  
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APPENDIX A 

 
 

 
 
Test II/4: Strain-Time-Histories of the bending reinforcement near the rear of the test slab at 
locations D3, D4, D7 and D8 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the rear of the test slab at 
locations D9, D10, D11 and D14 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the rear of the test slab at 
locations D5, D6, D12 and D13 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the front side of the test slab at 
locations D17, D18, D21 and D22 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the front side of the test slab at 
locations D23, D24, D26 and D27 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the front side of the test slab at 
locations D25, D28, D29 and D30 
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Test II/4: Strain-Time-Histories of the bending reinforcement near the front side of the test slab at 
locations D31, D32, D33 and D34 
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Introduction 
 
The IRIS 2010 benchmark is devoted to compare various modelling of impact on reinforced concrete slab. 
Its aim is to improve the methods used and develop guidance to assess the integrity of structures impacted 
by missiles. Three tests have been studied, the last two being blind tests. These tests were well 
instrumented and adapted to follow the behaviour of slab (flexural and punching) during impacts. It is 
thought that, in the first two tests where the impact is soft, the main behaviour of the slab is flexural, and in 
the third, where the impact is hard, cone cracking and probably perforation occurred.  
Three man-months were used to perform this benchmark, user formation to run the computer code 
included.   
 
Material input data 
 
Material input data for the first test is very complete. For the two lasts, it is poorer, in particular concerning 
the hard projectile used (properties of light concrete used to fill up the projectile is not given). But the most 
important missing parameter is the configuration of the soft missile after the shock, which allows fitting the 
effect of steel strain-rate on yield curve. This is essential to assess the load force. 
From a general point of view, the user can choose its data and this could be an extra source of 
discrepancies between participants for this numerical round robin. 
 
Basic choices 
 
The CEA and the European Commission (EC – JRC Ispra) are the owners of Europlexus, a general finite 
element code for fast transient analysis of structures. This software was jointly developed by the owners, 
EDF and other partners.  Europlexus formulation, fully explicit, is well suited for fast transient calculation 
and this is the reason why it has been chosen for this benchmark. Due to a lack of maturity, the 3D 
anisotropic damage model for concrete that is currently developed was not ready to use and another model 
should have been chosen. So, the Global constitutive Law for Reinforced Concrete model [1], developed 
by EDF was chosen for its simplicity to use and its robustness. This model devoted to shell elements 
represents the flexural behaviour of slabs. Concrete cracking is modelled through damage theory and 
inelastic strains through plasticity theory for shell. The yield criterion is like Johansen [2] bending yield 
criterion and it takes into account membrane effects. Interaction diagrams (that give ultimate bending 
moment versus normal force), are calculated by following EC2 prescriptions and with the supplementary 
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hypothesis that steel rebars are elastic and perfectly plastic. The shear behaviour of the shell is supposed to 
be elastic. 
As a post-treatment, a perforation criterion for reinforced concrete slab allows to evaluate perforation. It is 
a static criterion based on limit analysis and depending on bending moment M, normal force N and shear 
force T given by the dynamic analysis. 
 
1. MEPPEN test 
 
1.1 Concrete slab modelling 
 
A quarter of the slab is modelled (see fig. 1) thanks to the symmetries along x and y axes (on green and 
yellow lines) and the simplicity of the model (no cracks are explicitly represented – cracks can break initial 
symmetry). 
 

 
Figure 1: Mesh of a quarter of the target 

 
The supporting frame was supposed perfectly rigid and the slab simply supported on it (hence along pink 
lines wz=0).  
 
The characteristic data used for concrete are: Ec=39800 MPa, νc=0.2 , ρc=2300 kg/m3, 
 fc=46 MPa, ft=4.8 MPa 
The characteristic data used for steel rebars are: Es=210000 MPa, νs=0.3, fYk=500 MPa 
In addition, the interaction diagrams (M-N curves) are calculated with the following geometric data:  

- thickness of the slab: Hta=0.7 m 
- steel density : ωlfront=27.3 cm2/m, ωlrear=53.6 cm2/m, each way 
- zrear_rebars=30 cm and or zfront_rebars= - 29.2 cm each way (0 being the middle of the slab). 

The steel density of transverse rebars is: ωτ=50.27 cm2/m2.  It is used to define the elastic shear 

coefficient: τωsta EH
26

5
in which the concrete contribution is neglected (due to cracks). It is also used in the 

perforation criteria. 
 
In order to mimic concrete dissipation, Rayleigh damping is introduced to provide 7 % damping at 35 Hz 
and 200 Hz (minimal damping : 5% at 80 Hz) in the slab. 
 



 NEA/CSNI/R(2011)8 

 145

290 Q4GS (shell elements with 4 nodes for flexure and shear) are used. Due to mesh construction, (see fig. 
1), the size of the elements located in the loading area is about 10 cm which is probably too small when 
compared to shell thickness. 
 
1.2 Contact modelling 
 
As the slab is thick, it is necessary to take into account the diffusion of efforts in the shell thickness. 
This is the reason why the calculation is split into two steps: in the first step the missile is crushed against 
an infinitely rigid target, and in the second step, the resulting impact force is applied on the concrete slab 
uniformly on a disk (drawn in red on fig.1) with radius   R = Rm + Hf + Hta/2 with Rm the radius of the 
missile, Hf the mean size of folds created during missile crash (Hf =5 cm) and Hta the thickness of the slab. 
 
1.3 Missile modelling 
 
The missile mass is: 1016 kg and its velocity: 247.7 m/s.  
During the missile crash, and particularly at the end, wall buckling creates many folds that do not 
necessary respect the initial symmetries (see fig. 3). This is why symmetries are not used to reduce the size 
of the model. 
The missile is meshed with 9520 Q4GS (shell element with 4 nodes for flexure and shear). The size of the 
element is about 2.5 cm in order to have a fine description of buckles. 

 
Figure 2: 3D mesh of the missile 

 
The characteristic data used for the mild steel are: Es=210000 MPa, νs=0.3, ρs=7591 kg/m3. 
Strain rate can be higher than 1000 s-1 and generates a strong increase of steel yield stress (x3). This effect 
is of primary importance to obtain the crush length of the missile. 
The Johnson-Cook constitutive model was chosen to serve this purpose. It reads: 
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where σ is the equivalent Von Mises stress, εp is the equivalent plastic strain, and pε&  is the strain rate. 

Other variables are the following constants: σY=235 MPa, B= 850 MPa, C=0.08, n=0.642 and 4
0 10−=pε&  

(that corresponds to static case). Yield stress σY, hardening parameters B and exponent n have been 
calibrated by mean of the static stress-strain curve. The constant C for mild steel is a value fitted to obtain 
the crush length of the missile. This value is found in close agreement to that given in reference [3]: 
C=0.0756. 
 
1.4 Calculation 
 
Time steps used in the calculation are the followings: 5 10-7 s for missile crash calculation* and 9.5 10-7 for 
target calculation. 
                                                      
* performed by V. Faucher with a multithreads version of Europlexus. The author thanks him warmly for his 

contribution to the benchmark. 
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Shock duration noted "tshock" 39 ms
Load peak (depends of the average done) 32 MN
Impulse 256 kN.s
Deformation length LT at tshock/2 2.2 m
Deformation length HT at tshock/2 0.5 m
Deformation length LT at tshock 1.6 m
Deformation length HT at tshock 0.8 m

 
The residual velocity is 2.3 m/s (small bounce of the missile). 
 
As experimentally observed in other context, the first buckles are axisymmetric but not the last buckles 
(fig. 3). The formation of each buckle is associated with a force peak (see fig. 4). 

 

 
Figure 3: deformation of the missile at the end of the shock 
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Figure 4: impact force time history 
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Figure 5: energy time histories 

 
It can be seen on fig. 5 that the work done by the impact load (WEXT), after increasing during 13 ms, is 
decreasing until 30 ms. The same trend is observed for internal work (WINT). This is attributed to the 
spring back of the slab due to its elasticity. Finally, only 5.5 % of the kinetic energy (WCIN) of the missile 
is used to damage the slab in this soft impact. 
Global comparison with MEPPEN test shows that the overall trends are reproduced even if levels are 
lightly underestimated. Concerning displacement noted w6, the residual displacement is not reproduced. 
This result can be simply explained by the fact that, in the test, the rear external layer of steel and its 
surrounding concrete, do not seem to follow the main part of the slab because the rear external rebars  have 
elongated plastically and are not bounded by shear reinforcement (only the inners layers are maintained). 
 
Strains in longitudinal rebars are moderate and plastic deformations are limited, so this result is coherent 
with the energy distribution. 
 
The perforation criterion (calibrated on MEPPEN 5 test) is far from being reach meaning that the punching 
cone is not completely formed. 
 
In conclusion, the slab is lightly damaged by this impact load. 
 
2 IRSN-CNSC-VTT flexure test 
 
2.1 Concrete slab modelling 
 
A quarter of the slab is modelled (see fig. 6) thanks to the symmetries along x and y axes (on green and 
yellow lines). 
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Figure 6: Mesh of a quarter of the target 

 
The supporting frame has to be modelled because, due to the flexibility of the back pipes, the slab 
displacement is not completely negligible during the impact (the lowest eigen period of the slab clamped in 
the support is about 11 ms and corresponds to the load duration – the slab displacement under the impact 
load can be evaluated to 0.65 mm). Furthermore, as the supporting “I” beams are very rigid, the supporting 
frame can be modelled by a one degree of freedom system ws. For a quarter, its mass is Msup=833 kg and 
its rigidity, these of one back pipe, is Ksup=375 MN/m. Finally, the slab is simply supported on the frame 
(hence along pink lines wz=ws). 
 
The characteristic data used for concrete are: Ec=26000 MPa, νc=0.2 , ρc=2300 kg/m3, 
 fc=60 MPa, ft=3.25 MPa 
The characteristic data used for steel rebars are: Es=210000 MPa, νs=0.3 , fYk=600 MPa 
In addition, the interaction diagrams (M-N curves) are calculated with the following geometric data:  

- thickness of the slab: Hta=0.15 m 
- steel density : ωl=5 cm2/m 
- zrebars = + or - 5.4 cm (0 being the middle of the slab). 

The steel density of transverse rebars is : ωτ=50 cm2/m2.  It is used to define the elastic shear 

coefficient: τωsta EH
26

5
in which the concrete contribution is neglected (due to cracks). It is also used in the 

perforation criteria. 
 
In order to mimic concrete dissipation, Rayleigh damping is introduced to provide 7 % damping at 35 Hz 
and 200 Hz (minimal damping : 5% at 80 Hz) in the slab. 
 
277 Q4GS (shell elements with 4 nodes for flexure and shear) are used. Due to mesh construction, (see fig. 
12), the size of the elements located in the loading area is about 5 cm which is probably too small when 
compared to shell thickness, like in the previous calculation. 
 
2.2 Contact modelling (As already described in 1.2.) 
 
2.3 Missile modelling 
 
The missile is meshed with 11520 Q4GS (shell element with 4 nodes for flexure and shear). The size of the 
element is about 1.25 cm in order to have a fine description of buckles. 
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Figure 7: 3D mesh of the missile 

 
The characteristic data used for the mild steel are: Es=210000 MPa, νs=0.3, ρs=7850 kg/m3. 
As previously, the Johnson-Cook constitutive model was chosen to model the strain rate effect. Yield stress 
σY, hardening parameters B and exponent n are calibrated by mean of the static stress-strain curve: σY=300 
MPa, B= 703 MPa, C=0.08, n=0.4775 and 4

0 10−=pε& . 
Without information about strain rate effect for the steel, the constant C is the one already used for the 
MEPPEN test. 
 
2.4 Calculation 
 
Time steps used in the calculation are the followings: 3.9 10-7 s for missile crash calculation* and 9.3 10-8 
for target calculation. 
 

Missile damage   
 
 

 
 

Shock duration noted "tshock" 14,5 ms
Load peak 1,2 MN
Impulse 5,78 kN.s
Deformation length LT at tshock/2 1405 mm
Deformation length HT at tshock/2 156 mm
Deformation length LT at tshock 1195 mm
Deformation length HT at tshock 295 mm
 
Energy balance (fig.10) shows that only 7.3 % of the missile kinetic energy is used to damage the slab in 
this soft impact (see fig. 10). Kinetic energy (WCIN) of the slab is, at most, only 1/5 of transmitted energy 
(WEXT) and is rapidly damped out. It can be seen that the work done by the impact load, after increasing 
during 13 ms does not decrease meaning that the spring back of the slab does not occur during the impact 
phase. After its increases, internal work (WINT) decreases less than in the MEPPEN test, indicating a 
strong damage of the slab.  
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Figure 10: energy time histories 

 
 
Under the dynamic load, the slab oscillates with a frequency of 32 Hz that is far below the first frequency 
of the slab supposed uncracked: 116 Hz. So, the slab is severely cracked. The perforation criterion is not 
reach (but almost in the vicinity of the loaded area where shear is important) meaning that the punching 
cone is not detached yet. Maximum strain in rebars is higher than 1.5 %, which is very important. The 
residual displacement of the slab is about 2 cm.  
 
3 IRSN-CNSC-VTT punching test 
 
3.1 Concrete slab modelling 
 
A quarter of the slab is modelled (see fig. 11) thanks to the symmetries along x and y axes. 
 

 
Figure 11: Mesh of a quarter of the target and the missile 

 
The supporting frame has to be modelled because, due to the flexibility of the back pipes, the slab 
displacement is not negligible during the impact (for this hard impact, the displacement of the slab and its 
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frame under the impulsive impact load can be evaluated to almost 2 mm). As in 2.1, the supporting frame 
is modelled by a one degree of freedom system ws (so along pink lines of fig. 12, wz=ws). In this test, the 
mass of the supporting frame is slightly different: Msup=745 kg. 
 
The characteristic data used for concrete are: Ec=30000 MPa, νc=0.2, ρc=2300 kg/m3, 
 fc=60 MPa, ft=3.2 MPa 
The characteristic data used for steel rebars are: Es=210000 MPa, νs=0.3, fYk=600 MPa 
In addition, the interaction diagrams (M-N curves) are calculated with the following geometric data:  

- thickness of the slab: Hta=0.25 m 
- steel density : ωl=8.7 cm2/m 
- zrebars = + or - 10 cm (0 being the middle of the slab). 

 

The elastic shear coefficient is: 
c

cta EH
ν+126

5
 (this time, the concrete contribution is not neglected). 

 
In order to mimic concrete dissipation, Rayleigh damping is introduced to provide 7 % damping at 35 Hz 
and 200 Hz (minimal damping : 5% at 80 Hz) in the slab. 
 
325 Q4GS (shell elements with 4 nodes for flexure and shear) are used. Due to mesh construction, (see fig. 
1), the size of the elements located in the loading area is about 5 cm which is probably too small when 
compared to shell thickness. 
 
3.2 Contact modelling 
 
Contact is modelled by a “master and slave elements” procedure for two sliding surfaces: the green part of 
the slab and the nose of the missile. Friction is disregarded. It is worth mentioning that contact forces are 
calculated implicitly by the use of Lagrangien multipliers. 
 
3.3 Missile modelling 
 
The mass of the missile is M=47 kg and its velocity is V=135m/s. 
To take into account the diffusion of efforts in the shell thickness, the radius of the missile is artificially 
expanded to R = Rm + Hta/2 with Rm the radius of the missile and Hta the thickness of the slab. The 
thickness of the tube is expanded in a same way. Density of steel and light concrete and Young modulus 
are to be modified to obtain the real mass of the projectile and the same impact force (calculated by 
considering the missile as a beam): 

    
'

'
S
Sρρ =  

'
'

S
SEE =  

 
Furthermore, the missile is supposed to behave elastically. 
The missile is meshed with 1155 CUB8 (standard cubic element with 8 nodes). The size of the element is 
about 5 cm. 
The characteristic data used for the steel are: E’s=34000 MPa, νs=0.3, ρ's=1272 kg/m3. 
The characteristic data used for the light concrete are: E’c=3340 MPa, νc=0.2, ρ'c=256 kg/m3. 
 
3.4 Calculation 
 
The impact force history is drawn on fig. 12. Shock duration is less than 0.5 ms. This duration is probably 
too low, because local degradation of concrete (compaction under missile nose), is not modelled. The 
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missile bounces off the slab with a residual velocity: Vres=40 m/s. Hence, the impulsion transmitted by the 
missile to the plate is I=8.2 KN greater than the missile momentum. 
 

 
Figure 12: impact force history 

 
The maximum displacement of the slab is calculated as high as 6 cm and maximum strains in rebar about 
3.5 %. Hence, the slab is severely damaged. At the beginning of the impact, perforation criterion (that was 
used although not suited for hard impact) is widely exceeded in the neighbourhood of the loading area and 
with increasing time, the criterion is exceeded throughout the slab. 
 
In fact, this calculation is not relevant because in the model, shear degradation is not accounted for.  
According to the CEA-EDF formula given below:  
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with: N=1.18 for a hemispherical nose, 
p=0.7 for 2 steel layers, 
r0=200 kg/m3, reference steel density for the concrete, 
fc0=36 MPa, reference compression strength for concrete 
d=0.168 m, diameter of the missile, 

the minimal velocity generating perforation is: V=132 m/s. Hence, perforation is likely to occur. 
 
Conclusion: 
 
This simplified method using a shell approach is well suited for industrial applications dealing with soft 
impact on reinforced concrete structures. The main drawback is the modelling of shear behaviour that is 
supposed to be elastic. In the future, it will be necessary to introduce a non linear shear model taking into 
account plasticity of transverse rebars. Finally, it is worth to note that the adaptation of this model for 
dealing with hard impact is not straightforward.  
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Introduction 
 
This brief summary of the modeling, and key simulation results, for the MEPEPN and VTT concrete target 
impact tests is provided per the 6 September 2010 request from the Workshop organizers for a summary to 
be distributed to the participants prior to the 13 – 15 December 2010 Workshop. 
 
Microsoft Excel templates reporting the requested details of the MEPEPN & VTT modeling and 
simulation results were provided to the Workshop organizers via Mr. Nebojsa Orbovic of the Canadian 
Nuclear Safety Commission on 3 September 2010; no additional updates to this submission were provided. 
 
3.  Provided Material Characterization Data 
 
In general the provided IRIS_2010 material characterization data was woefully inadequate for a validation 
study. 

Reinforcement 

Of the three major materials in this study, i.e. reinforcement, missiles, and concrete, easily the 
reinforcement was the most well characterized. Essentially useless strain-rate properties were provided for 
the MEPPEN reinforcement – useless because there is not that much strength increase in the 
characterization data and the stain rates in the MEPPEN simulation are quite small. 
 
No strain rate information was provided for the VTT Flexural and Punching mode reinforcement, but 
inexplicable the quasi-static stress-strain data provided was a for a 8 mm diameter bar rather than the 6 and 
10 mm diameter bars specified for the reinforcement in the VTT Flexural and Punching slabs, respectively.  
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Missiles 

The lack of strain rate data for the MEPPEN and VTT Flexural missiles precludes a reasonable assessment 
of the missile response in these two simulations. The failure to even identify the type of steel used in the 
VTT Punching missile is a serious oversight by the organizers. 

MEPPEN II-4 

While the quasi-static stress-strain data was provided, a serious omission was made in not providing the 
strain-rate data for RSt 37-2. Since the MEPPEN missile buckles, the strain rates in the folds of the buckles 
can be quite large, and indeed the strain rate effects the type of buckles that form, i.e. accordion and 
diamond shaped. 
 
The missile material is RSt 37-2 a steel with a quasi-static yield strength of about 280 MPa. As no strain 
rate properties were provided for the missile, a literature search for buckling of steel cylinders provided 
Cowper-Symonds strain rate parameters for a mild steel, and the article confirmed that strain rate 
properties are critical for predicting such buckling induced collapse of steel cylinders. 

VTT Flexural 

The missile material for this test is a stainless steel EN 1.4432 with a yield stress of about 370 MPa. As 
with the MEPPEN missile material specification, no strain rate effects are provided in the material 
description. A literature search provided a paper with Cowper-Symonds strain rate parameters for a 316L 
stainless steel, which was assumed to be similar to EN 1.4432. 

VTT Punching 

The missile material for this test is was only specified as ‘steel pipe;’ that certainly narrows down the 
material modeling choices. The steel dome on the front (impact end) of the pipe and the rear closure plate 
were specified to be Fe52 but no stress-strain data was provided. 

Concrete 

Without a doubt the poorest material characterization was for the concrete in the three slabs. For the 
MEPPEN test the unconfined compressive and tensile strengths were specified. For the VTT Flexural and 
Punching test a range of unconfined compressive and tensile strengths were provided. While such concrete 
characterizations are adequate for civil engineering design purposes, i.e. designing safe structures, they are 
not adequate for the modeling concrete structures which will experience damage and especially concrete 
structures that will be perforated, e.g. as in the VTT Punching test. 
 
What is required is a suite of triaxial compression tests that define the shear failure surface in compression 
and additionally triaxial extension tests to define the extension shear failure surface. Figure 1 compares the 
triaxial compression surfaces for a 29.7 MPa unconfined compression strength concrete (MEPPEN II-4) 
for four LS-DYNA models that require only the unconfined compressive strength as input. As can be seen, 
although the shear failure surfaces for the four models pass though the specified unconfined compression 
point (stress difference=29.7 and mean stress = 99 MPa) the models predict significantly different shear 
strengths at larger mean stress, as would certainly occur in the VTT Punching test. 
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Figure 1: Comparison of triaxial compression surfaces for four LS-DYNA concrete models with the 

same unconfined compressive strength. 

 
Worse yet, no information was provided to characterize the concrete’s hydrostatic compressive response, 
i.e. pressure versus volume strain. The concrete crushing, or compression, was a dominated mode of 
response near the missile impact locations for the MEPPEN and VTT Flexural test. In the VTT Punching 
mode test the concrete compression, and shear response, dictate the resistance of the concrete to 
perforation by the missile. Figure 2 shows the corresponding pressure versus volume strain response for 
the four LS-DYNA concrete models illustrated previously in Figure 1. 
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Figure 2: Comparison of compaction responses for four LS-DYNA concrete models with the same 

unconfined compressive strength. 
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4.  Basic Choices 
 
All three of the tests: MEPPEN II-4, VTT Flexural & Punching, were simulated using the Livermore 
Software Technology Corporation software LS-DYNA Release 5 Revision 61373 dated 22 July 2010. All 
simulations were performed with the double precision version of LS-DYNA on a 64 bit Windows 7 
computer using a single processor. The LS-DYNA explicit time integration solver was used in conjunction 
with the available Lagrange solid, shell and beam elements. The CPU time for the three simulation varied 
from 3.5 hours for MEPPEN II-4, 4 hours for VTT Punching and 11 hours for the VTT Flexural 
simulation. 
 
Although LS-DYNA has an implicit time integrator, the explicit integrator is considered to be more 
computational efficient, both in CPU time and memory requirements, than the corresponding implicit 
solver for such short duration impact and penetration events. 
 
The LS-DYNA software was chosen as the analyst has over 25 years of experience using first DYNA3D 
and since 1993 LS-DYNA. 
 
Approximately 250 labor hours over 2.5 months was required to produce numerous preliminary studies, 
the three final simulations and the results reporting in the required Excel templates. An estimated 20-30 
hours of this time was wasted due to poor and incomplete instructions provided in the Excel reporting 
templates. Of course, additional time was wasted because of the poor problem definitions especially the 
material characterization and reinforcement geometry. 
 
The work was performed for the Canadian Nuclear Safety Commission under a fixed price effort with a 
tight milestone schedule. 
 
5.  Concrete Slab Modeling 
 
The submitted models, and results, took advantage of the geometric symmetry present in the projectiles 
and targets. Only one fourth of the projectiles and target slabs were included in the simulations, with 
appropriate symmetry boundary conditions on the two planes of symmetry, see Error! Reference source 
not found.. Unreported preliminary simulations were performed for the MEPPEN II-4 simulation using 
half symmetry and full, i.e. no symmetry, models. This preliminary study was used to investigate the 
possibility of non-symmetric buckling, i.e. non-accordion buckling, of the forward portion of the MEPPEN 
missile. 
 
The concrete target slabs were model with Lagrange solids, i.e. eight node single integration point 
hexahedra with hourglass stabilization, and Lagrange beam elements, i.e. LS-DYNA’s Hughes-Liu beams 
with circular cross section and 3x3 Gauss integration in the cross section, where sued for the 
reinforcement. 
 
The beams of the reinforcement and solids of the concrete interacted through a series of automatically 
generated nodal constraints obtained via the LS-DYNA keyword *Constrained_Lagrange_in_Solid. This is 
considered to be a better way to embed reinforcement in concrete structures rather than sharing common 
nodes with the concrete Lagrange solid elements. 
 
All the reinforcement beam grids shared beam nodes at the common intersections, i.e. no over/under 
modeling of the reinforcement was considered. The material model used for the reinforcement was the LS-
DYNA MAT024 (*MAT_PIECEWISE_LINEAR_PLASTICITY) a von Mises type plasticity model that 
allows for a tabular input of the stress-strain response and includes an optional Cowper-Symonds strain 
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rate form. The provided stress-strain data was first converted to true stress-strain and then input in a tabular 
form. 
 
The concrete in all three simulations was the LS-DYNA MAT085 *MAT_WINFRITH_CONCRETE 
without strain rate effects. This is likely not the most suitable concrete model available in LS-DYNA, e.g. 
no strain softening in compression, but the Workshop emphasis on crack prediction – predicting random 
patterns is most difficult, lead to this less than optimal choice for concrete constitutive model. Erosion was 
only needed, and thus used, in the VTT Punching mode simulation to remove highly deformed elements – 
this as a result of the lack of strain softening in compression for the Winfrith concrete model. The erosion 
was activated via the LS-DYNA *MAT_ADD_EROSION keyword with the maximum shear strain of 0.60 
(60% shear strain). The shear strain criterion was selected as it is a good indication of the element 
distortion. 

MEPPEN 

The concrete slab mesh used 16 elements through the 700 mm thick slab and a geometric ratio of 
increasing larger elements, in the plane of the slab, from the center to the both edges. 
 
The reinforcement used about 115 mm long beam elements in the top and bottom reinforcement grids. 
These grids were coupled together with transverse reinforcement beam elements of about 128 mm length.  
 

SymmetrySymmetry

Bottom Surface View

Vertically Constrained Nodes
 

Figure 3: Quarter symmetry MEPPEN concrete slab with indicated nodes constrained from motion 
normal to the slab to model the MEPEPN 48 point supports. 

VTT Flexural 

The concrete slab mesh used 20 elements through the 150 mm thick slab and a geometric ratio of 
increasing larger elements, in the plane of the slab, from the center to the both edges. The edges of the two 
VTT slabs were supported by pairs (front & back surfaces) of rigid walls, see Figure 4, to simulate the 
elaborate fixture described in the problem definition. Preliminary studies with and without the modeled 
fixturing indicated the results fairly insensitive to the edge constraints.  
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The reinforcement used about 56.5 mm long beam elements in the top and bottom reinforcement grids. 
These grids were coupled together with transverse reinforcement beam elements of about 60 mm length.  
 

Symmetry

Rigid Wall Segments

Symmetry

Rigid Wall Segments

 
Figure 4: Quarter symmetry VTT Flexural concrete slab with indicated solid element segments 

constrained from motion normal to the slab to model the VTT support structure. 

VTT Punching 

The concrete slab mesh, see Figure 5, used 34 elements through the 250 mm thick slab and a geometric 
ratio of increasing larger elements, in the plane of the slab, from the center to the both edges. 
 
The reinforcement used about 90 mm long beam elements in the top and bottom reinforcement grids. No 
transverse reinforcement was specified for the VTT Punching test slab.  
 

Symmetry

Symmetry 0.25 m

1.05m
1.05 m

 
Figure 5 Quarter symmetry VTT Punching concrete slab with indicated mesh. 
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6.  Missile Modeling 
 
For all three simulations the impacting missiles were modeled explicitly using a combination of shell and 
solid elements, as appropriate, see Figure 6. The thin MEPPEN and VT Flexural missiles were modeled 
primarily with shell elements using 5 integration points thorough the thickness. The VTT Punching missile 
was modeled with solid elements with 5 single point integration elements through the missile wall 
thickness.  
 

 

 

 
Figure 6: Missile models MEPPEN (top), VTT Flexural (middle) and VTT Punching (bottom). 

NOTE: Missiles are not shown at the same scale. 

 
As with the reinforcement constitutive modeling, the constitutive model used for the reinforcement was the 
LS-DYNA MAT024 (*MAT_PIECEWISE_LINEAR_PLASTICITY) a von Mises type plasticity model 
that allows for a tabular input of the stress-strain response and includes an optional Cowper-Symonds 
strain rate form. The provided stress-strain data was first converted to true stress-strain and then input in a 
tabular form. Cowper-Symonds type strain rate forms were used for the thin missiles, i.e. MEPPEN AND 
VTT Flexural missiles. 
 
7.  Contact Modeling 
 
In addition to the LS-DYNA Constrained_Lagrange_in_Solid feature used to constrain the reinforcement 
within the concrete slabs, contact interfaces were needed between the missiles and concrete targets. The 
following LS-DYNA contact definitions were sued for the three simulations 
 

1. MEPPEN –  
a. Missile to Target: *Contact_Eroding_Surface_to_Surface (no erosion occurred) 
b. Missile to Reinforcement: *Contact_Automatic_Single_Surface 

2. VTT Flexural –  
a. Missile to Target: *Contact_Eroding_Surface_to_Surface (no erosion occurred) 
b. Missile on Missile (buckling): *Contact_Automatic_Single_Surface 

3. VTT Punching –  
a. Missile to Target: *Contact_Eroding_Surface_to_Surface (erosion occurred) 
b. Missile to Reinforcement: *Contact_Automatic_Single_Surface 
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c. Missile to Interior Concrete Fill: *Contact_Automatic_Surface_to_Surface 
 
8.  Calculation 
 
In all three simulations the LS-DYNA determined stable time step was used: MEPPEN 5.27E-4 
milliseconds, VTT Flexural 1.92E-4 milliseconds, and VTT Punching 1.20E-4 milliseconds. The CPU time 
for the three simulation varied from 3.5 hours for MEPPEN II-4, 4 hours for VTT Punching and 11 hours 
for the VTT Flexural simulation. 
 
The final total energy was within 0.9% difference with respect to the initial total energy for all three 
simulations. The final hourglass energy as a fraction of the final total; energy was 12% for the MEPPEN 
simulation, 9% for the VTT Flexural simulation and 22% for the VTT punching simulation. The rather 
large hourglass energy for the VTT Punching simulation is attributed to the large distortion of the element 
before the erosion criterion was activated to remove the element. 
 
The duration of the contact between the missile and target for the three simulations were: 

1. MEPPEN simulation 32 milliseconds. 
2. VTT Flexural simulation 16 milliseconds. 
3. VTT Punching simulation 4 milliseconds. 

 
For the MEPPEN and VTT Punching simulation the missiles rebounded from the target at about 3 m/s and 
5 m/s, respectively. For the VTT Punching simulation the missile perforated the target with a residual 
speed of about 55 m/s. 
 
As shown in Figure 7, the relatively thin MEPPEN and VTT Flexural missiles buckled (accordion) over a 
significant portion of the impacting end of the missile. Conversely, the relatively thick VTT Punching 
missile was predicted to bulge outward in the body of the missile immediately after the spherical node cap. 
The outward buckling is caused by the internally induced pressure from the missile’s concrete fill. The 
amount of this outward bulging is, in part, dependent on the compressibility of the concrete fill, which was 
not specified in the problem statement. 
 

 

 

 
Figure 7: Final deformed configurations of the MEPPEN ((top) VTT Flexural (middle) and VTT 

Punching (bottom) missiles. NOTE: Missiles are not shown at the same scale. 

 
Concrete target damage is described as: 

• MEPEPN –top/bottom surface cracking over most of the target is predicted and a conical crack 
partner through the target thickness centered about the point of missile impact. 
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• VTT Flexural – concentrated concentric cracks on the top (impact) surface  with radial cracking on 
the bottom surface, and a conical crack pattern through the target thickness centered about the 
point of missile impact. 

• VTT Punching – target slab was perforated with residual hole of nearly the same diameters as the 
missile on the impact surface and about twice the missile diameter on the bottom surface. 
Concentrated concentric cracks on the top (impact) surface  with more extensive concentric and 
radial cracking on the bottom surface, and a conical crack pattern through the target thickness 
centered about the point of missile impact. Significant rear surface spall to the depth of the lower 
reinforcement was predicted. 

 
Figure 8 through Figure 10Figure  show the contact force (left) and concrete target displacement  (right) 
for the MEPPEN, VTT Flexural and VTT Punching simulations, respectively. 
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Figure 8: MEPPEN simulation contact force and slab displacement histories. 

 

-200.000

0.000

200.000

400.000

600.000

800.000

1000.000

1200.000

0.00 10.00 20.00 30.00 40.00

Lo
ad

 fo
rc

e 
(k

N
)

Time (ms)

Load time history between the missile and the target

-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0.000

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

D
is

pl
ce

m
en

t 
w

1 
(m

)

Time (ms)

Displacement time histories at the rear of the slab : w1

 
Figure 9: VTT Flexural simulation contact force and slab displacement histories. 
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Figure 10: VTT Punching simulation contact force and slab displacement histories. 

 
9.  Conclusions 
 
It would have been beneficial to the workshop to repeat the three simulations with the other three available 
simple input concrete models available in LS-DYNA to obtain a distribution of results based solely on 
upon the assumed variation of the concrete constitute response for a fixed value of the unconfined 
compressive strength. Similarly, repeating the VTT Punching simulation with Smooth particle 
Hydrodynamics (SPH) and possible Multi-Material Arbitrary Lagrange Eulerian (MM-ALE) solvers would 
have provided additional results free of the ad hoc assumption of element erosion required for the 
Lagrange solution. 
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3.4.7  Team #7 CNSC-Team II 

IRIS_2010 NUMERICAL SIMULATION REPORT 
CNSC Team II 

 
1. Introduction 
 
The current report describes the FE model and simulation results produced by CNSC Team II for the three 
IRIS_2010 benchmark tests as follows: 

1)  Large scale Meppen II-4 test performed in the 70th - 80th in Germany. Results of this test were 
provided to all participants. The results show significant damage of the concrete target and very 
large deformation/buckling of the projectile (missile). No penetration of the target was observed at 
this test, 

2)  IRSN-CNSC-VTT small scale blind test with expected punching/perforation of the concrete target, 
and 

3)  IRSN-VTT small scale blind test with expected mostly flexural behaviour of the concrete target. 
 
The results of the last two tests were not disclosed to all participants at the time of writing this report. After 
analysis of material data and test conditions CNSC Team II agreed with provided expected behaviour for 
the last two tests and with provided templates for input data, simulation results and report. The report was 
written to follow the provided guidelines as close as possible. 

 
2. Material Input Data 
 
CNSC Team II found that material input data provided are consistent. However, highly non-linear material 
models used in current FE analysis require some additional data that were not provided. Unfortunately, 
most of these additional parameters require special high-precision tests to identify them. This option was 
clearly out of the scope for the current project. We would like to mention the following non-defined 
material data: 

(i) Strain-rate effects for missile, rebars and concrete. In the absence of these data, the widely used 
Cowper-Symonds strain-rate law was selected as follows [1]: 

  
   σy

dynamic = σy
static·(1+ε/C)1/p, where C=40 s-1, p=5 

 
The selected values of parameters C and p are widely used for mild steel and were implemented 
for both missile and rebars in all FE models. 

(ii) Only density, Young’s modulus, aggregate size and uniaxial tensile and compressive strengths 
were provided for concrete target. Non-linear constitutive laws require much more material 
parameters such as, for example, full pressure - volumetric strain curve. The total number and 
specific of the additional parameters for adequate concrete characterisation depend on the selected 
material model. Therefore, the default concrete properties were selected for the Winfrith concrete 
model used in all FE simulations.  

(iii) No data were provided for the scatter on all material properties. The bounding box (min/max 
values) was also not provided. 

 
However, CNSC Team II fully understands that this deficiency is not a result of some negligence from the 
Organizing Committee but rather is the result of the very complex nature of the problem. 
 

. 
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3. Selection of Modelling Type 
 
CNSC Team II selected the explicit commercial FE code LS-DYNA ls971d R4.2.1 64-bit version on 
Windows XP 64-bit OS. This selection was motivated by the common understanding of LS-DYNA 
advantages in modelling fast impact-type events with highly non-linear material behaviour using explicit 
FE algorithms. In addition, LS-DYNA has high-fidelity non-linear constitutive models for both steel and 
concrete allowing adequate modelling of penetration and perforation of concrete target in the required 
range of model parameters. The CNSC Team II consists of one person working on this project part-time 
(~40%) for 3 months. However, this person has spent considerable time working on similar project 
involving modelling of other VTT tests with different test conditions.  The most serious constraints 
encountered for this project were as follows: 

(i) Very short time period and only one person available part-time to conduct the simulations required, 
and 

(ii) Limited computer power (only one PC with one CPU license installed on it). 
 
These limitations resulted in limited amount of cases analyzed by CNSC Team II. Many cases with 
sensitivity analysis of numerous model parameters were dropped due to lack of time and computer power. 
However, the effect of most important in our view model parameters, such as mesh density, ¼ versus full 
model and concrete erosion was examined at least for one of three benchmark tests as described later in 
section 4 and 5. 
 
4. Concrete Slab modelling 
 
4.1  FE Model selection 
 
Due to the nature of the tests a full 3-D FE model was created for both the slab and the missile. CNSC 
Team II strongly believes that simplified 1-D and 2-D models could not adequately model such important 
features as crack/damage propagation, missile collapse, etc. The effects of mesh density and ¼ versus full 
model were examined for punching/perforation test (#2) as follows: 

(i)  Effect of mesh density. Three different mesh densities were examined for the small scale target 
(tests #2 and 3): coarse, fine and very fine with approximately twofold increase in mesh density in 
each direction from one mesh to another. The results show clearly that fine mesh described in 
Excel results file is adequate for both flexural and punching/perforation behaviour. Similarly, the 
meshes used for both “hard” (test #2) and “soft” (test #3) missiles were also verified. 
Unfortunately, time and computer power limitations prevented us from similar analysis for the 
large scale Meppen test. The FE mesh with density similar to that used in tests #2 and 3 resulted in 
very large FE model that could not be analyzed within current limitations.  FEA for this test was 
further complicated by the presence of both highly deformable missile and highly damaged 
concrete target. Consequently, coarser mesh described in the correspondent Excel results file was 
selected to get the analysis done. However, based on analysis of these results and comparison with 
experimental data provided, CNSC Team II believes that FEA conducted is also adequate for the 
Meppen test 

(ii) Selection of a quarter model. Due to symmetric geometry and loading conditions for all tests only a 
quarter model was selected in all FEA conducted with appropriate symmetry conditions as shown 
in Excel result files. However this simplification is not obvious in cases involving intensive 
cracking and crushing of the concrete FE since they do not start simultaneously in all 4 quarters of 
the target. Therefore, this assumption was verified for the test #2 with the most intensive concrete 
damage. The results show good agreement between both models. 
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4.2  Choice of FE for the concrete and for the reinforcing steel 
 

(i) 3-D 8-noded FE with reduced 1-point integration (constant stress FE) was selected for concrete 
slab. This is the default solid FE in LS-DYNA and is compatible with selected material model. 
Due to low order shape functions and reduced integration for this FE, CNSC Team II avoided 
excessive element distortion, even for zones far from the impact area 

(ii) 2-D 4-noded shell FE with Belytschko-Tsay formulation and 2 integration points  through 
thickness (LS-DYNA default) was selected for steel frame used in tests  #2 and 3 
(iii) Test runs conducted show that using “smeared” rebars option available in some LS-DYNA models 

lead to unacceptable results. Therefore, both lateral and vertical reinforcements were modelled 
explicitly using 2-noded beam FE (Hughes-Liu formulation with 2x2 Gauss integration points, LS-
DYNA default). Spherical joints connections with coincident nodes (no moment transfer) were 
assumed between reinforcement layers in x- y- and z- directions and between reinforcement and 
concrete. Despite a computational penalty, CNSC Team II decided to use coincident concrete-
reinforcement nodes instead of commonly used approach with separate FE nodes for concrete and 
reinforcement meshes tied using kinematic constrains. We believe that the latest approach could 
lead to inaccurate results in cases involving FE erosion. 

 
4.3  Constitutive laws for the concrete and for the reinforcing steel 
 
The following constitutive laws were selected for the concrete and for the reinforcing steel for all 
benchmark tests: 

(i) Winfrith material model #84 in LS-DYNA (*MAT_WINFRITH_CONCRETE) was selected for the 
concrete slab for all tests due to the following reasons: 
• The model is suitable for high-speed impact analysis involving cracking and crushing  
• The model allows visualize crack patterns 
• The model uses default pressure versus volumetric strain curve in case when this curve is not 

defined explicitly 
• Input data provided by the Organizing Committee are sufficient if default pressure versus 

volumetric strain curve is used. The only missing parameter is the value of fracture energy that 
was calculated by LS-DYNA using another material model #159 (*MAT_CSCM). Averaged 
compressive and tensile splitting strengths values provided to benchmark participants were 
treated as uniaxial compressive and tensile strengths (UCS and UTS) values needed for 
Winfrith model. 

• Strain-rate effects are included in this model   
• The model is most commonly used for this type of modelling 
• According to analysis conducted by L. Schwer (Schwer Engineering & Consulting Services, 

Windsor CA USA, http://www.schwer.net/SECS/) this model produce average results among 
the most “popular” concrete models in LS-DYNA in case when only basic concrete data are 
defined. 

Material parameters for the Winfrith model were selected as follows: 
• Benchmark test #1: 

ρ=2300 kg/m3, E=29100 MPa, ν=0.24, UTS=4.8 MPa, UCS=37.2 MPa, aggregate size 
(radius) =4 mm, fracture energy =85.5 J/m 

• Benchmark test #2: 
 ρ=2300 kg/m3, E= 29400 MPa, ν=0.17, UTS=4.04 MPa, UCS=67.6 MPa, 
 aggregate size (radius) =4 mm, fracture energy =85.5 J/m 

• Benchmark test #3: 
ρ=2260 kg/m3, E=26920 MPa, ν=0.17, UTS=3.71 MPa, UCS=63.9 MPa, aggregate size 
(radius) =4 mm, fracture energy =85.5 J/m 
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(ii) Bi-linear steel model #3 in LS-DYNA (*MAT_PLASTIC_KINEMATIC) was selected for the slab 

reinforcement as follows: 
• Simplified bi-linear elastic-plastic model was selected due to lack of full stress-strain curves 

for the expected loading range. Plastic tangent modulus Et was calculated based on provided 
average values of yield stress σy, ultimate tensile strength σt and relative ultimate elongation at 
break   

• Material failure was introduced for stresses exceeding Ultimate Tensile Strength using failure 
strain parameter εf for defining eroding FE. Values of relative averaged ultimate elongation 
provided to participants were used as failure strain for eroding elements 

• Pure isotropic hardening (β=1) was selected for all cases. Varying β from 0 to 1 corresponds to 
varying between pure kinematic and isotropic hardenings. The value β=1 was selected based 
on authors previous experience for large deformation of steel structures. Due to non-cyclic 
nature of the benchmark tests, the effect of β selection is expected to be limited 

• Cowper-Symonds  strain-rate law  with parameters C=40 s-1 and p=5 (see section 2) was 
selected for all cases 

 
Material parameters were selected as follows: 

• Benchmark test #1: 
 ρ=7800 kg/m3, E=200 GPa, ν=0.3, Et= 2630 MPa σy=467 MPa 
 Failure strain for eroding elements εf=11% 

• Benchmark test #2: 
 ρ=7800 kg/m3, E=200 GPa, ν=0.3, Et= 464 MPa, σy=599 MPa 
 Failure strain for eroding elements εf=15.2% 

• Benchmark test #3: 
 ρ=7800 kg/m3, E=200 GPa, ν=0.3, Et= 478 MPa, σy=599 MPa 
 Failure strain for eroding elements εf=15.2% 
 

4.4  Material and FE erosion 
 
Numerous runs conducted show that FE erosion in needed for adequate modelling in cases involving target 
penetration and/or perforation for the following reasons:  

• To prevent excessive FE deformation in the impact zone leading to non-convergence 
• To allow missile moving though the target for Lagrange FE formulation 
• To model material damage and failure 

 
Erosion for reinforcement FE and missile was incorporated in the correspondent material model #3 as 
described earlier in Section 4.3.  
Winfrith concrete model does not have erosion inside the material constitutive law. Moreover, as pointed 
by L. Schwer (Schwer Engineering & Consulting Services, Windsor CA USA, 
http://www.schwer.net/SECS/), this model also does not have material softening after concrete strength in 
uniaxial compression is exceeded,. The two dashed curves in Fig.1 show calculated stress versus strain for 
the single Winfrith FE without erosion for both uniaxial tension and compression loadings. These curves 
clearly show foam like behavior in compression.  Therefore, some kind of erosion is needed to model 
concrete compression more realistically. According to Fig. 1, Winfrith concrete model shows some 
softening in tension. However some cut-off limit should be also introduced to prevent unrealistically large 
FE deformations. LS-DYNA option for including erosion (*MAT_ADD_EROSION) has in total 14 
different erosion criteria. Unfortunately, none of them has the direct physical correlation with the concrete 
damage during impact. Based on numerous test runs, CNSC Team II selected the following two criteria: 

• Maximum principal stress at failure ε1>εmax (positive value) that governs erosion in tension, and 
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• Minimum principal stress at failure ε3<εmin (negative value) that governs erosion in compression 
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Fig.1: σ-ε relationship for a uniaxial loading of one FE with Winfrith concrete material 

 
The two solid curves in Fig. 1 show stress versus strain curves calculated for the same single Winfrith FE 
with selected erosion criteria εmax=5% and εmin= -5%. Please notice, that different criteria or their 
combinations could be also selected. In case with equivalent absolute values of εmax and εmin, the selected 
criteria could be reduced to only one: maximum shear stress at failure γmax=εmax=-εmin since γ=(ε1−ε3)/2. 
However, the CNSC Team II found that for some benchmark cases different values of εmax and εmin 
produced better results as described later in the report.  
 
The values for erosion in Winfrith concrete model were selected as follows: 

• Benchmark test #1: 
εmax=10%, εmin= -∞ - no erosion in compression was selected for this test 

• Benchmark test #2: 
 εmax=5%, εmin= -5% - identical erosion criteria in both tension and compression 
• Benchmark test #3: 

εmax=10%, εmin= -∞ - no erosion in compression was selected for this test 
 
5. Missiles Modelling 
 
Adequate FE models were created for missiles in all benchmark cases as follows: 

• A quarter model was selected for the missile 
• 2-D 4-noded shell FE with Belytschko-Tsay formulation and 2 integration points through thickness 

(LS-DYNA default) were selected for missile side pipes and back plates. The equivalent 
“effective” material density was calculated for the back plate in the benchmark tests #1 and 2 to 
match the total part mass. The same FE type was also used for “soft” missile head in benchmark 
case #3.  

• 3-D 8-noded FE with reduced 1-point integration identical to those used for concrete slab were 
selected for “hard” missile head in benchmark case #3. 
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• Winfrith concrete model identical to that used for slab was selected for “hard” missile filling in 
benchmark case #2. Material properties for the light-weight filling were not provided to 
benchmark participants. They were selected by scaling slab properties as follows: 

 ρ=1120 kg/m3
 - to match the total mass of the filling, E=3.22 GPa, ν=0.17,  UTS=1 MPa, 

UCS=3 MPa.  
• FE erosion was not introduced for missile filling 
• Bi-linear elastic-plastic steel model identical to that used for slab reinforcement was selected for 

missile material with the following properties: 
• Benchmark test #1 (“soft” missile): 

ρ=7800 kg/m3, E=200 GPa, ν=0.3, Et= 897 MPa, σy=280 MPa, εf=∞ (no failure). Total missile 
mass M=1015 kg and initial velocity v=247.7 m/s correspond to Meppen II-4 test  

• Benchmark test #2 (“hard” missile): 
ρ=7800 kg/m3, E=200 GPa, ν=0.3, Et= 1130 MPa, σy=758 MPa, εf=∞ (no failure). Total 
missile mass M=47.42 kg and initial velocity v=135.85 m/s correspond to 1st test (P1) 
performed on 17 March 2010  
Benchmark test #3 (“soft” missile): 
ρ=7880 kg/m3, E=200 GPa, ν=0.3, Et= 456 MPa, σy=350 MPa, εf=50% 
Total missile mass M=50.5 kg and initial velocity v=110.15 m/s correspond to 1st test (B1) 
performed on 10 March 2010  

 
6. Contact Modelling 
 
Full contact interactions during missile-target impact were modeled using several types of contact elements 
available in LS-DYNA as follows: 

• Surface-to-surface contact with erosion was assumed between missile and concrete slab 
• Surface-to-nodes contact was assumed between missile and reinforcement 
• Self-contact was assumed for the “soft” missile in benchmark tests #1 and 3 to model missile 

buckling adequately 
• Typical values were selected for contact friction coefficients as follows:  
 f1=0.45 for steel-on-concrete [2] and f2=0.74/0.57 for static/dynamic steel-on-steel  friction [3] 

 
7. Modeling Results 
 
As was mentioned earlier, all simulations were conducted using LS-DYNA with default value of time step. 
The simulation time for all three benchmark tests was selected according to guidelines provided: 50 ms for 
“hard” and 100 ms for “soft” missiles. To stabilize the solution, viscous contact damping of 10% was 
selected as recommended in LS-DYNA manual.  No additional material or stiffness damping was 
introduced since all simulation results show reasonably low residual oscillations for all output variables 
examined. As expected, the largest oscillations occur in the test #3 with mostly flexural target behavior. It 
is worth to mention that crack patterns displayed in figures should be treated with certain caution. LD-
DYNA post-processor results show all cracked FE including very small micro-cracks that are practically 
invisible. These cracked FE could be filtered by selecting the relative crack width limit for display. 
Unfortunately, this limit does not have direct correlation with the real crack size. Therefore, we decided to 
display all cracks in our Figures.  
 
To simplify the process of obtaining displacements at given locations they were calculated at the closest 
nodes instead of employing some interpolation procedure. Authors believe that this simplification does not 
lead to significant errors.  
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Since the length and exact position of strain gauges on the rebars were not provided, average axial FE 
strains were calculated at provided sensor locations Authors believe that this simplification could result in 
significant deviation from experimental results that are recorded somewhere on the rebar surface and 
averaged over the gauge length.  
The results of FEA conducted were presented in the correspondent Excel files. Current report presents only 
main simulation results together with some additional information deemed important by CNSC team II for 
understanding target and missile behavior. The results are provided in three subsections for benchmark 
tests #1 to 3 consequently. 
 
7.1  Benchmark test #1 (large scale Meppen II-4 test) 
 
Fig. 2 shows the final shape of the highly deformed missile at the end of the impact at t=34 ms. Fig. 3 
shows the final shape of the target at the end of simulation time t=100 ms. Significant target damage up to 
front reinforcement layer could be observed at impact area. Fig. 3 shows also intensive cracking though the 
entire target thickness with conical crack patterns in impact area. The back surface of the target is also 
heavily cracked. However, no throughout holes or large separated chunks of concrete were detected in 
simulation.  As was mentioned at the beginning of this section, crack patterns should be treated with 
certain caution since not all cracks displayed are real visible cracks.  
 
Fig. 4 shows the time history of the missile velocity recorded at the rear plate. The missile was rebounded 
with residual velocity ~5.2 m/s. Finally, Fig. 5 shows the time history of the total contact force in the 
impact direction. 
 
Since no damage occurred in the vicinity of all sensors, obtained displacement and strain time histories are 
deemed to be representative for this benchmark test, see Excel file with results. Unfortunately, forces K4 - 
K8 could not be calculated since BC are different for the test and FE model. Simplified BC were selected 
for modeling, see worksheet /Model/. Please, notice that even for more accurate BC forces could not be 
obtained from FEA since the provided data are not sufficient to get a proper distribution of reaction forces 
between force sensors and tie rods. 

 

 
Fig. 2: Missile shape at the end of the impact (t=34 ms) 
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Fig. 3: Slab with crack patterns at the end of the simulation (t=100 ms) 
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Fig. 4: Time history of the velocity at the rear of the missile 
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Fig. 5: Time history of the total contact force in impact direction 

 
7.2  Benchmark test #2 (punching test) 
 
Fig. 6 shows the final shape of the practically un-deformed missile at the end of simulation time t=50 ms. 
Dislocations were observed only for the missile filling. Fig. 7 shows the final shape of the fully perforated 
target at the end of simulation time. No significant target damage occurred at the front face of the target 
around penetration hole. However, the back surface of the target is heavily cracked with concrete cover 
completely destroyed around the penetration hole. Fig. 7 shows also intensive cracking though the entire 
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target thickness with conical crack patterns in impact area. Some cracking also occurs around slab 
boundaries due to slab-frame interaction. As was mentioned at the beginning of this section, crack patterns 
should be treated with certain caution since not all cracks displayed are real visible cracks.  
 
Fig. 8 shows the time history of the missile velocity recorded at the rear plate. The missile was rebounded 
with residual velocity ~52 m/s. Finally, Fig. 9 shows the time history of the total contact force in the 
impact direction. 
 
The FEA predictions show that some nodes and FE with displacement sensors attached to them were 
eroded at some time during the impact. This implies that correspondent sensors was either damaged or 
destroyed and their time history data are meaningless after some time instances as shown in Excel file with 
results. These sensors are displacement sensors w2, w3, and w4 located at the rear face of the slab. For 
other sensors, obtained displacement and strain time histories are deemed to be representative for this 
benchmark test, see Excel file with results.  

 
Fig. 6: Missile shape at the end of simulation (t=50 ms) 



NEA/CSNI/R(2011)8 

 174

 

               
 

   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

front side back side 

horizontal section 

3-D view 

Fig. 7: Fully perforated slab with crack patterns at the end of simulation (t=50 ms)  
 of the simulation (t=100 ms)
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Fig. 8: Time history of the velocity at the rear of the missile 
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Fig. 9: Time history of the total contact force in impact direction 

 
7.3  Benchmark test #3 (flexural/bending test) 
 
Fig. 10 shows the final shape of the missile at the end of the impact at t=17 ms. Fig. 11 shows the final 
shape of the target at the end of simulation time t=100 ms. Localized target damage could be observed at 
locations where impact of missile side pipe occurred. The detailed analysis shows that relatively flexible 
missile head quickly transforms from convex to concave shape (“pop-in”) during the initial impact state. 
After this, side pipe of the missile with relatively small contact area and large axial stiffness impact target 
directly creating some denting prior to softening due to buckling. Pipe buckling also leads to an increase in 
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contact area, therefore limiting target penetration during the remaining impact duration. Fig. 11 shows 
approximately circular cracked area at the front face of the target around this missile side – slab interaction 
location. Some cracking near the head impact location was produced during the very first impact stage 
before “pop-in”. Rear slab surface also shows some radial cracking. Some cracking also occurs around slab 
boundaries due to slab-frame interaction. As was mentioned at the beginning of this section, crack patterns 
should be treated with certain caution since not all cracks displayed are real visible cracks.  
 
Fig. 12 shows the time history of the missile velocity recorded at the rear plate. The missile rebounded 
with residual velocity ~4.1 m/s. Finally, Fig. 13 shows the time history of the total contact force in the 
impact direction. 
 
Since no damage occurred in the vicinity of all sensors, obtained displacement and strain time histories are 
deemed to be representative for this benchmark test, see Excel file with results. 

 

 
Fig. 10: Missile shape at the end of the impact (t=17 ms) 
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Fig. 11: Slab with crack patterns at the end of the simulation (t=100 ms) 
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Fig. 12: Time history of the velocity at the rear of the missile 
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Fig. 13: Time history of the total contact force in impact direction 

 
7.4  Sensitivity analysis 
 
Due to time and workload restrictions no detailed sensitivity analysis was conducted for all benchmark 
tests. However, this analysis was conducted for other VTT tests that were similar to punching test #2. The 
results show clearly that concrete and reinforcement strengths play an important role in determining 
missile final velocity and target damage. The missile velocity is, probably, the main factor in defining the 
target damage. However, this velocity could be measured with high degree of accuracy and, therefore, is 
not the main source of uncertainty. FEA conducted shows that the most challenging parameters are erosion 
criteria. The selection of these criteria and their values could significantly influence the resulting target 
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damage. This influence is the most significant for the case with missile velocity close to the minimum 
velocity required for slab perforation. Slight variations of erosion criteria lead to changes from perforation 
to rebound and vise versa in this case. However, the biggest problem is that these erosion criteria could not 
be either measured nor justified based on some physical considerations. They are not material properties, 
but rather computational tricks used to obtain reasonable solution. Therefore, we could not expect erosion 
values to be constant for the given concrete. CNSC Team II results as well as existing literature show 
clearly that larger erosion should be allowed in cases with target perforation comparing with cases with 
partial penetration. Small or no erosion could be allowed for cases involving flexural behavior of the target 
with minimal or no penetration. For example, for the punching benchmark test #2 changing erosion criteria 
in compression from -5% to -10% leads to a change in residual missile velocity from 52 to 43.1 m/s with 
similar slab damage. For the bending benchmark test #3 changing erosion criteria in tension from 10% to 
5% leads to a change in residual missile velocity from 4.1 to 3.4 m/s with similar slab damage. CNSC 
Team II believes strongly that in order to define erosion criteria properly, sufficient number of 
experimental tests should be conducted first for the desired impact velocities and damage types. The type 
and values of erosion criteria should be determined based on these tests. Hopefully, these values will 
remain constant during transfer from small to large scale models and from one geometry to another for the 
similar impact and damage conditions. However, this assumption should be verified in future. 
 
8. Conclusions and Recommendations 
 
The following conclusions were made by CNSC Team II based on FE modeling conducted: 
(i)  LS-DYNA FE code was successfully used for modeling all three benchmark tests 
(ii) Winfrith concrete model in LS-DYNA is capable of adequate modeling of slab behavior and inflicted 

damage  
(ii) Even small scale FE models for tests #2 and 3 require significant computer resources: 35 hrs and 80 hrs 

respectively on Dell Xeon X5335@2.66 GHz with 8 CPU (only one CPU was employed due to CNSC 
license limitation). Large scale FE model with similar mesh density for test #1 (Meppen II-4 test) was 
not solved due to computer and time limitations. Therefore, CNSC Team II used coarser FE mesh to 
conduct simulation. However, based on FEA results and comparison with experimental data provided, 
CNSC Team II believes that FEA conducted is also adequate for the Meppen test. Some simplification 
or reduction methods should be employed in future to overcome this modelling limitation.  

(iii) FE and material erosion should be introduced in FE model to get adequate results, particularly in cases 
involving deep penetration and/or perforation. Unfortunately, FE erosion criteria could not be either 
measured nor justified based on physical considerations. CNSC Team II believes strongly that in 
order to define erosion criteria properly, sufficient number of experimental tests should be conducted 
first for the desired impact velocities and damage types. The type and values of erosion criteria should 
be determined based on these tests and used in further analysis of large scale structures. 
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3.4.8  Team #8 COB 

IRIS_2010 NUMERICAL SIMULATION REPORT: 
Coyne et Bellier - Tractebel Engineering – GDF Suez 

Guillaume Hervé 
 

Introduction 
 
The exposed tests are providing the typical phenomena that have to be handled and modelled concerning 
this kind of topic: from punching aspects to flexural behaviour of an impacted slab. The extracted data that 
have been gathered and used as benchmarking variables are covering the several aspects on which 
engineers are focusing when dealing with this kind of matter. 
As a matter of previous analysis before carrying out the calculations some judgements concerning the 
behaviours of the slabs were set up: 

- Flexural test: Regarding the reinforcement ratio (especially the shear rebar), it is attempted to 
observe a few disorder in the slab after the test. The thickness of the slab taking into account the 
mass and speed of the missile should be enough to avoid scabbing on the rear side of the slab. 

- Punching test: Regarding the lack of stirrups or any kind of shear rebar and considering the speed 
and mass of the striker, one must consider the fact that a deep penetration of the missile must occur 
and that a perforation will surely also happen. A scabbing phenomenon must occur. 

 
Material input 
 
The input data were provided with the sufficient amount of elements to carry out the analysis. The data that 
were lacking explicitly were easily extrapolated and were setting up the condition of analysis in the same 
field of the current engineering conditions of several projects. Also, whereas one should attempt a larger 
set of data to characterize the constitutive equations, it is commonly admitted that for the engineering 
problems that deal with this kind of topics the builders are not aware of the need to perform the whole set 
of tests (TXC, TXE or TOR tests) and don’t have anything else than the common compressive tests. 
We then chose, regarding these aspects, that the best way to model the behaviour of the concrete was to use 
some constitutive equations that will build generic parameters  based on very simple values like 
compressive test on cylinder result, density etc … 
But, to model the slab supporting frame, it would have been better to have more data about the steel which 
have been used (S355 or S235 gives only a limit for the steel characteristics), but we also used the 
industrial characteristics for our numerical model. 
 
 
Basic choices 
 
The calculation code used to carry out the simulation is LS-Dyna 971 R5.0. This explicit FEM-code, 
mainly considered as a standard has been used for several years by the engineers of the team involved in 
this kind of analysis in Tractebel Engineering-GDF Suez. 
Regarding the duration of the calculation and the high frequencies that should happen in this phenomenon, 
it seems that the best integration scheme is an explicit one, especially considering the fact that the 
constitutive equations of the modelled materials are highly non-linear. 
 
 
The effort dedicated to this work was: 

- 1 principal engineer, 
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- 2 students in internship in charge of the modeling and the post-processing during 6 months for the 
first and 3 months the other one. 

Several analyses were performed on the basis of the Meppen test and are taken into account in the 6 
months that are quoted previously. 
 
Concrete slab modelling 
 
A complete 3D model has been taken into account for the analysis. Indeed, the previous calculations with 
the Meppen hypotheses has proven the strong influence of the boundary condition on the crack pattern 
taking into account a quarter of a slab even with non reflecting boundary conditions. 
Concrete : Brick elements with 1 Gauss Point and Hourglass control. 
Rebar : Spar elements 
Missile: Hughes-Liu Shell elements 
 
Fineness of the mesh: the mesh size was : 
 MEPPEN II-4: 

Concrete: Larger 12.5 mm, finer 5 mm 
Missile: 8 mm (average) 

IRIS Flexural: 
Concrete: Larger 12.5 mm, finer 5 mm 
Missile: 8 mm (average) 

 IRIS Punching: 
Concrete: Larger 12.5 mm, finer 5 mm 
Missile: 8 mm (average) 

 
Concrete bond to steel reinforcement: 
The concrete bond has been modelled as perfect thanks to CONSTRAINED_ LAGRANGE_IN_SOLID 
coupling law between rebar spars and concrete brick elements. 
 
 
 
MEPPEN TEST 
 
Concerning the Meppen Test, the slab is supported through 48 cylinders. The displacement has been 
restrained in the y direction on these points. 

 
 

a. Choice of finite elements for the concrete and for the reinforcing steel 
 
Reinforcing steel: 

Spars 
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Bending reinforcement mesh on the front face of the slab (1/4 of the model) – MEPPEN 

II-4 

 
Bending reinforcement mesh on the rear face of the slab (1/4 of the model) – MEPPEN 

II-4 
 

 
Shear reinforcement mesh of the slab (1/4 of the model) – MEPPEN II-4 
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b. Constitutive law of rebars elements 

 

 
c. Constitutive law of concrete 

 
 
 
FLEXURAL IRIS TEST 
Concerning the IRIS Tests, the frame has been fully modelled in order to reduce the simplified 
assumptions which could bring some disorder on the boundary of the model and develop some bad 
influence on the crack pattern. It is exposed hereafter. 

 
Concrete part of the model 
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a. Choice of finite elements for the concrete and for the reinforcing steel 
 
Reinforcing steel: 

Spar elements : 

 

 
Bending reinforcement mesh on the front face of the slab – Flexural IRIS mesh 

 

 
Shear reinforcement mesh of the slab 

b. Constitutive law of rebars elements 
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c. Constitutive law of concrete 

 

 
 
PUNCHING IRIS TEST 

 
3-D model 

 
 

a. Boundary conditions of the slab  

 
Meshing of the frame of the IRIS test 

 
b. Choice of finite elements for the concrete and for the reinforcing steel 

 
Reinforcing steel: 

Spar elements : 
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Bending reinforcement mesh on the front face of the slab – Punching  IRIS mesh 

 
c. Constitutive law of rebars elements 

 

 
 

d. Constitutive law of concrete 
 

 
 
Constitutive law for the rebar elements: 
The law was plastic with kinematic strengthening. It is plotted in the picture hereafter. 
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Rebar for the Meppen  test 
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Rebar for the IRIS test 

 
Concrete behaviour (CSCM 159 in LS-Dyna) 
As a matter of simplification the behaviour has been plotted with simulation on a single element denoted 
hereafter “cubic sample”. 

 

Concrete behaviour on a cubic sample (traction) 
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Meppen II-4 

 
 

Concrete behaviour on a cubic sample (traction) 
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IRIS Tests 
 
 
Missiles modelling 
 
The missiles have been fully modelled using Hughes-Liu elements. 
The law was poly linear for the MEPPEN missile 
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The law for the IRIS was plastic with kinematic strengthening. 
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Contact modelling 
 
For each the contact modelling was performed with CONTACT_NODES_TO_SURFACE keyword of LS-
Dyna involving penalty method for each test. 
 
Calculation 
 
The time step was auto generated by the FEM-Code to fit the CFL condition to bring stability to the 
integration scheme, it was revaluated at each calculation step. 
Every calculation was performed until 100 ms was reached, except for the Punching IRIS where the 
calculation was stopped at 35 ms when the missile has gone through and was far away from the slab. 
Energy balance for the slab 
IRIS Punching 

 
Energy values in mJ 
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IRIS Flexural 

 
Energy values in mJ 

 
 
Contact forces 

Load time history between the missile and the target

-200,000

0,000

200,000

400,000

600,000

800,000

1000,000

1200,000

1400,000

1600,000

1800,000

0,00 10,00 20,00

Time (ms)

Lo
ad

 fo
rc

e 
(k

N
)

 
IRIS Punching 

Load time history between the missile and the target
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IRIS Flexural 

 
Conclusion 
 
The exposed simulations are providing global estimated behaviour in good agreement with our attempted 
experts’ point of view, especially concerning the crack pattern and the shock force calculated. 
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3.4.9  Team #9 EDF 

EDF SEPTEN  
1. Introduction 

These simulations are provided by the OECD IRIS 2010 Project which is a Benchmark on Improving 
Robustness Assessment Methodologies for Structures Impacted by Missiles.This document synthesizes the 
numerical results of: 

• Two soft impacts modelling with a thick shell approach : Meppen and Flexural tests 

• A hard impact modelling with a 3D-solid approach : Punching test 
The results of the first soft impact simulation are compared with the data of the Meppen test II/4. 
 
2. Meppen test 

2.1 Meppen test calculation 

2.1.1 Meppen test model 
The impact was modelled in terms of the pressure time history, using the Riera method. The computations 
were done with the EUROPLEXUS finite element code. 
 

2.1.1.1 Finite element mesh 
The dimensions of the real slab are the following: 

• width : 6.5 m 

• height : 6.0 m 
In our modelling, he outer dimensions of the mesh correspond to the span dimensions of the slab, they are 
given below: 

• width : 5.4 m 

• height : 5.4 m 
The slab is meshed with 4-node thick shell elements. 
The main characteristics of the finite element formulation are: 

• thick shell element based on the Reissner-Mindlin theory with 6 d.o.f. per node : it has 4 
integration points in the plane and 1 integration point through the thickness 

• combined with the stress-resultant constitutive model (“GLRC DAMA”) 
The slab is represented thanks to 7052 thick shell elements and 7222 nodes. 
The average length of each finite element is 7.5 cm. 
 

2.1.1.2 Material model and parameters 
A stress-resultant consitutive law is used in our calculations, based on the homogenisation of the non-linear 
behaviours of concrete and steel. 
This global model allows us to take into account both membrane and bending behaviours of the slab. 
This modelling strategy deals with damage and plasticity mechanisms. The cracking of concrete is 
modelled in the frame of the damage theory with two isotropic damage variables: one for the positive 
bending and the other one for negative bending (the distinction is made accordingly to the sign of the 
curvature). The plasticity is modelled with the double Johansen threshold surfaces. 
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The figure below shows the bending moment – curvature curve, and evidences both energy dissipation 
mechanisms of the law: 

 
Figure 1: Moment – curvature curve for the global reinforced concrete law 

 
A limit of this global model is that the default value for the transverse shear coefficient is based on linear 
elastic considerations, taking into account concrete and shear reinforcement contributions. It means that the 
model is not able to represent non-linear shear in the slab thickness, which is penalizing when shear 
stresses reach a high level, like in the major part of Meppen tests. That’s why we consider in our 
calculation a shear coefficient whose value corresponds to a cracked concrete, in order to be able to 
reproduce non linearities in the slab thickness. 
 

2.1.1.3 Boundary conditions 
The displacements parallel to the impact axis (Z) are set to zero on its vertical and horizontal edges without 
any constraints on the rotations or on the tangential displacements (X, Y): 
 

     
Boundary conditions Location of the loading area 

Figure 2: Boundary conditions and location of the loading area 

2.1.1.4 Load description 
The force-time history curve was applied exactly in the center of the slab. The time evolution of the 
loading impact is shown below: 

Dz=0 
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Figure 3: Pressure-time loading 

A pressure loading is applied on a circular area located at the center of the slab. 
Gravitational forces are not taken into account. 
 

2.1.1.5 Damping 
We introduce in the calculation of the non linear slab response a 2% mass proportional damping 
C[ ]= α M[ ], on the 45 Hz frequency.  

 

2.1.2 Meppen test calculation results 
The calculation time period is 100 ms. 
We give below the time characteristics of the calculation: 

• Time step :  8,6* 10-6  sec 

• CPU time :  1 h 30 min 
 

2.1.2.1 Displacements results 
In this paragraph, we compare the displacement curves associated with test results and calculation results 
at the rear of the slab. 



 NEA/CSNI/R(2011)8 

 193

 
Sensor w6 (calculation) Sensor w6 (test) 

 

Figure 4: Displacement curves comparison 

 
 

2.1.2.2 Strain results 
In this paragraph, we compare the strain curves associated with test results and calculation results for the 
strain gauges. 

Sensor D21 (calculation) Sensor D21 (test) 

 

Figure 5: Strain curves comparison 

 
 

2.1.2.3 Reaction force results 
In this paragraph, we compare the reaction force curves associated with test results and calculation results, 
at the rear of the slab. 
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Sensor K4 (calculation) Sensor K4 (test) 

 

 

Figure 6: Reaction force curves comparison 

 

2.1.3 Meppen test conclusions 
Concerning the displacements (calculation/test comparison), we can say: 

• The calculation results and the test results are quite similar, especially for the first 
displacement peak which is well represented by the model, with respect to the magnitude and 
the instant when this maximum displacement is reached. 

• The residual displacements are similar. 

• The after-damage oscillations frequencies are in a good agreement. 

• The measured post-damage oscillations are more damped than in the calculation, but this 
result is probably due to the values of Rayleigh damping parameters we used in our 
calculation, which seem not to be well adjusted. This point could be improved in a new 
calculation, without any difficulties. 

Concerning the strains (calculation/test comparison), we can say: 

• In agreement with the displacement comparisons, for the major part of the gauges, we notice 
that the first strain peak is well represented by the model, with respect to the magnitude, 
which slightly underestimates the test value, and the instant when this maximum strain is 
reached. After the impact, the experimental strain values are much more attenuated that in the 
calculation. 

• The high frequencies distort some calculated curves at the early stage of the impact, in 
particular the ones for which the strain values are not very high. It is due to the mass 
proportional damping introduced in the calculation, which mainly has a low frequencies 
effect. 

• The residual strains reached at the end of the test are in general overestimated by the 
calculations, but by a varying amount from on curve to another. 

Concerning the reaction forces (calculation/test comparison), we can say: 

• The magnitudes associated with experimental results overestimate the calculation ones. It is 
important to recall that these reaction forces are nodal variables and the magnitude of the 
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reaction post-processed on a particular node is inevitably linked to the mesh size: that’s why 
with a less fine mesh than the one which is used in our calculation, these magnitudes should 
raise to a higher value.  A good way of comparison would be to have information on the 
sensor area where the reaction forces were recorded, and to adapt the mesh size consequently. 

 
3. Flexural test 

3.1 Flexural test calculation 

3.1.1 Flexural test model 
The impact was modelled in terms of the pressure time history using the Riera method. The computations 
were done with the EUROPLEXUS finite element code. 
 

3.1.1.1 Finite element mesh 
The dimensions of the slab mesh are the following: 

• width:  2.0 m 

• height: 2.0 m 
The slab is meshed with 4-node thick shell elements. 
The main characteristics of the finite element formulation are: 

• thick shell element based on the Reissner-Mindlin theory with 6 d.o.f. per node : it has 4 
integration points in the plane and 1 integration point through the thickness 

• combined with the stress-resultant constitutive model (“GLRC DAMA”) 
The slab is represented thanks to 4624 thick shell elements and 4761 nodes. 
The average length of each finite element is 3 cm. 
 

3.1.1.2 Material model and parameters 
See § 2.1.1.2. 
 

3.1.1.3 Boundary conditions 
See § 2.1.1.3. 
 

3.1.1.4 Load description 
The force-time history curve was applied exactly in the center of the slab. The time evolution of the 
loading impact is shown below: 
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Figure 7: Pressure-time loading 

 
A pressure loading is applied on a circular area located at the center of the slab. 
Gravitational forces are not taken into account. 
 

3.1.1.5 Damping 
We introduce in the calculation of the non linear slab response a 2% mass proportional damping 
C[ ]= α M[ ], on the 40 Hz frequency corresponding to the first bending mode of the slab. 

 

3.1.2 Flexural test calculation results 
The calculation time period is 100 ms. 
We give below the time characteristics of the calculation: 

• Time step:  7.18* 10-6  sec 

• CPU time:  1 h 15 min 
 

3.1.2.1 Displacements results 
In this paragraph, we show the displacement curves associated with calculation results, for two sensors, at 
the rear of the slab. 
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Sensor w1 (calculation) Sensor w4 (calculation) 

  
 

Figure 8: Displacement curves 

 

3.1.2.2 Strain results 
In this paragraph, we show the strain curves associated with calculation results, for two strain gauges: D3 
(rear bending reinforcement), and 2 (front face of the slab). 
 

Sensor D3 (calculation) Sensor 2 (calculation) 

 

Figure 9: Strain curves 

 
 

3.1.3 Flexural test conclusions 
The maximum displacement measured at the center of the slab (rear) is equal to 3.2 cm (sensor w1). The 
residual displacement reached at the end of the simulation is oscillating around the value of about 1.2 cm 
(center of the slab). 
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4. Punching test 
 
4.1 Punching test calculation 
 

4.1.1 Punching test model 
The slab is modelled by the 8-node 3D solid elements. The rebars are modelled with 2-nodes truss 
elements. Our model does not represent the frame neither its supports. We apply kinematic boundary 
conditions on the four edges, assuming that the slab is simply supported. 
In this simulation, the missile is modelled with 8-nodes 3D solid elements. 
We emphasize that the applied methodology has not been qualified yet and is still under development. For 
instance, we are using the DESM constitutive model, which still has some missing feature in order to be 
completely adapted for high velocity impacts with hard missiles. The main objective of our participation to 
this part of the benchmark is to be able to identify exactly what are the most important issues to work out 
in the future. 
 

4.1.1.1 Finite element model 
Concrete 
The dimensions of the slab finite element model are 2.1 m X 2.1 m. 
The slab is meshed with 107340 under-integrated 8-node solid elements (1 integration point). Hourglass 
modes are control by an adequate viscous damping. 
For concrete we have used the anisotropic damage model DESM implemented in the EUROPLEXUS FE 
code. This model can represent the damage in tension and compression, but accounting for the strain rate 
effect in compression only. The model is still being developed and cannot yet represent residual strain 
effects (plasticity), which can be a major drawback when simulating high velocity impacts. The main 
deficiency, however, is the implementation of a residual stiffness (and strength) to the model after the 
concrete is completely cracked. One of the consequences is the undesired numerical effect that the residual 
stiffness prevents the highly compressed elements to crush. This feature was implemented in the first 
version of the model probably in order to stabilize the stiffness matrix for implicit analyses and was not 
considered disturbing because the model must have been conceived for analyses of moderate damage only. 
This problem has been recognized by model developers and is on the way to be solved. 
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Figure 10: Stress-strain curve of the DESM model 

 
Rebars 
The bending reinforcement is modelled with 2-node truss elements (4416 elements altogether). 

• Rebars along X-axis and Y-axis in each reinforcement layer are meshed at the same distance 
from the middle plane of the slab and they share the same nodes at the crossings. Thus, no 
relative sliding is possible between the two perpendicularly intersecting rebars. 
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• Perfect bond is assumed between concrete and steel, whose meshes are not conforming but 
connected by applying the appropriate kinematic constraints 

Von Mises elasto-plastic law is used to represent the steel reinforcement behaviour. 
Missile 
The cylinder and the dome of the missile are modelled with 2835 3D solid 8-node elements, like for the 
concrete. 
We use an elastic model for the nose made of steel. The rest of the missile, composed of a steel shell filled 
with concrete, we have used a linear elastic relation with parameters obtained by averaging the steel and 
concrete elastic parameters (Young's modulus and density) over the cross-section. 
 

4.1.1.2 Boundary conditions 
A 2-way simple support is prescribed to the structure, where only the displacements parallel to the impact 
axis (Z) are constrained. 
The master-slave contact formulation is used in the simulation.  

 

Figure 11: View of the complete model 

4.1.1.3 Damping 
We introduce in the calculation of the non linear slab response a 2% mass proportional damping Error! 
Objects cannot be created from editing field codes., on the 50 Hz frequency. 
 

4.1.2 Punching test calculation results 

4.1.2.1 Missile behaviour 
In our simulation we observe an immediate rebound of the missile, which, we believe, is not realistic. 
Probably, it is due to the constitutive model’s drawbacks discussed above. 
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Displacement Velocity 

  

Figure 12: Missile curves results 

4.1.2.2 Slab beahviour 

In spite of the unrealistic missile behaviour, we still obtain a typical shear cone formation in the slab. We 
observe a significant damage in the concrete and up to 12% of plastic strain in rebars. 
 

 
Figure 13: Concrete damage after impact (vertical section) – punching cone 

 

 
Figure 14: Plastic strain in rebars after impact (amplification shape x5) 

 

4.1.3 Punching test conclusions 
We consider that the present results are not very realistic, especially because of the premature rebound of 
the missile. Nevertheless, the slab is severely damaged, but the computations do not seem reliable enough 
in order to determine whether it is perforated or not. The encountered difficulties are probably due to the 
above mentioned deficiencies of the model. 
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Regarding the damage level of the concrete and the plastic strain level of the steel reinforcements, the 
perforation of the slab is possible. 
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3.4.10  Team #10 ENSI+B&H 
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3.4.11  Team #11 FORTUM 

IRIS_2010 NUMERICAL SIMULATION REPORT: FORTUM LTD 

M. Vuorinen, J. Kähkönen, P. Varpasuo 
 

1. Introduction 

The IRIS_2010 Benchmark on Improving Robustness Assessment Methodologies for Structures Impacted 
by Missiles [] studies missile impacts on concrete structures. The benchmark consists of the simulation of 
the German 1980’s Meppen Test II-4 [1] and of two blind simulations: an empty 50 kg steel pipe (flexural 
mode) and a concrete-filled 47 kg steel pipe (punching mode). Fortum Ltd has participated in the 
IRIS_2010 project with the following work group: Jukka Kähkönen, Mari Vuorinen and Pentti Varpasuo. 
 
2. Material input data 

For the material data not provided by IRIS_2010 organizers, representative values and rough estimates are 
used. 
 
3 .  Basic choices 

3.1 Meppen Test II-4 

The impact force resulting form the missile is calculated with the Riera method [2]. The target is analysed 
with Abaqus/Explicit 6.10. 
 
3.2 Flexural mode 

The impact force resulting from the missile is calculated with MD.Nastran [3], [4], [5] and LS-DYNA [6] 
assuming the target as rigid. The target is analyzed with Abaqus/Explicit [7], [8] using the impact force 
obtained from the LS-DYNA run. 
 
3.3 Punching mode 

The analysis is conducted with Abaqus/Explicit. The missile is modelled as a rigid particle. 
 
4. Concrete slab modelling 
 
4.1 Meppen Test II-4 
 
The target is modelled as a 3-D model. To save CPU time, a quarter model and symmetry boundary 
conditions are used. The target model consists of 462109 nodes and 441078 elements. The concrete slab is 
modelled with 436908 solid elements (C3D8R – reduced integration on 8-node solid element). The rebars 
are modelled with 4256 beam elements (B31 – 2-node Timoshenko beam element). The rebar element 
nodes are tied to the nearest concrete element face. The impact force is applied to a rigid 60 mm diameter 
disk on the front side of the concrete slab. The FE-model is presented in Figures 1 and 2. The concrete 
material is modelled with a microplane M4 model (E=36.3 GPa, v=0.18, k1=1.65e-4, k2=110, k3=12, 
k4=38). The concrete model is presented in Figure 3. The rebar material is modelled with an ideal plastic 
model (Sy=550 MPa) in the sense of true-stress and true-strain.  
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Figure 1: FE-model of the target. Meppen II-4. 

 

 
 

Figure 2: FE-model of the rebars. Meppen II-4. 
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Figure 3:  Material constitutive law for target concrete. Meppen II-4. 

 
4.2 Flexural mode 
The target is modelled as a 3-D model. To save CPU time, a quarter model and symmetry boundary 
conditions are used. The target model consists of 29579 nodes and 29564 elements. The concrete slab is 
modelled with 22472 solid elements (C3D8 – 8-node hexahedral solid element). The rebars are modelled 
with 4256 beam elements (B31 – 2-node Timoshenko beam element). The rebar elements are embedded 
into the concrete elements. The U-profile is modelled with 2768 4-node shell elements (S4R). The steel 
frame is modelled with 27 2-node Timoshenko beam elements (B31). The fastening of the steel frame is 
modelled with a spring element. The end node of the back pipe of the steel frame is constrained. The 
missile force is given to the target with 41 shell elements (R3D4). The FE-model is presented in Figures 4 
and 5. The concrete material is modelled with a damage plasticity model. The concrete model is presented 
in Figure 6. The rebar steel is modelled with an elasto-plastic material model presented in Figure 7. 

 

 
 

Figure 4:  FE-model of the target. Flexural mode. 
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Figure 5:  FE-model of the rebars. Flexutral mode. 

 

 
 

 

Figure 6:  Material constitutive law for target concrete. E=27000 MPa. Flexural mode. 
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Figure 7:  Material constitutive law for rebar steel. Flexural mode. 

 
4.3 Punching mode 
 
The target is modelled as a 3-D model. To save CPU time, a quarter model and symmetry boundary 
conditions are used. The steel frame supporting the concrete slab is modelled. The number of nodes is 
292518. The concrete slab is modelled with 275625 solid elements (C3D8R – reduced integration on 8-
node solid element). The supporting frame is modelled with 33 beam elements (B31 – 2-node Timoshenko 
beam element). The end node of the back pipe of the steel frame is constrained. The rebars are modelled 
with 300 beam elements (B31 – 2-node Timoshenko beam element. The rebar elements are embedded into 
the concrete elements. The FE-model is presented in Figures 8 and 9. The concrete material is modelled 
with a microplane M4 model (E=37.2 GPa, v=0.18, k1=2.11e-4, k2=110, k3=12, k4=38). The concrete 
model is presented in Figure 10. The rebar material is modelled with an ideal plastic model (Sy=600 MPa) 
in the sense of true-stress and true-strain. 

 

 
 

Figure 8: FE-model of the target and the missile. Punching mode. 
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Figure 9:  FE-model of the rebars. Punching mode. 

 
 
 

 
 

Figure 10:  Material constituve law for target concrete. Punching mode. 
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5. Missiles modelling 
 
5.1 Meppen Test II-4 
 
The loading function is derived with the Riera method. Mass flow correction term 0.9 is used. The used 
crushing force and mass distributions are presented in Figure 11. 

 
 

 
 

 

Figure 11:  The crushing force and mass distributions used in the Riera formulation. 

 
5.2 Flexural mode  
 
The target’s effect on the loading function can be assumed to be negligible compared to the missile’s 
effect. Therefore, to save CPU time, the target is assumed rigid in the loading function simulation. The 
missile is modelled with shell elements. The FE-mesh consists of 4864 nodes and 5044 elements, and the 
element edge length is approximately 0.02 m. The target is modelled as a rigid wall boundary condition. 
Cowper-Symonds material model (355 MPa, E=210000 MPa, v=0.3, p=5, D=40 1/s) for the missile steel is 
used. 
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Figure 12:  FE-model of the missile. 

 
5.3 Punching mode 
 
The missile and the target are analysed together. To save CPU-time, the missile is modelled as rigid. The 
FE-model of the missile and the target is presented in Figure 8. The missile mesh consists of 84 nodes and 
38 elements. Abaqus element type C3D8R (reduced integration 8-node solid element) is used. The missile 
is modelled with lumped mass linear elastic model (E=200000 MPa, v=0.3). Initial velocity of 120 m/s is 
given to the missile (The initial velocity in the impact tests has been 135 m/s, but the initial velocity of 120 
m/s is given in the document IRIS_ Data_for_IRSN-CNSC-VTT Punching rupture tests.pdf).  
 
6. Contact modelling 
 
6.1 Meppen Test II-4 
 
The Abaqus/Explicit general contact is used. 
 
6.2 Flexural mode 
 
The Abaqus/Explicit general contact is used. 
 
6.3 Punching mode 
 
The Abaqus/Explicit general contact is used. 
 
7. Calculation 
 
7.1 Meppen Test II-4 
 
In the simulation, the missile penetrates the target. The crushed depth is approximately 0.1 m. Scabbing, 
cone cracking and radial cracking occurs. The width of the cracked area is approximately 1.4 m at the front 
face and 6.0 at the back face. The width of scabbing is approximately 1.6 m. 
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Figure 13: Load time history between the missile and the target. Meppen II-4. 

 
 

 
Figure 14:  Displacement time history of the rear of the missile during impact. Meppen II-4. 
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Figure 15: Displacement time history at the back side of the slab: w6. Meppen II-4. 

 

 
 

Figure 16:  Front-side crack pattern. Meppen II-4. 
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Figure 17:  Back side crack pattern. Meppen II-4. 

 

 
 

Figure 18: Vertical/Horizontal side crack pattern. Meppen II-4. 
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7.2 Flexural mode 
In the simulation, radial cracking occurs. The width of the cracked area is approximately 0.3 m at the front 
and 1.0 at the back face of the slab. 

 
Figure 19: Load time history between the missile and the target. Flexural mode. 

 

 
Figure 20:  Displacement time history of the rear of the missile during impact. Flexural mode. 
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Figure 21:  Displacement time history at the middle of the back side of the slab. Flexural mode. 

 

 
 

Figure 22:  Front-side crack pattern. Flexural mode. 
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Figure 23:  Back side crack pattern. Flexural mode. 

 
 
7.3 Punching mode 
 
In the simulation, the missile perforates the target. All damage modes occurs for the target: penetration, 
perforation, spalling, scabbing, cone cracking and radial cracking. The width of the cracked area is 
approximately 2.1 m at the both sides. The width of spalling is 0.3 m. The width of scabbing is 0.7 m. 
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Figure 24:  Displacement time hitory of the rear of the missile during impact. Punching mode. 

 

 
Figure 25:  Displacement time history at the back side of the slab: w3. Punching mode. 
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Figure 26:  Front-side crack pattern. Punching mode. 

 

 
 

Figure 27:  Back side crack pattern. Punching mode. 
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Figure 28:  Vertical/Horizontal side crack pattern. Punching mode. 

 
8. Conclusion 
 
8.1 Meppen Test II-4 
 
The simulated concrete slab reaction force and displacement results are satisfactory compared to the 
corresponding test results. The crack map produced is excellent compared to the experimental map. The 
reinforcement strains are not successfully simulated. This might be due to the fact that the reinforcement 
slippage was not considered in the FE-model. 
 
8.2 Flexural mode 
 
Compared to the impact tests and analyses performed previously, the missile impact force, the concrete 
slab reaction force and the concrete slab displacement results seem to be satisfactory. However, the 
simulation resulted in a smaller displacement of the concrete slab than expected based on previous impact 
projects. Special effort on the modelling of the reinforcement was not made, and the reinforcement strain 
results are not expected to correspond to the rest results. 
 
8.3 Punching mode 
 
Based on the results from previous impact projects, the simulation results seem to be satisfactory. Due to 
the fact that the used initial velocity is 120 m/s instead of 135 m/s, the simulation results may not be 
comparable with the results. 
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3.4.12  Team #12 GRS 

IRIS_2010 NUMERICAL SIMULATION REPORT, 

Christian Heckötter (Christian.Heckoetter@grs.de),  

Jürgen Sievers (Juergen.Sievers@grs.de), 

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) mbH, Cologne, Germany 

 
1. Introduction 
 
The participation of GRS in the IRIS_2010 benchmark was enabled in the framework of a current reactor 
safety research project sponsored by the German Federal Ministry of Economics and Technology.  Major 
goal of this project is to validate numerical analysis methods for impact tests dealing with reinforced 
concrete targets. 
A brief assessment about the test cases selected for IRIS_2010 and their documentation is given below. 
Due to their large scale the Meppen impact tests are assumed to provide valuable data for the validation of 
tools that are used to simulate real structures.  
The VTT bending and punching tests are interesting, since both show different and clearly pronounced 
target damage mechanisms. More detailed information about the strain rate sensitivity of rebar and missile 
material would be highly valuable for the analyses of these tests.   
 
2. Basic choices 
 
Analysis code 
The commercial software system ANSYS AUTODYN /1/ has been used in all GRS calculations for 
IRIS_2010. AUTODYN is a tool for explicit analysis of high speed dynamic events such as impact. This 
code has been chosen since it is assumed to be capable to simulate typical impact phenomena of bending, 
cracking, punching, scabbing, spalling, penetration and perforation. Several kinds of solvers, such as finite 
element solvers for solid volume elements, shells and beams and the mesh free SPH method may be 
coupled.     
All models are dealing with explicit modelling of the interaction of missile and target. A gap contact 
condition is defined between all parts of the model at which self-interaction of single parts is included. In 
this contact treatment every element surface is enclosed by a detection zone of certain size. Every 
computational cycle any nodes entering the detection zone are repelled in the direction of the surface 
normal by a force proportional to the depth of penetration. The effect of friction between interacting bodies 
is neglected in the presented simulations. However, in general friction can be taken into account and its 
effect may be considered in future studies, especially for the VTT punching test. 
 
Efforts 
The consumed employment of staff has been about 6.6 man-month and 1.1 persons. The overall time 
dedicated to the benchmark has been about 6 month. Calculations have been performed using four CPU of 
a 64 bit LINUX XEON cluster. 
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3. Material input data 

3.1 Material modelling of concrete 
 
In the simulation of each test case the RHT (Riedel, Hiermaier, Thoma) model /8/ is used for the concrete 
material of the targets. This model consists of three surfaces, namely an elastic limit surface, a failure 
surface characterised by the yield stress and a residual strength surface. The strength surfaces depend on 
the third invariant of the stress tensor. Strain hardening, hydrostatic pressure hardening and strain rate 
hardening are accounted in the model. Most of the input parameters in the RHT model are scaled with the 
cylinder compressive strength. Therefore, for the IRIS_2010 simulations an existing and validated input 
parameter set for concrete with compressive strength fc=35 MPa is used. Parameters with known 
dependency on compressive strength are adjusted to the actual data given by the problem statements /7/. 
Default values are taken for the remaining parameters. 
In the RHT model concrete damage is assumed to occur due to shear induced cracking. The interpolation 
between the intact surfaces to the current fracture surface is realised by means of a damage parameter D. It 
is calculated by accumulating increments of plastic strain relative to a fracture strain.  

 
A damage parameter of one is representing totally failed material in a calculation cell. That is, the material 
exhibits zero strength in tensile regime, but a certain residual strength in compression and a residual shear 
modulus remain. During the result processing failed regions are associated with macroscopically cracked 
concrete or scabbed areas.  
Figure 1 shows the stress strain relationships of the default RHT implementation in AUTODYN in uniaxial 
tension and compression. The curves are obtained by simulations with one single cubic element with 
prescribed velocity nodal boundary condition. 

 
Figure 1: Uniaxial tension (left) and uniaxial compression (right) stress strain curves in RHT 

concrete determined from single element simulation. 

 
3.2 Material modelling of metals 
 
For metal parts either the constitutive model derived by Johnson and Cook  

 
or by Cowper and Symonds  
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is 
used. The static parameters σ0, B and n may be fitted to quasi static tensile test data. The second term is the 
dynamic increase factor (DIF) that accounts for strain rate hardening. For reinforcement steel in the models 
of the VTT tests a bi-linear hardening with typical parameters is assumed. The problem statement /7/ 
includes a stress strain curve referring to 8 mm rebars, while the rebar diameters of bending and punching 
test were 6 mm and 10 mm, respectively. In future studies regarding these tests the static parameters may 
be fitted to a corresponding measured stress strain relationship in order to increase accuracy of the solution. 
The Johnson Cook DIF form is employed for the rebar materials and the hard missile in the VTT punching 
test case. Uniaxial stress strain relationships for all metal materials are shown in Figure 2 – Figure 4.  At 
this the quasi static curves are each exemplarily compared with corresponding curves for a strain rate of 
1.0 s-1.  

 
Figure 2: Static and dynamic stress strain relationship for missile (left) and rebar (right) material 

in the Meppen II/4 model. 

 
Figure 3: Static and dynamic stress strain relationship for missile (left) and rebar (right) material 

in the VTT bending mode test model. 
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Figure 4: Static and dynamic stress strain relationship for missile (left) and rebar (right) material 

in the VTT punching mode test model. 

The metal constitutive model input parameters chosen in the reference blind calculations are listed in Table 
1 and Table 2. Concerning the Cowper Symonds form for the soft missile steel in the Meppen II/4 and 
VTT bending test input parameters were taken from /6/. The input parameters for the Johnson Cook model 
were taken from /10/ with the exception of the rebars in the VTT punching test. At this the parameter C 
was chosen in the way that the yield stress at zero plastic strain is increased by a factor of two at an 
effective plastic strain rate of 40.4 s-1. The goal was to match it to the Cowper Symonds data of /6/, that is 
D=40.4 s-1. The corresponding stress strain curve in Figure 4 indicates that this selection may overestimate 
the strength in lower strain rate regimes. Therefore, in the post test analysis parameters according to 
reference /2/ were used. This is discussed in section 6.3. 
 

 σ0 / MPa B / MPa n  D / 1/s q 

Meppen II/4 missile 235 433 0.308 40.4 5 

VTT bending missile 350 303 0.182 40.4 5 

Table 1: Material input parameter for Cowper Symonds model. 

 

 σ0 / MPa B / MPa n C  / 1/s 

Meppen II/4 rebars 430 287 0.0908 1.622e-2 1.54e-4 

VTT bending rebars 535 500 1.0 1.622e-2 1.54e-4 

VTT punching rebars 535 550 1.0 7.75e-2 1.54e-4 

VTT punching missile 431 610 0.532 1.622e-2 1.54e-4 

Table 2: Material input data for Johnson Cook model. 

 
 
4. Meppen II/4 
 
A three dimensional analysis model was developed. The considered components are listed in Table 3. No 
symmetry boundary conditions were used. This avoids potential numerical problems related to symmetry 
planes. Furthermore, possible buckling patterns of the missile are not restricted to certain symmetries.  
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Model part  Element type Material model No. of elements 

Concrete Volume, red. integration RHT concrete 1.08E+06 

Front face rebars Belytschko beam Johnson Cook 2.29E+04 

Rear face rebars Belytschko beam Johnson Cook 2.24E+04 

Stirrups Belytschko beam Johnson Cook 1.43E+04 

Missile Belytschko-Tsay shell Cowper Symonds 1.83E+04 
Table 3: Overview about components of the Meppen test II/4 model. 

4.1 Concrete slab modelling 
 
The outer dimensions in the model of the slab are 6380 x 5916 x 700 mm. Volume elements with reduced 
integration and viscous hourglass control algorithm according to Flanagan et al. /3/ are used to represent 
the concrete. Hereby, a quite large damping constant of C=0.5 is used. A large constant is necessary to 
suppress severe hourglass deformations reliably. In order to avoid very small time-steps element erosion is 
used. Erosion takes place, when a geometric element strain of 200 % is exceeded. The element edge 
lengths are between 29 and 30 mm, at which 220 elements horizontal and 204 elements in vertical 
direction are used. Through the thickness of the slab 24 element layers are used, including one layer for the 
30 mm concrete cover on each face (see Figure 5). As also shown in Figure 5 a slide bearing boundary 
condition is applied to concrete nodes on back face of the slab. Neither gravity nor structural damping is 
considered. 

 
Figure 5: Boundary condition (left) and mesh details (right) in the Meppen II/4 model for 

AUTODYN 

Figure Figure 6 shows the arrangement of reinforcement considered in the model. All reinforcement 
components are modelled with two node Belytschko beam elements including the effect of bending 
moments. Circular cross sections with diameters according to the problem statement were chosen. The 
bending reinforcement on the front face is modelled as a square grid with an edge length of 116 mm. On 
the back face the rebars are forming two square grids of 232 mm edge length which are displaced among 
each other for 58 mm in diagonal direction. Bars of reinforcement in horizontal and vertical direction are 
located in the same plane on both faces and connected among each other. The shear reinforcement is 
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modelled by with an array of 625 beams connecting front and back face bending reinforcement. Every 
node of the reinforcement is unbreakable joined to nodes of concrete solid elements. An overview about 
reinforcement elements considered in the model is listed in Table 4. This setup was chosen to give a best 
possible agreement with the data provided in the problem statement /7/. The Johnson Cook constitutive 
model was used for all rebar steel materials. Since the expected rebar strains are lower than the fracture 
strain of steel, material failure is not considered. 
 

Part Ø bar Length Amount Ratio model Ratio test 

Front horizontal 20 mm 6380 mm 52 27.56 cm2/m 27.3 cm2/m 

Front vertical 20 mm 5916 mm 56 27.61 cm2/m 27.3 cm2/m 

Back horizontal 28 mm 6380 mm 52 54.12 cm2/m 53.6 cm2/m 

Back vertical 28 mm 5916 mm 56 54.05 cm2/m 53.6 cm2/m 

Stirrups 20 mm 640 mm 625 52.02 cm2/m2 50.10 cm2/m2 
Table 4: Listing of reinforcement elements included in the model. 

 
Figure 6: Reinforcement geometry in the Meppen II/4 model for AUTODYN. 

4.2 Missile modelling 

Missile parts are modelled each with  quadrilateral Belytschko-Tsay shell elements with one integration 
point and hourglass control. Five integration points through the shell thickness are selected. The average 
element edge length is about 26 mm. This relatively fine mesh size is chosen to enable an adequate 
representation of the folding pattern. Some mesh details of the simplified missile representation are shown 
in Figure 7. Three different segments are modelled, each accounting for variations of the wall thickness 
along the rotation axis. An initial velocity condition of 247.7 m/s is applied to all missile parts. The density 



NEA/CSNI/R(2011)8 

 240

is adjusted to a total mass of 1016 kg. The Cowper Symonds constitutive model was used for the missile 
steel material. No material failure criteria or erosion criteria are defined for the missile. This is having 
regard to numerical problems that would arise otherwise due to fragmentation and treatment of contact 
between concrete and missile. 

 
Figure 7: Mesh details of the missile in the Meppen II/4 model for AUTODYN. 

4.3 Calculation results 

The time step according to the Courant–Friedrichs–Lewy criterion with a safety factor of 0.9 is about 6.5E-
4ms. This relative small time step is controlled by shell elements of the missile. In total 100 ms are 
simulated. The total CPU time consumed to complete 100 ms of simulation time is about five  days with 
the available hardware. 
The energy balance of the overall system is shown in Figure 8. Most of the kinetic energy is transformed 
into plastic deformation work during the first 30 ms. Hourglass energy resulting from the forces of the 
hourglass control scheme is accumulated to about 5.5 % in the total internal energy.  Since no friction 
between interacting parts is defined, the contact energy should have very little contribution. Anyhow, the 
amount of contact energy is about 5 % of the total energy at the end of the simulation, giving rise to some 
error in the total energy. Further investigation shows, that the discrepancy is due to the self-interaction of 
the missile. Contributions from the missile-concrete interaction roughly compensate each other.  
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Figure 8:  Energy balance for the Meppen II/4 simulation. 

In Figure 9 the accumulated contact forces acting on the target are compared to a load time function 
according to the so called Riera method /9/. It can be concluded from the contact forces, that the duration 
of impact in the simulation is about 34 ms, which is quite consistent with the Riera model and the test data 
of the missile’s rear velocity shown in Figure 10. Numerical contact forces are heavily oscillating around 
the Riera curve which provides an averaged load time function. However, the time integrated curves 
representing the momentum transmitted to the target are quite similar. The initial momentum of the missile 
of 251.7 kNs is also shown in Figure 9. In the Riera model the momentum transmitted to the target equals 
that value, while the value of about 263.5 kNs given by the simulation is slightly higher.  The difference of 
about 11.8 kNs is quite consistent to the simulated rebound of the missile with an average residual velocity 
of about 6.54 m/s and a residual momentum of about 6.65 kNs in the opposite direction. The deformed 
meshes of the missile at the midway and at the end of impact duration are shown in Figure 11. The residual 
uncrushed length is about 1.33 m, where the folded length of about 0.44 m is not counted. This is still quite 
consistent with an uncrushed length between 1.45 m - 1.54 m and a folded length of 0.64 m found in the 
test. It has to be mentioned, that the employed gap contact algorithm is not taking into account the true 
shell element thickness and is consequently underestimating the length of the folded part.   
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Figure 9: Contact forces (left) and transfer of momentum to the target (right) in the Meppen II/4 

simulation, in each case compared with Riera curves. 

 

 
Figure 10: Average missile rear velocity (left) and position of the missile rear (right) in the Meppen 

II/4 simulation, compared with Riera curves and test data. 
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Figure 11: Deformed missile mesh at midway of impact duration (17.5 ms, top) and after the 

impact (bottom). 

The calculated slab displacements at the positions of sensors W6 and W8 are compared to test data in 
Figure 12. The simulation gives conservative results concerning maximum as well as permanent slab 
displacements. Some deficits regarding the post impact vibration frequency appear. Relative to the test 
result the frequency is slightly to low, indicating that the loss of stiffness due to concrete damage may be 
overestimated. During this work several sensitivity studies were carried out. From these it can be 
concluded, that calculated slab displacements are rather sensitive to several kind of parameters.  One 
important parameter is the concrete compressive strength. Also the yield stress of the missile’s material 
may have a significant influence on the results. It should be pointed out, that displacements are also 
sensitive to the choice of hourglass damping constant, which is a pure numerical parameter.  
Only some elements of the front face concrete cover are eroded during the impact. Apart from that, grid 
tangling causes no problems in these simulations.  
A damage parameter of one in the RHT concrete model is associated with totally destroyed material. 
Figure 13 shows a damage contour plot of front and back face of the slab. The simulation results indicate 
spalling on the front face and diagonal cracking as well as some scabbing on the rear face of the slab. The 
damaged cross sections shown in Figure 14 clearly show the formation of a punching cone. Simulated cone 
extensions and angles are in quite satisfying agreement with the test result. 

 
Figure 12: Comparison calculated and measured slab displacements at the position of sensor W6 

(left) and W8 (right) in the Meppen II/4 simulation. 
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Figure 13: Concrete damage of the slab on the front face (left) and the back face (right) due to 
impact. 
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Figure 14: Concrete damage of the slab in horizontal (top) and vertical (centre) section in 

comparison with the test result (bottom). 
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4.4 Conclusions 
 
The crushing behaviour of the missile can be simulated quite consistently compared to the test result and 
the so called Riera method.  
The maximum and permanent slab displacements are slightly overestimated by the simulation. Concerning 
the post impact vibration frequency some deviations occur. 
The simulated punching cone geometry is in good agreement with the test result. 
 
5. VTT bending mode  

A three dimensional analysis model was developed. The considered components are listed in Table 5. No 
symmetry boundary conditions were used. This avoids potential numerical problems related to symmetry 
planes. Furthermore, possible buckling patterns of the missile are not restricted to certain symmetries. 

Model part Element type Material model No. of elements 

Concrete Volume, reduced integration RHT concrete 2.31E+05 

Rebars Belytschko beam Johnson Cook 2.37E+04 

Stirrups Belytschko beam Johnson Cook 9.46E+03 

Missile Belytschko-Tsay shell Cowper Symonds 1.55E+04 

Table 5: Overview about components of the VTT bending mode test model. 

5.1 Concrete slab modelling 

The outer dimensions in the model of the slab are 2090 x 2090 x 150 mm.  Volume elements with reduced 
integration and viscous hourglass control algorithm according to Flanagan et al. /3/ are used to represent 
the concrete. Hereby, a quite large damping constant of C=0.4 is used, in order to suppress severe 
hourglass deformations reliably. As shown in Figure 15 a slide bearing boundary condition is applied to 
concrete nodes on front and back face of the slab. The element edge length in vertical and horizontal 
direction is 13.75 mm. Through the thickness of the slab 10 element layers with edge length 15 mm are 
used, including one layer for the concrete cover on each face (see Figure 16). No erosion is used in this 
simulation, since no severe element deformations are expected. Neither gravity nor structural damping is 
considered. 
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Figure 15: Mesh details of the slab in VTT bending mode simulation. 

 
Figure 16 shows the arrangement of reinforcement considered in the model. All reinforcement components 
are modelled with two node Belytschko beam elements including the effect of bending moments. Circular 
cross sections with a diameter of 6 mm are used. The bending reinforcement of front and back face is 
modelled as a square grid with an edge length of 55 mm. This corresponds to 38 rebars each way and each 
face. In total 338 closed shaped stirrups with a spacing indicated in Figure 16 are included in the model. 
All nodes of the beams are unbreakable joined to nodes of concrete solid elements. The beams representing 
the rebars in horizontal and vertical direction are located in the same plane on both faces and connected 
among each other. The stirrups are connected to both layers of bending reinforcement. Furthermore front 
and rear face of the bending reinforcement is connected at the walls edges to simulate the effect of 
overlapping bended reinforcement elements. 
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Figure 16: Reinforcement VTT bending mode model. 

5.2 Missile modelling 

Missile parts are modelled each with  quadrilateral Belytschko-Tsay shell elements with one integration 
point and hourglass control. Five integration points through the shell thickness are selected. The average 
element edge length is about 11 mm. This relatively fine mesh size is chosen to enable an adequate 
representation of the folding pattern. Some mesh details of the simplified missile representation are shown 
in Figure 17. An initial velocity condition of 110 m/s is applied to all missile parts. The density is adjusted 
to a total mass of 50 kg. The Cowper Symonds constitutive model was used for the missile steel material. 
No material failure criteria or erosion are defined for the missile. This is having regard to numerical 
problems that would arise otherwise due to fragmentation and treatment of contact between concrete and 
missile. 
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Figure 17: Mesh details of the missile in VTT bending mode model. 

5.3 Calculation results 

The energy balance of the overall system is shown in Figure 18. Most of the kinetic energy is transformed 
into plastic deformation work during the first 12.5 ms. Hourglass energy resulting from the forces of the 
hourglass control scheme is accumulated to about 10 % in the total internal energy. Since no friction 
between interacting parts is defined, the contact energy should have very little contribution. Anyhow, the 
amount of contact energy is about 1.3 % of the total energy at the end of the simulation, giving rise to some 
error in the total energy. This is a similar effect as already mentioned in paragraph 0, but less pronounced 
in this case. 

 
Figure 18: Energy balance in VTT bending mode simulation. 

In Figure 19 the accumulated contact forces acting on the target are compared to a load time function 
according to the so called Riera method /9/. It can be concluded from the contact forces, that the duration 
of impact in the simulation is about 15-16 ms, which slightly underestimates the duration of the presented 
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Riera curve. Numerical contact forces are heavily oscillating around the Riera curve which provides an 
averaged load time function. However, the time integrated curves representing the momentum transmitted 
to the target are quite similar. The initial momentum of the missile of 5.5 kNs is also shown in Figure 19. 
In the Riera model the momentum transmitted to the target equals that value, while the value of about 6 
kNs given by the simulation is slightly higher.  The difference of about 0.5 kNs is quite consistent to the 
simulated rebound of the missile with an average residual velocity of about 5-6 m/s and a residual 
momentum of about 0.3 kNs in the opposite direction. The deformed mesh of the missile at the end of 
impact duration is shown in Figure 21. The residual uncrushed length is about 1.4 m, where the folded 
length of about 0.2 m is not counted. It has to be mentioned, that the employed gap contact algorithm is not 
taking into account the true shell element thickness and is consequently underestimating the length of the 
folded part.   
 

 
Figure 19: Accumulated contact forces (left) and transfer of momentum (right) in VTT bending 

mode simulation, each compared to Riera curves. 

 
Figure 20: Residual velocity of the missile's rear (left) and displacement of the missile's rear in 

VTT bending mode simulation, each compared to Riera curves. 

 
Figure 21: Deformed missile in VTT bending mode simulation after the impact. 
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Calculated slab deflections at the position of the displacement transducers are shown in Figure 22. It has to 
be pointed out, that the results for the maximum displacement of W1 are quite sensitive to various 
modelling parameters and numerical settings. These are, among other things, the settings for the hourglass 
control algorithm. Settings regarding hourglass control should actually not affect the result. Hourglass 
modes appear on the front and back side of the impacted area and especially near the boundary conditions 
at both faces. This defect may be due to the mesh geometry with only one layer of elements in the concrete 
cover. Therefore, calculations with a refined mesh possibly may overcome these dependencies. 
Furthermore the displacements can be quite sensitive to the missile material. Maybe the selected Cowper 
Symonds DIF parameters selected for the steel overestimate the missile’s actual stiffness, giving rise to 
shorter impact durations and possibly higher slab deflections. Further studies should also deal with 
sensitivity studies regarding these parameters. 

 
Figure 22: Displacements in VTT bending mode simulations. 

A damage parameter of one of the RHT concrete model is associated with totally destroyed material. 
Figure 23 shows a damage contour plot of front and back face of the slab. The simulation results indicate 
spalling of the impacted area on the front face and diagonal cracking on the rear face of the slab. Some 
cracks through the slab ranging from front face rebars to rear face rebars can be seen in the damaged cross 
sections shown in Figure 24. There are no obvious indications for the formation of a continuous punching 
cone or scabbing.   
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Figure 23: Concrete damage of the slab on the front face (left) and the back face (right) due to 

impact. 

 

 

 

Figure 24: Concrete damage of the slab in horizontal (top) and vertical (bottom) section. 

5.4 Conclusions 

A bending vibration of the slab with moderate global diagonal cracking on the rear face is expected. 
Regarding the maximum central deflection some dependencies of the simulation result from several input 
parameters occur. In this context the dependency on the numerical parameter of hourglass damping 
demands further investigation. 
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6. VTT punching mode  

A three dimensional analysis model was developed. The considered components are listed in Table 6. No 
symmetry boundary conditions were used. This avoids potential numerical problems related to symmetry 
planes. 
 

Model part  Element type Material model No. of elements 

Concrete Volume, reduced integration RHT concrete 7.45E+05 

Front face rebars Belytschko beam Johnson Cook 19.3E+03 

Missile steel Volume, reduced integration Johnson Cook 3.64E+03 

Missile filling Volume, reduced integration Drucker Prager 1.04E+04 

Table 6: Overview about components of the VTT punching mode test model. 

6.1 Concrete slab modelling 

Eight node hexahedral volume elements with one integration point are used for discretisation of concrete 
wall and missile parts. A viscous form of hourglass control according to Hallquist /4/ with damping 
constant C=0.1 is applied. Neither gravity nor structural damping is considered. 

The outer dimensions in the model of the slab are 2070 x 2070 x 250 mm.  Volume and beam elements are 
used in the slab model which is shown in Figure 25. The supporting frame of the target is not modelled. 
Fundamental geometrical test parameters like wall dimensions, reinforcement arrangement and missile 
dimensions are considered in the model. The average concrete element length is about 11.25 mm that is 
twenty-two element layers through the wall thickness are used. The reinforcement is modelled with two 
node beam elements which include the effect of bending moments. The beam element length is the same as 
for the concrete. Front and rear face of the bending reinforcement is connected at the walls edges to 
simulate the effect of overlapping bended reinforcement elements. Every node of the reinforcement is 
joined to nodes of concrete solid elements. Bars of reinforcement in horizontal and vertical direction are 
located in the same plane on both faces and connected among each other. 

Since severe slab deformations are expected, erosion has to be applied. Erosion of concrete elements takes 
place, when a geometric element strain of 150 % is exceeded. Beam elements are eroded, when their 
failure criterion based on effective plastic strain (e.g. 10% or 20%, see chapter 0) is exceeded. 
Furthermore, a global time-step restricting erosion criterion is applied.  

 

  
Figure 25: Model of the VTT punching test (left) including reinforcement (right). 



NEA/CSNI/R(2011)8 

 254

6.2 Missile modelling 
 
Eight node hexahedral volume elements with one integration point are used for discretisation missile parts. 
A viscous form of hourglass control according to Hallquist /4/ with damping constant C=0.1 is applied. 
The average element edge length for missile parts is about 10 mm, which corresponds to 14080 volume 
elements. Figure 26 shows some mesh details. For the light weight concrete filling a Drucker Prager 
material model is used. The density is adjusted to a total missile mass of 47 kg. An initial condition of 100 
m/s is applied to the missile parts.    
 

 
Figure 26: Model of the missile in VTT punching mode test. 

6.3 Calculation results 

The energy balance of the overall system is shown in Figure 27. Hourglass energy resulting from the forces 
of the hourglass control scheme is accumulated to about 10 % in the total internal energy. 

 
Figure 27: Energy balance of VTT punching test simulation. 
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The contact forces acting on the target as well as the deformed missile are shown in Figure 28. The 
calculated velocity and displacement of the rear of the missile shown in Figure 29 indicate that the missile 
perforates the slab. Some rebars of the front face reinforcement are sliced near the impact point. None of 
the back face rebars are eroded, but plastic strains up to 15 % occur there. However, there is no satisfying 
simulation result for the residual missile velocity. In this calculation the missile actually rebounds at later 
times, even though the concrete is totally destroyed and the rebars are sliced on the front face and 
pronounced plasticised on the back face. Anyhow, one would predict perforation in these cases with 
respect to the penetration depth which exceeds the wall thickness of 250 mm.  

 

Figure 28: Contact forces (left) and deformed missile after 50 ms (right). 

 

 
Figure 29: Velocity of the rear (left) and penetration depth of the nose (right) of the missile in the 

simulation. 
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Figure 30: Damage contours of the slab 50 ms after impact. 

There may be several reasons for the unphysical behaviour of the heavily damages slab suspending the 
missile in the reference simulation. First of all, the large value of the parameter C in the Johnson Cook 
model prevents the rebars from getting sliced on the rear face. Therefore, alternative parameters taken from 
reference /2/ were used in further simulations. This reference is dealing with dynamic loaded reinforcement 
steel. Also the failure criterion of 20 % effective plastic strain may be too high. Thus, simulations with a 
reduced fracture strain of 10 % were carried out. Also the effect of mesh size was studied by doing some 
calculations with a coarse mesh. Furthermore, some calculations with a SPH representation of the concrete 
were carried out. In these calculations no erosion is required, since this particle method allow separation of 
a body without being bound to a mesh. Also the rebars are not eroded in the SPH calculation, but a failure 
criterion based on plastic strain is used. Failed rebars will not suspend the missile, since they exhibit no 
strength in tension. Some calculations discussed in the present report are described in Table 7. Apart from 
the changes listed there, the same input parameters as in the reference calculation are used. 

No. Method C  / s-1  / % 

1 (Reference) Volume, fine 7.75e-2 1.54e-4 20 

2 Volume, fine 2.50e-2 1.0e-5 20 

3 Volume, fine 2.50e-2 1.0e-5 10 

4 Volume, coarse 2.50e-2 1.0e-5 10 

5 SPH 2.50e-2 1.0e-5 10 

Table 7: Characterization of simulations carried out for the VTT punching test. 

It is apparent from Figure 31 that the back face rebars are sliced in the calculations 2-5. However, in some 
calculations the missile may be rebounded anyway. This is probably due to the residual shear modulus of 
the concrete and the selected erosion criterion. The time histories of rear velocities and rear displacements 
are compared in Figure 32. 
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Calculation 1 Calculation 2 Calculation 3 Calculation 4  Calculation 5 

   

   
Figure 31: Status of reinforcement and concrete damage in the section at 10 ms in different 

simulations for the VTT punching test. 

  
Figure 32: Comparison of velocity (left) and displacement (right) of the rear of the missile (left) in 

different simulations for VTT punching test. 
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6.4 Conclusions 
 
The amount of modelling parameters relevant for the residual missile velocity is pretty large for this test 
case. The relevant parameters are listed in the following.   

•  Failure model for concrete and rebars 
•  Concrete and rebar strain rate effects  
•  Erosion criteria for concrete and rebars 
•  Concrete residual strength surface parameters 
•  Friction effects between missile and concrete 
•  Discretisation method (Lagrange or SPH, mesh size or particle size) 
•  Contact algorithm (Gap or penalty) 

However, perforation is expected in any case.  
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3.4.13  Team #13 IRSN-LMT 

IRIS_2010 NUMERICAL SIMULATION REPORT: 
IRSN/LMT Cachan contribution 

 
 
1. Introduction 

 
The present numerical simulation report is the contribution of the team constituted by IRSN and the 
research unit LMT from the ENS Cachan academic institution (France). 
 
2. Material input data 

 
The calculations were made in an "industrial" condition. Once the model parameters chosen to best 
represent the experimental conditions, calculations were made directly without setting particular 
parameters (default values of the code have then been used).  
 
3. Basic choices 

 
The Finite Element code used for the simulations was LS-DYNA version 971d. This code is well known 
for solving highly nonlinear transient problems. Moreover the contact algorithms, the element and 
materials libraries are large enough to be able to correctly model the problems we want to deal with. We 
used the explicit solver of the code due to the nature of the simulations. One and half persons have done 
this work during two months in an academic laboratory. The three simulations have been fully modeled in 
3D.  
 
4. Concrete slabs modeling 

 
For the concrete slabs we used under-integrated cubic elements (1 Gauss point per element). To avoid 
problems with this type of elements we used the Flanagan-Belytschko stiffness form with exact volume 
integration Hourglass control type. The mesh size has been chosen to obtain a final problem with 
acceptable dimensions, while respecting the minimal element number associated with the finite element 
method to describe non-linear problems. The boundary conditions are imposed on the slab in order to best 
comply with the experimental ones. 
The reinforcements have been modeled by 1D bar elements coupled (rather than merged) to the 
surrounding cubic elements of the concrete slab. This coupling was achieved using the 
CONSTRAINED_LAGRANGE_IN_SOLID (see also [Murray et al 2007]) without friction feature in LS-
DYNA. Using this method, the reinforcements can be placed anywhere inside the concrete elements 
without any special mesh accommodation. The experimental geometry and position of the reinforcement 
has been approximately respected but for sake of simplicity some arrangements may have been done with 
respect to the real steel/concrete ratio. 
 

a. Constitutive law of concrete  
Material models are essential to accurately studying such problems. For our study we used the continuous 
surface cap model (CSCM) implemented in LS-DYNA. The model includes isotropic constitutive 
equations, yield and hardening surfaces, and damage formulations to simulate softening and Young 
modulus reduction. A rate effects formulation allows increase strength with strain rate. For a complete 
theoretical description one can refer to [Murray 2007] and the LS-DYNA manual. 
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The basic model has a set of parameters which are important to identify. However, the simplified version 
CONCRETE allows to only input the unconfined compressive strength, maximum aggregate size (the 
other parameters are determined by default) and the use of a material rate effect. This model has been 
tested and successfully validated in [Murray et al 2007]. 
 

b. Constitutive law of rebars elements 
All steel reinforcement was modeled using an elastoplastic with kinematic hardening material model. No 
rate effect has been used due to the expectable low strain rate in the rebars. 
 

c. Finite element model for the MEPPEN II/4 simulation 
The 48 blocks forming the supports of the slab were modeled by blocking the corresponding nodal 
displacements (black triangle in Figure 1a). The ties rods that hold the slab on its support have also been 
modeled (white lines in Figure 1a). 

a)   b)   

Figure 1: Meppen II/4 boundary conditions and finite element model 

Figure 1b shows the FE model used for the simulation. We have 328048 cubic elements with an average 
size of 28 mm x 28 mm x 25 mm in the middle of the slab and 56 mm x 56 mm x 50 mm elsewhere for the 
concrete. The parameters introduced in the concrete model were: RO=0.00243 g/mm3, FPC=46.2 MPa and 
DAGG=8 mm. The bar elements used for the reinforcement have an average length of 100 mm and the 
stirrups have been modeled only in a large central portion of the slab. The parameters introduced in the 
model were: E=210000 MPa, Yield stress=500 MPa and a tangent modulus of 1000 MPa. 
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d. Finite element model for the VTT Flexural and punching tests 

 

a)   b)  

Figure 2: VTT tests boundary conditions 

The cylindrical sections forming the supports of the slab (see Figure 2) were modeled by FE. The metal 
plate and U-shaped profile has also been modeled. The displacements have been blocked at the U-shaped 
level to represent the frame formed by the HEB profiles (very rigid) for the two tests. 

    
Figure 3: FE model for the VTT flexural test 
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Figure 4: FE model for the VTT punching test 

Figure 3 shows the FE model used for the flexural test simulation. We obtained 322560 cubic elements 
with an average size of 5 mm x 5 mm x 12 mm in the middle of the slab and 14 mm x 14 mm x 12 mm 
elsewhere. Figure 4 shows the FE model used for the punching test simulation. We obtained 696676 cubic 
elements with an average size of 5 mm x 5 mm x 10 mm in the middle of the slab and 12.5 mm x 12.5 mm 
x 10 mm elsewhere. Indeed, to represent the phenomenon of perforation we use an erosion technique. This 
technique involves removing the elements of the FE model where a criterion (here a damage of 1) is 
reached. If deleted elements are too large we obtain a result that is highly dependent on the mesh used. 
That's why we use a very fine mesh in order to limit the mesh dependency of the results. The parameters 
introduced in the concrete model were: RO=0.00243 g/mm3, FPC=71 MPa and DAGG=8 mm for the 
flexural test and RO=0.00243 g/mm3, FPC=64 MPa and DAGG=8 mm for the punching one. 
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5. Projectiles modeling 

 
The projectiles were meshed to represent the different thicknesses of steel tubes used and a realistic weight 
distribution. Finite elements used were the default shell elements of LS-DYNA: Belytschko-Tsay elements 
with the standard LS-DYNA viscous form hourglass control. The mesh size of the nose has been chosen to 
properly manage the contact between the projectile and the slab. Other elements have a size that allows 
fully capturing the local buckling of the projectile tubes and thus obtaining the most realistic deformation 
as possible. 

 
Figure 5: FE model of the Meppen test projectile 

 
Figure 6: Constitutive law used for the projectile of the Meppen test. 

Figure 5 gives an overview of the final mesh obtained for the projectile used in the Meppen test. The mesh 
size is fairly uniform and is about 25 mm x 18 mm. We obtain 24028 shell elements. The projectile was 
meshed into several parts to reflect the geometry of it as accurately as possible. Each color corresponds to a 
given shell thickness, 5 mm red, 7 mm to 10 mm for blue and green. The heel (yellow) was also detailed to 
properly take into account the mass distribution in the projectile. The constitutive law used for the 
simulation is plotted in Figure 6. It was introduced by using the * 
MAT_PIECEWISE_LINEAR_PLASTICITY option of LS-DYNA. No rate effect has been introduced in 
this constitutive law. 

 

 
Figure 7: FE model of the VTT flexural test projectile 

Figure 7 shows the mesh used for the projectile of the VTT flexural test. Each color corresponds to a given 
shell thickness, 2 mm for the brown, 2 mm to 14.5 mm for red and blue. The heel (green) was modeled 
with solid elements to properly take into account the weight distribution. The mesh size is fairly uniform 
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and about 10 mm x 10 mm. We obtain 17040 shell elements and 2080 3D solid elements. The constitutive 
law used for the calculation is a classical elastic plastic with kinematic hardening with no strain rate effect. 
We used yield strength of 350 MPa, a Young's modulus of 210 GPa and a strain hardening modulus of 
2 GPa. 

 
Figure 8: FE model of the VTT punching test projectile 

 
Figure 8 shows the mesh used for the projectile of the VTT punching test. The projectile was meshed into 
several parts to reflect the geometry of it: the nose in yellow (cubic elements), the shaft in brown (shell 
elements), the lightweight concrete (cubic elements) and the heel (cubic elements). The mesh size is small 
and fairly homogeneous in the nose (5 mm x 5 mm x 7 mm) to manage the contact with the slab and the 
eroded elements. We obtain 128,960 cubic elements and 9280 shell elements. The parameters introduced in 
the lightweight concrete model were: RO=0.0012 g/mm3, FPC=25 MPa and DAGG=8 mm. For the steel, 
we used the same constitutive law than for the projectile of the VTT flexural test. 
 
6. Contact modeling 

 
The treatment of sliding and impact along surfaces is an important capability in LS-DYNA. One side of the 
interface is designated as the slave side and the other as the master side and a penalty method is used. For 
the sliding between steel and concrete we considered a friction coefficient of 0.7 and for the steel/steel 
contact at the boundary a coefficient of 0.2. 
 
7. Simulation of the three tests 

 
a. MEPPEN II/4 simulation 

The total physical time of the study was 100 ms, the time step of calculation was 6.5 10-4 ms. The total 
CPU time of calculation was 77h8min for a single processor. 
 

a) b)  

Figure 9: a) Kinetic energy vs time, b) Internal energy vs time 

Figure 9 shows the energy balance of the MEPPEN numerical simulation. It is clear that almost all the 
initial kinetic energy is converted into internal energy. At the end of the calculation the ratio of the 
total/initial energy was 96.2% with an hourglass energy accounting for only 0.4% of the total energy that is 
very acceptable. 
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Figure  shows the impact force imposed by the projectile on the target. One can see the classic shape of a 
load due to a deformable projectile. The maximum force reached is 1.3 104 kN for a total duration of 40 
ms. The area under the curve is also consistent with the momentum of the projectile. 

 
Figure 10: Time history of the contact force between the projectile and the target 

a)  b)  

Figure 11: a) Maximal deflection of the slab (x2), b) Experimental and numerical W8 displacement 
vs time 

Figure 11 shows the maximum deflection of the slab (t = 26 ms) with an amplification factor of 2. It shows 
very clearly the central area very distorted due to an important damage of the concrete. 

 
Figure 12: Damage map of the front and rear faces of the slab 

Figure 12 shows the damage of the slab at the end of the simulation. From this map and Figure 11a we can 
deduce that a scab appears (1.6 m in diameter). On the rear face of the slab the cracked zone has a diameter 
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of 2.5 m. On the front face, we obtain a cracked zone of about 1.6 m in diameter with a crater of 0.9 m in 
diameter to a depth of 0.2 m. These simulation damages are quite consistent with experimental ones. 
 

 
Figure 13: Final deformation of the projectile 

Figure 13 shows the projectile at the end of the simulation. We obtain LT=0.8 m (total length of non 
crushed part of projectile) and HT=0.6 m (total length of crushed part). These values are to be compared 
with those experimental ones: LT=1.5m and HT=0.64m. The origin of the differences in LT evaluation is 
not yet clearly explained. 

 
b. VTT Flexural simulation 

The total physical time of the study was 100 ms, the time step of calculation was 5.3.10-4 ms. The total 
CPU time of calculation was 96h57min for a single processor. 
 

a) b)  

Figure 14: a) Kinetic energy vs time, b) Internal energy vs time 

Figure 14 shows the energy balance of the VTT Flexural numerical simulation. It is clear again that almost 
all the initial kinetic energy is converted into internal energy. At the end of the calculation the ratio of the 
total/initial energy was 98.2% with an hourglass energy accounting for only 0.2% of the total energy that is 
very acceptable. 

 
Figure 15: Time history of the contact force between the projectile and the target 
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Figure 15 shows the impact force imposed by the projectile on the target. One can see the classic shape of a 
load due to a deformable projectile. The maximum force reached is 500 kN for a total duration less than 30 
ms. The evolutions of the displacement and the velocity of the rear face of the projectile shows a rebound 
of it.  
 

a) b)  

Figure 16: a) Maximal deflection of the slab (x20), b) W1 displacement vs time 

Figure 16a shows the maximum deflection of the slab (t = 8 ms) with an amplification factor of 20. It 
shows that, contrary to Figure 11, there is no central area very distorted due to an important damage of the 
concrete. We can therefore conclude that in this case there will be no scabbing of the rear face of the slab. 
Figure 16b shows the evolution of the displacement of point W1 versus time. One can see that 8 mm 
maximum displacement is reached in about 8 ms and that oscillations occur around a final displacement of 
6 mm. 
 

 
Figure 17: Damage map of the front and rear faces of the slab 

Figure 17 shows the damage of the slab at the end of the simulation. On the front face of the slab, we can 
see that there are almost no cracks that appear. On the rear face the cracked zone has a diameter of 0.8 m. It 
also confirms that there is no scabbing in this simulation. 
 

 
Figure 18: Final deformation of the projectile 
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Figure 18 shows the projectile at the end of the simulation. We obtain LT=0.7 m and HT=0.25 m. 
 

c. VTT  Punching simulation 
The total physical time of the study was 50 ms, the time step of calculation was 2.8 10-4 ms. The total CPU 
time of calculation was 161h for a single processor. 
 

a) b)  

Figure 19: a) Kinetic energy vs time, b) Internal energy vs time 

Figure 19shows the energy balance of the VTT Punching numerical simulation. It is clear again that almost 
all the initial kinetic energy is converted into internal energy but it then decreases over time. At the end of 
the calculation the ratio of the total/initial energy was 63.7% with an hourglass energy accounting for 2% 
of the total energy. One can note here the limitations of the erosion technique used, which lose energy in 
the calculation. The results are however still considered acceptable. 
 

 
Figure 20: Time history of the contact force between the projectile and the target 

Figure 20 shows the impact force applied by the projectile on the target. One can see the classic shape of a 
load due to a rigid projectile with a very marked peak. The maximum force reached is 5000 kN for a total 
duration of 5 ms. 
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Figure 21: Damage map of the slab in the central section 

Figure 17 shows the damage of the slab at the end of the simulation. It shows very clearly the perforation 
of the central area of the slab. On the rear face of the slab the scab has a diameter of 0.5 m. On the front 
face, we obtain a cracked zone of about 0.3 m in diameter. The evolution of displacement and velocity of 
the rear face of the projectile shows that its speed vanished at the end of the simulation. This gives the 
“just” perforation of the slab. 
 

 
Figure 22: Final deformation of the projectile 

Figure 22 shows the projectile (slightly deformed) at the end of the simulation. 
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3.4.14  Team #14 IRSN-AS+ 

 
Institut de Radioprotection et de Sûreté Nucléaire (IRSN) 
Impact Simulations on Concrete Slabs for IRIS_2010 Project 

 
1. Introduction 

IRIS_2010 Benchmark is based on three experimental tests: one test from the open literature with a few 
experimental results (Meppen) and two tests recently performed (VTT Flexural and Punching). 

The main goal of this project is to evaluate the ability of simulation to reproduce experimental tests of 
impacts on concrete slabs for two different deformation modes: bending (flexural) and punching. Initially, 
this benchmark predicted two tests (one flexural and one punching) in order to calibrate the tools for the 
two tests blindly simulated (VTT tests). Finally, because of the lack of open literature, there is no test with 
experimental results available for flexural mode. 

Meppen and VTT Punching are two tests where we can expect a punching mode with high triaxial stress in 
the concrete slab and a local behavior. Regarding to the high kinetic energy, cone cracking and scabbing 
should occur during the shock with probably a penetration and maybe a perforation. Meppen test is 
supposed to calibrate the tools in order to blindly simulate the VTT Punching test, but if we have a look on 
characteristics of the two tests, we can see that they are somewhere different. In fact, the initial velocity 
and the missile mass are very much important for the Meppen, and the absorbing capacities of missile are 
very different (high deformable missile for Meppen compared to almost undeformable missile filled with 
concrete for VTT Punching). However, in a coherence mind and without experimental results for VTT 
Punching, we choose to keep the model choices used in the Meppen test for The Punching test. 

VTT Flexural is a test where we can expect little damage and a global response of the slab. The impact 
velocity impact is high but the missile mass is not very important and above all the missile seems to be 
highly deformable (small shell thickness). The slab should probably react with a peak of flexion during the 
impact and then an oscillation around a little permanent displacement. Only cracking should probably 
occur with no penetration and no scabbing. 
 
2. Material input data 

IRIS_2010 Benchmark provided input data with different quality regarding to each test. But in a global 
analysis, we can note that the data synthesis documents provide quite complete material input general data 
but not enough specific to be really complete for this type of study. 

Advantages of the material input data are: 

- Basic input data for Concrete are given in all cases (fc, ft and E). 

- Stress-Strain curves are given for most of steel parts. 

- Strain rate effects are provided for rebars in the Meppen Test. 

Drawbacks of the material input data are: 

- No experimental curves for Concrete (Uniaxial compression and tension tests, triaxial 
compression test…). 
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- No or poor data for the dynamic Poisson’s ratio and for the Bulk modulus in Concrete. 

- Stress-Strain curves given are all bad quality pictures; we are obliged to pick values “by 
hand” to reproduce them in a computer format. 

- Strain rate effects are not provided for most of steels. 

For Concrete, from the Concrete resistance in compression, we can totally rebuild a constitutive damage 
model based on basic test from CEB (CEB-FIP Model Code 1990: Design Code, American Society of 
Civil Engineers, August 1993). 

For steels, without several stress-strain curves for different strain rates, a simple way to take into account 
strain rate effects is to add a Cowper-Symonds law. 
 
3. Basic choices 

Using explicit methods for such applications has proved to be efficient in many publications. The LS-
DYNA code, originated in the LLNL DYNA code developed for such applications, was chosen for the 
three benchmark cases. 

The whole benchmark has been done by one engineer during 5 weeks under the supervision of the 
technical manger. The three cases have been conducted in parallel.  
 
4. Concrete slabs modeling 
 
4.1 Meppen 

The Meppen test is modeled by a 3D half model, the goal is to use one of the symmetry axes to limit the 
number of elements without forcing a distortion mode (that’s why we didn’t use a quarter model). 

The supporting frame is not explicitly modeled but is taken into account with Boundary conditions. Z-
translation is blocked on two lines (front and rear face) at 55 cm from the horizontal edge and 30 cm from 
the vertical edge. Y-translation is only blocked on the lines parallel to the horizontal edge and X-translation 
is only blocked on the lines parallel to the vertical edge. The symmetry axis is the YZ plane, all nodes in 
this plane are blocked in X-translation and Y, Z-rotations. 

Concrete is modeled by under integrated constant stress solid element (one integration point in the 
volume), element size is about 7 cm. Reinforcement is modeled by Hugues-Liu with cross section 
integration beam element, element size is 6.25 cm. This element size provides a good ratio (ratio = 2) with 
missile element size that guarantee a good behavior during the contact and avoids the localization of strain 
in the slab. 

Rebars are not merged to the concrete elements; the interaction is modeled by a coupling method based on 
a constrained approach. Junctions between two direction longitudinal rebars are merged. Transverse rebars 
join rear and face reinforcement at each junction, transverse rebars are merged with longitudinal rebars. 
 
The constitutive law of rebars elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model 
the behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolated using a swift law. This approach provides a 
good numerical stability with results as close as possible from the experimental behavior. All the curves 
provided are integrated in the constitutive law, which rebuilds a surface for strain rate effects. 
 
The constitutive law of concrete is a *MAT_CONCRETE_DAMAGE_REL3 also called *MAT_72R3 
(Karagozian & Case – K & C – Concrete Model – release III), a three invariant model, using three shear 
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failure surfaces, including damage and strain-rate effects and based o, a Pseudo-tensor Model. The 
*MAT_CONCRETE_DAMAGE_REL3 is able to model the behavior of a concrete subjected to high 
triaxial stress and high strain rate effects. This constitutive model is particularly adapted to this type of 
simulation because the missile impacts the target with a very high kinetic energy (1016 kg at 247.7 m/s). 
 
The *MAT_CONCRETE_DAMAGE_REL3 constitutive model in LS-DYNA includes a model generation 
parameter capability, based solely on the unconfined compression strength (and fitting other parameters 
using CEB experimental results). We used this option to generate a first set of parameters from the given 
unconfined compression strength. This first set of parameters was modified to include other physical data 
given in the Benchmark (such as uniaxial tensive strength). After a first run, additional numerical 
parameters have been modified to have a better fit of experimental results. In our approach we choose to 
keep unchanged physical parameters (such as fc, ft) and to realize an optimization using LS-OPT (LS-OPT 
is a standalone Design Optimization and Probabilistic Analysis package from LSTC with an tight interface 
to LS-DYNA) to adjust numerical parameters used for uniaxial and triaxial extension response of the 
concrete slab. 
In the slab modeling, an erosion criterion is added for both concrete and steel rebars, based on a maximal 
plastic strain value. For steel, a value of 30% is put directly in the 
*MAT_PIECEWISE_LINEAR_PLASTICITY card. For concrete, a *MAT_ADD_EROSION is defined 
with a limit at 80% (concrete is eroded only when elements are extremely damaged). 
 
4.2 VTT Punching 

The VTT Punching test is modeled by a 3D half model, the goal is to use one of the symmetry axes to limit 
the number of elements without forcing a distortion mode (that’s why we didn’t use a quarter model). 

The supporting frame is not explicitly modeled but is taken into account with Boundary conditions. Z-
translation is blocked on lines (front and rear face) at 5 cm from edge. Y-translation is only blocked on the 
lines parallel to the horizontal edge and X-translation is only blocked on the lines parallel to the vertical 
edge. The symmetry axis is the YZ plane, all nodes in this plane are blocked in X-translation and Y, Z-
rotations. 

The UPN Steel part, surrounding the concrete slab, is explicitly modeled by Belystchko fully integrated 
shell element (elform=16) and is merged to the concrete part. 

Concrete is modeled by under integrated constant stress solid element (one integration point in the 
volume), element size is about 3.125 cm. Reinforcement is modeled by Hugues-Liu with cross section 
integration beam element, element size is 4.5 cm. This element size provides a good ratio (ratio = 3) with 
missile element size that guarantee a good behavior during the contact and is consistent with the model 
choices of Meppen test.  

Rebars are not merged to the concrete elements, the interaction is modeled by a coupling method based on 
a constrained approach. Junctions between two direction longitudinal rebars are merged.  
 
The constitutive law of rebars elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model 
the behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolated using a swift law. Without experimental data 
for this test, no strain rate effects are added in reinforcement. 
 
The constitutive law of concrete is a *MAT_CONCRETE_DAMAGE_REL3 also called *MAT_72R3 
(Karagozian & Case – K & C – Concrete Model – release III) able to model the behavior of a concrete 
subjected to high triaxial stress and high strain rate effects. This constitutive model is particularly adapted 
to this type of simulation because the missile impacts the target with a very high kinetic energy (47 kg at 
135 m/s) and because the missile is almost undeformable. 
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The *MAT_CONCRETE_DAMAGE_REL3 constitutive model in LS-DYNA includes a model generation 
parameter capability, based solely on the unconfined compression strength (and fitting other parameters 
using CEB experimental results). We used this option to generate a first set of parameters from the given 
unconfined compression strength. This first set of parameters was modified to include other physical data 
given in the Benchmark (such as uniaxial tensive strength). Following the proposed approach, as Meppen 
test was intended to calibrate parameters for other punching tests, we choose to include modification done 
during Meppen optimization phase. 
 
In the slab modeling, an erosion criterion is added for both concrete and steel rebars, based on a maximal 
plastic strain value. For steel, a value of 30% is put directly in the 
*MAT_PIECEWISE_LINEAR_PLASTICITY card. For concrete, a *MAT_ADD_EROSION is defined 
with a limit at 80% (concrete is eroded only when elements are extremely damaged). 
 
4.3 VTT Flexural 

The VTT Flexural test is modeled by a 3D complete model, even if there are several symmetry axis. The 
choice of a free mesh freely inspired by the butterfly mesh technique to model the concrete part doesn’t 
give the possibility of doing a half model. Moreover, this choice limits the tendency of cracks to propagate 
in only one direction. 

The supporting frame is not explicitly modeled but is taken into account with Boundary conditions. Z-
translation is blocked on lines (front and rear face) at 5 cm from edge. Y-translation is only blocked on the 
lines parallel to the horizontal edge and X-translation is only blocked on the lines parallel to the vertical 
edge.  

The UPN Steel part, surrounding the concrete slab,is explicitly modeled by Belytschko fully integrated 
shell element (elform=16) and is merged to the concrete part. 

Concrete is modeled by under integrated constant stress solid element (one integration point in the 
volume), element size is about 3 cm. Reinforcement is modeled by Hugues-Liu with cross section 
integration beam element, element size is 2.75 cm. This element size provides a good ratio (ratio = 3) with 
missile element size that guarantee a good behavior during the contact and is consistent with the model 
choices of Meppen test.  

Rebars are not merged to the concrete elements, the interaction is modeled by a coupling method based on 
a constrained approach. Junctions between two direction longitudinal rebars are merged. Transverse rebars 
join rear and face reinforcement at each junction, transverse rebars are merged with longitudinal rebars. 
 
The constitutive law of rebars elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model 
the behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolate using a swift law. Without experimental data 
for this test, no strain rate effects are added in reinforcement. 
 
The constitutive law of concrete is a *MAT_WINFRITH_CONCRETE also called *MAT_84 (developed 
by Broadhouse and Neilson), a smeared crack (sometimes known as pseudo crack), smeared rebar model, 
including rate effects. The *MAT_WINFRITH_CONCRETE is able to model the behavior of a concrete 
subjected to a flexural mode. This constitutive model is particularly adapted to the type of simulation 
where a high deformable missile impacts a target with a lower kinetic energy (50 kg at 110 m/s). This 
model is more accurate for concrete with low triaxial solicitations. The parameters necessary for this 
constitutive model in LS-DYNA are solely physical parameters and are given in the benchmark data. 
 
In the slab modeling, an erosion criterion is added for both concrete and steel rebars, based on a maximal 
plastic strain value. For steel, a value of 30% is put directly in the 
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*MAT_PIECEWISE_LINEAR_PLASTICITY card. For concrete, a *MAT_ADD_EROSION is defined 
with a limit at 80% (concrete is eroded only when elements are extremely damaged). 
 
5. Missile modelling 
 
5.1 Meppen 

The missile for the Meppen test is explicitly modeled with Belytscko fully integrated shell elements only 
(four integration points in the plane, five through the thickness). Parts at the end of the missile (steel pipe 
and steel plate) are included through an increase of shell thickness at the end of the missile. Element size is 
about 3 cm to give a good behavior in buckling mode with the formation of realistic lobes.  
 
The constitutive law of missile elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model 
the behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolated using a swift law.  
 
After few simulations for the Meppen test and a comparison with experimental results given, we noticed 
that defaults parameters for steel gave a crushed part of missile more important than the experimental one. 
Without any data on strain rate effects, we decided to improve the behavior of the missile with a Cowper-
Symonds strain rate effects law. From a starting point, we used parameters taken from open literature 
(internet) and then we performed an optimization using LS-OPT to fit missile crushing. 
 
5.2 VTT Punching 

The missile for the VTT Punching test is explicitly modeled. Light-weight concrete and steel dome are 
modeled using under integrated constant stress solid element (one integration point in the volume). Steel 
pipe and steel plate are modeled with Belytschko fully integrated shell elements merged to the concrete 
solid. Element size is about 1 cm to give a good behavior in steel deformation and in internal concrete 
damaging.  
 
 
The constitutive law of steel elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model the 
behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolated using a swift law. The missile is almost 
undeformable, consequently no strain rate effects are added. 
 
The constitutive law for concrete is a *MAT_CONCRETE_DAMAGE_REL3 using built in model 
generation parameter capability, based solely on a standard unconfined compression strength equal to 25 
MPa. 
 
5.3 VTT Flexural 

The missile for the VTT Flexural test is explicitly modeled using Bleytschko fully integrated shell 
elements only. Parts at the end of the missile (steel pipe and steel plate) are included through an increase of 
shell thickness at the end of the missile. Element size is about 1 cm to give a good behavior in buckling 
mode with the formation of realistic lobes.  
 
The constitutive law of missile elements is a *MAT_PIECEWISE_LINEAR_PLASTICITY able to model 
the behavior of steel with a complex plasticity curve and to include strain rate effects. Engineer values are 
changed into true values up to striction and then interpolate using a swift law. To improve the behavior of 
the missile, Cowper-Symonds strain rate effects have been added in the law. Due to lack of experimental 
data, we decided to use parameters taken from open literature (internet). 
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6. Contact modelling 
 
Contact is modeled in the same way for the three tests. Only one type of contact is used to model the 
interaction between missile and slab: 

- *CONTACT_ERODING_SINGLE_SURFACE deals with the contact between missile and 
solid concrete and the auto contact of the missile on itself. This contact is based on penalty 
method with a segment based option for contact detection (instead of node based) to avoid 
penetration. 

- *CONTACT_ERODING_NODES_TO_SURFACE deals with a possible contact between 
reinforcement nodes and missile segments (if erosion leads to such a possibility). 

7. Calculation 

All calculations are performed using 8 Intel Nehalem cores on a Linux 64 bit platform (CentOs 5.5) using 
SMP double precision version of last LS-DYNA version (v971 r5.0). 

In all cases, the erosion criterion is never reached, there is no penetration or perforation in the 

 
7.1 Meppen 

Time step: 1.2 µs 

Duration of the calculation: 6 h 30 min 

Energy balance: 

 
 

Duration of impact: 33 ms 
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Speed of the missile after impact: - 3 m/s (rebound) 

Displacement of the slab and vibration of the target after impact:  

 
 

Damage description: 

For the target, the damage zone is a large 
cone behind the impact area. This cone has a 
diameter of 2.8 meters at the front face and 
3.8 meters at the rear face, with a cone angle 
of 35°. 

For the missile, the cylinder part of the missile is crushed in a buckling mode. At the end of 
the shock, the crushed part has a length of 65 cm and the non crushed part has a length of 
154 cm. 

 
7.2 VTT Punching 

Time step: 0.72 µs 

Duration of the calculation: 3 h 27 min 

Energy and Momentum balance: 
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Duration of impact: 6 ms 

 
 

Speed of the missile after impact: - 4 m/s (rebound) 

 

Displacement of the slab and vibration of the target after impact:  
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Damage description: 

For the target, the damage zone is practically 
all the area inside the boundary condition 
lines. 

For the missile, the concrete inside is very damaged and the plastic strain is important in 
the steel dome, there is a small barrel effect at the junction between concrete and steel.  

 
7.3 VTT Flexural 

Time step: 0.89 µs 

 

Duration of the calculation: 8 h 38 min 

 

Energy balance: 
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Duration of impact: 10.1 ms 

 
 

Speed of the missile after impact: - 6 m/s (rebound) 
 

Displacement of the slab and vibration of the target after impact:  

 
 

 

Damage description: 

For the target, the crack area at the rear face diagonally propagates 
with a small radial cracking zone just behind the missile. 

For the missile, the cylinder part of the missile is crushed in a 
buckling mode. At the end of the shock, the crushed part has a 
length of 24 cm and the non crushed part has a length of 112 cm.  
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8. Conclusion 
 
8.1 Meppen 

Meppen test results show an impact with a Flexural mode associated to a large damaged area. The missile 
absorbs most of his initial energy in buckling and the slab absorbs the rest.  

For this test, some experimental results are given for damage and displacement of the slab, for the contact 
force and for the missile deformation.  

 Simulation Experiment  Error 
Load peak (MN) 12.85 13.1 2 % 

Shock duration (ms) 33 26 27 % 
Missile : non crushed part (cm) 65 64 2 % 

Missile : crushed part (cm) 154 145 < x < 154 - 
Slab : permanent displacement (cm) 5.36 5 7 % 

Slab : crushed depth (cm) 1.9 4  52 % 

Our simulation is very adapted to model the missile crushing, the load peak and the permanent 
displacement at the rear face. However, this simulation is not suitable to model the crushed and damaged 
area of the slab, the behavior is probably not enough fine and specific to model both a good global flexural 
mode and a local damaged and crushed mode. 
 
8.2 VTT Punching 

VTT Punching test results show an impact with a very important slab displacement during the shock. The 
missile doesn’t absorb a lot of the initial kinetic energy so the slab is extremely damaged during the 
impact. At the end of the shock, missile velocity goes to zero and slab residual displacement remains very 
big. 
 
8.3 VTT Flexural 

VTT Flexural test results show an impact in a pure Flexural mode. The missile absorbs most of his initial 
energy in buckling and the slab absorbs the rest in flexion. After a peak in the slab displacement reached at 
the end of shock, slab oscillates around a little permanent displacement. 
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3.4.15  Team #15 IRSN-UJF 

 

IRIS_2010 NUMERICAL SIMULATION REPORT 
 

Laboratory 3SR (Sols-Solides-Structures-Risques) 
- IRSN (Institut de Radioprotection et de Sureté nucléaire 

 
1. Introduction 
 
In the IRIS 2010 project (Impacted Robustness assessment methodologies for Impacted Structures 
benchmark), we are interested about the impact of a projectile on a reinforced concrete slab in the 
framework of the protection of sensitive structures such as a nuclear reactor submitted to a crash of an 
aircraft .  
The 3S-R laboratory has developed methodologies which allow modelling concrete structures submitted to 
an impact. The validation of these methodologies require experimental test results. 
Although we were lately informed about the project IRIS-2010, we wanted to participate to the benchmark 
in order to compare our simulation results with experimental ones coming from this project. Three impact 
tests have been simulated in this campaign: 
-The punching test: the damage of the reinforced concrete slab is expected under punching mode. 
-The flexion test: the damage of the reinforced concrete slab is expected under flexion mode. 
-Meppen II.4 test: this experimental test is realized at German [Nachtsheim 81]. A little damage was 
obvious. We obtained a scabbing formation on back face of the slab. 
 
2.  Choices 
 
In our simulation results, the punching test has been simulated by Sylvain GAVOILLE, post doc at 3S-R, 
by means of methods based on the Discrete Element Method (DEM): purely discrete elements, coupled 
DEM and Finite Element Method (FEM) (linear finite elements), coupled DEM and FEM (nonlinear finite 
elements). In this report only the purely discrete elements method applied to the punching mode test will 
be presented because of the lack of time to deal with the coupled methods. The coupled DEM/FEM 
method and preliminary results will be presented during the workshop. The software used for calculation is 
EUROPLEXUS in which the DEM was implemented. 
The two other simulation tests (flexion test+ Meppen test) have been realized by Xuan Dung VU, PhD 
student at 3SR by means of the FEM. The aim of this study is to analyze the performances a concrete 
constitutive behaviour model that will be improved in future works. The software used for calculation is 
ABAQUS - Explicit, version 6.9-2. The concrete constitutive behaviour model is the PRM model 
implemented into the code by means of a user subroutine [PRM 10]. 
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3. Concrete slabs modelling 
 
3.1 Punching test 
 
The slab was modelled completely in 3D by DEM. The concrete slab includes 2 reinforced meshs at front 
face and rear face. The armature density in each direction is 8.7 cm²/m. The rebar diameter is 10 mm. 
There is not transverse reinforcement. Slab dimensions are 2.1m*2.1m*0.25m. By using purely discrete 
elements method, the reinforcement and concrete slab are discretized by 58031 particles with 12.9 mm of 
radius. The supporting frame is also modelled by housing all particles at support points, like in the Figure 1 

                
 

 
 

3.1.1 Constitutive law for rebar elements 
Steel rods utilized to reinforce the concrete slab are A500HW. The rebar behaviour is illustrated in the 
Figure 2. 

3.1.2 Constitutive law for concrete elements 
Concrete slab is simulated by purely ED method. Discrete elements model identification is realized by 
extracting one pattern of the concrete slab constituted only concrete particles. Illustration of this sample is 
showed in the Figure 3. 
We realize successively a traction test and a compression test on this sample by applying limit conditions 
of displacement on red particles showed in figure 3. A collection about data obtained is presented in the 
Table 1: 

Figure 2 Rebar behavior for punching test Figure 1 ED mesh of concrete slab 
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Tableau 1 Concrete input data for discrete elements 

 

                                                                                                      Figure 3 concrete sample 

 
In this ED method, since in the punching test, the compaction is important, we took also into account the 
concrete compaction characteristic. We decided to implement a new elasto-plastic law which is realized 
before by [P. Marin 08]. This implementation consists rectifying the value of normal stiffness Kn beyond 
the strain value: 

( )( )ceaKK jb
nn +−= −− εε12  

Where a =1.3, b = 10, c =0.15 and εj = 0.002. These parameters were taken from [P. Marin 08] study. 
 
3.2 Flexion test 
 
This 3D model is modeled by means of finite elements method. Thanks of structure symmetry, we decided 
to simulate only a quarter model.  The concrete slab includes 2 reinforced meshs at front face and rear face. 
The armature density in each direction is 5 cm²/m. The rebar diameter is 6 mm. There are also transverse 
reinforcement by rebars of 6 mm of diameter. Slab dimensions are 2.1m*2.1m*0.15m. The concrete slab is 
modelled by 63536 cube elements C3D8R with 13.75 mm of element size. The connexion rebar/concrete 
slab is considered perfect. The supporting frame is also modelled by housing all particles at support points, 
like in the Figure 4: 

DATA Punching test 
Interaction radius 1.33 

Density ρ 2192 kg/m3

Young modulus E 34 GPa 
Poisson radio ν 0.2 
Elastic limit T 2.1 MPa 

Cohesion limit Co 25 MPa 
φi  and   φc 5° 
softening 30 
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3.2.1 Constitutive law for rebar elements 
Steel rods utilized to reinforce the concrete slab are A500HW. The rebar behaviour is illustrated in the 
Figure 5. 

3.2.2 Constitutive law for concrete elements 
We used the PRM model (PONTIROLI-ROUQUAND-MAZAR) to modelling the concrete behaviour 
under impact. This behaviour model is a coupling between damage model and plastic model. The damage 
model is developed by C. PONTIROLI from MAZAR’s model, this damage model allow reproducing the 
dynamic behaviour of concrete material at low confinement. In this model, two damage variables (Dt for 
tensile stress and Dc for compression stress) are used. The unilateral characteristic of concrete material is 
as well taken into account to simulate the concrete behaviour under seismic solicitation [C. La Borderie, 
1991]. It means that the stiffness of concrete structure can be restored when it state change from tensile 
stress to compression stress. The illustration of this model is presented in Figure 6: 

 
Figure 6 damage model with two scalar variables 

Figure 4 concrete slab model with 
support conditions

Figure 5 Rebar behavior for flexion test 
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The coupling of this damage model with the plastic model (Krieg_Swenson’s plastic model) give a good 
attitude to reproduce the geo-materials behaviour under different solicitation paths. In the plastic model, 
compaction characteristic of concrete is employed. Effective stresses are likewise taken on (effective stress 
theory of MATIORRI for saturated soil) to consider saturation rate on the answer of concrete structure 
(Figure 7) 
 
 

 
(a)                                                                                                  (b)  

Figure 7 Krieg_Swenson’s plastic model 

(a) Compaction curve 
(b) Deviatoric curve en function of confinement 

To use this material model, we have to determine some parameters for damage model as Young modulus 
E, poisson ratio ν0, compression resistance σc (from compression test) , cracking energy by surface unit Gf 
( from 3 points flexion test ). Furthermore, the compaction curve of plastic model demand certain 
parameters as:  some points  (εv,p) of compaction curve (include consolidation point), slope of loading 
stiffness K0grain_cons and K0grain slope of unloading stiffness at consolidation point, porosity, as well as 3 
parameters a0, a1, a2 of deviatoric limit curve. The speed rate is also taken onto account by means of 4 
parameters at, bt (in traction case), ac, bc (in compression case). Further, the characteristic length of element 
Lc was introduced to eliminate the effect of mesh fineness. The summary of theses parameters is presented 
in table 2: 
 

Tableau 2 concrete input data tables for PRM model 

 
Damage 
 

E0 (Pa) ν0 σc (Pa) σt (Pa) εerrosion σt finale  β Mazars σft0 fissures 

3.008E+10 2.355E-01 -6.392E+07 3.250E+06 1.000E-01 0.000E+00 1.050E+00 -3.250E+06 

 

σfc fiss comp Lc (m) Gf(N/m) type EF at bt ac bc 

6.392E+07 0.000E+00 1.200E+02 0 1.300E+00 2.100E-01 4.000E-01 2.100E-01 
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Plastic threshold 
  

a0 seuil (Pa²) a1 seuil (Pa) a2 seuil Pcut elas tens (Pa) qmax (Pa) 

7.758E+15 1.864E+08 1.120E+00 1.000E+01 6.000E+09 

 
Compaction curve (24 points) 
 
p1 elas (Pa) εv1 elas p2(Pa) εv2 p3(Pa) εv3 p4(Pa) εv4 

1.9490E+08 -1.0282E-
02 

2.2170E+08 -1.2316E-
02 

2.4920E+08 -1.4621E-
02 

2.7610E+08 -1.7184E-
02 

p5(Pa) εv5 p6(Pa) εv6 p7(Pa) εv7 p8(Pa) εv8 

3.0300E+08 -1.9884E-
02 

3.3010E+08 -2.2765E-
02 

3.5690E+08 -2.5803E-
02 

3.8490E+08 -2.8754E-
02 

p9(Pa) εv9 p10(Pa) εv10 p11(Pa) εv11 p12(Pa) εv12 

4.0350E+08 -3.0935E-
02 

4.6340E+08 -3.8412E-
02 

5.2360E+08 -4.5527E-
02 

5.8290E+08 -5.2174E-
02 

p13(Pa) εv13 p14(Pa) εv14 p15(Pa) εv15 p16(Pa) εv16 

6.5220E+08 -5.9403E-
02 

7.0101E+08 -6.5259E-
02 

7.9324E+08 -7.5259E-
02 

8.9760E+08 -8.5259E-
02 

p17(Pa) εv17 p18(Pa) εv18 p19(Pa) εv19 p20(Pa) εv20 

1.0157E+09 -9.5259E-
02 

1.1493E+09 -1.0526E-
01 

1.3005E+09 -1.1526E-
01 

1.4716E+09 -1.2526E-
01 

p21(Pa) εv21 p22(Pa) εv22 p23(Pa) εv23 p24(Pa) εv24 

1.6652E+09 -1.3526E-
01 

1.8843E+09 -1.4526E-
01 

2.1322E+09 -1.5526E-
01 

2.6537E+09 -1.7296E-
01 

 
Loading stiffness, unloading stiffness, porosity, water content and mixing law (series or parallel) 

Kgrain cons(Pa) K0grain fin déch(Pa) Porsec neau Sr 0=Ser 1=Par 

3.80E+10 3.80E+10 0.00E+00 5.00E-01 0 

 
As we didn’t have compaction data of the concrete used in this test, we extrapolated theses points from the 
compaction curve of standard concrete R30A7 (30 Mpa of compression resistance and 7 cm of weakening) 
base on the difference of Young modulus E and poisson ratio ν0.   

3.3 Meppen II.4 test 
 

This 3D model is modeled by means of finite elements method. Thanks of structure symmetry; we decided 
to simulate only a quarter model.  The concrete slab includes 2 reinforced meshs at front face and rear face. 
The armature density in each direction is 27.3 cm²/m at front face and 53.6 cm²/m at rear face.. The rebar 
diameter is 20 mm at front face and 28 mm at rear face. There are also transverse reinforcement by rebars 
of 20 mm of diameter. Slab dimensions are 6m*6.5m*0.7m. The concrete slab is modelled by 38500 cube 
elements C3D8R with 65*65*50 mm of element sizes. The connexion rebar/concrete slab is considered 



 NEA/CSNI/R(2011)8 

 287

perfect. The supporting frame is also modelled by housing all particles at support points, like in the Figure 
9. 

 
 

3.3.1  

3.3.1 Constitutive law for rebar elements 
Steel rods utilized to reinforce the concrete slab are A500HW. The rebar behaviour is illustrated in Figure 
8. 

3.3.2 Constitutive law for concrete elements 
In this test, we employed the input data table of the standard concrete R30A7 to simulate the answer of 
concrete structure, which is showed in tableau 3 

Tableau 3 concrete input data tables for PRM model 

 

Damage 
 

E0 (Pa) ν0 σc (Pa) σt (Pa) εerrosion σt finale  β Mazars σft0 fissures 

2.905E+10 2.355E-01 -3.720E+07 4.800E+06 
3.0E-02 et 

10E-02 0.000E+00 1.050E+00 -4.800E+06 

 

σfc fiss comp Lc (m) Gf(N/m) type EF at bt ac bc 

3.720E+07 0.000E+00 1.200E+02 0 1.300E+00 2.100E-01 4.000E-01 2.100E-01 

 
Plastic threshold 
  

a0 seuil (Pa²) a1 seuil (Pa) a2 seuil Pcut elas tens (Pa) qmax (Pa) 

5.506E+15 1.263E+08 7.247E-01 1.000E+01 6.000E+09 
 
Courbe de compaction (24 points) 
 
p1 elas (Pa) εv1 elas p2(Pa) εv2 p3(Pa) εv3 p4(Pa) εv4 

4.1200E+07 -2.2505E- 6.1900E+07 -4.3485E- 8.3900E+07 -6.8377E- 1.0230E+08 -9.7617E-

Figure 8 Rebar behavior for flexion test Figure 9 concrete slab model with 
support conditions 
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03 03 03 03 

p5(Pa) εv5 p6(Pa) εv6 p7(Pa) εv7 p8(Pa) εv8 

1.6340E+08 
-1.8622E-

02 2.2350E+08 
-2.8824E-

02 2.8380E+08 
-3.8002E-

02 3.4320E+08 
-4.6530E-

02 

p9(Pa) εv9 p10(Pa) εv10 p11(Pa) εv11 p12(Pa) εv12 

4.0350E+08 
-5.4493E-

02 4.6340E+08 
-6.1970E-

02 5.2360E+08 
-6.9085E-

02 5.8290E+08 
-7.5732E-

02 

p13(Pa) εv13 p14(Pa) εv14 p15(Pa) εv15 p16(Pa) εv16 

6.5220E+08 
-8.2961E-

02 7.0101E+08 
-8.8817E-

02 7.9324E+08 
-9.8817E-

02 8.9760E+08 
-1.0882E-

01 

p17(Pa) εv17 p18(Pa) εv18 p19(Pa) εv19 p20(Pa) εv20 

1.0157E+09 
-1.1882E-

01 1.1493E+09 
-1.2882E-

01 1.3005E+09 
-1.3882E-

01 1.4716E+09 
-1.4882E-

01 

p21(Pa) εv21 p22(Pa) εv22 p23(Pa) εv23 p24(Pa) εv24 

1.6652E+09 
-1.5882E-

01 1.8843E+09 
-1.6882E-

01 2.1322E+09 
-1.7882E-

01 2.6537E+09 
-1.9652E-

01 

 
Loading stiffness, unloading stiffness, porosity, water content and mixing law (series or parallel) 
 

Kgrain cons (Pa) K0grain fin déch (Pa) Porsec neau Sr 0=Ser 1=Par 

3.80E+10 3.80E+10 1.2E-01 5.00E-01 0 

 
In this test, we took into account the erosion in two models. In the damage model, the erosion is expected 
when there is a principal strain value superior the maximum principal strain value. In the plastic model, the 
erosion is expected when the strain value is superior 200%. 

4. Missiles modelling 

4.1 Punching test 
The missile was modeled completely by finite elements. Linear cube elements were employed with 

990 elements and 1288 nodes. The initial speed applied in this missile is 135 m/s. The behavior of the 
missile shell is elasto-plastic hardening model, like showed in Figure 10. The concrete behavior taken in 
missile core is elastic. 



 NEA/CSNI/R(2011)8 

 289

 
Figure 10  Shell behaviour 

4.2 Flexion test 
Because of the symmetry, there is only a quarter of the missile is modeled. The missile was modeled by 
2321 shell elements S4R with 2488 nodes; the element size is 13.75 mm. The initial speed applied in this 
missile is 110 m/s. Strain rate effect wasn’t taken on for this missile. The behavior of the missile shell is 
elasto-plastic hardening model, like showed in Figure 11. The young modulus is 210 GPa, Poisson ratio 
0.3 

 
Figure 11 Shell behaviour for flexion test 

4.3 Meppen II.4 test 
Thanks of the symmetry of the structure, there is only a quarter of the missile is modeled. The missile was 
modeled by 1271 shell elements S4R with 1395 nodes; the element sizes are 50.67mm*47.075 mm. The 
initial speed applied in this missile is 247.7 m/s. Strain rate effect wasn’t taken on for this missile. The 
behavior of the missile shell is elasto-plastic hardening model, like showed in figure 12. The young 
modulus is 210 GPa, Poisson ratio 0.3 
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Figure 12  missile's material behaviour for Meppen II.4 

5. Contact modelling 
For all tests, we simulated the impact directly of the missile on reinforced concrete slab. The contact 
between the missile and concrete slab and the auto-contact in the missile were taken into account. 

6. Calculation 

6.1 Punching test 
The time step realized is 50 ms. But we present here the result until 15.2 ms for calculation duration of 
1124464 s, means 13 days. Some following figures 13 and 14 present the damage at rear face of the 
concrete slab. 

 
 

 
 
 

Be careful that the damage in our definition is described like the number of ED link broken on the number 
of initial ED link.   
From some these views, we observed the detachment of a surface layer of concrete slab at front face and 
rear face. After that the missile passes through the concrete slab, there is a hole 204 mm of diameter in 
slab. The missile isn’t nearly deformed. Hereafter, we will show some results at different sensors on the 
slab and on the missile. 

Figure 14 Vertical sectional view of the damage 
after 13 ms of calculation 

Figure 13  Rear face view after 
13 ms of calculation 
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Figure 15 Displacement at the missile back function of time 

 
Figure 16 velocity mesured at missile back after 13 ms 

 
Figure 17 Displacement of certain sensors at rear face of slab 

 



NEA/CSNI/R(2011)8 

 292

In this test, the missile passes through the reinforced concrete slab. The residual velocity is 80 m/s. The 
displacement paths at points W2 and W3 is showed like a ballistic trajectory. It means that there is an 
element detachment at center zone on rear face of the concrete slab.  

6.2 Flexion test 
The time step realized is 50 ms. The total time for calculation is of 5 days. These following figures present 
the damage on front face and on rear face of the concrete slab. 

 

 

 

 
 
 

Figure 18 the damage in vertical sectional face 
of concrete slab Figure 19 the damage at back face of concrete slab 

Figure 20 deformed missile at the end of the 
flexion test Figure 21 the damage at front face of concrete slab 
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Figure 22 Velocity of the missile 

The impact duration is 19.87 ms. After the impact, the missile is rebounded completely. The are one party 
of the missile plasticly deformed (figure 21).The residual length of the missile is 1.2325 m, the length of 
the plastic deformed party is 0.144 m . The residual velocity of the missile is 2 m/s.  
Regard on the vertical sectional face of slab (figure 18), we saw that the concrete slab was plasticly 
deformed at the center, while elsewhere all over was presented by damage zone. The concrete slab 
presented more damage on the rear face than on the front face.  

 

 
Figure 23 Load time history between the missile and the target 
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Figure 24 Displacement of some sensors at the rear face of the slab 

In the flexion test, we saw that the concrete slab wasn’t so deformed. The maximum displacement at the 
rear face of slab is 4.3 mm. The maximum impact load obtained is 3.6 MN. 

6.3 Meppen II.4 test 
The time step realized is 50 ms. The total time for calculation is of 24 days. These following figures 
present the damage on front face and on rear face of the concrete slab. 
 

 
 
 
 

 
Figure 27 Vertical sectional cut of the slab 

 

Figure 25 damage on front face Figure 26 Damage on the rear face 
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Figure 28 Velocity time history of the missile 

 

 
Figure 29 displacement mesured at missile dick 
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Figure 30 Load time history at impact 

 

 
Figure 31 Displacement of some points W6 and W8 on rear face of the concrete slab 
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Figure 32 Missile shape at the end of test 

The impact duration is 50 ms. After the impact, the missile is rebounded completely.The residual velocity 
is 0.97 m/s.The missile is completely plasticly derfomed (figure 32).The residual length of the missile is 
1.01837 m.  
Regard on the vertical sectional face of slab (figure 27), we saw that the concrete slab was plasticly 
deformed at the center, while elsewhere all over was presented by damage zone. The damage zone was 
developed quickly on the front face as well as on the rear face of slab.  

7. Conclusion 
These 3 tests in IRIS_2010 project were simulated by means of different methodologies. In the punching 
test, only the concrete slab was simulated by discrete elements, the missile was modeled by finite elements. 
This methodology makes profit the calculation time. In the first view, we saw that the hole created by the 
missile is so cylindrical. It means that the interface concrete/armature is very weak. The rupture happened 
so easily. If we improve the cohesion in this interface zone, we can improve these results. 
In the flexion test and Meppen test, we used finite elements method to model the structure. Some first 
results are obtained, with which we can analysis the calculation performance of the material behavour 
model. The PRM model is a good concrete behavior model which allow us simulate by finite elements 
method the behavior of concrete under dynamic solicitation as impact case. This model can work well at 
low confinement (take into account strain rate effect of concrete in dynamic stress) and high confinement 
(take into account saturation rate in stress). In our calculation result of IRIS_2010 project, by simulation, 
we noted that the maximum pressure in these two tests is not high, about 150 MPa in shock domain and 
100 Mpa elsewhere all over. So, we can expect that calculation stresses are piloted by the damage model in 
these tests. In these test, we didn’t take into account the strain rate effect in missile, so the dissipation 
energy in these case is underestimated. Calculation results can be improved by taking on this parameter. 
The erosion option was likewise employed. In the flexion test, this option is not necessary because the 
damage is not important. Contrariwise, in the Meppen II.4 test, we should activate this option because the 
damage is more important in this case. Be careful that the disappearance of elements can lead the lost of 
element mass. The later will lead losing momentum quantity, which can influence the calculation 
performance.   
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3.4.16  Team #16 IRSN-BAGCS 

IRIS_2010   –  Numerical Simulation Report 
 

IRSN-BAGCS 
 

Bertrand CIREE    
 

Institut de Radioprotection et de Sûreté Nucléaire (IRSN) 
 
1. Introduction 
 
The two VTT tests, called “IRSN-VTT Tests: flexural mode” and “IRSN-CNSC-VTT Tests : punching 
mode” have been simulated by IRSN in the framework of the development of numerical methods and 
tools. The use of Riera formula and a few calculations made before hand enable us to qualify the type of 
impact, the concrete dominant behaviour, and to choose a modelling, a concrete constitutive law and 
boundary conditions as efficient as possible. 
 
The main difference between the two VTT tests is the type of shock. The first one is a deformable “soft” 
missile because the missile includes a 2 mm thick stainless steel pipe fastened to the end cap with a 
circumferential weld, the second one, a rigid “hard” missile composed of a 10mm thick steel pipe, welded 
together with a 50mm thick steel dome, and filled with light-weight concrete. 
 
Considering the momentum, we can expect the first missile to involve a flexural target response without 
scabbing, penetration nor perforation, but only cracks in concrete and plastic strain in rebar, and then a 
residual deflection, and the second missile to rise to phenomena of localized target damage like 
penetration, cone cracking or perforation. The calculation enables to determine if the missile will perforate 
the slab, and what will be the residual speed after impact. 
 
2.  Material input data 
 
Input data provided in IRIS_2010 is usual data, but isn’t enough to characterise the concrete behaviour 
with a high precision in terms of strain-rate effects and high confinement behaviour. Nevertheless, most of 
numerical models need only basic parameters or are able to extrapolate specific parameters. Usually, 
specific dynamic parameters are useful to characterise the concrete behaviour when the missile speed 
reaches 200 or 300 m/s. 
 
The input data shows a medium disparity, and we choose to use the average value for compression and 
traction strength, young modulus and density. The numerous values provided will enable to study the 
sensitivity of results with the material parameters deviations. 
 
3.  Basic choices 
 
Fast dynamic finite element code LS_DYNA is very efficient in case of dynamics issues and in terms of 
contact issues, within explicit algorithms. Explicit algorithms are recommended in case of high 
deformation and high non-linearity. We can use other methods like SPH method or discrete elements 
method, but they are more complex to implement. We used the Version 971 release 4 of LS_DYNA.  
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In terms of effort dedicated to the computation, one person have spent about 1,5 month, but through this 
computation, IRSN had tested some LS_DYNA concrete models, and had developed its skill in using 
LS_DYNA code. This is why it is difficult to quantify the real time dedicated to this project.  
 
4.  Concrete slab modelling 
 
Model 
 
The concrete slab modelling of the two VTT tests are similar, except regarding the constitutive law of 
concrete. As said in introduction, in the first case, we have a soft missile, in the second case, a hard missile. 
Then, the concrete slab thickness is different, so we used a mesh adapted to each case. The model of the 
concrete slab is a full 3D model that enables to represent all deformation modes of the missile, even if the 
calculation duration is larger.  
 
We don’t take into account gravity, because it needs a preliminary implicit calculation which is too long 
and needs much more memory than the explicit shock calculation.  
 
 
Boundary conditions of the slab 
 
In order to simulate the boundary conditions as well as possible, the supporting structure of the concrete 
slab is modelized too, and the concrete slab is tightened between eight steel S235 cylinder (diameter 
45mm) by means of 60 screws as shown in input data. The HEB and UPN frames enable to fix the screws 
used to maintain the slab. The mechanical characteristics of the supporting structure are not very important 
because there is no plastification of the frames. The slab is tightened between 8 steel cylinders, and its 
rotations and translations are free. As a consequence, the slab can loose contact from the supporting 
structure, if the flexural movement is large enough. All degrees of freedom are blocked at the back pipe 
extremities, and the side movement of some nodes of the support situated in the vertical plan of symmetry 
is blocked as well as the vertical movement of some nodes of the support situated in the horizontal plan of 
symmetry.  

       
 

Mesh of the supporting structure 
 



 NEA/CSNI/R(2011)8 

 301

 
Slab tightening between 8 cylinder pipes 

 
 
Choice of the finite elements 
 
We used solid finite elements for the concrete slab and truss elements for the reinforcing steel. We ajusted 
the fineness of the mesh in order to have quite good results with a reasonable duration of calculation. 
Rebars are attached to the concrete elements. So the concrete mesh is drawn on the rebars spacing. In the 
case of the first test, we can expect that rebars remain attached to the concrete during the shock. This is 
why this hypothesis is acceptable. In the case of the hard missile, we know that near the impact area, 
concrete and rebars are split, but the use of a slippery constrained connection is more difficult to 
implement. Far from the area impact, we can expect that rebars remain attached to the concrete. As the 
missile penetrates the concrete with a high speed, the hypothesis of attached rebars will be erroneous 
mainly in the zone where the concrete will be damaged by the missile. 
 

 
Mesh of the slab and missile and concrete slab with cylinder supports 

 
Flexural mode  
The rebar spacing is 55 mm. We choose to have 3 elements for each stitch of rebar, that is to say 55/3 mm 
(18.33 ≈ mm) by element, for concrete as for rebars. We choose a similar size for the thickness of the 
concrete elements, that is to say 14 elements in the thickness (2 elements outside rebars, and 10 elements 
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inside rebars). The rebars mesh is in accordance with drawings. Finally, the concrete mesh consists of 
172 494 elements and 188 160 nodes. The rebars mesh consists of 31 008 elements and 26 828 nodes. 
 

 
Rebars mesh 

 
Punching mode 
In order to have a finer mesh in the impact area and not too many elements, the fineness was increased in 
the center of the concrete slab. The thickness of the slab reaches 25 cm. Elements size on the edge is 45 
mm (2 elements between 2 rebars), and 15 mm in the center. We choose a similar size for the thickness of 
the concrete elements in the concrete slab center, that is to say 28 elements in the thickness (4 elements 
outside rebars, and 20 elements inside rebars). The rebars mesh is in accordance with plans. Finally, the 
concrete mesh consists of 249 536 elements and 261 261 nodes. The rebars mesh consists of 19 072 
elements and 17 440 nodes. 
 

 
Mesh of the slab in punching test 

 
Constitutive law of rebars elements 
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Truss elements in LS_DYNA, unlike beam elements, are not compatible with all constitutive laws. To deal 
with this, we used only a plastic kinematic law for rebars elements, without taking into account strain rate 
effects, with a 242 000 MPa young modulus, a 0.3 Poisson’s ratio and a 600 MPa yield stress, and a 7850 
kg/m3 mass density, and a 20 000 MPa tangent modulus, according to the curve below. For the second test, 
the tangent modulus was corrected to fit the input data of the reinforcement steel bars A500HW with a 
diameter of 8 mm. The new value is 9 000 MPa.  
 

  
Constitutive laws for rebars in flexural test Constitutive laws for rebars in punching test  
 
Constitutive law of concrete elements 
 
The best way to study the both VTT tests would have been to fit the concrete constitutive law either with a 
well known test, or with the material input data given within the benchmark. Because of lack of time we 
only used usual mechanicals parameters deducted from the input data.  
 
Flexural mode  
The dominant behaviour of the concrete slab is expected to be a flexural mode with the development of 
many cracks, but without spalling, scabbing nor penetration. This is the tensile behaviour which generates 
cracks when the first principal stress becomes higher than the concrete tensile strength. We choose the 
Winfrith smeared crack material model in LS_DYNA (material 84) which is able to modelise these 
phenomena. The mechanical parameters include the uniaxial tensile strength, the uniaxial compressive 
strength, young modulus, Poisson’s ratio, and mass density. This concrete constitutive law needs also to 
know the fracture energy and the aggregate size. We used mean values corresponding to a common 
concrete. Strain rate effects are also included in the model. But in the VTT flexural test, we expect this 
effects to be of little importance. The used parameters are : 

 Young modulus    2,69E+10 MPa 
 Poisson ratio    0,19  
 Concrete resistance in compression  7,30E+07 MPa 
 Concrete resistance in traction  3,70E+06 MPa 

   
 
Punching mode 
In the punching mode, the concrete confinement is important under the missile head. Strain rate effects are 
important too, and the concrete is expected to be damaged with punching, scabbing and penetration 
phenomena: in this case, the Malvar model in LS_DYNA is more suitable to predict the mechanical 
behaviour of the concrete slab. The choice of this parameter is not easy because we have to know the mass 
density, the Young modulus, the compressive strength, but also many poorly known parameters as the 
cohesion, the pressure hardening coefficients, the cohesion for yield, the pressure hardening coefficients 
for yield limit, and for failed material, the damage scaling factor for uniaxiale tensile path and for triaxial 
tensile path, the initial yield stress, and a tabulated damage function and a tabulated scale factor. Indeed, 
this model, based on the Karagozian & Case model, takes into account 3 complete yield surfaces (yield, 
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maximum and residual), strain rate effects, ratio of triaxial extension to triaxial compression, a pressure 
cut-off, effects on tension strain softening and an incremental damage for triaxial tensile path. The 
LS_DYNA Malvar model enables to calculate easily all mechanical parameters from the basic usual 
concrete parameters (essentially the compressive strength value).  Then, we modified the tensile behaviour 
by increasing the tensile softening (that is to say by increasing the fracture energy) in order to strengthen 
the concrete resistance in traction which seemed to be too weak according to our experience (in the Malvar 
model). 
 
Other models could be used in this study, perhaps more easy to implement, but we wanted to test the 
Malvar model, and its sensitivity to the mechanical parameters chosen.  
 
The erosion is based on the first principal stress which enables to qualify the behaviour in traction and the 
cracks development till the concrete rupture. In the Malvar model, the erosion based on strains or on plastic 
strain seems to be not efficient, because after the beginning of the erosion phenomena (at the beginning of 
the shock), the whole slab collapses in the calculation.  
 
In the case of the Malvar concrete law, the mechanical parameters are based on the choice of the concrete 
strength in compression, from which Young modulus and concrete strength in traction are computed by the 
code: 

 Young modulus    3,988+10 MPa 
 Poisson ratio    0,19  
 Concrete strengh in compression  7,10E+07 MPa 
 Concrete strength in traction   5,15E+06 MPa 

 
5.  Missile modelling 
 
In these calculations, the missile is modelised as specified on the drawings, with a fine mesh in order to 
represent as well as possible the missile crushing during the shock. We have seen in others simulation that 
if the mesh were not fine enough, the missile behaviour was poorly represented. We used shell elements 
for the pipe and the plate at the end or at the top of the missile in both case, and solid element for the light-
weight concrete and for the steel dome of the punching test missile. The elements size is about 8 mm aside. 
After meshing, the mass density is adjusted in order to obtain the right weight.  
 
Flexural mode  
The mesh is easy to realise. The elements size is about 8 mm except at the back of the missile which is 
expected not to be crushed (to decrease the number of elements). Finally, the first test missile consists of 
23 206 nodes and 23 481 shell elements with 5 Gauss point (5 points in the element thickness). The 
constitutive law is based on the input data without looking for a complex modelling. Indeed, the most 
important thing is the momentum of the missile, which is transmitted to the concrete slab, and the initial 
speed which determines the system energy which is consumed in the form of plastic deformation during 
the impact. So, the behaviour of the missile is less important than the concrete constitutive law. The law of 
the dry stainless steel missile is deduced from the mean value of the stress-strain curve for material EN 
1.4432 (with wall thickness of 2mm). The LS_DYNA Material type 24 is an elasto-plastic material with an 
arbitrary stress versus strain curve and arbitrary strain rate effect). But we did not use the strain rate effect 
dependency.  
The Young modulus is 340 100 MPa, the Poisson’s ratio is 0.3, the mass density is 7910kg/m3 and the 
yield stress is 200 MPa. 
To simplify the modelling, we use only a plastic kinematic law for the carbon plate and the carbon pipe, 
without taking into account strain rate effects, with a 200 000 MPa young modulus and a 500 MPa yield 
stress, and a 8224 kg/m3 mass density which enables to obtain the right weight of the pipe.  
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Constitutive laws for missile steel pipe 

 
Missile mesh in flexural test 

 
 
Punching mode 
In the punching mode, as the shock is expected to be hard, the constitutive law of the missile seems to be 
less important than in the flexural test. This is why we used the same constitutive law for the missile steel, 
even if the thickness is 5 times as high, and a plastic kinematic law for the massive steel dome (thickness 
of 50 mm). For the same reason, we used a plastic kinematic law for the light-weight concrete inside the 
steel pipe, with a young modulus of 32 000 MPa.  
No strain rate effects are taken into account for the missile.  
The punching test missile includes 5203 nodes, 1472 shell elements and 6848 solid elements. The missile 
head is modelled with solid elements as the light-weight concrete.  

 
Missile mesh in pushing test 

 
 
6.  Contact modelling 
 
Contact is a LS_DYNA key point. We used general contact algorithms between the missile face and the 
missile pipe, and the front face of the concrete slab. We used standard values and penalty, but improved by 
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the choice of the penalty stiffness value option, based on the master segment stiffness, and not on the 
minimum of master segment and slave node (default option) because the missile mesh is finer than the slab 
mesh, and their stiffnesses are relatively different.  
 
Then, a single surface contact type is used to manage the contact between the concrete elements when the 
concrete collapses under the missile impact. This contact concerns concrete and rebars, and includes an 
eroding option, but, in fact, it is the constitutive law of the concrete which enables to manage the eroding 
phenomena inside the concrete slab.  
 
 
7.  Calculations 
 
7.1  Flexural mode  
 
As indicated before, we did not have enough time to find the best parameters for these calculations. The 
result could only be a first approach of the study, which shows the modelisation feasibility, and which 
constitutes the base of a calibrating work of the concrete behaviour. After such a work, the concrete model 
could be applied to real concrete structures.  
 
The time step is about 10-7 at the beginning of the calculation, at the beginning of the shock, and then, 
about 5.10-7, in order to satisfy numerical stability conditions in terms of dynamics calculation and in terms 
of contact conditions. The duration reached about 60 hours for 100 ms.  
 
Energy balance 
 
As we can see in the figure below, the kinetic energy of the missile is transformed in internal energy during 
the impact, connected to the plastic deformation of the missile and of the slab (see A and B curve). We 
used damping method applied to the supporting structure, to avoid numerical vibration. Damping energy 
and Hourglass energy are unimportant compared to kinetic and internal energy.  
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Momentum balance 
 
We can compare the impulse (i.e. the integration of the impact force during the shock) to the initial 
momentum of the missile which equals 111m/s * 49.58kg = 5.5034 k.N/s. The impulse is higher, but we 
have to take into account the residual velocity of the missile, after the bounce on the slab which reached 
3m/s * 50kg = 0.15 k.N/s. If the values are not identical, the range is respected. 

Impulse time history received by the target
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Impulse time history received by the target 

 
 
 
Duration of impact 
 
The impact duration is 21 ms, which is about twice the duration with aluminium missile (for the same 
thickness pipe). This result is in accordance with the different stiffnesses between stainless steel and 
aluminium. The residual speed of the missile reaches 3m/s.  
The behaviour of the slab after the impact is an oscillating movement around the residual deflexion. In our 
calculation, we can see on the target center displacement an irregular movement at about 17 ms, like a 
bounce of the slab, perhaps on the supporting structure. We have not enough time to understand the origin 
of this problem. But it doesn’t affect the first part of the study, which gives us the maximal deflexion, and 
the concrete damage. This is why our calculation wasn’t able to evaluate the residual deflexion. 
 
The expected movement after impact is an elastic oscillation movement, with a period of about 58/3ms = 
19ms. But this value is very rough in our calculation. 
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Displacement time history of the rear of the missile during impact
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Displacement of the rear of the missile during impact 

Velocity time history of the rear of the missile during impact
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Velocity of the rear of the missile during impact 

 

                  

Displacement time histories at the rear of the slab : w1
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Displacement of the rear of the slab during impact 
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Displacement time histories at the rear of the slab : w2
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Displacement time histories at the rear of the slab : w3
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Displacement time histories at the rear of the slab : w4
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Displacement time histories at the rear of the slab : w5
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Damage to the missile and to the target 
 
We can observe, as expected, a buckling of the missile due to the material behaviour and the 2 mm 
thickness of the pipe. The buckling is characterised by the values below : 
Deformation length at t_shock/2 1,09 m 
Deformation length at t_shock/2 0,15 m 
Deformation length at t_shock 0,71 m 
Deformation length at t_shock 0,22 m 

          
Missile at 10 and 21 ms 

There is no hard damage to the target, like spalling or scabbing, but many cracks which are responsible for 
a residual deflexion. Due to a computer problem, we can not draw the crack pattern. We only have the 
range of the first direction crack which is presented in the figure below on the front side and on the back 
side, and on a horizontal section. The crack area reached a 24 cm diameter on the top of the slab, and a 68 
cm diameter on the back of the slab. 
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Representation of the front side and back side crack pattern 

 

 
Representation of the vertical section crack pattern  

 
Time history of the contact force and of the displacement slab 
 
The Time history of the contact force is presented on the figure below, with a peak of about 700kN, and a 
look in accordance to a soft missile impact.  
 

Load time history between the missile and the target
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Load time history 



 NEA/CSNI/R(2011)8 

 311

Strain time history of reinforcement and concrete slab 
 

 
Strain time histories of the bending reinforcement : D3
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Strain time histories of the bending reinforcement : D4
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Strain time histories of the bending reinforcement : D5
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Strain time histories of the bending reinforcement : D6
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Strain time histories of the bending reinforcement : D7
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Strain time histories of the bending reinforcement : D8
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Strain time history of reinforcement (back side) 
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Strain time histories of the bending reinforcement : D10
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Strain time histories of the bending reinforcement : D12
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Strain time histories of the bending reinforcement : D14
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Strain time histories of the bending reinforcement : D15
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Strain time history of reinforcement (back side) 

Strain time histories on the front of the slab : 2
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Strain time histories on the front of the slab : 1
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Strain time histories on the front of the slab : 3
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Strain time history of concrete slab (front side) 
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7.2  Punching mode 
 
As indicated before, we did not have time to find the best parameters for these calculations. We have met 
many difficulties with the LS_DYNA Malvar model, because the constitutive law parameters seem to be 
inconsistent, perhaps in the units system. In fact, we could only use this law with the release 3 option 
(Version 971) which gives the value of the concrete parameters from the compressive strength. So, we 
couldn’t manage finely the mechanical parameters of the concrete. We lost a lot of time to make many tests 
in order to understand the origin of the problem, and we don’t have time to choose proper parameters of 
erosion. This is why our calculation presents numerous uncertainties. The result could only be a first 
approach of the study, and we managed to reach some results with the Malvar concrete law.  
 
The time step is about 10-7 at the beginning of the calculation, at the beginning of the shock, and then, 
about 5.10-7, in order to satisfy numerical stability conditions in terms of dynamics calculation and contact 
conditions. The duration reached about 50 hours for 42 ms. 
  

 
  

Plastic strain at t_shock / 2 and at t_shock 
 

 
 

Principal stress at t_shock / 2 and at t_shock 
 
 
Energy balance 
 
As can be seen in the figure below, like in the flexural VTT test, the kinetic energy of the missile is 
transformed into internal energy during the impact, connected to the plastic deformation of the missile and 
of the slab (see A and B curves). We used damping method applied to the support, to avoid numerical 
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vibration. Damping energy and Hourglass energy are unimportant compared to kinetic and internal 
energies.  
 

 
 

Momentum balance 
 
We can compare the impulse (i.e. the integration of the impact force during the shock) to the initial 
momentum of the missile which equals 130m/s * 47kg = 6.110 k.N/s. The impulse is more similar than in 
the flexural test case, probably due to the type of shock (hard shock instead of soft shock). 
 

 
Impulse time history received by the target 

 
Duration of impact 
 
The impact duration is 11 ms, which is about half the duration of the soft missile. This result is in 
accordance with the type of shock. The missile is stopped by the slab, with a residual speed of the missile 
of 8 m/s in the opposite direction of the shoot.  
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The behaviour of the slab after the impact is an oscillating movement, but with a smaller range than in the 
case of the flexural test. The period is about 13 ms. The global behaviour of the target is less important 
than in the flexural test, but local damages are higher, with a shear failure cone, ejection of concrete pieces 
at the back side of the slab and scabbing and spalling phenomena.   
 

Displacement time history of the rear of the missile during impact
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Displacement of the rear of the missile during impact 

Velocity time history of the rear of the missile during impact
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Velocity of the rear of the missile during impact 

         

Displacement time histories at the rear of the slab : w2
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Displacement time histories at the rear of the slab : w3
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Displacement time histories at the rear of the slab : w4
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Displacement of the rear of the slab during impact 

 
Displacement time histories at the rear of the slab : w5
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Displacement of the rear of the slab during impact 

 
 

Damage to the missile and to the target 
 
There is no buckling of the missile in the case of hard shock due to the massif steel dome at the head of the 
missile, the high speed and the mass of the missile. 
 

 
Missile at 10 and 21 ms 

 
Unlike the flexural test, there is hard damage to the target, such as spalling, scabbing, and cracks but the 
residual deflexion and the bending movement are moderate. The hard damage is localised under the impact 
area, with a penetration and a spalling of about 50 mm, (diameter 24cm) and a scabbing of about the same 
value. The plastic deformation patterns which show the concrete damage show the shear failure cone. 
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Representation of the front side and back side crack pattern 
    

 
Representation of the vertical section crack pattern  

 
Time history of the contact force and of the displacement slab 
 
The Time history of the contact force is presented on the figure below, with a peak of about 8040kN, 
which is ten times the flexural test value.  

Load time history between the missile and the target
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Load time history 
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Axial force of rebars during the shock 

 
Strain time histories of the bending reinforcement : D1
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Strain time histories of the bending reinforcement : D2
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Strain time histories of the bending reinforcement : D3
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Strain time histories of the bending reinforcement : D4
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Strain time histories of the bending reinforcement : D5
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Strain time histories of the bending reinforcement : D6
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Strain time histories of the bending reinforcement : D7
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Strain time histories of the bending reinforcement : D8
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Strain time histories on the front of the slab : 1
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Strain time histories on the front of the slab : 2
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Strain time history of rebars during the shock 
 
 
8.  Conclusions 
 
Flexural mode  
 
We did not have enough time to find the best parameters for these calculations. The result could only be a 
first approach of the study, which shows the simulation feasibility, and which constitutes the base of a 
calibrating work of the concrete parameters laws. After such a work, the concrete model could be applied 
to real reinforced concrete structures.  
 
The Winfrith model enables to modelise the slab behaviour when the bending is the dominating 
deformation mode of the slab. It would be necessary to better calibrate the concrete parameters in order to 
reach a better simulation. A problem in our model disqualified the results after 17 ms, but it is probably a 
mistake in the boundary conditions which will be corrected soon, especially since we did not have the 
same problem in the case of the punching test.  
 
Punching mode 
 
We have met many difficulties with the LS_DYNA Malvar model, because the constitutive law parameters 
seem to be inconsistent, perhaps in the units system. In fact, we could only use this law with the release 3 
option (Version 971) which derives the value of all concrete parameters from the compressive strength. So, 
we couldn’t manage finely the mechanical parameters of the concrete. Then, in order to improve the 
simulation, the erosion criteria should be calibrated from basic tests. This is why our calculation presents 
numerous uncertainties. 
 
Nevertheless, since we managed to lead eventually the simulation with the Malvar concrete law in 
LS_DYNA, this work shows that it should be possible to reach quite good results with that constitutive 
law.  
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3.4.17  Team #17 ITER 
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3.4.18  Team #18 JNES 

IRIS_2010 NUMERICAL SIMULATION REPORT: 

 

H.Inoue, T.Suzuki and Y.Uchiyama 

Japan Nuclear Energy Safety Organization (JNES), Japan 

M.Itoh, A.Takeba, T.Ota, R.Matsuzawa 

ITOCHU Techno-Solutions Corporation 

 

1. Introduction 

a.  Objective 

For the purpose of validating the evaluation techniques used in the assessment of the integrity of structures 
impacted by missiles, IRIS2010 benchmark studies regarding impact tests and calculations were 
conducted. The data of IRIS2010 tests are very precious in terms of validating the effectiveness of 
computer codes and modelling approaches used for an impact analysis. 

b.  Predicted damage and behaviour of the IRIS2010 tests (flexural and punching) 

The damage states of the IRIS2010 tests predicted on the basis of the simulation analysis results were as 
follows. 

i. Flexural test 
(1) Damage of the RC slab 
The damage of the reinforced concrete (RC) slab due to the flexural behaviour was dominant as assumed in 
the test. 

a) Overall 
1) Concrete 
+ Spalling and Scabbing (Fig.1) 

The spalling around the center at the front face (vicinity of the part impacted by missile) of the slab was 
occurred. However, the scabbing at the rear face of the slab was not occurred. By the by, the judgement 
regarding the occurrence of spalling and scabbing was based on the crushed concrete areas where 
numerical erosion was applied. The areas where numerical erosion was applied are shown in Fig.1. 

+ Crack (Fig.2) 
- Front face (Impacted face) 
･  Many cracks were generated around the part impacted by missile. 
･  The cracks considered to be flexural crack were generated along with the line of the slab support. 
･  The radial cracks from the center of the slab were generated along with just about the diagonal of 

the slab plane. 
- Rear face 
･  The cracks considered to be flexural crack were generated around the center of the slab. 
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･  Many radial cracks from the center of the slab were generated. 
 - In the cross section 
   The cracks distributed around the center of the slab. 
2) Rebar (Fig.3) 
+ Main bar (longitudinal bar) 
- Front side (Impacted side) 
Not yielded. 
- Rear side 

The rebars yielded around the two following areas almost exclusively. From the results, it was thought that 
the yielding was occurred due to the flexural mode of the slab. 

･  Around the center of the slab. 
･  Along with just about the diagonal of the slab plane. 
+ Transverse bar 
Almost all the transverse bars were not yielded. 
b) Detailed around the part impacted by missile 
+ Spalling (at the front face) 
Some spalling was occurred. 
+ Scabbing (at the rear face) 
Almost nothing. 
+ Crushed in the cross-section 
Almost nothing except the cover concrete area at the front side of the slab. 
+ Crushed depth due to the missile penetration 
About 20mm (Thickness of the slab: 150mm) 
(2) Damage of the missile (Fig.4) 
      The length of the crushed parts of missile was longer than a half of the initial length. 
(3) Damage of the supporting frame 
Not yielded. 
 

 

 

 

Fig.1 Concrete parts where numerical erosion was applied, at the end of calculation (flexural 
test) 
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a) front face crack pattern                                   b) rear face crack pattern 

Fig.2(1/2) Concrete crack distribution of the RC slab, at the end of calculation (flexural test) 

                                                                       

c) vertical section crack pattern                         d) horizontal section crack pattern 

Fig.2(2/2) Concrete crack distribution of the RC slab, at the end of calculation (flexural test) 
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a) overall                                                             c) transverse bar 

          

                     i) front side                                                                       ii) rear side 

b) main bar (longitudinal bar) 

Fig.3 State of rebar yielding, at the end of calculation (flexural test) 
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Fig.4 Crushed state of the missile, at the time when the velocity of the tail of missile was 
reversed (flexural test) 

 

ii. Punching test 
(1) Damage of the RC slab 
The damage of the slab due to the behaviour of punching shear was dominant as assumed in the test. 
a) Overall 
1) Concrete 
+ Spalling and Scabbing (Fig.5) 
The spalling and scabbing were occurred around the center at the front and rear face (vicinity of the 

part impacted by the missile) of the slab. By the by, the judgement regarding the occurrences of spalling 
and scabbing was based on the crushed concrete areas where numerical erosion was applied. 

+ Crack (Fig.6) 
- Front face (Impacted face) and rear face 
The crack distributed overall the faces, especially the cracks were concentrated on the center of the 

slab and the vicinity of the slab support. 
- In the cross section 
The cracks considered to be punching shear crack were generated. 
2) Rebar (Fig.7) 
+ Main bar (longitudinal bar) 
- Front side (Impacted side) 
The rebars around the center of the slab yielded, and a part of the rebars around the center fractured. 

By the by, the judgement regarding the occurrence of fracture was based on the numerical erosion by the 
plastic strain. 

- Rear side 
The rebars over the wide area yielded. 
b) Detailed around the part impacted by missile 
+ Spalling and Scabbing 
Spalling at the front face and scabbing at the rear face were generated over the relatively wide area. 
+ Crushed in the cross-section 
The concrete was crushed over almost all the areas in the cross section, and a part of the rebars at the 

front side was fractured. 
+ Crushed depth due to the missile penetration 
about 210mm (Thickness of the slab: 250mm) 
(2) Damage of the missile (Fig.8) 
The missile was crushed in some degree. 
(3) Damage of the supporting frame 
Not yielded. 
 

LT = 861 mm HT = 296 mm 

LT: total length of non crushed parts of missile 
HT: total length of crushed parts of missile 
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Fig.5 Concrete areas where numerical erosion was applied, at the end of calculation (punching 
test) 
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  c) vertical section crack pattern                          d) horizontal section crack pattern 

Fig.6 Concrete crack distribution of the RC slab, at the end of calculation (punching test) 
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                  i) front side                                                                        ii) rear side 

b) main bar (longitudinal bar) 

Fig.7 State of rebar yielding, at the end of calculation (punching test) 

 

 

 

 

 

Fig.8 Crushed state of the missile, at the time when the velocity of the tail of missile was 
reversed (punching test) 

 

2. Material input data 

It was thought that the detailed material data to study the simulations was provided. Suffice it to say that, if 
there had been more detailed data regarding strain rate dependency, the studies would be further 
substantial. 

 

3. Basic choices 

a. Choice of the calculation code, reasons why 
AUTODYN was used, but as for the constitutive law of concrete, the in-house code of JNES was used. The 
reason why the code was used is that the code had relatively sufficient experience for the similar analyses. 

LT = 423 mm HT = 172 mm 

LT: total length of non crushed parts of missile 
HT: total length of crushed parts of missile 

Y 
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b. Implicit or explicit, reasons why 
Explicit method was used, the reason that if it were to use implicit method for the analyses, the calculation 
time would be enormous. 

c. Effort dedicated to the computations 
i. number of persons: 5 persons. 
ii. number of man-months: 6.5 man-months 
iii. overall time (the calculation time for each final case of the 3 tests): 
7 days (for the Meppen test), 10 days (for the flexural test), 9days (for the punching test) 
iv. budget: about 100 thousand in the U.S. dollar. 
v. Time and financial constraints taken into account 
    Nothing special. 
 

4. Concrete slabs modelling 

a. 1-D, 2-D or 3-D model 
3-D model was used. 

b. Simplifying assumptions 
Quarter model was used because it was thought that the behaviour of the specimen (RC slab, missile, etc.) 
would be almost symmetric. 

c. Boundary conditions of the slab 
i. modelling the supporting frame, or not 
The supporting frame was modelled for the IRIS2010 tests. (A supporting frame was not used in the 

Meppen test) 
ii. detailed arrangement of the boundary conditions on four edges of the slab, through limitations of 

the degrees of freedom or through modelling of metal members or bolts, if any pre-stressing of metal 
members or bolts that constitute the supporting of the slab in the model 

(1) IRIS2010 tests 
The supporting frame of the slab was modelled faithfully as much as possible. The contact conditions 

were set between steel covers at the 4 edges of the slab and steel rods for supporting the slab. 
(2) Meppen test 
The cylinders for supporting the slab were modelled. In addition, pre-stressing of the tie rods was 

considered in the model. By the by, it referred to the load cell values of the test, and the value of the pre-
stressing was decided. 

iii. symmetry conditions in case of half model or quarter model 
Symmetric condition was set in the quarter model for all the tests. 
d. Choice of finite elements for the concrete and for the reinforcing steel 
i. Type of elements: solid element (for concrete), beam element (for rebar). 
ii. Fineness of the mesh, reason why 
Considering calculation increasing time and an engineering judgement for mesh size, the mesh size 

used in the models was decided. 
iii. Rebars attached or not to the concrete elements 
The rebars rigidly connected with the concrete in the models for all the tests. 
e. Constitutive law of rebar elements (Fig.9) 

Stress-strain curves as shown in Fig.9 were set. (The s-s curves in Fig.9 used in the simulation of the 
flexural test) 

f. Constitutive law of concrete, reason of this choice 
The yield stress-pressure curves as shown in Fig.10 were set. In the compression, both of hardening and 
softening were considered. In the tension, yielding by spalling was considered. 

g. If any, erosion, and means to control it 
i. concrete 
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Fracture of concrete was considered. When the equivalent strain of the concrete element exceeded the 
criterion value, the concrete element was deleted by applying the numerical erosion. 

ii. rebar 
Fracture of rebar was considered. When the plastic strain of the rebar element exceeded the criterion 

value, the rebar element was deleted by applying the numerical erosion. 
h. Strain-rate effect 
i. concrete: Strain rate dependency based on the formulation of "Fujimoto-Yamaguchi" was set. 
ii. rebar (Fig.9): Strain rate dependency based on the formulation of "Johnson-Cook" was set as 

shown in Fig.9. 
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Fig.9 Stress-strain curves for rebar (flexural test)     Fig.10 Yield stress-pressure curves for 
concrete 

 

5. Missiles modelling 

The method of "modelling of the missile" was used. 

i. modelling principles 
Quarter model which is the same as the RC slab models was used. Considering the self-contact due to 

the crush of missile, the contact condition considering the thickness of the missile between the missile and 
the missile was set. 

ii. assumptions, types of elements used, constitutive laws of the materials 
The type of shell emement was used mostly. The stress-strain curves similar to the s-s curves for the 

rebar were set. 
iii. strain-rate effect 
(1) The flexural test and the Meppen test 
Strain rate dependency based on the formulation of "Johnson-Cook" was set. 
(2) The punching test: Not considered, because the missile seemed not to crush mostly. 
 

6. Contact modelling 

Contact conditions between element faces and nodes were set as for between the missile and the slab, and 
between the missile and the missile. 
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7. Calculation 

a. Time step, duration of the calculation 
5.8e-4ms (for the flexural test), 2.6e-4ms (for the punching test), 9.5e-4ms (for the Meppen test) 
b. Main results 
i. Energy balance, including Hourglass (Fig.11) 
The energy balances of the 3 tests are shown in Fig.11. By the by, the energy of hourglass cannot 

output in the calculation code. 
ii. Momentum balance (Fig.11) 
The momentum balances of the 3 tests are shown in Fig.11. 
iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 
21ms (for the flexural test), 22ms (for the punching test), 36ms (for the Meppen test) 
iv. Description of the damage to missile and target because of the impact 
As previously described. 
v. Time history of the contact force and of the displacements of the slab (Fig.12 and Fig.13) 
They are shown in Fig.12 and Fig.13. 
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a) flexural test 
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b) punching test 
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c) Meppen test 

Fig.11 Energy balances and momentum balances 
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a) flexural test                                                             a) flexural test 
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b) punching test                                                        b) punching test 
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c) Meppen test                                                        c) Meppen test 

Fig.12 Load time history between                         Fig.13 Displacement time history of the 
the missile and the target                                       RC slab 
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8. Conclusion (Comments on the results of the calculation) 

In the assessment of the integrity of structures impacted by missile, it seems to be important whether the 
missile perforates the structure. In case of evaluating the perforation of a structure by computation, the 
approach of numerical erosion of concrete seems to be important. In this paper, the criterion of numerical 
erosion of concrete was decided based on the author's experiences of similar studies. However, in order to 
develop the accuracy of the evaluation by computation, it is hoped that the criteria of numerical erosion of 
concrete is discussed through the IRIS2010 project. 
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3.4.19  Team #19 JRC 

IRIS 2010 Numerical Simulation Report 
Modelling Approach and Simulation Results of JRC 

 
1.  Introduction 
 
This report describes the modelling approach and major results of the numerical simulations performed by 
JRC and its contractor Altair Engineering France within the IRIS Benchmark Project. Within that 
benchmark project numerical simulations are carried out on three missile impact tests in order to predict 
the outcome of the tests as accurately as possible. The three missile impact tests are the VTT-IRSN 
Flexural Test, the VTT-CNSC-IRSN Punching Shear Test and the 4th test of the 2nd serial of the Meppen 
slab tests (in the following referred to as the Meppen-II-4 Test).  
 
Within the VTT-IRSN Flexural test a thin walled steel pipe of modest initial velocity is impacted against a 
reinforced concrete slab of the dimensions 2.1m × 2.1m × 0.15m with vertical and horizontal 
reinforcements at its front and backside respectively and transverse rebars. The missile and concrete slab 
properties resemble the characteristics of a typical flexural test. The concrete slab is thin compared to its 
width and height and has significant transverse reinforcement giving it in principle the ability to bend 
globally. The quite strong transverse reinforcement should prevent any punching through (perforation) of 
the missile, also because the missile itself is quite flexible. It has a low wall thickness (less than 1% of the 
missile diameter) and is empty. It is expected that the concrete slabs shows the symptoms of a flexural test, 
deflection of the slab in its centre and maybe some scabbing on its back side. The front section of the 
missile is expected to crumble away, so that after the impact only  50% of the initial missile is still “intact”. 
Since the missile is mainly made of stainless steel, which has only limited ductility, it is expected that the 
front half section of the missile predominantly crumbles away rather than being compressed together. 
 
In the VTT-CNSC-IRSN Punching Shear Test a hard missile (steel pipe of considerable thickness 
compared to its diameter, filled with concrete and having a solid steel dome) of high initial velocity is 
impacted into a reinforced concrete slab of the dimensions 2.1m × 2.1m × 0.25m with vertical and 
horizontal reinforcements at its front and backside respectively, but no transverse rebars. These missile and 
concrete slab properties resemble the characteristics of a typical punching shear test. The concrete slab has 
significant thickness compared to its width and height and no transverse reinforcement preventing the slab 
to bend globally (as a whole) as for the VTT-IRSN Flexural Test. Deflection of the concrete slab in its 
centre on the backside is expected to be high with significant occurrence of scabbing. With regards to the 
missile properties (hard + high initial velocity) scabbing could be so severe that all the concrete around the 
impact zone crumbles away leaving a hole behind with just the reinforcements (in largely deformed state). 
The missile is expected to deform only slightly (in the range of a very few centimetres) since it is a hard 
missile. The concrete inside the missile is expected to crack, at least the front part, and may crumble into 
smaller pieces. The surrounding steel tube is expected to bulge at one section more to the front of the 
missile with local crack formation due to the increased pressure of the concrete inside the missile.   
        
In the Meppen-II-4 Test, which is considered as a flexural test, a steel pipe of high initial velocity 
(compared to the other tests of the second serial of the Meppen slab tests) was impacted into a reinforced 
concrete slab of the dimensions 6.5m × 6m × 0.7m with vertical and horizontal reinforcements at its front 



 NEA/CSNI/R(2011)8 

 347

and backside respectively and transverse rebars (Nachtsheim & Stangenberg, 1982; Rüdiger & Riech, 
1983). The central residual deflection on the backside of the slab was 5cm and circular cracks occurred, 
which are the typical symptoms of a flexural test. Also the missile was compressed together to 36% of its 
original length. 
 
The three impact tests of the IRIS Benchmark Project are quite divers in character and thus cover the 
spectra of such tests really well. The two basic failure modes of missile impact tests, flexural failure and 
punching shear, are covered adequately with by the VTT-IRSN flexural Test and the VTT-CNSC-IRSN 
Punching Shear Test. The Meppen-II-4 Test, although being a flexural test like the VTT-IRSN Flexural 
Test, is a large scale test involving a concrete slab and a missile resembling “real” NPP containment and 
aircraft structures. The three impact tests provide a suitable mixture for a benchmark project such as IRIS.     
 
2.  Material Input Data 
 
The material data provided for the concrete for all three tests is comprehensive, especially for the VTT-
IRSN Flexural Test and the VTT-CNSC-IRSN Punching Shear Test. Young’s modulus, compressive 
strength and tensile splitting strength were provided for all three tests. Concerning the material data for the 
steel reinforcement and missile it would have been desirable to provide the benchmark participants with 
more data on strain-rate dependencies, especially for the piping sections of the missiles of the VTT-IRSN 
Flexural Test (stainless steel pipe and dome) and the Meppen-II-4 Test. Stress-strain curves for different 
strain-rates for the material St-37-2, which was used for the missile in the Meppen-II-4 Test, could be 
easily extracted from literature, where as for the stainless steel the search for appropriate curves proofed to 
be more difficult.   
 
3.  Choice of Code and Resources spent on IRIS 
 
JRC contracted the work to the CAE service company Altair Engineering France, which has a long 
experience on numerical simulations of impact problems. Altair Engineering France used its own explicit 
FE solver RADIOSS (Version 10.0.04) for all the simulations, which is especially developed for impact 
problems as they are dealt with within the IRIS Benchmark Project. RADIOSS also contains a constitutive 
model for reinforced concrete under high impact loading (see Section 4). The use of an implicit code was 
not considered, because of expected severe convergence problems. An implicit code is seen as not 
appropriate for the kind of high impact problems that are treated in the IRIS Benchmark Project, unless a 
load curve is used in the numerical simulations instead of a FE mesh for the missile. JRC had the aim of 
performing all the numerical simulations with complete models for slab and missile. Thus implicit solvers 
were excluded straight from the beginning. 
 
In addition to the numerical simulations with RADIOSS JRC is currently performing numerical 
simulations with ABAQUS/Explicit. The FE models produced by the contractor for the three missile 
impact tests in RADIOSS were transferred into the ABAQUS format as far as possible. The aim of 
performing additional simulations with ABAQUS/Explicit is to compare the output and performance of the 
two solvers for high impact problems. FE models for both solvers agree nearly completely with the 
exception of the constitutive model for the concrete. An equivalent constitutive model for reinforced 
concrete under high impact loading as in RADIOSS does not exist in ABAQUS/Explicit. Instead a 
constitutive model that comes closest to the RADIOSS constitutive model is used for all simulations with 
ABAQUS/Explicit (Concrete Damage Plasticity). First simulation attempts with ABAQUS/Explicit 
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revealed significant difficulties with regards to stability of the simulations. Thus reasonable results with 
ABAQUS/Explicit are expected to be available after the benchmark project. 
 
The total sum JRC allocated to the contractor was 20610 €. The contractor spent 32 man months on the 
project, which included mainly the pre-processing, the simulations itself and the evaluation of results (post-
processing). All the three tasks were performed by one and the same engineer who was supported 
occasionally by a second engineer.      
 
4.  Concrete Slab Modelling 
 
Three dimensional (3D) FE models with Lagrangian meshes for slab and missile are used in the 
simulations of all three tests. All the models are complete, so no symmetry conditions are used. The 
concrete of the slabs is modelled with linear hexahedron elements of reduced integration, the eight noded 
BRICK element of RADIOSS. Viscous hourglass formulation is enabled together with geometric non-
linearities and co-rotational formulation in order to ensure accurate response of the FE model with regards 
to the expected large deformations. The artificial bulk viscosity is set to zero in order to avoid numerical 
damping and is not needed since the missile velocities are in the subsonic range. The steel reinforcements 
in the models of all three tests are modelled with linear beam elements with proper inertia and cross section 
definitions. The nodes of the beam elements are merged with the nodes of the brick elements of the 
concrete.  
 
The constitutive behaviour of the concrete is modelled with the non-uniform hardening plasticity model of 
Han and Chen (1985). It is a Drucker-Prager/Cap model and was designed to model the constitutive 
behaviour of reinforced concrete under dynamic impact loading. It is the standard material model for 
reinforced concrete in the FE solver RADIOSS (Altair Engineering, 2009). The constitutive model of Han 
and Chen is characterised by a tri-axial open failure envelope with a closed yield envelope (cap) inside, 
which are displayed in Figure 1. The constitutive model allows anisotropic plasticity and hardening, where 
as the underlying hardening rule is non-uniform. Behaviour in tension and compression are different and 
failure is achieved either by tensile cracking (brittle fracture) or compressive crushing. Figure 1 shows the 
principle stress-strain curve. The constitutive model of Han and Chen accounts for opening and closure of 
cracks and sensitivity of shear stresses towards different states of compression (pressure sensitivity). The 
constitutive model of Han and Chen is implemented in RADIOSS in such a way that with the five basic 
material parameters from standard uniaxial material tests a complete stress-strain curve can be designed. 
These five material parameters are the initial mass density, Young’s modulus, Poisson ratio, uniaxial 
compression strength and tensile strength. The remaining material parameters are either estimated from 
these five basic parameters via standard default ratios or default values are taken. This is also the approach 
which is adopted for the simulations on all three missile impact tests. Alternatively all the necessary 
parameters for complete description of the material model may be provided. 
 
For the brick elements attached to the beam elements for the rebars a different tensile strength value is 
chosen, which is four times the regular value. The reason for this is indicated in Figure 2. The 
reinforcements inside the real concrete slabs occupy a certain volume. In the FE models the reinforcements 
are modelled with beam elements, which do not take away volume of the brick elements resembling the 
concrete. The consequence is an overestimation of concrete that could lead to an unrealistic build-up of 
crack energy in the concrete. In order to avoid that the tensile strength is raised for the brick elements 
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representing the concrete around the rebars as indicated in Figure 2. Experience has shown that a factor of 
4 has proofed to be adequate.   
 
As constitutive model for the steel reinforcements the Johnson-Cook model is used in the FE models of all 
three tests. Identical hardening curves are assumed for tension and compression in each case. The Jonson-
Cook model parameters for each simulation are derived from the stress-strain curves displayed on the data 
sheets of the tests. Strain-rate effects of the reinforcement are considered when appropriate data was 
provided in the corresponding data sheets. Strain-rate effects are regarded as being of greater importance to 
the missile (see next chapter). Pre-stressing of reinforcements is not taken into account, since previous 
experience showed that it has negligible effects on the simulation results. 
 

Figure 1: Concrete material model by Han and Chen (1985). 
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Figure 2: Adjustment of tensile strength for brick elements around rebars to limit build up of crack 
energy. 

 
For the mesh of the reinforced concrete slab of the VTT-IRSN Flexural Test 13 elements are used in 
direction of the slab thickness. The average element size is 15mm in general and 6mm around rebars. In 
total the model contains 351728 brick elements, 35384 beam elements and 383418 nodes. Additionally the 
model contains 19172 shell elements representing the bearing surfaces of the slab at its edges. The shell 
elements are merged nodewise with the underlying brick elements of the concrete and the same material 
properties as for the reinforcement are assigned to them. The supporting frame in which the slab is sitting 
during the test is included in the FE model by defining stripes of rigid walls along the edges of the slab on 
each side. Kinematic contacts are defined between nodes on the bearing surfaces and the rigid wall stripes. 
Additionally the rigid wall stripes are connected to springs in order to add damping and transversal 
deformation of the global steel fame (elongation ~1mm). The stiffness of the springs is adjusted according 
the impact conditions.  
 
The mesh of the reinforced concrete slab of the VTT-CNSC-IRSN Punching Shear Test has 18 elements in 
direction of the slab thickness. The average element size is 15mm in general and 10mm around rebars. In 
total the model contains 304200 brick elements for the concrete, 11776 beam elements for the 
reinforcement, 16016 shell elements for the bearing surfaces giving 326059 nodes altogether. Boundary 
conditions are defined in the same manner as for the model of the VTT-IRSN Flexural Test. An erosion 
criteria is applied to the elements on the backside of the concrete slab by setting a tensile failure strain of 
50%.  
 
For the mesh for the reinforced concrete slab of the Meppen-II-4 Test 22 elements are used in direction of 
the slab thickness. The average element size is 35mm in general and 22 mm around the rebars. In total the 
FE model of the slab contains 727584 brick elements, 61440 beam elements and 769143 nodes. The FE 
mesh of the reinforced concrete slab is simply supported on its backside at nodes which correspond to the 
mounting points of the concrete slabs in the real test as indicated on the data sheet for the benchmark 
participants. Strain-rate dependency in the deformation of the steel reinforcement is considered by setting 
the strain-rate dependency factor in the Johnson-Cook model according to the stress-strain curves provided 
in the data sheet of the test. 

Real Mod
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5.  Modelling of Missiles 
 
Lagrangian meshes are used for the missiles in the simulations of all three tests. The missile of the VTT-
IRSN Flexural Test is modelled predominantly with four noded shell elements of reduced integration and 
contains a small number of three noded shell elements where necessary. The average element size is 
roughly 8mm. The whole mesh of the missile for the VTT-IRSN Flexural Test contains 29820 elements 
and 29934 nodes. For the stainless steel parts of the missile, which covers the main pipe and the end cap, a 
tabular function is used to describe the elastic-plastic behaviour of these sections. The used stress-strain 
curve was derived from the curve provided on the datasheet for the test. Strain rate effects in the 
deformation of the stainless steel parts are “weakly” considered by applying a scale factor of 1.01 to the 
initial stress-strain curve. This scale factor corresponds to a strain rate of 108 s-1, so a very high strain rate 
value. The constitutive behaviour of the carbon steel parts of the missile (carbon steel pipe and carbon steel 
plate) is described with a Johnson-Cook model. The Johnson-Cook model is generally favoured for ductile 
materials like carbon steels instead of tabular functions. Strain rate dependencies are not considered for the 
carbon steel sections of the missile, since they are at the rear of the missile, where deformations are 
expected to be limited. The mass densities of the four section meshes of the missile for the VTT-IRSN 
Flexural Test are adjusted so that the mass of each section mesh matches with the information provided on 
the data sheet for the test.    
 
The thin walled parts of the missile for the VTT-CNSC-IRSN are modelled with four noded shell elements 
of reduced integration with a few three noded elements. Thin walled parts of the missile are the steel pipe, 
steel plate at the rear and the aluminium pipe. The concrete filling of the missile and the dome are 
modelled with eight noded brick elements of reduced integration. The average mesh size is roughly 11mm. 
In total the mesh contains 2796 shell elements and 11760 brick elements giving 16252 nodes. For the steel 
pipe, steel plate, aluminium pipe and dome of the missile Jonson-Cook models are used for the description 
of the elastic-plastic behaviour. For steel pipe, steel plate and dome the same stress-strain curve is used, 
where as for the curves of the steel pipe and steel plate and linear tensile damage model is included. The 
values for the curves of the four parts of the missile were taken from literature. For the lightweight 
concrete the same constitutive model with the same material parameters are used as for the concrete of the 
slab. Only the mass density is reduced in order to accommodate for the mass value of the light-weight 
concrete given on the data sheets for the test. Strain-rate effects are not considered for all materials of the 
missile since the deformations of the missile are expected to limited due to the high stiffness of the missile. 
 
Like the missile of the VTT-IRSN Flexural Test the missile of the Meppen-II-4 Test is modelled with four 
noded shell elements of reduced integration. The average element size is 20mm. The complete mesh 
contains 30132 elements and 30080 nodes. For all the different piping sections of the missile and the plate 
at the rear the same stress-strain curve is used to describe the constitutive behaviour of the missile material. 
To account for the shape of the given stress-strain curve on the data sheet for the Meppen-II-4 Test a 
tabular function is used. Strain-rate effects are considered for all the piping sections of the missile by 
applying scale factors at different strain rates, since it is expected that these sections deform tremendously 
during the numerical simulations. The steel plate at the rear of the missile is expected to undergo 
insignificant deformation. Thus no strain-rate effects are considered for the mesh of this section. Mass 
densities of all the sections are adjusted so that the overall mass of the mesh corresponds to the mass value 
of the real missile used for the test. Figure 3 shows a cut through the meshes of the missiles for the VTT-
IRSN Flexural Test and the VTT-CNSC-IRSN Punching Shear Test. 
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Figure 3: FE models of the missiles for (a) VTT-CNSC-IRSN Punching Shear Test and (b) VTT-
IRSN Flexural Test. 

 
6.  Contact Modelling 
 
A general contact algorithm based on the penalty method is used for the interaction between missile and 
concrete slab. The contact domain is defined by specifying the master surface and slave nodes. The master 
surface contains all exterior element faces of the concrete solid elements in the FE models of each missile 
test. The contact gap is set to half of the thickness of the average shell size of the missile mesh. The 
interface stiffness is automatically computed based on the softer characteristics between the master and 
slave surface with a minimum stiffness set to 1kN/mm. Possible interactions between beam elements are 
considered via edge-to-edge contacts. The initial gap for these contacts are set to the sum of the rebar 
radius’s in interaction. All contacts are assumed to be friction free, i.e. Coulomb friction is neglected. Self-
contact for the missile is considered in all the models. Removal of ruptured elements from interfaces is 
activated to prevent nodes connected to these deleted elements to impact with high velocities. Another set 
of self-contact is included in all the models encompassing the first layers of solid elements on the front side 
of each slab. This additional set of self-contact is needed in order to limit large compressive distortions of 
elements located in the impact zone. The self-contact gap is set to a value corresponding to 1/10 of the 
solid element size. 
 
7.  Basic Simulation Results 
 
7.1  VTT-IRSN Flexural Test 
 
The average time step for the simulation on the VTT-IRSN Flexural Test is 0.3µs and the total duration of 
the simulation is 26 hours and 7 minutes. The simulation was run on eight Intel Xeon X5570 processors 
with 2.93 Ghz and 8192 MByte RAM each. The energy balance in Figure 4a shows that almost all the 
initial kinetic energy of the missile is transformed into deformation energy of slab and missile. Hourglass 
energy is negligible. Figure 4b shows the momentum the concrete slab receives due to the impact. As one 
would expect the concrete slab receives enormous momentum due to the impact. The contact force 

(a) 

(b)
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between the missile and the slab scatters significantly in the beginning of the impact, but stabilizes and 
decreases completely through out the impact process (Figure 4c). The duration of the impact is 20.8 ms and 
the velocity of the missile after the impact is almost zero with a slight tendency of the missile to move 
backwards against its initial flight direction before the impact. Figure 4d shows the deflection versus time 
of the centre point (W1) on the backside of the slab indicating considerable vibrations of the slab as a 
consequence of the impact. Deflections versus time curves for the other sensor locations (W2-W5) look 
similar. Figures 4f and 4f show the missile and the slab after the impact respectively. As expected about 
half of the missile material has crumbled away. The concrete slab bends slightly and reveals a damage 
cone pattern inside. There are considerable cracks on the backside of the slab showing the typical crack 
pattern of a flexural failure test.  

   

Figure 4: Simulation results for VTT-IRSN Flexural Test. 
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7.2  VTT-CNSC-IRSN Punching Shear Test 
 
The average time step for the simulation on the VTT-CNSC-IRSN Punching Shear Test is 0.5µs and the 
total duration of the simulation is 14 hours and 42 minutes. The simulation was run on the same hardware 
as one for the VTT-IRSN Flexural Test. The energy balance in Figure 5a shows that almost all the initial 
kinetic energy of the missile is transformed into deformation energy and this in a short time indicating a 
“hard impact”. Hourglass energy again is negligible. Figures 5b and 5c show the momentum the concrete 
slab receives due to the impact and the contact force between missile and slab over time. There is no 
scattering in the contact force and it decreases rather quickly. The duration of the impact is 7.5ms and the 
velocity of the missile after the impact is almost zero with a slight tendency of the missile to move 
backwards against its initial flight direction. Figure 5d shows the deflection versus time of the position W2 
on the backside of the slab indicating limited vibrations of the slab as a consequence of the impact. 
Deflections versus time curves for the other sensor locations (W3-W5) look similar. Figures 5e and 5f 
show the missile and the slab after the impact respectively. As expected the hard missile experiences only 
little deformations. The concrete slab shows significant residual deflections and scabbing on its backside.  
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Figure 5: Simulation results for VTT-CNSC-IRSN Punching Shear Test. 
 

7.3  Meppen-II-4 Test 
 
The average time step for the simulation on the Meppen-II-4 Test is 1.5µs and the total duration of the 
simulation is 15 hours and 39 minutes (same hardware as for simulations on other two tests). The energy 
balance in Figure 6a shows that almost all the initial kinetic energy of the missile is transformed into 
deformation energy of slab and missile. Hourglass energy is again negligible. Figure 6b shows how the 
missile loses all its initial momentum over time to the slab. The contact force between the missile and the 
slab scatters significantly for half of the impact process, but stabilizes and decreases completely afterwards 
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(Figure 6c). The calculated duration of the impact is 25.9 ms and the velocity of the missile after the 
impact is almost zero with a slight tendency of the missile to move backwards against its initial flight 
direction before the impact. Figure 6d shows the deflection versus time of sensor location W6 on the 
backside of the slab indicating vibrations of the slab as a consequence of the impact. Calculated timely 
deflections and reaction forces for the other sensor locations show similar vibration patterns. Figures 6e 
and 6f show the missile and the slab after the impact respectively. As known from the real test the front 
half of the missile is totally compressed together. The concrete slab bends slightly and reveals a damage 
cone pattern inside. There are considerable cracks on the backside of the slab showing the typical crack 
pattern of a flexural failure test.  
 

Figure 6: Simulation results for Meppen-II-4 Test. 
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8.  Conclusions 
 
FE simulations on the VTT-IRSN Flexural Test, the VTT-CNSC-IRSN Punching Shear Test and on the 
Meppen-II-4 Test have been performed with the explicit solver RADIOSS version 10.0.04. Lagrangian 
meshes for both the concrete slab and missile have been used for the simulation of each test. 
 
The simulation results for the VTT-IRSN Flexural Test resemble the outcome of a typical flexural test with 
a soft missile. The missile loses all its initial kinetic energy in a time frame between 20-30 ms and is its 
front half crumbles away indicating that a huge portion of its initial kinetic energy ends up as damage 
(deformation) energy of the missile. The concrete slab is clearly excited to vibrate due to the impact of the 
missile as indicated by the calculated timely responses for certain slab positions. The damage pattern inside 
the concrete slab indicates the formation of a shear cone. The concrete slab bends slightly and shows a 
crack pattern that is typical for flexural failure. 
 
The simulation results for the VTT-CNSC-IRSN Punching Shear Test resemble the outcome of a typical 
punching shear test when a hard missile impacts a concrete slab without any transverse reinforcement. The 
missile loses all its initial kinetic energy in a relatively short time of less than 10ms (hard impact). The 
missile only deforms slightly indicating that most of its initial kinetic energy ends up as deformation 
energy (or even damage energy) of the concrete slab. This is emphasised by the appearance of the concrete 
slab due to the impact. The residual deflections of the slab and the shear cone are significant. Significant 
scabbing occurs, where as the vibrations induced in the slab by the impact of the missile are limited.  
 
The simulation results for the Meppen-II-4 Test resemble again the outcome of a typical flexural test with a 
soft missile. The missile loses all its initial kinetic energy in a time frame between 20-30 ms and its entire 
front half is completely compressed together. This indicates that a huge portion of the missile’s initial 
kinetic energy ends up as deformation energy of the missile. The concrete slab is clearly excited to vibrate 
as a consequence of the missile impact as indicated by the calculated timely deflections and reaction forces 
for various slab positions. The damage pattern inside the concrete slab indicates the formation of a shear 
cone. The concrete slab bends slightly and shows a crack pattern that is typical for a flexural failure test. 
 
In summary the FE simulations performed on the three missile impact tests give reasonable and sound 
results that are realistic in view of the individual missile and slab characteristics. Main expected outcomes 
of the tests, e.g. impact duration, deformation and damage of missile and slab, slab vibrations, etc… are 
resembled precisely by the simulations. The results of the simulations clearly show that with today’s 
available FE codes (and sufficient hardware) it is possible to predict the outcome of missile impact tests 
realistically.  
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3.4.20  Team #20 KINS 

 
IRIS_2010 NUMERICAL SIMULATION REPORT 

by 
Korea Institute of Nuclear Safety 

 
1. Introduction 
 
This report describes the procedures and results of the numerical simulations of 3 test cases performed 
within the IRIS-2010 project.  
Although detailed material properties including strain-rate effect should be modelled using material test 
results to ensure more precise simulation results, rather simple material model is adopted in this simulation 
since sometimes material test data are not available, and sometimes it’s not appropriate due to excessive 
calculation time. 
Among three simulation cases, two cases with four-sides-supported boundary condition expected to have 
punching behaviour, and the third case expected to have bending behaviour since the concrete slab 
specimen of the third case has two-sides-supported boundary condition and shear reinforcement.  
 
2. Material Input Data 
 
A large number of material test data are provided but only a part of the full data set were utilized for 
numerical simulation according to the adopted material model’s requirements. For example, compressive 
strength and aggregate size are required for concrete model, and several point’s coordinates of stress-strain 
curve are required for metallic materials of missiles and rebars. Mean value of concrete compressive 
strength test results and provided aggregate size were used as input value of concrete model. When the 
aggregate size is not provided (MEPPEN II-4 case), 19mm was used as input value. Coordinates of stress-
strain curve were obtained from scanned images of the provided graphs and digitizing software. 
 
3. Basic choices 
 
LS-DYNA is adopted for the simulations of the three cases since it is one of the widely utilized software 
for collision simulation in various fields including vehicle design and roadside safety engineering. LS-
DYNA is an explicit FEM code, and it is known that explicit code gives reliable results for short duration 
contact analysis. Also, LS-DYNA provides various kinds of material models including metals, foams, 
soils, and concretes. Among over 300 kinds of material models, “*MAT_CSCM_CONCRETE”, 
“*MAT_PIECEWISE_ LINEAR_PLASTICITY”, and “*MAT_PLASTIC_KINEMATIC” were selected.  
Three persons including one assistant researcher were committed to this simulation work for about 6 
months. Considering the participating rate, a total of 8 man-months were consumed, and the corresponding 
budget was 30,000 USD approximately. 
 
4. Concrete slabs modelling (one paragraph for each of the 3 tests) 
 
3-D models are constructed for the three simulation cases, and no symmetric simplification is applied since 
the missile does not deform symmetrically according to the previous experiments. Also, more severe 
damage was observed when symmetric simplification was applied for comparison. 
 
Boundary conditions of the slab  
Supporting frame is not modelled but nodal constraints are directly applied to the slab model. To 
investigate the effect of support frame, comparison analyses were performed with and without supporting 
frame. As shown in the Fig. 1, no noticeable differences in contact forces were observed, therefore it is 
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decided that supporting frame is not modelled to increase the effectiveness of numerical simulation. 
Detailed nodal constraint conditions are described in the following paragraph and the Fig. 2. 
According to the provided drawings of the MEPPEN tests, basically 48 points were supporting the 
longitudinal displacement of the slab, and no further supporting information regarding lateral or vertical 
constraint could be found. Therefore, minimum nodal constraints that can suppress rigid body motion of 
lateral and vertical direction were applied. Also, 4 adjacent nodes of the supporting nodes were bound with 
the supporting nodes to prevent excessive nodal displacement near supports. 
In the Flexural mode case, the direction of the supporting steel bar could not be identified from the 
provided drawings. Therefore, two possible supporting cases are both considered (horizontal support and 
vertical support) and the first simulation results with horizontal support are submitted. The other simulation 
results are reserved. 
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Fig 1. effect of support frame 

a. MEPPEN II-4 
40 nodes are fixed about z-translation. 8 nodes (2 nodes at the center of each edge) are fixed about x- 
or y-translation also. (normal direction to the edge) 
4 adjacent nodes are linked by nodal-rigid-body to each fixed node 

b. Flexural mode 
Both faces of the specimen are constrained. 
Y-translation is fixed at one end. Rotations are not constrained. 

c. Punching mode 
Both faces of the specimen are constrained. (front and rear side) 
Hinge support condition is applied to 4 sides. 
 

 
(a) Meppen 

 
(b) Flexural mode 

 
(c) Punching mode 

Fig 2. Boundary conditions of the slabs 
 
Choice of finite elements for the concrete and for the reinforcing steel 
General 8-node solid element is used for the concrete part, and 2-node beam element with circular section 
is used for rebar part. Considering rebar spacing and sensor position, maximum mesh size (edge length of 
elements) were set as 50mm, 13.75mm, and 15mm for Meppen, Flexural mode, and Punching mode 
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respectively. Every node on the rebar part was merged to the coinciding nodes on concrete part, so perfect 
bonding condition is assumed. 
 
Constitutive law of rebars elements 
 
“*MAT_PIECEWISE_ 
LINEAR_PLASTICITY” model is used for rebar 
element, and the coordinates of stress-strain 
curve were obtained from scanned images of the 
provided graphs and digitizing software. 
Regenerated stress-strain curve is shown in the 
Fig. 3. 
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Fig. 3 stress-strain curve of the rebar 

material 
 
Constitutive law of concrete 
“*MAT_CSCM_CONCRETE” model is used for concrete part, since this material model is most recently 
developed and validated with various experimental tests. The only required input parameters for this model 
are compressive strength and aggregate size, therefore stress-strain relationship is additionally generated by 
simple compression analysis simulating compression test. Two stress-strain curves are shown in the Fig 4. 
Since the two concrete slabs are using high strength concrete that has average 63.9MPa, and this value is 
not within the recommended compressive strength range, between about 28 and 58 MPa, generate stress-
strain curve in the Fig. 4(b) shows slightly lower value than the input compressive strength, 63.9MPa. 
Although this generated compressive strength differs from the averaged test strength, no calibration is 
attempted since the difference is within the variation range of the compressive strength test data. 
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(a) Meppen 
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(b) Flexural and Punching mode 

Fig. 4 stress-strain curve of the concrete material 
 
Erosion of elements 
Input value of “erode” parameter for concrete material model was set to 1.4 and this means elements with 
maximum principle strain exceeding 40% will erode. This value was obtained from calibration analyses 
using previous experimental data presented in references. 
With this eroding option, damage of the slab such as penetration, perforation, spalling, and scabbing can be 
more realistically simulated.  
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Strain-rate effect 
Strain-rate effect of the concrete material is considered internally by simply turning on the option switch 
“irate.” To confirm the function of irate option, two simulation results are compared in the Fig. 5. As 
shown in the figure, compressive strength increase is observed when the irate option is turned on. For the 
rebar material, Cowper Symonds strain rate model is used with parameter C and P of 40 and 5 respectively. 
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Fig. 5 strain-rate effect of CSCM concrete material model 

 
5. Missiles modelling  
 
Missile modelling is applied instead of utilizing forcing function for the three simulations. Shorter edge 
length is applied for proper expression of corrugation in hollow flexible missile. Also, the longitudinal 
edge length is varied according to the thickness of pipe plate. Meppen missile model is shown in the Fig. 6 
with pipe thickness and longitudinal edge length. 
8-node solid element is used for missile modelling because solid element showed more realistic 
deformation shape and contact force time history than shell element did. Increase of calculation time due to 
increased degrees of freedom in missile model was not critical since slab model has far more degrees of 
freedom than missile model. 

 

t=7mmt=10mmt=30mm

ledge=10mmledge=15mmledge=50mm  
Fig. 6 Missile model of Meppen test 

 
 “*MAT_PIECEWISE_ LINEAR_PLASTICITY” model is used for metal part of missile, and the 
coordinates of stress-strain curve were obtained from scanned images of the provided graphs and digitizing 
software. Regenerated stress-strain curve is shown in the Fig. 7. For the filling concrete of rigid missile 
used in punching mode test, elastic material model is used. Cowper Symonds strain rate model is used for 
the steel part with parameter C and P of 40 and 5 respectively, and strain rate is not considered for the 
filling concrete. 
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(b) Flexural and Punching mode 

Fig. 7 stress-strain curve of the missile material 
 
6. Contact modelling 
 
Same contact condition of “*CONTACT_ERODING_SURFACE_TO_SURFACE” is applied for the three 
simulations to model contact between the missile and the slab. Another contact condition of 
“*CONTACT_AUTOMATIC_SINGLE_SURFACE” is applied for the hollow missiles of Meppen test 
and Flexural mode test. Master and slave segments are manually selected to avoid contact search failure. 
 
7. Calculation 
 

During the calculation, time step size is automatically determined by the simulation software, LS-DYNA, 
using the material properties and mesh size. Since mesh size varies according to the deformation of the 
structure, time step size also varies during the calculation. In the following table, calculated range of time 
step sizes of each simulation case are listed with the consumed total CPU time. 
Selected calculation results are as follows. 
 
Table 1 

Simulation case Time step size Duration CPU time 
MEPPEN 2.8 ~ 4.2E-4 ms 100ms 60 hours 54 min 
Flexural 1.4E-4 ms 100ms 157 hours 12 min. 
Punching 0.9~1.0E-4 ms 60ms 417 hours 1 min. 

 
Meppen test 
Internally determined time step size was between 2.8 and 4.2E-4 ms, total calculation time consumed was 
60 hours 54 min., and hourglass energy was less than 2.2% of total energy.  
Shock duration was about 28ms, and the speed of the missile decrease to zero after the shock ended. 
Vibration of the target ceased at about 60 ms, 32 ms after shock ended. Calculated maximum impact force 
was 10.3 MN. 
Total length of the missile decreased to 2.78 m from initial length 5.99 m. Radial crack and spalling is 
observed on the front side of the target. 
Major provided experimental results are compared in the Table 2. As listed in the table, simulated peak 
load is about 21.4% lower than the experimental result, and the deformation of the missile is also 
underestimated by the simulation. Therefore, it can be said that the numerical model of the slab has lower 
stiffness than the experimental slab specimen, or numerical model of the missile has more stiffness than the 
experimental missile. 
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Table 2 Comparison of simulation and experiment results of MEPPEN test 
Response Experiment Simulation Error 
Load peak 13.1 MN 10.3 MN -21.4 % 

Shock duration 26 ms 28 ms 7.1 % 
LT of missile 1450~1540 mm 2110 mm 29.1 % 
HT of missile 640 mm 670 mm 4.7 % 

 

 
(a) energy balance 

 
(b) speed of missile (m/s) 

 
(c) displacements of the slab (mm) 

 
(d) time history of the contact force (kN) 

 
Fig. 8 Major results of Meppen test 

 
(e) damage of missile and target 

Fig. 8 Major results of Meppen test (continued) 
 
Flexural mode test 
Internally determined time step size was 1.4E-4 ms, total calculation time consumed was 157 hours 12 
min., and hourglass energy was less than 4.5% of total energy.  
Shock duration was about 14ms, and the speed of the missile decrease to zero after the shock ended. 
Vibration of the target ceased at about 40 ms, 26 ms after shock ended. Calculated maximum impact force 
was 0.59 MN. 
Total length of the missile decreased to 1.46 m from initial length 2.11 m. Radial crack and spalling is 
observed on the front side of the target. 
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(a) energy balance 

 
(b) speed of missile (m/s) 

 
(c) displacements of the slab (mm) 

 
(d) time history of the contact force (kN) 

Fig. 9 Major results of Flexural mode test 

 
(e) damage of missile and target 

Fig. 9 Major results of Flexural mode test (continued) 
 

Punching mode test 
Internally determined time step size was 0.9~1.0E-4 ms, total calculation time consumed was 417 hours 1 
min., and hourglass energy was less than 9.9% of total energy.  
Shock duration was about 8.2ms, and the speed of the missile decrease to zero after the shock ended. 
Vibration of the target ceased at about 25 ms, 17 ms after shock ended. Calculated maximum impact force 
was 2.87 MN. 
Total length of the missile did not change during impact. Cone cracking and perforation is observed from 
the slab. 

 



NEA/CSNI/R(2011)8 

 366

 

 
(a) energy balance 

 
(b) speed of missile (m/s) 

 
(c) displacements of the slab (mm) 

 
(d) time history of the contact force (kN) 

Fig. 10 Major results of Punching mode test 

 
(e) damage of missile and target 

Fig. 10 Major results of Punching mode test (continued) 
 

8. Conclusion  
 
Three impact simulations were performed using explicit FEM code LS-DYNA.  
Real scale specimen test, Meppen test simulation showed distributed radial cracks on the front surface of 
the slab, and no cone cracking or perforation was developed. The first down scaled specimen test, flexural 
mode test simulation showed radial cracks on the rear surface of the slab due to the bending behaviour of 
the slab. The last test, punching mode test simulation showed cone cracking and perforation of the slab. 
Therefore, the behaviour of each test case matches with the intended design behaviour.  
Since small scale model has finer mesh than real scale model, smaller time step size is applied, thus total 
calculation time increases. Moreover, more mesh distortion occurs in punching mode simulation, 
calculation time again increases. Consequently, using personal computer, more than 15 days were 
consumed for single simulation case of punching mode test. Therefore, advanced technique to reduce 
calculation time such as mass scaling is strongly required to practically use this approach for future 
simulation works. 
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3.4.21  Team #21 NRC Team I 
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3.4.22  Team #22 NRC Team II 
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3.4.23  Team #23NRI 

IRIS_2010 NUMERICAL SIMULATION REPORT 
NRI 

 
 

1. Introduction 
 

The basic principles used during creation and evaluation of FE models are: 
- simple models allowing to obtain results in real time (maximal run time of calculation in days) 
- use of standard material models incorporated in computational SW (no specific user defined material 
models) 
- material input data taken from presented results of material tests or set by civil standards (e.g. missing 
parameters of concrete taken from Eurocode 2) 
- no additional “tuning” of FE models according to test results (in case of Meppen test) 
 
These principles correspond to the design of new structures when there is only limited knowledge of 
material properties (especially in case of concrete) and limited time for solution. 
 
In case of all tests, expected form of failure of concrete slab is by development of tensile cracks in concrete 
which causes loss of shear bearing capacity (punching fracture) or increase of tensile forces in 
reinforcement (flexural fracture). Failure of concrete in compression is not assumed as a critical mode of 
failure. 

 
2. Material input data 

 
Steel (both reinforcement and missile) 
- used Abaqus classical metal plasticity  
- stress-strain dependency taken from test data (sent by e-mail on February 1, 2010) 
- strain-rate effect calculated using the provided stress-strain curves and following formulas: 

ασσ ×=&  
for the yield stress: 

414
040,0074,0 y

fy

f
−=α  

for the ultimate stress: 

414
009,0019,0 y

fu

f
−=α  

(taken from Dynamic increase factors for steel reinforcing bars; L. Javier Malvar, John E. Crawford; 28. 
DDESB Seminar, Orlando, FL, August 98) 
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example – missile for Meppen: 
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Concrete  
- used Abaqus cracking model for concrete (model expects elastic behaviour of concrete in compression 
and cracking in tension; allows removal of elements based on failure criterion)  
- elastic parameters and tensile strength used according to test data (comment: at time of processing of 
calculations we hadn’t detailed test data sent by e-mail on April 20, 2010 and material parameters have 
been based on basic data presented in Data synthesis documents sent by e-mail on February 1, 2010); 
fracture energy estimated according to strength class of concrete (used fracture energy 120N/m) 
- calculations done for a case without removing of elements and for cases with removing after creation of 
1st and of  2nd crack. The conclusions (form and extension of damage of the slab) have been evaluated 
based on results of all three calculations. 
- parameters of light-weight concrete (filling of the missile in punching test) calculated according to 
Eurocode 2, paragraph 11.3. In first version of calculation non-linear behaviour of concrete was expected, 
in later calculations linear behaviour was used (filling has little effect on missile response). 
 
3. Basic choices  

 
Basic choises are the same for all three tests. Calculation code Abaqus in versions 6.9 and 6.10 have been 
used. All calculations were done by Explicit solver (fast dynamic process with contacts of bodies). 
All three tests have been analysed simultaneously. Overall time, when we have been engaged in the 
problem, is aprox. four months with two persons working on it. Total no. of man-months is aprox. two 
months. 
 
4. Concrete slabs modelling  
Meppen 
The slab was made as a 3D quarter model, because of the symmetry and reduction of size of the 
calculation. 
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BC - blind cylinders consisting of a cube 50x50mm and a rigid pipe encastered at the end (preventing the 
displacement in -Z direction). Tie rods embedded in the slab and encastered (+Z). Symmetry BC at axis of 
symmetry. 
Concrete - hexahedral elements of type C3D8R, size 50 mm 
Rebars - elements of type B31, size 55 mm or 61.6 mm, embedded in concrete 
Constitutive law of rebars - Abaqus classical metal plasticity 
Constitutive law of concrete - Abaqus cracking model for concrete 

 

 
 
 
CNSC VTT punching 
The slab was made as a 3D quarter model 
Symmetry BC at axis of symmetry, clamping by steel frame modelled by displacement BC in axis Z at 
both sides of RC slab. 
Concrete - hexahedral elements of type C3D8R, size 22.5 mm 
Rebars - line elements of type B31, size 25 mm, embedded in concrete 
Constitutive law of rebars - Abaqus classical metal plasticity 
Constitutive law of concrete - Abaqus cracking model for concrete 

 
 

VTT flexural 
The slab was made as a 3D quarter model 
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Symmetry BC at axis of symmetry, clamping by steel frame modelled by displacement BC in axis Z at 
both sides of RC slab. 
Concrete - hexahedral elements of type C3D8R, size 27.5 mm 
Rebars - line elements of type B31, size 25 mm, embedded in concrete 
Constitutive law of rebars - Abaqus classical metal plasticity 
Constitutive law of concrete - Abaqus cracking model for concrete 

 
 

 
5. Missiles modelling  
Meppen 
Quadrilateral elements of type S4R, size 50 mm 
Full contact interaction 
Constitutive law - Abaqus classical metal plasticity 

 
 

CNSC VTT punching 
Elements of type S4R/S3R (steel parts) and C3D8R (concrete filling and steel dome), size aprox. 20 mm 
Full contact interaction 
Constitutive law - Abaqus classical metal plasticity 
Constitutive law of concrete filling – elastic material 
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VTT flexural 
Elements of type S4R/S3R, size aprox. 25 mm 
Full contact interaction 
Constitutive law - Abaqus classical metal plasticity 
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6. Contact modelling  
 

In all three tests full general contact has been used. 
 
7. Calculation  
Meppen 
Duration of impact 24 ms, speed of the missile after impact -9 m/s 
Time step - automatic incrementation - aprox. 1.3e-7, duration of the calculation 100 ms 
Damage of target – in area of contact of missile with target crushing of concrete up to depth aprox. 0.15m 
(assumption based on level of pressure stress in concrete). During process of impact creation of cone with 
particular shift of cone core but without perforation of the slab (cone supported by reinforcement). 
Removing of elements during analysis (according to extension of damage) has no significant effect on the 
results. 
Damage of missile – at the beginning of impact crushing of missile body in the front area, in later period of 
impact increasing ratio of buckling with effect along the length of missile tube. 

 

 



 NEA/CSNI/R(2011)8 

 393

 
 

CNSC VTT punching 
Duration of impact 0,6 ms, speed of the missile after impact -19,8 m/s 
Time step - automatic incrementation - aprox. 1e-8, duration of the calculation 5 ms 
Damage of target – in area of contact of missile with target crushing of concrete up to depth aprox. 0.05m 
(assumption based on level of pressure stress in concrete). During process of impact creation of cone. In 
case of removing of elements during the analysis (according to extension of damage) results indicate 
perforation of the slab – reinforcement has no capacity to catch the cone. Significant effect of scabbing 
during the impact. 
Damage of missile – plastic deformation only in mass of steel dome but without effect on results. The rest 
of missile is practically in elastic state and, in comparison with the target, the missile behaves as a rigid 
body. 
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VTT flexural 
Duration of impact 13 ms, speed of the missile after impact –4,5 m/s 
Time step - automatic incrementation - aprox. 5e-8, duration of the calculation 25 ms 
Damage of target – during process of impact creation of cone but without perforation of slab (cone 
supported by reinforcement). Removing of elements during analysis (according to extension of damage) 
has no significant effect on results. Limited scabbing on back face of slab. Dominant effect of bending of 
slab (cracks in middle area of slab at back face and in support area at front face). 
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Damage of missile – at the beginning of impact crushing of missile body in the front area, in later period of 
impact increasing ratio of buckling with effect along the length of missile tube. 

 
 

 

 
 

 
8. Conclusion  

 
Analysis results and comparison of results with experiment (in case of Meppen test) show that used FE 
models are able to predict response of slab during impact with reasonable accuracy. Response of slab after 
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impact is affected by idealised behaviour of concrete material – model allows perfect closing of cracks 
without residual opening. Also elastic behaviour of concrete in compression increases elastic response of 
the slab (bounce of missile after impact). 
Concerning input material data, attention should be focused on deeper knowledge of tensile behaviour of 
concrete. The only available parameter, in test input data, is tensile ultimate stress. Information about 
tensile stress-strain dependency or fracture energy is missing for all tests.  
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3.4.24  Team #24 SPI 

IRIS_2010 NUMERICAL SIMULATION REPORT 
Stangenberg und Partner (SPI), Bochum, Germany 

 
 
1. Introduction 
 
Meppen II-4 test 
The large-scale impact test Meppen II-4 is an excellent opportunity to validate and improve the 
possibilities of computer software for computations of extreme impact on r/c targets. The authors have 
been involved in the late 70ies and the early 80ies in planning and analyzing the second test phase (tests II-
11 through II-22) together with Hochtief AG and GRS (Gesellschaft für Anlagen- und Reaktorsicherheit). 
Results of these analyses have been reported at different occasions; e. g. Schwarzkopp et al. (1987), Zinn et 
al. (2007). Since the test results are known, it is expected that all IRIS-2010 benchmark calculation teams 
will present results in agreement with the tests. 
 
VTT bending rupture test 
It is expected that the VTT bending test yielded large flexural deformations (~ l/30 with  
l = slab length) connected with high bending reinforcing steel strains; for the target r/c concrete plates 
considerable damages are expected. The missile should predominantly have behaved as a “flexible” 
missile. The testing conditions are judged as adequate for yielding the desired goal. 
 
VTT punching rupture test 
It is expected that the VTT punching test lead to a perforation of the impacted r/c plate. The missile should 
have predominately behaved as a “rigid” missile. The testing conditions with an r/c plate without any shear 
reinforcement are judged as not adequate; we would have recommended better to use an r/c plate with a 
certain amount of stirrups for the punching test, too. 

 
2. Material input data 

 
The most part of the requested material input data has been provided in IRIS_2010. The necessary Meppen 
II-4 data which were not provided (e.g. pre-stressing forces of anchor bolts) have been chosen according to 
the test reports which are available for us, cf. introduction and Hochtief AG (1983). For the VTT tests the 
missing data which were not provided have been chosen according to engineering judgement. 

 
3. Basic choices 

 
Basic choices for the 3 tests 
The program utilized for the non-linear dynamic FE analysis is SOFiSTiK, cf. SOFiSTiK AG (2005). The 
analysis of non-linear effects in SOFiSTiK is done by iterations using a modified Newton method, i.e. an 
implicit integration scheme is used. The calculation code SOFiSTiK has been chosen because it has been 
demonstrated earlier that this code is well-suited to analyze extreme impact loads on r/c targets, cf. Zinn et 
al. (2007).  
 
The SPI group only started mid June 2010 with the IRIS-2010 benchmark analyses. The overall time for 
performing the analyses for 3 tests has been 3 man-months; the total number of involved persons is 4. 
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4. Concrete slabs modelling 

 
Assumptions for the 3 tests 

a. 2-D models for the concrete have been chosen for all of the 3 tests (shell / plate elements). 
b. No simplifying assumptions were made with respect to the FE models. The boundary 

conditions of the slabs have been modelled individually in detail, see next paragraphs. The 
damping was introduced by Rayleigh parameters adjusted to 1 % of critical damping for the 
relevant frequency range 30 – 80 Hz. 

c. Choice of finite elements for the concrete and for the reinforcing steel 
As finite element for modelling the r/c plates, a shell element is used based on a layered 
concrete model regarding the reinforcement at both sides. Shear deformations of shell/plate 
elements are approximately included in SOFiSTiK by comparison of the elements shear 
stresses with an ultimate shear strength to be specified by the user. For the fineness of the 
mesh see next paragraphs. 

d. The constitutive laws of reinforcing steel are plotted in Fig. 4.1. 
e. The constitutive laws of concrete are plotted in Fig. 4.2. 
f. This item does not apply since the impact is considered by use of load-time functions. 
g. Strain-rate effects have not been taken into account. However, we think that an increase of   

concrete and steel strength values of up to some 10 % would be justified for the IRIS-2010 
impact tests, but the influence should be small with regard to the overall uncertainties of the 
computations. 
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Fig. 4.1: Constitutive laws of reinforcing steel 
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Fig. 4.2: Constitutive laws of concrete 
 
Meppen II-4 test 

b. The support of the plate has been modelled by non-linear gap elements for the load cells and blind 
cylinders and non-linear spring elements for the anchoring tie rods considering the prestressing of 
these elements according to the reported data, cf. Hochtief (1983). 

c. The used mesh size for the FE model is 112.5 x 112.5 mm. 
 

VTT bending and punching tests 
b. The total system of r/c plate, steel frame and back pipes has been considered in a coupled model. 
c. The used mesh size for the FE model is 50 x 50 mm. 

 
 

5. Missiles modelling 
 

The missiles have not been modelled explicitely. Instead, the loading functions have been derived by an 
improved Riera method. The so-called “Riera method” originally was developed for impacts of deformable 
missiles on rigid targets. This assumption does apply approximately for the Meppen II-4 and VTT bending 
tests. Obviously, it is not suited to the VTT punching test which due to the massive steel dome and filling 
with light-weight concrete predominantly comprises an impact of a hard missile on a deformable target.  
 
The authors extended the Riera model in order to include the target deformation as well as penetration of 
the missile into the concrete target, cf. Schwarzkopp et al. (1987). 

 
 

6. Contact modelling 
 
This item does not apply since the impact is considered by use of load-time functions.  
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7. Calculation 
 
Meppen II-4 test 
The time step of the computation is 0.05 ms, duration of calculation 100 ms. Time histories of the contact 
force, projectile displacements and velocities, displacements of the slab, and selected reaction forces are 
plotted in Figs. 7.1 through 7.4, respectively. 
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Fig. 7.1: Meppen II-4 test, time histories of contact force 
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Fig. 7.2: Meppen II-4 test, time histories of projectile displacement and velocity 



 NEA/CSNI/R(2011)8 

 401

 
 
  
 
 

0 0.02 0.04 0.06 0.08 0.1
Time [s]

0

20

40

D
is

pl
ac

em
en

t [
m

m
]

W6
W8

 
 

Fig. 7.3: Meppen II-4 test, time histories of displacements 
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Fig. 7.4: Meppen II-4 test, selected reaction forces time histories 
   
 

VTT bending rupture test 
The time step of the computation is 0.05 ms, duration of calculation 100 ms. Time histories of the used 
load time function and of alternative treated functions as well as of the displacements of the slab are 
plotted in Figs. 7.5 and 7.6, respectively. The load-time function used for the computation is an idealized 
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function derived from different Riera model solutions with varied assumptions. It is expected that the 
duration of impact was approx. equal or slightly less than 10 ms. From our computations, we received a 
maximum displacement of 67 mm (cf. Fig. 7.6) with scattering 58 – 74 mm for the alternative load 
functions plotted in Fig. 7.5. Regarding the scattering due to other effects, we expect a maximum 
displacement of 40 – 80 mm for displacement gauge W1. 
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Fig. 7.5: VTT bending rupture test, load-time history 
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Fig. 7.6: VTT bending rupture test, time histories of displacements 
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VTT punching rupture test 
The time step of the computation is 0.025 ms, duration of calculation 50 ms. Time histories of the contact 
force and of the displacements of the slab are plotted in Figs. 7.7 and 7.8, respectively. The load-time 
functions used for the computation were derived from different Riera model solutions with varied 
assumptions, where the crushing resistance of the missile has been determined considering the triaxial 
compressive behaviour of the light-weight concrete due to confinement by the steel tube. It is expected that 
the duration of impact was approx. 1 ms. Computations with all of the 3 load functions as shown in Fig. 
7.7 yielded very similar results, i. e. the knowledge of the “real” load function is not necessary in this 
special case of a very short impulsive load. Although a perforation of the r/c plate cannot clearly be 
concluded from the 2-D analysis, the obtained results, e. g. shear distortions in the range of the punching 
zone, hand-estimations of the punching resistance and computations with non-linear 2-dof-systems (CEB-
model) lead to the conclusion of a punching failure of the r/c plate. 
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Fig. 7.7: VTT punching rupture test, time histories of contact force 
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Fig. 7.8: VTT punching rupture test, time histories of displacements 
 
 

8. Conclusion 
 
Meppen II-4 test 
The maximum and residual displacements of gauges W6 and W8 are in good agreement with the tests. The 
damping of the computed vibrations after the maximum displacement is less than the observed damping 
during the tests; this might be interpreted in a way that the 1 % damping assumption was too low. Reaction 
forces and strains are partly in good agreement with the measured data, partly these values are deviating 
from the measured data. This might be associated with the fact that the measured displacements of gauges 
W3 through W6 are considerably differing from each other, but the computed values are in agreement due 
to the symmetry of these gauges with respect to the centre of the slab. 
 
VTT bending rupture test 
It is expected that the VTT bending test yielded maximum flexural deformations of approximately 40 – 80 
mm and residual displacements of ~ 20 – 40 mm, the expected bending reinforcing steel strains are of level 
3 – 5 % connected with considerable damages of the r/c plates. 
 
VTT punching rupture test 
It is expected that the VTT punching tests lead to a perforation of the impacted r/c plates in all likelihood. 
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3.4.25  Team #25 UJF 

The Numerical Simulation Report from this team is a part of the Numerical Simulation Report of the team 
#15: cf §3.4.15 Team#15 IRSN-UJF. 
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3.4.26  Team #26 VTT Team I 
 

 

 
IRIS_2010 NUMERICAL SIMULATION REPORT: 

VTT Team I - Shell model  
FLEXURAL TEST 

 
 
1. Goal 
 
2. Introduction 
 
The main aim of these analyses was to assess the capability of shell element models in these kinds of 
analyses where bending is the primary expected deformation mode.  

 
3. Material input data 

 
Concrete 
 
The concrete test results for the same concrete pouring badge were given in April 20th 2010.  
 
Strain rate dependence was not given. 200 N/m is assumed for the tensile fracture energy. 
 
Reinforcement steel 
 
This slab is reinforced using bars with a diameter of 6 mm (φ6). The stress-strain curve was given only for 
the reinforcement φ8. There is some difference in the stress-strain curves. Anyway, the officially 
distributed curve was applied in these studies. Strain rate dependency was taken into consideration by 
Cowper-Symonds formula.  
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Figure 1: Stress-strain curve for rebar steel. 

 
4. Basic choices (one paragraph for each of the 3 tests) 

 
Abaqus/Explicit is widely used at VTT.  
 
Altogether two weeks by one person of working time was used.  
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5. Concrete slabs modelling (one paragraph for each of the 3 tests) 
 

a. 1-D, 2-D or 3-D model 
Shell element model: Four-noded 3-D shell elements, with reduced integration were used 

 
b. simplifying assumptions (for example choice of  a half model or a quarter model, and reasons 

why) 
 

Due to symmetry only one quarter of the slab was modelled.  
 

c. Boundary conditions of the slab  
i. modelling the supporting frame, or not 

 
The frame was not modelled. 

 
ii. detailed arrangement of the boundary conditions on four edges of the slab, through 

limitations of the degrees of freedom or through modelling of metal members or bolts, if 
any pre-stressing of metal members or bolts that constitute the supporting of the slab in the 
model 

iii. symmetry conditions in case of half model or quarter model 
 
Two edges were simply supported and symmetry boundary conditions were applied at two other edges 
(displacement and rotation). 

 
d. Choice of finite elements for the concrete and for the reinforcing steel 

i. Four-noded 3D shell elements, with reduced integration, were used. Rebars were modelled 
as smeared layers.  

ii. Length of the element edge was 5 cm. This was believed to be reasonable. 
iii.  

 
e. Constitutive law of rebars elements 

 
von Mises yield surface with isotropic plastic hardening 
Tension stiffening effect taken into consideration according to Wang and Hsu (2001) 

 
f. Constitutive law of concrete, reason of this choice 

“Concrete damage plasticity” model in Abaqus code is used. It is the only feasible material 
model for concrete for this type of case at the moment. 

 
g. If any, erosion , and means to control it 

No erosion was used. 
 

h. Strain-rate effect 
For rebars Cowper-Symonds constitutive equation for uniaxial tension or compression was 
used. Concrete compression crushing is given as a function of strain rate. 
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6. Missiles modelling (one paragraph for each of the 3 tests) 
 

Missile was not modelled. Instead, a loading function is used based on Riera’s method, where visco-plastic 
folding mechanism is assumed in calculating the crushing force.  

 
7. Contact modelling (one paragraph for each of the 3 tests) 
 
No contact was used. 

 
8. Calculation (one paragraph for each of the 3 tests) 

 
a. Time step, duration of the calculation 

 
Time step was 6.77E-6 s, duration of the calculation was 22 s CPU time with an office PC. 
 

b. Main results 
i. Energy balance, including Hourglass 

 
Figure 2: Energy balance, VTT_Bend, shell 
 
 

 
ii. Momentum balance 

iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 
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Duration of impact is 20 ms 
 

 
iv. Description of the damage to missile and target because of the impact 

 
There is tensile cracking in the target plate and the maximum permanent deflection is about 0.036 m. 

 
 

v. Time history of the contact force and of the displacements of the slab 
 

 
Figure 3: Displacements of the slab in measurement points and in the center (blue line), 

VTT_Bend, shell. 
 

9. Conclusion (one paragraph for each of the 3 tests) 
 
Shell element models are feasible for this kind of slender slab subjected to soft missile impact. 
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IRIS_2010 NUMERICAL SIMULATION REPORT: 
VTT Team I - Shell model  

MEPPEN Test 
 
 
1. Goal 
 
2. Introduction 
 
The main aim of these analyses was to assess the capability of shell element models in these kinds of 
analyses where bending is the primary expected deformation mode.  

 
3. Material input data 
 
The given concrete tensile strength (4.8 MPa) is rather high as regarding the concrete compressive strength 
(37.2 MPa). 80 N/m was used as the tensile fracture energy. 

 
4. Basic choices (one paragraph for each of the 3 tests) 

 
Abaqus/Explicit is widely used at VTT.  
 
Altogether one week by one person of working time was used.  
 
5. Concrete slabs modelling (one paragraph for each of the 3 tests) 
 

a. 1-D, 2-D or 3-D model 
Shell element model: Four-noded 3-D shell elements, with reduced integration were used. 
 

b. simplifying assumptions (for example choice of a half model or a quarter model, and reasons 
why) 

Due to symmetry only one quarter of the slab was modelled.  
 

c. Boundary conditions of the slab  
i. modelling the supporting frame, or not 

 
The frame was not modelled. 

 
ii. detailed arrangement of the boundary conditions on four edges of the slab, through 

limitations of the degrees of freedom or through modelling of metal members or bolts, if 
any pre-stressing of metal members or bolts that constitute the supporting of the slab in the 
model 

iii. symmetry conditions in case of half model or quarter model 
 

Nodal displacements to the load direction are fixed at nodal points closest to the support positions. 
Symmetry boundary conditions were applied at two other edges (displacement and rotation). 
 

d. Choice of finite elements for the concrete and for the reinforcing steel 
i. Four-noded 3D shell elements, with reduced integration, were used.  

ii. Length of the element edge was 10 cm. This was believed to be reasonable. 
iii. Rebars were modelled as smeared layers. Shear reinforcement was not taken into 

consideration. 
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e. Constitutive law of rebar elements 
von Mises yield surface with isotropic plastic hardening. 
Tension stiffening effect taken into consideration according to Wang and Hsu (2001) 

f. Constitutive law of concrete, reason of this choice 
“Concrete damage plasticity” model in Abaqus code is used. It is the only feasible material 
model for concrete for this type of case at the moment. 

g. If any, erosion , and means to control it 
No erosion. 

h. Strain-rate effect 
For rebars Cowper-Symonds constitutive equation for uniaxial tension or compression was 
used. Concrete compression crushing is given as a function of strain rate. 

 
6. Missiles modelling (one paragraph for each of the 3 tests) 

 
Missile was not modelled. Instead, a loading function is used based on Riera’s method, where visco-plastic 
folding mechanism is assumed in calculating the crushing force. Input data for Riera calculation was 
adjusted according to the given information on the missile impact: Shock duration 26 ms, peak load 13.1 
MN. The same loading function was used in the axisymmetric simulation of Meppen test. 

 
7. Contact modelling (one paragraph for each of the 3 tests) 
 
No contact was used. 

 
8. Calculation (one paragraph for each of the 3 tests) 

 
a. Time step, duration of the calculation 

 
Time step was 1.5E-6 s, duration of the calculation was 3 min with an office PC 
 

b. Main results 
i. Energy balance, including Hourglass 
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Figure ? Energy balance [J], Meppen, shell 

 
ii. Momentum balance 

Correct momentum for the missile velocity and mass. 
 

iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 
 

Duration of impact is 27 ms. 
 

 
iv. Description of the damage to missile and target because of the impact 

 
Meppen 
There is tensile cracking in the target plate and the maximum permanent deflection is about 0.027 m. 

v. Time history of the contact force and of the displacements of the slab 
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Figure ? Displacement [m] at the centre of the slab, Meppen, shell. 

 
9. Conclusion (one paragraph for each of the 3 tests) 
 
Shell element models are feasible for this kind of slender slab subjected to soft missile impact. 
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IRIS_2010 NUMERICAL SIMULATION REPORT: 
VTT Team I – Shell model  

Punching Test 
 
 
1. Goal 

 
A report issued by each calculation team describes the methodology applied for the numerical simulation 
of the tests proposed during IRIS-2010 benchmark and supports numerical results. . It is expected to 
provide a rationale for each analytical choice or assumption made by the analyst. This report will be 
distributed to all participants, before the numerical results and the test results, to facilitate exchange and 
discussion. The optimum size of the contribution, for the set of the 3 simulations, is between 5 and 10 
pages. 
 
2. Introduction 
 
All the IRIS benchmark cases are really valuable and they comprise an interesting set of different damage 
mechanisms. 
 
The punching test is simple enough to allow concentration on the essential phenomena. Based on previous 
similar types of tests conducted within different studies found in literature and also on simplified methods, 
the probable behaviour of the slab is punching. In more detail, the local compression strength of the 
concrete will exceeded first and the missile penetrates into the target slab in a tunnel phase. Furthermore, it 
is also expected that the velocity of the missile is so large that at some stage the contact force surpasses the 
remaining shear capacity of the slab which leads into a formation of a punching cone. This ultimately will 
lead to perforation with the missile having a residual velocity. It is also expected that the concrete 
protective layer outside the rear face bending reinforcement is broken into small pieces by scabbing in 
about 60 degree’s cone angle. 

 
3. Material input data 
 
The material input data was sufficient for the most part. However, strain rate dependent material properties 
were not provided. Exact stress-strain curves would give more information in some cases. In case 
parameters were not provided, they were taken from the literature or interpolated/extrapolated from the 
given data. The more and more complicated material models need more and more data. 

 
4. Basic choices (one paragraph for each of the 3 tests) 
 
Abaqus was chosen as the calculation code, since it has been used both at VTT and in many other 
companies as well for decades and it has shown it’s competence many times. It is one of the few all-
purpose explicit codes there are available. Explicit code is a natural choice for a highly dynamic and fast 
case such as this punching case. Convergence is more likely to be reached in explicit than in implicit time 
integration. Time steps can get very small, but the overall analysis time is also short.  
 
The punching case was simulated by one person for approximately 1 month. 
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5. Concrete slabs modelling (one paragraph for each of the 3 tests) 
 
The concrete slab (Figures 1 and 2) is modelled with solid 3D elements with 8 nodes, reduced integration 
and size of 12.5 mm. There are 20 element layers through the thickness of the wall. If the dominant mode 
was bending, approximately 10 elements would be sufficient. In a punching case like this with element 
erosion, the solution gets more accurate with larger amount of elements and for example 50 element layers 
would give better results. One issue is the number of element layers in the concrete cover. The spalling and 
scabbing is not modelled realiably with one layer of elements. In this model there are 2 element layers 
outside the outer rebars. The total numbers of elements and nodes for the slab are 128 000 and 137 781, 
respectively. 
 
The model is a 3D quarter model (first quarter seen from the front side) utilizing symmetry conditions. 
This is reasonable, since the whole structure is nearly symmetric both horizontally and vertically and the 
missile is assumed to hit the centre of the slab in a straight angle. Only the span width of the wall is 
modelled and the supports are simplified to merely restraining the displacements of the back surface edge 
nodes in the impact direction. The supporting frame is not modelled in any way. The boundary conditions 
have a negligible effect on the main damage modes in this case. In IMPACT project, it has previously been 
seen that even in bending cases the detailed modelling of the frame structure does not have much effect on 
the deflection of the slab. However, this should be studied more. 
 
The bending reinforcement bars (shown in Figures 1 and 3) are modelled with linear truss elements with 2 
nodes and size of 12.5 mm. Thus, they have no bending stiffness. The rebars are embedded rigidly inside 
the concrete, in the exact location they are initially in relation to the concrete elements. There is not any 
really accurate interaction between the bars and concrete. The total numbers of truss elements and nodes 
are 3 520 and 3 564, respectively. The rebar ends also have symmetrical boundary conditions. Not many 
element types are offered by Abaqus for explicit analyses. These are the most reliable and efficient 
elements for this type of analysis. 
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Figure 1: FE mesh of the whole mode  in the 3D simulation of punching case by VTT. 

 

 
Figure 2: FE mesh of the slab in the 3D simulation of punching case by VTT. The impact and 

support zones are indicated by red and green colours, respectively. 
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Figure 3: Reinforcement bars in the 3D simulation of punching case by VTT. 

 
The constitutive law for the reinforcement steel is an elastic-plastic material model with von Mises yield 
surface and isotropic hardening. This model has successfully been used in many types of analyses. The 
strain rate dependency is taken into account by Cowper-Symonds formula. There is a failure criterion of 
15% plastic strain. After reaching that level, the rebar elements are removed from the model. To be more 
precise, damage is first initiated at ductile criterion of 10% equivalent plastic strain. The damage is evolved 
until the ultimate failure takes place at 5% plastic strain after the initiation. Figure 4 shows the stress-
plastic strain curve for zero plastic strain rate for the rebar steel 

 
The constitutive law for the concrete is a much more difficult question. Abaqus provides couple of models 
developed especially for concrete, but they do not allow element erosion. “Concrete brittle cracking” 
model allows erosion in a certain way, but it is not adequate for very dynamic case with separately 
modelled rebars. Since deep penetration is anticipated, element erosion is decided to be included in the 
analysis. 
 
All the concrete elements have a material model with von Mises yield surface and isotropic plastic 
hardening. Figure 5 shows the stress-plastic strain curve for zero plastic strain rate for the concrete 
compression. The tensile behaviour is taken into account only by the erosion criterion explained below. 
The strain rate dependency is taken into account by Cowper-Symonds formula. The failure criteria depend 
on the part of the slab. The impact zone indicated by red colour in Figure 2 has an erosion criterion of 21% 
compressive plastic strain. To be more precise, damage is first initiated at ductile criterion of 10% 
equivalent plastic strain. The damage is evolved until the ultimate failure takes place at 5% plastic strain 
after the initiation. That is by no means based on any real consistent and universal physical behaviour of 
the concrete in compression. This parameter just has to be adjusted and 20% has previously provided good 
results. It has to be understood, that the total element erosion is not physical either. In reality, for instance, 
the compressively crushed concrete in front of the penetrating missile does not vanish anywhere, but is 
powderized into very small grains which still have a structural effect; resisting the impact and distributing 
the stresses within the slab. The support zone has no element erosion for obvious reasons. The other parts 
of the concrete have an erosion criterion of 20 MPa tensile stress. The splitting tensile strength is 
approximately 4 MPa, but high strain rates increase it considerably. It is assumed that wherever there is 
high tension, the strain rate is also high. In Figure 2, red colour represents material with compressive 
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element removal criterion, grey with tensile stress element removal criterion. Green elements (support) are 
not removed. 
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Figure 4: Stress-plastic strain curve for zero plastic strain rate for the rebar steel in the 3D 

simulation of punching case by VTT. 
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Figure 5: Stress-plastic strain curve for zero plastic strain rate for the concrete compression in the 

3D simulation of punching case by VTT. 
 

6. Missiles modelling (one paragraph for each of the 3 tests) 
 
The missile (shown in Figure 6) is modelled with solid 3D elements with 8 nodes, reduced integration and 
approximate size of 10 mm. The number of elements and nodes are 2 127 and 2850, respectively. An initial 
velocity of 100 m/s is given to the missile. 
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The constitutive law for the missile steel is the same used for the reinforcement steel; an elastic-plastic 
material model with von Mises yield surface and isotropic hardening. Stress-plastic strain curve for zero 
plastic strain rate for the missile steel is shown in Figure 7. The strain rate dependency is taken into 
account by Cowper-Symonds formula. There is no element erosion. The light weight concrete is modelled 
in the same way than the concrete in the slab, but without element erosion and with much lower strength. 

 
Figure 6: FE model of the missile in the 3D simulation of punching case by VTT. Steel and light-

weight concrete are shown in blue and grey colours, respectively. 
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Figure 7: Stress-plastic strain curve for zero plastic strain rate for the missile steel in the 3D 

simulation of punching case by VTT. 
 

7. Contact modelling (one paragraph for each of the 3 tests) 
 
There is a general contact between every free element facet in the model, thus everything that would have a 
contact in reality, also has a contact definition in the model. Naturally, only a quarter of the missile is 
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modelled. Friction coefficient of magnitude 0.2 is used for every contact in tangential direction. This is 
probably too low for friction between steel and concrete. Contact in normal condition is hard, i.e. the 
pressure-overclosure relationship is without physical softening. We would suggest some minor softening 
between steel and concrete (missile impact) for future simulations. According to our recent studies, it 
removes the highest, often unrealistic, contact force peaks and improves the simulation. 
 
8. Calculation (one paragraph for each of the 3 tests) 
 
The total mass of the model is 619 kg of which the missile is 12 kg. The analysis time is 20 ms. The impact 
starts after 1 ms. The time increment size was 4.3e-7 s.  There were 46 824 time increments. Only one 
processor was used and the CPU time was 2 h and 10 minutes. 
 

i. Energy balance, including Hourglass 
 
Hourglassing can be a problem with first-order, reduced-integration elements. The integral viscoelastic 
form of hourglass control is used. It generates more resistance to hourglass forces early in the analysis step 
where sudden dynamic loading is more probable. Linear bulk viscosity that introduces damping associated 
with volumetric straining is used. Its purpose is to improve the modeling of high-speed dynamic events. 
 
Figure 8 shows the energy balance which is well maintained throughout the analysis. The total energy and 
initial kinetic energy are 107 kJ which are in agreement with theory. Artificial strain energy (ALLAE in 
the legend) is associated with constraints used to remove singular modes (such as hourglass control). It 
rises during the start of the impact to a value of over 20 kJ, which is relatively high. 
 

 
Figure 8: Energy balance in the 3D simulation of punching case by VTT. 

 
ii. Momentum balance 

 
Figure 9 shows the kinetic momentum of the missile and the force impulses. The initial momentum of the 
missile is approximately 6 300 Ns, which is in agreement with the theory. Part of this momentum is taken 
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by the contact forces between the missile and the slab with its rebars. The impulse of these contact forces is 
slighty more than 4 000 Ns. 
 

 
Figure 9: The kinetic momentum of the missile and the force impulses in the 3D simulation of 
punching case by VTT representing a whole model (quarter model values are multiplied by 4). 

 
iii. Duration of impact, speed of the missile after impact, vibration of the target after 

impact 
 
Figure 10 shows velocities of the missile front and the wall (sensor W2). The residual velocity after the 
impact is approximately 45 m/s and it is reached 6.5 ms after the start of the impact. The vibration of the 
slab is really minimal. The impact duration is discussed more below. 
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Figure 10: Velocities of the missile front and the wall (sensor W2) in the 3D simulation of punching 

case by VTT. 
 

iv. Description of the damage to missile and target because of the impact 
 
Figure 11 shows the deformed shape of the missile after the impact. The deformation is minimal. The front 
part of the steel pipe behind the missile nose is bulged out. 

 
Figure 11: Deformed shape of the missile after the impact in the 3D simulation of punching case by 

VTT. 
 
Figure 12 and Figure 13 show the deformed and damaged front and back surfaces of the wall after the 
impact, respectively. Figure 14 and Figure 15 show the deformed and damaged horizontal and vertical 
centre sections of the wall after the impact, respectively. The rebars are shown in blue colour. There are 
diagonal cracks on both surfaces. Only little spalling takes place, but it has to be noted that the material 
model in the impact zone does not describe the tensile behaviour of the concrete. There is clear scabbing 
on the back surface with an approximate radius of 0.7 m in horizontal and 0.3 m in vertical direction. A 
shear cone is formed after a tunnelling phase. 
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Figure 12: Deformed and damaged front surface of the wall after the impact in the 3D simulation of 

punching case by VTT. The model has been mirrored by the symmetrical planes. 
 

 
Figure 13: Deformed and damaged back surface of the wall after the impact in the 3D simulation of 

punching case by VTT. The model has been mirrored by the symmetrical planes. 
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Figure 14: Deformed and damaged horizontal centre section of the wall after the impact in the 3D 

simulation of punching case by VTT. 
 

 
Figure 15: Deformed and damaged vertical centre section of the wall after the impact in the 3D 

simulation of punching case by VTT. 
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v. Time history of the contact force and of the displacements of the slab 

 
Figure 16 shows the contact force between the missile and the wall (including rebars) and the reaction 
force in the supports. The duration of the whole impact is 6.5 ms, but in fact the perforation almost takes 
place in 3 ms and after that only a rebar is resisting the missile movement. The peak forces in the contact 
and supports are 10 MN and 6 MN, respectively. 
 

 
Figure 16: Contact force between the missile and the wall (including rebars) and the reaction force 

in the supports in the 3D simulation of punching case by VTT. 
 
Figure 17 shows the displacements of the wall in the impact direction at the deflection sensor locations. 
The maximum deflection in these locations is 5 mm. The frequency of the vibration is approximately 95 
Hz. 
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Figure 17: Displacements of the wall in the impact direction at the deflection sensor locations in the 

3D simulation of punching case by VTT. 
 

 
9. Conclusion (one paragraph for each of the 3 tests) 
 
The simulation results agreed well with the assumed behaviour based on previous similar types of tests 
conducted within different studies found in literature and also on simple hand calculations. However, the 
finite element model was developed in such a way that it is able to describe the assumed behaviour but is 
unable to accurately describe pure bending, for instance. 
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3.4.27  Team #27 VTT Team II 

IRIS_2010 NUMERICAL SIMULATION REPORT: 
VTT  Team II. Results of simplified calculations  

 
 
1. Goal 
 
2. Introduction 

 
All the IRIS benchmark cases are really valuable and they comprise an interesting set of different damage 
mechanisms. 
 
IRSN-VTT flexural: 
A collapse of the slab by bending is expected. 
 
Meppen:  
The Meppen test has an interesting combination of both global bending and local near formation of shear 
failure cone and scabbing. 
 
IRSN-CNSC-VTT punching: 
The punching test is simple enough to allow concentration on the essential phenomena. Based on previous 
similar types of tests conducted within different studies found in literature and also on simplified methods, 
the probable behaviour of the slab is punching. In more detail, the local compression strength of the 
concrete will exceeded first and the missile penetrates into the target slab in a tunnel phase. Furthermore, it 
is also expected that the velocity of the missile is so large that at some stage the contact force surpasses the 
remaining shear capacity of the slab which leads into a formation of a punching cone. This ultimately will 
lead to perforation with the missile having a residual velocity. It is also expected that the concrete 
protective layer outside the rear face bending reinforcement is broken into small pieces by scabbing in 
about 60 degree’s cone angle. 
 
3. Material input data 

 
IRSN-VTT flexural:  
The concrete test results for the same concrete pouring badge were given in April 20th 2010. This slab is 
reinforced using bars with a diameter of 6 mm (φ6). The stress-strain curve was given only for the 
reinforcement φ8. There is some difference in the stress-strain curves. Anyway, the officially distributed 
curve was applied in these studies. 
 
Meppen:  
The material input data was barely sufficient for the concrete. Exact stress-strain curves would give more 
information in some cases. Strain rate dependency is needed, but was not provided. The given concrete 
tensile strength (4.8 MPa) is rather high regarding to the concrete compressive strength (37.2 MPa). In case 
parameters were not provided, they were taken from the literature or interpolated/extrapolated from the 
given data. For steel materials, the data was sufficient. 
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IRSN-CNSC-VTT punching:  
The material input data was sufficient for the most part. However, strain rate dependent material properties 
were not provided. Exact stress-strain curves would give more information in some cases. In case 
parameters were not provided, they were taken from the literature or interpolated/extrapolated from the 
given data. The more and more complicated material models need more and more data. 
 
4. Basic choices (one paragraph for each of the 3 tests) 

 
Simplified methods were chosen for parallel studies. Two-degree-of-freedom (TDOF) model was chosen 
for bending studies (IRSN-VTT flexural slab and Meppen test II 4 slab). One-dimensional penetration-
perforation model was adopted for IRSN-CNSC-VTT punching mode case. 
 
Effort dedicated to the computations: 
Two weeks by one person.  
 
5. Concrete slabs modelling (one paragraph for each of the 3 tests) 

 
a. 1-D, 2-D or 3-D model 

 
IRSN-VTT flexural: TDOF model (CEB model) describing bending and shear cone formation. 
 
Meppen: TDOF model (CEB model) describing bending and shear cone formation. 

 
Figure 1: CEB model 

 
Figure 2: Shear strength due to concrete, stirrups and bending reinforcement 
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IRSN-CNSC-VTT punching: One-dimensional penetration-perforation model 

 

 
Figure 3: One-dimensional penetration-perforation model 
 

b. simplifying assumptions (for example choice of  a half model or a quarter model, and reasons 
why) 

 
IRSN-VTT flexural: 
Two-degree-of-freedom model with bending and shear springs. 
 
Meppen: 
Two-degree-of-freedom model with bending and shear springs. 
 
IRSN-CNSC-VTT punching: 
Simply supported plate with an assumed shear cone angle of 60 degrees. 

 
c. Boundary conditions of the slab  

i. modelling the supporting frame, or not 
 
Not included in any of the cases. 
 

ii. detailed arrangement of the boundary conditions on four edges of the slab, through 
limitations of the degrees of freedom or through modelling of metal members or bolts, if 
any pre-stressing of metal members or bolts that constitute the supporting of the slab in the 
model 

 
Bending springs tuned for simply supported boundary conditions with possible overhung in Meppen case. 

 
iii. symmetry conditions in case of half model or quarter model 

 
d. Constitutive law of rebars elements 

 
IRSN-VTT flexural: Elastic-plastic 
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Meppen: Elastic-plastic 
 
IRSN-CNSC-VTT punching: Plastic 
 

e. Constitutive law of concrete, reason of this choice 
 
IRSN-VTT flexural: Elastic-plastic, tensile cracking 
 
Meppen: Elastic-plastic, tensile cracking 
 
IRSN-CNSC-VTT punching: Plastic 

 
 

f. If any, erosion , and means to control it 
 
IRSN-VTT flexural: NA 
Meppen: NA 
IRSN-CNSC-VTT punching: NA 

 
g. Strain-rate effect 

 
IRSN-VTT flexural: Not included 
Meppen: Not included 
IRSN-CNSC-VTT punching: Not included 

 
6. Missiles modelling (one paragraph for each of the 3 tests) 

 
Two possibilities; modelling of the missile, or loading function 

 
a. Modelling of the missile:  

i. modelling principles 
 

ii. assumptions, types of elements used, constitutive laws of the materials 
 

iii. strain-rate effect 
 

b. Loading function: method to derive this function (Riera method of other) 
 

IRSN-VTT flexural: Riera method (see VTT shell element analyses) 
 
Meppen: Riera method (see VTT shell element analyses) 
 
IRSN-CNSC-VTT punching: A rigid missile 
 
7. Contact modelling (one paragraph for each of the 3 tests) 
 
Not applicable 
 
8. Calculation (one paragraph for each of the 3 tests) 

 
a. Time step, duration of the calculation 
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IRSN-VTT flexural: Fraction of a second. 
 
Meppen: Fraction of a second. 
 
IRSN-CNSC-VTT punching: Fraction of a second. 
 
 

b. Main results 
 

i. Energy balance, including Hourglass 
 

ii. Momentum balance 
 

iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 
 
IRSN-VTT flexural: 
Impulse = 5.6 kNs, Load duration 20.25 ms 

 

Displacement time histories at the rear of the slab : w1
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Figure 4: Deflection w1 in IRSN-VTT flexural case 

 
Meppen: 
Impulse = 253 kNs, Load duration 27 ms 
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Displacement time histories at the rear of the slab : w6
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Figure 5: Deflection w6 in Meppen case 
 

IRSN-CNSC-VTT punching: 
Impulse = 4.34 kNs, Load duration 0.9 ms 
 

 

Displacement time histories at the rear of the slab : w2
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Figure 6: Deflection w2 in IRSN-CNSC-VTT punching case 

 
iv. Description of the damage to missile and target because of the impact 

 
IRSN-VTT flexural: 
According to Riera method LT=0.975 m. Permanent central deflection is 0.0225 m. 
 
Meppen: 
According to Riera method LT=2 m. Permanent central deflection is 0.037 m. 
 
IRSN-CNSC-VTT punching: 
Diameter of scabbing is 715 mm and penetration depth is 92 mm. Perforation starts at t=0.915 ms. 
Residual velocity is 38 m/s. 
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v. Time history of the contact force and of the displacements of the slab 

 
IRSN-VTT flexural: 
Load duration 20.25 ms 
 
Meppen: 
Load duration 27 ms 
 
IRSN-CNSC-VTT punching: 
Load duration 0.9 ms 
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Figure 7: Contact force in IRSN-CNSC-VTT punching case  
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Displacement of slab
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Figure 8: Central deflection in IRSN-CNSC-VTT punching case  
 

 
9. Conclusion (one paragraph for each of the 3 tests) 

 
 
Simplified methods are easy to use and parametric studies can be made very effectively with them. 

 



 NEA/CSNI/R(2011)8 

 437

 

3.4.28  Team #28 VTT Team III 

IRIS_2010 NUMERICAL SIMULATION REPORT: 
VTT Team III.  Axisymmetric model 

Meppen Test 
 
1. Goal 

 
A report issued by each calculation team describes the methodology applied for the numerical simulation 
of the tests proposed during IRIS-2010 benchmark and supports numerical results. . It is expected to 
provide a rationale for each analytical choice or assumption made by the analyst. This report will be 
distributed to all participants, before the numerical results and the test results, to facilitate exchange and 
discussion. The optimum size of the contribution, for the set of the 3 simulations, is between 5 and 10 
pages. 
 
2. Introduction 
 
All the IRIS benchmark cases are really valuable and they comprise an interesting set of different damage 
mechanisms. 
 
The Meppen test has an interesting combination of both global bending and local near formation of shear 
failure cone and scabbing. 
 
The dimensions are relatively quite similar to the ones in VTT flexural case, but VTT slab is more slender. 
L/h = 7.7 in Meppen case (without overhung) and L/h = 13.3 in VTT case. Boundary conditions are also 
similar. The kinetic energy of the missile in Meppen test is approximately 103 times as high as the one in 
VTT flexural test. 
 
The dimensions are relatively similar to the ones in VTT punching case (L/h = 8), but multiplied by a 
factor of approximately 3. Boundary conditions are also similar. The kinetic energy of the missile in 
Meppen test is approximately 73 times as high as the one in VTT punching test. However, the missile can 
be considered as notably softer and the force peaks will not be that high, relatively. Additionally, the 
Meppen slab has shear reinforcement. 
 
3. Material input data 
 
The material input data was barely sufficient for the concrete. Exact stress-strain curves would give more 
information in some cases. Strain rate dependency is needed, but was not provided. The given concrete 
tensile strength (4.8 MPa) is rather high regarding to the concrete compressive strength (37.2 MPa). In case 
parameters were not provided, they were taken from the literature or interpolated/extrapolated from the 
given data. For steel materials, the data was sufficient. 
 
4. Basic choices (one paragraph for each of the 3 tests) 
 
Abaqus was chosen as the calculation code, since it has been used both at VTT and in many other 
companies as well for decades and it has shown it’s competence many times. It is one of the few all-
purpose explicit codes there are available. Explicit code is a natural choice for a highly dynamic and fast 
case such as this one. Convergence is more likely to be reached in explicit than in implicit time integration. 
Time steps can get very small, but the overall analysis time is also short.  
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The Meppen case was simulated with axi-symmetric solid FE model by one person for approximately 2 
weeks. 

 
5. Concrete slabs modelling (one paragraph for each of the 3 tests) 
 
The concrete slab (Figure 1) is modelled with axi-symmetric solid continuum elements with 4 nodes, 
reduced integration (only 1 integration point) and average size of 0.1 m. There are 10 element layers 
through the thickness of the wall. If the dominant mode was bending, approximately 10 elements would be 
sufficient. If there is scabbing, the solution gets more accurate with larger amount of elements and for 
example 30 element layers would give better results but still not lead to overly large model and 
calculations time. One issue is the number of element layers in the concrete cover. The spalling and 
scabbing is not modelled very reliably with only a single layer of elements within the cover as in this case. 
The total numbers of elements and nodes for the slab are 925 and 1 026, respectively. 
 
The model is a axisymmetric model. This is a coarse approximation of the real structure, but is assumed to 
give good local results. The wall is supported both ways. The missile is actually axisymmetric, and locally, 
the slab can be considered nearly axisymmetric (except for the reinforcement). The missile is naturally thus 
assumed to hit the centre of the slab in a straight angle. The model radius is 3.1 m which is nearly the 
average of the outer slab dimensions. The support radius is 2.7 m and the supports are simplified to merely 
restraining the displacement of the back surface node in the impact direction (orange symbol in Figure 1). 
The supporting frame is not modelled in any way. 
 
Bending reinforcement modelled as axisymmetric shell elements (number of which is 124) which include 
smeared rebar layers (blue lines in Figure 1). Transverse shear reinforcement is modelled as smeared rebar 
layers inside the axisymmetric solid elements. There is not any really accurate interaction between the bars 
and concrete, but the bond slipping is modelled by means of concrete tension stiffening included in the 
concrete material model. 
 
Not many element types are offered by Abaqus for explicit analyses. These are the most reliable and 
efficient elements for this type of model and analysis. The reinforcement could have been modelled also at 
least partly with truss or beam elements, but in this case, smeared layers were considered easier to be 
modelled but to still give as good results as modelling of single bars. 
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Figure 1: FE model of the slab in the axisymmetric simulation of Meppen case by VTT. 

 
The constitutive law for the reinforcement steel is an elastic-plastic material model with von Mises yield 
surface and isotropic hardening. This model has successfully been used in many types of analyses. The 
strain rate dependency is taken into account by Cowper-Symonds formula. Figure 2 shows the stress-
plastic strain curve for zero plastic strain rate for the rebar steel. Plastic limit is 500 MPa, Elastic modulus 
is 210 GPa and Poisson’s coefficient is 0.3. 
 
The constitutive law for the concrete is a much more difficult question. Abaqus provides couple of models 
developed especially for concrete, and one of them, namely “Concrete damaged plasticity” model is 
chosen for this case. It is used for all the concrete in the model. It does not allow element erosion. Figure 3 
shows the stress-plastic strain curve for different plastic strain rates (0, 0.1, 1 and 10) for the concrete 
compression. Figure 4 shows the stress-plastic strain curve for the concrete tension. 80 N/m is assumed for 
the tensile fracture energy. There is not any strain rate dependency for tensile strains. Elastic modulus is 29 
GPa and Poisson’s coefficient is 0.2. 
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Figure 2: Stress-plastic strain curve for zero plastic strain rate for the rebar steel in the 

axisymmetric simulation of Meppen case by VTT. 
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Figure 3: Stress-plastic strain curve for different plastic strain rates for the concrete compression in 

the axisymmetric simulation of Meppen case by VTT. 
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Figure 4: Stress-plastic strain curve for the concrete tension in the axisymmetric simulation of 

Meppen case by VTT. 
 

6. Missiles modelling (one paragraph for each of the 3 tests) 
 
The missile is not modelled. The impact force time function was calculated by Riera method and applied as 
an uniformly distributed pressure load to the four centremost element faces (red line in Figure 1). The force 
time function is shown further below. According to Riera method, the missile is shortened by 
approximately 4 m, thus the final intact length of the missile is about 2 m. In front of that, there is a 
deformed section with multiple folds. 



 NEA/CSNI/R(2011)8 

 441

 
 

7. Contact modelling (one paragraph for each of the 3 tests) 
 
No contact is needed in this model. 
 
8. Calculation (one paragraph for each of the 3 tests) 
 
The total mass of the model is 60751 kg. The analysis time is 0.1 s. The time increment size was 1.1e-5 s.  
There were 9 109 time increments. Only one processor was used and the CPU time was 5 seconds. 
 

i. Energy balance, including Hourglass 
 
Hourglassing can be a problem with first-order, reduced-integration elements. The integral viscoelastic 
form of hourglass control is used. Linear bulk viscosity that introduces damping associated with volumetric 
straining is used. Figure 5 shows the energy balance which is well maintained throughout the analysis. The 
external work done to the system (ALLWK) rise up to 0.45 MJ. Total strain energy (ALLIE) is almost as 
high and it is made of mainly plastic dissipation (ALLPD). Damage dissipation (ALLDMD) is fairly low. 
Artificial strain energy (ALLAE in the legend) is associated with constraints used to remove singular 
modes (such as hourglass control). It is almost negligible in this analysis. 
 

 
Figure 5: Energy balance in the axisymmetric simulation of Meppen case by VTT. 

 
ii. Momentum balance 

 
Figure 6 shows the time integrated impulse of the force. 
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Figure 6: The force impulse in the axisymmetric simulation of Meppen case by VTT. 

 
iii. Duration of impact, speed of the missile after impact, vibration of the target after impact 

 
These are explained in other chapters. 
 

iv. Description of the damage to missile and target because of the impact 
 
Figure 7 shows the deformed shape of the slab after the impact, respectively. It also shows the distribution 
of equivalent plastic strains in tension. That tells effectively, where cracking takes place. The model has 
been revolved 180 degrees for visualization. There is a distinct shear failure cone with a degree of 
approximately 45. Some scabbing of protective concrete layer may take place outside the cone. The 
scabbing radius is approximately 0.8 m. Figure 8 shows the schematic representation of crack patterns of 
the front (left) and back (right) sides. 
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Figure 7: Deformed shape of the slab after the impact and distribution of equivalent plastic strain in 

tension in the axisymmetric simulation of Meppen case by VTT. 
 

 
Figure 8: Representation of crack patterns of the front (left) and back (right) sides in the 

axisymmetric simulation of Meppen case by VTT. 
 

v. Time history of the contact force and of the displacements of the slab 
 
Figure 9 shows the load time function applied as a pressure load. The duration of this impact load is 27 ms 
and the load peak is 13 MN. 
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Load time history between the missile and the target
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Figure 9: Load time function in the axisymmetric simulation of Meppen case by VTT. 

 
Figure 10 shows the displacements of the slab in the impact direction at the deflection sensor locations. 
The maximum deflections in W6 and W8 are 33 mm and 13 mm. The respective permanent deflections are 
22 mm and 8 mm. The frequency of the vibration is approximately 66 Hz. The maximum and permanent 
deflections of the center of the back face are 54 mm and 42 mm, respectively. So called crushed depth in 
the front face is impossible to be captured with this model. 
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Figure 10: Displacements of the slab in the impact direction at the deflection sensor locations in the 

axisymmetric simulation of Meppen case by VTT. 
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9. Conclusion (one paragraph for each of the 3 tests) 
 
The simulation results agreed reasonably well with the test results given in the assignment. This type of 
axisymmetric model is able to give good, though not very detailed, results in a very short calculation time. 
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4. TENTATIVE OF SYNTHESIS 

The present tentative of synthesis reflects the own opinion of the Organizing Committee. 

4.1 Introduction 

The present synthesis is a discussion paper mainly based on personal thinking of researchers from the 
LMT-Cachan1 under IRSN request. This work has to be considered as the first stage along the way to a 
more complete synthesis. The intents of the authors are to focus on that are considered as the most 
significant results among the huge amount of experimental results and simulation results. The definitive 
synthesis (if any) will be possible only by a collaborative work to be shared by the 28 teams having 
participated in the 3 proposed simulations. Another point is to be considered: this work has been done 
during a very limited time, in order to give the best highlights to the participants on the workshop held on 
13-14-15 December 2010, some indulgence is begged from the reader, if there is some mistakes in this 
report. 

The analysis is divided into 3 parts. In the first part, a general analysis (finite element code, employed 
models…) is presented. In the following part, flexural (VTT-flexural) and punching (VTT-punching and 
Meppen II-4) tests are analysed (only experimental results of the Meppen test were available for the 
participating teams). In the last part, some conclusions are drawn. 

For some teams, aberrant results were found (in the case of a problem of unity, the mistake has been 
corrected), they have been removed from theses analysis. 

4.2 Method 

For the analysis of the numerical data, the work was performed as follows: 

• all the information given in the different files is summarized  in a unique file, 

• different numerical results (load displacement curve, load versus time, displacement versus time, 
impulse versus time etc.) are compared and plotted the curves with the comparison with the 
experimental data (see figures in the paper), 

• the results and different calculated ratios are analyzed: calculated maximal load (resp. max or 
residual displacement) with respect either to the mean value of all the numerical results or the 
experimental one. For some tests, the duration of the shock has been deduced from the numerical 
curves (load or impulse) and compared to the experimental one (given in the report of the 
experiments), 

                                                      
1 LMT-Cachan is the Laboratory of Mechanics and Technology from the Institute ENS Cachan that is the French 
public institution of higher education and research located in Cachan, near Paris. 
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• these different ratios have been plotted: for example the normalised load versus the normalised 
displacement to check a relationship between these two quantities. It has been done for different 
ratios and commented, 

• a global indicator has been calculated as the arithmetic mean of either the ratio if greater than one or 
its inverse if lower than one in order to obtain a value greater than one. If the indicator is equal to 
one it means that the numerical computation gives exactly the experimental values (or the mean 
values in some cases). This indicator has been computed for the three tests and plotted in a radar 
form using a logarithmic scale between one and ten. The scale has been inverted to have a better 
representation of all the numerical results. One point corresponds to a team. No indication is given 
on the different figures of the team; the most important information is to understand what is the state 
of the art at the present time. 

4.3 General analysis 

4.3.1 Concrete slabs modelling 

Most of the computations (more than 4/5 of teams) have been made using 3D finite elements for concrete 
and only a quarter mesh for symmetry reasons. Three teams have used shell elements and one team 
Reissner Mindlin shell elements. It is not always clear to understand that part of the presentation. 
Sometimes we can deduce the use of a quarter of the slab looking into the cracking pattern (highly 
symmetrical). 

Most of time, the frame is not modelled (five teams have modelled the support mainly by metallic beams). 

Concerning the concrete and rebars, the FE for concrete are mainly 3D elements; six teams used shell 
elements without any indication of the particular reason. The rebars are very often beam elements or truss 
(only two teams used layers or homogenized material). 

Most of time perfect bounding is supposed for the computation between rebars and concrete but this part is 
poorly documented in the reports. 

The constitutive law of rebars elements is based most of time on rate independent plasticity, perfect or with 
hardening. A strain rate effect is sometimes included in the models (for rebars) but it seems that it has not 
an important effect in the modelling results. The Johnson and Cook or Cowper-Symonds law appear also. 

Several different concrete constitutive equations were used taking into account concrete plasticity and 
concrete damage. Some participants have used FE deletion (erosion) as a numerical method to simulate 
concrete damage. 

It should be emphasized that a study of the effect of both time step and mesh refinement has not been 
performed systematically although calculations are performed with an explicit scheme and with 
localization phenomena due to the softening behaviour of concrete. 

4.3.2 Missiles modelling 

The missile is modelled by shell elements most of the time, using the same constitutive equations than for 
rebars ones. The behaviour is supposed to be plastic (perfect or with hardening) and for some teams, the 
rate effect has been taken into account. 

For the loading function, a method to derive this function (Riera method or other) is sometimes used.  
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4.4 Meppen test 

The Meppen I-4 test has been chosen.  When any aberrant results were found (in the case of a problem of 
unity, the mistake has been corrected), they have been removed from theses analysis. The Meppen 
experimental results were available to all the teams, in contrary to the 2 others benchmarks. 

4.4.1 Loading 

There is a noticeable discrepancy in the numerical results for prediction of the loading (between the missile 
and the target, see Figure 4-1 and Figure 4-2). It is surprising that some teams did not find an impulse 
equal (at least approximately) to the momentum (obtained via time integration of the average force). 
Moreover, a team found some negative values for the impulse (and also for the load). 
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Figure 4-1  Meppen II-4: evolution of the loading history between the missile and the target. 
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Figure 4-2  Meppen II-4: evolution of the impulse received by the target. 
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In order to visualize efficiently the results (and the discrepancies), the load peak divided by the mean value 
is plotted against the impulse divided by the experimental value (Figure 4-3). Most of the results are 
concentrated on a limited area (around the dot of coordinates (1,1), which represents the best prediction). A 
significant discrepancy (due to a limited number of results which are far from the centred area) is found for 
the load peak and the impulse (coefficient of variation [COV] of 39.6 % and 18.4 % respectively), it is 
fewer for the shock duration (COV of about 17.4 %). 
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Figure 4-3  Meppen II-4: load peak with respect to impulse. 

The rectangle is representative of the mean value minus the standard deviation. 

4.4.2 Deflection 

There is also a noticeable discrepancy in the numerical results concerning the deflection at the rear of the 
slab (the probe W3, W4, W5 and W6, which are symmetrical, have been considered, the COV is greater 
than 100 % for the maximal value). The result is displayed in Figure 4-4. 

Concerning the residual deflection (this is an useful information, since it informs of the damage state of the 
structure) about half of the team predict during the calculation time an irreversible deflection (some of 
them found oscillations of more or less amplitudes). Some teams found, after the impact, a deflection of 
opposite sign (which is not expected). 
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Figure 4-4  Meppen II-4 (W6, min & max of W3, W4, W5, W6, which are symmetrical): comparison 
between experimental and simulated evolution of displacement. 

In order to synthesize the results, the residual deflection (unfortunately provided by only few teams) and 
the maximal deflection are plotted against the global error ∆ (Figure 4-5): 

( ) ( )( )∑
=

−=∆
exp

1

2
exp100

n

i
iisim tutu , 

where nexp is the number of values, usim and uexp are the simulated and experimental deflections, 
respectively, at time ti. 

It shows that the residual value of displacement is a very good indicator of the global performance for the 
computations of the displacement (for the selected probe) i.e. the global error is smaller as the ratio 
simulated/experimental deflection reaches 1. This is not always the case for the maximal displacement, 
meaning that the prediction of the maximal displacement does not lead necessarily to a good prediction of 
the evolution of deflection. 
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Figure 4-5  Meppen II-4 (W6): comparison between experimental and simulated evolution of 

displacement. 
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The maximal deflection versus the residual one (of the rear slab, probe W6) is plotted in Figure 4-6. Again, 
more the numerical results are in agreement with experimental data, more the corresponding dot is closed 
to (1,0) one. It shows that there is logically a direct relationship between the maximal and residual 
deflection, i.e. the teams predicting a high value of maximal deflection predict also a great value of 
residual deflection. It shows that a modification of the values of some material parameters should lead to 
better agreement with experimental data. 
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Figure 4-6  Meppen II-4 (W6): comparison between experimental and simulated (maximal and 

residual) deflections. The rectangle is representative of the mean value minus the standard deviation. 

One team is completely out of range (not represented in the Figure 4-4 and Figure 4-6). 

4.4.3 Reinforcement strain 

The simulated reinforcement strain (D4 and D7, which are symmetrical) is plotted with respect to 
experimental one in Figure 4-7. 
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Figure 4-7  Meppen II-4: comparison between experimental and simulated reinforcement strain (D4 

and D7).  

The reinforcement strain (D7) is plotted against the maximal displacement on the rear of the slab (W6) in 
Figure 4-8. The experimental results show a significant residual reinforcement strain (this value was not 
requested) which indicates a damage of the concrete slab. The results show a much larger discrepancy for 
the maximal strain than the maximal (or residual) deflection (see also Table 4-1). Besides, in contrary to 
the previously found relationship between (the prediction of) maximal and residual deflection, there is not 
a direct relationship between maximal deflection and maximal strain in reinforcement i.e. the teams which 
predict a high value of maximal deflection do not predict systematically a great value of maximal strain in 
reinforcement. 
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Figure 4-8  Meppen II-4: comparison between maximal experimental and simulated deflections 
(W6) versus maximal strain (D7). 
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4.4.4 Damage pattern 

Concerning the prediction of the size of the cracking zone, numerical results are very different from a team 
to another. However, the cracking pattern (provided by only less than half of the teams) is closed to the 
experimental one. An example is given in Figure 4-9. 

 
Figure 4-9  Meppen II-4: comparison between experimental and simulated cracking patterns. 

 

About half of the teams found a penetration of the missile. None of the teams found a penetration that is in 
accordance with the test. Few teams did not find spalling, scabbing, cone and radial cracking (7, 6, 4 and 1, 
respectively). 

The (approximate) cracked area (horizontal width multiplied by the vertical one) with respect to the 
spalling (scabbing) area on the front (rear) face is plotted in Figure 4-10. 
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From this figure, different results can be drawn: 

• There is a lot of scattering concerning the prediction of the cracked area, in regard with spalling or 
scabbing. Results on the back face seem to be a little bit more scattered; 

•  There is no correlation between the cracked area and the spalling (scabbing) one.  

• There is also no correlation between the cracked area on the front face and the rear one. Besides 
there is no correlation between the spalling and scabbing areas (the corresponding figures are not 
plotted). 

4.4.5 Conclusion 

It has been shown that the choice of considering only particular parameters (maximal, residual) for the 
analysis could be a good indicator of the quality of the prediction (at least for the residual deflection). It 
allows for comparing easily different modelling approach. However, only relevant parameters should be 
chosen. 

All the results are summarized in Table 4-1 for the Meppen test. It appears that there is less discrepancy for 
the load (maximal load and impulse) than for the maximal displacement of the slab (W3 to W6), the strain 
in reinforcement (D4 and D7), and the cracked/scabbing/spalling areas. The mean results are very close to 
the experimental one. 

 
 
 
 
 
 

Figure 4-28 Meppen II-4: 
Cracked vs. spalling 
(scabbing) areas in the 
front (back) face. 
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Table 4-1  Mean value and coefficient of variation of different data. Comparison to experimental 
results. (Meppen) 

 Mean value 
Coefficient of 

variation
Experimental 

value 
Maximal displacement (W4 

to W6) [cm] 4.42 115 % / W4 3.5 to 4.5 

Residual displacement (W4 
to W6) [cm] 2 74 % / W4 1.8 to 3.1 

Maximal strain (D4,D7) 12.1×10-3 75.5 % / D7 5.69/12.5×10-3 
Maximal load [MN] 15.8 39.6 % NC* 

Impulse [kN.s] 242 18.4 % 252 
Cracked areas [m²] front 

(rear) face 8.6 (20.3) 141 (70.5) % NC* 

Spalling and scabbing areas 
[m²] front (rear) face 0.7 (1.4) 104 (115) % NC* 

Performance Indicator 2.4 102 % NC* 
*Not concerned 

 
A global performance indicator I has been chosen to evaluate the quality of the different calculations: 
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where Xi is the maximal deflection (W6, i = 1), the residual deflection (W6, i = 2), the impulse (i = 3) and 
the maximal strain (D7, i = 4). Thus, an indicator close to 1 means a good performance and the 
performance decreases as this indicator increases. 

This indicator has been plotted in Figure 4-11.  
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Figure 4-11  Meppen II-4 (W6): Indicator of the performance of the calculations (the performance 

decreases as this indicator increases). 
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Regarding the selected indicators of performance, it can be seen that about 2/3 of the teams obtained very 
good predictions. Only 2 teams obtained results far enough from the experimental ones. 

4.5 VTT-flexural 

4.5.1 Global indicator 

We give below the global indicator (see § 4.4.5) for the flexural test. It is the sum of the ratio of the six 
quantities given in this analysis. The scale is logarithmic between one and ten and the scale is inverted. 
This indicator (a value close to one means a good prediction) takes into account the following normalized 
quantities: maximal load (note that it is obtained experimentally from the support structure legs), maximal 
displacement W1, residual displacement W1, maximal impulse and duration. The mean is arithmetic. 

 
Figure 4-12  VTT Flexural: Indicator of the performance of the calculations (the performance 

decreases as this indicator increases). 

An analysis of the better results shows that different strategies exist to get good results. Rough models (two 
- three teams) or much more complicated to handle and to identify (three - four teams) permit to obtain low 
values of the indicator (1.4). The other teams have indicator between 2 and over 10. 

The different ratios are given below in normal scale. 
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Duration of impact Reinforcement strain Residual displacement

Maximal displacement Impulse Load peak

 

Figure 4-13  VTT flexural: ratios between numerical results and experimental data. The ratios are 
concerning the different quantities: 

(top from left to right) the duration, the strain, the residual displacement  
(bottom from left to right) the displacement maxi, the impulse and the load max 

 
It is clear from this figure that the impulse has been correctly modelled and that other quantities are more 
dispersed. 

It is possible to calculate for each ratio the mean value and the standard deviation. We have represented on 
a unique figure the mean value (blue curve) and the mean plus (red) or minus (green) the standard 
deviation. In black the one value is displayed. It is interesting to note that for all quantities except the 
residual displacement W1 and the strain EPS 3 the mean value of the numerical data matches the 
experimental one.  
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Figure 4-14  VTT Flexural: Indicator of the performance of the calculations (the performance 

decreases as this indicator increases). 

4.5.2 Loading 

The loading history (between the missile and the target) is plotted in Figure 4-15. It important to notice (i) 
that some values are probably incorrect (problem of units) and (ii) that six values are clearly out of range 
(not shown in the figure). The mean value is 0.8 kN. 

 
Figure 4-15  VTT flexural: evolution of the loading. 

The load peak divided by the mean value is plotted against the impulse divided by the experimental value 
in Figure 4-16. The results are very close to the one of Meppen test (Figure 4-3), i.e., a much more 
important discrepancy is found on the load peak rather than for the impulse. 
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Figure 4-16  VTT flexural: load peak with respect to impulse. The rectangle is representative of the 

mean value minus the standard deviation. 

4.5.3 Deflection 

 

 
Figure 4-17  VTT flexural: comparison between experimental and simulated evolution of 

displacement W1 (in black the two experimental curves). 
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We have computed the ratio between the displacement max W1 and the corresponding experimental value 
(0.03 m) and the ratio between the maximal load deduced from the computations and the mean value (0.8 
MN) supposed to be a good indicator of the correct value.  

This curve is very interesting because even if a team predicts a non-correct value for the normalized 
displacement (0.5 for example) a corresponding value should be obtained also for the load indicating that a 
non-correct identification or some problems in the FE procedure have occurred. It is not the case at all as 
the results are very dispersed. 
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Figure 4-18  VTT flexural: comparison between experimental and simulated maximal displacements 
W1 and load peak. The rectangle is representative of the mean value minus the standard deviation. 

 
The impulse is clearly a good result (considering the maximal value) for all the teams except two of them, 
which are without any explanation out of range. Some teams did not give this curve without any reason. 
The mean value is 5.27 kN.s (experimental one is equal to 5.5 kN.s). 
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Figure 4-19  VTT flexural: simulated impulse versus time. 

The experimental curve is not represented in the figure due to the fact that this quantity is difficult 
to measure (the maximal value given by the experimental curve reaches 8 kN.s). 

 

4.5.4 Reinforcement strain 

The strains given by stain gauges stuck either on concrete or one rebars are not a good indicator of the 
performance of the computations as there is a great effect of the hypothesis: friction or not between steel 
and concrete, slip or not.  

4.5.5 Damage pattern 

Damages measured on B1 (left) and B2 (right) slabs, in terms of permanent (or residual) displacement (in 
mm). 
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Figure 4-21  VTT flexural : damage or cracking patterns. 
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The Figure 4-21 shows the different pictures given in the numerical results. They represent damage, 
cracking or maximal values of strains. The damage to target is more complex to analyse due to the 
difference between the models (plasticity or damage) and to the representation. We can say that for 4-5 
teams a typical result can be viewed as the development of diagonal plastic lines. But the other results give 
either a confined plasticity or damage under the contact zone or diffuse all over the specimen. 

4.5.6 Conclusion 

All the results are summarized in Table 4-2. The conclusions are different from the one drafted for the 
Meppen test. However, it is interesting to note that the global indicator shows that the results for the VTT-
flexural are less in accordance with experimental ones than the Meppen test. 

Table 4-2  Mean and coefficient of variation of different data. 

Comparison to experimental results (VTT-flexural). 

 Mean value 
Coefficient of 

variation 

Experimental 

value 

Maximal displacement 

(centre of slab) [cm] 
2,6 89 % 3 

Residual displacement 

(centre of slab) [cm] 
1,4 143,5 % 0,9 

Maximal load [MN] 1,6 261 % NC 

Impulse [kN.s] 4,9 40 % 5,5 

Performance Indicator 5,4 224 % NC 

 
We have tried to understand what is a good strategy to model this flexural test (for example). For that we 
computed different ratio: computed W1 maximal (resp. residual) displacement to experimental ones, 
computed maximal load to the mean one, computed strain (eps 3) to the experimental one. The duration 
has been estimated as the time for which the load comes to zero in the computation and the maximal 
impulse has been compared to the mean value. The experimental data has been obtained through complex 
optical set-up. The value given by the system is equal to 18 ms. 
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Figure 4-22  VTT flexural: global indicator for all the numerical computations in log plot. 

 
This figure summarizes all the results for the flexural test with the black line corresponding to a perfect 
result (one value for all the ratios). The scale is a logarithmic scale ranging from 0.1 to 10. 

 
Figure 4-23  VTT flexural: global indicator for all the numerical computations with “simple” 

constitutive equations in log plot. 
 

We have exactly the same representation but only for the teams considered to have chosen simple 
constitutive equations. Results obtained with modelling with kinematic hardening or damage law with 
complex evolution laws and a great number of materials parameters have been removed. It is not possible 
to see better results. 
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Figure 4-24  VTT flexural: global indicator for all the numerical computations with “simple” FE 

computations in log plot. 
 

This picture gives the similar results considering a filtering with the complexity of the finite element 
computation. Data obtained with very complex strategy (refine mesh, Lagrange multipliers for contact…) 
have been removed without any significant effect on the results. 

 
Figure 4-25  VTT flexural: global indicator for all the numerical computations with the most simple 

strategy in log plot. 
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In this last picture only few teams are present which use a simple strategy to model the test i.e. simple 
constitutive equations, simple finite element strategy and coarse mesh (size of the element to the aggregate 
size greater than 2.5). Once again it is not possible to detect the best strategy. 

4.6 Punching 

Considering a punching test, the available quantities of interest are almost limited to concrete displacement 
evolution and reinforcement strain values. Some “discrete” indicators are also worth examining: 
perforation, positive residual velocities. Finally we would like to mention that one set of results have not 
been taken into account due to a large gap with the other teams computations as well as with the 
experiments. 

4.6.1 Loading 

As for the Meppen test, it is worth noting the discrepancy concerning the numerical results for the load and 
impulse predictions (COV of 36 %). As for the first case, it is quite surprising that some teams did not find 
an impulse equal to (at least approximately) the momentum. Moreover some mistakes in the units (mainly 
N instead of kN) have been corrected. The results concerning the impulse are summarized in Table 4-3. 
The load is plotted against time in Figure 4-26. 

Table 4-3  VTT punching: impulse values. 

 Min Max Mean value 
Coefficient of 

variation 
Experimental value 

Impulse 

[kN.s] 
0,989 8,2 5,53 36 % 6,41 (momentum) 
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Figure 4-26  VTT punching: evolution of load (between the missile and the target) with respect to 

time 

4.6.2 Target deflection and reinforcement strain 

The capability to compute accurate values for concrete displacement and reinforcement strain are quite 
interested to compare. The former may be viewed as a “global” indicator in the sense that it is linked to the 
global stiffness of the specimen. On the other hand, the latter may be linked to the reinforcement plastic 
state and represents a much more local quantity. Both of those two computed quantities show high 
variabilities (87% of variation for concrete maximum displacement and 77% for reinforcement maximal 
strain).  

Table 4-4  VTT punching: slab max. displacement 

 Min Max Mean value 
Coefficient of 

variation 

Experimental 

value 

Maximal slab 

displacement 

(sensor W2) 

[m] 

 

0,00156 

 

 

0,23 

 

 

0,078 

 

87 % 0,007 

 

Table 4-5  VTT punching: reinforcement max strain values 

 Min Max Mean value 
Coefficient of 

variation 

Experimental 

value 

Maximal strain 

value (gauge 2) 

[10-3] 

 

0,72 

 

 

35,3 

 

 

13,5 

 

77 % 50 
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Moreover, when comparing those strain and displacements values to the experimental values, it is worth 
noting: 

• first that most of the teams overestimate the displacements; 

• second that, contrary to the displacements, most of the team underestimate the reinforcement strain 
values. 

Of course considering a punching test, the gap between the computed values and the experimental ones are 
not so surprising. It is worth reminding that there is a not so small discrepancy within the test results as 
well. 

When plotted together, those two indicators also reveal that a large amount of the teams probably have 
common modeling strategies (see Figure 4-27). These strategies lead to quite similar results and only a 
small subset of the computations (5 or 6 teams) exhibits very different results. Among them only one team 
is pretty close to both experimental values and thus shows the ability to predict reasonable results for both 
local and global indicators. 

 
Figure 4-27  VTT punching: normalized max. reinforcement strain vs. normalized max. 

displacement (red with erosion and blue without erosion) 

 
Among the different modeling strategies it is worth noting that including erosion seems to be mandatory in 
order to predict accurate values (see Figure 4-27). It is also quite interesting to compare some discrete 
indicators such as: 

• perforation, along three cases : yes, no or unknown 

• residual velocity: positive, zero or negative (bounce) 
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• model including erosion (yes, no or unknown). 

Table 4-6  VTT punching: cross-comparison between perforation and erosion model ability 

  yes no ?? 

 perforation 14 8 2 

 erosion    

yes 9 5 4 0 

no 9 6 2 1 

?? 6 3 2 1 

 

Table 4-7  VTT punching: cross-comparison between perforation and residual speed 

  yes no ?? 

 perforation 14 8 2 

 
residual 

speed 
 

  

positive 7 6 1 0 

zero 12 5 5 2 

negative 5 3 2 0 

 
Table 4-6 and 4-7 show a quantitative comparison between those discrete quantities. A large part of all 
teams included erosion ability in their model, half of them leading to perforation. As expected, most of the 
participants using no erosion feature conclude to no perforation (perforation occurred during experiments). 

On the residual speed point of view, the "zero" value is the most frequent leading, with equal frequency to 
perforation or no perforation conclusions. Negative values are also computed by 5 teams, 3 of them 
surprisingly predicting perforation. The Figure 4-28 (taken from Schwer repor) compares the VTT 
measured residual missile speed and the impact duration estimated above as 2.88 ms, with the 
corresponding simulations results. 
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Figure 4-28  Comparison of VTT Punching tests exit (residual) speed and impact duration with 
corresponding results from 27 participants. (taken from Schwer report) 

4.6.3 Punching global indicator 

This global indicator is made upon three comparisons between computed and experimental values (see part 
I-Method for the exact definition):  

• max concrete displacement 

• max reinforcement strain 

• impulse value 

The minimum value of this indicator is 2.6 and the maximum one 24.2. It is worth noting that the teams 
showing the « best » results for individual quantities of interest also present good values of global 
performance. 
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Figure 4-29  VTT punching: global indicator (the performance decreases as this indicator increases) 

4.6.4 Conclusion 

Due to highly non-linear effects, punching tests show important gaps between the computed values and the 
experimental ones. These gaps are also completed by high discrepancies within the numerical results 
themselves. Among these results it is quite clear that a large number of teams share common modeling 
strategies which are leading to somehow comparable results. On the contrary a few teams are providing 
very different results, some of them being quite close to the experimental values. Considering the latter it 
seems that including erosion feature within the concrete model is a major point for punching. 

4.7 Combined analysis of Meppen and VTT results 

4.7.1 Study of some indicator 

The Figure 4-30 and Figure 4-31 combine results of Meppen and VTT simulations. 
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Figure 4-30  Meppen II-4 (W6) and VTT-flexural (centre of the slab): comparison between 
experimental and simulated (maximal and residual) displacements. MM = missile modeling, NMM = 

non-missile modeling. The rectangle is representative of the mean value minus the standard 
deviation (in straight line: Meppen; in dot line: VTT) 
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Figure 4-31  Meppen II-4 (W6) and VTT-flexural (centre of the slab): experimental and simulated 

(maximal) displacements versus load peak. MM = missile modelling, NMM = non-missile modelling. 
 
These figures show that modelling of the missile does not lead to better results (in term of prediction of 
maximal and residual deflection). Results (maximal and residual deflection) obtained on Meppen II-4 
benchmark are in better agreement with experimental one than the VTT-flexural benchmark, but the COV 
associated to the Meppen test is greater than the one of VTT-flexural and punching (not represented). 

The results of Meppen and punching are compared in Figure 4-32. A much important discrepancy is 
observed on VTT-punching test. 
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Figure 4-32  Meppen II-4 (W6/D7) and VTT-punching (W2/D2): comparison between experimental 
and simulated (maximal) displacements/reinforcement strain. MM = missile modelling, NMM = non-

missile modelling. 

4.7.2 Global indicators 

This global indicator is made upon three comparisons between computed and experimental values:  

• max concrete displacement 

• max reinforcement strain 

• impulse value 

The minimum value of this indicator is 2.6 and the maximum one 24.2. 
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Figure 4-33  Meppen test. Indicator of the performance of the calculations (the performance 

decreases as this indicator increases). 

 
The following picture gives the comparison between the global indicators for the flexural and Meppen tests 
(log scale between 1 and 5). 

 

 
  

Figure 4-34  Meppen and flexural tests. Indicator of the performance of the calculations (the 
performance decreases as this indicator increases). The red squares correspond to the Meppen test 

and the blue diamonds to the flexural test. 
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The main results are summarized in Table 4-8. It shows clearly that globally a better prediction is achieved 
with Meppen test (available data) for the selected data (see comparison experience vs. simulation and 
performance indicator). Moreover, the VTT punching test seems to be the more difficult test to predict. It 
is probably due to the fact that it involves perforation, which needs the prediction of erosion (very difficult 
to assess). Besides, the coefficient of variation is sometimes higher or lower for Meppen test, meaning that 
the dispersion of numerical results is quite similar (depending on the selected data) and relatively 
independent.  

Table 4-8  Comparison to experimental results (Meppen, VTT-flexural and punching). 

 

Mean value:  

Meppen 

VTT flexural 

VTT punching 

Coefficient of 

variation: 

Meppen 

VTT flexural 

VTT punching 

Experimental 

value: 

Meppen 

VTT flexural 

VTT punching 

Experimental/Si

mulation/ value:

Meppen 

VTT flexural 

VTT punching 

Maximal 

displacement [cm] 

4.42 

2,6 

7.8 

115 % 

89 % 

87 % 

3.5 to 4.5 

3 

0,7 

0.8 to 1.02 

1.15 

0,09 

Residual 

displacement [cm] 

2 

1,4 

NC 

74 % 

143.5 % 

NC 

1.8 to 3.1 

0,9 

NC 

0.9 to 1.55 

0,64 

NC 

Maximal 

reinforcement 

strain value [10-3] 

12.1 

NC 

13.5 

75.5 % 

NC 

77 % 

5.69 to 12.5 

NC 

50 

0.5 to 1.03 

NC 

3.7 

Impulse [kN.s] 

242 

4,9 

5.33 

18.4 

40 % 

36 % 

252 

5,5 

6.41 

1.04 

1.12 

1.2 

Performance 

Indicator 

2.4 

5.4 

6.0 

102 

224 % 

280 % 

 

 

 

4.8 Conclusion 

It is difficult to compare different software, different model materials (and parameters), calculations 
choices (time step, mesh … which influence the numerical results). For the Meppen test, the Table 4-9 
summarizes these different data. One can see a significant dispersion of even material parameters data 
(tensile strength, Young modulus …). 
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Table 4-9  Different data for the Meppen test. 

Finite element code 
LS-dyna Abaqus Other  

8 8 10  

Selected data Min Mean Max COV [%] 

Number of elements 290 (2) 255×103 1.14×106 129 

Time step [µs] 0.13 17.4 250 302 

Young modulus of concrete 
[Gpa] 

20,9 (error 
typing ?) 31.2 43.3 18 

Tensile strength [Mpa] 1.4 4.3 7.2 28 

Plastic limit 
of reinforcement [Mpa] 430 495 593 6,8 

 
Indeed, the performance indicator has been plotted vs. finite element code, time step, number of elements, 
material properties of concrete (E, ft, fc) and reinforcement (fe, fy). No significant correlation has been found 
in order to identify the best suited approach (an example is given in Figure4-35, for the Meppen test).  
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Figure4-35  Performance indicator for the Meppen test with respect to the finite element code and 

the time step. 
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Nevertheless, a better prediction is obtained with available experimental results data (Meppen test). Due to 
the difficulty to assess erosion, the VTT punching test was the more difficult test to predict.  

In order to appreciate in a relevant way the different available tools and models, it seems better to impose 
material parameters data, time step, mesh … and to perform a sensitive analysis in order to highlight the 
more important parameters. 

Besides, since the impact of a missile in a concrete slab involves a particular state of stress in concrete 
(important confinement), it is suggested to use of triaxial experimental tests to improve prediction of 
confined concrete behavior.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-36  Performance indicator for the constitutive law, attempt to identify the successful ones 
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5.  CONCLUSIONS AND RECOMMENDATIONS 

5.1 Foreword 

This document presents a tentative synthesis of the so called IRIS_2010 benchmark and workshop under 
the form of Conclusions and Recommendations. Selected contributions are appended. They are reproduced 
as it, in order to keep their initial energy and coherence, to the detriment, may be, of their completeness 
and balance. They are to be considered as spontaneous opinions of experienced practitioners. 

5.2 Summary 

IRIS_2010 benchmark and workshop is the first robin of a three-robin, multi-year OECD CAPS IRIS 
aimed to improve the experience and expertise of the WGIAGE members in the field of the assessment of 
the consequences of missiles impact on Nuclear Installations. This exercise is the first of this kind and 
represents a pioneering work for civil engineering community (highly non-linear analysis with large 
displacements and material non-linearities). Five tests, specific to this program, were carried out and one 
existing test was included to cover main failure modes of concrete structures induced by soft and hard 
missile impacts.  

The way to cope with the sensitive aspects of such a subject in IRIS_2010 is to consider the projectile 
impact on an elementary part of structure (reinforced concrete slabs) of reduced size. 

The way to improve and share the participants’ expertise is to ask them to model the behavior of the 
projectile and the target during and after the impact, by using all necessary tools (empirical formulae, 
analytical methods, fast dynamic FEM, …) and to compare the computations results with those given by 
the measurement on existing tests. 

Three different tests are modeled: one among the tests series performed at Meppen (Germany) in late ‘70s 
(6m*6m*0.7m RC slab impacted at its centre by a 1000 kg soft  missile at 250 m/s) with known results and 
the 2 other ones performed by VTT (Finland) without known results (2m*2m*0.15m RC slab impacted by 
a 50kg soft missile at 110m/s and 2m*2m*0.25m RC slab impacted by a 50kg hard missile at 130m/s). 
Two main dominant rupture modes are considered: by punching (without perforation – Meppen test – and 
with perforation – VTT  test –  on thick slab) and by bending (VTT test on thin slab). 

Modeling has been carried out from February 2010 up to September 2010, the results were transmitted to 
the Organizing Committee in September/October, the VTT tests were performed in April/May 2010 (2 
identical tests for thin slab –bending rupture mode- and 3 identical tests for thick slab – punching rupture 
mode). The concealed results of VTT’s tests have been revealed in November and the results obtained by 
the 28 different teams from 11 countries were presented and discussed during the 13-15 December 2010 
Workshop at NEA Headquarters. 

5.3 Conclusion 

• Simulation scattering is large, while tests scattering is rather small, 
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• Analyst’s choices are main origin of these scattering; simulations are not only software dependent , 
they are also analyst dependent2, 

• The input data provided in this workshop in terms of material properties were considered by many 
participants as not sufficient and a possible origin of the scattering. Further research is needed to 
determine the impact of material properties. 

•  The analysis is highly non-linear based on a large set of input parameters. It remains uncertain, 
whether the values of these parameters, within the calculation chain, are selected in such a way that 
the analytical and test results fit together. 

• From the simulation of the two VTT test types, it can be concluded that flexural behavior is easier to 
predict than punching behavior. The difficulties and uncertainties increase with the increase of non-
linearities. The case which appears the most difficult to model is the concrete slab perforation. 

• Damages are difficult to be quantified in simulations; means (e.g. erosion) to simulate and to provide 
numerical criteria for structural damage are key issues; however the “erosion” feature is not problem 
independent (no objective criterion), 

• Combined (FE, analytical, empirical formulae) approaches are encouraged to achieve credible 
simulation results more than a single very complex and time consuming FE simulation. 

• As a general conclusion, the civil engineering community is in a learning phase regarding the impact 
analysis of concrete structures. This first exercise confirms the need to carry out research programs 
on this topic and to improve annalists’ skills as well as the tools for structural impact simulation. 

5.4 Recommendations 

When studying a problem (design verification, or safety assessment…), the following provisions should be 
taken: 

• Consider several different numerical simulations, and be able to understand and explain the 
discrepancies in the results, except you have special experiences in similar cases, 

• Carry out a sensitivity study, to define the dominant parameters and to assess the sensitivity range, 

•  Assess and try to quantify the uncertainties, 

• Incorporate an appropriate margin to take them into account 

• Use codes and tools the calculation team is familiar with, 

• As a first step, use simplified hand calculations based on empirical formulae or/and energy and 
momentum balances. These calculations should always be done, both to obtain a 1st order of 

                                                      
2 While the choice of appropriate software is important, i.e. the necessary physics must be available in the software, it 
is the numerous engineering and numerical choices made by each analyst that contribute significantly to the 
variability (scatter) in the numerical results. It is precisely to minimize these analysts choices that validation 
experiments, i.e. physical realization of initial boundary value problems, are required, and not merely good laboratory 
experiments. 
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magnitude for checking the computer results and to improve the understanding of the critical 
parameters. 

For each numerical simulation: 

• Calibrate the model using representative test results, as far as corresponding test results are 
available3, 

• Present the case as simply as possible: 

− modeling the missiles:  

− if the missile is deformable (and the target not perforated), it is advisable to apply to the 
target model a loading derived from an analytical approach, such as the Riera method. If 
the missile is nevertheless modeled by FEM, the corresponding loadings should be 
checked using the Riera approach, 

− if the missile is less deformable compared to the target or if the target is perforated, it 
should be modeled by FEM; 

− modeling the target (reinforced concrete walls): 

− in case of bending behavior of the wall, 2D elements (such as shell element models) may 
be considered, 

− in case of punching behavior, 3D models appear as mandatory, 

− the boundary conditions shall be carefully modeled (up to supporting frame if necessary), 

− use partial model of the civil structure when applicable. 

When modeling with FEM: 

• Carry out sensitivity studies to define adapted element size. Check that the results do not change 
when the mesh is refined, or when the time step is reduced,  

• Carry out sensitivity studies for concrete constitutive law; check it by modeling the tested samples 
(compression and splitting for example) and compare with the available test data. 

When analyzing the results of the simulation: 

• Begin with a critical analysis, a “sanity check”, to confirm the consistency of the simulation : for 
example in a “soft” impact the missile’s momentum is more or less transmitted into impulse in the 
target, 

• Present the results (post-processing) in a way that can be compared with usual structural engineering 
quantities. 

                                                      
3 One has to bear in mind, nevertheless, that this is an inverse problem: there are numerous numerical ways for 

matching the tests results:  the selected one may cover either a computational “crime” or a physical law 
violation 
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Recommendation for simplified models: 

Simplified models (based on analytical simulations and on experienced judgment) shall be used and 
developed in parallel with sophisticated models in order to allow engineering judgment: more physical 
insights vs. more realistic simulation, calibration vs. checking of the order of magnitude. 

The empirical formulae regarding the response of RC slabs impacted by a hard missile should be extended 
in order they encompass the present concrete with higher strength and the present structures with higher 
thickness and higher reinforcement ratios as well as the presence of transverse reinforcement. 

When using empirical formula for hard impact, the joint use of several formulae is advisable. Each formula 
should be used inside its validity range. 

Recommendation for more realistic models: 

Finite elements method is the most common way to simulate missile and target behavior, but other 
methods are well suited with concrete fragmentation (SPH, lattice discrete particle method, discrete 
element method, etc.,): they could be developed and used. 

Recommendations for further activities 

This type of activity where the models of tests are compared is an efficient way to improve participants 
own skill and to survey the state of the art in fast dynamic computations. The next steps in OECD CAPS 
IRIS will be to:  

1) Improve current models using a single set of material properties. Prior to simulation of impact tests, the 
material tests (e.g. tri-axial tests) shall be modeled to calibrate material constitutive laws,  

2) Develop simplified analytical tools for fast dynamics impact problems. 

The benchmarks and workshops dealing with the assessment of impact resistance of Nuclear Installations 
will be organized, insofar as the sensitive aspects are not concerned. 
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5.5 Prof. Dr Friedhelm Stangenberg opinion 

Prof. Dr. Friedhelm STANGENBERG, Bochum Germany 
Structural scientist at Ruhr University / Associate of Stangenberg & Partners, 
Consulting Engineers (SPI) 

5.5.1 Opinions, comments, and suggestions on the results of IRIS 2010 

1. Opinions and comments on 8 summarizing IRIS draft papers sent to the Scientific Committee 
members by E-mail of 16 Dec., 2010 

On the whole, I agree with the conclusions and recommendations of the draft papers. However, I have a 
different judgement concerning the simulation and prediction quality of the punching behaviour due to the 
hard missile impact (VTT punching test, result: just perforation). 

Indeed, this case includes more difficulties for the participating teams than the VTT flexural test, more 
uncertainties and special phenomena, which are not easy to estimate and to model numerically. 

Before I continue about the challenges for hard-missile-impact simulation, I shortly refer to lessons learnt 
from soft missile impact tests (MEPPEN), in order to answer a concluding question in IRIS SYNTHESIS 
PART II by Nebojsa Orbovic, CSNC (“We are at the beginning of the learning process regarding … 
punching … under hard missile impact loading – and what about soft missile?”): 

Twenty two Meppen tests, about 30 years ago, provided extensive experiences with soft missile impacts on 
R/C plate targets, for combined bending and punching (where the contact actions and target reactions have 
a negligible coupling, only). In some of these experiments, punching perforation just occurred or just did 
not occur. So, soft missile punching, in combination with bending, was studied by approaches from both 
sides to the critical state near failure; and a simplified method was derived for designing against punching 
perforation due to soft missile impact. 

The VTT bending test excludes critical punching with high safety. However, concerning the softness of the 
missile and the predominance of bending, VTT bending test is comparable to Meppen, but it is in a much 
smaller scale than Meppen. 

Now continuing to hard missiles: 

For the IRIS-VTT punching test, analysts cannot transfer these Meppen type experiences, because of two 
main reasons: 

• For hard missile impact (VTT punching), contact actions and target reactions are strongly coupled, 
and local load-introduction simulation needs a more detailed model with respect to the 3rd 
(transverse) dimension. 

• The R/C plate target of the VTT punching test has very extreme lay-out conditions: safe against 
overall bending, but there is no transverse steel reinforcement at all. This is not representative for a 
target designed to resist against a local impact. According to common design rules, a minimum 
transverse reinforcement should be provided, in order to reduce uncertainties and increase 
robustness. For further hard missile impact tests, this should be realized. Then, also scattering of 
predicted punching results in further benchmarking would be reduced. 

These two main reasons make the predictions for VTT punching more difficult. 
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Experiences with local impacts on targets without transverse steel reinforcement may exist in the military 
domain, but probably not for the parameter range of those thin plates of VTT punching experiments. 

Punching without transverse steel reinforcement means that the results are strongly dependent on the 
concrete tensile strengths, which for design generally are not assumed reliable. But here, for benchmarking 
of analytical tools, this can be done, but interpretations for practical design are not realistically possible, 
because of the typical high uncertainties of unreliable concrete tensile strengths, which contribute much to 
scattering. 

I distinctly agree with the statements in the IRIS draft papers that simple “sanity checks” are very helpful 
to avoid errors. E. g. the momentum balance, energy balance, other summarizing checks, checks of 
compatibility and of order of magnitude, for the main results, contribute to eliminate insufficiencies. 

2. Recommendations for simplifications 

IRIS 2010 showed that simplified methods for obtaining the most important results with enough accuracy 
are not inferior to highly sophisticated analytical methods, which, of course, have more chances, but also 
more chances for errors. E. g. for soft missile impact where the deformations of the target are much smaller 
than those of the missile, the RIERA model for generating a load-time function is sufficient. Of course, 
realistic missile data for the crushing resistances and the masses are necessary. For R/C target plate 
responses due to soft missile impacts, 2-dimensional analyses are appropriate. A 3-D analysis with missile-
target interaction simulation is recommended for a hard missile impact, with pronounced punching, but can 
be localized to the vicinity of the impacted zone, while, outside this zone, simpler models can be used 
connected to the local model. 

In special cases, for hard missile impact, a simplification for the local impacted target zone, taking into 
account the local transverse effects in the direction of the plate thickness by a constitutive law for punching 
shear, is possible, also including the coupled missile/target actions and reactions. 

An approach for a rigid missile impact on a R/C target, in case of a cone-shaped punching mode and no 
transverse reinforcement is illustrated by the following sketches: 
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Own additional suggestions 

a) IRIS 2010 is restricted to benchmarking tools for analysing impact responses due to two test 
constellations: soft missile on a target with predominant bending and a hard missile on a target with 
predominant punching leading to perforation. 

Concrete and reinforcement were fabricated under laboratory conditions: well prepared, perfect concrete 
and steel materials, not yet subjected to ageing and degradation influences. For benchmarking analytical 
tools, this is o.k. 

What also is needed, are tools for practical robust design where a structural safety has to be proved, even 
after a certain long-time service period as planned. Safety, which is based on more or less high concrete 
tensile strength, which can be lost partially in future, would not be reliable enough. Some losses of initial 
qualities have to be included into the design. This should be a subject of further robustness and durability 
studies. E. g. VTT punching test results would be quite different after some years of service life of the slab. 

b) For a further hard missile impact test for studying punching, the R/C target plate should have a 
minimum transverse steel reinforcement. This reduces the dependence on unreliable concrete tensile 
strength and increases robustness and calculability. 
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5.6 Prof. Dr Jorge Riera opinion 
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5.7 Dr Leonard E. Schwer opinion 

Comments on the 
Conclusions and Recommendations 

from the 
IRIS_2010 Benchmark and Workshop 

 
Len Schwer 

Len@Schwer.net 
 

6 March 2011 

I appreciate the opportunity to comment on the “Conclusions and recommendation” put forth by the 
IRIS_2010 Workshop Organizers. The views expressed here are solely mine and do not necessarily reflect 
those of the CNSC, to wit: 

The Canadian Nuclear Safety Commission is not responsible for the accuracy of the statements made or 
opinions expressed in this publication and does not assume liability with respect to any damage or loss 
incurred as a result of the use made of the information contained in this publication. 

5.7.1 Comments on the Conclusions 

“Analyst’s choices are main origin of these scattering; simulations are not software dependent, they are 
analyst dependent,” 

I offer this alternative wording 

“While the choice of appropriate software is important, i.e. the necessary physics must be available in the 
software, it is the numerous engineering and numerical choices made by each analyst that contribute 
significantly to the variability (scatter) in the numerical results. It is precisely to minimize these analysts 
choices that validation experiments, i.e. physical realization of initial boundary value problems, are 
required, and not merely good laboratory experiments.” 

“The input data provided in this workshop in terms of material properties were considered by many 
participants as not sufficient and a possible origin of the scattering. Further research is needed to 
determine the impact of material properties.” 

This is far too weak a statement. Either the material properties were sufficient or they were not – do not 
dodge this critical issue. I believe there was a clear consensus that the concrete properties were insufficient 
as too the strain rate properties for the deformable missiles. The required properties were left open to 
analyst choice, and hence obviously contributed to the variability in the numerical results. 

“Damages are difficult to be quantified in simulations; means (e.g. erosion) to simulate and to provide 
numerical criteria for structural damage are key issues,” 

I agree with the intent of this statement, but think it is not clearly stated. 

The correlation of numerical damage to physical damage is a daunting task. 

In the Workshop the word ‘damage’ was used quite loosely. When speaking of physical observations, the 
word damage can be used fairly loosely if everyone is viewing the same image. 
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However, a problem arises in simulations. Here the word damage means some mathematical quantity that 
is simply labelled as damage. The quantity can be many things, but all of them have one common 
characteristic, none of them correlate to physically observed damage. Participants claimed to represent 
cracks via fringe plots of ‘damage,’ but there is no predictive correlation between whatever was plotted as 
‘damage’ and physical cracks. 

“Combined (FE, analytical, empirical formulae) approaches are encouraged to achieve credible 
simulation results more than a single, complex, FE simulation.” 

I would prefer the word “more’ to modify the word credible. Simply performing more than one simulation 
does not establish credibility of the results, but can add to the credibility. Credibility is a process, not a 
result. 

5.7.2 Comments on the Recommendations 

“Use codes and tools the calculation team is familiar with.” 

This statement needs to be more precise. 

Use codes and tools that include the appropriate physics and the calculation team has experience in using. 

This appropriate physics comment relates to the comment further down the list about shell elements for 
flexural and 3D solids for perforation simulations. 

“Calibrate the model using representative test results, as far as corresponding test results are available,” 

This is possibly the most incorrect statement in the document. Consider this case: a numerical simulation 
of 1D wave propagation in a rod produces the wrong arrive times of the wave front, as compared to the 
experimental results. Since the 1D wave speed is a function the modulus and density which of these 
PHYSCIAL parameters should be calibrated? Answer – none, both can be measured and neither need be 
calibrated. It should be obvious that something else is wrong in the model, but calibration of modulus or 
density will disguise that other error. So what has been accomplished by such a modulus or density 
calibration – one computational crime has been committed to cover up a previous computational crime. 

After the fact calibration, i.e. after the experimental results are available, is fine as a learning exercise for 
the analyst, but such results should not be presented as representing anything other than an exercise. 

In the Workshop two analysts presented calibrations of the flexural test where better results were obtained 
via calibration. One changed the strain rate properties of the missile and the other the concrete tensile 
strength. What is to be concluded from such a calibration exercise? 

“if the missile is deformable, it is advisable to apply to the target model a loading derived from an 
analytical approach, such as the Riera method. If the missile is nevertheless modelled by FEM, the 
corresponding loadings should be checked using the Riera approach,” 

I object to this recommendation on three grounds: 

1. While the Riera function is widely used, it is rarely validated. What validation does exist is for 
essentially rigid target impact. The above recommendation ignores the (present) target flexibility. 

2. The Riera function does not produce a unique loading, but also involves analysts choices, and thus also 
contributes to the variability in the numerical results. 
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3. The Riera function is accepted as representative of a complex aircraft impact. This is fine as an industry 
accepted standard. However, using the Riera function as a replacement for a simple finite element model of 
a thin cylinder is unnecessary. There is no need to extend the recommend use of the Riera function to such 
simple impactor geometries. 

This is a bad recommendation 

As I stated after the Workshop, the Organizers could have specified a unique Riera function as one loading 
case for the flexural slab. This would have removed the arbitrariness of the loading function from among 
the analysts many choices. 

“Simplified models shall be used and developed in parallel with sophisticated models in order to allow 
engineering judgment: more physical insights vs. more realistic simulation, calibration vs. checking of the 
order of magnitude.” 

It is difficult to understand what is meant by this statement. I have seen many cases where simplified (fast 
running) models were developed based upon limited experimental data, supplemented with numerous first 
principles numerical models, e.g. finite element models. Is this the intent of this recommendation? 

Frankly, developing simplified models is a dying art. Any undergraduate can run a finite element program, 
but ask them to derive a simple moment balanced engineering model and you will get only blanks stairs in 
return. 

A more practical, and detailed, description is need of what is intended by “simplified models” in this 
context. 

“This type of activity where the models of tests are compared is an efficient way of improving i) its own 
skill and ii) the state of the art in fast dynamic computations. The next steps in OECD CAPS IRIS will be 
to:” 

Who or what does “its” after “i)” refer to? 

It is arguable that what was done in the Workshop is in any way efficient. I would be interested to see an 
enumeration of the ways in which the Workshop improved the state-of-the-art? 

5.7.3 Missing Recommendations 

I believe some major items were omitted from the list of recommendations: 

• Future Round Robin efforts should focus on the simplest type of testing for comparisons. While the 
Organizers obviously thought concrete slabs would be simple enough that was not the case. I have 
seen this in every Round Robin I have participated in, or read about. The first problem attempted is 
thought to be simple enough, but the reality, after expending all the resources, is it was not simple 
enough. For the Workshop starting with rigid projectiles and the static loading of metal targets 
would have been a better first step. 

• Analysts should be involved in the design of the experiments. This will provide them an opportunity 
to describe the physical parameters needed for their models, and if provided eliminate many of the 
analysts choices. 

• A Round Robin should proceed in stages. This allows lessons to be learned and shared in each stage, 
and hopefully improves the results of succeeding stages. 
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• A thorough review of the experimental data is needed. While I believe the Workshop experimental 
results were the best outcome from the Workshop, no in depth review of the experimental results 
was performed, e.g. consistency. In the few instances where I looked in detail at the reported 
experimental results, I saw items that needed more explanation. The danger here is people with little, 
or no, experience in interpreting experimental results (most analysts) will take the experimental 
results are perfect, when clearly this is never the case. 

• There was no error estimates provided for the measurements. A recommendation is made to quantify 
the numerical uncertainty, a similar recommendation is needed for the experimental uncertainty. 

5.8 Dr Jorma Arros opinion 

Subject:   Comments on the Conclusions and Recommendations regarding the IRIS_2010 Benchmark 
and Workshop 

OECD/NEA IRIS Project Organizing Committee: 

Below are a few comments on the subject and a few more general, related remarks. 

• Simulation scattering is large, while tests scattering is rather small, 

• Analyst’s choices are main origin of these scattering; simulations are not software dependent , they 
are analyst dependent, 

My impression was that for many of the teams, the amount of experience on “detailed” nonlinear concrete 
analysis was quite limited and for some, this may have been the first attempt on such analysis.  Given this, 
and the difficulty and complexity of the subject, large scatter in the simulation results was to be expected.  
And yes, this likely contributed more to the scatter than differences is software, but I don’t think 
“simulations are not software dependent”; in my experience, up to this day and age, different software and 
more importantly the different concrete material models implemented in different software produce 
significantly differing results [my experience is with LS-DYNA and ABAQUS Explicit]. 

More general remark:  When I started working on aircraft impact analyses in an NEI/EPRI project for the 
US nuclear power industry in early 2002, when contacted, the LS-DYNA, ANSYS and ABAQUS 
developers essentially stated that “We do not deal with (are not familiar) with nonlinear concrete analysis”, 
even though each software did have some concrete material model(s) implemented at that time.  This has 
changed significantly since then, but the general level of concrete modelling implementation/experience is 
still well below the level prevailing in many other areas of nonlinear detailed finite element analysis. 

• The input data provided in this workshop in terms of material properties were considered by many 
participants as not sufficient and a possible origin of the scattering. 

The lack of information on strain rate effects both in concrete and the missile steel material was probably 
the most obvious weakness given that we are dealing with fast large deformation phenomena.  I believe 
inclusion/omission of the strain rate effects might easily result in differences of up to 30% in the results 
(although I did not go back now to review the actual strain rates). 

• Damages are difficult to be quantified in simulations; means (e.g. erosion) to simulate and to provide 
numerical criteria for structural damage are key issues, 
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• From the simulation of the two VTT test types, it can be concluded that flexural behaviour is easier 
to predict than punching behaviour. 

As was extensively discussed in the workshop, the “erosion” feature implemented in many FEM codes is a 
mathematical feature, it is not based on the physics of the problem; the parameters associated with this 
feature cannot be established based on actual physical properties of concrete.  It may be possible to tweak 
such parameters such that good match to certain test results is achieved, but it is likely that it is not possible 
to establish values for these parameters such that they are problem independent.  On this basis, use of the 
erosion feature may not “be the answer” for problems with severe local nonlinear behaviour involving 
fragmentation such as in punching shear.  (In many cases, flexural problems do not require use of erosion.)  
Furthermore, more generally, the finite element method, with the description of deformation being based 
on the element shape functions, may not be the best way (or may not be suitable) for this category of 
problems.  It may turn out that “particle based” formulations such as smooth particle hydrodynamics (SPH  
-  this term is misleading), or lattice discrete particle method, or discrete element method, which do not use 
the mathematical erosion concept are better suited for the analysis of concrete subject to severe local 
deformation and fragmentation.  Note that such particle based formulations can be incorporated into FEM 
codes as has already been done in the case of SPH implemented in LS-DYNA. 

• if the missile is deformable, it is advisable to apply to the target model a loading derived from an 
analytical approach, such as the Riera method. If the missile is nevertheless modelled by FEM, the 
corresponding loadings should be checked using the Riera approach, 

If the missile is modelled properly and the rest of the modelling and analysis is handled properly, no need 
to “check” using Riera approach. 

• if the missile is rigid, it should be modelled by FEM 

or in some cases empirical formulas for hard missiles can be used. 

• in case of bending behaviour of the wall,  2D models (such as shell element models) may be 
considered, 

A wall (a plane) modelled with shell elements capable of modelling out-of-plane deformation is a 3D 
model (even if the shell element formulation only uses 2 element coordinates) 
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APPENDIX 1  CONTENT OF THE IRIS_2010 COMPACT DISK 

1. 1.  BENCHMARK INPUT 

2.  1.1  Data provided for the benchmark 
• 9 February 2010 email (basic data) 
• 20 April 2010 email (As tested impact velocities) 
• 15 June 2010 email (Formatting of the simulation sheets) 

      1.2  Detailed experimental data provided after the simulations 
• MEPPEN Tests 

− Problem statement. MEPPEN II-4 and II-5.pdf 
− Report MEPPEN-Impact-Tests.pdf 

• VTT Tests 
− Extracts from Test results 
− VTT Testing reports 

− VTT-R-0557-10 IRIS2010 B1-B2-P2-P3 Report.pdf 
− VTT-R-0558-10 IRIS2010P1 Report Rev A.pdf 

3.  

4. 2.  BENCHMARK OUTPUT 

5. This directory gathers, for each of the 28 participants: 
• the Excel calculation files 
• the .pdf Numerical Simulation Reports 

 

3.  WORKSHOP 

 3.1  Preparatory Meetings 
3.1.1 April 2009 meeting 

• Minutes of Meeting 
• Presentations  

3.1.2 October 2009 meeting 
• Minutes of Meeting 
• Presentations 

 

 3.2  Workshop 13-15 December 2010 
3.2.1 Agenda  
3.2.2 Participants 
3.2.3 Presentations 

• December 13, 2010 
− Opening session  
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− A. OECD Opening: NEA Hazards Activities and Objectives of the 
Workshop. A. Huerta 

− B. Overall view of the benchmark (Organising Committee) 
− C. Lectures 

− Afternoon Session: Teams # 1, 2, 6, 8, 12, 13, 17 and 18 

• December 14, 2010 
− Morning session: Teams # 4, 14, 19, 20, 21, and 26  
− Afternoon Session: Teams # 5, 10, 11, 22, 24, 27, and 28 

• December 15, 2010 
− Morning session  

− Simulation presentations: Teams # 7, 9, 15 and 16 
− Synthesis by the Organising Committee 

− Closing Session 
− Panel discussion 
− Workshop Conclusion and Recommendations 

 

4.  SYNTHESIS 

 The synthesis work produced during the benchmark and the workshop are listed here after 

 4.1  List of synthesis presentations made during the benchmark 

 The synthesis presentations are included in the following sessions of point 3.2 

• December 13, Opening session 
• December 15 

− Morning session 
− Synthesis by the Organising Committee 

− Closing session 
− Panel discussion 
− Workshop Conclusions and Recommendations  

 
 4.2  Benchmark Synthesis Report 

 Report issued by the Organising Committee: "IRIS_2010 Benchmark Synthesis Report, 10 May 
2011 

 
 4.3  Final Conclusions and Recommendations 

 Report issued by the Organising Committee: "Summary –Conclusions –Recommendations 8 April 
2011 
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