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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. 
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THE 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 and technical 
safety organisations over the next six years (2011-2016). 

The clear safety priority of the CSNI 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 Improving Robustness Assessment Methodologies for Structures Impacted by 
Missiles (IRIS), 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 second phase of IRIS benchmark study, 
IRIS_2012, officially launched in February 2012 with the participation of twenty eight teams from twenty 
different organisations from eleven countries that concluded in October 2012, Ottawa, Ontario, Canada 
with a final workshop convened to discuss the results of the simulations performed. 
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EXECUTIVE SUMMARY 

 

1.1 Introduction 

This report documents the results and conclusions of the second phase of the Integrity and Ageing of 
Components and Structures Working Group (WGIAGE) activity "Improving Robustness assessment of 
structures Impacted by missileS", called IRIS_2012. The objective of the activity was to conduct a post-
test benchmark study to improve models and evaluation techniques used in IRIS_2010. The benchmark 
was open to the new participants and some of IRIS_2010 participants did not take part of IRIS_2012. For 
this reason the team numbers in two benchmarks are different and to make direct comparisons it is 
necessary to have both lists. 

An Organising Committee was similar to IRIS_2010 with reversed roles of CNSC and IRSN. A 
Scientific Committee was established to support the Organising Committee and to provide guidance and 
recommendations. 

For IRIS_2010 benchmark a series of repeated test was performed: two bending rupture tests and 
three punching rupture tests. For IRIS_2012 and based on recommendation from IRIS_2010, tri-axial tests 
and Brazilian tensile test were additionally performed in order to calibrate constitutive models. The 
benchmark was officially launched in February 2012 with the participation of twenty six teams from 
twenty different institutions (Safety Authorities, TSOs, Utilities, Vendors, Research Institutes and 
Consulting Companies), from ten different countries from Europe, North America and Asia (plus 1 
international organisation). 

A three day workshop was convened in October 2012 in Ottawa, Ontario, Canada where each 
participating team presented and discussed their results and performed simulations. The workshop 
proceedings were gathered in the attached CD-ROM. 

 

1.2 IRIS_2012 Objectives 

Based on IRIS_2010 results and recommendations, OECD/NEA members recognized that there was a 
need to continue the work on understanding and improving simulation of structural impact. The goal of the 
new IRIS_2012 benchmark was to [2]: 

 
1) Update and improve existing FE models, for teams that participated in IRIS_2010, or to create new 
models for new participants. In order to improve FE models it was requested to: 
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Simulate uni-axial unconfined concrete test and tri-axial concrete tests, using the results provided by IRSN, 
as well as the Brazilian test (concrete tensile test), using the results provided by VTT, to calibrate concrete 
constitutive models to be used in the benchmark, 
Simulate VTT-IRSN-CNSC Punching P1 test using single set of input data as well as the test results 
provided by IRIS_2012 Organizing Committee (simulation with open test results), 
Simulate VTT-IRSN bending B1 test using single set of input data as well as the test results provided by 
IRIS_2012 Organizing Committee (simulation with open test results), 
Perform sensitivity studies and point out governing parameters, 
For those who participated in IRIS_2010, to report on differences between IRIS_2010 and IRIS_2012 
simulation, lessons learned and possible guidance for numerical simulations of  structural impact. Possible 
guidance for numerical simulation of structural impact were expected from new participants as well based 
on sensitivity studies carried out in IRIS_2012 and their previous experience. 
 
2) Develop simplified approaches and/or tools (i.e. analytical tools or numerical models with reduced 
number of degrees of freedom) and: 
 
Perform the simulation of  VTT-IRSN-CNSC Punching P1 test and VTT-IRSN bending B1 test with these 
tools, 
Consider how complex models and simplified tools can improve mutually. 
 
 

1.3 Test program 

To streamline the analysis, the existing IRIS_2010 tests were examined to select most reliable tests 
and output variables. Following IRIS_2010 recommendations, two additional sets of tests were conducted 
to calibrate concrete properties.  

 (a) One Brazilian (tensile strength) test 
 (b) Five additional compression tests on cylindrical specimens with confining 
                   pressure from zero to 100 MPa (tri-axial tests) 
 

The test data provided to participants to compare with modeling results were as follows: 

 (c) One VTT-IRSN flexural (bending) test B1 with initial missile velocity 110 m/s 
 (d) One VTT-IRSN punching test P1 with initial and final missile velocity 136 
                 and 33.8 ± 1.4 m/s respectively.      
  

1.4 Numerical analysis 

For the analysis of the numerical data, the work was performed similar to IRIS_ 2010 benchmark as 
follows: 

All the information given in the different files provided by all participants was summarized in a unique 
file. A unique team number from 1 to 29 was assigned to each team. Gaps in numbering are the result of 
some teams dropped out of IRIS_2012 benchmark. 
Different numerical results (stress-strain curve, load versus time, displacement versus time, impulse versus 
time etc.) were compared with the experimental data. Statistical analysis has been conducted on numerical 
results obtained by all teams. The results obtained in IRIS_2012 benchmark were compared with 
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IRIS_2010 results. Please, notice that team identifying numbers shown on IRIS_2010 results are different 
from team numbers shown on IRIS_2012 results.  
To reduce the modeling scatter, a single set of material properties was provided for each test/modeling 
case. Based on lessons learned from IRIS_2010, all participants were advised to use these data in their 
modeling. Table 4.1 provides synthesis of concrete compressive and tensile strengths values used by 
different teams in IRIS_2012. 
 
 
 

1.5 General analysis of the results 

Most of the teams used commercial FE codes. Only 3 out of 25 teams used “in house” FE codes. 
Commonly used commercial codes used were ABAQUS, LS-DYNA (7 teams), EUROPLEXUS and 
AUTODYN. All FE users, except two, used explicit codes that provide better stability, particularly in the 
punching test modeling. 

Following IRIS_2010 recommendations, six teams employed simplified analytical/ numerical models 
capturing the main features of missile impact.  Seven models were created for the flexural test and four 
models for the punching test. 

Tensile (Brazilian) and Tri-axial tests 

Most of teams considered the tensile (Brazilian) test simply as method for obtaining the concrete 
tensile strength and did not model it. As expected, all teams that modeled this test have received predicted 
values close to test results. Therefore, the attention was focused on tri-axial tests conducted at the 
University of Grenoble. Most of teams have got a reasonable agreement with test results for maximum 
compressive strength of the concrete. However, the agreement between modeled and test strains at the 
maximum compressive stress was poor for large number of teams. 

VTT-IRSN Flexural test 

The IRIS_2012 results clearly show the overall significant improvement in modeling comparing to 
IRIS_2010results. Maximum values of selected concrete displacement show more than three times C.O.V. 
(Coefficient of Variation) decrease (from 97% to 31%) and mean value almost perfectly corresponds to test 
results. For residual displacement and maximum reinforcement strains, the correlation between tests and 
modeling results is not as good and the scatter is larger. However, improvement from 2010 to 2012 is 
evident. 

VTT-IRSN-CNSC Punching test 

Missile residual velocity and concrete damage pattern are main parameters for punching/perforation 
test. 

Regarding the missile residual velocity, the results clearly show the overall significant improvement 
in modeling: more than 5 times C.O.V. decreases (from 274% to 53%). Regarding the damage pattern, 
despite clear guidelines from the Organizing Committee, slab damage was provided by participating teams 
differently. This fact is, probably, attributed mainly to different capabilities of software used by 
participants. The concrete erosion is one of the most important parameters to model the damage pattern and 
the erosion criteria are highly code dependent. 

Results for both Flexural and Punching Tests 
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8 teams out of 28 were within ±40% error for both tests. All eight “best performing teams” have an 
extensive experience in such type of modeling gained during participation in different working groups, 
benchmarks and testing campaigns like IMPACT and MEPPEN. The summary shows that good results 
could be obtained using both FE software and simplified models. It can be also seen that commercially 
available software can provide similar level of accuracy as in-house, specially developed software, if they 
are used by experienced teams. 

 
 

1.6 The Workshop 

A three day workshop was conducted in Ottawa in October 2012. The workshop began with very 
good presentations followed by lively discussions including almost all participants and the members of the 
Organizing and Scientific Committees. The level of discussions, including the attitude of participants and 
their involvement, was a big improvement, comparing to IRIS_2010 workshop,    

The Organizing Committee is encouraged to continue with OECD/NEA IRIS Research Program. 

 

1.7 IRIS Recommendations 

Based on IRIS benchmarks recommendations can be made regarding the simulation process and 
expected results. The recommendations are applicable to flexural, punching or combined structural 
behaviour under missile impact. 

Successful simulation should be done by a highly experienced team in this specific area. The 
competence of team members should cover the areas of structural design, testing and interpretation of test 
results as well as the impact modeling and analysis. 

The simulation should be performed following the steps: 

- The first step of a detailed analysis is to  identify the phenomena to be simulated (local resistance to 
penetration/perforation or punching behaviour, global or semi-global flexural behaviour, combined flexural 
and punching behaviour, induced vibrations), to assess their magnitude  and to define the most relevant 
results (missile residual velocity, structural  displacements, reinforcement strains..). 
- The second step is to choose an appropriate FE code and the type of model (impacted structure and 
missile modelling), the type of elements and the material constitutive models. Verified and validated 
numerical simulation tools should be used. Lagrangian FEA, using continuous beam, shell and solid finite 
elements, is most commonly used. However, Smoothed Particle Hydrodynamics (SPH) method is gaining 
popularity. 
- The third step is to validate the material constitutive model using representative test results. It is 
important to insure whether the simulation case is within the validity domain of the model. 
- The fourth step is to verify the main parameters (physical parameters and numerical parameters) related 
to the chosen results, using sensitivity studies. The sensitivity studies should be carried out, as a minimum, 
on the element size, the time step, parameters of material constitutive models, boundary conditions and 
failure (or erosion) criteria. It should be noted that non-linear simulations have inherent uncertainties and 
sensitivity studies should be used to define upper and lower-bound solutions. 
- The fifth step is to verify the most important results (e.g. displacements, strains, response spectra, damage 
footprint and missile residual velocities) comparing to the results obtained using alternative simplified 
methods. The simplified methods are often reduced to the analysis of a single parameter. Therefore, there 



NEA/CSNI/R(2014)5 

13 
 

is a need to use a set of simplified models. This step is done independently of detailed analysis and it can 
be performed at any phase of detailed analysis. It is recommended to perform this step as soon as possible 
to have a rough idea about the expected results. 
- The sixth step is to have an independent review of the analysis and obtained results. Taking into account 
the level of complexity, an independent review should be mandatory for this type of simulations. 
 

If the six steps are properly followed by an experienced team, in the design or assessment process, it 
can be expected that a coefficient of 1.4 applicable to simulation results (displacements, strains, residual 
velocities…) would cover the uncertainties. Based on IRIS tests the repeatability of the tests and the 
accuracy of the measurements have the Coefficient of Variation C.O.V. of 20%.  It would be difficult to 
achieve higher accuracy in simulations. Based on IRIS benchmark, it is reasonable to expect from an 
experienced team to perform a simulation of a specific test with accuracy within ±40%. 

Simulation of impact induced vibrations is a challenge as mentioned in the conclusions. The 
difficulties are in the simulation of slab frequency, concrete damage and residual displacement. All these 
facts indicate the need of accurate characterization of concrete damage, damping and, may be, connections 
to the supporting structure. This will be the main exercise in the next IRIS phase. 
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2. TESTS TO BE SIMULATED 

 

2.1 Introduction 

To streamline the analysis, the existing IRIS_2010 tests were examined to select most reliable tests 
and output variables. Following IRIS_2010 recommendations, two additional sets of tests were conducted 
to calibrate concrete properties. The test data provided to participants to compare with modeling results 
were as follows: 

 (a) One VTT-IRSN flexural (bending) test B1 with initial missile velocity 110 m/s 
(b) One VTT-IRSN punching test P1 with initial and final missile velocity 136 m/s and 33.8 ±     
1.4 m/s respectively      

 (c) One Brazilian (tensile strength) test 
(d) Five additional compression tests on cylindrical specimens with confining pressure from zero 
to 100 MPa (tri-axial tests)  

 
However, additional tests data, specifically from P2, P3 and B2 tests, were also provided. Excel files 

with selected test data (a) – (d) (geometry/material properties and measured time histories) were provided 
to all participants well in advance. The original structure of these files was modified to accommodate 
lessons learned from IRIS_2010. To simplify analysis and synthesis of results, placeholders (templates) for 
including numerical results and plotting graphs were also provided.  

 

2.2 VTT test B1 with bending mode of failure 

 

2.2.1 Introduction 

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

 
Fig 2.1 The VTT launcher installed inside an underground cavern 

 

 
Fig. 2.2 Detail showing the target, the supporting frame and the piston catcher 

 
 
 
 

2.2.3 Input data 

 
Drawings of tests set-up (Figs 2.3- 2.6) and Excel file with recorded output data were provided to all 

participants. 
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Fig. 2.3 Typical dimensions of slabs to be tested according to bending mode failure 

       
Fig. 2.4 Drawing showing the supporting frame. The four back pipes are not to scale, they are longer and 

are fixed on the rock at the extremity of the cavern 
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Fig.2.5 Details of the contact between the slab and the supporting frame 

 
Two 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. However, only B1 test was selected for comparison with 
modeling results in IRIS_2012 Benchmark. 
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Fig. 2.6 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 in B1 test (targeted value 50kg) 
 

2.2.4 Output data 

The  recordings  mainly  consisted  of  time  histories  of  the  target displacement  and strains as well 
as time  histories  of  rebar axial strains. The deformed shape of the missile after the impact and  horizontal 
and vertical cross-sections of the sawn quarter of the slab were also photographed and measured. The 
following time history data were provided to all participants for flexural test: 

(a) Displacement at the rear of the slab at five locations W1 – W5, see Fig. 2.7(a) 
(b) Strains at the front of the slab at three locations R1 – R3, see Fig. 2.7 (b), and 
(c) Reinforcement strains at ten locations D1, D3 – D8, D10, D15, D18, see Fig. 2.8 
(d) Support forces measured from back pipe at four locations, and 
(e) Total support force and Impulse 
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Fig. 2.7 Position of gauges on the concrete slab in flexural test 

 

 

 

Fig. 2.8 Position of strain gauges on the rebars in flexural test 

point W1 W2 W3 W4 W5
x (mm) 0 250 250 385 385
y (mm) 0 250 0 385 0
z(mm) -75 -75 -75 -75 -75

position rear rear rear rear rear

Position relative to the center
Position 

point R2 R1 R3
x (mm) 229 456 688
y (mm) 229 456 688
z(mm) 75 75 75

direction 45° 45° 45°
position front front front

point D3 D4 D5 D6 D7 D8 D10 D12 D14 D15 D18
x (mm) 0 27.5 220 192.5 220 192.5 192.5 192.5 467.5 715 467.5
y (mm) -27.5 0 -27.5 0 -27.5 0 220 220 495 687.5 -495
z(mm) -54 -48 -54 -48 54 48 -48 48 -48 -54 -48

direction x y x y x y y y y x y
position rear rear rear rear front front rear front rear rear rear

Reinforcement sensors position relative to the center

(a) displacements W1 – W5 (b) strains R1 – R3 
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Figs. 2.9 – 2.11 show some examples of data provided. The complete set of results is documented in 
the report provided in the CD. 

 

Fig. 2.9 Time history of the slab displacements recorded during and after the impact (B1) 
 
 
 
 
 
 

 

Fig. 2.10 Missile whose length is reduced from 2111mm to 1140 mm 

 

Fig. 2.11 Horizontal cross section of t h e  s a wn  quarter of the slab. The axis perpendicular to the 
slab at its centre is located on the vertical 
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2.3 VTT tests with punching mode of failure 

2.3.1 Input data 

The same device was used to launch the missile and to fix the reinforced concrete slabs (see Fig. 2.1 
and 2.2). The only change in the slabs geometry was the thickness which was about 250 mm (instead 
of 150 mm for bending rupture mode tests). 

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

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

 

 
Fig. 2.12 Missile data for punching failure mode test P1 

 

2.3.2 Output data 

 
The duration of the impact was shorter than the one of bending mode failure tests. This was due to 

the type of missile that generates a hard impact. The output data mainly consisted of 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: 

  Slab P1 Slab P2 Slab P3 
Initial 136 135 136 

Residual 33.8 45.3 35.8 
 

However, only P1 test was used for comparison with modeling results in IRIS_2012 Benchmark. 
Similar to flexural tests, the  recordings  mainly  consisted  of  time  histories  of  the  target displacement  
and strains as well as time  histories  of  rebar axial strains. The deformed shape of the missile after the 
impact and horizontal and vertical cross-sections of the sawn quarter of the slab were also photographed and 
measured. The following time history data were provided to all participants for punching test P1: 

(a) Displacement at the front of the slab for five locations W1 – W5, see Fig. 2.13(a) 
(b) Strains at the front of the slab for three locations R1 – R2, see Fig. 2.13 (b), and 
(c) Reinforcement strains at seven locations D1, D3 – D8 see Fig. 2.14 
(d) Support forces measured from back pipe at four locations, and 
(e) Total support force and Impulse 

 

                         

       

Fig. 2.13 Position of gauges on the concrete slab in flexural test 

point W1 W2 W3 W4 W5
x (mm) -300 0 300 460 600
y (mm) 230 230 230 230 230
z(mm) 125 125 125 125 125

position front front front front front

Position relative to the center point 1 2
x (mm) 30 30
y (mm) 210 350
z(mm) 125 125

direction y y
position front front

Position relative to the center

Velocity, m/s 

(a) displacements W1 – W5 
(b) strains R1 – R2 
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Fig. 2.14 Position of strain gauges on the rebars in flexural test 

 

Figs. 2.15 – 2.19 show some of the output data. The complete set of results is provided on the CD. 

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

Position relative to the center
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Fig. 2.15 Still picture showing the crossing of the slab by the missile 
 

 

Fig. 2.16 Back face of the slab after the impact
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Fig. 2.17 Horizontal cross-section of quarter of the slab.  

 
Fig.2.18   Missile after the impact 

 

 
 

Fig. 2.19 Time history of displacements measured on the slab P1 
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2.4 Tensile (Brazilian) test 

 

 
Fig. 2.20 Tensile (Brazilian) test 

Fig. 2.20 shows the set-up and the result of the Tensile (Brazilian) test that were provided to all 
participants. 
 

2.5 Tri-axial tests 

 
Tri-axial tests were carried out at the University Joseph Fourrier in Grenoble and they were part of 

M. Vu Ph. D. theses. The tested cylindrical concrete specimens were manufactured in Finland with the 
concrete similar to the concrete used in P1 and B1 VTT impact tests. The goal was to simulate these tests 
and use the results to calibrate concrete constitutive models. 

The deformations were measured locally in two directions using gauges (Ja for vertical deformation 
and J0 for horizontal deformation) glued on the specimen and globally using LVDT gauges as presented 
on the Fig. 2.21. The confinement was introduced using pressure of a confining fluid. The specimens 
were protected with latex membrane to avoid the penetration of the confining fluid in the concrete. The 
performed tri-axial tests consisted in applying a hydrostatic pressure all around the specimen at 0.5 
MPa/s up to pressure value pconf. A constant displacement rate of 14 µm /s of the axial jack and a 
constant confining pressure pconf on the lateral face were then imposed.  

Unfortunately, test results were provided to the Organizing Committee as graphs only (no 
supporting data). Therefore, these graphs were digitized and strain-stress data for both vertical and 
horizontal directions were provided to all participants as Excel file for five different values of 
confinement pressure pconf : 0, 15.5, 26, 47 and 100 MPa, see Fig. 2.22. 
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Fig. 2.21 Set-up for the tri-axial tests 

 

        
 

        
 

 
Fig. 2.22 Tri-axial tests with different confinement pressure 

 
The rupture modes were also provided to all participants as shown on Fig. 2.23 
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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. Similar to IRIS_2010 
benchmark, each participant was requested to provide a  Numerical Similar Simulation Report. The 
layout of this report was defined by the Organizing Committee similar to the layout of the IRIS_2010 
benchmark report. The only difference was the requirement for an additional section describing the 
differences between IRIS_2010 and IRIS_2012 benchmark reports. Each report issued by each 
calculation team describes the methodology applied for the numerical simulation of the tests 
included in IRIS_2012 benchmark and supports numerical results. The reports are expected to 
provide a rationale for each analytical choice or assumption made by the analyst. The optimum size of 
the Numerical Simulation Report was quoted between 5 and 10 pages. 

The Numerical Simulation Reports provided by the participants have been formatted by the 
Organizing Committee, in order to harmonize their content and size. However, each report has 
separate Figures and Tables numbers. There are also some differences in page formatting and fonts used 
in order to keep the embedded reports as close to the original as possible. 

 

3.2 Typical content of the numerical simulation report 

In IRIS_2012 Benchmark the Organizing Committee did not provided typical content of the Numerical 
Similar Simulation Report, since the layout of this report was defined by the Organizing Committee 
similar to the layout of the IRIS_2010 benchmark report. The only difference was the requirement for 
those who participated in IRIS_2010, to report on differences between IRIS_2010 and IRIS_2012 
simulation, lessons learned and possible guidance for numerical simulations of structural impact. Possible 
guidance for numerical simulation of structural impact was also expected from new participants as well 
based on sensitivity studies carried out in IRIS_2012 and their previous experience. 
 

3.3 Participants 

The following tables give a general view of the participation 



NEA/CSNI/R(2014)5 

32 
 

3.3.1 List of participating teams 

 
No Participating 

organisation/team 
Team’s 
Country 

Transmission of Results in 
Excel format (X means 
transmitted)  

Number of 
Pages of the 
Numerical 
Simulation 
Report 

VTT 
flexural 

VTT 
punching 

Tri-
axial 

 

1 AERB India X X - 12 
2 ANATECH US X X X 39 
6 CANDU ENERGY Canada X X X 10 
7 CEA France X - - Not submitted 
8 CNSC-Team I Canada X X X 11 
9 CNSC-Team II Canada X X X 9 
10 EDF France X - - 23 
11 ENSI SwitzerlandS

pain Germany 
X X X 14 

12 F4E-IDOM Spain X X - 13 
13 FORTUM Finland - - - Not submitted 
14 GRS Germany X X X Not submitted 
15 IRSN Team I France X X X 10 
16 IRSN Team II France X X X 10 
17 IRSN Team III France X X - 11 
18 IRSN Team IV France X - - 7 
19 JNES Japan X X X 10 
20 KINS Korea X X X 9 
21 NRC-SNL US X X X 32 
22 NRI Czech 

Republic 
X - X 5 

24 SWISSNUCLEAR SwitzerlandG
ermany 

X X - 32 

25 UJF France X X X 42 
26 VTT-Team I Finland X - X 9 
27 VTT-Team II Finland - X - 11 
28 VTT-Team III Finland X X - 32 
29 WOELFEL Germany - X X 14 
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3.3.2 E-mail address of simulation correspondents 

 
No Participating 

organisation/team 
Team’s Country E-mail address of the correspondant for the simulation 

1 AERB India Ajai S Pisharady, aspisharady@aerb.gov.in 
2 ANATECH US Randy James, randy.james@anatech.com 
6 CANDU 

ENERGY 
Canada Ming.Han  

(Ming.Han@candu.com) 
7 CEA France Daniel Guilbaud (daniel.guilbaud@cea.fr) 
8 CNSC-Team I Canada Genadijs Sagals 

Genadijs.sagals@cnsc-ccsn.gc.ca 
9 CNSC-Team II Canada Frank J. Vecchio 

fjv@civ.utoronto.ca 
10 EDF France  Mathieu Galan mathieu.galan@edf.fr 
11 ENSI SwitzerlandSpain Germany Schneeberger Christian Christian.Schneeberger@ensi.ch 
12 F4E-IDOM Spain Didier Combescure Didier.Combescure@f4e.europa.eu 
13 FORTUM Finland Varpasuo Pentti 

Pentti.Varpasuo@fortum.com 
14 GRS Germany Heckötter Christian 

Christian.Heckoetter@grs.de 
15 IRSN Team I France Rambach Jean-Mathieu 

jean-mathieu.rambach@orange.fr 
16 IRSN Team II France Tarallo François 

francois.tarallo@irsn.fr 
17 IRSN Team III France Kevorkian Sandrine 

sandrine.kevorkian@irsn.fr 
18 IRSN Team IV France Jean-Rambach Mathieu 

jean-mathieu.rambach@orange.fr 
19 JNES Japan Hiroto Inoue 

inoue-hiroto@jnes.go.jp 
20 KINS Korea Raeyoung Jung 

ry.jung@kins.re.kr 
21 NRC-SNL US John Bignel 

jbignel@sandia.gov 
22 NRI Czech Republic Jan Stepan 

stepan@egp.cz 
24 SWISSNUCLEA

R 
SwitzerlandGermany Philippe Renault 

philippe.renault@swissnuclear.ch 

25 UJF France Laurent Daudeville 
daudevil@ujf-grenoble.fr 

26 VTT-Team I Finland Saarenheimo Arja 
Arja.Saarenheimo@vtt.fi 

27 VTT-Team II Finland Kim Calonius 
kim.calonius@vtt.fi 

28 VTT-Team III Finland Markku Tuomala 
markku.tuomala@tut.fi 

29 WOELFEL Germany Henkel, Fritz-Otto 
Henkel@woelfel.de 

 
 
  



NEA/CSNI/R(2014)5 

34 
 

  



NEA/CSNI/R(2014)5 

35 
 

4. SYNTHESIS OF IRIS_2012 BENCHMARK RESULTS 

 

4.1 Introduction 

The present synthesis is prepared by the Canadian Nuclear Safety Commission staff and 
discussed by the Organizing Committee, Scientific Committee members and all participants. This 
work was intentionally presented in the way similar to IRIS_2010 synthesis [1] to show the 
progress and remaining issues. The intent of the authors was to focus on what are considered as 
the most significant results and improvements achieved in IRIS_2012 comparing with 
IRIS_2010. This synthesis includes comments from all participants. The Organizing Committee 
would like to thank to Christian Heckötter (GRS), John Bignell (SANDIA Lab.) and Mathieu 
Galan (EDF) for their detailed comments which improved overall quality of the report. 

The synthesis is divided into seven main parts. Following the brief introduction, the second 
part provides general description of IRIS_2010 benchmark objectives, work done and conclusions 
obtained. In the following part the objectives of IRIS_2012 benchmark, based on IRIS_2010 
recommendations, are presented. The fourth part describes the method adopted for the analysis of 
the numerical data provided by participating teams, and synthesis of models employed as well as 
main results obtained in IRIS_2012 with focus on improvements achieved comparing to 
IRIS_2010. The fifth part presents the discussion of the results.  Finally, in two last parts, 
conclusions and recommendations are drawn. 

4.2 IRIS_2010 benchmark: work done and conclusions 

IRIS OECD/NEA benchmark is the first international benchmark of this kind and it began 
with IRIS_2010 phase. Since the IRIS_2012 benchmark is a direct continuation of the IRIS_2010 
benchmark, the main conclusions and recommendations of IRIS_2010, as stated in Ref. [1] are 
presented below: 

 
“IRIS_2010 benchmark is the first round 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. 
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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 modeled 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.” 
 

4.3 IRIS_2012 benchmark objectives 

 
Based on IRIS_2010 results and recommendations, OECD/NEA members recognized that 

there was a need to continue the work on understanding and improving simulation of structural 
impact. The goal of the new IRIS_2012 benchmark was to [2]: 

 
1) Update and improve existing FE models, for teams that participated in IRIS_2010, or to create 
new models for new participants. In order to improve FE models it was requested to: 
 

• Simulate uni-axial unconfined concrete test and tri-axial concrete tests, using the results 
provided by IRSN, as well as the Brazilian test (concrete tensile test), using the results 
provided by VTT, to calibrate concrete constitutive models to be used in the benchmark, 

• Simulate VTT-IRSN-CNSC Punching P1 test using single set of input data as well as the 
test results provided by IRIS_2012 Organizing Committee (simulation with open test 
results), 

• Simulate VTT-IRSN bending B1 test using single set of input data as well as the test 
results provided by IRIS_2012 Organizing Committee (simulation with open test results), 

• Perform sensitivity studies and point out governing parameters, 
• For those who participated in IRIS_2010, to report on differences between IRIS_2010 

and IRIS2012 simulation, lessons learned and possible guidance for numerical 
simulations of  structural impact. Possible guidance for numerical simulation of structural 
impact were expected from new participants as well based on sensitivity studies carried 
out in IRIS_2012 and their previous experience. 

 
2) Develop simplified approaches and/or tools (i.e. analytical tools or numerical models with 
reduced number of degrees of freedom) and: 
 

• Perform the simulation of  VTT-IRSN-CNSC Punching P1 test and VTT-IRSN bending 
B1 test with these tools, 
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• Consider how complex models and simplified tools can improve mutually. 
 

4.4 Method 

 
To achieve IRIS_2012 benchmark objectives, the following steps were employed: 

 

4.4.1 Test program 

To streamline the analysis, the existing IRIS_2010 tests were examined to select most 
reliable tests and output variables. Following IRIS_2010 recommendations, two additional sets of 
tests were conducted to calibrate concrete properties. The test data provided to participants to 
compare with modeling results were as follows: 

 (a) One VTT-IRSN flexural (bending) test B1 with initial missile velocity 110 m/s 
(b) One VTT-IRSN punching test P1 with initial and final missile velocity 136        
and 33.8 ± 1.4 m/s respectively      

 (c) One Brazilian (tensile strength) test 
 (d) Five additional compression tests on cylindrical specimens with confining 
 pressure from zero to 100 MPa (tri-axial tests)  
 

However, additional tests data, specifically from P2, P3 and B2 tests, were also provided. 

Excel files with selected test data (a) – (d) (geometry/material properties and measured time 
histories) were provided to all participants well in advance. The original structure of these files 
was modified to accommodate lessons learned from IRIS_2010. To simplify analysis and 
synthesis of results, placeholders (templates) for including numerical results and plotting graphs 
were also provided.  

 

4.4.2 Numerical analysis 

For the analysis of the numerical data, the work was performed similar to IRIS_2010 
benchmark as follows: 

 
• All the information given in the different files provided by all participants was 

summarized in a unique file 
• A unique team number from 1 to 29 was assigned to each team. Gaps in numbering are 

the result of some teams dropped out of IRIS_2012 benchmark 
• Different numerical results (stress-strain curve, load versus time, displacement versus 

time, impulse versus time etc.) were compared with the experimental data 
• Statistical analysis has been conducted on numerical results obtained by all teams 
• The results obtained in IRIS_2012 benchmark were compared with IRIS_2010 results. 

Please, notice that team identifying numbers shown on IRIS_2010 results are different 
from team numbers shown on IRIS_2012 results. They correspond to section 3.3.1 List 



NEA/CSNI/R(2014)5 

38 
 

of participating teams in Reference 1. Therefore, for example, EDF team is team #9 on 
IRIS_2010 results and team #10 on IRIS_2012 results 

• Two teams created more than one type of models for each case as follows:  
- Team #21(NRC-SNL) created both full and simplified models for both flexural 

and punching tests (four model in total) 
- Team #28 (VTT III) created 2 different simplified models for flexural test. 

To differentiate these models we used numbers 21 & 21a for team#21 and 28 & 28a for 
team #28  

  
To reduce the modeling scatter, a single set of material properties was provided for each 

test/modeling case. Based on lessons learned from IRIS_2010, all participants were advised to 
use these data in their modeling. Table 4.1 provides synthesis of concrete compressive and tensile 
strengths values used by different teams in IRIS_2012. 

As evidenced from Table 4.1, contrary to IRIS_2010, almost all teams used values equal or 
close to those provided by Organizing Committee. Same discrepancy was partially the result of 
not clear definition what strength was reported since different software used requires input of 
either cubic or cylinder strength. 

Organizing Committee did not put any restrictions on the geometry and material models 
used and numerical parameters selected, such as erosion/damage criteria, time step, integration 
technique, etc. However, the participants were strongly encouraged to use a single software code, 
material models and essential numerical parameters, such as erosion criteria, for all tests, if 
possible. 

Unfortunately, some material models used required properties that were not possible for 
Organizing Committee to provide. These properties were selected by participants based on their 
experience and test runs. As an example, strain-rate effects in both concrete and reinforcement in 
the range shown in missile impact could be noted. 
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Table 4.1 IRIS_2012 summary of concrete strength values used in modeling 

 
 

EXPERIMENT
TEAM NO. 1(AERB)
TEAM NO. 2(ANATECH)
TEAM NO. 3(BARC)
TEAM NO. 6(CANDU)
TEAM NO. 7(CEA)
TEAM NO. 8(CNSC TEAM I)
TEAM NO. 9(CNSC TEAM II)

TEAM NO. 10(EDF)
TEAM NO. 11(ENSI)
TEAM NO. 12(FEA-IDOM)
TEAM NO. 13(FORTUM)
TEAM NO. 14(GRS)
TEAM NO. 15(IRSN TEAM I)
TEAM NO. 16(IRSN TEAM II)
TEAM NO. 17(IRSN TEAM III)

PUNCHINGCUBIC COMP. STRENGTH (MPa) TENSILESTRENGTH (MPa)

69 (cylinder) 4 (cylinder)
67.6(60 cylinder) 4.04

69
69 (cylinder)

69

71

63.75
58 (cyl)

60

64 calculated by model

3.7 (cylinder)55.2 (cylinder)

57.2 3.87 (cyl)

2.45
63.9 3.71

66.93 4.04

55 (cyl) 3.5

63.9 4.04
60 4

67.6

4.05
70

69 4.04

55.2 (cylinder)

4.7

IRIS_2012 CONCRETE MODEL STRENGTH
FLEXURECUBIC COMP. STRENGTH (MPa) TENSILESTRENGTH (MPa)

62.7 2.6

63.9(55.2 cylinder) 3.71

55.2 (cyl)

4.04

2.56

5

4 (cyl)

4
4

4.05

N/A-empirical formula using compr. strength only

5

4.04

60 (cyl)

67.6

4.04

4.04

64.7
60 (cylinder)
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Table 4.1 (continued) IRIS_2012 summary of concrete strength values used in modeling 

 
 
 

4.5 Synthesis of models employed 

 
Table 4.2 and 4.3 below provide synthesis of main features of the models used in IRIS_2012 

Benchmark. The detail analysis of these tables is provided in the rest of this section 

TEAM NO. 18(IRSN TEAM IV)
TEAM NO. 19(JNES)
TEAM NO. 20(KINS)
TEAM NO. 21(NRC-SNL)
TEAM NO. 22(NRI)
TEAM NO. 23(SMP)TEAM NO. 24(SWISSNUCLEAR)TEAM NO. 25(UJF)
TEAM NO. 26(VTT TEAM I)
TEAM NO. 27(VTT TEAM II)
TEAM NO. 28(VTT TEAM III)
TEAM NO. 29(WOELFEL)

76.8 3.73

4.5

4.7

59.2 2.9

not provided

59 4

67

60

65

67

65 4.5
64 3.71

3.764
4.04

69 4

70

4

4.7

59.2 2.9

not provided
60 (cylinder)3.71 (cylinder)

3

55.2 (cylinder)

57
69

4.04 (cylinder)
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Table 4.2 IRIS_2012 flexural (bending) test modeling summary 

 

TEAM NO. 1(AERB)
TEAM NO. 2(ANATECH)
TEAM NO. 3(BARC)
TEAM NO. 6(CANDU)
TEAM NO. 7(CEA)
TEAM NO. 8(CNSC TEAM I)
TEAM NO. 9(CNSC TEAM II)

TEAM NO. 10(EDF)
TEAM NO. 11(ENSI)
TEAM NO. 12(FEA-IDOM)
TEAM NO. 13(FORTUM)
TEAM NO. 14(GRS)

GLRC_DAMA (Global Reinforced Concrete Damage)

DPDS (inspired by the LS_DYNA Concrete Model 159)

2-node truss
MAT_WINFRITH_CONCRETE without strain-rate (material #85)2-noded beam FE (Hughes-Liu formulation)

EC 2 non-linear biaxial with tension stiffening & softening

Belytschko-Schwer beam elements

Hoshikuma et al.
in layered element

shell element
not applicable - shell element

 truss linear T3D2
embedded sub-elements

LINK (TRUSS) element, quadrate rule for coupling to concrete
beam elements

8-node solid elements
8-node solid

4-node thick shell (Reissner-Mindlin)

 two-node beam (B31)

elasto-plastic, failure at 5% plastic strain
Isotropic and kinematic hardening plasticity (MAT_003)elastic-plastic with isotropic hardening, no strain-rateelastic-plastic with strain-rate and failure strain; material model #3Seckin w/ Bauschinger

tri-linear with kinematic hardeningeight-node reduced integration solid (C3D8R)

8-node solid elements

elasto-plastic
elastic-hardening (isotropic) plasticity based on J2

Elasto-plastic material with an stress versus strain curve from test results (MAE 024)Johnson-Cook
elastic-plastic  with strain-rate (mat #3)

Seckin (w/ Bauschinger)buckling resistance from Jones formula scaled for rate-effect

linear quadrilateral S4R
4-node shell for pipe; 8-node solid for plate

Belytschko-Tsay shell element
shell

four-node plane stressVecTor2 & VecTor3
EUROPLEXUS

SOFiSTiK Version 25

simulationnot provided
ABAQUS/Explicit    version 6.10-1

ANSYS AUTODYN v13.0 10Johnson Cook  Belytschko-Tsay shell elements

concrete damaged plasticity

RHT model

23
24
10

not applicable - shell element (12 layers)
10

LS-DYNA 971

not applicable - used Riera approach assumed 360 MPa crushing resistancevon Mises plasticity with strain rate dependence

not applicable - used Riera approach

 four-node shell (S4R)

ABAQUS/EXPLICIT
TeraGrande/Explicit

simulationnot provided

elasto-plastic with strain rate10
10

linear hexahedral solid C3D8R
8-node solid elements

ELEMENT TYPE

12

ELEMENT NO.ALONG DEPTH
TARGET

CONSTITUTIVE MODEL
CONCRETEREINFORCEMENT

concrete damaged plasticity
in house, ANACAP-U

Continuous Surface Cap Model (MAT#159 CSCM_CONCRETE)

STEEL

Constant stress solid element

von Mises plasticity with strain rate dependence. Bilinear hardening.
in layered element

Johnson-Cook

IRIS_2012 FLEXUREMODELLINGSUMMARY ELEMENT TYPE

8-node solid elements (1 integration pt)

SOFTWARE
STEEL

CONSTITUTIVEMODEL CONCRETE
MISSILE

4-noded shell (Belytschko-Tsay formulation)
EUROPLEXUS
LS-DYNA 971
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Table 4.2 (continued) IRIS_2012 flexural (bending) test modeling summary 

 

TEAM NO. 15(IRSN TEAM I)
TEAM NO. 16(IRSN TEAM II)
TEAM NO. 17(IRSN TEAM III)
TEAM NO. 18(IRSN TEAM IV)
TEAM NO. 19(JNES)
TEAM NO. 20(KINS)
TEAM NO. 21(NRC-SNL)
TEAM NO. 22(NRI)
TEAM NO. 23(SMP)TEAM NO. 24(SWISSNUCLEAR)TEAM NO. 25(UJF)
TEAM NO. 26(VTT TEAM I)
TEAM NO. 27(VTT TEAM II)
TEAM NO. 28(VTT TEAM III)
TEAM NO. 29(WOELFEL)

PRM (Pontiroli Rouquand & Mazar modified model )

In house, Drucker-Prager type with strain-rate & strain-hardening/ softening
K&C (mat #72R3), Winfrith (mat #85) and CSCM (mat #159)

elactic-plastic with strain-rate (Cowper-Symonds)

elasto-perfectly plastic

integrated Moment-curvature relationship
concrete damaged plasticity

Continuous Surface Cap Model (MAT#159 CSCM_CONCRETE)Radioss mat. #24 ;based on Ottosen
*MAT_WINFRITH_CONCRETE (#84)2-factor varying elastic modulus for RC with idealized moment-curvature relation
WINFRITH (#84) and CSCM (#159)

concrete damaged plasticity model 

WINFRITH (#84) and CSCM (#159)

*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24)*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24)

johnson-cook plasticity enhanced with damage model of ABAQUS

Abaqus classical metal plasticity
LS-DYNA *MAT_PLASTIC_KINEMATIC (MAT024)Johnson-Cook with failure

     

concrete damaged plasticity

*MAT_PIECEWISE_LINEAR_PLASTICITY

beam elements

beam element
beam element

 linear line elements of type B31

Hughes-Liu elements

Isotropic strain hardening with strain rate dependency

Johnson & Cook 

8

reinforcement modelled as layers

truss elements
beam elements

not applicable
 

eight-node reduced integration solid (C3D8R)
 constant stress SOLID

solid elements

not applicable

solid elements

B31

elasto-plastic with kinematic hardening

rigid-visco-plastic, folding mechanism

Four-noded shell elements (S4R)

8-node solid elements
brick elements
solid elements

4 block partition of idealized RC plate

C3D8R;linear hexahedral 

18
18
12

25

johnson-cook plasticity enhanced with damage model of ABAQUS

Abaqus classical metal plasticity
LS-DYNA *MAT_PLASTIC_KINEMATIC (MAT024)Johnson-Cook with failure

rigid-visco-plastic, folding mechanism

constant buckling resistance along length by Jones formula scaled for rate-effectIsotropic strain hardening with strain rate dependency

not applicable - shell element

not applicable

not applicable - idealized thin plate

10
14

S3R and S4R

*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24)*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24)
simulationnot provided

simulationnot provided Simplified semi-analytical (2-DOF, nonlinear) & shell FEA not applicable - used Riera approach

ABAQUS version 10-EF
ABAQUS/Explicit

shell elements
not modeled explicitly -used Riera approach

shell elements
shell elements
S4R/S3R - shell

shell-elementsLS DYNA, Version ls971sR5.1.1.

3D: LS-DYNA: 2-D ABAQUS
 Abaqus 6.12-1

ABAQUS Explicit

ANSYS LS-DYNA 12.0

LS-DYNA V971 R5.0
RADIOSS V11

AUTODYN Version6.100w

shell elements

6
17

LS-DYNA version 971 Release 5.1Simplifiedsemi-analytical(PENTABLOC)
*MAT_PLASTIC_KINEMATIC (*MAT03) 17

Plastic bilinear 
elasto-plastic with strain-rateshell elements 

SHELL elements

beam elements solid elements
not applicable

2 nodes beams with disp. Dof

                         
not applicable - used Riera approach
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Table 4.3 IRIS_2012 punching test modeling summary 

 
 

TEAM NO. 1(AERB)TEAM NO. 2(ANATECH)TEAM NO. 3(BARC)
TEAM NO. 6(CANDU)
TEAM NO. 7(CEA)
TEAM NO. 8(CNSC TEAM I)
TEAM NO. 9(CNSC TEAM II)TEAM NO. 10(EDF)TEAM NO. 11(ENSI)

TEAM NO. 12(FEA-IDOM)TEAM NO. 13(FORTUM)TEAM NO. 14(GRS)

ELEMENT TYPE

ANSYS AUTODYN v13.0/SPH Johnson Cook RHT model8-node solid Johnson Cook model 26  Belytschko-Schwer beam elements 8-node solid

von Mises plasticity with strain rate dependence. Bilinear hardening damaged plasticity model  (CDP)
Timoshenko beams SPH point elements von Mises Microplane M4 model (adjusted)
 2 node beam (B31) eight-node reduced integration solid (C3D8R)

concrete damaged plasticity
ABAQUS/Explicit    version 6.10-1  eight-node reduced integration solid C3D8R von Mises plasticity with linear hardening. 17

Abaqus-6.12 (SPH) Rigid shell model Rigid 25

Hoshikuma et al.
not applicable not applicable

ABAQUS rigid elements type S4R Rigid 20  2 node beam (B31)  solid C3D8R;transition to SPH Trilinear
not applicable

2-node truss 8-node solid elements Seckin w/ Bauschinger
not applicable not applicable

VecTor2 & VecTor3 4-node plane stress Seckin (w/ Bauschinger)empirical not applicable not applicable

LS-DYNA 971 Constant stress solid (nose and filling);Belytschko-Tsay shell (pipe steel)
elastic-plastic with strain-rate and failure strain; material model #38-node solid elements2-noded beam FE (Hughes-Liu formulation)

simulationnot provided
LS-DYNA 971 8-noded solid with 1 integration point (head and filling) ; 4-noded shell (missile shell) elastic-plastic  with strain-rate (mat #3)

concrete damaged plasticity
TeraGrande/Explicit 8-node solid elements 15 embedded sub-elements 8-node solid elements elasto-plastic, failure at 5% plastic strain) in house ANACAP-U

17  truss linear T3D2 linear hexahedral solid C3D8R elasto-plastic with strain rate, hear strain criteria for failureABAQUS/EXPLICIT linear hexahedral  solid C3D8R Elasto-plastic with strain hardening
simulationnot provided

CONSTITUTIVE MODEL
STEEL REINFORCEMENT CONCRETE STEEL CONCRETE

Continuous Surface Cap Model (MAT#159 CSCM_CONCRETE)

IRIS_2012 PUNCHINGMODELLINGSUMMARY SOFTWARE
MISSILE TARGETCONSTITUTIVEMODEL ELEMENT NO.ALONG DEPTH ELEMENT TYPE

Isotropic and kinematic hardening plasticity (MAT_003) 16

30 MAT_WINFRITH_CONCRETE without strain-rate (material #85)
10

Elasto-plastic material with an stress versus strain curve from test results (MAE 024)
LINK (TRUSS) element, quadrate rule for coupling to concrete Constant stress solid element
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Table 4.3 (continued) IRIS_2012 punching test modeling summary TEAM NO. 15(IRSN TEAM I)
TEAM NO. 16(IRSN TEAM II)
TEAM NO. 17(IRSN TEAM III)
TEAM NO. 18(IRSN TEAM IV)
TEAM NO. 19(JNES)
TEAM NO. 20(KINS)
TEAM NO. 21(NRC-SNL)
TEAM NO. 22(NRI)
TEAM NO. 24(SWISSNUCLEAR)
TEAM NO. 25(UJF)
TEAM NO. 26(VTT TEAM I)
TEAM NO. 27(VTT TEAM II)
TEAM NO. 28(VTT TEAM III)
TEAM NO. 29(WOELFEL)  C3D8R johnson-cook plasticity enhanced with damage model of ABAQUS concrete damaged plasticity 

Isotropic strain hardening with strain rate dependency modified concrete damaged plasticity (user defined)two penetration phases: crater and tunnel
eight-node reduced integration solid (C3D8R)plasticity-based cone punching mechanism not applicable

johnson-cook plasticity enhanced with damage model of ABAQUS 12 embedded elements

2 node linear beam50
not applicable not applicableAnalytical Penetration Model(Forrestal et al, 1994) rigid flat-nose missile not applicable

simulationnot provided
ABAQUS/Explicit 6.12 3D solid elements Isotropic strain hardening with strain rate dependency

line elements (B31)

ABAQUS Explicit  C3D8R and S4R

LS DYNA, Version ls971sR5.1.1.

3D: LS-DYNA: 2-D ABAQUS solid elements

LS-DYNA version 971 Release 5.1

ABAQUS version 10-EF

 Abaqus 6.12-1/SPH S4R/S3R (steel)C3D8R (concrete and steel dome) Abaqus classical metal plasticity 20

3D solid elements

*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24) 32

solid elements

*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24) WINFRITH (#84) and CSCM (#159)

RADIOSS V11 (SPH) rigid, composed of bricks and shells Brittle Plastic (Johnson Cook) 17 truss elements bricks/SPH

solid elements *MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24)

*MAT_PLASTIC_KINEMATIC (*MAT03) beam elements

 solid elementsbeam elements

solid elements

42

resultant beam constant stress solid34

*MAT_PIECEWISE_LINEAR_PLASTICITY *MAT_CONCRETE_DAMAGE_REL3 (*MAT_72R3)

elasto-plastic bilinear MAT_CSCM_CONCRETE
Johnson & Cook Radioss mat. #24 ;based on Ottosen

LS-DYNA V971 R5.0 Shell elements & solid stress elements Plastic bilinear

simulationnot provided
AUTODYN Version6.100w

ANSYS LS-DYNA 12.0
Isotropic strain hardening with strain rate dependency

Johnson-Cook with failure

solid and shell elements

In house, Drucker-Prager type with strain-rate & strain-hardening/ softening
solid element dome and tail; shell element steel pipe Isotropic strain hardening with strain rate dependencybeam elements solid elements

PRM (Pontiroli Rouquand & Mazars concrete modified model )

*MAT_PIECEWISE_LINEAR_PLASTICITY (mat#24) K&C (mat #72R3), Winfrith (mat #85) and CSCM (mat #159)beam elements  solid elements
C3D8R/SPH

 beam elements

Abaqus classical metal plasticity concrete damaged plasticity/SPH

Johnson-Cook with failure
LS-DYNA *MAT_PLASTIC_KINEMATIC (MAT024) 34 Hughes-Liu elements

eight-node reduced integration solid (C3D8R)
WINFRITH (#84) and CSCM (#159)

10
 constant stress SOLID LS-DYNA *MAT_PLASTIC_KINEMATIC (MAT024)



NEA/CSNI/R(2014)5 

45 
 

4.5.1 Software used 

4.5.1.1 FE codes 

As evidenced from Tables 4.2 and 4.3, most teams used commercial FE codes. Only 3 out of 
25 teams (teams # 2, 9 and 28) used “in house” FE codes. The most “popular” commercial codes 
used were ABAQUS (8 teams) and LS-DYNA (7 teams) following by EUROPLEXUS and 
AUTODYN (2 teams).  

It is worth notice that almost all FE users, except two (teams #9 and 11), used explicit codes 
that provide better stability, particularly in the punching test modeling.  

  

4.5.1.2 Simplified models 

Following IRIS_2010 recommendations, six teams employed simplified analytical/ 
numerical models capturing the main features of missile impact.  Seven models were created for 
the flexural test and four models for the punching test. The basic information regarding these 
simplified models is summarized in Tables 4.4 and 4.5 below. 

As evidenced from Tables 4.4 and 4.5, some models employed simplified FEA, while others 
employed semi-analytical methods. For punching test teams #10 and #28 used mechanism based 
analytical formulas and teams #9 and #21 reduced-order non-linear finite element models. For 
flexural test teams #18 and #28 used semi-analytical model and teams #9, #10, #26 and #28a 
reduced-order non-linear finite element models. 

 

4.5.1.3 New modeling methods introduced in IRIS_2012 Benchmark 

New and very promising method was emerged in IRIS_2012 Benchmark known as 
Smoothed Particle Hydrodynamics (SPH). This method, available in most explicit commercial FE 
codes, was used by five teams (#11, 13, 14, 16 and 22). SPH method has an inherent capability to 
model target perforation without introducing numerical erosion of FE. However, large CPU 
demand and difficulty in modeling concrete-reinforcement coupling are the downsize features of 
this method.           
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Table 4.4 IRIS_2012 summary of simplified models for punching test 

 
 
 
 
 
 

 
 
 
 

TEAM NO. 28(VTT TEAM III) mechanism-basedanalytical formula hand-type calculation -investigated residual velocities for different shear cone angles-EOM integrated numerically with central different time integration methodto get midpoint plate deflection history two penetration phases: crater and tunnel -target deflection-contact force-integral of contact forces (Ns)-residual velocity

TEAM NO. 21(NRC-SNL) FEA  Sierra/SM Shell & Hex FE bi-linear moment-curvature (M-C) relationship

mechanism-basedanalytical formula hand-type calculation -calculations examine sensitivity of residual velocity to various parameters-basis of analysis is calculation of just-perforation velocity of the missile using CEA-EDF formula
-empirical formula-assume that dissipated energy during perforation is not dependant on impact velocity

-residual velocity was very sensitive to concrete compressive strength and angle of punching cone cracks
-target deflection-residual velocity

IRIS_2012 PUNCHINGSIMPLIFIEDMODELING METHOD OF ANALYSIS PROGRAMS USED NOTES

TEAM NO. 9(CNSC TEAM II) reduced-ordernonlinear finite method

TEAM NO. 10(EDF)

SIMPLIFYING ASSUMPTIONS RESULTS OBTAINED

VecTor2VecTor3 2 NLFEA programs used -2D FE model used to model missile-macro-modeling approach (fewer DOF) -slab displacements-reinforcement and concrete strains-total support reaction and impulse-deformed mesh
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Table 4.5 IRIS_2012 summary of simplified models for flexural test 

 

Riera method to determine load - displacements at W1, W4, W5- displacement pattern- rebar strains at D3 and D5
2 simplified models: 1:semi-analytical (2-DOF, nonlinear), 2: -FE shell in house FE analysis uses Bogner-Fox-Schmidt (BFS) element based on Kirchhoff plate theory 2-DOF analysis & shell FEA - displacements at W1, W4, W5- displacement pattern- rebar strains at D3 and D5TEAM NO. 28(VTT TEAM III)

TEAM NO. 26(VTT TEAM I) Shell FEA ABAQUS FE analysis uses elements based on Reissner-Mindlin plate theory-mesh of 8x8 elements

-2D FE model used to model missile-macro-modeling approach (fewer DOF)

-Riera method for determination of load-PENTABLOC limits mesh to 5 blocks-supports simplified to 1-DOF

-through-the-thickness homogenization of the non-linear behaviors of concrete and steel (one layer)-non-linear (plasticity and damage) membrane and bending behaviour-bending dominating structural response
2-D FEA

-small number of elements in FE analysis - displacements at W1, W4, W5- displacement pattern- rebar strains at D3 and D5FE analysis uses elements based on Reissner-Mindlin plate theory-mesh of 8x8 elements

2 NLFEA programs used

-slab displacements-reinforcement and concrete strains

PROGRAMS USED

VecTor2VecTor3

PENTABLOC

METHOD OF ANALYSIS NOTES RESULTS OBTAINED

based on spreadsheet calculations-simulation consists of three distinct parts:1. simulation of projectile by RIERA method;2. simulation of slab motion by PENTABLOC;

-slab displacements-reinforcement and concrete strains-total support reaction and impulse-deformed mesh'

-slab displacements-total support force and impulse

SIMPLIFYING ASSUMPTIONS

ABAQUS

4-node thick shell (Reissner-Mindlin) + Riera method EUROPLEXUS

reduced-ordernonlinear finite method

IRIS_2012 FLEXURESIMPLIFIEDMODELING
TEAM NO. 9(CNSC TEAM II)

TEAM NO. 18(IRSN TEAM IV)

TEAM NO. 21((NRC-SNL))

TEAM NO. 10(EDF)

Shell FEA, bilinear Moment-Curvature relationship

semi-analytical withreduced-orderkinematic coupling
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4.5.2 Concrete slabs modeling 

4.5.2.1 FE models 

Similar to IRIS_2010 Benchmark, most of the computations have been made using 3-D 
finite elements for concrete and only one quarter of the slab for symmetry reasons. The 3-D 
modeling was apparently the only choice for the FEA of the punching test P1. Five teams have 
used shell elements for the bending test B1 in combination with Riera method. 

Both LS-DYNA and ABAQUS users employed 3 different material models from the 
available library as follows: 

    LS-DYNA: 
- #72 CONCRETE_DAMAGE_REL3 (K&C concrete) 
- # MAT84 and MAT85 Winfrith concrete 
- # 159 CSCM_CONCRETE Continuous Surface Cap Model  

    ABAQUS: 
- Concrete Damaged Plasticity (CDP) (most of the teams) 
- PRM model (one team) 
- Microplane M4 model (one team and for bending test only) 
 
Regarding mesh density, no significant changes were observed comparing with IRIS_2010 

models. The selected mesh densities were in range of 8-25 FE though slab thickness for the 
bending and 10-42 FE for the punching test. 

A special attention was devoted to introducing erosion of concrete FE and selection of 
erosion criteria. IRIS_2010 results show that erosion was the most significant single factor 
influencing the FE predictions, particularly for the punching test. Table 4.6 shows the erosion 
criteria and values used in IRIS_2012 modeling. The results clearly show a very large scatter in 
criteria selection and their values (from 5% to 200%). The probable explanation for this fact is 
that these criteria in most cases are not directly related to physical damage but rather are the 
numerical parameters required to avoid excessive FE deformations and provide the ability for the 
missile to perforate the target. It looks that most teams selected erosion criteria based on previous 
experience and/or test runs. 
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Table 4.6 IRIS_2012 erosion criteria selection summary 

 

TEAM NO. 1(AERB)
TEAM NO. 2(ANATECH)
TEAM NO. 3(BARC)
TEAM NO. 6(CANDU)
TEAM NO. 7(CEA)
TEAM NO. 8(CNSC TEAM I)
TEAM NO. 9(CNSC TEAM II)

TEAM NO. 10(EDF)
TEAM NO. 11(ENSI)
TEAM NO. 12(FEA-IDOM)
TEAM NO. 13(FORTUM)
TEAM NO. 14(GRS)
TEAM NO. 15(IRSN TEAM I)
TEAM NO. 16(IRSN TEAM II)
TEAM NO. 17(IRSN TEAM III)

IRIS_2012ELEMENT EROSION SUMMARY
FLEXURE PUNCHINGINCLUDES EROSION? ELEMENTFAILURE CRITERIA INCLUDES EROSION?

yes strain: 5% - tension, 10% - compression, 20% - shear

ELEMENTFAILURE CRITERIA
yes shear strain (18%) and tensile stress (20 MPa)

no yes stress damage index>0.99 (full damage is 1.0) and max principal strain> 5%
no damage incorporated in FE formulation
yes concrete erosion criteria is 70% for max and min principal strains yes concrete erosion criteria is 70% for max and min principal strains

no no
no no

yes elements removed when equivalent plastic strain reaches 0.3brick element converted yes

based on large strain (200%) and minimum time-step
no

equivalent plastic strain 30%
no no

yes

yes                (no erosion actually occurred)
based on large strain (200%) and minimum time-step yes

damage >1.05; shear strain >55%
no no
yes damage >1.05; shear strain >55% yes

? strain >70%
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Table 4.6 (continued) IRIS_2012 erosion criteria selection summary 

 
 
 
 

  
 
 

 

TEAM NO. 18(IRSN TEAM IV)
TEAM NO. 19(JNES)
TEAM NO. 20(KINS)
TEAM NO. 21(NRC-SNL)
TEAM NO. 22(NRI)
TEAM NO. 23(SMP)TEAM NO. 24(SWISSNUCLEAR)TEAM NO. 25(UJF)
TEAM NO. 26(VTT TEAM I)
TEAM NO. 27(VTT TEAM II)
TEAM NO. 28(VTT TEAM III)
TEAM NO. 29(WOELFEL)

? ?
yes CSCM: ERODE>1.4; Winfrith: tensile/ compressive strain>5/10% yes  

no

no no automatic change to SPH based on strain criteria
no yes shear strain >60%

no yes shear strain >60%

no

? yes 23%
no

yes ?

no yes princ. plastic strain >5% (tension) and >20% (compression)
?
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4.5.3 Reinforcement modeling 

 
The reinforcement was modeled by all FE teams as beam/truss FE with nodes either 

coincident or non-coincident with concrete nodes. The modeling results do not show that this 
difference plays any significant role. Most of time perfect bonding was assumed between 
reinforcement and concrete but this part is poorly documented in the reports. The constitutive law 
of reinforcement material was based most of time on plasticity, perfect or with strain hardening. 
A strain rate effect was included in some models as Johnson-Cook or Cowper-Symonds law.  

 

4.5.4 Strain rate 

 
For the reinforcement, as mentioned above, a strain rate effect was included in some models 

as Johnson-Cook or Cowper-Symonds law which are mainly used for the modeling.  

Regarding the strain rate in concrete, most participants did not explicitly present the way 
how this strain rate is taken into account.  

The dynamic strength increase values may be applied in structural analyses when properly 
justified. Strength of concrete at elevated strain rates is higher than the material strength values 
obtained by static material tests. The dynamic increase factor (DIF), i.e. the ratio of the dynamic 
to static strength, is normally reported as a function of strain rate. These DIFs are applicable to 
simplified models. 

Regarding FE codes, modelling technique for strain rate dependent material properties are 
code specific. In general, the concrete strain rate effect is due to complex phenomena and the 
dynamic increase of strength is different under tension and compression. For example, for 
concrete under compression, one of the reasons for dynamic strength increase is inertial effect 
due to confinement. Inertia is inherently included in the discretization of 3-D models for explicit 
FE-codes. In practical applications there is a difficulty to separate the contribution of inertia 
effects from other effects which should to be considered by the macro-mechanical constitutive 
model. Care should be taken such that contributions of dynamic effect to the strength increase are 
not applied more than once. 

 
 

4.5.5 Slab support frame 

 
Similar to IRIS_2010 most teams did not model explicitly the entire support frame for the 

slab, applying instead boundary condition directly to slab nodes or to steel shell/beam 
combination around slab edges. The support frame, including support columns, was modeled by 
five teams either as single DOF oscillator or in more details using finite elements.  
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4.5.6 Modeling of missile-slab interaction versus applied prescribed loading  

Similar to IRIS_2010, two approaches were employed by participating teams: (a) direct 
modeling of missile-slab interaction or (b) calculation of applied prescribed loading using Riera 
method or some other method and applying this force directly to the concrete slab. As expected, 
the second approach was used only for the flexural test modeling. The results show that teams 
that used applied prescribed loading have got reasonable results. However, the selection of this 
loading was not justified and explained sufficiently in some cases. 

 

4.5.7 Missiles modeling 

Similar to IRIS_2010, the missile was modeled by combination of shell and solid elements 
most of the time, using the same constitutive models as for reinforcement, but with different input 
parameters. The missile behaviour was assumed to be elastic-plastic (perfect or with hardening) 
and for some teams, the strain-rate effect has been taken into account. All but one FE teams that 
modeled missile explicitly, employed contact algorithm to handle missile-target interaction. 
Teams that used applied prescribed loading function did not modeled missile. 

 

4.5.8 Sensitivity study 

One of IRIS_2012 objectives was to perform sensitivity studies and point out governing 
parameters. Table 4.7 shows synthesis of this work. As evidenced, 12 out of 25 teams performed 
some sensitivity study. As expected, the majority of these teams selected concrete strength in both 
tension and compression and erosion criteria as governing parameters. 
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Table 4.7 IRIS_2012 summary of sensitivity studies conducted 

 
 
 

TEAM NO. 1(AERB) not conducted not participated in IRIS_2010
TEAM NO. 2(ANATECH) Effect of BC & mesh density not participated in IRIS_2010
TEAM NO. 3(BARC)
TEAM NO. 6(CANDU) not conducted Concrete material model: #159 (CSCM) instead of #84 (Winfrith)
TEAM NO. 7(CEA) not conducted ?
TEAM NO. 8(CNSC TEAM I) not conducted Concrete material model changed from Winfrith with strain-rate to Winfrith w/o strain-rate; erosion criteria
TEAM NO. 9(CNSC TEAM II) not conducted not participated in IRIS_2010

TEAM NO. 10(EDF) concrete model parameters, damping concrete model parameters, damping
TEAM NO. 11(ENSI) concrete strengt, fracture energy & mesh size 1. Flexural test: The applied load was modified by inserting the crushing resistance of the missile. 2. Punching test: A complete new model has been constructed with conversion to SPHTEAM NO. 12(FEA-IDOM) not conducted 1. Concrete damaged plasticity model (CDP) instead of the Drucker-Prager model. 2. Properties of concrete have been modified to match the available triaxial and Brazilian test resultsTEAM NO. 13(FORTUM) not conducted Concrete model converted to SPH
TEAM NO. 14(GRS) concrete & missile material data, mesh, rebar failure strain  Major changes for punching:Mesh setup (Vertical and horizontal rebars  arranged in different planes), Strength properties of reinforcement steel Major changes for bending: Missile materialTEAM NO. 15(IRSN TEAM I) tensile strength (flexural test); mesh size & erosion (punching test) not addressed
TEAM NO. 16(IRSN TEAM II) failure mode, strain-rate, solid FE versus SPH SPH model
TEAM NO. 17(IRSN TEAM III) effect of erosion not participated in IRIS_2010

SENSITIVITY STUDY MAIN  CHANGES FROM IRIS_2010 TO IRIS_2012
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Table 4.7 (continued) IRIS_2012 summary of sensitivity studies conducted 

 
 
 

4.5.9 Reported differences between IRIS_2010 and IRIS_2012 simulations 

Table 4.7.above shows also the main differences and improvements between IRIS_2010 and 
IRIS_2012 simulations for 19 teams that participated in IRIS_2010 Benchmark. Remarkably, all 
teams reported significant improvements in modeling accuracy for both flexural and punching 
tests. It is not clear whether this improvement is the result of more adequate modeling of the 
impact process or merely the result of “tuning” the models to achieve better accuracy. However, 
taking into account the level of discussions during the IRIS_2012 workshop, comparing to 
IRIS_2010 workshop, the global understanding of the modeling and simulation process was at a 
much higher level. In only two years the participants  gained considerable analytical maturity in 
this kind of simulations. 

TEAM NO. 18(IRSN TEAM IV) not conducted ?
TEAM NO. 19(JNES) concrete strength & strain-rate concrete model parameters
TEAM NO. 20(KINS) concrete model (CSCM versus Winfrith); full model versus 1/4; apply load versus full impact 1. The model  is reduced to the 1-quater of the original model. 2. Supporting column is added. 3. Input strength of the concrete material is calibrated. 4. Different strain-rate for the steel
TEAM NO. 21(NRC-SNL) concrete model (K&C, Winfrith and CSCM), erosion & strain-rate Applied force (Riera) method changed to full impact modeling
TEAM NO. 22(NRI) not conducted 1. Abaqus Cracking model for concrete changed to Concrete Damaged Plasticity model. 2. Concrete and missile mesh refined in impact zone. 3. Change of slab supportsTEAM NO. 23(SMP)
TEAM NO. 24(SWISSNUCLEAR) not conducted not participated in IRIS_2010
TEAM NO. 25(UJF) not conducted ?
TEAM NO. 26(VTT TEAM I) compression & tesnsion strength; damage criteria  concrete model parameters
TEAM NO. 27(VTT TEAM II) not conducted improved version of the concrete model:denser element mesh; new material model for concrete; beam instead of truss elements for rebarsTEAM NO. 28(VTT TEAM III) not conducted ?
TEAM NO. 29(WOELFEL) mesh size & erosion not participated in IRIS_2010
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4.6 Synthesis of main results predicted 

 

4.6.1 Tensile (Brazilian) and Tri-axial tests 

Most of teams considered the tensile (Brazilian) test simply as method for obtaining the 
concrete tensile strength and did not model it. As expected, all teams that modeled this test have 
received predicted values close to test results. Therefore, the attention was focused on tri-axial 
tests conducted at the University of Grenoble (team #25). Total of 18 teams out of 25 teams 
modeled tri-axial tests. However, only 15 teams provided Excel files with results. Subsequently, 
only these 15 result sets were used in synthesis below. To reduce the amount of work, only 2 
cases: (a) without confined pressure and (b) with maximum confined pressure 100 MPa were 
selected with integrated (LVDT) axial strain-stress data. The performed tri-axial tests consisted in 
applying a hydrostatic pressure all around the specimen at 0.5 MPa/s up to pressure value pconf.  A 
constant displacement rate of 14 µm/s of the axial jack and a constant confining pressure pconf  on 
the lateral face were then imposed. 

The first Fig. 4.1 shows synthesis of stress-strain curves for tri-axial tests without 
confinement pressure obtained by all teams that provided data files.  LVDT axial strain data were 
collected using Linear Variable Differential Transformer and are actually the total vertical 
displacements divided by the sample initial length.  Axial stress σx was calculated as 
compressive load over sample area. Most of teams have got a reasonable agreement with test 
results for maximum compressive strength of the concrete. Only team #22 got unreasonably high 
compressive strength 176 MPa. However, the agreement between modeled and test strains at the 
maximum compressive stress is poor for large number of teams. 
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Fig. 4.1 Synthesis of stress-strain curves for tri-axial test without confinement pressure 
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Fig.4.2 shows synthesis of compressive strength values obtained by all teams (except team 

#22). Compressive strength was defined as maximum value of compressive stress on stress-strain 
curves on Fig. 4.1.  

The next Fig. 4.3 shows correspondent axial strains at that state. Figs. 4.2 shows good 
agreement with test results when team#22 is excluded. However, most of the teams under 
predicted correspondent axial strain values, as evidenced from Fig. 4.3. Only 4 teams (#2, 14, 27 
and 29) correctly predicted axial strain at the state when compressive strength was reached. 

 

 
Fig. 4.2 Synthesis of compressive strength values for tri-axial test without  

confinement pressure 
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Fig. 4.3 Synthesis of axial strain values for tri-axial test without confinement pressure. The 

selected state is when compressive strength was reached. 
 

The next Fig. 4.4 shows synthesis of stress-strain curves for tri-axial tests obtained by all 
teams for maximum confinement pressure 100 MPa. As expected, a better agreement is for the 
case without applied confinement pressure. 
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Fig. 4.4 Synthesis of stress-strain curves for tri-axial tests obtained by all teams with maximum 

confinement pressure 100 MPa 
 

According to IRIS_2012 objectives, the main reason for these tests was calibration of 
concrete models. Unfortunately, the information how exactly these tests were used for calibration 
was not provided in most of reports. However, it appears that for some concrete models used 
these quasi-static tests were not suitable for calibration.  

Another aspect of these tests is the comparison of test results with numerical simulations. 
The post-cracking behaviour and crack patterns were not captured adequately in some models. It 
is worth noting that quasi-static tests reviewed in this section are very different from “main” 
flexural and punching tests. Therefore, poor performance of some models in these tests does not 
necessary resulted in poor performance for “main” tests. For example, models based on LS-
DYNA Winfrith concrete (mat#85) produced good results for both punching and flexural tests but 
poor results for tri-axial tests. 

It should be mentioned three additional observations as follows: 

1. The experimental curve shown in the Figure 4.1 has a strange appearance, rarely seen, if 
ever, in laboratory experiments of concrete samples subjected to unconfined compression, 
regardless of the definition or way of computing the variables in the coordinate axes. The low 
initial slope, that later increases to approach the shape of a credible experimental curve for 
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high stress or strain values, is quite likely the consequence of a deficient experimental set-up. 
Unfortunately, the experimental curve was not properly confirmed by repeated tests. 
2. Figs. 4.1 and 4.4 show the large spread of the initial stiffness of numerical  predictions, 
which cannot be easily explained, since it is a property of any linear model applicable to low 
stresses and strains. Note that the initial stiffness is a linear function of the modulus of 
elasticity of the material, which governs the natural frequencies and elastic buckling loads of 
the structure, all essential for structural design. 
3. The sequence of loading in the experimental set up, in which the confining pressure was 
applied first and the axial compression later was not provided to Organizing Committee in 
time and, therefore, was not delivered to participants. This resulted in non-proportional 
loading, while proportional loading was applied in significant number of numerical 
predictions. Thus, it should not be surprising that, as pointed out earlier, the post-cracking 
behaviour and crack patterns were not captured adequately in some models. 
 

4.6.2 VTT flexural (bending) test B1 

4.6.2.1 Concrete displacements 

Fig. 4.5 shows locations (1) – (5) where time histories of concrete displacements were 
recorded. To reduce the amount of work, only location (1) with largest displacements was 
selected for synthesis of results predicted by all teams. The results of IRIS_2010 and IRIS_2012 
together with test results at the location (1) are shown in Fig.4.6. Subsequently, Figs. 4.7 and 4.8 
show distributions of maximum and residual values of this displacement. 

 

 
Fig. 4.5 Rear side of the slab showing locations were concrete displacements were measured in 

the flexural test  
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Fig. 4.6 Synthesis of concrete displacements (flexural test) time history at location (1) 
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Fig. 4.7 Synthesis of maximum values of concrete displacements (flexural test) at location (1). 
C.O.V - coefficient of variation 
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Fig. 4.8 Synthesis of residual values of concrete displacements (flexural test) at 
location (1) 
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Finally, Table 4.8 shows statistical data for both IRIS_2010 and IRIS_2012 results. The 
results in Figures 4.6 – 4.8 and Table 4.8 clearly show the overall significant improvement in 
modeling. Maximum values of selected concrete displacement show more than three times 
C.O.V. decrease (from 97% to 31%) and mean value almost perfectly corresponds to test results. 
For residual values, the correlation between tests and modeling results is not as good and the 
scatter is larger However, improvement from 2010 to 2012 is evident. The discrepancy and 
scatter could be also observed between predicted and test values of frequency and damping of 
induced post-impact vibrations of the concrete slab.  

 
Table 4.8 Statistical data for both IRIS_2010 and IRIS_2012 results (flexural test) 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

MINIRIS_2010RESULTSSUMMARY
MAXIMUMDISP. W1(mm)RESIDUALDISP. W1(mm)

EXPERIMENT MEAN C.O.V. MAX

92.10.0141132%14.817.86
97% 4.26 103.0328.9 24.27

EXPERIMENT MEAN C.O.V. MAXIRIS_2012RESULTSSUMMARY
MAXIMUMDISP. W1(mm) 50.0
RESIDUALDISP. W1(mm)

MIN

0.5968%
28.9
7.86

8.08
12.79

31%29.54
35.7
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4.6.2.2 Reinforcement strains 

Fig. 4.9 shows locations where reinforcement strains were measured in flexural test. Similar 
to slab displacements, only one location D3 was selected for this synthesis. Figs. 4.10-4.11 show 
reinforcement strains predicted at this location based on IRIS_2012 results. A big scatter is 
clearly evidenced in modeling results. With the COV of 54%, the reinforcement strain 
measurements showed the highest scatter of all measured parameters in the test except residual 
displacement W1.  

 
 

 
Fig. 4.9 Locations were reinforcement strains were measured in the flexural test 

 
 

point D3 
x (mm) 0 
y (mm) -27.5 
z(mm) -54 

direction x 
position rear 
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Fig. 4.10 IRIS_2012 synthesis of reinforcement strains (flexural test) time history at location D3 

 
Fig. 4.11 IRIS_2012 synthesis of maximum values of reinforcement strains (flexural test) at 

location D3 
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4.6.2.3 Missile deformations 

Teams that modeled the missile explicitly were able reasonably simulate the deformed shape 
of the missile after impact. The main reasons for the observed differences between obtained 
results were, probably, uncertainty in missile strain-rate hardening and energy dissipation values. 

4.6.2.4 Damage patterns 

Despite clear guidelines from the Organizing Committee, slab damage was provided by 
participating teams differently. This fact is attributed mainly to different capabilities of software 
used by participants. Some teams provided crack patterns, some plastic deformation contours or 
other damage related factors, some just deformed shape. Additionally, not all teams provided 
geometrical projections of damage plots as requested (front face, rear face and horizontal and 
vertical cross-sections). These two factors made the synthesis and comparison with tests very 
difficult. Therefore, synthesis was conducted for the punching test only where crack patterns were 
more intensive. The damage simulation, especially the amount of ejected concrete, depends on 
the use of erosion and the mesh set-up.     

4.6.2.5 Slab support frame 

As was mentioned earlier, most teams did not model explicitly the entire support frame for 
the slab, applying instead boundary condition directly to slab nodes or to steel shell/beam 
combination around slab edges. Figs. 4.12 – 4.13 show the differences in IRIS_2012 predictions 
between teams that included and not included support frame explicitly in their models. Slab 
displacement w1, total support force and total impulse were selected for this comparison. The 
results show that including the detailed frame model has some impact on modeling results 
selected. However, this impact is, probably, not very significant if steel frame around slab edges 
was modeled and appropriate boundary conditions for the slab were selected. 

4.6.2.6 Induced vibrations 

The results in Figures 4.6 – 4.8 and Table 4.8 clearly show the overall significant 
improvement in modeling from 2010 to 2012 is evident. However, the discrepancy and scatter 
can be observed between predicted and test values of frequency and damping of induced post-
impact vibrations of the concrete slab. This issue should be developed in the future. 
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Fig. 4.12 Effect of support frame upon slab displacements (flexural test) 
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Fig. 4.13 Effect of support frame upon total force at support (flexural test) 
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Fig. 4.14 Effect of support frame upon total impulse at support (flexural test) 
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4.6.2.6 Synthesis of results produced by simplified models for flexural test 

Table 4.9 shows comparison of predicted maximum and residual values for slab 
displacement at location (1). Synthesis from all models, simplified models only and test results is 
presented in this Table. The results clearly show that simplified models used in IRIS_2012 
Benchmark produced comparable results for the flexural test. 

 
Table 4.9 Statistical data for all and simplified models 

used in IRIS_2012 Benchmark (flexural test) 

 
 
 

 
 
 
 

4.6.3 VTT punching test P1 

4.6.3.1 Concrete displacements 

Similar to flexural test, Fig. 4.15 shows locations (1) – (5) where time histories of concrete 
displacements were recorded. To reduce the amount of work, only location (2) closest to the 
impact zone was selected for synthesis of results predicted by all teams. The results of IRIS_2012 
only are presented in this section since in IRIS_2010 wrong target face (back instead of front) 
was given to participants for providing results. IRIS_2012 and test results at the location (2) are 

EXPERIMENT MEAN C.O.V. MAXIRIS_2012RESULTSSUMMARY
MAXIMUMDISP. W1(mm) 50.0
RESIDUALDISP. W1(mm)

MIN

0.5968%
28.9
7.86

8.08
12.79

31%29.54
35.7

35.5
RESIDUALDISP. W1(mm) 7.86 8.71 21% 6.00 11.60

9.3% 26.5
EXPERIMENT MEAN C.O.V.

MAXIMUMDISP. W1(mm) 28.9 30.0
MAXSIMPLIFIEDANALYSISSUMMARY MIN
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shown in Fig. 4.16. Fig. 4.17 shows distribution of maximum values of displacement at location 
(2).  

 
The slab displacements in the punching test are not an important parameter taking into 

account the stiffness of the slab and the nature of hard missile impact. The displacement time 
history presented on Fig. 4.16 is more important from the point of view of induced vibrations and 
the challenge to capture the frequency and the damping of the slab. The problem of induced 
vibrations was not the main focus in IRIS_2010 and IRIS_2012 benchmarks. Based on this 
results this topic requires a special attention and should be studied in the future. 

 
Fig. 4.15 Front side of the slab showing locations were concrete displacements were measures in 

punching test 
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Fig. 4.16 Synthesis of concrete displacements (punching test) time history at location (2) 

 

 
Fig. 4.17 Synthesis of maximum values of concrete displacements (punching) at location (2) 
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Table 4.10 Statistical data for IRIS_2012 results (punching test) 

 
 

 
  

 

4.6.3.2 Residual (final) missile velocity 

Table 4.11 shows statistical data for predicted residual missile velocity from both IRIS_2010 
and IRIS_2012 results. The results clearly show the overall significant improvement in modeling: 
more than 5 times C.O.V. decreases (from 274% to 53%). The mean value for IRIS_2012 
predictions is 5.5 times closer to test results with difference only 3.8 m/s. However, it is not clear 
is this improvement the result of more adequate modeling of the impact process or merely the 
result of “tuning” the models to achieve better accuracy. 

 
Table 4.11 Statistical data for both IRIS_2010 and IRIS_2012 results (punching test) MAXEXPERIMENT MEAN C.O.V. MINIRIS_2010RESULTSSUMMARY  

-41.8 92.513.0 274%33.8RESIDUALMISSILE VEL.(m/s)
 

 EXPERIMENT MEAN C.O.V. MIN MAXIRIS_2012RESULTSSUMMARY  

 
 

 
Finally, Fig. 4.18 shows distribution of residual (final) missile velocity for both IRIS_2010 

and IRIS_2012 results. As evidenced, only 2 teams predicted missile rebound for IRIS_2012 
comparing with 11 teams for IRIS_2010. 

  

MINIRIS_2012RESULTSSUMMARY EXPERIMENT MEAN C.O.V. MAX
1.1410.14MAXIMUMDISP. W2(mm) 4.69 44.8110%

54.032.2 53% -5.6033.8RESIDUALMISSILE VEL.(m/s)
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Fig. 4.18 Synthesis of values of residual (final) missile velocity (punching test) 
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4.6.3.3 Reinforcement strains 

The scatter in reinforcement strains calculated by participants for the punching test was even 
larger than for the flexural test. It should be noted that the reinforcement strains in the punching 
test are not an important parameter. Where the strains are considerable, near the impact area it is 
not possible to measure them. Where it is possible to measure them they are not significant.  

 

4.6.3.4 Missile deformations 

All Teams that modeled the missile explicitly got zero or very small missile deformations 
after impact in accordance to test results. 

 

4.6.3.5 Damage patterns 

As presented in 4.6.2.4 despite clear guidelines from the Organizing Committee, slab 
damage was provided by participating teams differently. This fact is, probably, attributed mainly 
to different capabilities of software used by participants.  The synthesis of damage patterns was 
conducted in this section due to its importance for the punching test. To reduce the amount of 
work, only rear face of the slab was selected for synthesis. Fig. 4.19 shows the synthesis of 
damage patterns for all teams that provided them. 

  

      
         Crack patterns  Log Strain Tensor–princ. max.         Crack patterns  
     TEAM #1(AERB)  TEAM #2 (ANATECH)     TEAM #6 (CANDU) 

                
          Crack patterns   Crack patterns (1/4 slab)  Crack patterns 
     TEAM #8 (CNSC I)      TEAM #9 (CNSC II)           TEAM #11 (ENSI) 

Fig. 4.19 Damage patterns predicted in IRIS_2012 (punching test) 
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        Equivqalent plastic strain  Max. princ. strain  Damage index 
        TEAM #12 (FEA-IDOM)          TEAM #13 (FORTUM)      TEAM #14 (GRS) 

    
 Shear strain (?)     Damage expressed by concrete         Crack patterns   
     TEAM #15 (IRSN I)               density TEAM #16 (IRSN II)     TEAM #17 (IRSN III) 

       
        Crack patterns               Effective pl. strain                              Crack patterns    
    TEAM #19 (JNES)             TEAM #20 (KINS)                     TEAM #21 (NRC-SNL)         
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Strain-based (convert to SPH)          Crack patterns                              Principal strain 
     TEAM #22 (NRI)              TEAM #24 (SWISSNUCL)                 TEAM #25 (UJF) 

Fig. 4.19 (continued) Damage patterns predicted in IRIS_2012 (punching test) 
 

        
 Crack patterns (1/4 slab)      Damage based on tensile stress               Test P1                                     
    TEAM #27 (VTT II)              TEAM #29 (WOELFEL) 

Fig. 4.19 (end) Damage patterns predicted in IRIS_2012 (punching test) 
 

 The last picture in Fig. 4.19 shows test results. The importance of the slab damage in the 
punching tests can be seen clearly on the picture with the test results. Unfortunately, it is difficult 
to quantify the damage and to assess the amount of ejected concrete based on these pictures. The 
simulated damage depends on the erosion criteria and the mesh set-up. The team #14 simulated 
successfully non-symmetric damage pattern modeling vertical and horizontal rebars arranged in 
different planes, separated by one layer of concrete elements.  

 

4.6.3.6 Synthesis of results produced by simplified models for the punching test 

Table 4.12 shows comparison of predicted residual (final) missile velocity. Synthesis from 
all models, simplifies models only and test results is presented in this Table. The results clearly 
show that simplified models used in IRIS_2012 Benchmark produced reasonable results with 
almost identical mean values for all and simplified models.  
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Table 4.12 Statistical data for all and simplified models 

used in IRIS_2012 Benchmark (punching test) EXPERIMENT MEAN C.O.V. MIN MAXIRIS_2012RESULTSSUMMARY  
all models 

 
simplified models only 

 

 
 

 
 
  

 54.032.2 53% -5.6033.8RESIDUALMISSILE VEL.(m/s)
MIN MAXSIMPLIFIEDANALYSISSUMMARY EXPERIMENT MEAN C.O.V.

44.0RESIDUALMISSILE VEL.(m/s) 33.8 32.16 54% 2.14
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5. DISCUSSION OF SYNTHESIS RESULTS 

 
As mentioned in previous chapter, IRIS_2012 Benchmark produced significantly better 

results that previous IRIS_2010 Benchmark. This chapter will discuss some remaining modeling 
issues based on synthesis results. 

 

5.1 Flexural test 

 

5.1.1 Displacements 

Figs. 4.6 – 4.8 in section 4.6.2.1 show that the residual displacements are much more 
difficult to simulate correctly than maximum displacements.  Taking into account that the values 
of residual displacement are well below the maximum displacements (about 30% of maximum 
displacements), it is normal to have more difficulties to simulate them and that the scatter is 
higher. However, if we analyse the results of each participant, we can make following statements: 

Four teams (#1, 12, 22 and 29) got significantly overestimated residual displacement than 
the average. The all four teams used ABAQUS software for modeling the concrete slab with 3D 
elements and Concrete Damage Plasticity model. Two teams (#17, 24) got the residual 
displacement significantly below the average. These two teams used LS-DYNA software with 
Winftith concrete model MAT_84.  

Regarding maximum displacement, the team #7 with EUROPLEXUS software has the 
highest displacement (the most conservative) and the team #17 with LS-DYNA MAT84 the 
lowest displacement (the least conservative).   

To get a better understanding of simulation results, a cumulative error criterion δ was 
created based on both maximum and residual slab displacement W1 as follows: 

 

            2/)( 22
max resδδδ += ,                          (1) 

   
 δmax and δres are relative errors for maximum and residual slab displacement w1 respectively. 
Relative error for all outputs in this report is defined as follows: 
 
       δi = |(ui-uiexp)/ uiexp|×100%,               (2) 
 
where ui and uiexp are the predicted and experimental values respectively. 

Fig.5.1 shows histogram of the cumulative error for slab displacement W1. It is clear that 
five teams (#1, 12, 17, 22 and 29) have got out-of-range results. This is especially the case for the 
teams (#1, 12, 22 and 29) because of the high residual displacements in their simulations. 
However, thirteen simulations (52% of the total 25 simulations) have got results within 40%. 
Moreover, the teams #2, 9, 18, 21, 28 and 28a got remarkably good results for both maximum and 
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residual displacement with very low cumulative error (20 % or less). The software used are 
respectively: ABAQUS (solid elements with in-house developed cocnrete model ANACAP), 
VecTor2/VecTor3, Simplified PENTABLOC model, LS-DYNA (solid elements with concrete 
models MAT_72R and MAT_85), ABAQUS (shell elements with user defined modified concrete 
damage plasticity model) and two simplified analytical models. It should be noted that simplified 
analytical models were used in four of these six simulations. VecTor2/VecTor3 is FE software 
with implicit solver. ABAQUS (with both solid and shell elements) and LS-DYNA are FE 
software with explicit solver.  

 
 

Fig. 5.1 Synthesis of combined relative error δ for concrete displacements (flexural test) at 
location (1) 

 
Figs. 5.2 – 5.4 show time histories and histograms of maximum and residual values of slab 

displacement w1 for teams that are within 40% error. The results show that for the majority of 
teams the overall scatter (C.O.V.) for maximum displacements was reduced more than two and 
half times (12% versus 31%).  For residual displacements C.O.V. was also reduced more than 
two times (32% versus 68%). 

Based on the time-histories it can be seen that the maximum displacement and the moment 
of occurrence were well simulated. The difficulties are in the simulation of impact induced 
vibrations, the slab frequency, concrete damage and residual displacement. All these facts 
indicate the need of accurate characterization of concrete damage, slab damping and, may be, slab 
connections to the supporting frame. 
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Fig. 5.2 Synthesis of concrete displacements (flexural test) time history at location (1) for selected 

teams (within 40% error) 

 
Fig. 5.3 Synthesis of maximum values of concrete displacements (flexural test) at location (1) for 

selected teams (within 40% error) 
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Fig. 5.4 Synthesis of residual values of concrete displacements (flexural test) at location (1) for 

selected teams (within 40% error) 
 

Table 5.1 Statistical data for IRIS_2012 for all teams and teams 
within 40% error (flexural test) 

 
all teams 

 
teams within 40% error  
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5.1.2 Reinforcement strains 

The maximum reinforcement strain measurements presented large scatter (COV of 54%) 
comparable to residual displacement W1 (COV of 68%).  Regarding the measurement of 
reinforcement strains two question remain regarding a) the accuracy of the measurement, b) the 
position of the gauges and whether they are placed where the maximum strain appears (at the 
concrete crack). Residual displacements are not, in general, used as design acceptance criteria as 
it is the case with maximum displacements. However, in the design codes and standards, the 
acceptance criteria are very often formulated in terms of reinforcement strains. Moreover they are 
directly linked to the concrete crack width.   

As evidenced from Fig. 5.5, despite the important scatter, eleven teams are within 40% error.  

 

 
Fig. 5.5 Synthesis of relative errors for reinforcement strain D3 

 
Fig. 5.6 shows strain time history for the eleven teams that are within 40% error. 

Fig. 5.7 shows on the same plot the maximum slab displacements and the maximum 
reinforcement strains, two parameters which should be closely correlated. The Fig 5.7 shows that 
this is not the case, especially for teams #16, 17 19, 22 and 24. The maximum reinforcement 
strains are, in general, underestimated.  

To understand better the modeling accuracy, Fig. 5.8 shows together relative errors for 
maximum displacement W1 and reinforcement strain D3. As it can be seen, the maximum strains 
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are much more difficult to predict than maximum displacements and the difference between these 
two predictions can be very important.  

Among the teams which simulated very well maximum and residual displacements only the 
teams #28 and 28a got the similar precision (within 20%) for maximum reinforcement strains. 
Surprisingly, these are two simplified models developed by VTT team III. 

 

 
 

Fig.5.6 Synthesis of reinforcement strains (flexural test) time history at location D3 for selected 
teams (within 40% error) 
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Fig. 5.7 Histogram of IRIS_2012 maximum values of concrete displacement w1 and 

reinforcement strain D3 (for teams that presented both results) 

 
Fig. 5.8 Histogram of IRIS_2012 relative errors for both maximum displacement w1 and 

reinforcement strain D3 (for teams that presented both results) 
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5.2 Punching test 

5.2.1 Residual missile velocity 

Similar to flexural test, to get a better understanding of modeling accuracy, a relative error 
for residual missile velocity was calculated using the formula 1 and displayed in Fig.5.9. It is not 
clear whether this improvement is the result of more adequate modeling of the impact process or 
merely the result of “tuning” the models to achieve better accuracy. However, taking into account 
the level of discussions during the IRIS_2012 workshop, comparing to IRIS_2010 workshop, the 
global understanding of the modeling and simulation process was at a much higher level. In only 
two years the participants gained considerable analytical maturity in this kind of simulations. 

This single error criterion was selected since authors of this report believe that this is the 
most important factor for the punching case. Subsequently, the next Fig. 5.10 shows synthesis of 
residual missile velocities for selected teams within 40% error. The results are significantly better 
than in IRIS_2010. In IRIS_2012 twenty teams out of twenty two simulated slab perforations 
comparing to IRIS_2010 where it was the case for only eight teams. Nineteen teams got the 
residual velocity in the range between 12 m/s and 55 m/s for the test velocity of 36 m/s and 
fourteen teams are within ±40% of error, which can be, from engineering point of view 
considered as successful simulation. 

 

5.2.2 Damage pattern 

 
Despite clear guidelines from the Organizing Committee, slab damage was provided by 

participating teams differently. This fact is, probably, attributed mainly to different capabilities of 
software used by participants.  Unfortunately the teams did not provide the amount of ejected 
concrete or the physical condition of the weakened area. Possibly this parameters are not easy to 
assess and they are highly software dependent. The ASME Section III Division 2 standard 
highlights the importance of the damage of the concrete structures under localized hard missile 
impact: “Local areas for missile impact are defined as having a maximum diameter equal to 10 
times the mean diameter of the impacting missile. The effect of damage in the local missile area 
shall be considered in the overall structural integrity.” The test result confirms these statements. 
As already stated, the simulated damage depends on the erosion criteria and the mesh set-up. The 
team #14 simulated successfully non-symmetric damage pattern modeling vertical and horizontal 
rebars arranged in different planes 

 

5.2.3 Induced vibrations 

 
Simulation of induced vibrations was not the primary goal of IRIS_2010 and IRIS_2012 

benchmarks. The displacement time history presented on Fig. 4.16 is more important from the 
point of view of induced vibrations and the challenge to capture the frequency and the damping of 
the slab. Based on the results, this topic requires a special attention and should be studied in 
details in the future. 
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Fig. 5.9 Synthesis of relative errors for residual missile velocity 

 
 

Fig. 5.10 Synthesis of residual missile velocity for selected teams (within 40% error) 
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5.3 Both tests 

Surprisingly, the same number of teams (13-14) is within ±40% error for each test. 
However, not all of these teams performed well in both tests. Eight teams (circled in green in Fig. 
5.10) were within ±40% for both tests. Table 5.1 shows statistical data for all teams, teams within 
±40% error for punching test only and teams within ±40% error for both tests. To understand the 
reasons for this good performance, Table 5.2 showing modeling summary for these teams was 
created. All eight “best performing teams” in this table also have an extensive experience in such 
type of modeling gained during participation in different working groups, benchmarks and testing 
campaigns like IMPACT and MEPPEN. The summary shows that good results could be obtained 
using both FE software and simplified models. It can be also seen that commercially available 
software can provide similar level of accuracy as in-house, specially developed software, if they 
are used by experienced teams. Table 5.2 shows successful results for both punching and flexural 
test using the same concrete model in different software (TeraGrande, Ls-Dyna, ANSYS 
AUTODYN and RADIOSS) for both simulations. The IRIS_2012 benchmark shows clearly that 
Concrete Damage Plasticity model in ABAQUS, when used with solid elements, overestimates 
residual displacements and MAT_84 in LS-DYNA underestimates maximum displacements.  

 
 
 

Table 5.1 Statistical data for both IRIS_2012 results (punching test) EXPERIMENT MEAN C.O.V. MIN MAXIRIS_2012RESULTSSUMMARY  
all teams 

 
 

teams within 40% error for punching test only 

 
 

teams within 40% error for both flexural and punching tests 

 

54.032.2 53% -5.6033.8RESIDUALMISSILE VEL.(m/s)
26.20 47.0RESIDUALMISSILE VEL.(m/s) 33.8 37.6 16%

38.39 15% 27.10 45.6RESIDUALMISSILE VEL.(m/s) 33.8
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Table 5.2 Modeling summary for teams within 40% error for both tests 

TEAM NO. 2(ANATECH)TEAM NO. 8(CNSC TEAM I)TEAM NO. 10(EDF)
TEAM NO. 11(ENSI)TEAM NO. 14(GRS)TEAM NO. 16(IRSN TEAM II)TEAM NO. 21(NRC-SNL)TEAM NO. 28(VTT TEAM III) integrated Moment-curvature relationship

Radioss mat. #24 ;based on Ottosen Radioss mat. #24 ;based on OttosenLS-DYNA 971
RHT model RHT model

EUROPLEXUS
SOFiSTiK Version 25

 Simplified semi-analytical (2-DOF, nonlinear)

RADIOSS V11
K&C (mat #72R3) K&C (mat #72R3)

two penetration phases: crater and tunnel

CONCRETE CONSTITUTIVE MODELpunching test flexural test
in house, ANACAP-U in house, ANACAP-UMAT_WINFRITH_CONCRETE without strain-rate (material #85)

IRIS_2012 TEAMS WITHIN 40% ERROR FOR BOTH TESTS
TeraGrande/Explicit

LS-DYNA 971

SOFTWAREpunching test

ANSYS AUTODYN v13.0
ABAQUS
empirical

LS-DYNA 971
TeraGrande/Explicit

flexural test
MAT_WINFRITH_CONCRETE without strain-rate (material #85)

Analytical Penetration Model(Forrestal et al, 1994)
LS-DYNA 971

ANSYS AUTODYN v13.0RADIOSS V11 (SPH)

not applicable GLRC_DAMA (Global Reinforced Concrete Damage)concrete damaged plasticity EC 2 non-linear biaxial with tension stiffening & softening
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6. CONCLUSIONS 

 
The first conclusion is similar to that stated in IRIS_2010 Benchmark: It is difficult to compare different 
software, different model materials (and parameters), calculation choices (time step, mesh, etc.) which 
influence the numerical results. However, the lessons learned from this Benchmark were successfully used 
to simplify and improve the synthesis as follows: 

• Enhanced templates were provided for participants for sending results, both data series and Figures 
• One set of test data was provided for each test  
• One set of input parameters (material properties and geometry) was provided  for each test  

Most participants have followed these guidelines. 
 
Most teams used commercial FE codes. The synthesis does not show that any specific commercial 
code performed significantly better than others for all tests. The synthesis does not show that any 
specific commercial code performed significantly better than others for all tests.  Decent 
simulation results could be achieved by teams utilizing user-defined material constitutive models 
for concrete as well as by teams using available specialized concrete models and fitting their 
specific input parameters to material test data. Extensive experience in both FEA and concrete 
impact also was a significant factor.  
 
New very promising method known as Smoothed Particle Hydrodynamics (SPH) was used in IRIS_2012 
Benchmark by five teams. SPH method has an inherent capability to model target perforation without 
introducing numerical erosion of FE. 
 
Following IRIS_2010 recommendations, simplified models were used in 11 cases (seven for the flexural 
and four for the punching test). 
 
Some sensitivity studies were conducted by 12 teams. Concrete compression/tension strength and erosion 
criteria were pointed out as main governing parameters. 
 
In general, a significant improvement in result accuracy and significant reduction in scatter was achieved 
in IRIS_2012 Benchmark for both tests. It is not clear whether this improvement is the result of more 
adequate modeling of the impact process or merely the result of “tuning” the models to achieve better 
accuracy. However, taking into account the level of discussions during the IRIS_2012 workshop, 
comparing to IRIS_2010 workshop, the global understanding of the modeling and simulation process was 
at a much higher level. In only two years the participants gained considerable analytical maturity in this 
kind of simulations. 
 
 
The type of the model used for the idealization of the building structure and the discretization ratio of the 
model are fundamentally important for achieving realistic response results. It is not possible to define by 
analytical way the required optimal size of the finite elements to be used for an appropriate discretization 
of a structure.  FE model should adequately represent the structural behaviour. A finer mesh is needed 
around suspected sensitive areas. It is necessary to perform sensitivity studies to get the right answer. 
Regarding three main phenomena (flexure, punching, induced vibrations) typical for impact analysis the 
model discretization is different. It should be noted that in general all three phenomena occurs during an 
impact.  
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- Simulation of the flexural structural behaviour due to an impact can be successfully achieved with 
shell elements. The IRIS_2012 benchmark shows that even simplified analytical methods can give very 
good simulation results. The evaluation of damage distribution influences the element size. Increase of the 
element size lumps the results and the maximal local damage are reduced. In order to avoid this, tensile 
cracking behaviour should be adjusted according to the element size. 

- Simulation of punching behaviour (modelling of penetration and perforation) requires 3D elements 
and mesh density much higher than for simulation of flexural behaviour. The sufficient mesh density 
should be defined using sensitivity studies. The extent of the area with fine mesh should be studied 
carefully and depends of the detailing of the reinforcement. The presence of transverse reinforcement 
reduces the size of scabbed area and the need for a large area with a fine mesh. 

- IRIS_2012 results show that it is possible to successfully model both flexural and punching 
behaviour using the same concrete model within the same software. This is a very important finding as, in 
general, the structural behaviour cannot be estimated beforehand and it can be a combination of punching 
and flexural behaviour. Team #2 (TeraGrande, concrete model ANACAP), Team #8 (Ls-Dyna, concrete 
model MAT_85), Team #14 (ANSYS AUDODYN, concrete model RHT), Team #16 (RADIOSS, Radioss 
mat #24 based on Ottosen) and Team #21 (Ls-Dyna, concrete model MAT #72R3-K&C) are examples. 

- Simulation of impact induced vibrations is a challenge. Finite element models behave in relation to 
high frequency travelling waves as low pass filters. This filtering effect however can be demonstrated by 
means of parametric studies.  
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7. RECOMMENDATIONS 

 
Based on IRIS benchmarks recommendations can be made regarding the simulation process and expected 
results. The recommendations are applicable to flexural, punching or combined structural behaviour under 
missile impact. 
 
Successful simulation should be done by a highly experienced team in this specific area. The competence 
of team members should cover the areas of structural design, testing and interpretation of test results as 
well as the impact modeling and analysis. 
 
The simulation should be performed following the steps: 
 
- The first step of a detailed analysis is to identify the phenomena to be simulated (local resistance to 
penetration/perforation or punching behaviour, global or semi-global flexural behaviour, combined flexural 
and punching behaviour, induced vibrations), to assess their magnitude  and to define the most relevant 
results (missile residual velocity, structural  displacements, reinforcement strains..). 
 
- The second step is to choose an appropriate FE code and the type of model (impacted structure and 
missile modelling), the type of elements and the material constitutive models. Verified and validated 
numerical simulation tools should be used. Lagrangian FEA, using continuous beam, shell and solid finite 
elements, is most commonly used. However, Smoothed Particle Hydrodynamics (SPH) method is gaining 
popularity. 
 
- The third step is to validate the material constitutive model using representative test results. It is 
important to insure whether the simulation case is within the validity domain of the model. 
 
- The fourth step is to verify the main parameters (physical parameters and numerical parameters) related 
to the chosen results, using sensitivity studies. The sensitivity studies should be carried out, as a minimum, 
on the element size, the time step, parameters of material constitutive models, boundary conditions and 
failure (or erosion) criteria. It should be noted that non-linear simulations have inherent uncertainties and 
sensitivity studies should be used to define upper and lower-bound solutions. 
 
- The fifth step is to verify the most important results (e.g. displacements, strains, response spectra, damage 
footprint and missile residual velocities) comparing to the results obtained using alternative simplified 
methods. The simplified methods are often reduced to the analysis of a single parameter. Therefore, there 
is a need to use a set of simplified models. This step is done independently of detailed analysis and it can 
be performed at any phase of detailed analysis. It is recommended to perform this step as soon as possible 
to have a rough idea about the expected results. 
 
- The sixth step is to have an independent review of the analysis and obtained results. Taking into account 
the level of complexity, an independent review should be mandatory for this type of simulations. 
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If the six steps are properly followed by an experienced team, in the design or assessment process, it can be 
expected that a coefficient of 0.6 to 1.4 applicable to simulation results (displacements, strains, residual 
velocities…) would cover the uncertainties. Based on IRIS tests the repeatability of the tests and the 
accuracy of the measurements have the coefficient of variation of 20%.  It would be difficult to achieve 
higher accuracy in simulations. Based on IRIS benchmark, it is reasonable to expect from an experienced 
team to perform a simulation of a specific test with accuracy within ±40%. 
 
Simulation of impact induced vibrations is a challenge as mentioned in the conclusions. The difficulties are 
in the simulation of slab frequency, concrete damage and residual displacement. All these facts indicate the 
need of accurate characterization of concrete damage, damping and, may be, connections to the supporting 
structure. This will be the main exercise in the next IRIS phase. 
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APPENDIX I 
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