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WELCOME TO TRONDHEIM
 
The 3rd ICILSM conference was planned to be held in June 2020. Unfortunately, the corona 
pandemic forced us to postpone it. However, after two years of waiting, it is a pleasure 
to welcome you to Trondheim and the 3rd International Conference on Impact Loading of 
Structures and Materials 2022.

This conference series started in Liverpool, UK, in 1983, followed by Boston, US, in 
1993, and again in Liverpool, UK, in 1998. Four conferences named ICILLS were held in 
Florianópolis, Brazil, in 2005, Trondheim, Norway, in 2008, Valenciennes, France, in 2011, 
and Cape Town, South Africa, in 2014. The conference name was then changed to ICILSM 
and held in Torino, Italy, in 2016 and Xi�an, China, in 2018.

We are happy to present the conference program on behalf of the organizing committee. 
We have 11 invited lectures by reputable experts in our domain of engineering. In all, 59 
presentations cover all sub-domains of our community of impact engineering. Hopefully, 
this conference will become an excellent arena for exchanging ideas and experiences.  

We hope that you will enjoy your stay in Trondheim.
 
Sincerely yours,
The organizing committee

Magnus Langseth
Tore Błrvik 
Odd Sture  Hopperstad
Arild Holm Clausen
David Morin
Vegard Aune
Miguel Costas
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18.00-21.00 Icebreaking get-together

MONDAY 13 JUNE 2022

Plenum - Invited lectures 
Place: Trondhjemssalen 1 - Chair: M. Langseth

08.30-08.50 Welcome - Olav Bolland, Dean at the Faculty of Engineering, NTNU

08.50-09.20 Impact Loading of Components and Structures 
M. Alves (University of Sªo Paulo)

09.20-09.50 Modelling of Failure in Aluminium Structures
O.S. Hopperstad (NTNU)

09.50-10.20 BREAK

Session 1 - Failure of structures and materials under impact and blast loading - Chair: T. Børvik

10.20-10.40 Modeling the Interaction of a Generic Hollow Projectile with Different Types of Masonry  
A. Heine, C. Sauer, W. Riedel (Fraunhofer EMI)

10.40-11.00 Experimental investigation under laser-driven shocks of the dynamic behavior of materials for beam-intercepting  
devices in particle accelerators 
L. Baudin (CERN), C. Accettura (CERN), A. Morena (Politecnico di Torino),  
L. Wegert (GSI), A.S. Martynenko (GSI) , P. Neumayeur (GSI), M Tomut (GSI/University of Münster), A. Bertarelli 
(CERN), F. Carra (CERN), L. Peroni (Politecninco di Torino), M. Scapin Politecnico di Torino), C. Brabetz (GSI)

11.00-11.20 New insights into the role of porous microstructure on dynamic shear localization  
A. R. Vishnu, M. Marvi-Mashhadi, J. C. Nieto-Fuentes, J. A. Rodríguez-Martínez (University Carlos III Madrid)

11.20-11.40 BREAK

11.40-12.00 The behavior of ceramics and geomaterials during impact events 
K.T. Ramesh (Johns Hopkins University)

12.00-12.20 Sensitivity analysis of analysis program to crash analysis results of the aircraft engine for the spent fuel transport 
cask 
J.S. Kim (Sejong University), M.S. Cha (Graduate School, Sejong University)

12.20-12.40 Performance of a Welded Steel Component Under Shock Loading M. Cotton, A. Whorton (AWE Aldermaston)

12.40-13.00 Studying Dynamic Fragmentation of Metallic Rings Using a Single-stage Gas Gun: A Novel Experimental Approach 
 J.C. Nieto Fuentes (UC3M) N. Jacques (ENSTA), J.A. Rodríguez-Martínez  (UC3M)

13.00-14.00 LUNCH

Session 2 - Failure of structures and materials under impact and blast loading - Chair: M. Alves

14.00-14.20 A distribution model for low-velocity impact tests on Kevlar-epoxy composites reinforced by nanoparticles  
D. Ma (Politecnico di Milano), S.C. Amico (Federal University of Rio Grande do Sul), M. Giglio (Politecnico di  
Milano), A. Manes (Politecnico di Milano)

14.20-14.40 Deformation and energy absorption characteristics of 3D-printed polymeric lattices under static and impact  
compression  
Z.P. Sun (National University of Singapore), Y.B. Guo (National University of Singapore), V.P.W. Shim (Ningbo 
University/National University of Singapore)

14.40-15.00 Data-driven approach to account for �uid-structure interaction effects on blast loaded steel plates  
L. Lomazzi (Politecnico di Milano), A. Manes (Politecnico di Milano), F. Cadini (Politecnico di Milano), D. Morin 
(NTNU), V. Aune (NTNU) 

15.00-15.20 Adiabatic Shear Failure of Lightweight Materials: From Titanium Alloys to PA66-GF30 Composite  
L. Zhang, D. Townsend (University of Oxford)

15.20-15.40 Snow Avalanche Impact Loads:  Work-Energy Methods to Calculate Impulsive Pile-Up and De�ection Forces with 
Shear Tractions 
P. Bartelt, J. Borner, A. Caviezel (WSL Institute for Snow and Avalanche Research SLF)

TUESDAY 14 JUNE 2022
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Plenum - Invited lectures - Chair: M. Langseth

08.30-09.00 Transient response of structures subjected to blast loading: the chase for better experimental measurements
G.S Langdon (The University of Shef� eld/BISRU), R.J. Curry (The University of Shef� eld), S.E. Rigby (The Univer-
sity of Shef� eld), S.D. Clarke (The University of Shef� eld), A. Tyas (The University of Shef� eld/Blastech Inc.)

09.00-09.30 Crash Response of Li-ion Battery cells: From multi-scale analysis to engineering models T. Tancogne-Dejean 
(ETH Zurich), J. Zhu (MIT), D. Mohr (ETH Zurich/MIT)

09.30-10.00 BREAK

   Parallel sessions 10.00-15.00

Session 3 - Failure of structures and materials under 
impact and blast loading
Place: Trondhjemssalen 1 - Chair: G.S. Langdon

Session 4 - Dynamic material behaviour and failure
Place: Trondhjemssalen 2 - Chair: P. Verleysen

10.00-10.20 Comparison of drone collision and bird strike on aircraft 
radome using experimental and simulation methods
S. Heimbs, J. Hansen, M. Woidt (TU Braunschweig)

Mechanical behavior of Ultra High Molecular Weight 
PolyEthylene for blast and ballistic protection
M. Arrigoni, M. Castres, A. El Malki Alaoui (IRDL/
ENSTA Bretagne)

10.20-10.40 Behaviour of multi-layered plates impacted by high-
velocity projectiles
M. Orlov, V.P. Glazyrin, T.V. Fazylov (Tomsk State 
University)

Optimization of the electromechanical behavior of a 
piezoresistive polyurethane based foam during quasi-
static and dynamic solicitations 
A. Poirot (ESTACALAB/ENSTA Bretagne), 
M. Arrigoni (ENSTA Bretagne), N. Bedrici (ESTA-
CALAB), Jean-Christophe Walrick (ESTACALAB)

The challenge of accurate strain measurement during 
dynamic testing of � brous composites in the split Hop-
kinson bar technique
A. Gilat, J. Seidt, M. Konieczny (The Ohio State Univer-
sity)

10.40-11.00 Carbon � bre composite exposed to blast loading: 
A preliminary study
R. del Cuvillo (UC3M), M. Costas (NTNU) V. Aune 
(NTNU), T. Błrvik (NTNU) 
J. A. Artero-Guerrero (UC3M), J. Pernas-SÆnchez 
(UC3M), J. López-Puente (UC3M) 

Failure characterization for polymers at different strain 
rates and temperatures
V. Dorléans (FAURECIA), R. Delille (UPHF), F. Lauro 
(UPHF), D. Notta-Cuvier (UPHF), G. Haugou (UPHF), E. 
Michau (FAURECIA)

11.00-11.20 Effects of Ship Collision on Offshore Wind Turbines
N. Mehreganian (University of Massachusetts 
Dartmouth), G.K. Boiger (ZHAW), Y. Safa (ZHAW), 
A.S. Fallah (Oslo Metropolitan University)

Mechanical response of an armour steel alloy under 
combined condition of elevated temperature, high strain 
rate and triaxiality
E. Cadoni, M. Dotta, D. Forni  (University of Applied 
Sciences and Arts of Southern Switzerland)

Experimental study on the response of sacri� cial add-on 
armor
L. Blanc, D. Eckenfels, J.F. Legendre  (ISL)

WEDNESDAY 15 JUNE 2022

15.40-16.00 BREAK

Plenum - Invited lectures - Chair: M. Langseth

16.00-16.30 Additively Manufactured Protective Structures
T. Børvik (NTNU), M. Costas (NTNU), M. Edwards-Mowforth (The University of Edinburgh), M. Kristoffersen 
(NTNU)

16.30-17.00 Post-Failure Momentum Transfer in Momentum Enhancement, Size Scaling, and Comments on the DART Impact in 
September
J. Walker, S. Chocron (Southwest Research Institute)

18.00-20.00 Concert and Welcome Reception at Nidaros Cathedral

CANCELLED
Mechanical response of an armour steel alloy under 

CANCELLED
Mechanical response of an armour steel alloy under 
combined condition of elevated temperature, high strain 

CANCELLEDcombined condition of elevated temperature, high strain 
rate and triaxiality

CANCELLEDrate and triaxiality

CANCELLED
, M. Dotta, D. Forni  (University of Applied CANCELLED
, M. Dotta, D. Forni  (University of Applied 

Sciences and Arts of Southern Switzerland)CANCELLED
Sciences and Arts of Southern Switzerland)

CANCELLED
Behaviour of multi-layered plates impacted by high-

CANCELLED
Behaviour of multi-layered plates impacted by high-
velocity projectiles

CANCELLEDvelocity projectiles
, V.P. Glazyrin, T.V. Fazylov (Tomsk State CANCELLED, V.P. Glazyrin, T.V. Fazylov (Tomsk State 

University)CANCELLED
University)
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11.20-11.40 BREAK BREAK

Chair: O.S. Hopperstad Chair: D. Mohr

11.40-12.00 Experimental and Numerical Investigation of High 
Density Polyurethane Foam for Impact Against Metallic 
Target Plates 
D. Narayan, M. Singh, N. Bhatnagar (Indian Institute of 
Technology Delhi)

A simpli�ed approach in the design of energy absorbing 
cellular structures by means of the ef�ciency curves  
M. Avalle (University of Genoa)

12.00-12.20 A state of the art review of numerical models for Hyper 
Velocity Impacts in Space 
T. Cardone (Delft University of Technology/ESTEC 
ESA), C. Bisagni (Delft University of Technology)

Blast Attenuation in Cohesive Soils 
A. van Lerberghe (University of Shef�eld), S.Clarke  
(University of Shef�eld), A.D. Barr (University of  
Shef�eld), S.L. Kerr (DSTL)

12.20-12.40 Low-velocity impact on aluminium plates with geometric 
defects. An experimental and numerical study 
V. Espeseth, T. Błrvik, O.S. Hopperstad (NTNU)

Polymer testing with a pre-tensioned steel  
split-Hopkinson bar  
E. Schwenke, D. Morin, A.H. Clausen (NTNU)

12.40-13.00 Blast resistance of pre-damaged steel plates  
B.S. Elveli, T. Berstad, T. Błrvik, V. Aune (NTNU)

Impact of Full-�eld Measurement Biases on  
Identi�cation of Anisotropic Material Behavior Model  
J.D. Thoby (ONERA/UPHF/LAMIH), T. Fourest  
(ONERA), D. Notta-Cuvier (ONERA/LAMIH), E.  
Markiexicz (UPHF/LAMIH), B. Langrand (ONERA/ 
LAMIH)

13.00-14.00 LUNCH LUNCH

Session 5 - Terminal ballistics
Chair: O.S. Hopperstad

Session 6 - Dynamic material behaviour and failure 
Chair: D. Mohr

14.00-14.20 A numerical modelling and generative deep learning 
approach to the ballistic impact resistance of additive 
manufactured maraging steel plates 
M. Edwards-Mowforth (The University of Edinburgh) 
S. Thompson (The University of Edinburgh), M. Costas 
(NTNU), M. Kristoffersen (NTNU), T. Błrvik (NTNU), F. 
Teixeira-Dias (The University of Edinburgh)

Characterization with LASer Shock Adhesion Test of  
the interface strength of a HDPE composite coated with 
ceramic 
R. Ben Saada (ENSTA Bretagne), A. El Malki Alaoui 
(ENSTA Bretagne), G. Darut (UniversitØ Bourgogne 
Franche-ComtØ), J. Le Blanche (ENSTA Bretagne),  
M. Arrigoni (ENSTA Bretagne)

14.20-14.40 Modelling of concrete subjected to projectile impact  
S. Dey  (Norwegian Defence Estates Agency),  
M. Kristoffersen (NTNU), O. Toreskås (Norwegian  
Defence Estates Agency), T. Błrvik (NTNU)

Static and dynamic characterization of UHMWPE with 
nanoparticles 
A.R. Aziz, H. Alabdouli, A. Alshehhi, M. Gutierrez, 
R. Santiago, Z. Guan (Advanced Materials Research 
Center)

14.40-15.00 BREAK BREAK

Plenum - Invited lectures 
Place: Trondhjemssalen 1 - Chair: M. Langseth

15.00-15.30 Some studies of the mechanics of origami structures and materials  
G. Lu (Swinburne University of Technology)

17.00-21.00 Boat trip to Munkhomen (Monk’s islet)

Plenum: Invited lectures - Chair: M. Langseth

08.30-09.00 Heterogeneous �eld based tests for identi�cation of materials constitutive models at high rate of strains 
E. Markiewicz (UPHF), B. Langrand (UPHF/ONERA), D. Notta-cuvier (INSA/UPHF)

09.00-09.30 Revealing the strain rate dependent behaviour of a dual phase automotive steel by in-depth analysis of test data 
P. Verleysen, S. Chandran (Ghent University)

THURSDAY 16 JUNE 2022
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09.30-10.00 BREAK

Parallel sessions 10.00-16.00

Session 7 - Structural crashworthiness
Place: Trondhjemssalen 1  
Chair: E. Markiewicz

Session 8 - Impact, blast and high-rate loading/
measurement techniques and their applications
Place: Trondhjemssalen 2 - Chair: G. Lu

10.00-10.20 Determination of mechanical property pro� les for 
improved crash performance of a dual phase 
automotive steel 
S. Chandran, P. Verleysen (Ghent University)

The Virtual Fields Method for Reconstruction of Impact 
and Blast Loading 
R. Kaufmann, S.N. Olufsen, E. Fagerholt, V. Aune 
(NTNU)

10.20-10.40 Experimental study for water impact of composite panels 
Y. Tu (Delft University of Technology), M. Zanella 
(Politecnico di Milano), P. Astori (Politecnico di 
Milano), C. Bisagni (Delft University of Technology)

Suppression of Extra Oscillations on Impact Force Wave 
in Instrumented Taylor Impact Test by Pulse-shaping 
Technique 
C. Gao (Hiroshima University), T. Iwamoto (Hiroshima 
University), Y. Tanaka (Hiroshima 
University), T. Kusaka (Ritsumeikan University)

10.40-11.00 Using machine learning to analyze and design 
low-density foam for impact energy absorption 
F. Zhu (Johns Hopkins University), R. Zhou (Johns 
Hopkins University), Z. Yang (Suffolk University)

A Measurement of Impact Force by PVDF for 
Instrumented Taylor Impact Test
N. Sakata, G. Chong, T. Iwamoto, Y. Tanaka (Hiroshima 
University)

11.00-11.20 The effective width and fold size of thick square tubes 
under axial loading 
N. Jafarzadeh Aghdam, K.U. Schroeder 
(RWTH-Aachen University)

Impact of PU Foam Projectiles to Assess the 
Performance of Aluminum Panels Against Blast Loading
D. Narayan, N. Bhatnagar (Indian Institute of 
Technology Delhi)

11.20-11.40 BREAK BREAK

Chair: A.H. Clausen Chair: B. Langrand

11.40-12.00 Characterization and modelling of the fast dynamics 
strength of a Pa66/Aluminum SPR assembly 
N. Leconte, B. Bourel, F. Lauro, E. Markiewicz (UPHF)

Optimization of the electromechanical behavior of a 
piezoresistive polyurethane based foam during quasi-
static and dynamic solicitations 
A. Poirot (ESTACALAB/ENSTA Bretagne), 
M. Arrigoni (ENSTA Bretagne), N. Bedrici (ESTA-
CALAB), Jean-Christophe Walrick (ESTACALAB)

12.00-12.20 Development of a numerical model of a motorcycle 
helmet for the investigation of road traf� c accidents 
H. Ramos (University of Sâo Paulo/Technology Inno-
vation Institute), R. Santiago (University of Sâo Paulo/
Technology Innovation Institute), M. Alves (University 
of Sâo Paulo)

Design of a high strain rate in-plane torsion test 
V. Grolleau (ETH Zürich/IRDL), C.C. Roth (ETH Zürich), 
B. Galpin (IRDL/CREC), D. Mohr (ETH Zürich)

12.20-12.40 Simulation of a 1000 MPa Front Side Frame 
S.H. Lee (University of Waterloo), M. Tummers 
(University of Waterloo), Michael Worswick (University 
of Waterloo), S. Malcolm (Honda Development and 
Manufacturing). Presented by C. Tolton (University of 
Waterloo)

High strain-rate tests at high temperature in controlled 
atmosphere 
A. Morena, M. Scapin, L. Peroni 
(Politecnico di Torino)

12.40-13.00 Novel test for characterizing resistance spot weld group 
assemblies under shear loading
C. Tolton (University of Waterloo), J. Imbert-Boyd 
(University of Waterloo), M. Worswick (University 
of Waterloo), S. Malcolm (Honda Development and 
Manufacturing)

A simple methodology to perform dynamic triaxial tests 
using split-Hopkinson bars 
D. Kumar (Indian Institute of Technology Hyderabad/
Swinburne University of 
Technology), S.N. Khaderi (Indian Institute of Techno-
logy Hyderabad/Swinburne University of Technology), 
D. Ruan (Swinburne University of Technology)

CANCELLEDD. Kumar (Indian Institute of Technology Hyderabad/

CANCELLEDD. Kumar (Indian Institute of Technology Hyderabad/
Swinburne University of 

CANCELLEDSwinburne University of 
Technology), S.N. Khaderi (Indian Institute of Techno-CANCELLED
Technology), S.N. Khaderi (Indian Institute of Techno-CANCELLED
logy Hyderabad/Swinburne University of Technology), CANCELLED
logy Hyderabad/Swinburne University of Technology), 

 (Swinburne University of Technology)
CANCELLED
 (Swinburne University of Technology)

MOVED TO WEDNESDAYpiezoresistive polyurethane based foam during quasi-

MOVED TO WEDNESDAYpiezoresistive polyurethane based foam during quasi-
static and dynamic solicitations 

MOVED TO WEDNESDAYstatic and dynamic solicitations 
A. Poirot (ESTACALAB/ENSTA Bretagne), MOVED TO WEDNESDAY
A. Poirot (ESTACALAB/ENSTA Bretagne), 
M. ArrigoniMOVED TO WEDNESDAY
M. Arrigoni (ENSTA Bretagne), N. Bedrici (ESTA-MOVED TO WEDNESDAY

 (ENSTA Bretagne), N. Bedrici (ESTA-
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Session 10 - Structural crashworthiness, Impact/blast/measurement techniques, Stress waves, 
High-rate mechanical and forming processes, and Systems for protection

Place: Trondhjemssalen 1 - Chair: D. Morin

09.00-09.20 Identi� cation of armour technological solutions following experiment-simulation correlation 
Y. Cosquer (ISAE-SUPAERO), P. LongŁre(ISAE-SUPAERO), O. PantalØ (LGP), C. Gailhac 
(CNIM SystŁmes Industriels)

09.20-09.40 On the Mechanical Properties of Tungsten Heavy Alloy at Low, Intermediate and High Strain Rates
C. Roth (ETH Zürich) Teresa Fras (ETH Zürich/ISL), D. Mohr (ETH Zürich)

09.40-10.00 Experimental study on the response of sacri� cial add-on armor
L. Blanc, D. Eckenfels, J.F. Legendre  (ISL)

10.00-10.20 The Treatment of Contact/Impact Problems in Rockfall Dynamics A. Caviezel (WSL Institute for Snow and 
Avalanche Research SLF/CERC), J. Borner (WSL Institute for Snow and Avalanche Research SLF/CERC), 
A. Lanter (Geogrugg), P. Bartelt (WSL Institute for Snow and Avalanche Research SLF/CERC)

10.20-10.40 BREAK

10.40-11.00 "Numerical simulation of a climber fall: comparison of different models
M. Avalle (University of Genoa), A. Scattina (Politecnico di Torino)

11.00-11.20 "High strain-rate behavior of 316L architected materials manufactured by LMD-P and SLM
C. Buros (University of Bordeaux), P.Viot (Arts et MØtiers), J.Lartigau (University of Bordeaux) 

11.20-12.00 LUNCH

FRIDAY 17 JUNE 2022

13.00-14.00 LUNCH LUNCH

Session 9 - Structural crashworthiness, Impact/blast/measurement techniques, Stress waves, High-rate mechanical and 
forming processes, and Systems for protection
Place: Trondhjemssalen 1 - Chair: A. Benallal

14.00-14.20 Testing and modelling of aluminium rims under quasi-static and dynamic loadings
D. Morin, O.S. Hopperstad, M. Langseth (NTNU)

14.20-14.40 Effect of Diaphragm on Pressure Pro� les Generated in Shocktube
L. Gaur, R. Singh, T. Chakraborty (Indian Institute of Technology (IIT) Delhi)

14.40-15.00 Theoretical predictions of dynamic necking formability of ductile metallic sheets with evolving plastic anisotropy and 
tension-compression asymmetry  M. Anil Kumar (UC3M) , K. E. N�souglo (UC3M), N. Hosseini (UC3M), N. Jacques 
(ENSTA) , J.A.Rodriguez Martinez (UC3M) 

15.00-15.20 A simple and computationally ef� cient stress integration scheme based on numerical approximation of the yield 
function gradients: Application to advanced yield criteria N. Hosseini, J.A. Rodríguez-Martínez (UC3M)

15.20-15.40 Impact of Power Transmission Lines by Powder Avalanches
O. Gorynina, P. Bartelt (WSL Institute for Snow and Avalanche Research SLF)

15.40-16.00 BREAK

Plenum: Invited lectures - Chair: M. Langseth

16.00-16.30 An explicit phase � eld method for dynamic fracture H. Ren (Leibniz University), X. Zhuang (Leibniz University), 
C. Anitescu (Bauhaus University Weimar), T. Rabczuk (Bauhaus University Weimar)

16.30-17.00 Dynamical Behaviour of Champagne Bubbles: from initiation to explosion F. Moussy (Renault)

19.00-22.00 Banquet - Rockheim Museum

MOVED TO WEDNESDAYExperimental study on the response of sacri� cial add-on armorMOVED TO WEDNESDAYExperimental study on the response of sacri� cial add-on armor

CANCELLED"High strain-rate behavior of 316L architected materials manufactured by LMD-P and SLMCANCELLED"High strain-rate behavior of 316L architected materials manufactured by LMD-P and SLM
 (University of Bordeaux), P.Viot (Arts et MØtiers), J.Lartigau (University of Bordeaux) CANCELLED (University of Bordeaux), P.Viot (Arts et MØtiers), J.Lartigau (University of Bordeaux) 
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Marcilio Alves graduated in Mechanical Engineering in 1983 and 
obtained the Doctoral Degree at The University of Liverpool in 
1996. He is a Professor at the University of Sªo Paulo, where he 
established the Group of Solid Mechanics and Structural Impact. He 
obtained various grants which supports his research activities in the 
areas of structural impact, material characterisation and non-linear 
�nite elements. He has published many international articles in 
scienti�c journals with authors from Brazil, UK, Germany, Bulgaria, 
China, Iran and Norway, covering theoretical, experimental and 
numerical aspects of impact engineering. He edited 4 books on 
Structural Impact and Solid Mechanics and is the Editor-in-Chief 
and founder of the Latin American Journal of Solids and Structures. 
He was president of the International Society of Impact Engineering 
and author of the book Impact Engineering: Fundamentals, 
Experiments and Nonlinear Finite Elements.Marcilio Alves 

University Of Sªo Paulo
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3rd International Conference on Impact Loading of Structures and Materials 
ICILSM 2022  

Impact loading of components and structures  

Marcilio Alves

 
Group of Solid Mechanics and Structural Impact 

Department of Mechatronics and Mechanical Systems Engineering, University of São Paulo 

Abstract 

Components and structures present a complex response when subjected to high intense dynamic loading. This is due to effects 
like inertia and material nonlinear response. To understand their behaviour it is necessary an integrated approach comprising 
experimental and numerical analysis and a firm theoretical background. Some of these aspects of impact engineering are 
therefore presented here. They are based on various studies developed by the author along the years. This includes human 
body response to crash accidents, impact on plates, measurement of material strength, scaling of structures, 3D printed 
components behaviour, etc. A broad overview of the presentation is depicted in the figure [1]. 
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Abstract

Additive manufacturing (AM) is presumed to have a transformational effect in many industries, especially where
low weight combined with high performance is in demand. Metal AM, in particular, possesses a large and 
unrealised potential regarding protective structures for ballistic impact, crashworthiness, and spacecraft. In a 
recent study by some of the authors [1], the ballistic perforation resistance of AM AlSi10Mg aluminium plates 
was investigated and compared to plates from a traditionally die-cast block of the same material. The important 
conclusion from that study was that an AM material may have similar or even better ballistic properties than a 
traditionally manufactured material with the same chemical composition. Additionally, a standard and widely
used material model for ballistic impact simulations was calibrated based on material tests using inverse 
modelling. 3D finite element models of the ballistic impact problems were established in ABAQUS/Explicit, and 
the predicted results were compared to the experimental data. The agreement between numerical and experimental 
results was in general good (see Figure 1), even though no special measures were undertaken concerning the fact 
that the target material was produced by additive manufacturing.

Figure 1: Comparison of experimental test and numerical simulation of a 7.62 mm AP bullet perforating a 5 mm 
thick AM AlSi10Mg plate [1].

In a subsequent study [2], the ballistic properties of AM maraging steel, a material known for its extreme strength 
after heat treating, were investigated. First, monolithic plates with dimensions 100 mm × 100 mm × 5 mm and 
100 mm × 100 mm × 10 mm were fabricated by powder bed fusion. In addition to the plates, profile panels with 
the same areal density as the thickest plates were printed. Post AM, half of the samples were heat-treated at 490°C 
for 6 hours, while the rest were left as built. From these samples, material specimens were extracted in different 
directions with respect to the build direction for material characterisation. The mechanical response was then 
revealed based on quasi-static tensile tests at room and elevated temperatures, and dynamic tensile tests in a Split-
Hopkinson bar at room temperature. Metallurgical investigations were also conducted to study the microstructure 
of the material both before and after testing. The ballistic perforation resistance of the AM maraging steel samples 
was finally investigated in a ballistic range by firing 7.62 mm APM2 bullets towards the different targets. In the 
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tests, a high-speed camera was used to measure initial and residual velocities of the bullet, and to capture high-
resolution videos of the impact process. From these results, ballistic limit curves and velocities were obtained. It 
was found that especially the thickest maraging plate after heat treatment has a great potential in ballistic 
protection. The hard core of the AP bullet broke in all tests, and in some of the tests it was completely shattered
(see Figure 2). However, due to the severe brittleness of the material, the targets showed significant fragmentation 
in some cases. 

Figure 2: High-speed video pictures showing complete shattering of the 7.62 mm AP bullet during impact of an 
AM maraging steel profile panel [2].

In a similar manner to [1], a standard material model for ballistic impact simulations was calibrated based on the 
material tests; 3D finite element models of the ballistic impact problems were established in ABAQUS/Explicit, 
and the predicted results were compared to the experimental data. As was the case for the AM AlSi10Mg 
aluminium target plates in [1], the agreement between numerical and experimental results was satisfactory again 
despite that no special measures were undertaken to account for the AM production of the maraging target 
material.

From these studies, some preliminary conclusions can be drawn: 1) AM materials seem to have similar ballistic 
properties as traditionally manufactured materials with the same chemical composition, 2) standard material 
models seem to give good agreement between numerical predictions and experimental results in ballistic impact
without accounting for the fact that the material is additively manufactured, 3) the potential of AM materials as a
protective structure seems large. The next step in this ongoing research is to combine numerical optimization, 
additive manufacture, and materials design in an attempt to establish better protective solutions. 
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Micro-mechanics of ultra-high molecular weight polyethylene 
fibre composites

V.S. Deshpande
Cambridge University Eingineering Department, Cambridge CB2 1PZ, UK

Abstract

Fibre composites comprising Ultra High Molecular Weight Polyethylene (UHMWPE) fibres in a 
polyurethane or polyethylene matrix are now extensively used for ballistic protection applications. This 
interest arises from a recognition that the ballistic limit of fibre composites scales linearly with the so-

called Cunniff velocity given by where and are tensile failure 

strength and strain of the fibres, respectively while is the tensile modulus of the fibres and is 

the density of the fibres.  Based on this parameter the UHMWPE fibres outperform most known 
materials as the UHMWPE fibres have a tensile strength exceeding 3.5 GPa at a density less than water.  
However, a detailed experimental investigation reveals that the Cunniff model fails to rationalise two 
key observations: (i) the ballistic performance of fibre based composites is strongly dependent on the shear 
strength of matrix and (ii) penetration of the UHMWPE composites does not occur in a membrane mode 
but rather in progressive manner, such that the number of failed plies increases with increasing impact 
velocity. 

A comprehsive  experimental and numerical investigation of the mechanics of these composites under both 
static and dynamic loading conditions will the reported. The understanding of the range of 
deformation/failure mechanisms gained from this combined numerical/experimental investigation will be 
used to motivate a discussion on a new class of UHMWPE composites that have the potential to further 
enhance performance.
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Abstract 

Providing adequate blast protection systems for infrastructure, equipment and people requires a detailed understanding of the 
likely threats that each of these faces. The most appropriate blast protection paradigm can be identified by understanding what 
constitutes “failure” in that context. In some cases, “failure” is simply plastic deformation that exceeds some specified amount, 
such as the plastic hinge rotation angles specified in some design codes (for example, see reference [1]). In other cases, the 
transient response and material rupture points are of greater importance, and in mine resistant ambush protected vehicles, the 
impulse transfer is also a factor [2-3]. 
What is common in each system is the need to understand the magnitude and distribution of the imparted explosion loading as 
well as its subsequent effects on the structure of interest. Simple tools exist for rapid evaluation of blast events that can be 
idealized as far-field explosions, in open spaces, impinging upon simple target geometries, when the structures do not shear or 
tear. These have been shown to provide good estimates [4] for simple loading, but unfortunately, “real-life” explosive events 
are complex. Examples of complexity include explosive detonations in confined spaces (urban settings like subways, inside 
buildings, or in city streets) or in the near-field (small stand-off distance). Transient response, complex failure modes and 
early-time rupture of the structure compound the difficulties. There is a pressing need for approaches which combine 
fundamental understanding of complex explosion loading and structural response with the ability to quantitatively predict 
these effects.  
Carefully controlled, systematic, blast experimentation is vital in supporting the efforts of blast engineers and researchers in 
understanding and predicting blast loading and its effects on structures and materials. There are considerable challenges in 
measuring and recording data, including the extreme nature of the loading (high pressure, high temperature), the short duration 
of the loading and response (from microsecond to millisecond range), electromagnetic interference from the detonation, the 
bright explosive flash and challenges in reliably triggering multiple instruments at the same time. In recent years, general 
improvements in instrumentation and novel experimental approaches have provided renewed impetus to the chase for better 
experimental measurements from laboratory scale explosion tests [5-7]. 
Firstly, this paper briefly evaluates different experimental techniques and presents some recent experimental results from joint 
experimental work [8] at the explosion laboratories hosted by the Universities of Sheffield and Cape Town. Impulse 
distributions measured from near-field tests obtained from Sheffield’s Characterisation of Blast Loading (COBL) test facility 
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(shown in Figure 1) are compared to equivalent scaled single-blind tests performed at BISRU, where the transient response is 
measured using a high-speed stereo video system (shown in Figure 2).  
 

 

 

 

 

 

 

 

 

 

Figure 1: Schematics of the University of Sheffield COBL test facility 

 

 

 

 

 

 

 

Figure 2: Schematic (side view) of the transient response blast pendulum at BISRU, University of Cape Town 

 
The results are used to validate some numerical approaches commonly employed in LS-Dyna [9]. A new energy equivalent 
impulse approach is used to demonstrate an improved linear correlation between response and impulse, which better accounts 
for the spatial distribution of the loading. The inferred impulse method seems to be sensitive enough to detect spatial variations 
in loading caused by surface instabilities in the expanding detonation product cloud from cylindrical charge detonations. The 
findings show significant progress in the chase for better experimental measurements that characterize the loading and transient 
response of structures subjected to near-field explosions.   
Secondly, the paper describes some of the continued developments since the success of those early trials, resulting in a new 
optical diagnostics system for blast capability at the University of Sheffield. This includes an upgraded stereo-imaging system 
with enhanced capabilities and provides some preliminary results on how it can provide additional insights. It then shows some 
recent advances in our capability to visualise detonation using ultra-high speed imaging, showing it to be a useful tool for 
visualizing detonation fronts in explosive charges and the expanding fireball. 
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Abstract 

The accidental impact loading of battery cell brings the risk of short circuit and thermal runaway. For the engineering of safe 
transportation vehicles, it is thus essential to have reliable computational models that can predict the large deformation response 
of batteries. Starting from experimental results on the constituent materials of Li-ion battery cells, a detailed micromechanical 
model is built to predict the macroscopic response of battery cells. To attain the computational efficiency required for large-
scale crash simulations, a homogeneous-equivalent model of a battery cell is also developed based on the Deshpande-Fleck 
plasticity model. Furthermore, to attain even higher prediction accuracy, a machine-learning based plasticity model is also 
presented using a recurrent neural network approach. The results from Hopkinson bar impact experiments on battery cells are 
also shown for both in-plane and out-of-plane loading conditions. The comparison with the corresponding static experiments 
reveals a pronounced strain rate effects which is taken into account by the proposed macroscopic constitutive model. 
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Guoxing Lu*

School of Engineering, Swinburne University of Technology, Hawthorn Vic 3122, Australia

Abstract

This presentation introduces energy absorption and impact response of origami inspired structures and metamaterial, which 
we have recently studied. Several examples of incorporating the concepts of origami will be presented. They include thin-
walled structures under axial loading, Miura metamaterials (Fig 1) and its variations under quasi-static and dynamic 
compression and origami sandwich panels under quasi-static loading and ballistic impact. 

Responses of such materials and structures involve large plastic deformation as well as dynamic effects.  For metamaterials, 
analytical models have been developed to describe the strength and energy absorption capacity. It is assumed that the base 
material is ductile and can be approximated as a perfectly-plastic material. The analytical model is verified by the numerical 
simulations as well as quasi-static compression test of a four-sheet origami specimen. Response of such material under impact 
loading is also investigated and a shock model is proposed for high velocity impact. 

          
     Fig 1 A Miura unit (left) and metamaterial made of Miura units (right)
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Abstract 

The lecture aims at providing to the scientific community a synthesis of the research activities performed at the authors 
laboratories in the field of the characterisation of materials constitutive behaviour and damage under dynamic loadings [1-6].  

The characterisation of material properties is very challenging, especially when the number of material parameters governing 
the constitutive equations is significant. This is particularly true when considering anisotropic materials and/or strongly 
nonlinear constitutive models, for example, in viscoplasticity or damage theories. Different normalized tests are necessary to 
calculate the parameters of the material models. Tests are generally exploited based on statically determined approach, i.e. 
by assuming that the mechanical fields are homogeneous over the specimen gauge length. A first limitation is that several 
tests are needed to characterize material behaviour dependency to strain-rate, e.g., as each test must be performed at a 
constant (over time) and uniform (over gauge length) strain rate. Moreover, material parameters are obtained with those tests 
in one loading direction while constitutive equations involve all strain and stress tensors components. Consequently, a large 
number of tests are required when complex behaviours at high rate of strains have to be characterised. The limitations of this 
statically determined approach can be overcome with the statically undetermined approach that considers no hypothesis on 
homogeneity of mechanical fields and therefore no constraint on loading conditions and test exploitation.  

The most widespread statically undetermined approach is the Finite Element Model Updating (FEMU) method. FE 
simulations are iterated until constitutive parameters leading to the best match between numerical computations and 
experimental measurements is found. However, the main draw back of this approach is that it requires building a validated 
numerical model of the test, including the boundary conditions that can be often complex. 

The Virtual Field Method (VFM) is another statically undetermined approach. Based on the principle of virtual work (PVW) 
the method expresses the global equilibrium of a solid of any shape. The VFM enables to take the full advantages of full-
field measurement techniques, such the Digital Image Correlation (DIC) method. One of the main advantages of the VFM 
compared to FEMU methods is that it does not require building a numerical model of the test.  

When virtual work of acceleration can be neglected, the VFM can be applied to identfy material parameters with the only 
knowledge of strain fields and resultant of loading [1,2]. In a more original way, when high strain rates are concerned, some 
assumptions lead to an expression of the PVW allowing the identification of material parameters with the sole knowledge of 
strain and acceleration fields (Equation 1) [4]. In particular, the VFM does not require in that case the knowledge of any 
external loads, thus avoiding the use of an intrusive sensor (e.g. load cell). As optical devices are continuously being 
improved (notably in terms of spatial/temporal resolution), their combination with a full-field measurement technique is 
more and more suitable for high strain-rate testing and the identification of material parameters using the VFM. 
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Abstract 

We present experimental and numerical results on the interaction of a generic hollow steel projectile with two different types 
of masonry. The experiments comprise impact tests performed with finite-thickness targets at impact velocities where the 
projectile still behaves elastically or shows marginal plastic flow. That regime was chosen in order to avoid unnecessary 
complications with the modeling of the projectile material and to focus the investigations on capturing the response of the 
target materials in numerical models. The two considered target materials are lightweight adobe and fired clay masonry. The 
behavior of both materials is described with the RHT concrete model and appropriate parameters are obtained from material 
testing, independent ballistic validation experiments, and subsequent iterative parameter studies. It is shown that for both 
materials a reproduction of the experimental results is mostly possible for the response of the solid brick material toward 
ballistic impact. For projectile impact against brick wall elements, limitations are identified that can be explained by still 
inadequate modeling of the behavior of the mortar joints and their bonding to the bricks. Nonetheless, for two building 
materials simulation models for ballistic impact are obtained. This conference presentation partly summarizes prior work on 
lightweight adobe [1] and fired clay masonry bricks [2]. It also provides additional experimental results available for validation 
purposes. 
  

                
Figure: Exemplary results from simulation and experiments. 

References 

1. C. Sauer, A. Heine, W. Riedel, Comprehensive study of projectile impact on lightweight adobe masonry, 
International Journal of Impact Engineering 125 (2019) 56-62. 

2. C. Sauer, A. Heine, F. Bagusat, W. Riedel, Ballistic impact on fired clay masonry bricks, International Journal of 
Protective Structures 11 (2020) 304-318. 

                                                           
* Corresponding author. Tel.: +49-761-2714-435; fax: +49-761-2714-81-435. 

E-mail address: andreas.heine@emi.fraunhofer.de 



Proceedings of the 3rd International Conference on Impact Loading of Structures and Materials

48

 

 

 

 

 

 

3rd International Conference on Impact Loading of Structures and Materials 
ICILSM 2022  

Experimental investigation under laser-driven shocks of the 
dynamic behavior of materials for beam-intercepting devices in 

particle accelerators 
Lucie Baudin a*, Carlotta Accettura a, Alberto Morena b, Leonard Wegert c, Artem S. 

Martynenko c , Paul Neumayeur c, Marilena Tomut c,d, Alessandro Bertarelli a, Federico 
Carra a, Lorenzo Peroni b, Martina Scapin b, Christian Brabetz c

a CERN, Esp. des Particules 1, 1211 Meyrin, Switzerland 
b Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129  Turin, Italy 

c GSI Helmholtzzentrum für Schwerionenforschung GmbH. Planckstraße 1, 64291 Darmstadt, Germany  
d Institute of Materials Physics, University of Münster, Wilhelm-Klemm Str. 10, 48149 Münster, Germany 

Abstract 

A laser-shock experimental campaign, named “P219”, was performed in the framework of the H2020 European project ARIES 
in February 2022. ARIES, and more specifically its Work Package 17, aims at studying innovative advanced materials used 
for beam intercepting devices, such as collimators absorber blocks and dumps, in high energy particle accelerators.  

Safety protection devices must be able to intercept highly energetic particle beams travelling in the particle accelerators, such 
as the CERN Large Hadron Collider (LHC). The materials must withstand severe thermo-mechanical conditions due to the 
quasi-instantaneous energy deposition while also meeting drastic requirements in term of electrical conductivity, ultra-high 
vacuum compatibility, deformations, to avoid perturbing the accelerator operation. The constrains related to an affordable and 
large-scale industrial feasibility must also be accounted. Carbon-fibre Carbon (CFC) composite and isotropic polycrystalline 
graphite  were used at CERN, in LHC collimators and other beam intercepting devices. 

Programs aiming at increasing the beam energy in particle accelerators, such as the implementation of the High-Luminosity 
LHC upgrade (HL-LHC) or the study on the Future Circular Collider (FCC), urge the development and characterization of 
novel materials able to handle even more severe conditions, in particular, in extreme accidental scenarios. CERN has launched 
an R&D program to develop in install materials fitting the requirements of HL-LHC collimator absorbers. Graphite-matrix 
composites reinforced with Molybdenum carbides (MoGr) have been installed but several others are still under investigations: 
Chromium Carbide – Graphite (CrGr), metal-graphite composite (CuGr) and copper-diamond. 

In this context, a wide range of specimen targets made of relevant materials and coatings for the use in beam intercepting 
devices, were submitted to laser-driven shocks to contribute to their thermo-mechanical characterization under severe loading 
conditions.  

High-power laser pulses irradiating thin targets can lead to their fragmentation under tensile stresses. Indeed, the plasma 
expansion, resulting from the laser/matter interaction for sub-picosecond laser pulses, triggers a planar compression wave on 
the front surface of the specimen. The shock wave travels across the target until it reaches the back surface and is reflected as 
a tensile wave. As a result, a high-strain tensile stress is generated a few hundreds of micrometers below the back surface.  
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When changing the intensity of the laser irradiation, and therefore the amplitude of the compression applied on the front 
surface, as well as the thickness of the specimens, a large range of tensile stresses applied beneath the back surface can be 
investigated. If this stress reaches the spall strength of the material, the material breaks and a spall can be ejected. 

 

This study provides an overview of the P219 experimental campaign conducted at the PHELIX high energy laser facility at 
the GSI in Darmstadt. The laser produced square temporal pulses of 1.5 ns at a wavelength of 527 nm (2nd harmonic), delivering 
energy in the range of 50 to 60 J, with a focal spot obtained by a phase plate of 1 mm diameter, resulting in a laser intensity in 
the range of 3.4 to 5.9 TW/cm². 

After calibration shots at copper and aluminum targets, 46 specimens made of fine-grained nuclear isotropic graphite, Carbon-
fibre Carbon (CFC) composite, metal-carbide graphite (MoGr, CrGr), metal-graphite composite (CuGr) and copper-diamond 
were irradiated under vacuum. Targets were 10-mm-diameter discs with thicknesses ranging from 0.75 to 3.5 mm. 

Carbide-graphite composites are mainly composed of oriented graphite, therefore they exhibit an orthotropic behavior, as well 
as CFC composites. The dynamic behavior of those anisotropic materials was investigated in both directions, in-plane and 
through-plane, when cutting the specimens and applying the pressure conditions (laser and shock wave propagation directions 
are respectively parallel and perpendicular to basal planes). 

In addition, the adhesion of the thin-film (such as 6-µm-thick Molybdenum or 3-µm-thick copper) deposited on the collimators 
of the LHC to enhance electrical conductivity was investigated taking advantage of irradiation conditions close to those of a 
LAser Shock Adhesion Test (LASAT) used to assess the bonding strength of coating and adhesives. 

For this P219 experimental campaign, both, on-line and post-mortem diagnostics were used: 

Photonic doppler laser velocimetry (PDV) was pointing at the back surface of the specimen. In addition of the measurement 
of the surface velocity, such PDV could measure the velocity of the ejected fragments in the range of several hundreds of 
meters per second, nevertheless the temporal resolution was limited to 55 ns. Facing the challenges due to the low reflectivity 
of the target, several methods were used to enhance the return signal in the 1.5-mm-diameter PDV probe: surface polishing, 
1-µm-thick aluminum flash coating, or application of reflecting silver color ink. A fine adjustment of the alignment of the 
incident and reflected probe beam was also required.  

In addition, a streak camera was also pointed at the back surface. Streak images, recorded with a 16 bits CDD with 1344*1024 
pixels could show when the shock break out on the back surface of the specimen with a temporal resolution in the range of 65 
to 120 ns, depending on the choice of the sweep window. Parallelly, the exact time of the high energy laser beam impact on 
the front surface is known thanks to the synchronisation system between the laser facility and the diagnostic. The break time 
of the shock wave across the specimen could therefore be determined. 

High speed systems based on shadowgraphy, was implemented for transverse imaging of the debris ejection. With photo diode 
enlightenment, the camera took 26.6-µm-pixel-size pictures of the cloud of debris, every 1.7 to 5.4 µs. Opening and closing 
time of the shutter were recorded on oscilloscope to determine the exact time of the capture.  

Ejected debris were collected on a transparent PMMA plate placed at 12 mm from the back surface. The shape and size of 
debris will be analyzed by microscopy. Ultimately, post-mortem microscopy and tomography of the specimens submitted to 
laser impact will be deployed to measure the crater on the front surface, the spallation depth on the back surface and to localize 
the subsurface cracks. 

Assisted by numerical simulation, such diagnostics should both, allow to evaluate the loading conditions into the targets and 
get an insight into the resulting damage phenomena in materials under high-strain stresses.  

 

To conclude, the P219 experimental campaign provided large amount data to cross-check and validate the models implemented 
for laser matter interaction, shock wave propagation and spall strength concerning a wide range of materials, all relevant for 
the use in beam intercepting devices of particle accelerators. 
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Abstract 

It is expected that the transport of spent nuclear fuel will occur frequently in the future, and various types of casks will be used 
for such transport. After the 9.11 attack, it has been required to prepare for a sabotage attack on nuclear materials, including 
spent nuclear fuel. As part of this preparation, the structural integrity of the cask should be verified analytically or 
experimentally when an aircraft engine crashes into a spent fuel transport cask. In the nuclear industry, verification and 
validation related to structural integrity analysis are a fundamental process that should be performed. Analysis programs are 
also subject to evaluation in this verification and validation process.  
In the study, when an aircraft engine collides with a spent fuel transport cask, the structural integrity of the cask was evaluated 
using three analysis programs: Autodyn, Speed, and ABAQUS explicit version. As a result of all analysis, it was confirmed 
that no penetration occurred in the cask wall. However, even though the same finite element model and analysis conditions 
were used, it was identified that there were significant differences in analysis variables such as von Mises effective stress and 
equivalent plastic strain among the programs.  
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Abstract 

Welding is used extensively throughout manufacturing as a reliable and low cost joining technique for a range of metals. The 
methods employed vary depending on the material, geometry and application of the product, but in most situations 
characterization of the welded material is an important step in certifying the final component. This is particularly crucial where 
the component in question is likely to be exposed to conditions of impact or blast loading which have the potential to initiate 
failure processes. The most ubiquitous example of such a scenario is a vehicle collision, but these considerations are also 
important for many products designed for use in defence applications such as armour systems. In these situations the weld may 
offer a preferential location for damage nucleation relative to the surrounding material which may reduce the overall 
performance or reliability of the component. 
 
Testing of welded parts under representative conditions is important part of any certification process, but the cost involved in 
repeated testing of large assemblies can be significant. This can be mitigated to some extent by a greater reliance on small 
scale testing in simple geometries coupled with simulations. Gas gun plate impact experiments offer one route for testing 
which can deliver the pressures and strain rates relevant to blast and impact scenarios. It also has the benefit of providing a 
simplified loading geometry in which the forces applied to the weld can be easily linked to observed experimental phenomena.   
 
In order to better understand the behaviour of welded material under conditions of shock loading, a series of gas gun plate 
impact experiments have been conducted on steel plates over a range of impact velocities. Samples with full and partial 
penetration laser butt welds aligned with the loading direction were investigated alongside unwelded control samples to look 
for evidence of localized changes in response around the weld. Data was gathered using multiple velocimetry channels to 
record transmitted wave profiles at various positions across the sample rear surface, with an emphasis on detecting 
perturbations during the period of 1D uniaxial strain conditions in the sample. Additional data was supplied from 
metallographic examination of the shocked samples, using optical imagery of the weld region to look for signs of preferential 
damage nucleation in the region of the weld.  
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Abstract 

The ring expansion test developed by Niordson in 1965 was a turning point in the 
experimental research on dynamic localization and fragmentation of metallic materials. In this 
impact experiment, a circular ring specimen is expanded at large velocities by detonation of an 
explosive charge or application of transient magnetic fields. While magnetic loading technique 
has become more popular than explosive loading schemes, it shows the drawback that Joule 
heating effects occur in the sample material. The complexity of performing fragmentation tests 
of rings, cylinders, and hemispheres, has led to the development of alternative techniques to 
conduct fragmentation experiments using gas guns, providing greater control over the strain 
rates in the specimen.  

Here, we have developed and demonstrated a novel ring expansion experiment which uses 
a light-gas gun to fire a conical projectile that impacts axially on a thick-walled cylindrical 
tube. A metallic ring, located concentrically to the tube on the outside, is expanded radially by 
the tube until multiple necks and fractures appear along the circumference of the specimen at 
large strains. The impact velocities have been varied from 150 to 400 m/s, leading to strain 
rates in the ring that range between 10000 to 25000 s-1. We have tested samples made of 
Ti6Al4V and AlSi10Mg alloy, with different nominal diameters and cross sections. To collect 
the fragments ejected after impact a neoprene case was located around the specimen. Due to 
the large radial velocities reached during the tests, most of the fragments were flying in the 
radial direction towards the stopping case, thus they could be recovered for a later statistical 
study. Considering the soft nature of the collecting device, it was ensured that after the first 
impact no further fragmentation occurred. The recovered fragments were sized and weighted, 
and the influence of the impact velocity, and the specimen thickness and radius were studied. 
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Abstract 

Fibre-reinforced polymers enriched with nanoparticles have attracted great attention due to their good performance under 
impact loading and their potential application on health monitoring. However, the random, not homogenous distribution of 
nanoparticles (NPs) inside the polymer matrix represents a challenge: if predictive modelling approaches are used for optimal 
design. Finite Element (FE) modelling of such materials on the nanoscale poses several issues to modelling, as widely 
recognized in the literature [1,2]. Not only does the presence of NPs increase the complexity of modelling strategies, especially 
for the determination of a damage model when both macroscale and mesoscale are taken in account, but more so microscale 
modelling is in fact not feasible for complex loading conditions (e.g. impact cases) due to the massive computational cost and 
thus the effect of NPs have to be considered in a higher modelling scale. The modelling of the heterogeneous distribution of 
NPs is hence a key aspect to advance the understanding of the damage mechanism of this enriched composite for application 
purpose. Therefore, an investigation into reliable and efficient modelling strategies is an actual task. 

 In order to find an efficient method to simulate dynamic response under low-velocity impact (LVI), a hybrid method is 
herein investigated. This approach consists in developing a macroscale modelling but with a statistical discrete distribution of 
the mechanical properties, which addresses the random distribution of NPs. The global model simulates a Kevlar-epoxy 
composite with 0.5wt.% NPs and has been employed as a case study for LVI. Initially, a FE model of the impacted panels was 
created and the material properties, calibrated from tensile, compressive and shear tests on Kevlar-epoxy composites with 0; 
0.5; 1.0 or 2.0 wt.% of NPs, were assigned to each element. Figure 1 shows the detailed model built for LVI, in which the use 
of boundary conditions in the red region replicates the rigid-window clamps in the tests. According to [1,2], the distribution 
of NPs in cured polymer obeys a normal distribution, thus, Poisson distribution, as a discrete format of Normal distribution, 
was employed to describe the probabilistic distribution of NPs in the Kevlar-epoxy composite. Herein, each element of the FE 
model was regarded as a homogeneous material with 0; 0.5; 1.0 or 2.0 wt.% of NPs. The material properties of all data-
available weight fractions in the present study, i.e. 0; 0.5; 1.0 and 2.0 wt.% were statistically assigned according to the Poisson 
distribution in order to capture this particular effect of a non-homogeneous distribution. Nevertheless, the total weight fraction 
of NPs in the FE model was kept around 0.5 wt.% by controlling the mean value of the Poisson distribution. The mechanical 
response in the present model was simulated using MAT_054/055 in Ls-dyna for all weight fractions. On the other hand, a 
uniform-distribution model was created to compare the mechanical properties of all the samples from numerical models with 
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data from material tests for the 0.5 wt.% nanocomposite. Two different impact energies, 15 J and 30 J, were evaluated in the 
present work to analyse the effect of the impact energy and damage morphology for uniform and non-uniform distributions. 
The quantitative analysis of the damage volume shows that the normal-distributed models stand in better agreement with 
experimental data than the results obtained from the uniform model, which predicts a larger damage volume indicating more 
absorbed energy. Also, the damage shape obtained with the distribution model reproduces experimental data with regards to 
damage size, especially for the impact energy of 30 J, more accurately.  

In sum, the proposed distribution model is able to replicate the damage behaviour of nanocomposites under low-velocity 
impact, especially the accumulation of intra-laminar cracking. Furthermore, the progressive damage behaviour for 
nanocomposites under LVI is sensitive to the distribution of NPs and this effect of the NPs’ distribution decreases when the 
impact energy is higher. Furthermore, the difference between loading history of the models is less significant at a higher impact 
energy, most likely due to the fact that this energy level accelerates the damage process and decreases the effect of the NPs’ 
not homogenous distribution. On the contrary, at lower energy levels (15 J), a large fluctuation is visible for different 
distributions. 

 

 
Figure 1. FE model with the most probable probabilistic distribution of NPs under low-velocity impact. 
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Abstract

Lightweight additively-manufactured lattices have attracted increasing interest because their uniform and regular unit cell 
topologies can be specifically tailored to fulfil customised requirements [1]. For example, axial-loading dominated lattices 
(e.g. Octet, Fig.1a) possess high stiffness and strength, which are desirable for load-bearing applications, while bending
dominated lattices (e.g. Rhombic Dodecahedron (RD), Fig.1b) display a stable post-yield stress plateau during gross crushing 
[2], which is advantageous for energy absorption. However, intrinsic limitations of these conventional lattices, such as the 
significant post-yield stress fluctuations for the octet and the low plateau stress level for the RD, contrain them from 
maximising their energy absorption capacities. In an earlier study, a hybrid lattice (HS, Fig. 1c) that comprises an axial-loading 
dominated octahedron identical to the octet (highlighted in red), linked to external bending dominated struts similar to those 
in an RD (highlighted in blue), was formulated. This resulted in favourable mechanical properties – a high strength comparable 
to that of the Octet and a relatively stable post-yield stress response, similar to that of the RD. These endow it with better 
energy absorption characteristics than its two parent topologies – the Octet and RD (Fig. 1d). 

Fig.1. Schematic diagram of unit cells of an (a) Octet, (b) Rhombic Dodecahedron and (c) proposed hybrid structure; (d) 
overall stress-strain responses of the three lattices under quasi-static compression

The present study yields a deeper understanding of this hybrid lattice, particularly under dynamic compression, in terms of the 
overall deformation and failure characteristics, stress-strain response and energy absorption performance. Two aspects are 
examined in detail with respect to their influence on the gross crushing response: i) deformation rate, and ii) loading direction. 

                  
* Corresponding author. Tel.: +65 6516-2228.

E-mail address: vshim.me@nus.edu.sg

(a) (b) (c) (d)



Proceedings of the 3rd International Conference on Impact Loading of Structures and Materials

58

Theoretically, the hybrid lattice, Octet and RD, should all possess identical responses for compression along their three 
respective principal orthogonal directions – i.e. the rise (vertical printing) direction, and the directions transverse to this – if 
all their struts have similar mechanical properties. However, the 3D layer-by-layer fabrication process causes cell struts printed 
at various inclinations to the printing bed to have different properties, as shown in Fig. 2a. This introduces anisotropy into their 
mechanical response, which this investigation examines.  

To identify the effects of deformation rate and loading direction, samples of the three lattice types were fabricated using 
Fused Deposition Modelling (FDM), and subjected to quasi-static and dynamic compression along different directions (i.e. 
rise and transverse directions) using a universal testing machine and a drop tester respectively. The results demonstrate that 
the hybrid lattice yields the most desirable response in terms of energy absorption, regardless of deformation rate and 
loading direction. Although it possesses a slightly lower strength than the Octet, it displays a more stable post-yield 
response, with much smaller stress fluctuations. Compared to the RD, it has a significantly higher initial yield strength and
post-yield plateau stress level. The hybrid lattice achieves a good balance between crushing strength and stress stability after 
yield, endowing it with the best energy absorption attributes. With respect to deformation rate, similar trends are observed 
for the three lattices – i.e. their strengths increase with the rate of compression, but deformation within them becomes more 
localised, generating larger fluctuations in the post-yield stress response and fracture in more struts. In terms of loading 
direction, compression along the transverse direction is characterised by a lower strength and larger post-yield stress 
fluctuations. Of the three lattices, the axial-loading dominated Octet exhibits the greatest direction-dependence – it is 
significantly weaker along the transverse direction (Fig. 2b) compared to the rise direction; moreover, the overall 
deformation mode changes from horizontal layer-by-layer crushing for compression along the rise direction (Fig. 2c), to 
inclined shear-band-like deformation for compression along the transverse direction (Fig. 2d). The responses of the bending 
dominated RD lattice and the hybrid lattice are less sensitive to loading direction – the RD is little affected by loading 
direction, while the hybrid lattice is slightly weaker for compression along the transverse direction. 

Fig.2. Anisotropic mechanical properties of lattices arising from 3D-printing process – (a) quasi-static stress-strain response 
of tensile test specimens printed at various inclinations to the printing bed; (b) global stress-strain response of Octet 
compressed along the rise and transverse directions; (c, d) effect of loading direction on cell deformation modes in an Octet 
lattice: (c) horizontal layer-by-layer crushing for compression along the rise direction; (d) inclined shear-band-like localised 
deformation for transverse compression.
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rise and transverse directions) using a universal testing machine and a drop tester respectively. The results demonstrate that 
the hybrid lattice yields the most desirable response in terms of energy absorption, regardless of deformation rate and 
loading direction. Although it possesses a slightly lower strength than the Octet, it displays a more stable post-yield 
response, with much smaller stress fluctuations. Compared to the RD, it has a significantly higher initial yield strength and
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significantly weaker along the transverse direction (Fig. 2b) compared to the rise direction; moreover, the overall 
deformation mode changes from horizontal layer-by-layer crushing for compression along the rise direction (Fig. 2c), to 
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dominated RD lattice and the hybrid lattice are less sensitive to loading direction – the RD is little affected by loading 
direction, while the hybrid lattice is slightly weaker for compression along the transverse direction. 
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Abstract

The dynamic response of blast-loaded structures has been largely investigated in the last fifty years by means of analytical, 
experimental and numerical methods [1]. Historically, based on experimental observations, empirical models were developed 
both to predict the properties of blast waves generated by high explosive (HE) detonations and as fast running engineering
predictive tools to describe the behaviour of simple circular and quadrangular metal plates [2]. Moreover, similar 
considerations also came from properly developed analytical models describing the response of plate-like structures subjected 
to dynamic loading conditions [3]. More recently, exploiting the constantly increasing availability of computational resources, 
numerical methods have been employed to simulate the response of structures to blast events. Compared to analytical and 
empirical methods, this approach allows studying structures characterized by complex geometry and made of any material.
Such numerical methods may be mainly classified into two groups, i.e., uncoupled and coupled methods [4]. Uncoupled 
methods consist in the description of the structural domain by employing elements with Lagrangian formulation, on which 
blast pressure is exerted as prescribed pressure load. Pressure load properties are commonly determined either through 
empirical models or by means of pure Eulerian analyses, where the pressure exerted on the structure is predicted by explicitly 
simulating the blast wave generation and propagation. Instead, coupled methods simultaneously describe in the same analysis 
both the Eulerian fluid domain and the Lagrangian structural domain. Although coupled methods are computationally 
demanding, to date they represent the only satisfactorily accurate solution to account for fluid-structure interaction (FSI) 
effects. In fact, analytical models accounting for such effects have been proposed in the literature, but their applicability is still 
limited to simplified scenarios, such as free-standing plates subjected to blast loading conditions, since the underlying physics 
is complex and still partially unknown [5].

Hence, there is a lack of fast and reliable methods to account for FSI effects in uncoupled numerical simulations. This 
work will address this challenge by exploring the opportunities of data-driven approaches to predict FSI effects during the 
dynamic response of blast-loaded steel plates. To this purpose, the database presented in [4] is employed to train and test a 
properly developed feed-forward neural network (NN). The database consists in results from uncoupled and coupled numerical 
simulations of thin steel (Docol 600DL) plates subjected to five different blast loading conditions. Specifically, the NN 
operates on nodes arranged in layers to process the numerical results element-by-element. The NN considered in this work 
consists of (i) three nodes in the input layer, i.e., element maximum velocity, element displacement when the plate center
reaches the maximum displacement over time and peak overpressure from the uncoupled analysis, (ii) two hidden layers with 
five and three nodes, respectively, and (iii) one output node, i.e., the correction factor between the displacement values
predicted in uncoupled and coupled simulations. The results from four blast loading conditions are used for training and 
validation, while the remaining loading scenario is used for testing. The NN performances are shown in Figure 1.

Figure 1. NN performances. A: Training performances. B: predicted half plate cross-section when the plate center
reaches the maximum displacement over time - test data.
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Based on the test performances (Figure 1B), it seems that the NN successfully learned to predict the results of coupled 
simulations by applying a correction factor to the results obtained from uncoupled simulations. Thus, in other words, the NN 
is capable of predicting the FSI effects. Moreover, in order to better interpret the NN behavior, a function-based explainability 
algorithm is developed to identify the most relevant input parameter driving the NN prediction, i.e., the direction along which 
a function resembling the NN behavior shows the steepest gradient. The results of the explainability analysis are shown in 
Figure 2, where two displacement values are considered as reference values to show the influence of peak overpressure and 
maximum element velocity on the NN prediction.

Figure 2. Explainability results, the NN prediction is shown on the vertical axis. A: Element maximum displacement of 
7mm. B: Element maximum displacement of 42mm. 

It turns out that at small element deflections both velocity and pressure drive the NN prediction through similar gradients, 
while at large element deflections the gradient smooths out along the velocity direction, meaning that only pressure drives the 
prediction. This result suggests that FSI effects are independent of the deflection velocity at large deflections. Moreover, in 
uncoupled analyses the element velocity intrinsically depends on the plate material properties, while the exerted pressure is 
independent of the material the plate is made of. Thus, since at large deflections only pressure seems to drive the NN prediction,
in such conditions generalization capabilities on different materials are likely to be shown by the data-driven approach. Hence,
generalization capabilities are tested by considering the same blast loading conditions presented in [4], but using different steel 
materials, i.e., Docol 1000DP and Docol 1400M. The results of the generalization tests are shown in Figure 3 for some 
reference cases, proving that the NN may successfully predict FSI effects also when applied to plates made of steel materials 
different from the one used to build the training database.

Figure 3. Results of the generalization tests. A: Docol 1000DP. B: Docol 1400M.

Further work is required to test the generalization capabilities of the proposed data-driven approach on metal materials 
different from steel, such as aluminum and titanium. Moreover, given the promising performances of the proposed framework 
in predicting FSI effects starting from the results of uncoupled numerical simulations, it may be worth investigating if such an 
approach may also be used to indicate the underlying physics governing other effects related to the interaction between blast 
waves and structures. To this purpose, the authors are currently implementing a data-driven approach inspired to the method 
presented in this work into a finite element software, so that FSI effects may be predicted iteration-by-iteration, thus making 
it possible to study the influence of such effects on more complex structural behaviors, such as damage onset and properties.
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