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On behalf of the Scientific Committee and DYMAT 
Governing Board, as well as the Local Organizing 
Committee and staff, we welcome you to the 22nd 
DYMAT Technical Meeting dedicated to the 
experimental testing and modelling of brittle 
materials at high-strain rates. 

We are grateful to our invited speakers: 

- G. Cusatis, Northwesten University, 

- A. Dancygier, Technion, 

- T. Holmquist, Southwest Research Institute, 

- G. Solomos, Joint Research Centre. 

We want to express our deep thanks to our sponsors 
for supporting this event: 

- Atlas Copco, 

- Specialised Imaging, 

- CEA Gramat. 

We also want to express special thanks to Mrs. 
Mireille De Sousa-Pfister and Dr. Dominique Saletti 
for their tremendous help. We are also grateful to all 
the people that contributed to this event: Pr. Cino 
Viggiani, Director of the 3SR Laboratory, Insight-
Outside, ESRF, The Philosophical Transactions A 
Journal, the numerous reviewers of conference 
papers and peer-reviewed papers, and the all staff 
involved in the local organization. 

We hope you will enjoy the 22th 
Dymat technical meeting. This event 
is a great opportunity to discover 
emerging approaches, to exchange 
with peers and to develop new 
collaborations in order to solve actual 
and future issues in the field of 
dynamic behaviour of brittle materials 

 

We are looking forward to welcoming 
you in Grenoble! 

 

 
The Soils, Solids, Structures and Risks 

Lab. 

 
 

Yours sincerely, 
 
Pascal Forquin, 3SR, Université Grenoble Alpes 
Benjamin Erzar, CEA-Gramat 



22th DYMAT TM – Grenoble, October 19-21th 

Wednesday, October 19th, CRAYA Amphitheatre, site Bergès, 1025 rue de la Piscine, Grenoble campus 

Time TITLE SPEAKER INSTITUTIONS 

8h00 Welcome reception 

8h30 
Wednesday morning – Opening ceremony 

Pascal FORQUIN, Grenoble Alpes University, 3SR Lab., RV Division (France) 

Wednesday morning – Invited Lecture 1 

Benjamin ERZAR, CEA Gramat (France) ; Pascal FORQUIN, Grenoble Alpes University, 3SR Lab., RV Division (France) 

8h45 An Improved Computational Constitutive Model for Glass 
Timothy 
HOLMQUIST 

Southwest Research Institute (United States) 

Wednesday morning, session 1 - Modeling of ceramics at high strain-rates 

Benjamin ERZAR, CEA Gramat (France) ; Pascal FORQUIN, Grenoble Alpes University, 3SR Lab., RV Division (France) 

9h30 
Calibrating the Johnson-Holmquist ceramic model for a 
ceramic under dynamical impact 

Maxime 
CORNIÈRE 

CEDREM (France) 

9h50 
A Mesh-Independent Damage-Plasticity model for the 
Characterization of Ceramics in Ballistic Protection 

Erik SIMONS Delft University of Technology (The Netherlands) 

10h10 
Numerical Investigation of Fracture Processes in an Element-
free Galerkin Domain 

Paul 
WARNSTEDT 

University of the Bundeswehr Munich (Germany) 

10h30 Coffee break and Poster Session 

Wednesday morning, session 2 – Experimental testing of ceramics at high-strain-rates 

Wayne CHEN, Purdue University (United States) ; Antonio COSCULLUELA, CEA CESTA (FRANCE) 

11h00 
Characterisation of the dynamic compressive behaviour of 
ceramics using High Pulsed Power technologies 

Benjamin 
ERZAR 

CEA Gramat (France),  Grenoble Alpes University, 3SR Lab., RV 
Division (France) 

11h30 
Strain-rate sensitivity of the tensile strength of ceramics: 
experimental evidences and micromechanical modelling of 
the fragmentation process activated at very high strain-rates 

Jean-Luc 
ZINSZNER 

CEA Gramat (France),  Grenoble Alpes University, 3SR Lab., RV 
Division (France) 

11h40 
Brittle-materials at high-loading rates. An open area of 
research 

Pascal FORQUIN Grenoble Alpes University, 3SR Lab., RV Division (France) 

12h20 Lunch at 3SR 

13h30 Visit in 3SR Lab. 

Wednesday afternoon, session 3 - Ceramics under impact loading 

Leslie LAMBERSON, Drexel University (United States) ; Timothy HOLMQUIST, Southwest Research Institute (United States) 

14h50 
A pulse-shaping technique to investigate the behaviour of 
brittle materials under plate-impact test 

Pascal FORQUIN Grenoble Alpes University, 3SR Lab., RV Division (France) 

15h10 
Hypervelocity impacts into porous graphite: experiments 
and simulations 

David HEBERT 
CESTA (France),  LR (France),  Institut Pprime (France),  Procedes et 
Ingenierie en Mécanique et Matériaux (France) 

15h30 Coffee break and Poster Session 

Wednesday afternoon, session 4  - Imaging-based characterisation of brittle materials at high-strain rates 

Magnus LANGSETH, Norwegian University of Science and Technology (Norway), Dominique SALETTI, Grenoble Alpes University, 3SR Lab., RV Division (France) 

16h00 
Use of micro-tomography to investigate the dynamic 
fragmentation in ceramics under impact loading 

Edward ANDO Grenoble Alpes University, 3SR Lab., RV Division (France) 

16h20 Image-Based Dynamic Fracture Analysis of Brittle Polymers 
Leslie 
LAMBERSON 

Drexel University (United States), University of Southampton 
(United Kingdom) 

16h40 
In-situ observation of fracture processes in high strength 
concrete and limestone using high speed X-ray phase 
contrast imaging 

Wayne CHEN 
Purdue University (United States), Argonne national laboratory 
(United States) 

17h00 DYMAT General Assembly 

18h00 DYMAT Governing Board 1 

 

  



22th DYMAT TM – Grenoble, October 19-21th 

Thursday, October 20th, CRAYA Amphitheatre, site Bergès, 1025 rue de la Piscine, Grenoble campus 

Time TITLE SPEAKERS INSTITUTIONS 

8h15 Welcome reception 

Thursday morning – Invited Lecture 2 

Jean-Luc HANUS, INSA Centre Val de Loire (France), Benjamin ERZAR, CEA Gramat (France) 

8h45 
Dynamic testing of large concrete specimens with large 
modified Hopkinson bar apparatuses 

George 
SOLOMOS 

Joint Research Centre / European Commission (Italy) 

Thursday morning, session 5  - Hopkinson bar testing facility applied to concrete 

Y. PETROV (Russia) ; Jean-Luc HANUS, INSA Centre Val de Loire (France) 

9h30 
Experimental Analysis of the Dynamic Behavior of Concrete 
in Mode II fracture under Confined Conditions 

Reem ABDUL 
RAHMAN 

Grenoble Alpes University, 3SR Lab., RV Division (France) 

9h50 
Concrete under Dynamic Multiaxial Compressive Loading - A 
Current State of the Art 

Matthias 
QUAST 

Institute of Concrete Structures, Technische Universität Dresden 
(Germany) 

10h10 
The effect of pulse shaping on the dynamic mechanical 
behavior of concrete 

Alper CANKAYA Izmir Institute of Technology (Turkey) 

10h30 Coffee break and Poster Session 

Thursday morning, session 6  - Hopkinson bar testing facility applied to concrete 

George SOLOMOS, Joint Research Centre / European Commission (Italy) ; Jacky MAZARS, Grenoble Alpes University, 3SR Lab., RV Division (France) 

11h00 
Identification of the tensile behaviour of brittle materials 
under dynamic loading using Digital Image Correlation and 
Virtual Fields Method 

Bratislav LUKIC Grenoble Alpes University, 3SR Lab., RV Division (France) 

11h20 Dynamic flexural strength of mortar Jean-Luc HANUS Laboratoire PRISME (France),  Laboratoire PRISME (France) 

11h40 
Tensile behaviour of strain-hardening cement-based 
composites (SHCC) under high-speed loading 

Iurie CUROSU 
Technische Universität Dresden, Institute of Construction Materials 
(Germany),  DynaMat Lab, University of Applied Sciences of 
Southern Switzerland (Switzerland) 

12h00 
Measurement of fracture properties of concrete at high 
strain rates 

Victor REY DE 
PEDRAZA 

Departamento de Ciencia de Materiales. UPM (Spain) 

12h20 Lunch at 3SR 

Thursday afternoon – Invited Lecture 3 

Ezio CADONI, SUPSI DYMAT (Switzerland) ; Julien BAROTH, Grenoble Alpes University, 3SR Lab., RV Division (France) 

13h45 
High performance concrete engineered for protective 
barriers 

Avraham 
DANCYGIER 

Faculty of Civil and Environmental Engineering, Technion (Israel) 

Thursday afternoon, session 7 - Dynamic testing and modeling of concrete at high-strain-rates 

Ezio CADONI, SUPSI DYMAT (Switzerland) ; Julien BAROTH, Grenoble Alpes University, 3SR Lab., RV Division (France) 

14h30 
UHPFRC under impact: experimental analysis of the 
mechanical response in extreme conditions and modelling 
using PRM model 

Christophe 
PONTIROLI 

CEA, DAM, GRAMAT (France) 

14h50 
Two dynamic effects of quasi brittle failure of rocks and 
concrete in terms of the structural-temporal approach 

Yuri PETROV 
Lobachevsky State University of Nizhni Novgorod (Russia),  Saint-
Petersburg State University (Russia) 

15h10 
Simplified method strategies based on damage mechanics 
for concrete under dynamic loadings 

Jacky MAZARS Grenoble Alpes University, 3SR Lab., RV Division (France) 

15h30 Coffee break and Poster Session 

Thursday afternoon, session 8 - Dynamic testing of geomaterials at high-strain-rates 

Stephen WALLEY, University of Cambridge (United Kingdom) ; Yann MALECOT, Grenoble Alpes University, 3SR Lab., RV Division (France) 

16h00 
Spall experiments for determining dynamic tensile strength 
of rock materials 

Se-Wook OH Chonbuk National University (South Korea) 

16h20 
Effects of strain rate and surface cracks on the mechanical 
behavior of Balmoral Red granite 

Ahmad 
MARDOUKHI 

Tampere University of Technology (Finland),  University of Potsdam 
(Germany) 

16h40 
One-dimensional Response of Geological Materials to Shock 
Loading 

Qianbing 
ZHANG 

Monash University (Australia) 

17h00 
Combined mechanical and electrical loading for improved 
hard rock breaking 

Marion 
FOURMEAU 

SINTEF (Norway) 

17h20 Tensile Strength of Granite at High Strain Rates Mahdi SAADATI 
Department of Solid Mechanics, KTH Royal Institute of Technology 
(Sweden),  3SR Lab (France),  Atlas Copco (Sweden) 

17h40 Study of the impact behavior of simulated hailstone 
Paul 
DECONINCK 

THIOT INGENIERIE (France), Laboratoire de glaciologie et 
géophysique de l'environnement (France), Laboratoire de 
Mécanique des Contacts et des Structures (France) 

18h00 DYMAT Governing Board 2 



22th DYMAT TM – Grenoble, October 19-21th 

Friday, October 21th, GALILEE Building, 3SR Laboratory, 1270 rue de la piscine, Grenoble campus 

Time TITLE SPEAKER INSTITUTIONS 

8h15 Welcome reception 

Friday morning – Invited Lecture 4 

Mahdi SAADATI, Atlas Copco (Sweden) ; Pascal FORQUIN, Grenoble Alpes University, 3SR Lab., RV Division (France) 

8h45 
Lattice Discrete Particle Model (LDPM) for Fracture 
Dynamics and Rate Effect in Concrete: Theory, Calibration, 
and Applications 

Gianluca CUSATIS 
Northwestern University (United States), The University of the West 
Indies (Trinidad and Tobago), ES3 (United States) 

Friday morning, Session 9 - Modeling of brittle materials at high strain-rate 

Mahdi SAADATI, Atlas Copco (Sweden) ; Emmanuel ROUBIN, Grenoble Alpes University, 3SR Lab., RV Division (France) 

9h30 
Numerical Simulation of Rock Dynamic Failure by Particle-
Based Numerical Manifold Method 

Xing LI Monash University (Australia) 

9h50 
Development and validation of GPU-based 3D- dynamic 
fracturing process analysis code for rocks subjected to 
impact loading 

Sangho CHO Chonbuk National University (South Korea) 

10h10 
Model generator of cancellous bone architecture : from 
microstructure to macroscopic behaviour 

Marianne PROT LBM/Institut de Biomecanique Humaine Georges Charpak (France) 

10h30 Coffee break and Poster Session 

Friday morning, Session 10 - Brittle structure under dynamic loading 

Jaap WEERHEIJM, TNO (The Netherlands) ; Eric BUZAUD, CEA-CESTA (France) 

11h00 Dynamic measurement of absorbing materials 
Miloslav 
POPOVIC 

SVSFEM Ltd. (Czech Republic),  Research Institute for building 
materials (Czech Republic) 

11h20 
Experimental and numerical investigation of the damage 
process in RC beam-column subassemblies under a middle 
column removal scenario 

Guo-Qiang ZHAO Grenoble Alpes University, 3SR Lab., RV Division (France) 

11h40 GFRP-brick strengthening systems under high strain rates João PEREIRA 
Institute for Sustainability and Innovation in Structural Engineering 
(Portugal) 

12h00 
Soft impact of laminated glass as used for aircraft 
windshields 

John DEAR 
Department of Mechanical Engineering, Imperial College London 
(United Kingdom), Beijing Institute of Aeronatutical Materials 
(China) 

12h20 Conclusion of the DYMAT Technical Meeting 

12h30 Lunch at 3SR 

13h30 Departure to the DYMAT TM/LWAG tour 

 



Wednesday 19: Grenoble city center tour
IN THE HEART OF THE CITY

More than 2050 years of history are waiting for 
you in the heart of the city! Gallo-Roman city wall, 
Notre-Dame cathedral, former palace of 
Parliament, the garden of Lesdiguières Dukes, 
place de Gordre, place aux Herbes and place 
Grenette… Stroll down the alleys of the historical 
capital of Dauphiné.

Place Grenette

Jardins de ville

Notre Dame

In English 
Meeting at 6:45 pm 

place Saint André

Guided tour 
Wednesday 19 
from 7:00 to 

8:30 pm



ATLAS COPCO
SUSTAINABLE PRODUCTIVITY

Atlas Copco is a world-leading provider of sustainable productivity solutions. The Group serves 
customer with innovative compressors, vacuum solutions and air treatment systems, construc-
tion and mining equipment, power tools and assembly systems. Atlas Copco develops products 
and service focused on productivity, energy efficiency, safety and ergonomics. The company 
was founded in 1873, is based in Stockholm, Sweden, and has a global reach spanning more 
than 43 000 employees.

With a world-leading business in more than 180 countries, we are a truly global company. We 
serve customers with innovative compressors, vacuum solutions and air treatment systems, 
construction and mining equipment, power tools and assembly systems. 

Compressor Technique
Atlas Copco’s Compressor Technique business area provides industrial compressors, vacuum solutions, gas and 
process compressors and expanders, air and gas treatment equipment and air management systems. It has a 
global service network and offers specialty rental services. Compressor Technique innovates for sustainable 
productivity in the manufacturing, oil and gas, and process industries. Principal product development and manufac-
turing units are located in Belgium, Germany, the United States, China and India. 

Industrial Technique
Atlas Copco’s Industrial Technique business area provides industrial power tools, assembly systems, quality assur-
ance products, software and services through a global network. It innovates for sustainable productivity for custom-
ers in the automotive and aerospace industries, industrial manufacturing and maintenance, and in vehicle service. 
Principal product development and manufacturing units are located in Sweden, France and Japan.

Mining and Rock Excavation Technique
Atlas Copco’s Mining and Rock Excavation Technique business area provides equipment for drilling and rock exca-
vation, a complete range of related consumables and service through a global network. The business area inno-
vates for sustainable productivity in surface and underground mining, infrastructure, civil works, well drilling and 
geotechnical applications. Principal product development and manufacturing units are located in Sweden, the 
United States, Canada, China and India. 

Construction Technique
Atlas Copco’s Construction Technique business area provides construction and demolition tools, portable compres-
sors, pumps and generators, lighting towers, and compaction and paving equipment. It offers service through a 
global network. Construction Technique innovates for sustainable productivity in 
infrastructure, civil works, oil and gas, energy, drilling and road construction 
projects. Principal product development and manufacturing units are located in 
Belgium, Germany, Sweden, the United States, China, India and Brazil.
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An improved computational constitutive model for 
glass 

Timothy J. Holmquist, Gordon R. Johnson and Charles A. Gerlach 
Southwest Research Institute, Inc. 5353 Wayzata Blvd., Minneapolis, MN, USA, ORCID.ORG/0000-0003-

2901-7140 

Keywords: glass, constitutive model, damage, multiple impacts 

	
Abstract	
 
In 2011 Holmquist and Johnson presented a model for glass subjected to large strains, high strain rates and 
high pressures.  It was later shown that this model produced solutions that were severely mesh dependent, 
converging to a solution that was much too strong.  This article presents an improved model for glass that 
uses a new approach to represent the interior and surface strength that is significantly less mesh dependent.  
This new formulation allows for the laboratory data to be accurately represented (including the high tensile 
strength observed in plate-impact spall experiments) and produces converged solutions that are in good 
agreement with ballistic data.  The model also includes two new features: one that decouples the damage 
model from the strength model providing more flexibility in defining the onset of permanent deformation; the 
other provides for a variable shear modulus that is dependent on the pressure.  This article presents a review 
of the original model, a description of the improved model, and a comparison of computed and experimental 
results for several sets of ballistic data.  Of special interest are computed and experimental results for two 
impacts onto a single target (as presented in Fig.1), and the ability to compute the damage velocity in 
agreement with experiment data. 
 

 

 
 
Figure 1.  Computed results for a 0.375-cal steel projectile impacting a borosilicate plate bonded to a Lexan® 
back plate at two impact locations.  The left shows the initial geometry and the right presents the 
computed results showing material and damage including the residual velocities for both projectiles. 
 

*Author for correspondence (timothy.holmquist@swri.org). 
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Dynamic testing of large concrete specimens with 
large modified Hopkinson bar apparatuses 

G. Solomos1*, E. Cadoni2, M. Peroni1 
1† European Commission, Joint Research Centre, 21027 Ispra (VA), Italy 

2 University of Applied Sciences of Southern Switzerland, 6952 Canobbio, Switzerland 

Keywords: high strain-rate, concrete, testing, large specimen, Hopkinson bar 
 

	
Abstract	
 
Material models for concrete require data derived from experiments performed on large size specimens 
with realistic aggregate sizes. Such experiments, based on Hopkinson bar techniques, have been 
performed and described in the paper. They comprise several concrete types and grades with aggregate 
and specimen dimensions of up to 64mm and 400mm, respectively. Appropriate testing apparatuses and 
techniques have been developed which have proved very efficient. Full stress-strain curves have been 
obtained and strain-rates up to 20s-1 have been reached. The results help to assess the influence of the 
specimen and aggregate size in the dynamic regime. Confirming data from smaller specimens, they show 
overall an increase of material strength and fracture energy with increasing strain-rates, which appears to 
be more pronounced in tension than in compression. 
 
 

1.	Introduction	
	
Concrete	structures	can	be	subjected	to	severe	loads,	such	as	those	due	to	impact	and	blast,	which	induce	high	
strain-rates	 in	 the	 material.	 Typical	 such	 examples	 are:	 explosions	 near	 or	 inside	 structures,	 impacting	
projectiles,	 collision	 of	 vehicles	 or	 vessels	with	 bridge	 piers	 or	 superstructures,	 ship	 collision	with	 offshore	
structures,	 aircraft	 crashes,	 etc.	 Besides	 these	 accidental	 events,	 terrorist	 attacks	 with	 explosives	 have	
nowadays	become	a	continuous	concern	and	threat	for	the	built	infrastructure.		
Knowledge	 regarding	 concrete	 behaviour	 at	 high	 strain	 rate	 is	 still	 incomplete.	 The	 necessary	 test	 data	 for	
formulating	 reliable	 material	 models	 should	 be	 obtained	 from	 experiments	 performed	 on	 representative	
material	volumes,	as	the	concrete	is	highly	heterogeneous.	Thus	large	concrete	specimens	with	aggregates	of	
realistic	maximum	size	would	be	desirable.		
Because	of	the	difficulty	of	realizing	appropriate	tests,	relatively	few	experimental	data	are	currently	available	
in	the	literature	[1].	For	this	reason,	targeted	experimental	campaigns	on	concrete	subjected	to	dynamic	loads	
have	been	conceived	and	developed	over	the	last	years.	In	particular,	quite	intense	experimental	activity	in	this	
field	 has	 been	 undertaken	 at	 the	 Joint	 Research	 Centre	 (JRC)	 at	 Ispra,	 in	 collaboration	 with	 industrial	 and	
academic	partners.	Some	of	the	most	representative	tests	performed	are	presented	in	the	following,	together	
with	 the	 testing	 techniques	 employed,	 which	 form	 integral	 part	 of	 these	 investigations.	 Such	 experimental	
programs	 have	 aimed	 at	 studying	 principally	 the	 behaviour	 of	 concrete	 under	 dynamic	 tension	 and	
compression,	and	to	assess	the	influence	of	other	parameters,	such	as,	aggregate	size,	specimen	size,	relative	
humidity,	presence	of	steel	fibres,	etc.	
	

2.	The	Modified	Hopkinson	Bar	
	
For	 the	 mechanical	 characterization	 of	 materials	 under	 dynamic	 loading	 conditions,	 devices	 capable	 of	
measuring	 the	 wave	 propagation	 in	 the	 material	 are	 most	 suitable	 to	 be	 employed.	 The	 Hopkinson	 bar	

*Author for correspondence (george.solomos@jrc.ec.europa.eu). 
†Present address: EC Joint Research Centre, Safety & Security of Buildings Unit, Via E. Fermi 2749, I-21027 Ispra (VA), 
Italy 
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techniques	have	shown	distinct	advantages	and	good	quality	results	[2].	But	while	the	standard	Hopkinson	bar	
(with	 a	 diameter	 in	 the	 range	 of	 10-20	mm)	 is	 sufficient	 for	 dynamic	 testing	 of	 fine-grained	materials	 (i.e.	
ductile	 metals),	 larger	 cross-section	 bars	 are	 needed	 to	 load	 representative	 volumes	 of	 concrete,	 which	 is	
heterogeneous,	 	 quasi-brittle	 and	 exhibits	 small	 failure	 strains	 [3].	 Of	 course,	 increasing	 the	 dimensions	 of	
specimens	and	bars	introduces	wave	dispersion	effects,	which	must	be	properly	dealt	with.	Also	the	traditional	
split	Hopkinson	bar	works	mainly	in	compression.	It	comprises	a	projectile	(a	short	impactor	bar	propelled	by	
a	gas	gun)	which	generates	a	stress	pulse	by	impinging	on	the	incident	bar,	which	transmits	this	pulse	to	the	
specimen	 sandwiched	 between	 the	 incident	 (input)	 and	 transmitter	 (output)	 bars.	 Research	 in	 the	 field	 of	
structural	 safety	 under	 dynamic	 loading	 at	 the	 JRC	 has	 developed	 an	 alternative,	 innovative	 version	 of	 the	
Hopkinson	bar	[4].	
	
2.1	Modified	compression	Hopkinson	bar		
The	main	modification	 introduced	 into	 the	 traditional	split	Hopkinson	bar	consists	of	 the	substitution	of	 the	
projectile	 with	 a	 statically	 pretensioned	 bar,	 which	 is	 the	 physical	 continuation	 of	 the	 input	 bar.	 The	
functioning	principle	of	this	modified	Hopkinson	bar	in	compression	is	as	follows,	Fig.1:	
	

	
Figure 1: Functioning principle of the JRC modified Hopkinson bar. 

	
-	elastic	energy	is	stored	in	the	pretensioned	bar	by	statically	stretching	its	length	between	a	blocking	system,	
placed	 at	 its	 extremity	 contiguous	 to	 the	 input	 bar,	 and	 a	 brittle	 breakable	 piece	 B1,	 placed	 at	 the	 other	
extremity	connected	to	the	actuator;	
-	by	suddenly	breaking	the	brittle	piece	at	point	B1,	an	elastic	stress	wave	pulse	is	generated,	which	propagates	
through	the	input	bar,	the	specimen	and	the	output	bar,	provoking	a	state	of	compression	in	the	specimen	as	
the	particles	move	from	left	to	right;	
-	with	strain-gauges,	mounted	on	the	input	and	output	bars,	recording	is	made	of	the	elastic	strain	εI	generated	
by	the	incident	pulse	propagating	in	the	input	bar,	of	the	elastic	strain	εR	in	the	input	bar	provoked	by	the	part	
of	 the	 incident	 pulse	 being	 reflected	 at	 the	 interface	 input	 bar–specimen,	 and	 of	 the	 elastic	 strain	 εT	 in	 the	
output	bar	due	to	the	pulse	transmitted	through	the	specimen.	
	
2.2	Modified	tension	Hopkinson	bar		
The	 tension	device	works	 in	 a	 similar	way	 as	 the	 compression	 one	 described	 above.	 In	 this	 case	 the	 brittle	
breakable	 piece,	 blocking	 by	 friction	 the	 pretensioned	 bar,	 is	 placed	 at	 point	 B2	 close	 to	 the	 junction	 pre-
tensioned	bar	/	 input	bar	(Fig.1).	By	pulling	with	the	hydraulic	actuator	 the	pretensioned	bar	 to	 the	desired	
level	and	then	fracturing	the	brittle	piece	B2,	a	stress	wave	pulse	is	generated	which	propagates	to	the	input	
bar–specimen–output	 bar,	 as	 before.	 The	 input	 bar	 particle	 displacements	 are	 now	 from	 right	 to	 left,	 thus	
inducing	a	tension	stress	state	into	the	specimen.	
	
As	 is	 evident,	 the	main	 advantage	 of	 the	 tension-compression	modified	 Hopkinson	 bar	 with	 respect	 to	 the	
traditional	 one	 lies	 in	 the	 fact	 that	 the	 generation	 of	 the	 loading	 stress	 pulse	 is	 performed	 by	 means	 of	 a	
statically	 pretensioned	 bar	 which	 is	 the	 physical	 continuation	 of	 the	 input	 bar,	 therefore	 avoiding	 the	
difficulties	connected	to	the	launching,	alignment	and	impacting	of	projectiles.	This	characteristic	has	allowed	
the	 generation	 of	 very	 long	 loading	 pulses	 since	 the	 pretensioned	 bar	 can	 be	 chosen	 to	 be	 as	 long	 as	 the	
duration	of	the	experiment	could	require.	As	described	below,	a	40ms	pulse	duration	has	been	obtained	by	a	
100	 m	 length	 pretensioned	 bar,	 a	 feature	 unimaginable	 with	 the	 projectile	 impactor	 technique.	 Such	 long	
duration	loading	pulses	are	necessary	for	testing	very	ductile	materials	and	structural	components.		
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Figure 2: Sketch of the Large Modified Hopkinson Bar (HOPLAB) of the JRC. 

	
The	Large	Hopkinson	Bar	(HOPLAB)	of	the	JRC	[4],	depicted	in	the	sketch	of	Fig.2,	is	one	of	the	biggest	existing	
Hopkinson	bar	apparatuses	with	a	total	length	of	more	than	200	m	and	a	bar	diameter	of	72	mm	made	of	high	
strength	 steel.	 Through	 stretching	 and	 suddenly	 releasing	 the	 pretensioned	 bar	 (cable),	 rectangular	 force	
pulses	of	up	to	2MN,	250μs	rise	time	and	40ms	duration	can	be	generated	and	applied	to	the	specimen	tested.	
The	 cable	 pre-tensioning	 is	 effected	 by	 means	 of	 a	 strong	 hydraulic	 actuator	 electronically	 controlled	 and	
placed	at	one	end,	while	the	instantaneous	release	of	its	opposite	end	is	achieved	through	breaking	of	a	fragile	
bolt	which	sustained	the	pretension	load.	The	fracture	in	the	bolt	is	induced	by	a	small	detonation	of	explosive	
inserted	in	it.	The	high	strength	steel	cable	is	100	m	long	and	has	an	equivalent	diameter	of	72	mm,	too.	At	the	
distal	end	of	the	output	bar	a	hydraulic	damper	allows	to	dissipate	the	remaining	energy	emanating	from	the	
cable	 and	 transferred	 through	 the	 specimen	 to	 the	 output	 bar.	 The	 configuration	 described	 above	 can	 be	
considered	 as	 the	 “natural”	 one	 (Fig.2)	 and	 in	 this	 configuration	 the	HOPLAB	 can	 generate	 dynamic	 tensile	
pulses	in	a	straightforward	manner.	This	apparatus	is	the	evolution	of	the	older	facility,	known	as	LDTF	(Large	
Dynamic	Test	Facility).	
	
2.3	Hopkinson	bar	analysis	
This	 modified	 system	 still	 satisfies	 the	 condition	 of	 applicability	 of	 the	 one-dimensional	 elastic	 wave	
propagation	 theory	 [2]	 because	 the	 pulse	 wavelength	 (order	 of	 meters)	 is	 usually	 much	 longer	 than	 the	
transverse	 dimensions	 of	 the	 bar	 (order	 of	 centimeters).	 Wave	 dispersion	 effects	 can	 also	 be	 effectively	
minimized.	The	 forces	F1	and	F2	and	 the	displacements	δ1	and	δ2	acting	on	 the	 two	 faces	of	 the	specimen	 in	
contact	with	the	input	and	output	bars,	respectively,	can	be	calculated	by	means	of	the	following	relationships,	
which	are	based	on	the	recorded	strains	εI,	εR,	εT,	
	

( )1 I RF E A ε ε= + ,										 2 TF E A ε= ,							 ( )1 0 0

t

I RC dtδ ε ε= −∫ ,						 2 0 0

t

TC dtδ ε= ∫ 	 (1)	

where,	E=	bar	Young	modulus,	A=	bar	cross-sectional	area,	t=	time,	C0=	elastic	wave	speed	in	the	bars.	
	
When	the	specimen	is	short,	so	that	the	travel	time	of	the	elasto-plastic	wave	through	the	specimen	is	small	in	
comparison	 to	 the	 duration	 of	 the	 test,	 the	 specimen	 can	 be	 considered	 to	 be	 in	 load	 equilibrium	 and	 in	 a	
homogeneous	stress	state,	which	 is	created	by	the	many	wave	reflections	taking	place	at	 its	ends.	These	 last	
experimental	conditions	constitute	 the	basic	assumptions	 for	simplifying	 the	above	relationships	 in	order	 to	
calculate	the	average	stress-strain	characteristics	of	the	specimen	material	at	different	strain-rates	 ε&,	through	
the	well-known	equations	[2]	
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where,	Ls	=	specimen	gauge	length,	As=	specimen	cross-sectional	area.	
	

3.	Dynamic	Direct	Tension	Tests	
	
Concrete	specimens	of	several	dimensions	(cubes	of	up	to	200	mm	side)	and	maximum	aggregate	sizes	(up	to	
25	mm)	 have	 been	 used	 for	 investigating	 several	 parameters,	 such	 as	 strength,	 fracture	 behaviour	 and	 the	
effect	of	changes	in	mixes.	Testing	was	conducted	at	specimen	dry	conditions,	and	for	justifying	the	assumption	
of	an	“almost	homogeneous”	material	state,	the	dimensions	of	the	specimens	were,	as	a	rule-of-thumb,	four	to	
five	times	larger	than	the	corresponding	maximum	aggregate	sizes.	
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	(a)	 			(b)	 				(c)		 	
	

Figure 3: (a) The Hopkinson bar bundle configuration, (b)  details of elementary bars and their instrumentation, (c) 
specimen fracture surface and subdivision of the bar bundle. 

	
For	larger	specimens	the	issues	of	equilibrium	attainment	and	uniaxiality	of	wave	propagation	through	them	
become	more	critical.	Special	equipment	is	needed	to	allow	the	observation	of	the	instantaneous	distribution	
of	 stress	and	 strain	over	 the	 cross-section	of	 large	 concrete	 specimens.	 Such	distribution	may	 in	 fact	be	not	
homogeneous,	due	 to	 the	progressive	cracking	of	 the	material	during	 the	 loading	process.	For	studying	such	
aspects	of	the	dynamic	properties	of	plain	concrete,	a	special	Hopkinson	bar	system	(Hopkinson	bar	bundle)	
[5,6]	has	been	developed	and	installed	at	the	HOPLAB.	
The	system,	Fig.3,	consists	of	two	bundles	of	25	aluminium	bars	to	which	the	concrete	test	specimen	is	glued	
using	an	epoxy	resin.	The	bar	bundles	have	been	constructed	from	two	aluminium	prismatic	bars	each	having	
a	length	of	2m	and	a	square	section	of	200mm	side	subdivided	by	electrical	discharge	machining	(EDM)	into	25	
symmetrical	 pairs	 of	 parallel	 bars	 for	 a	 length	 of	 1m.	The	 remaining	 1m-length	 part	 of	 each	 bar	 is	 integral.	
Aluminium	is	used	in	order	to	have	a	better	matching	of	the	acoustical	impedance	of	plain	concrete	and	bars.	
The	problem	of	the	different	Poisson	moduli	of	aluminium	and	concrete	is	also	accommodated,	thus	avoiding	
the	rise	of	complex	stress	states	in	the	specimen.		
In	this	way,	concrete	specimens	with	square	cross	section	of	200x200mm²	have	been	tested.	By	instrumenting	
each	 individual	 bar	 in	 the	 bundle	 with	 strain	 gauges	 (Fig.3b),	 measurements	 are	 obtained	 of	 the	 incident,	
reflected	 and	 transmitted	 pulses	 concerning	 the	 portion	 of	 the	 concrete	 specimen	 cross-section	 facing	 each	
symmetrical	pair	of	bars	in	the	bundle.	Also	the	parts	of	the	bars,	which	remained	integral,	are	instrumented	
with	strain	gauges	in	order	to	measure	the	incident,	reflected	and	transmitted	pulses	acting	on	the	whole	cross	
section	 of	 the	 specimen.	 The	 tests	 have	 been	 carried	 out	 using	 a	 Nicolet	 Multipro	 System	 device	 with	 64	
channels	 for	 the	data	acquisition,	which	 is	designed	to	provide	high	precision	waveform	data	at	a	maximum	
sampling	frequency	of	1	MHz.		
Shown	in	Fig.4	are	some	typical	signals	of	the	output	elementary	bars	and	the	comparison	between	the	sum	of	
all	elementary	bars	and	the	whole	bar	forces.	Table	1	summarises	some	experimental	results	on	these	200mm	
cubic	specimens.	The	two	batches	refer	to	a	concrete	grade	C40/50	(with	water/cement	ratio	of	0.5,	crushed	
aggregates	and	Portland	type	cement	CEM	I	42.5R),	where	the	maximum	aggregate	sizes	are	10mm	and	25mm,	
respectively.	The	effect	of	strain-rate	on	the	concrete	tensile	strength	can	be	amply	observed,	as	expressed	in	
terms	of	the	increasing	dynamic	increase	factor	(DIF),	i.e.	the	ratio	of	dynamic	to	static	strength	versus	strain-
rate.	The	specific	fracture	energy	demonstrates	a	similar	trend,	too.	
It	 is	 worth	 mentioning	 that	 this	 investigation	 was	 preceded	 by	 experiments	 with	 60mm	 cubes	 of	 C40/50	
concrete	with	 batches	 of	 5mm	and	 10mm	maximum	 aggregate	 size	 using	 a	modified	Hopkinson	 bar	with	 a	
square	cross	section	of	60x60mm².	A	bridging	of	the	testing	approach	for	the	two	dimensional	ranges	has	thus	
been	sought	and	achieved.	Reported	strength	values	are	averages	of	at	least	three	test	replicates	[6].		
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																																			(a)																																																																																(b)	
Figure 4: Hopkinson bar bundle testing with 200mm cubes: (a) selected signals from output  
   elementary bars, (b) Comparison of whole bar force with force-sum of elementary bars. 
	

4.	Dynamic	Compression	Tests	
	
Dynamic	compression	tests	have	been	carried	out	using	two	apparatuses.	In	the	first	one,	shown	in	Fig.5a	[7],	
the	 lengths	of	 the	pre-tensioned,	 input	and	output	bars	are	such	that	during	the	 time	needed	to	 fracture	 the	
specimen	no	reflections	from	the	bar	ends	arrive	on	the	strain	gauge	stations.	Therefore	complex	records	and	
complex	 loading	 histories	 on	 the	 specimen	 of	 possibly	 difficult	 analysis	 are	 avoided.	 Specifically,	 two	
aluminium	prismatic	 full	bars	(with	no	 incisions)	having	a	 length	of	2m	and	a	square	section	of	200mm	side	
are	used.	Cubes	of	side	of	100mm	have	been	tested.	In	order	to	reduce	to	a	minimum	the	constraint	to	lateral	
deformation	 of	 the	 specimen,	 thin	Teflon	 sheets	 or	 grease	were	 interposed	 at	 the	 two	 interfaces	 specimen-
bars.		
Several	 concrete	 types	 have	 been	 tested.	 Shown	 in	 Fig.5b	 are	 the	 stress-strain	 curves	 for	 three	 strain-rate	
ranges	of	a	C25/30	grade	concrete	with	maximum	crushed	aggregates	of	16mm,	Portland	type	cement	CEM	II	
42.5R	 and	 of	 water/cement	 ratio	 equal	 to	 0.65	 [7].	 The	 dynamic	 increase	 concerning	 the	 strength	 of	 this	
concrete	is	clearly	observed.		
The	machine	of	Fig.5a	has	 also	been	utilised	 for	 testing	 steel	 fibre	 reinforced	 concrete	 (SFRC),	 a	material	 of	
substantially	 higher	 ductility	 and	 performance.	 Dynamic	 compression	 tests	with	 concrete	 grades	 C100/120	
and	 C200/240	 have	 been	 conducted	 with	 40mm	 and	 60mm	 cubic	 specimens	 [8].	 The	maximum	 aggregate	
sizes	for	the	two	grades	were	5mm	and	4mm,	respectively,	and	the	fibers	were	straight	of	high	strength	steel,	
of	18mm	length	and	0.3mm	diameter,	in	a	dosage	of	1.5%	by	volume.	

											(a)		 												(b)		 	
	

Figure 5: (a) Experimental set-up for concrete dynamic compression with the full section 200x200mm2 aluminium 
bars,  

(b) stress-strain curves of the C25/30 concrete at several strain-rates. 
	
The	second	apparatus	used	 for	dynamic	compression	 tests	 is	depicted	 in	Fig.6.	 It	 is	essentially	 the	HOPLAB,	
where	by	modifying	the	central	part	of	the	equipment	it	is	possible	to	exploit	the	tensile	wave	generated	and	
perform	 compression	 tests.	 Of	 course,	 different	 aspects	 and	 parts	 of	 the	 equipment	 had	 to	 be	 re-designed,	
improved	 and	 checked,	 as	 extensively	 reported	 in	 [4].	 As	 illustrated	 in	 Fig.6a,	 the	 basic	 element	 of	 the	 new	
configuration	 is	 the	 introduction	 of	 the	 twin	 incident	 and	 twin	 transmitter	 bars	 connected	 to	 high	 strength	
steel	plates	at	their	one	end,	and	to	the	original	72mm-diameter	bars	at	the	other.	The	twin	bars	are	made	of	
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high-strength	 stainless	 steel	 and	 are	 6m	 long	 with	 a	 diameter	 of	 60mm.	 A	 large	 specimen	 can	 be	
accommodated	between	the	plates	and	thanks	to	this	“motion	 inversion	frame”	the	available	tensile	pulse	of	
the	 HOPLAB	 is	 transformed	 into	 a	 compressive	 one	 on	 the	 specimen,	 which	 is	 thus	 compressed	 and	 fails	
dynamically.	
Dam	concrete	has	been	studied,	which	is	of	low	strength	and	it	usually	has	very	large	aggregates.	In	this	case	
the	maximum	aggregate	size	was	chosen	to	be	64mm	[9].	In	order	to	proceed	with	a	kind	of	validation	of	the	
testing	 technique,	 standard	 concrete	 specimens	 of	 comparable	 strength	 and	 of	 maximum	 aggregate	 size	 of	
32mm	 were	 constructed	 and	 tested,	 too.	 The	 specimens	 were	 of	 cylindrical	 shape	 with	 diameter	 equal	 to	
200mm,	and	of	two	lengths,	200mm	and	400mm.	The	ends	of	the	specimens	were	always	treated	with	a	fric-
tion	reducing	materials	(stearic	acid).	
Data	 processing	 includes	 the	 separation	 of	 the	 waves	 that	 travel	 in	 opposite	 directions	 in	 the	 bar	 and	 the	
checking	 of	 equilibrium	 at	 the	 two	 specimen	 ends,	 which	 for	 the	 400mm-long	 specimen	 is	 critical.	
Compensation	 for	 eventual	 distortions	 due	 to	 wave	 dispersion	 phenomena	 is	 also	 made.	 Due	 to	 the	
deformability	of	the	end	plates,	the	correct	measurement	of	specimen	displacements,	and	consequently	of	its	
strain,	was	found	to	be	crucial	for	the	success	of	this	testing.	To	enhance	accuracy,	apart	from	the	Hopkinson	
bar	analysis,	optical	techniques	were	also	employed,	and	a	fast-speed	digital	camera	was	operated	at	15000fps	
at	 maximum	 resolution.	 The	 photo	 sequences	 have	 allowed	 the	 calculation	 of	 full-field	 displacements	 by	
applying	Digital	Imagine	Correlation	(DIC),	and	thus	good-quality	stress-strain	diagrams	have	been	obtained.	
Aspects	of	these	techniques	and	analyses	are	shown	in	Fig.7.		
It	is	finally	mentioned	that	satisfactory	indirect	dynamic	tension	tests	(Brazilian	tests)	have	also	been	carried	
out	 using	 the	 above	 twin-bar	 configuration.	 The	 positioning	 of	 the	 cylindrical	 (200mm-diameter,	 200mm-
length)	specimen	between	the	two	plates	is	seen	in	Fig.6b.	
	

(a)	 				(b)		 	
 

Figure 6: (a)The HOPLAB compression configuration with the plates mounted at the twin bars ends and the 
sample,               (b) specimen positioning for the Brazilian test.	

	

	 	 	
																															(a)																																																																(b)																																																																	(c)	

Figure 7: (a) Example of target distribution on specimen, plates and bars; (b) comparison of specimen end 
displacements computed with Hopkinson and DIC techniques; (c) influence of corrected strain on the stress-strain 

diagram.	
	

6.	Concluding	remarks	
	
Diverse	 experimental	 results	 with	 large	 concrete	 specimens	 from	modified	 Hopkinson	 bar	 tests	 have	 been	
presented.	Such	data	permit	to	put	in	evidence	the	phenomena	arising	during	high	strain-rate	loading	of	plain	
concrete	both	in	tension	and	compression,	and	can	help	towards	the	establishment	of	realistic	material	models	
to	be	implemented	in	numerical	computations	and	construction	standards	[10].	
The	 tested	 concretes	 have	 overall	 exhibited	 a	 strain	 rate	 sensitivity	 consisting	 of	 an	 increase	 of	 strength,	
ductility	and	fracture	energy	with	increasing	strain-rate,	especially	at	regimes	where	stress	wave	propagation	
is	the	loading	mode	of	the	specimen.	These	trends	appear	to	be	influenced	by	the	aggregate	and	specimen	size,	
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and	higher	strength	concretes	and	SFRCs	seem	to	exhibit	less	pronounced	strain-rate	effects.	According	to	the	
published	literature,	a	plausible	explanation	to	this	behaviour	is	that	at	higher	strain-rates	all	particles	of	the	
material	are	accelerated	under	the	action	of	the	very	fast	growing	loading	pulse,	resulting	in	a	more	uniform	
distribution	 of	 strain	 and	 strain	 energy.	 Consequently	 the	 influence	 of	 existing	 single	 defects	 and	 voids	
becomes	 less	 important,	 as	 the	whole	material	 volume	works	 together	 to	 resist	 the	 applied	 load.	 Similarly,	
other	theories,	like	that	of	multi-activation	of	the	fracture	process	at	impact	regime,	also	provide	explanations	
to	the	observed	phenomena.	
These	data	confirm	results	of	other	studies	with	smaller	specimens	extending	their	validity	to	the	case	of	more	
realistic	concretes.	As	seen,	of	fundamental	importance	to	this	activity	has	been	the	employment	of	innovative	
modified	 Hopkinson	 bar	 apparatuses	 designed	 specifically	 for	 studying	 the	 dynamic	 response	 of	 large	
specimens.	Testing	becomes,	of	course,	more	complex	for	the	bigger	specimens	and	numerical	simulations	are	
usually	needed	to	aid	the	experimentation.	It	also	becomes	necessary	to	combine	Hopkinson	bar	analysis	with	
other	 techniques,	 like	 digital	 image	 correlation,	 in	 order	 to	 improve	 the	 accuracy	 of	 measurements	 or	 the	
elaboration	of	the	stress-strain	curves	and	to	elucidate	aspects	of	underlying	failure	mechanisms.		
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Abstract	
 
The paper reviews effects of high performance concrete mix ingredients on its resistance to impact of non-
deforming projectiles, and on the resistance of layered barriers, engineered based on these findings. First, the 
effects of the aggregate types and sizes and the application of steel fibers, which were observed 
experimentally, are presented, considering resistance parameters that include the impact energy at the ballistic 
limit, Ebl, the extent of the damaged areas at the impacted (front) and rear faces and the overall damage. These 
findings indicate that a protective barrier may be engineered to have layers that utilize these effects to produce 
a better performance under impact. Results from experiments of double-layered specimens, which examined 
the effects of the aggregate size and application of fibers, confirm this idea to a certain extent. It leads to 
conclusions regarding the importance of fibers in mitigating the damage, the use of large aggregates in a 
thicker front layer and their associated effect on increasing the damage at the front, impacted face. A 
“resistance index” is proposed to quantify the resistance in a comprehensive way and the experimental results 
have been re-evaluated in view of this parameter. 
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Abstract	
 
This paper presents the extension of the Lattice Discrete Particle Model (LDPM) constitutive equations to 
account for increasing strain rates. LDPM is a mesoscale model that formulates the behavior of concrete at the 
length scales of coarse aggregate particles by postulating the interaction laws of a system of discrete 
polyhedral cells. The rate-dependent formulation separate intrinsic mechanisms, relevant to length and time 
scales smaller than the ones at which the model is formulated, form apparent mechanisms that must be 
captured directly by the model. By an extensive campaign of numerical simulations and comparison with 
experimental data, this study demonstrates the unprecedented predictive capability of LDPM in the dynamic 
regime. 
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Abstract 
 
Ceramics are brittle materials with typical characteristics such as high hardness and compressive strength,  low 
tensile stress and density [1]. This is why they are often part of light armor systems. 
 
One of the available constitutive models to numerically simulate the behaviour of ceramics is the Johnson-
Holmquist II (JH-2) [2]. It has been chosen and successfully calibrated to fit different dynamic tests led on 
ceramic tiles. A combined finite element model, featuring a ceramic plate meshed with Lagrangian elements 
and a hemispherical impactor composed of Smoothed Particles Hydrodynamics (SPH), is set for RADIOSS 
calculation [3]. Most of the JH-2 model parameters have been calibrated regarding edge impacts [4] and 
Hopkinson bar tests [5] [6]. However, damage parameters are more phenomenological and they have been 
calibrated regarding high velocity steel ball impacts. All the parameters have been validated considering 
piercing and non-piercing impacts of a hemispherical impactor on a ceramic tile glued on an aluminium backing 
(see figure 1). Considering the cracking rate and the residual velocity of the impactor, the gap between numerical 
and experimental results is smaller than 3%. 
 
To conclude, this study has led to a calibrated model of ceramics predicting damage and cracking mechanisms 
as well as reproducing dynamic tests. Future work is under progress to consider real bullet impacts instead of 
standard hemispherical impactor. 

 
Figure 1: Impact of striker against a ceramic tile with aluminum backing. 
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Abstract 
 
The Johnson-Holmquist-2 ceramic model is used for quasi-static indentation simulation. A modification is proposed to an 
associated plasticity formulation. This allows for a fully implicit solution scheme, where dilatation is used instead of the 
traditional explicit bulking formulation. Dilatation is shown to have an important influence on ring-crack formation 
during indentation. A mesh refinement study is performed to show the current tensile failure behaviour leads to mesh-
dependent results. 
 

Introduction 
 
For dynamic impact simulation of ceramics the models by Johnson-Holmquist (JH1[1], JH2 [2]) and Johnson-Holmquist-
Beissel (JHB [3]) are often used. Parameters for these models can be obtained through dynamic experiments. Parameters 
such as material strength and stiffness are relatively easily calibrated to experiments. However measuring quantities such 
as damage growth and strength degradation remains difficult, due to the very high rates, catastrophic failure and their 
localized appearance. Often these damage related parameters and formulations are obtained through inverse modelling. 
 
Quasi-static indentation testing of ceramics yields additional information to dynamic testing. Indentation tests allow for a 
controlled failure of the material and provide valuable information on ceramic failure phenomena. Although quasi-static 
indentation lacks dynamic effects, similarities in stress conditions between the first moments of impact and quasi-static 
indentation are widely recognized [4,5,6].  
 
Calibrating ceramic material models on indentation tests can be done with finite element method (FEM) simulations. 
Implicit solution algorithms can be used for these quasi-static simulations. Compared to explicit algorithms large loading 
steps are possible and step size dependence is absent. However, in order to reap full benefits of the implicit method, a 
consistent tangent needs to be constructed by linearizing the constitutive relations. For the JH material model this is a 
non-trivial task, as it holds many non-linear relations. Furthermore, the JH bulking formulation is explicit in nature and 
hence cannot be used in an implicit formulation. An alternative formulation based on associated plasticity is proposed 
which does allow an implicit formulation, while results similar to bulking can be obtained. 
 
The JH2 material model is a softening plasticity model. These type of material models are known to give mesh dependent 
results and are prone to localization. In the last part of the paper a mesh-refinement study will be performed..  
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Methods and Models 
 
Simulation of indentation on ceramics is done using the FEM. Unit tests are performed in a plane-strain formulation, 
indentation simulations are performed in an axi-symmetric formulation. Contact between indentor and ceramic is 
described by a penalty formulation with stick-slip frictional contact, and linearized to obtain its consistent tangent 
contribution [7]. A converged stress state and consistent tangent for the indentor and target material are obtained through 
an Euler Backward scheme with a Newton-Raphson loop on integration point level [8]. Global equilibrium is obtained 
using the consistent tangent with a global Newton-Raphson scheme. 
 
Standard JH2 material model 
 
For the Johnson-Holmquist 2 material model the yield function reads 
 
𝑓 𝐼1, 𝐽2, 𝐷 =  𝜎𝑒𝑞  𝐽2 − 𝜎𝑦(𝐼1, 𝐷),  Equation 1 

in which 𝐼1 and 𝐽2 are stress invariants and 𝐷 ∈ [0. .1]  is a scalar damage variable. The yield stress 𝜎𝑦  for JH2 is found as 
 
𝜎 𝑦∗  𝐼1, 𝐷 =  1 − 𝐷 𝜎𝑖

∗(𝐼1) +  𝐷𝜎𝑓∗(𝐼1),  Equation 2 

where the superscript ∗ indicates that the stress values are normalized with respect to the Hugoniot elastic limit𝜎𝐻𝐸𝐿  and 
the subscripts 𝑖 and 𝑓 relate to the intact and failed (i.e. residual) material strengths. Von Mises equivalent stress 𝜎𝑒𝑞 =
 3𝐽2 is used inEquation 1. Plastic deformation is obtained through the flow rule 𝝐𝑝  = 𝜆 𝜕𝑔 𝜕𝝈 , where the plastic 
potential function 
 
𝑔 𝐽2, 𝐷 =  𝜎𝑒𝑞 (𝐽2) =  3𝐽2.  Equation 3 

For this plastic potential function it can be shown that the volumetric plastic strain𝜖𝑉 ,𝑝 = 0, which implies isochoric 
plastic flow. The inelastic volumetric response is later added through a bulking variable Δ𝑃. The current bulking 
formulation in the JH material models is explicit in nature, giving rise to step size dependence of the material models.  
 
The JH2 material model with dilatation 
 
An alternative to using the JH bulking formulation is to include volumetric plastic deformation (dilatation) through the 
plastic potential function. This allows implicit implementation of the material model. The plastic potential function from 
Equation 3may be modified to 
 
𝑔 𝐼1, 𝐽2, 𝐷 =  𝜎𝑒𝑞  𝐽2 − 𝜓𝜎𝑦(𝐼1, 𝐷),  Equation 4 

in which a scalar value 𝜓 ∈ ℝcan be used to scale the dependence on 𝜎𝑦  and thus 𝐼1. For 𝜓 = 0 the original (isochoric) 
formulation is retrieved, 𝜓 ≠ 0 results in plastic volumetric deformation with associated plasticity for 𝜓 = 1. In a fully 
implicit algorithm this potential function removes the step size dependence while maintaining the dilatation (or bulking) 
effect found in the original JH material models. 
 
It could be argued that dilatation effects reduce with increasing damage, and may even be absent for fully damaged 
material [9]. The plastic potential function can be modified to include dilatation by 
 
𝑔𝐼 𝐼1, 𝐽2, 𝐷 =  𝜎𝑒𝑞  𝐽2 − 𝜓  1 − 𝐷 𝜎𝑖  𝐼1 .  Equation 5 
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Results 
 
A unit test was performed on a four node quadrilateral element, using a 1 point Gauss integration scheme. All but one 
side was constrained in normal direction, the remaining side was displaced. Initially this surface was displaced in vertical 
direction to induce a compressive state. The compression was continued until maximum deformation 𝛿𝑚𝑎𝑥  was reached, 
after which the loading direction was reversed to regain the original configuration. The unit test performed 
underdisplacement control is depicted on the left inFigure 1. 
 

   
 

Figure 1: Left shows unit test set-up, right shows Brinell indentation test set-up 

 
The JH2 model with the same parameters as described in the original paper [2] was used. Two simulations were 
performed, one with the original JH bulking, another with the plastic potentialas described byEquation 5using𝜓 = 1.4. 
Figure 2 shows the results of this unit tests. The unit test starts with undamaged material in a zero deformation and zero 
stress state. The left graph of Figure 2shows the equivalent stress and pressure results. Elastic loading is observed from 
the origin to (A), after which the material strength (𝜎𝑒𝑞 ) is found to gradually reduce from an intact to residual strength 
(𝐴 → 𝐵). After the material has fully failed at (B) the pressure still increase as 𝛿𝑚𝑎𝑥  has not yet been reached.Unloading 
of the unit cube is initially elastic, until the material is plastically deformed in the reverse direction. The right graph in 
Figure 2 shows the pressure-volumetric deformation response, where the parameter 𝜇 = −𝜖𝑉  is a measure of volumetric 
deformation. A non-linear volumetric response (𝐴 → 𝐵) can be observed while the material strength is gradually 
reducing. The volumetric response is also found to be inelastic since𝑃 ≠  0 after returning to the original configuration 
𝜇 = 0.0 at (𝐶). From the graphs it can be found that, using the plastic potential from Equation 5,deviatoric and 
hydrostatic behaviour similar to the original JH2 model may be obtained.  
 
 
 
 

 
Figure 2: Unit test for the JH2 material model with bulking and a modified plastic potential function. Results for (l) the 

material strength and (r) the volumetric response are shown. 
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A Brinell indentation test was simulated on a four node quadrilateral element mesh, using a 2 by 2 Gauss integration 
scheme. A ceramic target was modelled as a disk with a thickness of 6 mm and a radius of 25 mm. The bottom edge of 
the ceramic was constrained in vertical direction. The indentor was modelled as a half sphere with a radius of 2 mm. A 
displacement is enforced on the top surface of the indentor to control the simulation. The top surface was displaced 25 
𝜇𝑚 in vertical direction, after which the indentor was retracted to its original position. For both parts horizontal 
displacements were constrained along the axis of revolution.The test setup can be seen on the right inFigure 1. 
 
The JH material properties for the ceramic are similar to those in the unit test, but 𝜇𝐻𝐸𝐿 = 0.026 and the elastic properties 
were chosen to represent Alumina with 𝐸 = 375 GPa, 𝜈 = 0.24. The spherical diamond indentor was modelled as a 
linear elastic material with 𝐸 = 1140GPa and 𝜈 = 0.07.Contact between the two materials was described by a stick-slip 
penalty formulation with a coefficient of friction 𝜇 = 0.5. 
 
Figure 3presents the load displacement data for the indentation simulations, three dilatancy cases are considered with 
𝜓 = 0.0, 𝜓 = 0.5 and 𝜓 = 1.0. Three observations follow from the figure. First, the indentation force is found to have a 
positive trend with the value of 𝜓. This is to be expected, as the plastically deformed material poses an additional 
pressure on the surrounding intact material. Second, permanent deformation after indentation has a negative relation with 
the value of 𝜓.This can also be related to an increase in pressure, where a higher pressure leads to a higher material 
strength in the JH2 material model and will thus lead to less plastic deformation. Third, energy dissipation measured by 
the area between the loading and unloading curves is also found to have a negative relation with 𝜓. Again the reduction in 
plastic deformation for the higher pressures and strengths explains the difference. 
 
The equivalent plastic strain𝜖 𝑒𝑞  provides information on the ceramic failure behaviour during indentation.Figure 4shows 
𝜖 𝑒𝑞 at the maximum indentation depth and Figure 5 after one indentation cycle,all figures use the same colour scheme, 
where green indicates 𝜖 𝑒𝑞 > 10−4, yellow indicates 𝜖 𝑒𝑞 > 10−3, while the highest equivalent plastic strains 𝜖 𝑒𝑞 > 10−2 
are found in the red zones.A spherical quasi-plastic zone can be found to appear slightly below the ceramic surface, in 
accordance with experimental results [6]. It is observed that thetotal plastically deformed zone increases in size for 
increased dilatation. However, the red zone with the maximum equivalent plastic strain is found to reduce. Another 
interesting observation is the behaviour at the surface. For low dilatation multiple locations are found where tensile 
failure occurs at the surface. This agrees well with [10], where dilatation is shown to suppress cone crack formation. The 
plastic deformation at the surface is also found to change during unloading, which indicates that additional damage occurs 
during this phase of the indentation. Capturing this damage under unloading may be important for dynamic material 
models, as unloading may occur due to stress wave propagation and reflection in an armour system.  
 
 
 
 
 

 
Figure 3: Brinell indentation test force displacement graph. The JH2 material model with dilatation is used. Three different 

values of 𝝍 are used.  
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Figure 4: Equivalent plastic strain at maximum indentation 𝜹𝒎𝒂𝒙. The JH2 material model with the plastic potential function 
from Equation 5 was used. From left to right 𝝍 = 𝟎. 𝟎, 𝝍 = 𝟎. 𝟓 and 𝝍 = 𝟏. 𝟎.  

 

   
 
Figure 5: Equivalent plastic strain after one indentation cycle. The JH2 material model with the plastic potential function from 

Equation 5 was used. From left to right 𝝍 = 𝟎. 𝟎, 𝝍 = 𝟎. 𝟓 and 𝝍 = 𝟏. 𝟎. 

 
To study localization and mesh-dependence, a mesh refinement study is performed. The same material parameters and 
test set-up were used as for the previous full indentation results. Four meshes were considered, the same mesh as before, 
one coarser mesh and two finer meshes. The resulting equivalent plastic strain at maximum indentation is shown in 
Figure 6. It can be seen that the semi-spherical plastic zone appears in each of the four meshes, all with a similar size. 
This result is expected, as the increasing strength with increasing pressure reduces the softening effect and may even lead 
to a behaviour similar to hardening plasticity. The behaviour under tension is, however, very different for all four cases. 
The position and number of elements failing under tension at the surface change upon refinement. The finest two meshes 
show a cone crack forming, although both appear in a different location. This may pose severe problems when ballistic 
problems are considered. For ballistic loading the cone cracks propagate and may eventually lead to catastrophic failure. 
A correct prediction of these cone cracks in the initial phases may therefore lead to more accurate results, even for 
dynamic ballistic simulations. Based on the current results it is found that mesh-dependence exists upon tensile failure. 
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Figure 6: Indentation test mesh refinement study. Equivalent plastic strain at maximum indentation 𝜹𝒎𝒂𝒙. JH2 material model 
is used with 𝝍 = 𝟎. 𝟎. 

 

Conclusions 
 
It has been shown that a plastic potential function can be used to obtain dilatational behaviour in a FEM simulation. For 
simple unit tests dilatation was found to give results similar to the JH2 model with bulking. More complex indentation 
tests revealed a relation between the amount of dilatation and indentation force, energy dissipation and surface tensile 
failure. Damage for ceramics under indentation was found to grow in both the loading and the unloading phase, where 
mainly shallow subsurface damage was found during the unloading phase. Dilatation was furthermore seen to affect cone 
crack formation during indentation.The mesh-refinement study showed that the behaviour of the current material model 
under tension leads to mesh dependent results. 
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Abstract	
 
The reproduction of fracture processes remains a challenge to numerical simulation. This paper focusses on 
the investigation of mode I fracture in a simple numerical model by application of the element-free Galerkin 
method. In particular the stress near field at the crack front, the influence of plasticity on characteristic 
fracture-mechanical values and the propagation of an instationary crack are analysed. 
 
 

Introduction	
 
As an improvement of the meshless diffuse element method (Nayroles et al. 1992) Belytschko et al. (1994) 
developed the element-free Galerkin method. This method shows advantages in the numerical treatment of 
discontinuities as found in fracture problems. The connectivity between nodes is attained with shape 
functions, which are established i.e. by the moving least squares interpolation introduced by Lancaster and 
Salkauskas (1981). For fracture-mechanical applications three possible methods regarding the implementation 
of cracking are conventional to deal with nodes in a crack tip environment according to Belytschko et al. 
(1996): the visibility, the diffraction and the transparency method. In comparison with the finite element 
method the element-free Galerkin method shows an increased accuracy related to the total number of nodes 
(Zoellner 2009). The fracture pattern of laminated safety glass determines the potential of energy dissipation 
(Bermbach and Gebbeken 2015). In line with the numerical modelling of experimental observations the 
simulation of the glass fracture process is of particular interest. Basic fracture-mechanical interrelations need 
to be investigated and their validity has to be checked within the numerical solution. 
 
 

Numerical	Model	for	Fracture	Analysis	
 
The geometry as well as the boundary and displacement conditions of the numerical model are illustrated 
schematically in Figure 1. The initial crack length a0 and the height h are varying parameters in this study. The 
hatching represents the initial crack front. A state of nearly plane stress is achieved by a small dimension of 4 
mm thickness. 
The body is discretized with tetrahedron-shaped four-node Gauss cells including a single quadrature point 
respectively. The edge length LG of a single Gauss cell is depending on the chosen cell density. 
The nodes of the y-z-surface on the left are constrained in their translatory motion in x-direction. In addition 
the node at the bottom corner is fixed. The nodes of the y-z-surface on the right are displaced constantly over 
the surface in x-direction. These conditions lead to a mode I exposure of the initial crack. The model is 
implemented in the commercial hydrocode LS-DYNA. 
 

*Author for correspondence (tim.bermbach@unibw.de). 
†Present  
address: University of the Bundeswehr Munich, Werner -Heisenberg-Weg 39, 85577 Neubiberg, Germany 
 

23



2	
	
 

 
 
 

 
Figure 1: Geometry, boundary and displacement conditions of numerical model. 

 
A linear elastic - ideal plastic material model is assigned to the domain. Table 1 shows its parameters, which 
represent the material glass. A plastic failure strain as true strain is set as erosion criterion, which varies within 
the study from 0 % for ideal brittle material behavior up to 0,2 % for plastic yielding. 
 

Table 2: Parameters of applied material model. 

 
 

Results	
 
Stress Near Field at Crack Front 
The stress field near the crack front is assessed in the time step before the initial erosion of cells. 
The edge length LG is set to 0,5 mm and the initial crack length a0 is given with 2 mm, 8 mm and 
20 mm for different simulations. The plastic failure strain ϵpl amounts 0,2 %. 
 

 
Figure 2: Influence of initial crack length a0 on stress near field and time step before initial cell erosion,                     

displacement velocity 0,068 mm/ms. 
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Figure 2 depicts the influence of a0 on the stress near field and the duration until the initial erosion for a 
displacement velocity of 0,068 mm/ms. Like the yield stress, the stress plot is given in von Mises stress and 
not as principal stress so that the influence of plasticity can be highlighted in the following. 
The duration t until initial erosion of cells is displayed for any of the simulations. An increasing initial crack 
length a0 leads to an earlier erosion of elements due to the more concentrated redirection of stresses around the 
crack. 
The stresses derived numerically are compared with an equivalent form of the analytical solution for the stress 
near field by Sneddon (1946) and Irwin (1957), i.e. 
 

 
 
with the stress intensity factor in Mode I KI and the polar coordinates r and φ with their origin at the initial 
crack front. The analytical solution is cut off at a maximum stress equal to the yield stress σy.  
 

 
Figure 3: Stresses in the near field as a function of polar coordinate r, analytical solution, numerical results and error. 

 
Figure 3 illustrates the analytical solution, the numerical results of a cell refinement and the error between 
both with a0 set to 20 mm. The stresses are plotted as a function of the coordinate r being normal to the initial 
crack front. The error rises with increasing r as the Sneddon equations are valid for the near field only. 
Looking at the gradients of the error graphs the near field can be determined for 0 < r < 6 mm. The 
computation with an intermediate cell density of LG = 1 mm shows a marginal deviation from the analytical 
solution in the near field. 
 
Influence of Plasticity on Crack Growth 
As illustrated in Figure 3 the zone of plasticity is restricted to 0 < r < 1 mm within the near field. The critical 
stress intensity 
 

 
 

can be calculated from the far field stress right before fracture σc, the initial crack length a0 and the factor Y 
accounting for the crack geometry. The far field stress corresponds to the stress in the body without a 
predefined crack exposed to the same strain. The present crack geometry is considered with Y = 1,125 (Roesler 
et. al 2012). In a next step, the critical energy release rate for a state of plane strain 
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is determined in different simulations for the plastic failure strains 0 %, 0,1 % and 0,2 %. Figure 4 shows 
evaluated critical energy release rates with varying ϵpl and different cell densities. 
 

     
Figure 4: Critical energy release rate GIc as a function of plastic failure strain �pl, different cell densities. 

 
In addition, a conventional range of GIc for brittle materials as found in literature (Buergel 2014, Schubert 2003) 
is displayed. The critical energy release rates increase strongly with increasing ϵpl. A cell refinement leads to a 
decrease of GIc. Fracture mechanical properties of brittle materials may be achieved by a cell refinement of      LG 
< 0,5 mm and ϵpl = 0 as postulated for linear elastic fracture. 
 
Dependence of Crack Growth on Cell Refinement 
The state of a crack is investigated regarding the transition from stationary to instationary and the nature of 
crack growth. In the case of mode I exposure, the crack becomes instationary by reaching KIc. The resistance 
against crack propagation rises with a progressing crack length, so that an increase of stress is necessary for 
further crack growth. The cracking can be interrupted by unloading, which characterizes a stable crack 
growth. If the stress intensity rises above the increased critical stress intensity KIc

∗, the crack will propagate in 
an instable manner. In the simulation the current crack length a and the current far field stress σz,w are 
computed to determine the stress intensity. 
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Figure 5: Stress intensity factors and far field stresses at initial crack growth and transition to instable                  

crack propagation, different LG. 

 
Figure 5 illustrates the stress intensity curves dependent on a for different values of LG. A phase of stable crack 
growth is found for the simulations with LG = 2mm and LG = 1mm. The computation with LG = 0,5 mm shows an 
instable crack propagation only. By all appearances the curves converge to a threshold of stress intensity K∞. 
Table 2 summarizes determined pairs of critical stress intensities and far field stresses KIc - σz,w,c, KIc

* - σz,w,c
* 

respectively, according to LG. 
 

Table 2: Parameters of applied material model. 

 
 

Conclusion	
 
The element-free Galerkin method has been applied on a simple numerical model for the simulation of mode I 
fracture. The modelling of fracture can be undertaken by a calibrated cell erosion. The development of the 
stress near field is dependent on the initial crack length a0. The implementation of plasticity may be used to 
adapt characteristic fracture mechanical values. In that case, yielding should be restricted to the stress near 
field. Furthermore the manner of crack growth, stable as well as instable, can be realized numerically. In any 
of the computations the cell density characterized by LG played a crucial role. 
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Abstract	
 
Ceramic materials are commonly used as protective materials particularly due to their very high hardness and 
compressive strength. However, the microstructure of a ceramic has a great influence on its compressive 
strength and on its ballistic efficiency. To study the influence of microstructural parameters on the dynamic 
compressive behaviour of silicon carbides, reliable data on the dynamic response of ceramics are needed. 
Thus, a new experimental methodology is proposed in this work. A high pulsed power generator, called 
GEPI, is used to test simultaneously two samples with a ramp loading. A lagrangian analysis can be 
conducted to process the experimental data. This technique has been validated using 1-D numerical 
simulations. Then, a test has been performed on a dense silicon carbide. The main dynamic characteristics of 
this material have been identified.   
 

Introduction	
 
Ceramic materials are commonly used as protective materials since the sixties and the Vietnam War [1]. 
Indeed, thanks to their outstanding hardness and compressive strength [2] combined to their low density, 
their use in bilayered armour configurations allows, for a same level of protection, significant weight benefit 
in comparison to monolithic steel plate armours [3]. However, the microstructure of the ceramic may have a 
strong influence on its penetration resistance [4] and the links between the microstructure and the ballistic 
efficiency are not fully understood. In order to characterise the dynamic compressive strength of brittle 
materials, plate impact experiments are generally performed. This kind of experiments allows determining the 
Hugoniot elastic limit (HEL), i.e. the elastic limit of the material under uniaxial strain state, and the Hugoniot 
curve which is the loci of all possible equilibrium states under shock loading. Moreover, the determination of 
yield strength of ceramics with the flyer plate technique requires intrusive techniques like lateral stress gauges 
embedded in the material. Several tests are necessary to determine accurately shock response of ceramics. In 
this work, dynamic compression experiments have been performed on two silicon carbide grades using a 
high-pulsed power generator called GEPI. The GEPI machine is a low inductance electric generator, based on 
the strip-line concept and composed of two electrodes separated by dielectric foils [5]. The current intensity, 
reaching progressively 3.3 MA in nearly 0.5 !s, generates on the internal faces of the electrodes a high-
pressure loading through Laplace effect. Using this generator, the same compressive pulse is applied on the 
two electrodes. Thus, by performing a compression experiment on two samples of a same material with 
different thicknesses, one can use the lagrangian analysis method [6]. This method integrates the conservation 
equations (mass, momentum, energy) between two velocity signals measured on ceramic samples with 
different thicknesses and allows accessing to the whole loading path without any assumption. Therefore, a 
single GEPI experiment with 2 samples is sufficient to determine the dynamic compressive behaviour of 
ceramics up to more than 20 GPa. A silicon carbide grade has been characterised and the processing method 
has been employed to determine the Hugoniot Elastic Limit of the material and the non-linear response of the 
ceramic specimens at high pressure. First, the principles of the testing machine, the experimental method as 
well as a description of the lagrangian analysis method are summarized. In the second part, the experimental 
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results obtained on the silicon carbide grade are shown and the dynamic response of this material given by 
lagrangian analysis is presented. 
 

Quasi-isentropic	compression	experiments	
 
The GEPI machine is based on High Pulsed Power (HPP) technologies. This generator relies on the strip line 
concept [5]: two aluminium plane electrodes, separated by dielectric foils and locally connected by a short 
circuit (cf. Fig. 1) are subjected to an intense current focused on the load region. In those experiments, the 
current reaches a maximum intensity of 3.3 MA in nearly 0.5!s. The association of current and magnetic field 
produces Lorentz forces applied on the internal face of the electrodes. The pressure pulse applied to the 
electrode can be directly computed (cf. Eq. 1) knowing the evolution of the current as a function of time I(t), 
the width of the terminal part of the electrode W, the vacuum permeability !0 and an edge effect factor kp (near 
1). 

	 !!"#(!) = !! !!!
! !
!

!
	 (1) 

This ramp loading generated by the GEPI machine allows conducting isentropic compression on specimen placed on the 
electrode. During experiments, the compressive pulse propagates through the electrodes and the ceramic specimens 
before reaching the LiF windows. 

	

 
Figure 1 Experimental configuration used to perform GEPI compression tests and allowing using lagrangian analysis 

method. 

 
Due to the symmetry of the GEPI configuration (Figure 1), two specimens can be tested during a single GEPI 
compression test. 
The lagrangian analysis method realised after one GEPI compression test allows determining the whole loading path of 
the material whereas only one point on this loading path can be obtained after one plate impact experiment. This method, 
based on the integration of the equations of conservation of mass, momentum and energy does not need any assumption 
on the behaviour of the material. The principle is based on a comparison of velocity signals obtained on two different 
thicknesses of a material. 

For each particle velocity up, one can compute the wave speed CL(up) from times Δt (cf. Fig. 2). This wave speed then 
allows us to compute increments of longitudinal stress !!, longitudinal strain !! (stress and strain being negative in 
compression) or specific volume associated to each increment of particular velocity following: 

	 !!! = −!!!! !! !"!	 (2) 

	 !" = − !
!!!! !!

!"!	 (3) 

	 !!! = − !!!
!! !!

	 (4) 
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It can be noted that a correction based on the mechanical impedances of the ceramic and of the window material have to 
be applied to modify the velocity profile measured at the electrode-ceramic interface. 
  

 
Figure 2 Principle of lagrangian analysis method: determination of the wave velocity CL(up) associated to each particular 

velocity up (arbitrary origin of time). 

 
 

Numerical	validation	of	the	processing	method	
 

Numerical one-dimensional simulations have been run to assess the accuracy of the lagrangian analysis processing 
method. In the first set of simulation, the simplest configuration has been chosen: two lagrangian sensors have been 
placed within a semi-infinite ceramic specimen (cf. Fig. 3) and the lagrangian analysis is conducted between the velocity 
signals picked up at these locations (“a” and “b” respectively at 3 and 4 mm away from electrode-specimen interface). 

 

 
Figure 3 First configuration computed with 1D numerical simulation: idealised case. 

 

Processing the discrete velocity signals extracted from simulation with the methodology presented above allows 
identifying very accurately the mechanical response of the tested sample. Comparing the stress-strain relationship 
determined by the lagrangian analysis with the behaviour used as input in the simulation indicates that the error is always 
lower than 1% (cf. Fig. 4) considering an axial stress rising up to 25 GPa. 
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Figure 4 Mechanical behaviour identified through lagrangian analysis: idealised case. 

 
Additional simulations have been run to assess the accuracy of the processing method applied to the GEPI 
compression test configuration. In the two configurations presented in Fig. 5, two different thicknesses are 
considered for the ceramic samples: 3 and 4 mm. The numerical sensors “a” and “b” are placed at the 
specimen-window interface in order to extract the velocity profiles at the specific locations pointed out by the 
laser interferometers during GEPI compression experiments.  

 

 

 
Figure 5 Second configuration computed with 1D numerical simulation: GEPI configuration 

 

In the case of the GEPI compression test conducted on two SiC samples (Fig. 5), the velocity signals measured at 
interface are used to perform the lagrangian analysis. This processing method allows identifying the evolution of stress 
and strain during the loading of the ceramic sample. The Figure 6 shows a limited uncertainty in the case of the GEPI 
configuration: in the considered stress range (0-25 GPa), the small perturbations due to the presence of ceramic-window 
interfaces lead to error below 2.5%. Consequently, the processing method appears sufficiently efficient to characterize 
precisely the dynamic response of ceramics under intense compressive loading.  
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Figure 6 Mechanical behaviour identified through lagrangian analysis: GEPI configuration. 

 
 
 

Experimental	results	on	a	silicon	carbide	
 
The experimental methodology has been validated through a test conducted with a silicon carbide specimen. 
This ceramic grade presents a density reaching 99% of the theoretical density. Elongated grains, with size 
beyond 100 µm on the long axis can be observed in its microstructure (cf. Fig. 7) [7]. The electrode width and the 
specimen’s widths are set to 15 mm. This dimension allows ensuring a compressive pulse sufficiently high to exceed the 
HEL of the material but also allows ensuring that the interface velocities measured on the two specimens are not affected 
by radial release waves during the compressive loading: the material is characterised in a state of 1-D strain. The velocity 
profiles measured by means of laser interferometers pointing specimen-window interfaces are plotted in Figure 8. 
 

 
Figure 7 SEM picture of the silicon carbide used in this study. 

 
Two methods can be used to determine the HEL of the material. The first one consists in determining the velocity at 
which a slope change is observed on the velocity profile (i.e. uHEL = 600 m/s in Fig. 8). This value can be converted to 
stress. The second one consists in exploiting directly the results of the lagrangian analysis to assess the elastic limit. Both 
methods lead to a HEL of 16.8 GPa for this silicon carbide.  

The longitudinal stress obtained with the lagrangian analysis method is not sufficient to determine the equivalent stress. 
However, during a uniaxial deformation (or for all triaxial loading such as σy = σz), one can write: 

	 !!" = !
! −!! − ! 	 (5) 

By setting an equation of state for the SiC material, one can thus evaluate the evolution of the equivalent stress. In the 
case of this silicon carbide grade, a very low variation of the K+(4/3)G modulus is observed during the elastic 
compression. Thus, a constant bulk modulus K is assumed, meaning the pressure is known during the whole experiment 
(! = !. !!). Using Eq. 5, one can deduce the equivalent stress in the ceramic specimen during the compressive loading. 
The equivalent stress/pressure curve deduced from the GEPI experiment is presented in Figure 9. The non-linear part of 
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this curve can be directly used to identify pressure-dependent plasticity model for ceramics like the Johnson-Holmquist 
model. 

 
Figure 8 Velocity signals measured during a GEPI compression test on two SiC specimens with thicknesses of 3 and 

4 mm (arbitrary origin of time). 

 

 
Figure 9 Experimental results of SiC tested with GEPI: equivalent stress as a function of pressure. 

 

Conclusions	
The dynamic response of ceramic to a compressive loading is usually studied by means of flyer plate impact experiments. 
However, this technique needs several tests to characterize a material. A new methodology has been proposed in this 
work based on a pulsed-power generator called GEPI. This machine generates a ramp loading and its symmetric 
configuration allows testing two specimens simultaneously. Thus, it is possible to process the data through a lagrangian 
analysis. This processing method uses the classical conservation relations to extract the evolution of the thermodynamic 
variables during the compressive loading. These particularities make GEPI compression test a useful experiment to 
identify the dynamic response of ceramics at very high level of stress.  

Using numerical simulation, the processing method has been validated. Then, a test has been conducted on two silicon 
carbide specimens. The axial stress reached more than 25 GPa. The lagrangian analysis applied to the experimental data 
obtained in a single test allowed identifying the evolution of stress, strain, pressure… Considering a constant bulk 
modulus, the evolution of equivalent stress has been computed. This dataset can be directly exploited to identify material 
parameters for constitutive models of ceramics. 
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Figure 1 Experimental configuration used to perform GEPI compression tests and allowing using lagrangian analysis 

method. 
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Figure 10 Principle of lagrangian analysis method: determination of the wave velocity CL(up) associated to each 

particular velocity up (arbitrary origin of time). 

 
 

 
Figure 11 First configuration computed with 1D numerical simulation: idealised case. 

 

 
Figure 12 Mechanical behaviour identified through lagrangian analysis: idealised case. 

 

 
Figure 13 Second configuration computed with 1D numerical simulation: GEPI configuration 
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Figure 14 Mechanical behaviour identified through lagrangian analysis: GEPI configuration. 

 

 
Figure 15 SEM pictures of the microstructure of the tested silicon carbide. 

 

 
Figure 16 Velocity signals measured during a GEPI compression test on two SiC specimens with thicknesses of 3 and 

4 mm (arbitrary origin of time). 
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Figure 17 Equivalent stress as a function of pressure for the SiC grade tested with GEPI. 
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Abstract 
 
Ceramic materials are often employed to design multi-layers armor systems with high protective levels. The 
very high hardness of these materials allows shattering the bullet. However, just after impact, the stress waves 
propagating in the target induce an intense fragmentation of the ceramic. 
 
Based on a micromechanical description of the dynamic fracture process activated at very high strain-rates in 
brittle materials, the DFH (Denoual-Forquin-Hild) model [1-2] constitutes an interesting damage model to 
describe the response of a ceramic plate subjected to a ballistic impact. This approach relies on the modelling 
of the population of flaws disseminated in the matter, the crack propagation considering a finite speed and the 
obscuration phenomenon. When a crack nucleates and propagates from a flaw, stress is released in a specific 
zone all around the flaw where no other crack can be initiated: all the defects located in this zone are 
“obscured”. This modelling approach naturally predicts a strain-rate sensitivity of the tensile strength for 
brittle materials. However, for ceramics like alumina or silicon carbide, data obtained through plate impact 
experiments do not provide a real answer on this aspect of the dynamic response. Besides, in the Johnson-
Holmquist model which is implemented in several finite elements codes and usually applied for impact 
problems including ceramics, a constant tensile threshold is employed. 
 
The plate impact experiment commonly used to determine the spalling strength of brittle materials like 
ceramics presents several drawbacks. First, the strain-rate evolves very fast in time and space leading to 
significant uncertainties in the evaluation of the strain-rate at failure in the damaged zone. Moreover, the 
strain-rate range that can be investigated is limited. Finally, the recovery of specimen after the test is 
challenging because the specimen and the projectile (and its sabot) need to be arrested without provoking 
additional damage to the specimen. These limitations can be overcome using an electromagnetic device able to 
create a loading wave without any impact of a projectile.  
 
In CEA Gramat, a machine named GEPI can be employed to perform spalling tests on brittle materials ([3-5], 
Figure. 1). Based on high-pulsed power technologies, the electromagnetic generator GEPI allows producing a 
square-sine-like loading with a period of 1 µs. This tailored compressive wave propagates elastically in the 
ceramic specimen until it reaches the free-surface. The superposition of the incident pulse and the pulse 

*Author for correspondence (jean-luc.zinszner@cea.fr) 
† CEA/DAM/GRAMAT, BP 80200, 46500 Gramat, France 
 

39



2 
 
 

 
 
 

reflected on the free-end produces a rapid increase of the tensile stress, initiating the fragmentation process. A 
velocity interferometer is used to point the free-surface of the specimen. It allows determining the dynamic 
strength of the ceramic sample loaded in a 1D-strain state. 
 
In this work, the original experimental approach is applied to an alumina and to several silicon carbides 
produced by different sintering processes. The strain-rate sensitivity of the tensile strength of these materials 
is studied between few thousands of s-1 up to 3×104 s-1. In this range, one can observe significant differences 
between the dynamic responses of the studied materials.  
 
The data gathered by means of spalling tests using the GEPI machine are also analyzed through the filter of 
the DFH model. This modeling approach is used to compute the characteristic parameters of the 
fragmentation process in an alumina and in the silicon carbide grades. Finally, the spalling tests conducted 
with the GEPI machine on ceramic samples are simulated with the DFH model. 
 

 
Figure 1: GEPI machine and principle of a test conducted with this high-pulsed power generator. 
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Abstract	
 
Brittle materials such as ceramics, rocks, glass and concrete, are widely used in many civil and military 
applications involving dynamic loading, impulse loading, shock or impact: explosive compaction of powders, 
blasting or percussive drilling of rocks, seismological studies, ballistic impact against ceramic armour or 
transparent windshield, plastic explosive against concrete structures, soft or hard impact against concrete 
structures... In most of these applications, the brittle material is subjected to intense loading characterized by 
high or very high strain-rates (hundreds to several tens of thousands 1/s), high pressure (hundreds to 
thousands of MPa) leading to extreme and specific damage modes such as multiple fragmentation, dynamic 
cracking, pore collapse, shearing and mode II fracturing or microplasticity mechanisms etc. 
Additionally, brittle materials present complex and fascinating features that justify greater efforts to develop 
research works. Indeed, they are characterized by random failure stresses under static tension or unconfined 
compression loadings. At low strain-rates they are sensitive to size effects, the larger the sample the lower its 
mean strength. Above a transition strain-rate, the tensile strength of brittle materials increases with the strain-
rate and the behaviour of brittle materials is no longer-random and becomes deterministic. Furthermore, 
brittle materials are strongly sensitive to confining pressure, their behaviour being more and more ductile 
with the increase of pressure level.  
Based on examples of problematics involving the use of brittle materials at high-strain rates this 
communication aims at discussing the main challenges and prospects that makes the investigation of the 
behaviour of brittle materials at high-loading rates an open area of research. 
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Abstract 
 
Brittle materials (ceramics, rocks, concrete, glass) are subjected to impact or blast loadings in various 
applications, when used in armour or protective structures, in the mining industry or in various industrial 
processes. In these conditions the brittle materials suffer extreme damage mechanisms: plasticity, 
microcracking, fragmentation orcollapse of pores. Under shock or very high strain-rate conditions these 
damage modes remain poorly understood because the main experimental tool used to characterize the 
dynamic behaviour of these materials under such conditions is the plate-impact technique (Fig. 1a). This 
technique suffers from major limitations. In particular, the shock loading does not provide a regular and 
controlled loading-rate. Below the HEL, the strain-rate is very high (about 107-108/s in [1]) and is difficult to 
measure. In addition, with the “standard flyer plate” there is no means of adjusting the required loading-rate. 
Finally, investigating the mechanical response and damage mechanisms as function of strain-rate is almost 
impossible. 
 
In the present work, modified plate-impact testing methods are investigated relying on the use of “pulse-
shaper”systems to produce a shock-less compression in the tested material. Six testing methods are 
considered. Three of them are based on the use of a non-homogeneous flyer-plate (particulate or layered 
composite) or heterogeneous “graded” flyer-plate or “wavy” machined flyer plate(Figs. 1b, c, d). Three other 
techniques are based on the use of a heterogeneous (particulate or layered composite) or “wavy” machined 
intermediate plate placed in contact with the tested plate (Figs. 1e, f, g). 
 
Several experimental, theoretical and numerical studies are reported in the literature on the shock response of 
heterogeneous or layered material systems. In particular, Tsai and Prakash [2] investigated the influence of 
layers of various properties and thicknesses on the shock response of a 2D layered system. Shock wave 
propagation in periodically layered composites was analysed by Zhuang et al. [3] and by Chen and Chandra 
[4]. The influence of heterogeneities (layered and particulate composite materials) on the strain-rate and stress 
amplitude was examined by Vogler et al. [5] through mesoscale simulations. However, the use of 
heterogeneous material systems as intermediate plate or flyer plate to produce a pulse-shaping effect 
(shockless compression) for adjusting the level of strain-rate in a brittle target subjected to a plate-impact 
experimentremains an open research field. 
 
A series of calculations have been launched by means of an explicit finite-element code to select the most 
appropriate experimental technique among 6 configurations (Fig. 1b-g). According to the numerical results, 
depending on the size of the heterogeneities in the flyer plate or intermediate plate, different rising times can 
be obtained, providing the expected strain-rate in the range of one thousand to several ten thousands /s. By 
considering high-enough impact velocities, it is possible to characterise the inelastic compression strength of 
the tested material (compressive pulse above the Hugoniot Elastic Limit). 
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Figure 1: Seven plate-impact testing configurations. (a) Classical plate impact technique, (b) Configuration with 
particulate flyer plate, (c) Configuration with graded flyer plate, (d) Configuration with “wavy” machined flyer plate, 
(e) Configuration with particulate intermediate plate, (f) Configuration with graded intermediate plate, (g) 
Configuration with “wavy” machined intermediate plate. 
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Abstract 
The dynamic behavior of composite materials under hypervelocity impacts (HVI) is a major concern for 
aerospace industry, and a challenging problem for simulation. More specifically, carbon is of particular 
interest since it is widely used as elementary component in composite materials. We have thus performed 
impact experiments of a 500 µm diameter steel sphere into a commercial grade of porous graphite [1] at 
velocities above 4000 m/s. Post mortem observations of the sample have shown that the projectile remains 
buried below the surface of the crater. A mechanism has been proposed in a previous paper to explain this 
behavior, likely related to the damage and rupture process in graphite [2].However, recent results have been 
obtained at lower velocities, down to 1200 m/s, and the projectile penetration depth has been observed to 
follow a non-monotonic evolution[3]. In the present paper, we propose an interpretation of this result with the 
help of numerical simulations, and show how our  experimental results can be related to some important 
mechanical parameters of graphite and steel, especially yield and spall strength. 
Simulations have been made with the eulerianhydrocodeHesione on a 2D Cartesian grid with axial symmetry. 
Below 2000 m/s, post mortem observations show that the projectile remains roughly spherical, and can thus 
be considered as purely elastic in this range of impact velocities. The graphite model can thus be adjusted to fit 
the experimental results in this regime. Since we had good confidence in the equation of state for this material, 
validated on plate impact experiments [4], the experimental results allowed us to tune the graphite yield 
strength. 
Above 2000 m/s, plastic deformation and fragmentation affect the steel projectile, so that its shape flattens and 
its penetration depth decreases while impact velocity increases. A plasticity and damage model has thus been 
developped for steel. Considering that this material looses tensile strength when plastic strain exceeds 35%, 
we have been able to obtain goodagreement with the experimental results (cf. Figure 1a). We note however 
that the projectile fragmentation is a 3D process that limits the validity of our 2D simulations at the highest 
velocities. 
Regarding the damage properties of graphite, we show that an appropriate value of the spall strength 
reproduces the measured crater diameter on the whole velocity range(cf. Figure 1b). Moreover a threshold in 
plastic strain has been included in the simulations as an additional damage mechanism for this material, 
increasing the crater filling and leading to a better agreement with experiments (cf. Figure 2). 
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Figure 1: Plot of the penetration depth of the steel projectile (a) and of the crater diameter (b) for various impact 

velocities. Comparison between experimental results and simulations (scaled to the projectile original diameter). 

 

 
Figure 2: impact of a steel sphere on graphite at 1788 m/s. Comparison between a tomography (top) showing the 

projectile in white and the carbon in gray,and the simulation (bottom) showing the damaged material in red. 
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Abstract 
 
Silicon carbide ceramics are widely used in personal body armours and protective solutions of military vehicles 
against the impact of hard-core small to medium calibre projectiles [1-2]. They are use as front plate of bilayered 
configurations, a ductile (metallic or composite) material being used as backing to absorb the kinetic energy of 
fragments and to ensure the structural integrity of the target. However, during the impact, an intense fragmentation 
develops in the ceramic tile due to high-strain-rates tensile loading. 
 
In the present work, micro-tomography equipment has been used to analyse the fragmentation patterns of three silicon 
carbide grades subjected to EOI (edge-on impact) tests. The 3 SiC targets were obtained under pressure-less sintering 
or spark plasma sintering [3]. The EOI test consists in impacting the edge of the target with a cylindrical projectile at 
an impact velocity around 180 m/s, leading to its fragmentation. The experiments were conducted in two 
configurations: in the so-called open configuration, a digital ultra-high speed camera has been used to visualise the 
fragmentation process with an interframe time set to 1 µs. A complex cracking network develops in a ten of µs. In the 
so-called sarcophagus configuration, the target is placed in an aluminium casing to avoid any dispersion of fragments. 
The target is infiltrated after impact so the final damage pattern is observed in a post-mortem analysis.  
 

 
Figure 1: In-plane section through a reconstructed tomographic volume of a SPS-SSS (Spark plasma/Solid-State-Sintering) 
SiC subjected to an EOI test. 
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Figure 2: In-plane section through a reconstructed tomographic volume of a PS-LSS (Pressure-Less/Liquid-State-
Sintering) SiC subjected to an EOI test. 
 
The infiltrated targets were entirely scanned using x-ray tomography using a microfocus source. The geometrical 
setup gave a pixel size of 40 µm/px and a 0.4 mm brass filter was used in front of the source to harden the beam. 
Some vertical sections from the resulting 3D reconstructions are shown in Figures 1 and 2.Further analysis will first 
focus on the correction of the evident beam-hardening in these images, which is significantly aided by the fact that 
intact areas all have the same physical density.Thereafter a 3D segmentation algorithm will be tested and applied in 
order to separate fragments in 3D allowing a particle-size distribution to be obtained, as well as some quantification 
of the fractures. 
A preliminary visual inspection already shows significant differences between the two specimens of different SiC 
grades (Figs. 1 and 2) most notably in the cracking density and fragments size distribution. To explain such 
experimental results, numerical simulations have been conducted considering the Denoual-Forquin-Hild anisotropic 
damage model [4-5]. The cracking density predicted by the DFH model will be compared to the data of micro-
tomography. The series of calculation shows that the difference of cracking pattern in EOI tests is related to the 
population of defects within the ceramic. 
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Abstract	
 
The study of dynamic fracture behaviour is intrinsically limited by the spatial and temporal resolution of the 
high-speed imaging system used.  In practice, fracture events occur on the same order, or more rapidly than 
the maximum framing rate per viable field of view.  This is particularly true for brittle materials having high 
crack tip velocities.  At the same time, with advancements in both hardware and analysis methods, combined 
with the advent of ultra high-speed cameras, observation of fracture behaviour is continually becoming more 
resolved.  Due to the wave character of the mechanical fields during dynamic crack growth, it has been shown 
that the customary assumptions of steady state and K-dominance in the region of the crack tip in classical 
elastodynamic fracture processes of homogeneous and bimaterials may be violated [1,2].  In this regard, 
different approaches must be explored that leverage the ability to not only resolve global transient fields, but 
also exploit that information to accurately determine dynamic fracture properties.  Consequently, this work 
presents numerical and experimental analysis on the dynamic fracture of brittle polymers utilizing an image-
based energy balance approach.  Modelling and validation of the full-field approach is performed using 
Abaqus Explicit finite element (FE) analysis software. A thin plate of pre-cracked PMMA (polymethyl 
methacrylate) is impacted on the opposite face with steel, and the time-resolved material deformation and 
acceleration fields during the onset of loading, wave interactions, and eventual crack growth are tracked.  The 
field data is used to calculate the impact force, inertial and deformation of the sample, while mapping the 
global balance of energy between the impactor and the plate over time.  Simulations with cohesive surfaces 
simulating the growing crack front are analysed to determine the fracture energy lost in the system from crack 
propagation, and are compared to simulations of uncracked samples.  These simulations are used to explore 
viable experimental design space of this approach, and complementary tests are conducted using a modified 
Kolsky (split-Hopkinson) impact device along with high-speed imaging and digital image correlation (DIC) to 
extract full-field data.  The resulting analysis of observed and simulation data, including material acceleration 
fields, crack speeds and dynamic energy release rates, as well as uncertainty quantification of the image-based 
method are discussed. 
 
 

Additional	Information	
 

Brittle fracture is the dominant and often catastrophic failure mode in multifarious structural, 
geological and shielding materials.  Consequently, the resistance to brittle fracture must be included in the 
design of many systems either to prevent its occurrence altogether, or to enhance energy dissipation when 
fracture does occur.  One significant challenge in this endeavour is to evaluate a material’s fracture 
performance under realistic scenarios, where loading is complex and transient in nature.   At the same time, 
inverse analysis techniques have been developed as a means to acquire material properties when otherwise 
not available through conventional testing [3].  The typical process uses a full-field optical technique to record 
the deformation of a sample under load [4,5].  While this process may be more straightforward for quasi-static 
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loading cases, it becomes increasingly challenging at higher rates; yet is intrinsic to characterizing dynamic 
material behaviour.   
 This study investigates the potential use of an imaged-based energy-balance technique to quantify 
dynamic fracture properties.  3D finite element (FE) analysis is performed using Abaqus Explicit on pre-
cracked polymer plates impacted with a steel striker from 3 to 30 m/s.  A cohesive surface is used along the 
crack path, and damage evolution is based on a threshold energy release rate from published dynamic 
material properties (to simulate a realistic response when subjected to impact) [6].  Full-field spatial 
information is extracted from the analysis for two cases, one without failure that keeps the cohesive surface in 
contact, and a second that allows for failure along the surface.  An example of a fracture simulation is 
provided in Figure 1 that illustrates the full-field acceleration in the loading direction and mode-I tensile 
opening stress.  
 The FE analysis acts as a feasibility study for conducting experimental work that helps to validate the 
findings from the simulation, as well as determine the efficacy of the method.   The idea is to exploit material 
acceleration fields from impact, along wave propagation and interactions, to induce a discernable drop in the 
respective balance of kinetic and internal energy of the system, caused by the ensuing fracture damage.   
Using a modified Kolsky (split-Hopkinson) bar, complementary tests are conducted, with high-speed imaging 
and digital image correlation (DIC) used to track material field properties of deformation and acceleration.  
 
 

  
Figure 1: Acceleration (top) and tensile stress (bottom) history of a pre-cracked PMMA plate impacted by a steel striker 
on the opposite side of the notch at 30 m/s.  Resulting crack speed is 930 m/s.  Analysis performed in Abaqus Explicit 

using cohesive surface interaction. 
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Abstract 
 
Fracture mechanisms of concrete and other construction materials are reported to be dependent on the 
loading rates. The failure mode and crack patterns are both influenced by loading rate. However, the 
cracking in such specimens cannot be visualized using traditional imaging methods. Since most of the 
construction materials are opaque, cracking under the surface cannot be visualized using optical light based 
imaging methods. In this study, failure/damage mechanisms under dynamic loading in cor-tuf, high 
strength concrete (HSC), and limestone specimens are investigated using high speed X-ray phase contrast 
imaging (PCI). In the experimental setup, a modified Kolsky bar was synchronized with high speed x-ray 
phase contrast imaging at Advanced Photon Source in Argonne National Lab. Experimental schematic is 
presented in Figure 1. 
The initiation of cracking in all three materials is presented in Figure 2. Cracking in each material shows 
unique properties. In Cor-tuf, straight and conical cracks can be observed to terminate at the indenting pin. 
In HSC, cracking is more tortuous and a single crack split the specimen in two parts. In limestone, crack was 
observed to follow the grain boundaries, ultimately splitting the specimen in finite number of large 
fragments.  
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Figure 1: Schematic of the high speed X-ray phase contrast imaging setup. Inset: Front view of the cylindrical impactor-specimen 
setup 
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Abstract 
 
The aim of this study is to characterize the confined shear behaviour of concrete at high strain rate. A new 
experimental technique is proposed. The set-up consists in pre-confining a concrete specimen using a steel 
ring and is based on the Punch through shear test. A concrete specimen with two notches from each side is 
subjected to high strain-rate loading using a Split Hopkinson Pressure Bar (SPHB) device. The displacement of 
the central part of the specimen produces a shear fracture in the ligament.  
 

Introduction 
 
The importance of impact loading such as collision, earthquakes, accidental or intentional explosion on 
concrete structures is a major interest in civil engineering domain. Shear and compression stresses are 
generated inside concrete and many studies (1, 2, 3 and 4) were carried out to improve the understanding of 
concrete behaviour under these stress states. In previous work, dynamic shear experiments were conducted 
with passive confinement pressure. The originality of the present test is to use an “active confinement” 
applied to the specimen prior to testing it under dynamic conditions. 
The concept of the new technique is to pre-deform elastically a steel ring in order to apply the confinement on 
the concrete sample. The ring is first subjected to a compressive load. When it is deformed the concrete 
specimen is inserted inside and the load is released. The ring, while going back to its initial position, applies 
the confinement to the concrete sample. Next, a Split Hopkinson Pressure Bar testing devise is used to apply 
the dynamic loading. Finally, high confinement, high shear deformation and high strain-rates are reached 
during the test inside the concrete sample. 
 

Numerical Simulations  
 
3D numerical simulations of dynamic shear tests have been performed to set the experimental configuration of 
the confining ring and concrete sample (Figure 1). The Drucker-Prager model was used for the concrete 
specimen and an elasto-plastic model was considered for the steel ring. First, numerical simulations were 
conducted to optimize the dimensions of the ring in order to stay in elastic deformation regime after 
compression. The specimen wad designed to ensure an almost homogeneous shear stress field in the ligament. 
Afterwards, an explicit dynamic simulation was launched to assess the optimal length and diameters of the 
input and output bars. 
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Figure 1: Mesh of 3D computation. 

Experimental configuration 
 
The experimental devise used in the dynamic experiments is shown in Figure 2. After applying the 
confinement with the ring, the specimen is subjected to a dynamic compression loading through a Split 
Hopkinson Pressure Bar (SHPB). An input bar of 45mm diameter and 1.5m length and two cylindrical output 
bars of 20mm diameter and 1.2m length are used.  
 

  
 

Figure 2: a) Experimental setup description b) Zoom on the sample and ring geometry 
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Extended Abstract 
 
In the past there were done a lot of tests and research about the dynamic behaviour of concrete. But there are 
just a few publications about the properties of concrete under multiaxial dynamic loading. Below the 
multiaxial dynamic compressive tests at concrete, published since the 1960s, are conducted and compared in 
there most important results.  
One difficulty in the comparison of the results is that most of the trials were done in different test setups, 
which can be grouped into three basic principles. On the one hand there are experiments in which first a static 
load is applied in one or two spatial directions to the specimen and then one free axis is loaded dynamically. A 
second possibility is to load the sample simultaneously in two or three spatial directions dynamically. In the 
third case, the specimen is confined by a rigid metal collar, which leads to a multiaxial state of stress due to 
the confined lateral expansion. As in addition to the test setups also the specimen geometries are in part quite 
different a direct comparison is difficult. Therefore, proposals for conversion and normalisation of the test 
results are made. 
From the analysis of the biaxial results, a significant trend arises. With increasing lateral pressure, the dynamic 
compressive strength increases at the same strain rate. That means that fundamentally a superposition of the 
strength enhancing factors from biaxial and dynamic loading can be assumed. In the examined range of 
medium strain rates, the dominant influence is the biaxial state of stress, so the increasing level of lateral 
pressure has a greater influence on the concrete strength than the strain rate. Furthermore, the already known 
effect of concrete strength can be confirmed, so the lower-strength concretes show the greater increase in 
strength also under multiaxial dynamic load. 
In the comparison of the existing triaxial compression tests no significant superposition effect of the triaxial 
stress state and the strain rate effect could be found. A clear layering according to the level of lateral stresses is 
visible in the data, but the effect of strain rate in each layer is not significant. This might mean that the 
influence of the triaxial state of stress is much higher than the strain rate effect. 
The results of the bi- and triaxial tests show no significant differences in the dynamic-dynamic and dynamic-
static configuration for the so far investigated strain rates of up to 0.01 1/s for biaxial and up to 5 1/s for 
triaxial trials. However, there are only few results to multiaxial dynamic-dynamic tests and for higher strain 
rates of more than 5 1/s the authors don’t know any investigations of this kind yet. 
This is the point where the test series of the Institute of Concrete Structures at Technische Universität Dresden 
attach, by studying the influence of biaxial stress state and dynamic loading on the compressive strength of 
concrete systematically. Therefore one- and biaxial static, biaxial static-dynamic and one- and biaxial dynamic 
compression tests are performed on specimen of uniform geometry (cube with a = 60 mm) with the same type 
load application (two or four aluminium rods diameter 50 mm). For the static trials a triaxial servo-hydraulic 
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testing machine is used. All experiments with a dynamic load application are carried out in a biaxial Split-
Hopkinson-Bar. With this test setup specimen can be loaded dynamically with strain rates of up to 150 1/s in 
one or two spatial directions. 
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Abstract	
 
In this study a concrete sample was compression tested in an aluminum bar, large diameter (40 mm) Split 
Hopkinson Pressure Bar (SHPB) at strain rate of 250 s-1. The tests were performed using a 3.10 mm thick 
ethylene propylene diene monomer (EPDM) rubber pulse shaper inserted in the front end of the incident bar. 
The tests were also performed without pulse shaper in order to determine its effect on the attained strain rate 
in the concrete and the stress equilibrium in the specimen. The results clearly showed that the pulse shaper 
insertion resulted in a more uniform stress distribution through the loading history. Thus the samples were in 
dynamic stress equilibrium. The usage of pulse shaper gave a slowly increasing incident wave which is 
significant to avoid the premature failure of concrete. The insertion of pulse shaper also caused less oscillatory 
stress wave histories.    
  

1.	Introduction	
 
The earliest research on the dynamic behavior of concrete dates back to the beginning of 20th century. 
However, to this date, research on this topic yielded a limited knowledge on the dynamic response of 
material. Pneumatic, hydraulic and direct impact tests were performed on concrete to test its high strain rate 
response until the end of 1970s. Such test methods provided relatively small strain rates, which varied from 10-

4 to 102 s-1. More recently, more controlled tests with higher strain rates were performed with the advancement 
of SHPB testing device and data acquisition equipment. SHPB testing unit became a standard testing method 
since mid 80's.  
 
The study by Malvern et al. [1] is one of the first detailed investigations on the high strain rate response of 
concrete. An SHPB apparatus with 3-in. diameter bars was used to investigate the strain-rate sensitivity of 
certain types of concrete. During tests, they found a clear strength increase under such high strain rates. In 
another study, Ross [2] performed three types of high strain rate tests on the concrete: direct tension, indirect 
tension and compression tests. In his study, strain rate dependency of tensile strength was found out to be two 
to four times greater than the compressive strength for similar strain rates. Tedesco and Ross [3] conducted 
one of the main studies in the area, aimed towards developing strain rate dependent constitutive equations for 
concrete under both compression and tension. They performed static and dynamic direct compression and 
split tensile tests on cylindrical concrete specimens. A statistical analysis was performed on the data and 
strain-rate-dependent constitutive equations, both for compression and tension, were developed. Grote et al. 
[4] conducted SHPB and plate impact tests in their study with concrete and mortar. Parallel to the increase in 
strain rate, a strength increase was detected similar to the previous studies. 
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In this study, high strain rate tests were performed on concrete to determine its mechanical properties under 
compression. For this purpose, an SHPB test setup was used, which had incident, transmitter and striker bars 
in 7075 T6 aluminum with 40 mm common diameters. Tests were arranged in two different configurations: 
one configuration was the conventional SHPB setup, whereas in the other configuration, a pulse shaper was 
inserted in the striker bar/incident bar interface. Characteristics of attained stress waves were attempted to be 
regulated by using an EPDM rubber pulse shaper for providing stress equilibrium in the specimen and 
preventing the premature failure of brittle concrete. EPDM rubber pulse shaper was cylindrical with a 1.27 cm 
diameter and a 3.10 mm thickness. Cylindrical concrete specimens with 45 mm length and 39.52 mm diameter 
(L/D=1.14) were prepared and tested for each SHPB setup configuration.  
 

2.	Results	and	Discussion	
 
During the SHPB tests, signals were recorded from the strain gauges which were mounted on the incident and 
transmitter bars. Typical strain gauge outputs are presented in Figure 1, obtained from conventional SHPB test 
and the test with a pulse shaper.  
 
 
 

  

(a) without pulse shaper                                                      (b) with pulse shaper 
 

   Figure 1: Typical voltage histories obtained from SHPB. 

 
In the study, stresses at the front and back faces of the specimen were calculated by Equations 1 and 2 using 
strain histories gathered from incident and transmitter bars, respectively. Additionally, average stresses of the 
two faces were determined by Equation (3). In Equations 1, 2 and 3, E, A, As, iε , rε , tε  represent elastic 
modulus, area of bars, the specimen area, and the bar strain values resulted by incident, reflected, transmitter 
waves  respectively. Specimen strain was calculated from Equation (4). In this equation, c0 is the elastic wave 
speed and l0 is the specimen length.   
 
Figure 2 presents the one-, two- and three-wave stress analysis of the specimens. One- wave analysis makes an 
assumption that the stress equilibrium is provided in the specimen and is referred to as the sample back stress. 
On the other hand, the stress at the incident bar/specimen interface can also be calculated by use of 
momentum balance of the incident and reflected waves which is called 2-wave analysis based on the 
summation of the two waves. At the very first stages of the loading, stress equilibrium is not reached in the 
sample due to the transient effect that takes place when loading starts at the front face of the specimen while 
the back face still remains at rest. It is also noted that incident and transmitter waves inherit significant 
amount of oscillations that result in large variations in the stress level as compared with that of transmitted 
wave considered only. Therefore, a 3-wave analysis which basically averages the stress at both ends of the 
specimen can also be applied. 
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Figure 2 shows the stress strain curves of concrete tested with and without pulse shaper.  
 

    
                                                        (a)                                                                                  (b) 

Figure 2: Stress strain curves of concrete (a) without pulse shaper and (b) with pulse shaper. 

 
Stress equilibrium in samples in compression SHPB tests is generally attained after several reverberations of 
stress wave in the sample. When a steep-front incident wave as without pulse shaper, the stress at the front 
end of the sample will increase suddenly and can be great enough to cause failure in the material, while the 
back end of sample may not see any stress disturbances yet. In this case the stress state between the front and 
back ends is not uniform, specifically for a brittle nature material like concrete with failure strain levels 
around 0.5 percent. As can be seen from Figure 2(a), the variation of 1, 2 and 3 wave stress analysis results is 
significantly greater at the early stages of the loading at around the strain values of 0.0022 to 0.0054. For a 
shaped pulse (slow rising), the stress equilibrium in the sample is reached earlier. As the stress wave-front 
travels down the sample, the front end experiences somewhat higher stress than the back face, then the stress 
levels at the back end increases progressively.  
 
Figure 2 shows one two and three wave stress-strain behavior without pulse shaper and with pulse shaper. It 
is clearly seen that the test with pulse shaper gives more uniform stress distribution during the course of 
deformation (Figure 2(b)), while one two and three wave solutions show higher deviation at the front and 
back stress histories, which violates the SHPB testing assumptions.  
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                                          (a) w/o pulse shaper                                   (b) with pulse shaper 

 
Figure 3: Strain rate / strain behavior of the concrete tested in SHPB.  

 
In Figure 3 strain rate / strain behavior of concrete is given for the tests of without and with pulse shaper 
insertion. Pulse shaper insertion caused nearly constant increase of strain rate during the course of loading, 
while without pulse shaper insertion strain rate rapidly increased at the initial stages of deformation which 
may cause premature failure of concrete which is brittle in nature. At the onset of failure strain rate values are 
nearly at the same levels.  
 
An additional analysis was performed on stress equilibrium to observe the force balance at both ends of the 
specimens using Equation (5). In the equation, F1 and F2 represent the front and back force at the specimen 
faces. Stress is considered to be uniformly distributed when R approaches to zero. Variation of R in time is 
calculated for both tests and presented in Figure 4 (a). As can be seen from the figure, stress equilibrium 
established earlier in the test with pulse shaper. 
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Figure 4:  The variation of equilibrium parameter R with strain.  
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3.	Conclusions	
 
In this study the effect of pulse shaper on the behavior of concrete under high strain rate compression was 
investigated. Pulse shaper insertion resulted in a more uniform stress distribution during the deformation. 
The usage of pulse shaper gave a slowly increasing incident wave for preventing the premature failure of 
concrete. The insertion of pulse shaper also caused less oscillatory wave histories. The samples were in 
dynamic stress equilibrium when the pulse shaper was used. 
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Abstract 
Thanks to recent progress in ultra-high speed imaging, the identification of material properties at high strain 
rates using full-field measurements and identification tools such as the Virtual Fields Method, has been taking 
a turn. However, systematic errors caused during data processing can affect the quality of identification. 
Furthermore, as various extrinsic factors are present in an actual experimental environment (i.e. camera noise), 
it becomes difficult to segregate sources of errors. To this purpose, present work first uses numerically 
simulated spalling experiments to investigate possible errors that may impair the identification of material 
parameters. By directly extracting and processing the numerically obtained displacement fields with the VFM 
processor, it was observed that reconstruction of the acceleration fields plays a crucial role in the identification 
process. In the second part, a series of spalling tests have been performed on an aluminium sample with a 
speckle painted on the sample surface and using an ultra-high imaging sensor Kirana with interframe time of 
500ns under constant frame resolution of 924x768 pixels. The elastic stiffness and apparent Young modulus 
were identified using the processing parameters obtained from simulated experiments. Finally, stress-strain 
response of an actual spalling test conducted on common concrete was reconstructed and analysed. 

Introduction 
Despite the large amount of research conducted to characterize dynamic tensile strength of concrete, this task 
represents a challenge even today. One of the main problems is to measure stress and strain inside the 
specimen which is often deduced from indirect or point-in measurements, leaving one with limited amount of 
information. Among the experimental methods employed, the spalling technique based on a Hopkinson bar in 
contact with a cylindrical concrete sample has been widely used, allowing samples to be exposed under high 
range of strain rates varying between tens to hundreds of 1/s  [1]. A new processing technique was proposed 
by Pierron and Forquin [2] to measure the stress level and apparent Young’s modulus in a concrete sample 
during the spalling test by means of an ultra-high speed camera, a grid bonded onto the sample and the 
Virtual Fields Method. Following this work, possible benefit of employing Digital Image Correlation as a tool 
for extracting full field displacement measurement has been suggested in [3]. However, standard deviation of 
evaluated stress response observed during the tensile phase was around 30%. Furthermore, the source of these 
errors was difficult to determine. On the other hand, simulated experiments have been proven to be a useful 
tool for evaluating the identification procedure at high strain rate testing [4], but also for optimization of 
experimental procedures [5] and for locating sources of errors [6] that can vary depending on the nature of the 
experimental procedure. To this end, first part of this work focuses on locating possible errors that may arise 
only during the data processing stage, by numerically simulating a spalling test with an explicit finite element 
model. In the second part, an ultra-high speed imaging sensor Kirana, was employed in an actual spalling 
experiment on aluminium samples as to verify the processing parameters determined during the treatment of 
numerically simulated displacements fields. Finally an actual spalling test was conducted on ordinary 
concrete sample and results were analysed. 
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Simulated experiments 
The 3D finite element elastic model of a spalling sample with the corresponding mesh is shown on Figure 1a. 
The numerical sample is 120mm in length and 45mm in diameter. The load used is a pulse obtained in an 
actual spalling experiment that is characterised by a short duration time of 60 µs. Temporal amplitude of the 
prescribed pulse is shown on Figure 1b. FE mesh was constructed in a way to obtain a flat surface that 
represents a region of interest filmed during an actual experiment. The displacement fields were extracted at 
different output frequencies to simulating several acquisition speeds and in 180 consecutive frames to match 
the temporal resolution of the Kirana camera. The displacement field were then input into VFM processor. The 
obtained apparent Young Modulus and the reconstructed stress-strain curve are shown in Figure 2a-b and 
compared to results of the FEM model. What can be observed is that a small amount of noise is present in the 
identified parameters.  

 
 

Figure 1: FEM model of the spalling test (a), Experimental pulse used as a pressure load (b). 

  
Figure 2: FEM model of the spalling test (a), Experimental pulse used as a pressure load (b). 
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Abstract 
 
The tensile behaviour of mortar is experimentally investigated through indirect static and dynamic tensile tests. Dynamic 
experiments are performed with Split Hopkinson pressure bars in a configuration equivalent to the standard center-point 
loading. The flexural strength is determined assuming either a pure brittle behaviour or a quasi-brittle one. Under the quasi-
brittle assumption, a strain hardening is supposed to occur before fracture. This inelastic behavior is taken into account 
through a damage modelling. The evaluated strength enhancement induced by the strain rate is significantly decreased. 
 

Introduction 
 
The behaviour of cementitious materials under different strain rates has been extensively studied. These materials are known 
to show an apparent increase in strength when submitted to high strain rates [1]. At low to moderate strain rate, below 1/s, 
the importance of free water is highlighted. However, at higher strain rates where the growth in strength is more pronounced, 
the question remains whether this is a true material characteristic or if it is only due to structural effects such as lateral 
inertia effects or a non homogeneity. 
 

Experimental set-up 
 
Since uniaxial tensile tests are difficult to perform with brittle materials, splitting or bending tests are usually preferred. In 
this study three point bending tests are performed on normalised specimens (width, height e=40 mm, length L=160 mm 
and support span l=120 mm). The static tests follow the international standard ISO 1920-4, while the dynamic ones are 
performed using a Split Hopkinson pressure bars (SHPB) in nylon (Figure 1).  

The use of nylon bars allows to investigate the response to a range of strain rate lower [1 : 20] s-1 than the one observed 
with steel or aluminium bars [2]. This device is able to measure applied force and velocity with the classic formulas 
(equation (1)). Instrumentation is completed with strain gauge glued on the outer surface of the specimen opposed to the 
surface where the load is applied. Moreover full-field measurements at the top surface of the specimen are obtained using 

*Author for correspondence: jean-luc.hanus@insa-cvl.fr 

Figure 1 : SHPB device in 3 points bending configuration 
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a high-speed camera, Photron SA5 model, allowing the failure-time to be detected and the displacements and strain field 
to be evaluated through the use of Digital Image Correlation (DIC). 
 

 𝐹(𝑡) =  𝑆𝐸(𝜀𝑖 + 𝜀𝑟)   ;   𝑉(𝑡) =  𝐶(𝜀𝑖 − 𝜀𝑟) (1) 
 

Tensile strength evaluation 
 
In static experiments, the tensile strength is evaluated, on the one hand, through the classical beam elastic analysis 
(𝜎𝑓 = 3𝐹𝑚𝑎𝑥𝑙

2𝑒3 ) and, on the other hand, assuming that a loss of linearity occurs before the maximum load is reached by using 
a multi-layer beam element with damage modelling (𝜎(𝑦) = (1 − 𝐷(𝑦))𝐸𝜀(𝑦)). In order to be sure that the strength 
determined in this way is not dependent on the chosen law, two different uniaxial damage laws are used based on works of 
Gatuingt & Pijaudier-Cabot [3] and Allix &Deü’s [4]. The threshold functions, Γ (ε,D), are respectively shown in equations 
(2) and (3).  
 

 Γ(𝜀, 𝐷) =  𝜀 − 𝜅0 −
1
𝑎

(
𝐷

1 − 𝐷
)

1
𝑏
 (2) 

 
 Γ(𝜀, 𝐷) =  𝑎𝑏 (tan−1 (

𝜀
𝑏

) − tan−1 (
𝜅0

𝑏
)) − 𝐷 (3) 

   
During a nonlinear static evolution, the value of damage D, in each layer, is obtained from the strain value thanks to the 
consistency condition Γ(𝜀, 𝐷) = 0. Considering that the strain variation through the height of the beam is linear, we can 
determine the strain in each layer knowing the one measured by the gauge.  
 
The first step is to determine the material parameters for both laws. The identification is performed by comparing the 
bending-moment as a function of the outer fiber strain curve deduced from experiment (𝑀𝑓 = 𝐹𝑙

4
) to the one calculated with 

the damage modelling (𝑀𝑓 = 𝑒 ∫ 𝑦 𝜎(𝑦) 𝑑𝑦). The set of mean values identified from two tests, similar to those expected 
for this kind of material, are reported in table (1). 
  

Table 1 : Parameters of damage laws 

 κ0 a b 
Gatuingt 5×10-5 2500 1.6 
Allix-Deü 5×10-5 1200 2.93×10-3 

 
Figure (2) shows that both models fit very well with the experimental bending-moment / outer fiber strain curve. 
 

 
Figure 2: Bending moment / outer fiber strain relationship (static case) 

The second step consists in evaluating the stress assuming either a perfect brittle behaviour or a quasi-brittle one. The 
comparison of the stress-strain profile in the outer fibre, with the different modelling approaches, is reported in figure 
(3).With damage models, the flexural strength is 6. MPa, which represents a decline of some 25% compared with the 
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conventional evaluation (7.9 MPa). It is worth noting that as expected, the flexural strength doesn’t depend on the damage 
law evolution.  
 

 
Figure 3: Stress-strain relationship (static case) 

 
The same approach is applied to the dynamic experiments. On the one hand, a first flexural strength is evaluated, through 
elastic finite element simulations or modal analysis, assuming an elastic behavior of the mortar till the onset of fracture. 
And on the other hand a second flexural strength is evaluated considering an inelastic behavior prior to fracture, using the 
damage model previously presented. The rate dependent damage laws are given by equations (4) and (5) for the models 
based respectively on Gatuingt & Pijaudier-Cabot [3] and Allix & Deü [4] works.  
 

 �̇� = (
Γ(𝜀, 𝐷)

𝑚
)

𝑛

 (4) 

 
 �̇� =  �̇�∞(1 − exp −𝑐 Γ(𝜀, 𝐷)) (5) 
   

where the threshold functions are the same as the static ones (equations (2) and (3)).  
 
The damage is evaluated using an explicit time integration scheme (equation (6)) : 
 

 𝐷(𝑦, 𝑡 + ∆𝑡) = 𝐷(𝑦, 𝑡) + �̇�(𝑦, 𝑡) ∆𝑡 (6) 
 
The material parameters associated with the rate dependency need to be identified. As in the static case the parameters are 
determined by comparing the bending-moment as a function of the outer fiber strain curve deduced from experiment to the 
one calculated with the damage modelling. However, unlike the static case the bending moment cannot be directly deduced 
from the experimental data. In order to determine this value a modal analysis is performed. This analysis is governed by 
the classical forced transverse motion equation (7). 
 

  𝐸𝐼 
𝜕4𝑣
𝜕𝑥4  + 𝜌𝑆

𝜕2𝑣
𝜕𝑡2 = 𝑓(𝑥, 𝑡) (7) 

where f(x,t) is a force per unit length 
 

The motion is decomposed on its natural vibration modes as shown in equation (8). The bending moment can be evaluated 
as in equation (9), where the different shape functions, due to the symmetry of the beam, are defined by equation (10).  
 

 𝑣(𝑥, 𝑡) =  ∑ 𝜓𝑛(𝑡)
𝑛

×  𝜙𝑛(𝑥) (8) 
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 𝑀𝑓(𝑡) = 𝐸𝐼 ∑ 𝜓𝑛(𝑡)
𝑛

(
𝜕𝜙𝑛

𝜕𝑥2 ) (9) 

 
 𝜙𝑛(𝑥) = 𝑎𝑛 cos(𝐾𝑛𝑥) + 𝑏𝑛 cosh(𝐾𝑛𝑥) (10) 

 
The different unknown coefficients are determined considering the boundary conditions. At this stage, it must be 
emphasized that the beam is completely displacement free and that the input and output loads obtained with the SHPB 
device are applied. It should also be pointed out that this motion description doesn’t take into account damage. In order to 
get a better description of the deformed shape, a supplementary mode defined by the following shape function is added: 
 

 𝜙𝑑(𝑥) =
1
2

−
|𝑥|
𝐿

 (11) 

   
This ‘V’ shape, used to follow the failure of the specimen mode, is not orthogonal to the others. To overcome this obstacle 
another mode 𝜙𝑡, defined in equation (12), is used.  
 

 𝜙𝑡(𝑥) = 𝜙𝑑(𝑥) − ∑ 𝑞𝑑𝑛(𝑡)𝑛 𝜙𝑛(𝑥)    where    𝑞𝑑𝑛 = ∫ 𝜙𝑑𝜙𝑛𝑑𝑥𝐿
−𝐿

∫ 𝜙𝑛
2𝑑𝑥𝐿

−𝐿
=  

𝜙𝑛(0)𝐹𝑒(𝑡)−2𝜙𝑛(𝑙
2)𝐹𝑠(𝑡)

∫ 𝜙𝑛
2𝑑𝑥𝐿

−𝐿
 (12) 

 
Considering this new mode, the bending moment can be evaluated with the following equation:  
 

 𝑀𝑓(𝑡) = 𝐸𝐼 (𝜓𝑡(𝑡) (
𝜕2𝜙𝑡

𝜕𝑥2 ) +  ∑ 𝜓𝑛(𝑡)
𝑛

(
𝜕𝜙𝑛

𝜕𝑥2 )) (13) 

 
In order to get the bending moment value from equation (11), we first need to determine the unknown 𝜓𝑡(𝑡). This latter is 
obtained using the difference between the computed elastic displacement and the measured displacement, as shown in 
equation (14). 
 

 𝜓𝑡(𝑡) =
(𝑉𝑚𝑒𝑎𝑠(𝑡) − ∑ 𝜓𝑛(𝑡)𝑛 ×  𝜙𝑛(𝑥))

𝜙𝑡
 (14) 

 
Two displacement measurements are available here, one from the SHPB device and the other from the DIC performed on 
the high speed camera images. The comparison of this two measures (cf. figure (4)) shows a huge difference. In order to 
determine which measure is more accurate, an elastic simulation is made using the load from the SHPB device. The 
computed displacement matches the displacement issued from the full-field measurement and is far from the one issued 
from the SHPB. This results brings to light an interface problem between the specimen and the nylon bars. In this 
configuration the displacement measures from the DIC are preferred to the ones from the SHPB.  
 

 
Figure 4 : Displacement evolution (dynamic case) 
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Figure (5) shows the evolution of the bending moment deduced from the force via a modal analysis with or without the 
additional mode. This mode allows us to well describe the decrease of bending moment linked to the specimen failure.  
 

 
Figure 5: Bending moment-strain relationship (dynamic case) 

Table (2) summarizes the mean set of parameters identified for both models on seven mortar specimen. 
 

Table 2 : Parameters of damage rate laws 

 Gatuingt Allix-Deü 
 m n �̇�∞ c 
parameters 10×10-6 3 100000 0.5 

 
It turns out that the Gatuingt’s law seems more suited to fit the dynamic cases than the Allix-Deü one. As a consequence 
the ultimate flexural strength is computed with the identified Gatuingt’s damage law. 

 

 
 

 
Concerning the stress, as in the static case, the use of a damage model induces a significant decrease in the flexural strength 
evaluation. With the elastic approach, the strength’s value ranges from 13.56 MPa to 22.15 MPa, while with the use of a 
damage model, considering the Gatuingt law, it ranges from 7.56 MPa to 11.51 MPa. In this way, in the dynamic case, 
taking into account an imperfect brittle behavior, the decrease of the evaluated flexural strength is up to 50%.  
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For both approaches, elastic and inelastic, we can plot the evolution of the flexural strength depending on the strain rate 
(cf. figure 7). We observe that the flexural strength increases less with the damage model than with the classic model. A 
One direct consequence is that the dynamic impact factor in this range of strain rate will be smaller. 
 
 

 

Conclusion 
 
This paper studies the influence of taking into account an imperfect brittle behavior on the tensile strength of mortar. The 
pre-peak low strain hardening observed in static experiments is described with a damage model. A strain rate dependency 
is introduced to reproduce the mechanical response in SHPB experiments. With regards to tensile strength, the effect of the 
rate dependent non-linearity is to significantly reduce the apparent increase obtained under the pure brittle assumption. 
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Abstract 
 
The article at hand describes the tensile behaviour of two types of strain-hardening cement-based composites 
(SHCC) under quasi-static and impact loading. The SHCC under investigation represent two different 
combinations of a normal strength, finely grained matrix with polyvinyl-alcohol (PVA) and high-density 
polyethylene (HDPE) fibres, respectively. The dynamic experiments on unnotched specimens were performed 
with a split Hopkinson tension bar at strain rates of 120 s-1, those on notched specimens – on crack opening 
speeds of 6 m/s. The dynamic testing configuration allowed the recording of the stress-strain and stress-crack 
opening relations, enabling an explicit quantitative analysis of the behaviour of SHCC under impact loading. 
Depending on the fibre type, SHCC yielded particular failure modes and strain-rate sensitivities. 
 

Introduction 
 
Strain-hardening cement-based composites (SHCC) represent a special type of fibre reinforced cementitious 
materials which exhibit an increase in load-bearing capacity after the formation of the first crack when 
subjected to uniaxial tensile loading [1]. Strain-hardening is accompanied by large non-elastic deformations 
through the formation of multiple fine cracks. These features make SHCC suitable for applications both as 
reinforcing layers and as primary material for structural elements which may be exposed to sudden 
mechanical loading, such as earthquake, impact or detonation. However, for insuring a high deformability 
under impact loading, specific material design principles have to be taken into account, since the strain 
capacity of SHCC may be negatively affected by the increase in loading speed. 
The influence of increasing strain rates on the tensile behaviour of conventional SHCC reinforced with PVA 
fibres was investigated for low strain rates below 1 s-1 [2] as well as for medium strain rates of up to 50 s-1 [3]. 
It was observed that the increase in strain rate had generally a positive effect on the tensile strength and a 
negative effect on the quasi-ductility of PVA-SHCC. However, Yang and Li [4] showed for the strain rates 
below 1 s-1 that SHCC in which the chemical bond between polymer fibres and matrix is reduced, or in which 
the fibre-matrix interaction is mainly frictional, maintain their strain capacity with increasing strain rates [4]. 
The behaviour of a normal strength SHCC reinforced with PVA fibres under high strain rates was investigated 
by Mechtcherine et al. [5] using the Hokinson bar in the spallation configuration, with which strain rates of 
150 s-1 and higher were reached. Under such a high speed loading regime similar behaviour was observed as 
in [3]. A considerable increase in tensile strength was reported, while the multiple cracking was significantly 
reduced [5]. Interestingly, the failure of the composite at such high strain rates was accompanied by the 
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pullout of most of the fibres crossing the macro-crack, which differed from the fracture mode under fast quasi-
static loading conditions, where mostly fibre rupture occurred. Curosu et al. [6] investigated two types of 
SHCC reinforced with hydrophobic HDPE fibres in spallation experiments with the same testing setup as in 
[5]. For one of the investigated SHCC the same matrix composition as in [3,5] was used, so that the 
comparison could reveal the influence of fibre type and, consequently, of the fibre-matrix bond type on the 
performance of SHCC under quasi-static and impact tensile loading. The average dynamic specific fracture 
energy obtained from the tests on notched cylindrical specimens was almost three times higher compared to 
that of the PVA-SHCC tested in [5]. The main evidence regarding the superior behaviour of this type of SHCC 
compared to PVA-SHCC was the fact that no complete failure of unnotched specimens could be achieved [6]. 
Because the unnotched specimens suffered a pronounced multiple cracking, it was assumed that the 
advantage with respect to the total fracture energy resulting from multiple crack formation should be even 
higher. However, the used testing configuration did not allow for such an evaluation.  
The investigations presented in [5] and [6] allowed an explicit qualitative description of the material 
behaviour and highlighted the importance of fibre type and fibre-matrix interaction on the behaviour of SHCC 
under impact loading. However, for a complete description of the tensile behaviour of SHCC, knowledge of 
the stress-strain and stress-crack opening relations is essential. In the current work, two of the SHCC materials 
presented in [5,6] were investigated under strain rate of 120 s-1 in the case of unnotched specimens, and 
corresponding crack opening speeds of 6 m/s in the test on notched specimens. One material was a normal 
strength SHCC reinforced with PVA fibres and the other one an SHCC made of the same matrix but 
reinforced with HDPE fibres. The modified split Hopkinson bar allowed the recording of  stress-strain and 
stress-crack opening relations, thus, enabling a complete description of the mechanical behaviour of SHCC 
subject to impact loading. 
 

SHCC Compositions 
 
The specific tensile behaviour of SHCC is achieved through an optimal adjustment of the characteristics of the 
cementitious matrix and the crack-bridging fibres as well as of the interaction between these two constituents. 
The main conditions to be fulfilled by a specific fibre-matrix combination for yielding strain-hardening and 
multiple cracking under tensile loading are [1,7]: a) crack bridging capacity should be higher than matrix 
strength, which can be insured by a sufficiently high fibre volume content, fibre tensile strength and fibre-
matrix bond strength; b) there should be a progressive debonding in the fibre-matrix interface during crack 
opening allowing for a sufficient free length of the crack bridging fibres, so that fibres can be strained without 
breaking; c) sufficiently low fracture toughness of the matrix and presence of numerous, well distributed crack 
initiators (micro-defects) to promote multiple cracking. 
Both SHCC compositions investigated in this work were made using a normal strength SHCC matrix similar 
to those used by a number of research groups all over the world. This matrix was designed for an optimal 
interaction with the 40 µm thin, hydrophilic PVA fibers. Due to the small diameter of the high-performance 
polymer fibres, the matrix contains no aggregates, being made of fine components, namely, cement, fly ash 
and fine sand, see Table 1a. To satisfy the second condition from those enumerated above, the bond strength 
and accordingly the matrix strength must be limited, since the hydrophilic nature of PVA fibres allows the 
formation of a strong chemical bond with the cementitious matrix, even though the fibres used in this 
investigation were treated with some oiling surface agent by the producer. 

Table 1: (a) Mixture compositions M1_PVA and M1_PE and (b) properties of the high-performance polymer fibres. 

(a) SHCC type 
 

M1_PVA 
[kg/m3] 

M1_PE 
[kg/m3] 

 (b) fiber type PVA HDPE 

CEM I 42.5 R-HS 505 498  product name Kuralon Dyneema 
fly ash 621 612  manufacturer Kuraray DSM 
quartz sand 536 528  diameter [µm] 40 20 
superplasticizer 10 25  length [mm] 12 12 
PVA fibers (2 % by vol.) 26 -  tensile strength [MPa] 1700 2500 
HDPE fibers (2 % by vol.) - 20  Young’s modulus [GPa] 40 80 
water 338 333  density [g/cm3] 1.3 0.97 
viscosity modifying agent 4.8 4.7     
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The combination of the ordinary matrix with HDPE fibres (M1_PE) was first investigated in [6], where it was 
presented as a “formal” combination for highlighting the influence of fibre and fibre-matrix bond on the 
behaviour of SHCC under impact loading. Because of the higher aspect ratio of the used HDPE fibres 
compared to the PVA fibres, the flowability of the fresh mixture was dramatically reduced as compared to the 
original M1_PVA. For this reason, two additional measures needed to be taken: an increase in the dosage of 
superplasticizer and insuring a higher mixing energy for achieving a proper fibre dispersion. Otherwise, the 
matrix was not optimized for the thinner and hydrophobic HDPE fibers. The weak fibre-matrix bond lead to 
just partially satisfied micromechanical conditions for strain- hardening and multiple cracking under quasi-
static loading, which resulted in a lower tensile strength and strain capacity compared to M1_PVA. See Table 
1b for more detailed information regarding the PVA and HDPE fibres applied. 
 

Experimental Setups 
 
In the investigation at hand, cylindrical specimens with a diameter of 20 mm were tested. This geometry was 
imposed by the dynamic testing setup, which was a modified Hopkinson bar. In both testing regimes, the 
effective free length of the cylindrical, unnotched samples was 50 mm, while the notched samples had a length 
of 25 mm.  The samples were core drilled out of 280 mm long beams with side dimensions of 75 mm by 75 mm 
on the 5th day after casting. For the notched samples, 6 mm deep circular notches were cut with a 0.6 mm thin 
saw blade. The quasi-static tensile tests were performed in a deformation controlled regime with a 
displacement speed of 0.05 mm/s. Fixed boundary conditions were insured by gluing the specimens in special 
steel rings. Two LVDTs were used for measuring the longitudinal deformations.   
In the case of the dynamic experiments, the samples were glued between the incident and transmitter bars 
using a bi-component epoxy resin. The experiments were performed with displacement speeds of around 6 
m/s, which corresponds to strain rates of 120 s-1 for the unnotched specimens. The Hopkinson tension bar 
assumes the generation of a direct tensile wave in the incident bar. The testing method and data evaluation are 
described in detail in [8,9]. Three samples of each SHCC were tested under dynamic conditions and five 
specimens under quasi-static tensile loading at the SHCC age of 14 days. 
 

Tensile Behaviour under Quasi-Static Loading 
 
The tensile behaviour of M1_PVA presented in this work should exhibit a marked strain-hardening 
accompanied by multiple cracking, which, however, was the case of just two specimens tested in the quasi-
static regime, see Figure 1a. The high scatter in the measured stress-strain curves can be likely attributed to the 
sample geometry under investigation, which allowed premature failure at the boundaries due to stress 
concentrations. The notched specimens of M1_PVA and M1_PE, which were tested for estimating the behavior 
of a single crack (which technically is hardly possible in SHCC), yielded higher matrix cracking stresses and 
crack bridging stresses in comparison to the unnotched specimens under quasi-static tensile loading, see 
Figures 1 and 2. This result is in agreement with earlier findings [5,6] and can be explained by the multi-axial 
state of stresses around the notches and by the fact, that failure is imposed in a specific cross-section in the 
middle of the specimen instead of being allowed to occur in the weakest zone. The average matrix cracking 
stress of notched M1_PVA specimens is around 5.15 MPa while the average peak stress is 7.81 MPa. The 
unnotched specimens yielded lower average values of 3.08 MPa and 3.76 MPa, respectively. The peak stress in 
the tests on notched cylinders corresponds to a displacement of around 0.25 mm, after which the curve 
descends abruptly up to a crack opening of 0.75 mm. This drop can be attributed to rupture of a significant 
number of crack bridging fibres. The fracture surfaces of M1_PVA show pronounced fibre rupture, which 
occurs due to the strong chemical bond and slip hardening character of the pullout of fibres [6]. This can be 
also judged by the abruptly descending softening branches of the stress-strain curves corresponding to 
unnotched M1_PVA, see Figure 1a.  
The fracture surfaces of M1_PE show a complete fibre pullout which occurs due to the weak frictional fibre-
matrix bond. Furthermore, as expected, shallow descending branches are obtained for this SHCC, see Figure 
2a. Obviously, in the case of M1_PE, the fibre-matrix interaction under low strain rates is not optimal for a 
pronounced strain-hardening. This leads, among other things, to a very smooth transition from the hardening 
and softening regime. For the notched M1_PE samples, the scattering of crack bridging stresses is much 
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higher. This can be at least partly explained by the relatively poor workability of this material in fresh state 
likely causing non-uniform fibre distribution in the cement-based matrix. It should be noticed that, in some 
cases, the high peak stresses reach levels which stimulate the formation of additional cracks, see some jumps 
in the course of the curves in Figure 2b. The average matrix cracking stress of notched M1_PE specimens is 
4.58 MPa, and the average crack bridging stress is 10.25 MPa, which is very high for this SHCC if compared to 
the average results on unnotched specimens: 2.26 MPa for first crack stress and 3.58 MPa for tensile strength, 
respectively. The peak stress on notched specimens corresponds to a crack opening of 0.4 mm, which is higher 
than that of M1_PVA, while the descending branches are much shallower compared to those measured for 
M1_PVA. This specific behaviour is obviously due to pronounced fibre pullout enabled by the particular fibre-
matrix combination. Note that the axes in Figures 1 and 2 are scaled differently for an optimal visualisation of 
the curves. 

 

Figure  1: Tensile behaviour of (a) unnotched and (b) notched M1_PVA specimens under quasi-static loading. 
 

 

Figure 2: Tensile behaviour of (a) unnotched and (b) notched M1_PE specimens under quasi-static loading. 

The reduced size of the samples and the preparation method by wet core-drilling did not have a pronounced 
effect on the tensile behaviour of the SHCC under investigation. The stress-strain curves for M1_PVA 
presented here are comparable to those measured on dumbbell shaped samples at low strain rates, see [3]. The 
same is valid for M1_PE when comparing the curves in Figure 2a to the results published in [6] for bigger 
cylindrical SHCC samples, and for dumbbell shaped samples as by the author’s experience. There is, however, 
a clear effect of the relative notch depth on the response of notched specimens to loading. Both the matrix 
cracking stresses and the crack-bridging peak stresses are much higher in the present investigation in 
comparison to the data published in [5,6] obtained from the tests on samples with smaller ratio of notch depth 
to sample diameter. This phenomenon was earlier reported in [10], where deeper notches resulted in higher 
effective stresses. As a matter of fact, the results on notched specimens are presented here for highlighting the 
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influence of increasing strain rate on the stress-crack opening relationships, but not for attributing the 
material’s responses to particular SHCC single crack characteristics. 
 

Tensile Behaviour under Impact Loading 
 
Under high tensile strain rates of approximately 120 s-1 M1_PVA yields no strain hardening, Figure 3a shows a 
clear strain softening after the first peak. In contrast to the failure mode of M1_PVA under quasi-static 
loading, the dynamically tested M1_PVA specimens show pronounced fibre pullout. The reason for such a 
dramatic readjustment in the fracture mode is still to be clarified, it might be, however, related to the chemical 
nature of the fibre-matrix bond. The first crack stress of M1_PVA increased from an average value of 3.08 MPa 
under quasi-static loading to 14.16 MPa under impact loading, resulting in a dynamic increase factor of DIF = 
4.6, while the average dynamic increase factor of the maximum crack bridging stresses is just DIF = 1.7 (6.36 
MPa dynamic/3.76 MPa quasi-static).  

 

Figure 3: Dynamic tensile behaviour of (a) unnotched and (b) notched M1_PVA specimens. 

 

Figure 4: Dynamic tensile behaviour of (a) unnotched and (b) notched M1_PE specimens. 
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M1_PE also indicates a pronounced increase in first crack stress (DIF = 6.6), and a considerably lower DIF for 
the maximum crack bridging stress (DIF = 2.76). Nevertheless, in general terms, M1_PE yields a similar tensile 
behavior as under quasi-static loading. As opposed to M1_PVA, M1_PE shows a pronounced strain hardening 
after the first stress peak and a subsequent sudden stress drop, while softening begins at strains of 2 to 3%, see 
Figure 4a. Under quasi-static conditions the strain softening is obvious after 2 % strain, see Figure 1a. Note 
that for M1_PE it is difficult to define the beginning of softening, thus, the given values serve for a 
comparative assessment in the first place. It may be concluded that the increase in strain rate has a positive 
effect not just on the tensile strength but also on the strain capacity of normal strength SHCC containing 
HDPE fibre. The fracture surfaces of M1_PE show a similar mode as under low strain rates, however, with a 
less pronounced fibre pullout. As it was shown in [6], with increasing strain rate the enhancement of the 
mechanical bond between the HDPE fibres and the cementitious matrix exceeds the increase in the fibre 
tensile strength, leading, as a consequence, to fibre rupture. It may be assumed that the enhancement of the 
fibre-matrix bond in the case of M1_PE is mainly responsible for the improvement of its quasi-ductility. The 
high-speed video recordings confirm the great difference between the tensile behaviour of unnotched M1_PE 
and M1_PVA specimens. The multiple crack formation in M1_PE is very pronounced with an average crack 
spacing of around 2 mm, while the multiple cracking in M1_PVA is generally weak and is varying from 
sample to sample. 
The dynamic testing of notched M1_PVA reveled the crack bridging stresses with an average value of 11.16 
MPa which only slightly higher than the average first crack stress of 10.87 MPa. It is however different in the 
case of M1_PE with an average value for maximum crack bridging stresses of 14.6 MPa and that for the first 
crack stress of 11.24 MPa. The dynamic increase factors in the case of notched specimens are lower for both 
first crack stresses (DIF M1_PVA = 2.1; DIF M1_PE = 2.45) and maximum crack bridging stresses (DIF 
M1_PVA = 1.43; DIF M1_PE = 1.42) compared to the corresponding values obtained in the tests on unnotched 
specimens. 
 

Conclusions 
 
The tensile behaviours of two strain-hardening cement-based composites reinforced with PVA fibre or HDPE 
fibre were investigated under quasi-static and impact loading. The recorded stress-strain and stress-crack 
opening curves enabled an explicit description of the influence of increasing strain rates on the fracture 
behaviour of the SHCC materials under investigation. It was shown that SHCC reinforced with polyvinyl-
alcohol fibres suffered an unfavourable change in the fracture behaviour with increasing loading speed, which 
manifested itself through a dramatic reduction in strain hardening and, consequently, in decreasing strain 
capacity. At the same time, the tensile behaviour of SHCC reinforced with high-density polyethylene fibres 
was positively affected by the increase in strain rate, showing higher uniaxial tensile strength and strain 
capacity in comparison the values obtained under quasi-static loading conditions. The experimental results 
highlighted the importance of a purposeful chose of fibre for a reliable performance of SHCC subject to high 
strain rates.  
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Abstract

An analysis of the spalling technique of concrete bars using the Split Hopkinson Bar technique was carried out. Finite
Element analysis was used for designing a conic projectile to obtain a suitable triangular impulse wave. Due to
reflection of compressive waves in the free end, tensile stresses were originated and the tensile strength analysed. The
tests were instrumented with strain gauges, accelerometers and high speed camera in order to validate the results by
different ways. Results of the fracture mechanics properties of the tested concrete are presented. 

Introduction

Concrete has certain special  properties  which make it  one of the most common materials used in buildings and
different civil structures such as bridges, dams, nuclear power plants, military facilities and protection barriers. It has
low density with a high compressive strength thanks to its ceramic nature. The main drawback of these materials is
their  extreme  brittleness  and  the  low fracture  toughness  with  a  limited  tensile  strength  compared  to  their  high
compressive resistance. That is why the main use of concrete is under compressive loads. However, accidents or
terrorist attacks can cause external dynamic solicitations which differ from the usual static forces normally acting in
these structures. As opposite to the static loads, which result in compression acting on the elements, these dynamic
actions cause compression waves which travel through the material causing tensile stresses when they are reflected on
a free surface [1]. These tensile actions will cause the failure of brittle materials like concrete, leading to projection of
fragments which can cause great damage [2]. Knowing the influence of these dynamic loadings is essential in order to
have a complete mechanic characterization of concrete. The behaviour of concrete under quasi-static loading is well
known but, under high strain analysis, obtaining fundamental parameters for its mechanical characterization remains a
complex task.

In recent years some authors have proposed different ways to measure the dynamic tensile strength of concrete. All
these methods are based on the same configuration of the Hopkinson bar: Projectile hitting a long incident bar which
transfers the compression wave to a cylindrical specimen. The dimensions of these three elements differ from one
work to another, as well as the instrumentation and technique employed to obtain the different mechanical parameters
of concrete. Klepaczko [3] performed spalling tests over 48 concrete specimens with 120 mm length in wet and dry
conditions. The compression pulse was recorded only in the incident bar and then, after a mechanic analysis of wave
dispersion effects, the transmitted pulse on the specimen was derived. Galvez [4] used a similar configuration to
obtain the maximum tensile strength in different ceramic materials. In this case, signals recorded in a strain gage in
the specimen were used to reproduce the reflection of the compressive wave in the free end of the specimen so the
tensile state versus time was known. Schuler [5] used the Hopkinson bar to focus the efforts in obtaining the fracture
energy of concrete. This energy was deduced from the initial and residual velocities of pieces of concrete before and
after the formation of the crack. Erzar and Forquin [6] analysed and compared three different methods to obtain the
tensile strength of concrete: Novikov, Klepaczko and Galvez.

Nevertheless,  it  exists  great  dispersion  among published  results.  Implementing an  easy,  economical  and  reliable
methodology is essential. In this work the spalling technique is used for the characterization of tensile properties
under high strain rates of concrete using the Split Hopkinson Bar technique. In this work we present the results
obtained from tests performed over concrete bars of 970 mm length. Strain gauges in Hopkinson bar and specimen
were used to register incident, transmitted and reflected waves. To compare and complete the results, accelerometers
and high speed camera were also used. With proper instrumentation this technique allows to obtain dynamic fracture
properties under strain rates up to 100 s-1. This work gives a initial estimation of the dynamic tensile strength of
concrete.

Experimental methods

The spalling test

The modified Hopkinson bar has been used by many researchers for measuring different dynamic properties of brittle
materials. As explained in the previous introduction, the aligned configuration of a projectile, transmission bar and
specimen, is the most suitable one to obtain proper results for this type of test. That is the reason why we have chosen
to continue and go further in this technique, using it to test concrete bars by spalling.

In spalling tests with a modified Hopkinson bar,  a metallic projectile (normally steel or aluminium) is launched
against a long metallic bar (Figure 1).  This produces a compression pulse in the bar which is transmitted to the
concrete specimen where travels and reflects when reaching the free end. Is in this reflection where the compressive
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wave turns into a tensile one, arising from the free end in the opposite direction to break the specimen when it reaches
the tensile strength of concrete.

 

In this work we have tested concrete bars of around 970 mm length in order to have a high length/diameter relation so
the wave propagation can be considered one dimensional with the equations described in literature [7,8], neglecting
3d dispersion effects. These dimensions also allow the use of big compression pulses in concrete which reduce the
difficulties when the crack formation is studied.

Concrete manufacturing and curing

The tested specimens are bars of length 970 mm and 69 mm in diameter made up of a self-compacting concrete.
Apart  from misalignments, perfect contact  between incident bar and concrete is very difficult to reach. Also, the
difference  between  bar  and  specimen  diameters  (the  second  one  is  more  than  three  times  bigger)  can  cause
penetration of metallic bars into concrete due to the concentration of forces at that point, leading to cracking and even
fracture of that part of the bar. All these phenomena will cause transmitted waves in concrete which differ from the
desired unidimensional state. For this reason a special metallic piece was designed and embedded in one end of the
concrete bar (Figure 2).at manufacturing time This is a round disc with the same diameter of the Hopkinson bar and
20 mm length. With this piece, improved contact takes place between metallic components and the compressive pulse
is passed to the concrete specimen through a metallic transition zone reducing local concentration of compressive
stresses in concrete. After curing, all the specimens were placed outside water at least one week before the spalling
test, so only dry specimens were analysed. No other parameters were modified or studied during this work.

Projectile design

As the dimensions of the specimen are fixed, the first thing to complete the experimental device is to determine the
projectile dimensions and geometry.  This is a very important task as these factors will  define the incident pulse
developed  in  concrete.  The  basic  idea  is  to  have  a  pulse  with  a  triangular  form,  with  different  ascending  and
descending slopes, to assure a unique initial crack. This allows precise identification of the first crack to obtain the
exact tensile stress at that point of fracture, avoiding multiple cracking caused by a rectangular pulse.

The second idea is to avoid superposition of incident and reflected pulses to have a clear wave record in the strain
gauges. To do so, the maximum wavelength in concrete cannot exceed the length of the bar.

After numerical simulations, the selected length for the projectile was 450 mm. The triangular pulse is reached by
modifying the projectile tail [9]. The projectile used in this experiment is a steel cylinder with a conic tale as shown in
Figure 3. Before testing the specimens, this modified geometry was checked via numerical  simulations with LS-

Figure 1: Process of spalling of long bars
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DYNA.These simulations were also useful to see the relation between the projectile initial velocity and the peak of
the compression wave into the concrete bar. 

Experimental configuration

The experimental  scheme showed in  Figure 4 was designed by the authors  and manufactured in  Department  of
Materials in the UPM. This experimental device is composed of steel projectile inside the cannon, a high yield stress
steel incident bar of 1000 mm length and 22 mm diameter. The incident bar is instrumented with one strain gauge in
the middle length. At the end of this bar the concrete specimen is placed. It is supported over multiple steel bearings
which let the bar free of restrictions to permit the spalling phenomenon. The concrete bar is instrumented depending
on the test with one or two strain gauges. An accelerometer will also be fixed at the free end of the bar.

The testing device is completed with a high speed camera and the data acquisition system composed of an signal
conditioner with four channels to shift the signal from the gauges, a digital oscilloscope to register the data from
gauges and a computer. The oscilloscope as well as the camera are triggered by the signal registered in the strains
gauge placed in the incident bar.    

Wave speed and young modulus calculation

Wave speed calculation is the first step for the dynamic strength calculation. This task is done using the different
sensors placed along steel bar and concrete specimen. Records in different strains gauges and accelerometer will be
used for this purpose. Knowing the distance between these elements, the signal in the oscilloscope will give us the
instant in which the wave passed through each point. Relating distance and time between respective signals the wave
speed is derived. Depending on the number of sensors, several measures can be performed to obtain a more accurate
mean value. Once the wave speed is known, the dynamic young modulus is obtained via the next expression:

E=ρ⋅c2

Dynamic tensile strength calculation

The calculus of the dynamic tensile strength is achieved with the help of the pulse recorded in the specimen's gauges
(Figure 5).  Using this information, the incident and reflected waves can be shifted at  the free end to reproduce
analytically the process of superposition. A Matlab script was programed to simulate this process. The tensile peak
arises and moves from the free end in the opposite direction. Knowing the position of the first crack(Figure 6), the
peak at that moment is identified and so the tensile strength is derived (Figure 7).

Figure 4: Scheme of the experimental device

Figure 3: Projectile geometry
Figure 2: Metallic
disc embedded in

concrete
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Accelerometer data. Novikov approximation

In order to compare the technique and the results presented in this work, the Novikov's approximation [10] was used.
The expression proposed by Novikov is as follows:

σF=
1
2
ρ c0 Δ v pb

Figure 6: Distance of different cracks in the specimen

Figure 5: Recorded pulses at incident bar and specimen of the incident compression wave

Figure 7: Reflection of the pulse at the free end
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where Δvpb called “pullback velocity” is the difference between the maximum velocity value at the free end and the
velocity at the rebound.

To apply this expression, in some of the tests performed, an accelerometer was placed at the end of the concrete bar to
record the accelerations at this point caused by reflection of the compression pulse. The acceleration signal can be
easily transformed into velocity by simple integration. In Figure 8 a registry of velocity at the specimen's free end is
showed.

Results

Tests results of tensile strength calculation are shown in 1. From 11 spalling tests performed, nine were successfully
recorded.  As  seen  in  the  table,  not  all  the  tests  were  performed  with  the  same  instrumentation.  In  the  early
experiments, two strain gauges were placed in concrete bars to see the evolution of the waves. The table shows the
specimen reference, projectile velocity, strain rate, the tensile strength obtained from the records in each strain gauge
with the method explained before,  and the tensile strength obtained from Novikov's formula with the help from
accelerometer data. Finally, the Dynamic Increase Factor for each test and method is calculated. This factor represents
the relation between the  dynamic tensile  strength divided by the static  tensile  strength.  For the  concrete tested,
compression and brasilian static tests were also performed, giving values of 25 and 2.8 MPa. 

The strain rate for each test has been obtained with the next expression:

ε̇spalling=
1
E

(
δσt

δ t
)

crack position

Discussion and conclusions

The experimental configuration presented in this paper is based on the spalling technique used for testing brittle
materials. The geometry and dimensions adopted differ from others presented in the past. The high length to diameter
coefficient leads to a one dimensional wave propagation. Thanks to numerical simulation, a proper projectile design
was reached, modifying the cylindrical form by adding a conic tale in it. This geometry of projectile modifies the
rectangular pulse, getting a triangular one with different ascending and descending slopes. This type of pulse lead to a
unique an initial crack in the specimens which allowed the tensile strength to be properly calculated.

Figure 8: Velocity at the specimen's free end

Table 1. Dynamic tensile strength calculation with gauges and Novikov method
Specimen Vp (m/s) Strain rate (s-1) Gauge 1 (Mpa) DIF Gauge 2 (Mpa) DIF Novikov (Mpa) DIF

A5 8.3
A2
A3 8.1 90.0 11.1 4.0 9.0 3.2 9.5 3.4
A6 10.2 100.0 20.4 7.3 13.2 4.7 11.5 4.1
A7 4.6 13.1 4.7 11.6 4.2 12.7 4.5

A10 12.6 140.0 16.4 5.8 14.9 5.3 12.1 4.3
A8 11.0 74.0 14.1 5.0
A9 9.0 80.0 10.6 3.8 10.9 3.9
A11 6.7 10.8 3.8
A12 7.6 60.0 11.1 4.0
A14 7.6 60.0 12.5 4.5

MEAN 8.6 86.3 15.2 5.4 12.0 4.3 11.3 4.0
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The local concentration of stresses due to the incident bar impact on concrete was successfully avoided with the
inclusion of a small steel disc on the impact end. Compression wave was progressively transferred to the specimen
without local failure or 3D effects.

Just one type of concrete has been tested, as the main scope of this work is to validate a new spalling configuration
for  the dynamic characterization of concrete.  The dynamic tensile  strength was calculated analytically  using the
information recorded in the strain gauges.  Results  in Table 2 showed very uniform values  for  almost all  of  the
specimens which reached tensile resistances up to 15 Mpa depending on the strain rate. Although this was not a fact
considered in this work it is important to give a relation with the strength, as it influences significantly the values of
dynamic tensile strength reached. In this way, the aim was to have a constant projectile velocity and so a constant
strain rate, but controlling this magnitude was not an easy task as it depended on different parameters such as gas
pressure and friction between teflon discs on the projectile and inner part of the cannon. Even if gas pressure was
adjusted to a  constant  value,  the existing friction changed in each test  due to  the wear of  teflon modifying the
velocities reached at the exit of the cannon.

In the early tests, two strain gauges were placed in the specimen to see the evolution of the compression pulse. As
seen in Table 2 there is some difference in the values obtained in the analytic calculus made with each record what
migth result in slight evolution of the compression pulse until the middle of the bar. For later experiments only a
gauge in the middle of the specimen was used.

Results obtained with the gauge placed in the middle of the specimen showed a mean value of the dynamic tensile
strength of 12 MPa. That means a dynamic increase factor of 4.5 over the corresponding static value. This values
were compared with the ones obtained with the Novikov formula, getting similar approaches with both methods.

The stability on the results and the comparisson with other  methods makes the spalling of  long bars  a  suitable
technique to estimate the dynamic tensile strength of concrete.
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Abstract	
 
In the last decades, ultra-high performance concretes (UHPC) have been employed by engineers and architects 
to design structural elements with unusual thin shapes. The potential of this kind of materials may also be 
exploited for protective elements. Indeed, the high compressive strength and the high-energy absorption 
capacity due to the presence of steel fibers (UHPFRC) allow designing effective protection towards blast and 
ballistic threats. 
Ten years ago, CEG-DGA has conducted penetration tests on standard and ultra-high strength concrete 
targets using a steel penetrator. For impact velocities ranging from 250 to 450 m/s, the penetration depth have 
been found to be 1.4 times less for a UHPFRC with a compressive strength of 200 MPa in comparison to a 
standard concrete (fc = 40 MPa). Blast experiments and ballistic impact experiments with small-caliber bullet 
and fragment simulating projectile have been carried out on Ductal® targets by [1]. The ability of such 
concretes to be used as protective elements has been confirmed. More recently, Riedel et al.[2] performed soft 
impact tests at reduced scale to assess the damages caused by the impact of an aircraft engine. The use of 
UHPFRC allowed significant improvements in terms of absorbed kinetic energy compared to a normal 
strength concrete. 
Today, the CEA Gramat makes constant efforts to develop and to validate models describing accurately the 
dynamic behavior of concrete under extreme conditions. Nowadays, the numerical simulation represents a 
versatile tool to assess the damages and the residual load capacity of a structure subjected to a blast load or a 
projectile impact. However, the ability of simulation to be predictive is closely linked to the consistency of 
models. The modelling approach needs to be able to take into account the main physical phenomena activated 
in dynamic conditions and it must be identified with reliable experimental data. Considering the high velocity 
impact of a fragment or the effect of a contact detonation, the high pressure and high strain rates behavior of 
UHPC is of primary importance but only few data are available in the literature for UHPC. During the 
penetration process, concrete is subjected to extreme conditions of pressure and strain-rate. Plasticity 
mechanisms as well as dynamic tensile and/or shear damages are activated during the tunneling phase and 
the cratering of the concrete target. Each mechanism has been investigated independently at the laboratory 
scale and the role of steel fibers has been specially analyzed to understand their influence on the macroscopic 
behavior. 
In this work, the behavior of an UHPC under high confining pressures is first investigated to characterize the 
tunneling phase occurring during penetration process. The confined behavior of the concrete using a quasi-
static high-capacity triaxial cell is described. Next, the shock response of the UHPC is investigated by means of 
plate impact experiments. To characterize cratering and scabbing mechanisms occurring during perforation 
process, the strain rate effects on the tensile strength of 
UHPC and UHPFRC are studied using dynamic spalling tests. The last section reports the modelling approach 
developed at CEA Gramat to take into account the different mechanisms involved in UHPFRC response 
during penetration process. Several improvements have been introduced into the concrete model developed 
by Pontiroli, Rouquand and Mazars (PRM model, [3-4]), especially to take into account the fibers contribution 
in the tensile fracture process. The capabilities of the PRM model have been illustrated by performing 
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numerical simulations. Next step will be to assess the concrete model to simulate projectile penetration into 
UHPFRC concrete structures. 
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Abstract 
 
This work presents results of the experimental and theoretical study of two dynamic effects of quasi brittle 
failure. The results of dynamic compression and splitting of some rocks (gabbro, granite, marble), as well as 
dry, water-saturated and frozen limestone and concrete are discussed. The tests were conducted using the 
Split-Hopkinson pressure bar with the diameter of 20 mm. It is shown that one material (or its condition) can 
have a lower dynamic strength for a higher static strength compared to the other material (or its condition). 
Also, it is shown a small dependence of the threshold limit stress on the stress pulse duration. An unified 
interpretation of the experimental results, based on the structural–temporal approach is presented.  
 

1. Introduction 
 
The experimental results [1] and the theoretical calculations [2] show that the strain rate dependence of spall 
strength may depend on duration of an impact pulse. The experimental results [3] and the theoretical 
calculations [4] show that one material may have a greater quasi-static strength than other material, but the 
second material can withstand more high dynamic loads than the first. The experimental results [1,3] were 
obtained for impact durations less than 5 microseconds. Moreover, the dependence of threshold limit stresses 
on the impact duration was obtained for the metal [1]. In this paper, we consider these two effects for the case 
of longer pulses and quasi-brittle materials. 
 

2. Results 
 
In the experiments the setup based on the Split-Hopkinson pressure bar was employed. For the uniaxial 
compression tests, a classical Kolsky scheme was used [5]. For the tensile testing, the Brazilian test scheme was 
used. In the setup, aluminium rods (D16) with the diameter of 20 mm were used (SHPB-20). To vary the 
length of a pulse of stresses, aluminium projectiles of the different lengths (100 and 300 mm for compression 
tests; 75 and 250 mm for splitting tests) were used. The threshold (minimum breaking) the rate of the impactor 
was determined by sequentially decreasing speeds up the case when the sample remained intact after the 
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impact. 
The experimental results include the testing of different rocks (granite, gabbro-diabase, limestone, marble), 

cement and fine concrete. The samples were in the form of a cylinder with a diameter of 20 mm and a height 
of 15 mm. Limestone, concrete and cement were tested in three states: dry, water-saturated or frozen. 

The calculations of rate dependences of limiting characteristics were carried out using the incubation time 
criterion for quasi brittle failure [4,5]. 

Fig. 1 shows some results of experiments and calculations for the case of compression. 
 

 
 

Figure 1: Results of compression testing. a) Stress rate dependence of limit stresses in gabbro-diabase for different 
lengths of an impactor. b) Stress rate dependence of limit stresses in rocks and concrete. 

3. Conclusions  
 
The dynamic tests of rocks and concrete in compression and splitting by the SHPB setup were carried out. The 
analysis of the experimental results shows a slight increase in the limiting stress while reducing the impact 
duration. Also, the substitution effect of load-carrying capacity of materials at quasi static and dynamic loads 
is observed for some rocks and states of concrete and limestone. Both temporal effects can be predicted by the 
structural–temporal approach. 
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Abstract 
 
For severe loadings relative to natural or technological hazards (e.g. earthquakes, blasts, impacts), specific 
behavioral aspects must be taken into consideration, namely: the dynamic and cyclic nature of the loading 
and, for local impacts, the high confinement pressure. 

Model : µ damage model 
Based on previous work, the µ damage model offers the simplest and most complete set-up possible; it implies 
formulating the following set of main assumptions: 

- Concrete behavior is considered as the combination of elasticity and damage; 
- The damage description is assumed to be isotropic and directly affects the stiffness evolution of the 

material. Let Λ be the stiffness matrix of the original material, then the matrix for the damaged 
material is given by: 

)1( d
d

−Λ=Λ     (1) 

-  The stress tensor σ  – strain tensor ε  relationship is governed by: 

εεσ )1( d
d

−Λ=Λ=    (2) 

- As opposed to classical damage models, d denotes the effective damage. Classically speaking, damage 
is a variable that describes the micro-cracking state of the material. Moreover, d indicates the effect of 
damage on the stiffness activated by loading. In a cracked structure, d must serve to describe the 
effects of crack opening and crack closure. 

- Two principal damage modes are considered (cracking and crushing) and subsequently associated 
with two thermodynamic variables Yt and Yc, which characterize the extreme loading state reached 
respectively in the tensile part and compressive part of the strain space. 

Strain rates effects 
It is well known that concrete strength is strain rate dependent, particularly under tension for which inertial 
effects cannot explain the phenomenon. This effect is accounted for using the retarded damage concept: a 
dynamic threshold (ε0td) is used instead of a static one (ε0ts). This dynamic threshold is deduced from the static 
one through a dynamic increase factor which depends on the strain rate ε&  (=dε/dt): 
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at , bt , ct , dt are material coefficients defined by the user, from experimental results.  
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An experimental campaign has been recently conducted at LEM3 laboratory in Metz-France. It includes quasi-
static tests and dynamic tests conducted on dry and wet concrete specimens. A high speed hydraulic press has 
been used for intermediate strain rate and an experimental Hopkinson bar device, based on the spalling 
technique, was used for high rates of strain. From these tests, original identification techniques have been 
developed to deduce the tensile strength of the material. For an ordinary concrete (fc#30MPa) the whole 
results are provided in figure 1a. In the µ model the dynamic tensile strength is assumed to be the peak of the 
stress strain curve ft = E ε0td. From (3), ft = f(ε& ) can be obtained. These results are also plotted on figure 1a, 
showing that calculations provide very good results. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Strain rate effect: a) Tensile strength vs strain rate, experiments and model, b) spalling post-test 
cracking on a concrete specimen, c) computed damage zone exhibiting two main cracks. 
 

To highlight the ability of the µ model to describe high velocity problems, a simulation of the spalling test 
performed at LEM3 has been done. The specimen is a cylinder (L=140mm, Φ=45mm) in contact on left-edge 
with the Hopkinson bar from which a compressive wave comes. The transmitted compressive pulse 
propagates along the specimen until the free end where it is reflected as a tensile pulse that travels in the 
opposite direction. When the reflected pulse exceeds in amplitude the incident one, a dynamic tensile loading 
spreads out the specimen leading to a possible fracture. Figure 1b provides the experimental result obtained 
for a given pulse leading to a multi-fracture of the specimen and figure 1c provides the result of a calculation 
performed with the µ model. 

Simplified modeling strategies 
A conventional FE technique is used to validate the relevance of the µ  model. In order to reduce the size of 
nonlinear problems for real structures, a simplified FE description is considered for engineering purposes 
based on the use of multi-fiber elements for both beams and columns. Enhancements are introduced to limit 
the dependence on mesh size during damage evolution as well as to take specific phenomena into account, 
such as steel-concrete debonding, the hysteretic loop and permanent strains due to friction between crack lips 
and initial stresses. These concepts yield a tool as good as the conventional finite element calculation for 
accessing results. For that purpose, applications on reinforced concrete elements submitted to dynamic 
loadings will be presented. 
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Abstract 
 

The dynamic tensile strength of rock is crucial for predicting blasting-induced damages and fragmentation in blasting, as 
well as in protective shelter designs. The indirect tension test (i.e. Brazilian tensile test), combined with impact loading 
apparatus, such as split Hopkinson pressure bar (SHPB), has been used to measure dynamic tensile strength of rock 
materials. Otherwise, the fragmentation produced by impact penetration or explosive blasting is caused by an extremely 
rapid deformation or strain of rocks. In this study, dynamic tension tests based on Hopkinson’s effect combining with spall 
phenomena was performed to determine dynamic tensile strength of granite. Single Hopkinson pressure bar system was 
used to dynamically load the granite samples at a wide range of impact velocity. Dynamic tensile strengths were determined 
by the stress wave superposition method and the free surface particle velocity method. The free surface velocity at the free 
end was measured by a reflecting laser displacement sensor (RLDS) and the fracture planes were observed by the high-
speed video digital camera.  The determined dynamic tensile strengths by the stress wave superposition method and the 
free surface particle velocity method were compared with quasi-static Brazilian tensile strength as a function of the strain 
rates.  
 
 

1. Introduction 
 

Granite is one of the major rock materials consisting of bedrocks and ground-structures which can be exposed to dynamic 
impact loading, such as rock blasting, percussion drilling, missile penetration, or earthquake. To predict damages caused 
by various impact loads, an accurate determination of dynamic tensile strength of rock materials is crucial. However, due 
to the complexity of dynamic phenomena and the difficulty of generating the tension loading, the dynamic tension test has 
many limitations and much more difficulties as compared to the static case. According to previous studies on the dynamic 
tension test for rock materials, there were several experimental approaches such as Split Hopkinson Tension Bar (SHTB) 
test, Semi-Circular Bending (SCB) test, Brazilian Disc (BD) test, and Spalling test [1, 2, 3, 4, 5, 6, 7, 8]. The spalling test, 
based on Hopkinson's effect, is a proper method for estimating the dynamic tensile strength of rock materials under high 
strain-rate deformation (i.e. blasting and penetration). Several studies on applying the spalling test for granite have been 
conducted. For instance, Cho et al. [1] performed spalling experiments and numerical simulations for Inada granite and 
Tage tuff to examine the strain-rate dependency of dynamic tensile strength of rock. The results of this study showed the 
inhomogeneity of rock contributed to the different strengths under dynamic and static loading conditions. Furthermore, 
Jung [5] reported the effects of strain-rate and water saturation on the tensile strength of rocks for Inada granite and Kimachi 
sandstone. In both studies, dynamic tensile tests were performed under 5/s to 20/s strain-rates. In order to predict the 
damages induced by extensive dynamic loadings, such as explosive blasting or impact penetrating, the dynamic tensile 
properties at higher strain-rates should be considered.  

* Author for Correspond (chosh@jbnu.ac.kr). 
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In the present study, the dynamic tension test based on Hopkinson's effect combined with spalling phenomena was 
performed to obtain the dynamic tensile strength of granite under a high strain-rate. For determining dynamic tensile 
strength using the dynamic tension test, two methods were adapted; (1) the stress wave superposition method and (2) the 
free surface particle velocity method. In order to generate the dynamic loading, SHPB apparatuses were used. The static 
and dynamic BD tests were also carried out to compare with the determined dynamic tensile strengths. 
 
 

2. Experiment 
 
2.1 Spalling test 
 

The basic principal of spalling test is Hopkinson's effect which can be represented as the converting mechanism of the 
propagating stress wave at free surface of a solid material. If the compression wave which propagates through the solid 
material reaches the free end, by the particle movements of free surface, the compression wave would be reflected as the 
tension wave. Thus, in case of a spalling experiment, if the stress of reflecting tensile wave exceeds the tensile strength of 
the specimen, the tensile failure would occur. We defined the dynamic tensile strength of the specimen as a value of tensile 
stress at failure time (S3 in Fig 1).  

 
Figure 1 : Principal theory for the spalling experiment 

 
In the spalling test, in order to determine the dynamic tensile strength of granite, we applied two kinds of methods. The 

first one was the stress wave superposition method which uses the stress wave profiles measured from semi-conductor 
strain gauge attached at Hopkinson pressure bar. With this method, we can reconstruct the stress state at failure time by 
using the obtained incident stress profiles and the distance between free surface to the first fractured position observed with 
a high-speed camera.  
The particle velocity method as another method for determining the dynamic tensile strength of granite in the spalling test 
considers the particle behaviour of the free surface of a rock sample. From the one-dimensional stress wave propagation 
theory and Free Surface Particle Velocity (FSPV) curve obtained by the RLDS system, the dynamic tensile strength of a 
sample can be determined as shown in Eq. (1)-(2): 
 

𝑆𝑑 =  𝜌𝐶1 {𝑣(𝑡𝑝)−𝑣(𝑡𝑝+2∆𝑡)
2

}                                                                                                                                                  (1) 
 
∆𝑡 = 𝑥/𝐶1                                                                                                                                                                            (2) 
 

where 𝜌 is the density of specimen, 𝐶1 is the elastic wave velocity of sample, 𝑡𝑝 is the time when the particle velocity 
arrived at the peak value, and 𝑥 is the distance from free end to the first failure position. In this formula, 𝜌𝐶1𝑣(𝑡𝑝)/2 means 
the tensile stress and 𝜌𝐶1𝑣(𝑡𝑝 + 2∆𝑡)/2 means the compression stress at the failure position. 
In the spalling experiment, deducing the accurate strain and strain-rate is very difficult. In the present study, we applied the 
apparent strain ε and strain-rate 𝜀̇ which considers the length of a specimen, L (see Eq. (3)-(4)): 
 

ε =  ∫ 0.5𝑣(𝑡)𝑑𝑡
𝑡𝑝

0
𝐿

                                                                                                                                                                    (3) 
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𝜀̇ =  𝜀
𝑡𝑝

                                                                                                                                                                                   (4) 

 
 

To apply dynamic loading to the granite samples, a single Hopkinson pressure bar system was used. Basically, this system 
consists of two cylindrical steel bars: the striker bar and incident bar. The striker bar as a projectile impinges on the incident 
bar and this impinging can generate the stress pulse as dynamic loading which can be controlled by charged pressure of the 
gas gun. The generated stress wave propagating through the incident bar to the rock sample was measured by a semi-
conductor strain gauge and a digital oscilloscope device. A laser displacement sensor was used to obtain the particle velocity 
profiles at free surface and, to observe the first failure position, a high-speed camera was also installed. Figs. 2-3 show the 
experimental apparatus and the granite samples used in the spalling test, respectively.  
 

 
Figure 2: Schematic representation of the experimental setup for the spalling test 

 

 
Figure 3: Cylindrical granite samples for the spalling test 

 
 

The samples were made of a cylindrical shape. Since granite is a strongly anisotropic rock, all samples were cored for the 
same direction. Table 1 shows the mechanical properties of granite specimens for the spalling experiment. 
 
 

Table 1: Mechanical properties of granite specimens 

P-wave 
velocity 

(m/s) 

S-wave 
velocity 

(m/s) 

Density 
(kg/m3) 

Young's 
modulus 

(GPa) 

Poisson's 
ratio 

Diameter 
(mm) 

Length 
(mm) 

Static 
compression 

strength 
(MPa) 

Static 
tensile 

strength 
(MPa) 

4150 2521 2628 40.55 0.21 38 180 202 10 

91



4 
 
 

 
 
 

 
2.2 Dynamic Brazilian Disc test 
 

BD test is a testing method widely used in deducing the tensile strength of rock. To compare the determined dynamic 
tensile strength by the spalling test, dynamic BD tests were conducted on the same granite samples. This test is also based 
on the fact that rock is much weaker in tension than in compression. The diametrical impact loading caused the tensile 
failure at the centre of specimen along the loading diameter. Stress equilibrium state must be achieved in the sample during 
the test, the dynamic tensile strength 𝑆𝑑𝑡 and strain-rates 𝜀̇ can be estimated using Eq. (5)-(6): 
 
𝑆𝑑𝑡 = 2𝑃𝑡

𝜋𝐷𝐿
                                                                                                                                                                               (5) 

 
𝜀̇ =  𝑆𝑑𝑡

𝐸𝑡𝑝
                                                                                                                                                                                  (6) 

 
where 𝑃𝑡 is the loading force to specimen, 𝐷 is the diameter of specimen, 𝐿 is the thickness of specimen, 𝐸 is the elastic 

modulus of specimen, and 𝑡𝑝 is the rising time of loading force. 
The experimental setup for a dynamic BD test has a few differences with regard to the spalling test apparatus (see Fig. 4). 

In a dynamic BD test, the SHPB system was used. It consists of three steel bars: the striker bar, the incident bar, and the 
transmitted bar. Disc-shaped specimen is put between the incident bar and the transmitted bar. We can obtain the loading 
force to the specimen by a semi-conductor strain gauges attached on the incident and transmitted bars and also observe the 
fracture process using a high-speed camera. In order to achieve the stress equilibrium state for rock specimens, we adapted 
the pulse-shaping technique using the copper discs. Except for diameter and thickness, the granite samples used in our 
dynamic BD experiments have the same mechanical properties as the samples in the spalling test. The samples for the 
dynamic BD test were 50mm in diameter and 25mm in thickness (Fig. 5). 
 

 
Figure 4 : Schematic representation of the experimental setup for the dynamic Brazilian Disc test 

 

 
Figure 5 : Disc-shaped granite samples for the dynamic BD test 
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3. Experimental results 
 

Eight granite cylindrical specimens were subjected to the spalling test with various ranges of loading conditions. Two 
different methods were adapted to determine the dynamic tensile strength of granite specimens for each experiment. 
Dynamic BD tests were also conducted to compare the estimated dynamic tensile strength of spalling tests. The 
experimental results of this study is shown in Fig 6. 
 

 
Figure 6: Dynamic tensile strengths of the granite as a function of strain rate 

 
In our results, the determined dynamic tensile strengths of granite showed significantly different values by applying the 

deducing method. These obvious differences correlated with the fracturing behaviours, including crack initiation, crack 
growth, crack propagation, and so on. In rock mechanics, particularly with regard to significantly anisotropic and 
heterogeneous rock, such as granite, the fracture mechanism is a very important factor. However, the stress wave 
superposition method (Fig 7 (a)) which used the stress profiles from Hopkinson pressure bar did not consider the fracturing 
behaviours of rock. On the other hand, the particle velocity method (Fig 7 (b)) estimates the dynamic tensile strength with 
particle velocity profiles at the free end of specimens, which involves the influences of the fracturing behaviours for rock. 
 

 
(a)                                                                                                     (b)  

Figure 7: Stress profiles for the stress wave superposition method (a) and the FSPV curve for particle velocity method (b) 
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4. Conclusion 
 

In order to determine the dynamic tensile strength of granite, dynamic tension tests based on Hopkinson's effect combined 
with spalling phenomena were conducted. Two different deducing methods were adapted: the stress wave super position 
method and the particle velocity method. To compare the determined dynamic tensile strength, dynamic BD tests were also 
performed. The SHPB system was used to generate the dynamic loading.  

The determined dynamic tensile strengths of granite show 10MPa to 80MPa under 10/s to 50/s strain rates. Apparent strain 
rates that considered the length of specimens were used to compare our results with those reported in other reference papers. 
By the applied deducing methods, the estimated dynamic tensile strength had different values. This was found to correlate 
with fracturing behaviours. The dynamic tensile strength determined by the stress wave superposition method did not 
consider any consequences by fracturing behaviours (i.e. crack initiation, crack arrest, stress release), whereas the particle 
velocity method did. Thus, our results demonstrate that the consideration for the fracturing process in determining the 
strength of rock materials is a significant problem. 
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Abstract 
 
This work presents a systematic study on the effects of strain rate and surface cracks of the Balmoral Red 
granite. The tensile behavior of the rock was studied at quasi-static and dynamic strain rates using Brazilian 
Disc samples. Heat shocks were used to produce samples with different amounts of surface cracks, the surface 
crack patterns were analyzed using optical microscopy, and the complexity of the patterns was quantified by 
calculating the fractal dimensions of the patterns. The strength of the rock clearly drops as a function of 
increasing fractal dimensions in the studied strain rate range. However, the dynamic strength of the rock 
drops significantly faster than the quasi-static strength, and because of this, also the strain rate sensitivity of 
the rock decreases with increasing fractal dimensions. This can be explained by the fracture behavior and 
fragmentation during the dynamic loading, which is more strongly affected by the heat shock than the 
fragmentation at the quasi-static strain rates. 
 

Introduction 
 
The mechanical properties of rocks have attracted great attention during the recent years leading to 
improvements in excavation and tunneling technologies. To further improve the drilling technologies of hard 
rocks, both reliable quantitative data and understanding of the rock behavior are necessary. Increasingthe rate 
of penetration to reach faster excavation rates inevitably leads to high rate loading of the rock at high 
frequencies using techniques such as high speed percussive drilling. Thus the strength or fracture criteria 
calibrated based on the static valuesare not sufficient to describe the rock behavior in high rate drilling 
processes. Previous research on the dynamic response of rocks shows significant differences when compared 
to the static response [1, 2, 3, 4]. For instance, the peak strength is highly dependent on the loading rate [5]. 
Brace et al. [2] and Sano et al. [6] reported that the peak strength of most rocks is proportional to 1/(n+1) 
where n is aconstant describing the time-dependency of the rock behavior. This relationship applies to 
uniaxial compressive loading, triaxial compression [7], and shear [8]. It has been reported that n can be used to 
estimate the loading-rate dependency of fracture toughness [8], stress dependency of creep life [9], and 
relation between crack growth rate and stress intensity factor[10, 11].Unfortunately, the data and the 
information about rock strength and mechanical properties vary and the conclusions are valid only for that 
particular rock and only under the conditions where the tests were carried out. Therefore, modeling and 
simulations are being used to gain more insight intothe rock behavior on a more general level. The most recent 
research includes 3D modeling of the rock structure where cracks are embedded inthe model as 
discontinuities [12].  However, the modeling and simulations require detailed information about the effects of 
the cracks on the dynamic response and fragmentation of the material to verify and calibrate the material 
models.  To overcome this problem, this paper presents a systematic study to analyze the effects of surface 
cracks and strain rate on the mechanical behavior of Balmoral Red granite. With this information, the 
modeling and simulations of consecutive impacts of the percussive drill tool become possible, when the effects 
of both the strain rate and the surface cracks can be quantified. 
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Experimental 
 
The material used in this study is coarse grained Balmoral Red granite. The chemical composition of this 
granite is shown in Table 1. The microstructure of the rock shows no texture and the minerals are distributed 
homogenously. The mechanical properties are essentially isotropic. The quasi-static compression strengthof 
Balmoral Red is about 180 MPa and the mean value of porosity is 0.38%. 
 

Table 1 Mineral composition of Balmoral Red Granite [13] 

Mineral composition Wt.% 
Potash Feldspar 40 

Quartz 33 
Plagioclase 19 

Biotite & Hornblende 8 
 

The Brazilian Disc (BD) samples with adiameter of 40.5 mm were core drilled from slabs with the thickness of 
21 mm. The samples with different thermal shocks were tested at dynamic and quasi-static strain rates to 
study the effects of strain rate and crack patterns on the mechanical response of the material. Before the 
thermal shocks, liquid penetrant was applied on the sample surface and the surface cracks and their patterns 
were observed using optical microscopy. Then thermal shocks of 10, 30 and 60 seconds were applied on the 
BD samples by keeping anoxygen-acetylene flame torch at a fixed distance from the center of the samples. The 
samples were cooled down in air after the heat shocks, after which the liquid penetrant was reapplied on the 
surface to analyze the surface crack patterns after the heat shock. The images were obtained using a 
stereomicroscope under ultraviolet light. Fractal dimension of the surface crack pattern was calculated from 
the images using a box counting method in Matlab [14].  
 
The low strain rate tests were carried out using an Instron 8800 servohydraulic materials testing machine with 
the displacement rate of 1 mm/min, and the high strain rate tests were performed using a Hopkinson Split 
Pressure Bar (HSPB) device. The pressure bars were made of AISI 4340 steel with the length of 1200 mm and 
adiameter of 22 mm. The striker with the length of 300 mm was made of the same material.The impact of 
speed used in the dynamic tests was 10 m/s, andeach test was repeated five times. Figure 1 shows the 
schematic pictureof the HSPB device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Schematic picture of the Split Hopkinson Pressure Bar device at Tampere University of Technology 
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Results and Discussion 
 
Erreur ! Source du renvoi introuvable. shows optical images obtained under UV light of a sample after a 60 
second heat shock. Figures 2a and 2b show the original images, whereas Figures 2c and 2d showthe processed 
images. It is evident from the images that after the thermal shock the existing cracks become longer and new 
cracks are introduced on the surface. Also the interconnectivity of the surface cracks becomes more complex. 
The absolute values of the fractal dimension do not show a consistent relationship between the rock strength 
and the crack pattern, but it seems that there is a relationship between the mechanical behavior of the rock and 
the relative increase of the fractal dimension(normalized fractal dimensions),as will be shown later. 
 

    
Figure 2Optical images a) before and b) after a 60 s thermal shock and the identified cracks c) before and d) after the 
thermal shock  

Fractal dimensions of 30 samples were calculated before and after the heat shock. The average fractal 
dimension for all the samples without any heat shock was 1.065 ± 0.102. After the thermal shocks, normalized 
values of 1.17, 1.22 and 1.27 were obtained for the samples with 10, 30 and 60 second heat shocks. Table 2 
summarizes the fractal dimensions before and after the heat shocks for the quasi-static and the dynamic test 
samples. 
 

Table 2 Fractal dimension of the heat shocked Balmoral Red samples 

 Quasi-Static Tests  Dynamic Tests 

 10 seconds 30 seconds 60 seconds     

 Before After Before After Before After  10 
seconds 

30 
seconds 

60 
seconds 

   

 1.0160 1.0702 1.0046 1.0889 1.071 1.3816  Before After Before After Before After 

 1.0235 1.1758 1.0697 1.2869 1.1183 1.3681  1.1894 1.4744 1.0525 1.4484 1.209 1.4843 

 1.0714 1.3251 1.0562 1.0639 1.0323 1.1416  0.6609 0.9855 1.0568 1.2229 1.0129 1.3864 

 1.0636 1.2253 1.0589 1.5536 1.1003 1.4918  1.0823 1.1741 1.0652 1.3543 1.1134 1.3309 

 1.0285 1.3266 1.0466 1.3419 1.1159 1.5604  1.3304 1.4135 1.0799 1.1427 1.011 1.3232 

Average 1.0426 1.2246 1.0472 1.2670 1.0876 1.3887 Average 1.0079 1.1204 1.0669 1.3324 1.1345 1.4547 

STDEV 0.0284 0.1081 0.0252 0.2006 0.0362 0.1594 STDEV 1.0542 1.2335 1.0642 1.3001 1.0949 1.3959 

Normalized  1.17  1.21  1.28 Normalized 0.251 0.205 0.0105 0.119 0.0827 0.0722 

         1.17  1.22  1.27 

 
Figure 3 shows the results of the low strain rate tests. The average strength of the rock before the thermal 
shock was 8.2 ± 2.2 MPa. After the thermal shock, the strength drops to 5.8 ± 0.7 MPa, 4.3 ± 0.5 MPa, and 3.8 ± 
1.1 MPa for 10 s, 30 s and 60 s heat shocks, respectively.As it can be seen from Figure 3, before the thermal 
shocks the rock shows quite consistent behavior. After reaching the maximum stress, the strength of the rock 
drops sharply to zero as the sample splits into two parts. However, after the heat shock this behavior changes. 
The sharp drop in the stress-time curve becomes less pronounced, and in some cases several local maxima can 
be observed instead of one clear maximum. This is especiallyclear for samples with the 60 s heat shock. This 
behavior is due to cracking also in other directions than the loading direction. The macroscopic fracture does 
not take placeonly by one dominant crack. As the load on the heat shocked samples increases, the main crack 
initiates similarly to the non-heat shocked samples, but the crack does not propagate through the 
entiresample. Instead, the crack stops at some point and another crack starts to propagate, possibly in a 
different direction. This behavior continues until the main dominant macro-crack parallel to the loading 

a b c d 
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direction propagates through the sample. In the low strain rate tests this happens so slowly that the 
fragmentation of the sample can be observed simply by looking at the sample during the test. This behavior 
explains the several maxima observed in the stress-time curves obtained for the thermally shocked samples.  
 
  

 
Figure 3 Low strain rate tensile stress as a function of time for a) samples without a thermal shock and b) samples with 
a 30 second thermal shock. 

The response of the rock is somewhat different as the strain rate is increased. Figure 4a shows the tensile stress 
as a function of time for the samples without any heat shock, and Figure 4b shows the response of the samples 
after a 30 second heat shock. The average tensile strength of the rock for the non-heat shocked samples was 29 
± 3 MPa. As the duration of the thermal shock increases, the strength deceases significantly to 23 ± 4 MPa, 16 ± 
2 MPa, and 12 ± 2 MPa for 10, 30 and 60 second thermal shocks, respectively. After the heat shock, the strong 
peak in the stress-time curves again partly disappears, and the stress drops at a slower rate after the peak 
stress. When compared to the low rate tests, the scatter at the higher rate is reduced and the rock shows more 
consistent behavior.  
 

 
Figure 4 High strain rate tensile stress as a function of time for samples a) without a heat shock and b) with a 30 s heat 
shock 

 
Figure 5a shows the strength of the rock at the dynamic and quasi-static loading conditions as a function of 
the normalized fractal dimension. It is evident from Figure 5a that the tensile strength of the rock decreases at 
a higher rate when the deformation rate is higher. The drop rate of the strength as a function of normalized 
fractal dimension (∆𝜎/∆𝐹𝐷) or the slope of the line in Figure 5a for the quasi-static strain rate is -13.78 MPa for 
a 10 second heat shock (between 0 s and 10 s), -52.57 MPa for a 30 second (between 10 s and 30 s) and -5.34 
MPa for a 60 second heat shock (between 30 s and 60 s). The strength decreases at the dynamic condition at the 
rates of -38.52 MPa, -141.32 MPa and -78.32 MPa for 10, 30 and 60 second thermal shocks, respectively. The 
strain rate sensitivity factor (Eq. 1) as a function of normalized fractal dimensions is shown in Figure 5b. The 
strain rate was obtained from the stress - time curves   using a simple expression𝜀 = ∆𝜎 𝐸∆𝑡 , where ∆𝜎 ∆𝑡  is 
the slope of the stress-time curve and E is the Young’s modulus of the rock.  
 

𝑀𝑎𝑏𝑠 =  ∆𝜎
∆𝐿𝑜𝑔 𝜀                                             (1) 

 

a b 

a b 
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a) 

 
b) 

Figure 5a) tensile strength of the rock and b) strain rate sensitivity as a function of normalized fractal dimension 

As can be seen in Figure 5b,the strain rate sensitivity decreases with the increase ofthe fractal dimensions. This 
is caused by the faster decrease of the dynamic tensile strength compared to the decrease of the quasi-static 
strength, as shown in Figure 5a. Both the higher drop rate of strength at the dynamic conditions (Fig.5a) and 
the decrease in the rate sensitivity as a function of the normalized fractal dimensions (Fig.5b) could be 
explained by examining the fracture behavior of the rock at different conditions. In general, the fracture 
energy is consumed in major amounts in generating new surfaces, and in smaller amountsin the kinetic 
energy of the fragments, acoustic emission, and heating due to frictional sliding of the fracture surfaces. In the 
low rate tests the sample fractures into a few large fragments and the specific surface area of the fragments 
remains rather low. The drop of the strength due to the heat shock at the quasi- static tests can be explained 
simply by larger existing cracks. At the dynamic conditions the fracture of the sample consumes considerably 
more energy. The sample is partly pulverized, the fragments are ejected at high velocities, and some 
additional energy is consumed in frictional heating and acoustic emission. The pulverization of the sample in 
particular can be affected by the heat shock. As the stress increases during the dynamic loading in a non-heat 
shocked sample, the tensile strength of the rock is exceeded atvarious locations simultaneously, and 
thousands of cracks initiate and propagate pulverizing parts of the sample. However, the heat shock reduces 
the local strength of the sample especially at the center area of the sample, where the maximum tensile loading 
will occur during the Brazilian Disc test. When the stress increases during the dynamic loading of a heat 
shocked sample, the dynamic strength of the sample is first exceeded locally at the center only, while the 
majority of the regions outside this area still remain elastic. This leads to fewer microcraks being formed, 
lower degree of pulverization, and formation of larger fragments as the fractal dimensions increase. Therefore, 
the dynamic strength of the rock is lowered by the larger surface cracks themselves, but also by the lower 
amount of new surface that is created during the fragmentation of the heat shocked samples. Because of this, 
the dynamic strength of the rock drops faster as a function of fractal dimensions than the quasi-static strength. 
However, confirming this hypothesis requires performing some more tests and carefully analyzing the size 
distribution of the fragments formed during the dynamic loading of samples with different heat shocks. 
 

Summary 
 
Mechanical behavior of Balmoral Red granite was studiedat quasi-static and dynamic loading using Brazilian 
Disk samples.The effects of surface cracks on the mechanical response of the rock were studied by generating 
different surface crack patterns on the surface of the samples. A methodology was developed to establish a 
relationship between the amount of surface cracks and the strain rate sensitivity of the rock using fractal 
dimensions.  
 
The rock without any heat shocks shows consistent behavior at quasi static loading, but after the thermal 
shock, significant scatter can be observed in the rock behavior. The splitting failure and consequent sharp 
drop of the stress found for the non-heat shocked samples become less pronounced and several maxima can 
be seen in the stress-time curves ofthe samples with significant heat shock damage. The response of the rock to 
dynamic loading is rather different. After the heat shock the rock still shows quite consistent behavior but the 
sharp peak in the stress-time curve decreases withthe increasing duration of the heat shock.The rock strength 
drops with the increasing fractal dimension. The strength decreases faster at the higher strain rate,and 
therefore the strain rate sensitivity decreases with the increasing fractal dimension. This observation can be 
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explained by the effect of the surface cracks on the fracture behavior of the rock at quasi-static and dynamic 
conditions. The surface cracks reduce the pulverization of the sample at dynamic loading conditions, leading 
to a faster decrease of the strength as a function of fractal dimensions than at quasi-static conditions.  
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Abstract 
 
The shock behaviour of a material represents the response to very high strain rate loading at pressures 
associated with those generated by explosive and blasting loadings. Three sets of shock wave experiments 
have been conducted to determine the shock Hugoniot behaviour, spall tensile strength and shear strength 
using a plate impact facility. Embedded manganin stress gauges (i.e. longitudinal and lateral gauges) and a 
high-speed velocimetry using heterodyne techniques are used for the measurements of stresses, shock velocity 
and free surface velocity. The gabbro exhibited classic linear Hugoniot equations-of-state in the US-up plane; 
while for marble a polymer-like non-linear response was observed. The detailed experimental procedures 
used to make measurements are to great extent standard methods when determining mechanical properties 
and deformation fields at high strain rate. 
 
 

Introduction 
The shock behaviour of geological materials has a wide range of applications, such as rock engineering 
structures subjected to explosive and blasting loadings (Grady and Kipp 1979, Rossmanith, Daehnke et al. 
1997, Zhao, Zhou et al. 1999, Kanel, Bless et al. 2000, Zhang 2014). It is previously presented that mechanical 
properties of geological materials are sensitive to loading rate and a definite increase in mechanical properties 
has been commonly recognized (Zhang and Zhao 2014). A thorough knowledge is required to properly design 
rock engineering structures for extreme loading conditions. 

Experimental Setup 
Two types of rock material that were well studied in dynamic tests were chosen for experiments in this paper, 
namely one coarse-grained igneous rock (South Africa gabbro), and one fine-grained metamorphic rock 
(Carrara marble, from Tuscany, Italy). Optical cross-polarized micrographs are shown in Figure 1.  

 
Figure 1 Optical cross-polarized micrographs of: (a) Carrara marble, (b) South Africa gabbro 

The ultra-high strain rate (UHSR) experiments were carried out on a plate impact facility at the Cavendish 
Laboratory, as schematically shown in Figure 2. The barrel has a bore of 50 mm and a length of 5 m, and a 
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projectile is launched by the gas gun at velocities up to 1,100 m/s (Bourne, Rosenberg et al. 1995). Three sets of 
shock wave experiments have been conducted to determine the shock Hugoniot behaviour, spall tensile 
strength and shear strength using a plate impact facility. Embedded manganin stress gauges (i.e. longitudinal 
and lateral gauges) and a high-speed velocimetry using heterodyne techniques are used for the measurements 
of stresses, shock velocity and free surface velocity. 

 
Figure 2 Schematic of the plate impact facility with measurement systems (Not to scale) 

Experimental Setup 
It can be seen from Figure 3 that the Hugoniot in pace of the longitudinal stress and particle velocityare well-
fitted by a linear fitfor gabbro px 30.17 u V , and by a second order polynomial fit for marble, 

2
px 92.7511.7 puu � V , respectively.  

 
Figure 3 Measured Hugoniot states in stress particle velocity space for: (a) Carrara marble, (b) South Africa gabbro 
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Abstract 
 
The access to energy resources such as geothermal heat implies drilling operations. In hard rock and deep 
formations, the costs associated to these operations are a bottleneck in the economic viability of renewable 
energy production[1]. It was identified that one main action to reduce these costswas to use hybrid 
technologies [2]. The objective of the project is to gain insight into the mechanisms responsible for rock 
fracturing by mechanical, electrical loading and combined loading (principle illustrated in Figure 1). 
Anelectric-field assisted weakening of rock samples will be obtained using high-voltage pulse generatorand 
lower voltage AC current prior to mechanical loading. The mechanical properties and excavation efficiency 
will be estimated through laboratory tests (static and dynamic Brazilian and SHPB device, impact with drop 
tower tests), already performed on intact granite [3]-[4]. When possible, field measurements will capture 
localized events during loading. Rock debris and interface regions between rock and tool will be analysed in 
detail using the microscopy devices (SEM, dual beam FIB-SEM, TEM) both prior to and after exposure to the 
various types of loadings. These inputs will serve as fundamental understanding of the breaking mechanisms 
and for the development of numerical modelling. 
 

 
Figure 1: Principle of rotary drilling combined with electrical loading. 

1.Schiegg HO. Rødland A., Zhu G, Yuen DA. 2015. Electro-pulse-boring: novel super-deep drilling 
technology for low cost electricity. J. Ear. Sci.26, 37-46. 
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Abstract 
 
The aim of this study is to investigate the dynamic tensile behavior of granite. During percussive drilling, 
which is the application of interest in this investigation, the tensile strain rate in rock is in order of 102 1/s. 
Therefore spalling tests using a Hopkinson bar are performed that enables us to obtain the same order of 
strain rates. The dynamic tensile strength of the material is measured and compared with the quasi-static 
results. Furthermore, new cracks are introduced to some of the spalling specimens to study the effect of the 
pre-existing cracks on the dynamic tensile response of the material. A constitutive specification including an 
anisotropic damage model (DFH) for the tensile response is adopted. Furthermore, a cohesive model is added 
to more accurately deal with the softening behavior of the material at tensile loading. Numerical modeling of 
the spalling tests is performed using the finite element (FE) method and the results are compared with the 
experimental ones. A good agreement is obtained in this comparison. 
 
 

Introduction 
 
The dependency of the dynamic tensile strength of brittle materials to the strain rate has been widely 
investigated in the literature [1]–[4]. There is a threshold level of strain rate that the dynamic strength 
increases beyond this level by increasing the strain rate. This threshold level is explained to be connected to 
the size of heterogeneity in the material [1], [5], and material defects size, population and distribution [6], [7]. 
The strain rate in the rock during the percussive drilling process, which is the application of interest in this 
study, is in order of 102 1/s based on previous numerical simulations [8]. Therefore spalling test with 
Hopkinson bar is a suitable technique to measure the tensile strength of brittle materials for the strain rate in 
the range of interest. 
Denoual, Forquin and Hild [6], [7] (DFH) damage model is adopted to perform numerical analysis of the 
spalling test. This model is based on a probabilistic approach describing the dynamic fragmentation of the 
brittle materials. Saadati et al. [8], [9] applied the DFH model on granite and investigated the rock 
fragmentation process and the force-penetration response at percussive drilling. 
Spalling tests are performed to investigate the dynamic tensile behavior of Bohus granite. As the DFH model 
predicts the dynamic tensile strength of the brittle materials at high strain rates, this work can be seen as a 
validation step for the model prediction of the granite tensile strength. In addition to the intact specimens, the 
spalling test is performed on some of the pre-damaged specimen in order to investigate the dynamic response. 
These specimens are exposed to a coarser mechanical loading during the preparation, which creates the pre-
existing cracks in addition to the material default faults and cracks. These additional cracks are called 
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structural cracks hereafter as they are created due to a mechanical loading and are not part of the material 
properties. It is shown that the dynamic tensile behavior changes considerably. 
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Abstract 
 
This paper presents an approach to understand the impact behaviour of hailstone. This work combines 
multidisciplinary and joint study between microstructure analysis, numerical modelling and experiments. 
Real hailstones are first analysed through microscopic observations. The different phases composing hailstone 
are then reproduced in laboratory and tested on two impact setups to identify their impact behaviour and 
their damaging capabilities on deformable targets. Numerical simulations are performed to evaluate Carney’s 

model to simulate these experiments.  
 

Introduction 
 
Hailstone impacts still cause millions of dollars in airplane damages. Aircraft manufacturers have to study the 
effects of hail impacts on aeronautical structures. These studies are mainly conducted through impact tests 
with artificial hails manufactured following an ASTM standard[1]. This specific cotton-reinforced ice turns out 
to be stronger than the real one, leading to an over-estimation of the target damages. Impact experiments with 
these artificial hailstones are therefore not very representative. The mechanical behaviour of real hailstone is 
not well studied and documented especially due to their complex microstructures and the difficulty to collect 
natural samples. Most studies are inreality conducted on either single crystals or polycrystalline ices[2][3]. 
There is a consistent need in understanding the microstructure of hail in order to develop an artificial ice with 
adapted microstructure whose behaviour is similar to real hailstone especially in the dynamic range.The 
present study proposes an original approach to better understand the impact behaviour of hail. In the first 
part of this paper, the microstructure of real hailstone is presented in order to highlight its grain size and grain 
shape and also its crystallographic texture. Then ice samples with specific microstructures are manufactured 
in laboratory. The second part is dedicated to the comparison of the impact behaviour of these microstructures 
to real hailstone and to cotton-reinforced artificial hailstone. Preliminary numerical simulations of the impact 
tests are at the end presented. The finalpurpose of this undergoing work is to develop a new ice, the behaviour 
of which is close enough to real hail.   
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Ices and microstructures 
 
This section aims to present the different microstructures under study in this paper. The composition and the 
microstructure of real hailstone must be known before trying to reproduce it in a laboratory. A collection 
campaign of several hailstones was achieved with the help of the ANELFA[4]. An exemple of a collected 
hailstoneand its associated microstructure is presented in Figure 1.  
 

 

 
Figure 1: Picture of a real hailstone and its associated microstructure 

 
Ice crystallizes as a hexagonal structure with a symmetry axis named “c-axis” usually defining the orientation 

of the crystal. An Automatic Ice Texture Analyser (AITA) [5] allows the identification of grain sizes and grain 
shapes and crystallographic orientations of the c-axis per respect to a macroscopic frame.The overview on 
Figure 1 reveals the presence of several layers corresponding to different orientations and grainsmorphology. 
Figure 2 represent a focus on each layer. One colour corresponds to an orientation of the c-axis. The center of 
the hailstone is a single crystal. The first layer is made up of elongate grains with a preferential orientation. 
This corresponds to a circular orientation of the c-axis of the different grains, in the growing direction of the 
hailstone. The fine-grained ring does not present any preferential orientation and can be considered as 
equiaxed microstructure. 
 

   
(a) Single crystal center (b) Large grains ring (c) Fine grains ring 

Figure 2: Crystalline orientation analysis of a hailstone 

 
The hailstone is therefore composed of a central single crystal, a polycrystalline ring with a complex 
microstructure, and a polycrystalline ice with equiaxed grain ring. The understanding of the impact behavior 
of the real hailstone therefore starts with the study of the behavior of each phase separately. Single crystal, 
Complex microstructure andEquiaxed ices are thus compared with the following reference ices: standard 
cotton-reinforced (following ASTM F320) and the real hailstone. Polycrystalline and complex microstructure 
ices are first manufactured and then shaped following the exact same process. Thin sections of these two 
microstructures are described in Figure 3. 
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Figure 3: Thin sections observed under cross polarizer. (a) Complex microstructure, (b) Polycrystal 

 
Polycristalline ice with a complex microstructure. This ice is manufactured by freezing distilled water in thermal 
flux with spherical symmetry. It is made of long grains radially oriented corresponding to the direction of the 
thermal gradient. The average grain size is around one centimeter.  
Polycristalline ice wihequiaxed grains. This microstructure is isotropic with a controlled grain size. The targeted 
grain size of 700 µm is obtained by mixing water and sifted snowflakes. 
 
The quasi-static mechanical behavior of these ices has been studied in a crossed work [6] of this paper through 
standard compression and Brazilian tests on cylindrical specimens. The aim of these tests was to evaluate the 
tensile and compressive failure stresses of these materials. The results are summarized in Table 1. 
 

Table 1: Tensile and compressive failure stresses 

Microstructure 
𝝈𝒇𝒂𝒊𝒍𝒄𝒐𝒎𝒑 

(MPa) 

𝝈𝒇𝒂𝒊𝒍𝒕𝒆𝒏𝒔 
(MPa) 

Equiaxed 8.59 ± 11% 0.52 ± 12% 
Complex 8.81 ± 38% 0.67 ± 12 % 

 

Impact experiments 
 
Test setups description 
A sketch of the experimental setups is proposed inFigure 4. The first experiment (a) consists in highlighting 
the behaviour of ice samples by impacting an anvil (rigid target). The second setup (b) aims to point out the 
ballistics capabilities of the different ices by impacting deformable aluminium targets. The setups are bolted to 
a momentum trap allowing the shock wave to propagate far from the impact point. For both setups the impact 
force is monitored with a piezoelectric load sensor. A Phantom® V2012 high-speed camera is used to capture 
the impact events. A Photonic Doppler Velocimetry (PDV) is used to monitor the displacement of the back 
face of aluminium targets. 
 

  
Figure 4 : Experimental setup of the rigid target test (a) and of the deformable target test (b) 

(a) (b) 
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Experimental plan 
Impact experiments have been carried out on four types of ices: real hailstone, cotton-reinforced, complex 
microstructure and equiaxed. Two ice diameters were combined with three impact velocities in order to reach 
different levels of kinetic energy. 
 
Results 
Figure 5 presents some captures taken from an impact experiment of a real hailstone. The first picture 
corresponds to the impact time. The second picture was taken at the time when the initiated cracks reached 
the back of the hailstone. After this time, the hailstone is fully cracked and flows radially on the target. These 
phenomena have also been observed for equiaxed and complex microstructure ices. 
 

    
Figure 5: Experimental capture of an impact test on the rigid anvil. 40 µs interframe. 

 
The results of the rigid target experiments are summarized in Figure 6 (a). The peak load for each test follows 
the same trend as noted by Kim et al.[7][8]. The behaviour between each 100% water-based ices is quite similar 
within the 0-400J kinetic energy range. The results present much more scattering for higher level of energy 
showing that the effect of microstructure may play a role at high strain rates.The peak load recorded for the 
cotton-reinforced ice is higher than every other ices. Cracks propagates at the same velocity within this ice but 
the cotton helps this reinforced hailstone to keep enough integrity to transfer much higher force, leading to a 
higher impulsion. 
Figure 6 (b) presents the results of the deformable target tests. The maximum deflection at the centre of the 
target is plotted as a function of the ice initial kinetic energy.The complex and equiaxed microstructures 
causes identical deflection on the aluminium targets while the cotton-filled one produces higher damage. The 
result obtained with the real hailstone at the higher energy is quite offthe trend observed for the other ices. 
The reason is still under investigation but its hybrid microstructure could explain why a real hailstone is 
stronger than standard ice. These results also suggest to investigate higher velocities (i.e. higher energies) to 
better differentiate the effect of microstructure and strain rate on the impact behaviour. 
 

  
Figure 6: (a) Peak load – Kinetic energy (first setup). (b) Maximum target deflection – Kinetic energy (second setup). 

(a) (b) 
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Numerical simulations 
 
Model description 
Numerical simulations have been realized with LS-Dyna. The material model used is the one developed by 
Carney et al. [9]. This model proposes a tabular dependence of the flow stress on strain rate and pressure by a 
scaling function. Pressure is evaluated by an equation of state and is limited in tension by a cut-off pressure in 
tension. Failure occurs when the pressure is below the cut-off pressure in tension or above the cut-off pressure 
in compression (depending on ice microstructure). SPH elements have been used to mesh the ice projectile for 
the deformable target setup. The whole setup has been meshed in solid element including the load sensor and 
the momentum trap. A Johnson-Cook material model is used for the deformable aluminium targets. 
 
Results 
Figure 7 presents the comparison of force (a) and velocity (b) histories obtained experimentally and by 
simulation for the second configuration of impact. The force history is taken within a cross-section of the 
modelled sensor. This allows to numerically reproduce the structural response of the setup.  
 

  
Figure 7: Comparison between test and simulation: force history (a) and rear face velocity (b)  

 
The first peak load corresponds to the load transmitted through the specimen holder at the impact. The 
negative peak load occurring just after corresponds to the load release on the clamp zone when the target 
starts to deform. The load is then totally transmitted through the specimen holder until reaching a peak value. 
Unloading then occurs with large oscillations expressing the structural response of the setup. The backside 
velocity profile shows a fast increase at the beginning of the signal followed by a smooth decreased governed 
by the elastic springback of the target. These results are preliminary numerical results. The simulation allows 
to capture the main phenomena but additional investigations are required to best fit the experimental results. 
The peak velocity is indeed not well captured for the presented simulation.  
 

Conclusions 
 
This undergoing study aims to develop a specific ice, the dynamic behaviour of which is close enough to real 
hailstone. An analysis of the material microstructure has first been performed to study the microstructure on a 
real hailstone. It has revealed a ring structure made of a single crystal core surrounded with a complex 
microstructure ring, also surrounded by a fine grain ring. Polycrystalline and complex microstructure ices 
have then been manufactured and compared with real hailstone and cotton-filled ice on two impact test 
setups. The peak loads obtained on rigid target tend to reveal a strain rate effect. The post-mortem deflection 
of the deformable targets allowed to highlight the damaging capacity of the real hailstone. Additional 

(a) (b) 
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experiments have to be performed at higher velocities to confirm these observations, moreover single crystals 
have also to be studied. Preliminary numerical simulations were carried out to evaluate the ability of the 
model of Carney to simulate impact experiments of ice. The results showed that the main phenomena can be 
reproduced. This model could be limiting for higher velocities where multiphase EOS might be necessary. 
These developments are planned to be developed. 
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Abstract	
 
A particle-based numerical manifold method (PNMM) is developed to investigate rock fracturing behavior 
under dynamic loads. The basic idea of PNMM is to represent the microstructure of rock with a group of 
particles and to simulate the macroscopic behavior of rock masses through polygonal elements, which is 
carried out by a dual-level discretization. The first discretization is in the manner of finite element methods, 
which reduces the infinite degrees of freedom (DOF) of a continuum to the finite DOF of polygonal elements. 
However, the DOF of the model is not further affected by the latter discretization. The behaviors of internal 
particles are derived from the mechanical fields of their governing elements. A dual-layer-cover system, i.e. 
the mathematical cover and the physical cover, is also adopted in PNMM. Fracture initiation and propagation 
at macroscopic level is represented as the coalescence of microcracks induced at micro-scale level between 
particles. The Johnson-Holmquist-Beissel (JHB) model is incorporated into PNMM to simulate a borehole 
blasting and spalling tests under dynamic loading conditions. Numerical simulations show a good agreement 
with experimental and numerical results in the literature. 
 

Introduction	
 
Rock dynamics is the science of the mechanical behavior of rock materials and rock masses under dynamic 
loading conditions. Typical dynamic loads include earthquake, external impact and explosion-induced wave. 
Understanding the dynamic responses of rock is of significance in dealing with various rock engineering 
problems, such as rock slope stability analysis, underground excavation, rock blasting and protective 
construction design. Results of a series of experimental tests have unveiled that mechanical properties and 
fracture patterns of rock materials are dependent on strain rate [1]. Recently, the microstructure of rock 
material is considered as one of the influenced factors leading to this phenomenon. In the present study, a 
newly developed numerical code, the particle-based numerical manifold method (PNMM) [2], was used to 
simulate the rock failure under dynamic loads. PNMM simulates microstructures of rock materials and 
simplifies the geometrical and contact operation in the conventional Numerical Manifold Method (NMM) [3], 
by introducing the particle concept into NMM. The Johnson-Holmquist-Beissel (JHB) model [4] is further 
incorporated into the proposed PNMM model to simulate dynamic behavior of rock blasting and spalling 
under a wide range of loading rates. 
 

PNMM	
 
The basic idea of PNMM is to represent the microstructure of rock materials with a group of particles and to 
simulate the macroscopic behavior of rock masses through polygonal elements. This characteristic is carried 
out by a dual-layer-cover system and a dual-level discretization. The dual-layer-cover system refers to the 
covers in NMM, details can be found in the literature of NMM. As for the dual-level discretization, the first 
one discretizes a piece of continuum into polygonal elements, while the second one discretizes each element 
into a group of particles. Based on the dual-layer-cover system, manifold elements are generated by 
intersecting mathematical covers and the modeling domain, in a similar way to NMM. On manifold elements, 
the cover function and the weight function are defined to constitute the local approximation. For each 
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manifold element, an inner mesh is further generated. Then, one particle is generated in each inner element. 
The center of the particle is the centroid of the inner element. The area of the particle is equal to the area of the 
inner element. In such a way, the sum of particle areas remains equal to the area of the polygonal element.  
 
The DOF of the model is defined on manifold elements, while material properties, body forces, and applied 
boundary conditions are defined on particles. Therefore, in the calculation of elemental matrices, the 
integration has to be conducted on particles. PNMM takes the centroids and areas of particles as the 
integration points and weights respectively. In PNMM, the mechanical field on each particle is assumed to be 
constant, therefore a particle integration scheme is proposed for PNMM as follow 

! ! !"
!

= ! !!! ∙ !!
!

!!!
= ! !!! ∙ ! !!!

!

!!!
 (1) 

where p is the number of particles, !!! the coordinates of the centroid of the ith particle, Ai the area of the ith 
particle, and ri the radius of the ith particle. An attractive advantage of the particle integration scheme is that 
the quadrature domain can be either convex or concave polygons. It is theoretically suitable for any integrand, 
including polynomial, exponential, and trigonometric functions. In calculation, mechanical responses of 
polygonal elements are solved prior to particles, by solving global equations in matrix form. Then, the 
behavior of each internal particle is simply derived from the mechanical fields of its governing element. The 
flow chart for PNMM is given in Figure 1. 
 

 
Figure 1. The process of PNMM 

Particles in PNMM are connected by a link to present their continuous status. The stress of the link is taken as 
the average value of two particles. Once the failure criterion is met on a link, the link is supposed to be broken 
to simulate the generation a micro-crack. Consecutive micro-cracks will be able to present a macro fracture 
and to separate a polygonal element. In this research, the JHB model is chosen as the failure criterion for links. 
More details of the link and any other aspect of PNMM can be found in [2]. 
 

JHB	in	PNMM	
 
The JHB model is proposed for brittle materials subjected to large strains, high strain rates and high pressures. 
As a rate-dependent strength model, it consists of an analytic description for intact and failed strength, a 
damage variable, and a pressure portion. The dynamic strength σc in JHB model is dependent on the damage, 
the pressure, and the dimensionless strain rate. The strength at the strain rate of !∗ is 

!! = !! 1.0 + ! ln !∗  (2) 

where σ0 is the strength at !∗ = 1.0 and C is the dimensionless strain rate constant. Details of the JHB model 
can be found in [4]. 
 
In this research, the JHB model is incorporated into PNMM to simulate the dynamic behavior of rock 
materials at different loading rates. Once the stress of a link reaches the strength obtained from JHB model, the 
link is supposed to break. To be specific, the failure criterion for this model is !!!" = !!. The damage variable 
for each manifold element in PNMM is simply re-defined as the ratio between the number of damaged links 
and the total number of links. A group of material parameters are involved when applying the JHB model. 
The determination of JHB constants for PNMM is provided in [2]. 
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Spalling	
 
The spalling method is one of typical indirect tension testing methods, fundamentally relying on controlled 
propagation and reflection of elastic waves along cylindrical bars [5]. In this section, a homogeneous 2D model 
is established for PNMM to simulate the spalling phenomena in a long bar subjected to different triangle 
waves as shown in Figure 2. Material properties of granite is adopted in this simulation. The Young’s modulus 
is 70GPa, the Poisson’s ratio is 0.2, the density is 2650kg/m3, and the static tensile strength is 14 MPa. The JHB 
model is adopted for the dynamic strength. 
 

 
a. Model setup 

 
b. Group I 

 
c. Group II 

  
d. Group III 

Figure 2. Model setup for rock spalling and applied loads 

 

 
a. t=150µs 

 
b. t=250µs 

 
c. t=275µs 

 
d. t=280µs 

 
e. t=290µs 

Figure 3. Simulation results for Load I-1 

 
For Load I-1, a compressive wave is first generated in the bar (Figure 3a), arriving at the free (right) end at the 
time of 195us. Then the compressive wave is reflected to a tensile wave and propagates leftwards. Thus, a 
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tension field is created in the right part of the bar (Figure 3b). The resultant stress is the difference between the 
tensile stress and the compressive stress. With the propagation of the tensile wave, the resultant tensile stress 
increases gradually. As the resultant stress reaches the dynamic tensile strength, which is calculated to be 
31.5MPa in this example, lateral fractures are generated (Figure 3c). Then, the tensile wave at the fracturing 
point decreases and continues to propagate leftwards. This softening phenomenon has been reported in [6] in 
both experimental tests and numerical simulations. The compression wave on left side takes the fracture as a 
new free surface and is therefore reflected to a tensile wave at the fracture. Due to the further propagation of 
the decreased tensile wave, three more fractures are generated in the bar, as shown in Figure 3d and e. The 
failure pattern in this example is similar to the experimental tests by H. Shuler et al. [7] as shown in Figure 4. 
 

  
Figure 4. Rock fragments induced by spalling experiments [6] 

 
Simulation results for Load II-1 are shown in Figure 5. The difference is that after the first fracture occurs, the 
decreased tensile is not able to create a second fracture as its peak value is smaller than the dynamic tensile 
strength. However, in the right portion of the bar, the tensile wave that comes from the reflection at the right 
end has an increasing value while the compressive wave at the same position has a decreasing value. 
Therefore, some more fractures are further generated in this portion. 
 

  
a. t=350µs 

 
b. t=375µs 

 
c. t=385µs 

Figure 5. Simulation results for Load II-1 (right half of the bar) 

 
Results for Load III-1 are shown in Figure 6. In this situation, the triangular compressive wave introduce in the 
bar has a same rising and falling slopes. Therefore, the resultant tensile stress after reflection does not present 
a sole maximum, but a constant value along a zone, the size of the zone is related to the wavelength of the 
input wave and varies with the time. Therefore, a fractured zone, instead of a sole fracture is finally created in 
the bar due to spalling. This result validates the experimental observations in [7].  
 

  
a. t=340µs 

 
b. t=341µs 

 
c. t=342µs 

Figure 6. Simulation results for Load III-1 (right half of the bar) 

 
Failure patterns for type 2 loads are concluded in Figure 7. Compared to type 1 loads, loads in the same group 
have a similar failure pattern. However, the position of fractures is different as a result of different 
wavelengths. When loads with the same peak value and different duration periods are applied, the resultant 
tensile stress after reflection is changed accordingly. Besides, the dynamic tensile strengths are calculated to be 
different as well, due to a change of loading rates. For loads of group I, the position of the first fracture is 
changed from 212mm to the free end to 115mm (Figure 7a). The spacing between following fractures is 
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reduced as well. The dynamic strength from JHB model in this situation is 36.7MPa. For Load II-2, the position 
of the first fracture is reduced from 251mm to 137mm, compared to the situation of II-1. For group III, the 
fractured zone is moved from 344mm-156mm (to the free end) to 72mm-192mm. The size of the fractured zone 
is reduced by 36.2%. 
 

 
a. Load I-2 

 
b. Load II-2 

 
c. Load III-2 

Figure 7. Simulation results for Type 2 loads 

 

Rock	Blasting	
 
The setting of the conducted borehole blasting example is shown in Figure 8a. The simulating domain is a 
square with the side to be 6m in length. The domain has four non-reflecting boundaries in order to model a 
large enough plane. Properties for the granite with good quality are used to simulate the rock material. The 
borehole locates at the center of the domain and has a diameter of 0.12m. A radial pressure wave is applied 
uniformly on the borehole surface. The pressure is expressed in the general form of a pulse function. In this 
example, the peak pressure is set as 200MPa. By setting the rising time to 10, 20, and 200us, three different 
cases can be obtained with the loading rate calculated to be 20, 10, and 1.0MPa/us respectively. 
 
The adopted PNMM model consists of 81,632 particles and 18,976 elements. Simulation results for different 
loading rates are shown in Figure 8b-d. Red lines in the figure indicate the fractures (i.e., failed links) within 
the rock. It is obvious that different loading rates produce distinct failure patterns. When the loading rate of 
the borehole pressure is high, a crushed zone is created around the borehole. It is believed that the crushed 
zone forms on condition that the explosion peak pressure exceeds the dynamic compressive strength of the 
rock material. The blast energy is greatly dissipated in creating the crushed zone and there is nearly no radial 
fracture occurred. The radius of crushing zone is about 0.25m, which is 4.2 times the radius of the borehole. 
This is within the range observed in laboratory experiments which is from 1 to 10. The duration of the 
generation of crushing zone is 12us. When the loading rate is intermediate, the crushed zone appears slightly 
farther to the borehole with a radius of 0.31m. Meanwhile, the alleviated crushed zone is followed by several 
short fractures in radial direction. The longest radial fracture has a length of 0.57m. When the loading rate 
further decreases, the crushed zone shrinks to about 0.16m. However, massive long radial fractures occur and 
therefore leads to a bigger fracture area. The longest radial fracture is 1.73m in length. In reality, long radial 
fractures with a minimal crushed zone is usually regarded as an efficient blasting operation. Therefore, 
simulation results here indicate that the loading rate should be controlled as low as possible to improve the 
efficiency, which is also beneficial to the damage control. The results agree well with the numerical simulation 
results in [8]. 
 

Conclusion	
PNMM is used to study the dynamic failure of rock by incorporating the JHB model in this paper. The first 
example is the spalling of a rock long bar. Three groups of triangle waves are applied to generate different 
failure patterns. For the triangle waves with a long decreasing time, the first fracture occurs when the 
resultant tensile stress reaches the dynamic tensile strength obtained from JHB model, then the secondary 
fractures are further generated by the decreased tensile wave. However, for the triangle waves with a long 
increasing time, the secondary fractures are generated in the flying portion of the bar. When the triangle wave 
has a same increasing and decreasing time, a fractured zone instead of a sole fracture will be generated. The 
position of the first fracture is greatly affected by the wavelength of the triangle waves. The corresponding 
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dynamic tensile strength are given. The second example is a borehole blasting with various loading rates. 
Simulation results indicate that high loading rates will produce a crushed zone around the borehole while low 
loading rates lead to long radial fractures. Numerical examples promise the accuracy of the proposed model. 
 

 
a. Problem description 

 
b. 20MPa/us 

 
c. 10MPa/us 

 
d. 1MPa/us 

Figure 8. Borehole blasting: model setup and simulation results 
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Abstract 
In our previous research works, we proposed 2–dimensional (2–D) finite-element based “Dynamic Fracture 

Process Analysis (DFPA)” code, which can simulate complex fracturing of rock-like materials due to impact 
loading. Spatial distribution of the microscopic strengths was used to consider rock inhomogeneity. The 
fracturingwas treated as separations of finite elements. Tensile softening curve as a function of crack opening 
was employed to reflect the behaviour of the fracture process zone in front of the crack tips. The code has been 
applied to various dynamic fracturing problems such as dynamic tension tests for rocks based on the spalling 
phenomena and dynamic fracturing of rock-like materials due to deflagration or detonation. This paper 
presents the extension of the 2–D DFPA code to 3–dimension, which utilizes Graphics Processing Unit (GPU) 
for increasing significantly the capability of computational speed. Dynamic fracture of limestone subjected to 
impact loading based on Straight Notched Disk Bending (SNDB) fracture toughness testscombined with split 
Hopkinson pressure bar (SHPB) systemwas simulated by GPU–based 3–D DFPA. The validation of the 
codewasconducted by comparing the computational resultssuch as fracture patterns, stress profiles, and 
dynamic fracture toughnesswith the experimental results.  
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(a) Numerical model in which SNDB limestone specimen is placed between SHPB system consisting of 

incident and transmitted bars. 

 
(b) Fracturing processes photographed by high-speed camera and simulated by GPU–based 3–D DFPA 
 
Figure 1: Example of dynamic fracturing process analyses for the fracture toughness test of a SNDB limestone 

specimen subjected to an impact loading by SHPB system. 
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Abstract  
 
The fracture of brittle materials depends on their inner heterogeneity, especially for materials with 
microstructural organization (living tissue, porous media) or microstructural defects (concrete, ceramic). In 
particular, the fracture of cancellous bone is not yet well understood. Cancellous bone is a two phases (i.e. with 
marrow), viscoelastic and quasi-brittle composite biological material, with mechanical properties that are 
strongly linked to its microstructural organization. In order to better understand the behaviour of cancellous 
bone architecture, a multi-scale approach is used. In this paper, an automated generator is presented that can 
create realistic skeletonized trabecular micro-structural models (nodes and beams) of cancellous bone, with 
finely tuned architectural parameters. This approach allows these parameters to be varied individually, which 
is not possible using physical cancellous specimens. This approach is complementary to physical testing and is 
illustrated by means of an experimental study of the behaviour of cancellous bone in compression over 3 
different regimes (quasi-static, intermediate and dynamic) covering 8 strain rates. The Discrete Element 
Method is used to simulate the behaviour of the microstructural model and a robust automated data 
processing algorithm is used to extract the apparent macroscopic mechanical properties. 
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Introduction 
Human musculosketal system modelling requires a detailed knowledge of the mechanical behaviour of bone 
over a wide range of physiological loadings conditions such as walking, falls among the elderly, sporting 
injuries and vehicle accidents. To address this, methods for the automatic construction of detailed 3-D finite 
element models from clinical imaging have been developed. In particular, this approach allows the behaviour 
of the cancellous bone, i.e. the inner porous marrow filled part of bone, and its fracture mechanism to be 
simulated [1]. However, even though this method allows a wide range of experimental configurations (strain 
rates, boundary condition) to be considered, it suffers from sensitivity to the resolution, the mesh density 
(crack propagation) and the specimen size (i.e. bone volume fraction varying with the size and affecting the 
Young’s Modulus [2]). As an alternative to full discretized using solid elements, cancellous bone can be 
modelled using beams and nodes [3] (also called skeleton based models), with less computational efforts. The 
Discrete Element Method (DEM) [4], is a convenient scheme in which to implement fracture computation [5] 
with potential to describe the behaviour of skeleton based models over different strain rates regimes, 
including the implementation of the fluid (marrow) – structure (trabeculae) interaction. It has been shown that 
the microstructural parameters extracted from scans of cancellous bone (bone volume fraction (BV/TV), 
thickness and separation of the trabeculae, anisotropy, etc.), can be correlated to global mechanical behaviour 
in order to predict fracture risk [6]. To better understand the influence of these parameters on cancellous bone 
behaviour, it is important to be able to control each of them separately. However, simulations are typically 
based on a specific microstructural configuration, e.g. the scanned architecture of the loaded specimens used 
to calibrate the model, where all the parameter varies simultaneously between specimens. Hence, to 
characterize the effect of a single architectural parameter, it is necessary to develop a numerical procedure 
capable of generating realistic cancellous bone models with a substructure that is randomized, but can still be 
tuned to adhere to specified architectural parameters. Therefore, the aims of this study were to (1) apply DEM 
to skeletonized cancellous bone models to assess their response through a wide range of strain rates in order 
to evaluate their macroscopic behaviour and (2) develop a skeleton based model generator for cancellous bone 
architectures based on description parameters to overcome the specimen dependency and to evaluate the 
sensitivity of cancellous bone to specific microstructural parameter variations.  
 
Materials and Methods 
Experimental characterization 
A total of 127 non-defatted (i.e. containing marrow) cylindrical cancellous bone specimens (L: 7.5mm; Ø: 
10.5mm) were extracted from the proximal epiphysis of six bovine femoral bones. The specimens were 
preserved in a frozen condition in a saline solution. For the experiments, the specimens were thawed for 24 
hours at +5°C before being brought to room temperature just prior to the actual mechanical tests. Specimens 
were compressed in 3 strain rate regimes (quasi-static: QS, intermediate: ISR and dynamic: D), covering 8 
distinct strain rates from 0.001 to 600/s, with three different devices: a standard quasi-static machine (≤ 10-1/s, 
43 specimens), a Wedge-bar apparatus adapted to cancellous bone from [7-8] (≤ 10/s, 36 specimens) and a 
conventional split Hopkinson pressure bar (SHPB) equipped with a Cone-in-Tube striker [8] and a tandem 
momentum trap [9-10] (≤ 800/s, 48 specimens). All three setups allow a specimen to be loaded at a constant 
strain rate up to a predetermined strain and then recovered without further loading. To minimize the 
potential effect of harvest location, samples extracted from similar locations across the femur bones were 
tested at different rates. A robust automatic data processing algorithm, inspired by the commonly used five 
parameter logistic risk curve [11], was implemented to analyze the stress-strain evolution and determine the 
mechanical properties: the apparent Young’s modulus, Eapp, the yield point (εy, σy) and the ultimate point (εu, 
σu) [12].  
 
Microstructural characterization 
The individual microstructural architecture of each of the 127 specimens was captured using a micro-CT 
scanner (Phoenix v|tome|x L240/NF180, voxel size: 80 μm3). The Otsu multi-threshold segmentation 
algorithm was used to automatically separate bone from marrow and background [13]. Methods from the 
literature were used to extract the architectural parameters from 3D and skeletonized images (transformed 
into nodes and beams [14-16]). The parameters were divided into three descriptors groups: 
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- Geometry: BV/TV: Bone Volume fraction, Tb.N: number of trabeculae, Tb.Th: Trabecular thickness, Tb.Sp : 
Trabecular separation. 
- Connectivity: N.Nd: Number of Junction, Nd.Nd: distance between Junctions, N.Tp: Number of Triple 
Junction, N.Qp: Number of Quadruple Junction. 
- Anisotropy: MIL1: Mean Intercept Length, i.e.: first eigenvalue of the fabric tensor corresponding to the main 
trabeculae orientation (first among three anisotropy directions). 

The samples were imaged and processed both before and after the compression tests and were registered 
using a rigid transformation method in order to identify the areas within the bone specimen where rupture 
occurred [17]. This registration scheme maximizes the correlation value between the damaged specimen (post-
compression) and the reference one (pre-compression). Based on histograms, this scheme is suitable for 
images identically acquired and binarized. 
 
DEM model on scanned cancellous bones 
Cancellous bone models were built using the open-source GranOO platform (Granular Oriented Object, 
(www.granoo.org) from skeletonized renderings of scanned specimens (c.f. § experimental characterization, 
[18]). The size of the modelled specimen was based on the recommended volume of interest for cancellous 
bone to adequately describe its architecture [19-20]. Each node was modelled by a spherical discrete element 
of a given radius and density, and trabeculae were represented by straight elastic cylindrical beams (Figure 1, 
Table 1). The models were loaded in compression between two frictionless flat surfaces, representing an 
impactor translating at a defined speed of 4.5 m/s (dynamic strain rate: 500/s) and a fixed plane (Figure 3). 

 

  
 

Figure 1: DEM model of cancellous bone 
 

 
Local trabeculae properties were first obtained from literature (Table 1) and then manually tuned. Output 
mechanical parameters were retrieved using the robust automatic method presented in paragraph: 
Experimental characterization [12]. 
 

Table 1: Tuned parameters of cancellous bone’s DEM 
Object Parameter 

Ball Diameter: average thickness of the connected trabeculae 

 Density: 1 260 kg/m3 

Beam Young’s modulus: 3 GPa (tuned [21]) 

 Failure Stress: 200 MPa (tuned [22]) 

 
 
Skeleton based generator 
While a DEM simulation can provide insight into the global behaviour of the microstructure of a scanned 
specimen, it cannot reveal the sensitivity of the global behaviour to changes of the trabecular organization. 
However, this can be investigated numerically by creating a series of realistic cancellous bone models with 
controlled architectural parameters. In this section, a mesh generation approach is proposed that can create a 
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skeleton model (nodes and beams) similar to the results of the skeletonization process presented in the 
previous sections, which can be used for DEM simulations.  
 
In order to overcome initial anisotropy, a finite specified number of nodes (representative of a physical 
specimen) are generated in a spherical volume. Thereafter, trabeculae are created in a connecting region 
around the fixed number of nodes. An optimization loop is used to remove excess trabeculae to fit a 
representative objective function, based on the desired anisotropy and two predefined distributions: 
trabecular length and number of trabeculae per node (Figure 2).  
 

   
 

(a) Trabecular length (histogram) and objective (normal law) 

   
 

(b) Number of trabeculae per nodes (colored dots) and objective (mean and standard deviation plots) 
 

 
 

(c) Number of iterations in the optimization loop 
 

Figure 2: Evolution of probability densities through the process of trabeculae suppression. 
 
 

Once optimization is complete, a subdomain, which is representative of the experimental specimen (i.e. the 
cylindrical specimen used in this study), is extracted from the sphere to fit the desired anisotropy axes. A 3-
node oriented beam is used to model the trabeculae curvature and the correct volume is obtained by defining 
the cross section areas (Figure 3). For this feasibility study the middle node is centrally placed (i.e. straight 
trabeculae). 
 

 
 Figure 3: 3-node oriented beam based on two extremal connected nodes. 

 
Results  
DEM of scanned cancellous bones 
Global mechanical properties were evaluated after 12 hours of computation time per modeled specimen, 
which is equivalent to arresting the deformation after a macroscopic strain of 50 % (Figure 4).  
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(a) Experimental curve 

 
(b) DEM of skeletonized specimen 

Figure 4: Stress-Strain evolution and application of the 5 parameters law to identify mechanical parameters 
 

The extracted mechanical properties from the 19 cancellous bone models were compared to the mechanical 
properties obtained from the dynamic experimental study (Figure 7).  
 

 
(a) Apparent Young’s Modulus 

 
(b) Ultimate stress 

 
(c) Sensitivity to the architecture 

Figure 5: Comparison with experimentation 

A significant correlation can be seen between the simulations and the experimental values of the apparent 
Young’s modulus (p<0.0001), but not for the ultimate stress (p = 0.171). The observed macroscopic behaviour 
was found to correlate with local microstructural parameters. For example, an increase in the Young’s 
modulus correlates with an increase in the bone volume fraction (BV/TV) (p<0.001) (Figure 5).  
 
The local Young’s modulus and failure stress of the trabeculae require further fine tuning to increase the 
macroscopic correlation with experiments and further validate the model. The preliminary results presented 
here represent one strain rate of dynamic regime. The work will be extended to the 7 other strain rates 
investigated experimentally, allowing a model validation through 3 different regimes: quasi-static, 
intermediate and dynamic. 
 
Fracture profile Analysis 
The potential of DEM to predict trabecular bone fracture is shown in Figure 6. A qualitative visual comparison 
of the in-vitro specimen and a numerical model with the exact same geometry shows several strong 
similarities in the fracture profiles. The development of an automatic quantification method for the location of 
the fracture is ongoing. 

 
(a) DEM applied to skeleton structure of specimen 

n°130 to model trabeculae fracture (darkened) 

 
 

(b) Real fracture facies observed for specimen n°130 [12] 

Figure 6: Qualitative comparison of the fractured zones 
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The DEM feasibility study did not include the effect of marrow, while experimental specimens were not 
defatted. Experimental data for defatted specimens will provide further insight into the structural behaviour 
of cancellous bone and provide validation data for fluid (marrow) - structure (trabeculae) interaction using 
DEM. Indeed, it has been observed in an ongoing experimental study [17] that marrow slowly escapes from an 
unconfined specimen under quasi-static loading while there is insufficient time for a similar process to occur 
under dynamic loading, which is likely to accentuate trabeculae buckling [23].  
 
Furthermore, the experimental study presented here has been performed without any marrow confinement 
representative of an in-vivo configuration, i.e. confinement of the marrow and cancellous bone inside the 
cortical layer. It has been shown that confinement increases the dynamic ultimate stress [24] and the quasi-
static properties of the constitutive material made of broken trabeculae (i.e. after plateau stress) [25]. To our 
knowledge, no comparisons have been made with both defatted and (not-) confined specimens, in order to 
separate the structural effect from the visco-elastic effect of the marrow with different boundary conditions. 
 
Skeleton based cancellous bone model generation 
Generated models were obtained (Figure 7) in two minutes using a conventional desktop computer (Intel® 
Xeon® CPU, 2.5 GHz, RAM: 6 Go). This novel generator allows any kind of microstructure arrangement to be 
created. Thus, it’s now possible to independently control any architectural parameter, to fit global 
arrangements that are not available in reality due to sampling.  
 

 

 
Figure 7: Real (grey, framed) and generated specimen (colored) fitting the same 3D architectural parameters  

but locally different (more visible at the cylinder periphery)  
 
In general, the final optimized global architectural parameters of the generated models corresponded closely 
to the specified input values (Table 2). The error is expressed in term of the relative values of the architectural 
parameters between generated model and specified objective, e.g. (Tb.N)error = ((Tb.N)obj – (Tb.N)gen) / (Tb.N)obj). 
 

Table 2: Architectural parameters (input and output: example of a generated one) 
Parameters Number of 

Trabeculae 
Number of 

Nodes 
Nodes 

separation 
Trabecular 
Separation  

Anisotropy 
(MIL1) 

Anisotropy 
(MIL2) 

Anisotropy 
(MIL3) 

Units /mm3 /mm3 mm mm - - - 
Objective 11.7 6.2 0.47 0.49 0.22 0.16 0.12 
Generated 12.3 6.0 0.49 0.49 0.20 0.17 0.13 

 
A maximum error of 10 % was observed. However, this value can vary depending on the software package 
used to evaluate the parameters. For example, a difference of up to 25% was obtained when calculating the 
volume fraction using two different packages (ImageJ, CTan). Furthermore, although the generated structures 
have similar global architectural parameters, the local parameters associated with regions of interest (here 
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checked for 8 sub-regions) can differ. In other words, the generated models have subtly differing local 
structures, which is representative of what can be found in-vivo. 
 
Conclusion  
The Discrete Element Method applied to skeletonized trabecular microstructure models, as obtained from 
scanned specimen, provides an efficient method to simulate the behaviour of cancellous bone loaded at 
different strain rates. Coupled with the model generator, to create realistic cancellous bone structures with 
finely tuned architectural parameters, the method will offer a new tool with which to gain insight into the 
factors affecting the behaviour of cancellous bone (for example the effect of osteoporosis). This approach will 
allow a large variety of architectural organizations to be considered, which will provide complementary data 
to that of physical testing, which is limited to the microstructures available in the source material. Ongoing 
work to investigate the effect of the presence of marrow, confinement and strain rate is currently underway. A 
total of 379 samples will be tested over 3 regimes (quasi-static, intermediate and dynamic) spanning 8 strain 
rates ranging from to 0.001 to 800 s-1, with 3 different experimental configurations: 
- Defatted: without marrow and without confinement ring for validation of the DEM structure model. 
- Normal: with marrow and without confinement ring for validation of the DEM fluid (marrow) - structure 
(trabeculae) model. 
- Confined: with marrow and with confinement ring for validation of the DEM model representative of in-vivo 
condition (marrow confinement inside the cortical layer). 
Finally, the multi-scale method presented here, i.e. generation of porous architecture combined with DEM 
analysis of a skeletonized model, can be extended to heterogeneous material with microstructural 
organization or defects (closed cell foams, concrete, ceramic). 
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Abstract 
 
A blast loading applied to different kinds of materials and structures is more important task every year 
because of actual known threads. An absorption capacity of soft, viscoelastic materials at high strain rates 
is included in wide range of practical applications. The one of critical question in any similar analysis is 
setup of material properties including all physical constants. There are many kinds of tests analysing 
dynamic properties of absorbing elements. In many cases testing and also numerical simulations are 
influenced by many types of measurement and simulation conditions. This investigation was focused in 
relationsbetween particular testing results in their complexity and related numerical simulations as well.  
 

1. Introduction 
The goal of this investigation is to found a numerical material model of absorbing material suitable for 
explicit numerical simulation especially focused on blast load. Number of variation in real testing is 
usually strictly limited because of experiment costs. On the contrary numerical simulations have no limits 
in number of analysed variants but they have handicap in correlation with reality. This should be solved 
by combined development of requested products. This analysis used four kinds of real tests with different 
strain rates as consistent and verified points that numerical models should confirm and fill in unknown 
gaps between them.  
Those testing techniques were applied to materials composed of porous glass/ceramic filler and polymeric 
binder, with density of 125 - 300 kg/m3 and particle size in range of 0,25 – 2 mm. 
 

2. Set of Experiments  
The impact test of absorbing material with sample size about 50 mm was performed. The impact velocity 
3.5 m/s is relatively low but obtained testing results present significantly different process of deformation 
regarding to static pressure test. Besides that energy absorbed in sample can be simply evaluated by 
residual potential energy of a punch body. 

 
Figure 1: “Newton Cradle“ experimental setup. 

The standard Split Hopkinson Pressure Bar (SHPB0 test was performed with goal to evaluate stress-strain-
strain rate dependency.  

*Author for correspondence. 
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Both previously described tests enables testing of relatively big number of samples (more than 200). Of 
course higher strain rate in SHPB experiment caused higher deviation on stress-strain results than impact 
test presents. However an evaluated absorption of analysed materials was found in sufficient precision. 
 

 
Figure 2: Split Hopkinson Pressure Bar device. 

A blast load was analysed in two kinds of experiments. The first investigated relative absorption of 
analysed material in simplified one dimension experimental setup. The absorption was evaluated from an 
elastic wave measured in steel rod supported the sample during an explosion. 

 
Figure 3: Explosive load experiment setup. 

The second experiment with blast load was prepared as explosion of 100 g of TNT placed in limited 
distance above a square sample with size about 500 mm supported around in fixed frame.  

 
Figure 4: Blast load experiment setup. 

3. Conclusion 
The wide range of experiments on selected absorbing materials brings a general numerical model 
matching expected behaviour of this material in real applications. The numerical model was based on 
stress-strain dependency analysed in SHPB test. This relation was implemented in crushable foam material 
model. Together the absorption capacity of this numerical material model was compared with results from 
the blast test and “Newton Cradle „ experiment.  
The final numerical material model is actually used in design of blast resistant litter bin and other 
application as anti-blast wall and so on. 
 

 
Funding Statement 
The authors wish to express their gratitude and sincere appreciation to the authority ofThe Technology Agency of the 
Czech Republic, project No. TA02000162 for financial support. 
 
 
 

129



 
22nd DYMAT Technical Meeting, Grenoble - 2016 

 
 

 
 
 

 
 
 
 

Experimental and numerical investigation of the 
damage processinRC beam-column subassemblies 

under a middle column removal scenario 
Guo-qiang Zhao1,2，Pascal Forquin1,2*，Yann Malecot1,2 

1. Univ. Grenoble Alpes, 3SR, F-38041 Grenoble, France 
2. CNRS, 3SR, F-38000 Grenoble, France 

 
Keywords:reinforced concrete, progressive collapse, dynamic load, catenary action, bond-slip 

 

Abstract 
Reinforced concrete structures are widely used in civil engineering throughout the world as well as for large 
infrastructures or buildings. The accidental events that may happen on the latter, such as earthquake, 
explosion or local failure due to accidental overload, may induce local structural damage that occurs firstly at 
the beam-column joint. This local damage may cause a chain reaction of key structure load-carrying members’ 
failures disproportionate to the initial damage, leading to more widespread failure of the surrounding 
members and partial or complete structure collapse. At present, several publications covering the subject of 
progressive collapse under quasi-static loading have appeared in the scientific literature [1-9]. However the 
collapse resistance of reinforced concrete structures subjected complex quasi-static or dynamic loadings 
remains uncertain and the numerical simulation of the progressive collapse of a whole reinforced concrete 
beam-column sub-assemblage or structure remains out or reach. 
 
Indeed, a partial damage of the structure due to accidental load could trigger progressive collapse, which 
involves a series of nonlinear problems such as damage of concrete, large rotation and large deformation of 
members beyond the traditional scope of design. In order to study the failure-mechanism and influencing 
factors in this damage process, based on the alternate load path method, a dynamic load test was designed 
with two-bay beam-column specimens (Fig. 1). In the experiment, a concentrate dead loadis applied on the top 
of the middle column which is firstly supported. Then, the bottom support of the middle column is suddenly 
removed to simulate its failure. Due to the middle column falling down, the applied load on the top of the 
middle column is transmitted to the adjacent columns through the beams. Unlike most of other experiments, 
the simulated failure process proposed is dynamic. Besides, the two sides of the column are not completely 
fixed, but linked to a support with a certain degree of stiffness according to the actual structure. In parallel, the 
numerical simulation is adopted to analyze the fracture process and influencing factors taking into account the 
dynamic damage process in theR30A7 common concrete (Denoual-Forquin-Hild anisotropic damage model) 
[10,11] and the interaction of steel bars and concrete by adding a connector spring in the model [12] (Figure 1). 
 

 
Figure 1:RC beam-column subassembly considered in the present work 
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Figure 2: cracking development with considering the interaction of steel bars and concrete 
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Abstract	
 
Fibre Reinforced Polymers have become a popular material for strengthening of masonry structures. The 
performance of this technique is strongly dependent on the bond behaviour between the FRP and the 
substrate. Understanding the strain rate effect on the bond behaviour of this strengthening technique is 
important for proper design and proper modelling of these systems under impacts or blast loads. This work 
aims to study the bond behaviour between Glass Fibre Reinforced Polymers and brick at different strain rates. 
A Drop Weight Impact Machine specially developed for pull-off tests (single lap shear tests) is used with 
different masses and different heights introducing different deformation rates. The strain rate effect on the 
failure mode, shear capacity and effective bond length is determined from the experimental results. Empirical 
relations of dynamic increase factors for these materials and techniques are also presented. 
 

Bond	behaviour	of	GFRP-brick	under	high	strain	rates	
 
In this work it is intended to study the effect of high strain rates in the bond behaviour of GFRP-brick 
strengthening systems. The main objective is to develop empirical relations, based on experimental results, 
able to relate the maximum bond capacity with the slip rate. These empirical relations are based on the DIF 
(Dynamic Increase Factor). During the tests both the load profile and slip profile are necessary. The load 
profile relates to the quasi-static reference allowing calculating the DIF (Eq. 1) and the slip profile allows 
calculating the slip rate as the gradient of the slip-time curve. Similar procedures were used previously (Hao 
and Tarasov [1], Lourenço and Pereira [2]). 

!"# = !"#$%"&' (!"#$%&')
!"#$%"&' (!"#$% − !"#"$%) , !(!) (1) 

Different test setups have been used to characterize the bond behaviour of concrete-FRP systems, some being 
already implemented in international standards such as the American Concrete Institute (ACI 440). In the case 
of masonry-FRP systems, due to the lack of standard test setups, similar setups have been used to study this 
phenomenon (Ghiassi [3]). Single-lap shear bond tests consist in imposing a load in the FRP strip, along its 
longitudinal direction. Usually, the composite is applied to one of the faces of the substrate, leaving enough 
FRP strip free to be connected to the actuators.  
Ghiassi [3] studied the bond behaviour of GFRP-brick systems using single-lap shear bond tests under quasi-
static conditions. These tests were performed with similar specimens to those studied in this work, using the 
same materials. These tests under quasi-static regime were performed using a servo-hydraulic actuator with a 
50 kN maximum capacity. The test specimens were placed in a steel support structure, specially designed for 
this purpose. The load profile was measured using a load cell and the slip was measured using several LVDTs 
placed along the reinforcement. Five tests were performed (Figure 1) averaging a maximum load of 9.22 kN 
(Figure 1a) and a maximum slip of 1.43 mm (Figure 1b). These tests were performed under a slip rate of 
around 10-5 mm/ms. These results are used in this work as the quasi-static reference for the DIF calculation. 
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a) b) c) 

Figure 1: GFRP-brick quasi-static results: a) force-time profile; b) slip-time profile (Ghiassi [3]). 

In order to study the bond behaviour of these systems under high strain rates, a new test setup was developed 
based on the drop weight concept. This new testing equipment and the obtained results are presented in the 
following sections. 
 
Testing Equipment 
 
A drop weight tower specifically developed for single-lap shear bond tests was used for the dynamic testing 
(Figure 2a). This tower allows a drop height up to 3 meters and a drop weight with a minimum of 14 kg.  
The load profile was measured at the free end of the GFRP strip using a load cell specifically for dynamic 
applications – VETEK VZ101BH. This load cell is connected to a National Instruments Acquisition System. 
This acquisition system is composed of a SCXI-1000DC chassis, a SCXI-1600 data acquisition and control card 
for PC connection and a generic input module SCXI-1520 with a SCXI-1314 mount. The SCXI-1600 limits the 
sampling speed to 200 kS/s (200 samples per millisecond), which was found to be enough even at a later stage 
where 4 channels where used at the same time, allowing an acquisition frequency of 50 kHz per channel. 
The deformation behaviour of the specimen was measured in two different ways. First, a FastCam video 
camera was used. It is a PHOTRON FastCam APX – RS with a maximum frame rate of 250 000 frames per 
second. This equipment allowed the visualization of the test in slow motion and the measuring of the slip. 
This slip measurement was possible using targets in the specimen at a specific location and performing a 
tracking sweep of those targets in the video. To perform the tracking sweep, the TEMA Tracking Software 
(v: 3.1-005) was used. With the relative position of the targets, the slip at each instance was calculated. The 
second methodology used to obtain the deformation behaviour was using strain gauges. The strain gauges 
used were BFLA-5-8-3L (Figure 2b) from TML and were the same used in the quasi-static testing performed 
by Ghiassi [3]. 
 

 
 

a) d) 
Figure 2: Single-lap shear bond tests: a) drop weight tower; b) specimen schematics. 

 
Specimens preparation  
 
The application of GFRP reinforcement usually involves two steps: a) preparation of the substrate surface and 
b) application of the reinforcement. The preparation of the substrate surface, in this case clay brick, should be 
taken with special attention in order to obtain a good bond between the two materials (Juvantes [4]). The 
bricks used in this study, 200x100x55 mm bricks, were similar to those already studied and characterized 
previously by Lourenço and Pereira [2] and Ghiassi [3] under different conditions. Initially the bricks were 
grinded (approximately 7 mm) in the face where the reinforcement was applied, in order to improve the 
mechanical and chemical bond capacity of the application (Ghiassi [3]). After this initial treatment the bricks 
were washed and placed in an oven at 100 ºC for a period of 24 hours. After this period the specimens were 
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removed from the oven and cleaned with compressed air, making sure that the surface was kept clear of any 
small particles.  
With the surface prepared, the reinforcement application can be initiated. Firstly, a primer is applied, only in 
the bonded area (the rest of the surface is protected with duct-tape) (Figure 2b). The applied primer was a 
MAPEWARP PRIMER 1 and the bonded area can be seen in Figure 7b. The GFRP reinforcement was 
composed of glass fibre MAPEWRAP UNI-AX and MAPEWRAP 31 epoxy. In order to apply the 
reinforcement, the procedure was the following: 

a) Cut the glass fibres with the required dimensions (400x50 mm) and place two metallic sheets in one 
end of the fibres for bracing (Figure 2b); 

b) In the brick surface a layer of epoxy is applied using a brush; 
c) In the fibres a layer of epoxy is also applied and the fibres are placed in the correct position. In order 

to have full contact between the fibres and the surface a foam roll is used; 
d) A new layer of epoxy is applied on top of the fibres and the foam roll is also used to have an even 

distribution of the epoxy; 
e) After 60 minutes the duct tape is removed and the specimens are left to cure at ambient conditions for 

three weeks. 
It should be noted that the bond behaviour of these strengthening systems is much dependant on the 
preparation of the specimens. Although the specimens used for impact testing were not from the same batch 
as the specimens used for the quasi-static tests from Ghiassi [3], the same procedure was used and the same 
technician supervised the preparation of both batches. 
 
Impact tests 
 
A total of 20 specimens were tested with the drop-weight tower developed for dynamic testing. Five tests 
were not considered in this document due to failure of acquiring data during the test. The hammer weight 
was kept at 14 kg and the drop height varied from 10 to 40 cm. By varying the drop height, different impact 
energies are introduced in the system leading to different strain rates. The acquisition sampling speed was 
kept at 24 kHz for the force and strain profiles and 12000 fps for the video equipment. Figure 3 shows two 
examples for low (I37 – 0.2 mm/ms) and high (I30 – 1.0 mm/ms) slip rates of force profile (Figure 3a), slip 
profiles (Figure 3b) and force-slip profiles (Figure 3c). Figure 4 shows the typical failure modes obtained in the 
dynamic single-lap shear bond tests, being similar to those obtained in the quasi-static tests by Ghiassi [3]. 

   
a) b) c) 

Figure 3: Examples of impact test results: a) force-time profile; b) slip-time profile; c) force-slip profile. 

  
a) b) 

Figure 4: Examples of failure modes: a) total detachment of the fabric; b) partial detachment of the fabric. 

Table 1 shows the results obtained for the dynamic tests on GFRP-brick systems. It can be seen that the 
maximum force ranged from 12.65 kN to 18.73 kN for slip rates of 0.06 mm/ms and 1.32 mm/ms, 
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respectively. The slip rate was calculated as the gradient of the slip-time curve, similar procedure for strain 
rates was previously used (Hao and Tarasov [1], Lourenço and Pereira [2]). 

Table 1: Impact tests on GFRP-brick specimens. 

Specimen  Drop height 
(cm) 

PHOTRON Load cell 
DIF 

Failure mode 
(Detachment 

length) 
Maximum slip 

(mm) 
Slip rate 
(mm/ms) 

Maximum force 
(kN) 

Quasi-static [3]  1.49 2E-5 9.22 1.00 Total 
I37 11 0.19 0.06 12.65 1.37 Partial 5cm 
I41 15 0.32 0.07 14.97 1.62 Partial 5cm 
I7 16 0.17 0.08 14.66 1.59 Partial 7cm 

I25 14 0.14 0.09 13.16 1.43 Partial 5cm 
I1 17 0.29 0.10 14.94 1.62 Partial 6cm 

I20 16 0.45 0.13 14,85 1.61 Partial 6cm 
I40 19 0.49 0.15 15.96 1.50 Partial 7cm 
I26 21 0.41 0.25 16.81 1.82 Total 
I3 18 0.53 0.44 17.66 1.92 Partial 5cm 

I31 25 0.76 0.57 16.65 1.81 Total 
I46 30 0.84 0.74 17.15 1.86 Total 
I44 31 0.87 0.77 17.64 1.91 Total 
I36 28 0.58 0.83 15.64 1.70 Total 
I30 37 1.00 0.87 17.29 1.88 Total 
I49 36 1.28 1.32 18.73 2.03 Total 

It is clear that the slip rate influences the bond behaviour of these systems. For slip rates of around 1 mm/ms 
the maximum force is about two times the maximum force obtained for the same system under quasi-static 
conditions. This is equivalent to a 14 kg mass being dropped at 40 cm. Using the quasi-static reference values 
from Ghiassi [3] it is possible to calculate a Dynamic Increase Factor, as the relation between both the reference 
and the dynamic test.  
As stated previously, tests using strain gauges were also performed. The two main reasons for using the strain 
gauges are: (a) validate the video equipment acquisition system, by comparing the slip from the two different 
sources; (b) determine the effective bond length in this dynamic regime. Three strain gauges were placed in 
each specimen (50 mm spaced), as can be seen in Figure 2b. Figure 6 shows two examples of the results 
obtained with strain gauges, for total detachment of the fabric (Figure 6a) and partial detachment of the fabric 
(Figure 6b). As can be been in Figure 6 when the first strain gauge is in plateau at maximum strain, the next 
strain gauge is registering a very low strain value, close to zero. Knowing that the strain gauges are spaced 50 
mm, the effective bond length was considered to be 50 mm or less. This result for the effective bond length is 
similar to the results obtained for the quasi-static regime, where the same value for the effective bond length 
was determined by Ghiassi [4] meaning that the slip rate does not influence the effective bond length of these 
systems. Because when there is a detachment longer than the effective bond length, the maximum force is 
already mobilized, this allow the inclusion of the experimental tests with a partial detachment of 50 mm or 
higher in this analysis (Table 1). 
As presented by Oliveira et al [5] and previously used by Ghiassi [3] it is possible to estimate the slip profile 
knowing the strain distribution along the reinforcement at different instances, using the following: 

! = !(!) !" (3) 
With the slip profile obtained from the tests with strain gauges, it is possible to compare these results with the 
ones obtained with the video tracking acquisition. Table 2 shows the results obtained for the two different 
acquisition systems for the selected specimens. Regarding the maximum slip, the results are very similar with 
the exception of specimen I30 where the video equipment suggests almost the double of the maximum slip 
suggested by the strain gauges. Regarding the slip rate, the results are similar between both acquisitions.  

  
a) b) 

Figure 5: Examples of strain gauges signal acquisition: a) total detachment of the fabric; b) partial detachment of the 
fabric. 

Table 2: Impact tests on GFRP-brick specimens. 
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 Strain Gauges PHOTRON   
Specimen Max Slip 

(mm) 
Slip rate 
(mm/ms) Strain rate (/s) Max Slip 

(mm) 
Slip rate 
(mm/ms) 

Force 
(kN) DIF 

I41 0.31 0.10 2.6 0.32 0.07 14.97 1.62 
I40 0.36 0.23 2.5 0.49 0.15 15.96 1.73 
I46 0.86 0.70 3.7 0.84 0.74 17.15 1.86 
I30 0.56 0.98 7.4 1.00 0.87 17.29 1.88 

Adding these new results, obtained with strain gauges, to the results obtained with the video tracking 
acquisition (Figure 6) it is possible to see that these values fit perfectly in the range obtained with the video 
equipment, giving confidence in the obtained results.  
A trendline was obtained for slip rates between 0.06 and 1.32 mm/ms (range of the performed tests). It was 
assumed that the trendline would start, with the same orientation, from a DIF value of 1.00. Is was also 
assumed that from the quasi-static slip rate until the point where the regime changes to dynamic, the DIF 
remains constant and equal to 1.00. Further testing for smaller slip rates is required to validate these 
assumptions. 
The empirical relation that is able to translate the influence of the slip rate in the maximum force of these 
GFRP-brick, based on the obtained trendline, can be presented as Eq. (2), being the slip rate in mm/ms. This 
log-linear relation has an R2 of 75%, which can be considered reasonable taking into consideration the nature 
of these materials and these tests. It is important to notice that considering only the results from the strain 
gauges, the obtained trendline would have a R2 of 95%. Although the smaller sample size (4 values) does have 
an impact in this value, it seems that using strain gauges would improve the overall quality of the results. 
However, this technique increases considerably the costs involved in these experimental studies. 

!"# !!"#  =  1                                         !"         2! − 5 <  ! < 2.71! − 3 
0,1554 ln ! + 1.9184          !"        2.71! − 3 <  ! < 1.32                 (2) 

 
Figure 6: Dynamic increase factor for shear capacity of GFRP-brick at different slip rates. 

Conclusions	
 
From the obtained results it is clear that the slip rate influences the bond behaviour of these systems. These 
results show that for slip rates of around 1 mm/ms there is an increase of the maximum bond capacity of 
about two times the quasi-static value. These results, obtained with video tracking, were validated with strain 
gauges along the reinforcement in some of the tests. These tests with strain gauges also allowed determining 
the effective bond length, being the same as the obtained in quasi-static regime. Leading to conclude that the 
slip rate does not influence the effective bond length of these systems, similar to what has been observed by Al 
Zubaidy [6]. 
The log-linear empirical relation translating the influence of the slip rate on the DIF for the bond capacity of 
CFRP-Brick systems has been presented up to 1.32 mm/ms. This empirical relation was assumed to be 
constant and equal to one from the quasi-static slip rate until the intersection point with the trendline of the 
impulsive regime (2.7E-3 mm/ms). The failure modes obtained with these experimental tests under impulsive 
loading were characterized by the ripping of a thin layer of brick. These failure modes are similar to those 
obtained for quasi-static regime, leading to assume that the slip rate does not influences the failure mode of 
these systems, similar to the observed by Al-Zubaidy [6]. 
As shown in this work the slip rate or the strain rate (depending on what is measured) has considerable 
influence in the response of materials, including the bond behaviour of modern reinforcement techniques and 
materials such as GFRP. This influence has to be considered in the modelling and design of these systems 
under impulsive loading such as impacts or blast loading, and need to be incorporated in the constitutive 
models of these materials under non-linear analysis; similar to what has been done previously for masonry by 
Lourenço et al [27]. 
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Abstract 
 

Frontal facing components of aircraft such as windshields, nose cone, wings and engine blades are always in 

danger of bird strike during flight time, especially in time of landing [1]. For smaller aircraft, bird strike on the 

windshield is the main safety concern (52% of all fatal accidents) [1]. Similar figures have been reported in 

Reference [2] where amongst the 51 fatal accidents identified between 1962 and 2009 caused by bird-strike on 

the airframe, 27 accidents occurred on the windshield with the majority for smaller aircraft. The focus of this 

paper is on studying the impact damage on windshield caused by bird strike.  

To investigate the performance of laminated glass plates under soft impact, laboratory scale impact 

experiments were performed using a gas gun apparatus up to the velocity of 180 m s-1 (648 km h-1). Silicon 

rubber and gelatine cylindrical projectiles with flat and hemi-spherical nose were used to generate 

hydrodynamic loading similar to that a windshield experiences under bird strike. Different laminated glass 

constructions using different types of glass and polymer interlayer were used to investigate the effect of 

various design parameters. High speed photography and 3D digital image correlation were employed to 

observe the deformation and damage during impact. Smoothed Particle Hydrodynamic (SPH) was used for 

modelling the soft impact. A good agreement is observed between experimental and numerical results.  

An example of soft impact simulation for a rubber projectile with hemi-spherical nose impacted at the velocity 

of 158 m s-1 is shown in Figure 1. 
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Figure 1: Soft impact simulation on a laminated glass window impacted by a hemi-spherical projectile at the velocity 
of 158 m s-1. 
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Abstract	
 
Compressive failure tests for alumina and silicon carbide cylindrical specimens were conducted using a 
Universal test machine and a Split Hopkinson Bar apparatus (resulting a strainrate about 1000 1/s). The 
measured failure strengths of both types of specimen exhibit rate-dependency, which is also associated with 
material's porosity. The alumina material having more intrinsic defects exhibits a larger dynamic/static 
strength ratio. All specimen experienced explosive fragmentation after failure. Most of the fragments were 
collected after testing, the size of which were statistically analyzed. The average fragment size decreases with 
the increase of the failure strength. A theoretical model was proposed to estimate the average fragment size 
using the failure strength, the material parameters, and the loading rate. This theoretical model gives 
reasonable well predictions of the experimental data. It is shown that the static compressive strain energy 
stored within the specimen prior to failure plays an important role controlling the fragment sizes. The effect of 
the kinetic energy in the dynamic compression process is minor, compared with the strain energy effect.  
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Figure 1: Failure process of silicon carbide under impact loading. 
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Figure 1: Failure process of silicon carbide under impact loading 
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Figure 2: Failure process of a alumina specimen 
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Figure 3: Rate dependent failure strength of Al2O3 and SiC 

 
Figure 4: The average sizes of the fragments collected during the tests, in comparison to the theoretical values 

estimated by the model 
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Abstract 
 
Energy absorbing materials represent an important group of products in the field of increasing the safety of citizens. 
Research and development including physical properties testing leads to improvement of these materials and protective 
constructions. In the presented study the newly designed energy absorber based on expanded glass particles was subjected 
to the blast load as a part of the sandwich structure. The dynamic response of 6 rectangular sandwich panel constructions 
with different core designs under blast loading was investigated. The objectives were to analyze the panels in terms of 
deformation and blast resistance and to determine the effect of different core set-ups on blast resistance enhancement of 
the structure. The sandwich panels consisted of 1.5 mm steel plate, 20 mm concrete slab, 21 mm core and 1.5 mm steel 
plate. 5 types of core configurations, with almost identical areal density, were prepared: 2 stepwise graded in three layers, 
2 solid with different binder amount, 1 composed of three layer of the identical material, and subjected to the blast wave 
generated by the detonation of 70 g of A1 plastic explosive. The method to evaluate the level of protection of the concrete 
and overall blast resistance of the panel was applied according to certified methodology M-T0-B VTÚO 10/09 based on 
evaluation of the tension strain curves recorded by strain gauges fixed at the back steel plate of the sandwich. The image 
analysis was used to quantify the damage of the concrete slabs. All tested sandwiches with the core made of glass based 
absorber overcame the results obtained in the case of REF specimen (sandwich with the core realized by PU rigid closed 
cell foam), the best results were achieved in the case of stepwise graded core.  
 
 

Introduction 
The core materials used in structures play a crucial role in the dynamic behavior of the whole construction subjected to 
blast loading. Foams based on lightweight hollow particles and resins presented in this study are materials with high 
potential of impact energy absorption. Blast attenuation is provided by breaking the bonding between the particles. Also 
the particles themselves can be crushed or transformed otherwise, thereby changing their state and absorbing energy.  
The behaviour of sandwich structures under blast load was studied quite widely in the past two decades. Dharmasena et 
al. [1], Nurick et al. [2] and Li et al. [3] tested sandwich structures with a metallic honeycomb core material. Their results 
indicated that the parameters of core materials can effectively reduce the damage of the back face sheet. Tekalur et al. [4] 
investigated the dynamic response of sandwich structures with polymer foam cores. They concluded the significant 
reduction of damage when Z-direction pin reinforcements were implemented into the core material.  
Influence of varying core density on the blast resistance of sandwich panels based on crosslinked PVC cores was 
investigated by Hassan et al. [5] Experimental blast showed that damage within the sandwich panels becomes more 
severe as the density of the foam core is increased. Panels based on the lowest density foam (60 kg/m3) did not exhibit 
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any fracture or debonding over the range of impulses considered, instead absorbing energy through plastic deformation in 
the metal skins and compression of the foam core. In contrast, significant damage, cracking and debonding at the 
skinecore interface, was apparent in the higher density core systems [5].  
Also a combination of materials or stepwise graded materials, where the material properties vary gradually or layer-by-
layer within the material itself, can be utilized as a core material in sandwich composites. The dynamic responses and 
blast resistance of sandwich plates with functionally graded close-celled aluminum foam cores were investigated by Liu 
[6] Different graded sandwich plates under air blast loading were analyzed in terms of deformation and blast resistance. 
The results demonstrate that relative to conventional ungraded plates subjected to identical air blast loading, the graded 
plates possess smaller central transverse deflection and superior blast resistance, with further improvement achievable by 
optimizing the foam core arrangement. Sandwich with decreasing foam relative density from the loaded side achieves the 
best blast resistance amongst the various graded sandwich plates investigated. Different observations were reported by 
Wang et al. [7], the experimental results of the dynamic response of sandwich panels with stepwise graded styrene foam 
cores showed better blast resistance in the case of sandwich with increasing foam relative density from the loaded side.  
The presented study focuses on the evaluation of the blast resistance of sandwich composites with the core prepared of 
newly developed absorber. Different core set ups were designed to assess the influence of layering and grading of the 
core material on the protective ability of the absorbing layer and on the blast resistance of the whole sandwich. The 
obtained results contribute to the knowledge needed for a better blast protective structures design. 
 

Materials and methods 
Specimen manufacture 

Expanded glass particles (Trade name Liaver) with grain size of 0,25 to 2 mm were selected as the filler. Two-component 
solvent-free polyurethane system was chosen as a binder. Plates of absorbers were prepared by mechanical stirring of the 
particles with binder and molding the mixture to the steel molds. The designed materials are characterized (at both low 
and high strain rates) in detail in previous work [9].6 sandwiches (500x500x45.5 mm) with different layer configuration 
(see Fig. 1) were prepared. High performance fine grain glass fibre reinforced concrete was selected as a layer, which will 
serve for evaluation of the core protective ability. Standard steel plates (steel class S235JR) were used as a face sheets.  
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Figure 1Sandwich layer configurations 
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Mix proportions of the mixtures for core layers including their bulk densities are summarized in Tab. 1 Individual layers 
were fixed together using the same polyurethane resin as for binding the particles in the absorber. 
 

Table 1 Mix proportions of particular layers 

Mixture No. Grain size 
(mm) 

Binder 
Mass  

(Vol. %) 

Bulk density 
(kg·m−3) 

1 0.25–0.5 10 381 
2 0.5–1 10 343 
3 1–2 10 334 
4 0.5-1 5 330 
5 0.5-1 15 360 

 
Blast tests methodology 

Test procedure according to certified methodology M-T0-B VTÚO 10/09 was applied. The methodology was developed 
by Military research institute of Czech Republic and is used for assessment of the blast resistance of several materials. It 
consists of measuring the deformation of back face sheet of the sandwich specimen, which is subjected to the explosion 
load. The specimen is fixed in the steel frame of the stand and the stand is placed on the sand foundation. The cylinders of 
Semtex 1A plastic high explosive weighting 70.0 g are used as testing charge. The test rig depicts Fig. 2. The strain gage 
is fixed to the back steel plate - the data from the sensors is collected for at least 500 milliseconds using sampling 
frequency of 200 kHz. The acoustic detector of explosion is used for triggering the data collection. The results of the 
measurements are data characterizing the material capability of absorbing the blast energy. The tensile strain courses of 
the back steel plate in time are captured. Evaluating strain courses gives comparison of the ability of the test specimen to 
absorb blast energy - the lower the tensile strain amplitude, the more energy was absorbed by the test specimen. The 
example of the typical measurement output depicts Fig. 2. The energy absorption is one of the parameters – however the 
integrity of the concrete slab (the protected mass in the sandwich) must also be taken into consideration when evaluating 
the overall sandwich blast resistance performance. The concrete slabs were subjected to the image analysis to quantify the 
damage level using ImageJ programme. The concrete slab after the test was photographed, the image was processed to 
obtain failure patterns and the area of cracks was calculated. 

Figure 2 The blast test rig (left), the example of the typical measurement output (right) 

Results and discussion 
The results of the air blast behavior of sandwich plates with multilayered absorbing core are presented in this chapter. The 
influence of sandwich configuration (core material gradation and core layer number and position) on the dynamic 
response and blast resistance of the structure was assessed. All layers were glued together to achieve perfect joint 
connection. Poor connection was stated by [6] caused large/scale interfacial delamination, resulting in larger deflection of 
sandwiches connected with worsen blast resistance. Blast is an ultrafast type of dynamic loading, with extraordinary 
strength. When the explosive is detonated, it undergoes extremely fast, exotermic chemical reaction, producing gaseous 
(and some solid) products at very high temperatures and pressures. For example, the detonation wave in the explosive 
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trinitrotoluene (TNT) can have a pressure temperature, and propagation velocity of 200000 atm, 2727 °C and 7000 m/s. 
[8]. Sandwiches described in chapter Specimen manufacture were subjected to the blast load and their absorbing capacity 
and overall blast resistance were evaluated according to methodology M-T0-B VTÚO 10/09 described in chapter Blast 
test methodology. The concrete slabs photographs after the blast test, calculated areas of cracks and values of the tensile 
strain amplitudes for each sandwich are summarized in Tab. 2. Specimen No.1, with core prepared of 1 layer of 
commercially available absorbing foam served as a reference specimen; the core didn´t protect the concrete slab 
sufficiently – it was broken into pieces. 
 

Table 2 Summarized results of the blast tests 

 Concrete slab after test Failure pattern Crack area proportion 
[%] 

Amplitude of strain curve 
[-] 

1 

  

Cannot be calculated, 
Specimen was broken 

into pieces 
Not evaluated 

2 

  

0.805 0.0022 

3 

  

2.100 0.0049 

4 

  

1.802 0.0036 
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5 

  

5.810 0.0068 

6 

  

7.370 0.0062 

 
Sandwich No. 2, with layer consisting of three graded layers – maximal grain size facing the blast load, performed well 
and showed very good absorbing capacity. Only narrow cracks occured, total calculated area of the cracks was as low as 
0.805 %. Sandwich No. 3, with three graded layer core configuration with minimal grain size facing the blast load, 
showed small amount of wider cracks, total calculated area of the crack was determined 2.100 %. Sandwich No. 4 
performed well, only small amount of narrow crack was observed, the area of crack was lower than in case of graded 
configuration No. 3 - 1.802 %. Not layered cores performed worse compared to layered ones – the level of damage was 
higer (see Tab. 2, specimens No. 5 and 6) as well as the strain amplitude (0,0068 and 0,0062). It is obvious, that layer 
configuration plays significant role in absorbing capacity of the core. The results indicated that even though each 
configuration helped to protect, the number of core layers has an influence on the dynamic response of the structure under 
blast loading. More specifically, by increasing the number of layers, the blast wave mismatch between layers is reduced. 
Therefore, the strength of the initial shock wave (stress wave) can be weakened by the time it reaches the back facesheet, 
resulting in lower back face deflection (represented by strain amplitude). More importantly, the overall damage imparted 
on the structure can be reduced and structural integrity can be maintained. Functionally grade the core is also useful tool 
how to increase the absorbing capacity. Regarding the grading configuration, the experimental results showed that 
configuration No.2outperformed configuration No.3 in regards to their blast resistance. The results of the one-layer core 
configurations showed better performance in case of absorber with lower binder amount, which corresponds with Split 
Hopkinson pressure bar test results from [9].  
 

Conclusions 
This article summarizes knowledge acquired during testing different types of novel energy absorbing composite materials 
based on porous glass particles. These porous materials are capable of mitigating blast pressure waves. Six sandwiches 
with different core configuration were prepared, blast loaded and studied to see the effects of different core set-ups on 
blast energy absorption of multi-layered sandwich constructions.  
From the results presented in this paper the following can be concluded: 
Blast absorbing capacity of the sandwich is highly influenced by the core configuration. The number of core layers has an 
influence on the dynamic response of the structure under blast loading, with increasing number of layers the blast 
resistance of the sandwich increases as well. The more interfaces, the more possibilities to reflect the blast wave, which 
results in reducing the strength of the initial shock wave. 
Sandwich with configuration No. 2 having decreasing grain size from the blast load epicentre achieved the best blast 
resistance amongst the various graded sandwich plates investigated. The opposite gradation of the core performed worse 
under blast loads, it was outperformed also by the three same layer core composition.  
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Regarding the sandwiches with one-layer core, better results were achieved in the case of the absorber with lower amount 
of binder, which corresponds with the results of Split Hopkinson pressure bar device tests[9]. The core with lower binder 
amount provides more voids and thus space for densification, which is suitable for blast energy absorption.Different 
failure modes were identified in each core. The absorber with lower amount of binder showed particle crushing and 
densifying,whereas the core with higher amount of binder had a tendency to broke into bonds between particles and 
crushing of particles was not observed.  
All sandwiches with novel absorber outperformed the sandwich No.1 (REF) with commonly used impact mitigating 
foam. 
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Abstract 
 

In this paper, we focus on a commercial grade of porous graphite called EDM3 and we present laser 
experiments conducted on the GCLT facility. Semi-infinite targets are impacted by a nanosecond laser pulse in 
order to generate craters. All these craters are measured using an interferometric profilometer. Numerical 
simulations of these shots are performed with the HESIONE hydrocode. Experimental measurements are 
compared to simulation results.It is observed that the depth and the diameter of these craters grow as a power 
law of laser energy whereas the volume grows linearly. Such evolutions are confirmed by simple analytical 
reasoning.  
 

1. Introduction 
 
The dynamic behavior of composite materials under impacts is a major concern for aerospace industry, 

and a challenging problem for simulation. For example, meteoroids can impact satellites at several kilometers 
per second. Usually, launchers are used to recreate these impacts in laboratory but very high impact velocities 
cannot be reached. It could be interesting to find another method able to generate comparable damage. The 
laser is one of the proposed methods, and similarities between laser-driven shock and hypervelocity impacts 
have already been pointed out [1] [2]. The interaction of the laser with the target material generates a plasma 
whose expansion creates a shock wave that may lead to the formation of a crater.  

In this paper, we focus on carbon which is of particular interest since it is widely used as elementary 
component in composite materials. Experimental data of hypervelocity impact (HVI) on carbon are available 
for various projectile materials and velocities [3] and some numerical simulations have already been 
performed [4]. The present studydeals with the carbon behavior under laser-driven shock, an experimental 
campaign has been conducted on aNd-YAG high–power laser and numerical simulations have been 
performed using the HESIONE hydrocode.  

In a first part, the experimental set up is described and the target material is presented. Then, the 
HESIONE code and the material model are detailed. Finally, experimental measurementsare directly 
compared with simulation results. 
 

2. Experimental set-up  
 

The GCLT facility (Générateur de Choc Laser Transportable) isa Nd:YAG high-power laser located at CEA-
DIF. It can deliver energies from 1 to 40J with tunable pulse duration from 5 to 100ns at a 1057nm wavelength. 
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Several spot diameters are available: 2mm, 1mm, 500µm and 250µm. High intensities can be reached (up to 
1013 W/cm²) so the laser beam is focused by a lens in a vacuum chamber to avoid breakdown in ambient air. 
The target is positioned at the center of this chamber. At each shot, the amount of energy reaching the surface 
of the target and the temporal intensity profile are measured. 

All the laser shots presented in this paper were conducted on this facility between November 2015 and 
March 2016.Only the 100ns impulsion was used along with a focal spot diameter of 250µm leading to 
intensities between 1010 and 1012W/cm². Some characterization shots were performed in order to determine 
the shape of the focal spot. As shown in Figure 1.a, itis sufficientlyaxisymetricalto plot the intensity I versus to 
the radial coordinate r (Figure 1.b). In order to simplify numerical simulation, this experimental profileis 
approximated by a generalized Gaussian (dashed line on the Figure 1.b). 

 

 
(a) : Spatial repartition of energy measured by calorimeter 

 

 
(b) :Normalized intensity according to the radial coordinate 

 

Figure 1:Characterization of the focal spot 

Concerning the targets, they were made of porous graphite called EDM3. This material, commercialized 
by the POCO company [5], can be considered as macroscopically isotropic. It has a density of 1754kg/m3 and 
a porosity of 22%. Its main mechanical characteristics can be found in [4].  

A post-mortem analysis of each resulting crater was done using an interferometric profilometer based at 
CEA-CESTA. This device measures the shape of the crater with a micrometric accuracy. From the 3D map 
obtained, some key parameters are extracted (diameter, depth and volume) and 2D sections are drawn.Since 
the craters are axisymmetrical, these measurementsare directly comparable with the results of 2D 
axisymmetricalsimulations.  

 

3. Modeling 
 

Numerical simulations have been performed using the Eulerian HESIONE hydrocode developed at CEA. 
This code simulates the shock propagation and the resulting damage in the material but it has no laser-matter 
interaction model so we have to convert the laser pulse parameters into an equivalent pressure law. In a first 
step, the laser beam intensity I is determined using the following expressions:  

 

I =
E

τ × S
         ;        S =  2πre− 

r
180 

6

dr
∞

0
 

 

where E is the energy in the laser beam, τ is the pulse duration and S is the area of the focal spot calculated 
from the fit shown on Figure 1.b. Then, the Grün empirical formula [10] is used to link this intensity I 
(GW/cm²) to the corresponding ablation pressure Pab (GPa):  

 

Pab = 1440 ×  0.8 ×
I

105 
0.8

 
 

This formula has already been tested on EDM3 and the results were satisfying [4]. In our case, intensities 
between 1010 and 1012 GW/cm² lead to pressures between about 1 and 30GPa. For the sake of simplicity, the 
pressure is supposed to be constant during the pulse duration and equal to zero after its end. Concerning the 
spatial repartition of this pressure, we use the fit shown in the Figure 1.b. 

 

149



3 
 
 
 
 

Phil. Trans. R. Soc. A. 
 
 
 

The behavior of EDM3 is described with the POREQST model. Created by Seaman L. and al. in 1974, this 
model is completely detailed in [6] but a simplified version is presented in this paper. Figure 2 shows a 
representation of this model in the zero internal energy plane for a pure hydrodynamic material.  

 

 
Figure 2: Representation of the POREQST model in zero internal energy plane for a pure hydrodynamic material. The dashed 

arrow is an example of a compression/traction path.  

Four types of surfaces are used to describe the accessible states for the material: 
- the surface defined by the equation of state (EOS) of the dense material, 
- the intermediary surfaces, 
- the compaction surface, 
- the pores re-opening surface.  
In the original model, the behavior of dense material is described by a Mie-Grüneisen EOS. This equation 

links the pressure Ps to the density ρ and the internal energy eas follows: 
 

Ps ρ, e = PH (ρ)  1 − Γ
2
 ρρs

− 1  + Γρe 
 

wherePH(ρ) is the pressure at the density ρ on the Hugoniot, ρs is the density of the dense material at zero 
pressure and energy and Γ is the Grüneisen coefficient. On the surface defined by this EOS, the stress 
deviatorparameters depend on pressure and internal energy: 
 

Ys P, e = Ys P f 
Gs P, e = Gs P f 

 

where f is a linear softening function decreasing from 1 to 0 when the internal energy goes from 0 to the 
melting energy. 

The intermediary surfaces are defined by Mie-Grüneisen equations too. For each of them, the density at 
zero pressure and energy is denoted ρi and the pressure Pi is defined by:  

 

Pi ρ, e, ρi = Ki  
ρTf

ρi
− 1        with     

 
  
 

  
 Tf = 1 +

Γρse
Ks

Ki =
Ksf

αi + L1(αi − 1)

L1 =
Ks K0 − α0 

α0 − 1

  

 

whereαi = ρs
ρi

, α0 = ρs
ρ0

 and Ks is the bulk modulus of dense material. On these surfaces, the stress 
deviatorparameters vary as follows: 
 

Yi ρ, e, ρi =
Ysf

αi + L2(αi − 1)
         with     L2 =

Ys Y0 − α0 
α0 − 1

 

Gi ρ, e, ρi =
Gsf

αi + L3(αi − 1)
         with     L3 =

Gs G0 − α0 
α0 − 1
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In particular, the initial intermediary surface is expressed as P0 ρ, e = K0f  ρTf
ρ0

− 1  and the stress 
deviatorparameters are those of the porous material which have been measured by ultrasound. 

In compression, the intermediary surfaces are limited by a compaction surface. For EDM3, this surface 
comes from anoedometric compression test [7]. It materializes the pore closure under high pressure. In 
traction, apore re-opening surface limits the intermediary surfaces: stress never goes beyond this surface and 
decreases because of pores opening. In the zero internal energy plane, this pore re-opening surface is defined 
by the straight line through the point (ρ=0, P=0) and intersecting the dense EOS at P=PL. PL is one of the 
adjustable parameters of the model. The sensitivity of the model to the PL value is discussed in [8]. In this 
paper, we fix PL at -150MPa.  

Simulations reveal two types of damage: compression damage and tensile damage. The first is based on a 
plastic strain threshold fixed at 10%. For the second, a porosity threshold is used: the distension ratioαi =
ρs
ρi

cannot exceed the value of 120%(≈ α0) on the re-opening curve. If the plastic strain threshold is reached, the 
PL value is set to zero in the affected cell. Consequently, this cell has no more tensile strength.On the other 
hand, if the porosity threshold is reached, the PL value is set to zero but the pressure and the deviatoric stress 
as well to relax the strain in the cell. Otherwise, the value of the spall strength used in this model has been set 
in accordance with other laser experiments [9].  

 

4. Comparison and discussion 
 

In this section, measurements of experimental craters will be compared to the simulation results obtained 
with the HESIONE hydrocode. For each crater, we will focus on the following key parameters: the depth d, 
the diameter Ø and the volume V. As shown in Figure 3, it is interesting to distinguish two different diameters 
and volumes. Indeed, experimental craters can be split into two parts: a central volume V1_exp with a 
diameter denoted Ø1_exp and an outer ring of volumewith a diameter denoted Ø2_exp (Figure 3.a). The total 
volume is denoted V2_exp. In the same way, simulation results present a crater (characterized by V1_sim and 
Ø1_sim) surrounded by a damaged area (characterized by Ø2_sim). If we suppose that the outer ring 
observed experimentally is a part of this damaged area so Ø1_sim should correspond to Ø1_exp and the 
Ø2_sim to Ø2_exp. The total volume V2_sim cannot be determined because simulations do not allow to 
determine the part of the damaged area which is ejected to create the outer ring. 
 

 
(a) : Experimental crater 

 

 
(b) : Simulated crater 

 

Figure 3: Definition of crater parameters 

As the same time as experiments and simulations, two analytical approaches have been investigated to 
evaluate the evolution of d, Ø1 and V1 depending on the laser energy E. In order to simplify the calculation, 
we consider a punctual and instantaneous loading. Consequently, resulting craters are purely hemispherical 
with Ø1=2d andV1 = 2

3
πd3.  

The first approach is based on simple energetic considerations. If a sufficient amount of energy E is 
delivered at a point of the surface of the target, a spherical shock wave is generated and a crater appears. The 

depth and the diameter of this crater vary as E
1
3 so the volume is proportional to E (Figure 4). 

The second approach uses the “snowplow model” [10] and argues on momentum conservation. In this 
simplified model, the porous material is assumed to instantly compact to its final density as soon as the 
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pressure reaches a critical threshold. After compaction, the material is supposed to be infinitely stiff (i.e. the 
Hugoniot of the dense material is a vertical line in the P-ρ space). For such materials, if we consider a spherical 
shock wave generated by a pressure impulse of momentum P0, the depth and the diameter of the resulting 

crater vary as P0

1
3. In the case of a laser shot, the pressure impulse is linked to the laser energy E by the Grün 

formula so the depth and the diameter increase as  E0.8 
1
3 ≈ E0.27 . Consequently, this approach predicts a 

variation as E0.8 for the volume (Figure 4). 
These two analytical approaches do not take damage into account so craters are generated by compression 

only. Yet, we can suppose that the outer ring observed all around the experimental crater stems from damage 
mechanism. As a result, the diameter Ø2 and the volume V2 cannot be estimated by these simplified methods.  

 

  

 
 

Figure 4: Comparison between experimental measurements and simulation results 

The Figure 4 shows the evolution of the craterdimensions as a function of laser energy E.At first glance, 
we can notice a good agreement between simulation results and experimental data. The depth and the 
diameters seem to vary as a power law of E and the volumes grow almost proportionally to E. It is in 
accordance with the analytical reasoning. However, the depth grows faster than the diameter so the global 
shape of the crater changes when the laser energy increases. It is a limit of the analytical approaches which 
suppose a homothetic growth. 

The linear dependence of the volume according to the laser energy is particularly interesting because, in 
case of hypervelocity impact on metallic materials, it has been shown that the volume of the crater grows 
linearly depending on the kinetic energy of the projectile [11]. These observations reinforce the idea of an 
analogy between laser shots and hypervelocity impacts. 

However, some points can be improved in these simulations. In the first place, the loading applied to the 
target has been strongly simplified. We decided to brutally interrupt the pressure at the end of the laser pulse 
whereas, in practice, the relaxation of the plasma pressure may take few microseconds. Moreover, we 
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determined the level of the pressure step using the Grün formula but it should be more accurate to use a laser-
matter interaction code to specify the shape and the level of this pressure profile.   

Otherwise, we can notice that Ø1_exp=Ø2_exp and V1_exp=V2_exp at low energy (Figure 4.b and 4.c). 
Indeed, if the energy does not exceed 10J, the outer ring does not appear around the crater.The presence of a 
threshold suggest that the outer ring may be caused by tensile damage. In simulations the entire damaged 
areastems from compression damage so this threshold is not reproduced. In order to investigate this problem, 
some tomographies will be performed around the crater to detect potential cracks and better characterize the 
experimental damaged area. At the same time, a variation of both compression and tensile damage thresholds 
will be tested in simulations. 

Finally, some static compression tests revealed a hysteresis behavior for EDM3: at each 
compression/decompression cycle the material returns to its original density [7] whereas the POREQST 
model predicts permanent densification.For the moment, the presence of this hysteresis under dynamic 
solicitation is not proven but it could explainthe small overestimation of the depth in our simulations.The 
compressed matter under the crater may return to its original density and consequently decreases the depth of 
the crater.  
 

Conclusion 
 
Semi-infinite targets of porous graphite have been impacted by a nanosecond high-power laser in order 

to generate craters. These craters have been measured using an interferometric profilometer. Observing their 
shape, we distinguished two different parts: a central volume and an outer ring. The depth and the diameter 
of the central volume grow as a power law of the laser energy whereas its volume grows linearly. Simple 
analytical reasoning can explain these dependences.  

Otherwise, numerical simulations have been performed using the HESIONE hydrocode. Central volume 
can be easily defined and its dimensions vary as experimentally. Simulations do not allow to characterize the 
outer ring but some parameters of the material model have to be fitted to better reproduce the damaged area. 
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For a better understanding of the material behaviour of a tungsten heavy alloy (WHA) with the chemical 
composition of 91 wt.% W, 6 wt.% Ni, 3 wt.% Co for potential medical, tooling and defence applications, several 
material testing methods covering the full regime from low to high strain rates are applied. In this study, 
methods like quasi-static tensile tests, Split-Hopkinson-Tension-Bar tests, Split-Hopkinson-Pressure-Bar tests, 
highly dynamic modified Taylor-impact tests and planar-plate-impact tests are combined. While dynamic 
material characterizations for WHAs have been performed before, e.g. [1-4], the main focus addressed in our 
study is on the non-uniform material properties inside a WHA rod that are due to the production process. The 
hardness gradient across the rod radius has been quantitatively determined (figure 1). For further material tests, 
cylindrical specimens were taken from centered and non-centered positions, as indicated in figure 2.  
As exemplary results, raw data of quasistatic tensile tests and modified Taylor-impact tests [5] are shown in 
figure 3 and figure 4. Based on the preliminary evaluation it can be concluded that a difference of about 10 % in 
hardness, 5 % in quasistatic tensile strength and about 50 % in dynamic yield strength is found comparing center 
and non-center specimen positions.  
 

 
 

Figure 1: Vickers hardness of WHA rod.  

*Author for correspondence (nadine.hartmann@emi.fraunhofer.de). 
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Figure 2:  Sample position for quasistatic and dynamic testing methods (large circle: rod cross section, small circles: 
specimen cross sections).  

 
 

 
 

Figure 3:  Measured stress-strain curve of center and non-center WHA specimen from quasistatic tensile tests.  

 
 

 
Figure 4:  Measured free surface velocity of center and non-center WHA specimen from dynamic modified Taylor tests. 
Note that the difference between the dynamic yield strengths determined from these data are hardly seen from the two 

curves by eye. Instead, further evaluation is necessary. 
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Abstract 
 
Energy absorbing materials represent an important group of products in the field of increasing the safety of 
citizens. Research and development including physical properties testing leads to improvement of these 
materials and protective constructions. In the presented study the newly designed energy absorber based on 
glass particles was subjected to the high strain rate loading. Designed absorbers consisted of expanded glass 
particles with grain size of 0,25 to 2 mm and two-component solvent-free polyurethane system. Cylindrical 
specimens were prepared for high strain rate testing using Split Hopkinson pressure bar with special made 
bars for successful testing of the designed material. The compressive pulse was generated by axial impact on 
the incident pressure bar by the striker bar at the velocity of 26 m·s−1. The influence of the particle size and 
binder amount on the attenuating properties of the material was evaluated.  For the blast tests, 6 sandwiches 
(500x500x45.5 mm) with different layer configuration were prepared.The objectives were to analyse the panels 
in terms of deformation and blast resistance and to determine the effect of different core set-ups on blast 
resistance enhancement of the structure. The sandwich panels consisted of 1.5 mm steel plate, 20 mm concrete 
slab, 21 mm core and 1.5 mm steel plate. 5 types of core configurations, with almost identical areal density, 
were prepared: 2 stepwise graded in three layers, 2 solid with different binder amount, 1 composed of three 
layer of the identical material(see Fig. 1), and subjected to the blast wave generated by the detonation of 70 g 
of A1 plastic explosive. The method to determine overall blast resistance of the panel was applied according to 
certified methodology M-T0-B VTÚO 10/09 based on evaluation of the tension strain curves recorded by 
strain gages fixed at the back steel plate of the sandwich. The image analysis was used to quantify the damage 
of the concrete slabs.  
The influence of sandwich configuration (core material gradation and core layer number and position) on the 
dynamic response and blast resistance of the structure was assessed.  
Following conclusions can be drawn: 
− The amount of the filler, as well as the filler grain size, affects the absorption potential of the composite. 

Regarding the amount of binder, the higher the binder dosage, the lower the relative absorbed energy. 
The materials with lower amount of binder provide the structure with higher voids ratio, which creates 
good environment for blast wave decomposition.  

− Blast absorbing capacity of the sandwich is highly influenced by the core configuration. The number of 
core layers has an influence on the dynamic response of the structure under blast loading, with increasing 
number of layers the blast resistance of the sandwich increases as well. The more interfaces, the more 
possibilities to reflect the blast wave, which results in reducing the strength of the initial wave. 

− Sandwich with configuration having decreasing grain size from the blast load epicentre achieved the best 
blast resistance amongst the various graded sandwich plates investigated. The opposite gradation of the 

* Martina Drdlová (vustah@seznam.cz) 
†Presentaddress: Department of applied research and development, Research Institute for building materials, Hněvkovského 65, Brno 
61700, Czech Republic 
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core performed worse under blast loads, it was outperformed also by the three same layer core 
composition.  

 
1 
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5 
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Fig. 1 Sandwich configurations 
 
− Regarding the sandwiches with one-layer core, better results were achieved in the case of the absorber 

with lower amount of binder, which corresponds with the results of Split Hopkinson pressure bar device 
tests. Different failure modes were identified in each core. The absorber with lower amount of binder 
showed particle crushing and densifying, whereas the core with higher amount of binder had a tendency 
to brake in bonds between particles and crushing of particles was almost not observed. The core with 
lower binder amount provides more voids and thus space for densification, which is suitable for blast 
energy absorption. 

− All sandwiches with novel absorber outperformed the sandwich No. 1 (REF) with commonly used impact 
mitigating foam. 
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Abstract 
 
The results of dynamic testing of a number of promising damping refractories different densities: ceramics based on 
zirconium-dioxide and corundum. Using a split Hopkinson bar (SHB) and its modifications the specimens were tested for 
compression and splitting at strain rates of about 1000 s-1, and tested in a rigid jacket confining its radial deformation. 
Dynamic deformation curves for ceramics and corundum of various densities were obtained, based on which 
characteristics of the limit of destruction of investigated materials were defined, as well as modules of loading and 
unloading, energy consumption and the time at failure point. The dependences of these characteristics from strain rate and 
the growth rate of stress were built. The obtained data provide the basis for determining the parameters of a number of 
models of deformation and fracture of high-porosity dampers. 
 

1. Introduction 
 
In recent years, the problem of security of military and industrial facilities, as well as container transportation of 
explosives, toxic and radioactive substances has acquired special urgency. In the design of bearing and protecting designs 
of new technology a central role plays assessing their dynamic strength in case of emergencies: terrorist attacks, natural 
and man-made catastrophes, accompanied by intense dynamic influences. As a damping components of protective 
structures and transport containers can be used ceramics, porous refractory, etc.  

So there is a real necessity in realization of a wide spectrum of researches directed on obtaining a new data about 
dissipative properties of materials, defining deformative and strengthening characteristics, formulation of adequate 
models of deformation and criteria of destruction for a wide range of strain rate, temperatures and amplitudes of loadings. 
These parameters are necessary for the numerical analysis and forecasting of behaviour of a real design or a construction 
at shock or explosive loads. 
 

2. Tested materials and specimens 
Two damper materials were tested by using the Kolsky method: refractory ceramics ZrO2+CaO and corundum Al2O3.  

Specimens from refractory ceramic ZrO2+CaO (density 4.82 g/cm3, porosity ≈20%, elasticity modulus 49.3 GPa) had 
dimensions ø20x10 mm and were tested both at uniaxial stress condition, and at the uniaxial strain (in a rigid jacket 
equipped with strain gauges). In the latter case the radial stress component in the specimen was determined, that in 
conjunction with the axial component allowed us to obtain the parameters of shear strength, lateral thrust and invariant 
diagram in intensity [1]. 

Corundum is a mineral based on Al2O3 alumina (crystalline alumina). Artificial corundum is obtained by thermal 
treatment of a variety of high-alumina raw materials. Tests on dynamic compression and splitting of corundum Al2O3 
with different initial porosity and density were conducted: batch No1: the density of 3.7g/cm3, porosity ≈0.5%; 
batch No2: the density of 2.3g/cm3, porosity ≈42%;  batch No3: the density of 0.4g/cm3, porosity ≈80%. 

*Author for correspondence (bragov@mech.unn.ru). 
†Present address: 1Research Institute of Mechanics, Lobachevsky State 
University, 23/6 Gagarin Ave., Nizhny Novgorod, 603950, Russia 
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3. Experimental methods and results 
To study the dynamic properties of the materials on compression the apparatus is used implementing the Kolsky method 
and split Hopkinson bar of diameter 20mm made of D16T aluminum alloy. We used two modifications of the Kolsky 
method. The first modification due to the increased length of the transmitted bar permitted to realize a multicycle loading 
of specimen and so to obtain in a single experiment a large degrees of deformation [2]. The second modification was that 
the incident bar was metallic whereas the transmitted bar was polymeric. This greatly improved the registration of the 
pulse transmitted through a sample having a very small amplitude. In addition, the very low velocity of elastic waves in a 
polymeric bar allowed to carry out undistorted registration of five loading cycles. 

Experimental studying of dynamic strength and compressibility of dampers has been executed with use of the Kolsky 
method (SHPB) at simple compression and splitting as well as at 1-D strain compression (specimen in a rigid jacket).  

Using the modification of the Kolsky method with registration a peripherical deformation of confining jacket [1] 
allows (in addition to receiving the uniaxial compression curve of sample σx~εx) to determine the compressibility curve 
P~θ and the dependence of the shear strength of the pressure τ~P and the lateral thrust coefficient.  

Properties of refractory ceramics ZrO2+CaO at different kinds of stress-strain state were investigated. Fig. 1 shows 
the location of the main curves of deformation: uniaxial strain diagram, hydrostatic curve, a uniaxial stress diagram and 
invariant diagram in the intensities Vi(Hi). All curves on the loading and unloading parts have non-linear character. Fig. 2 
shows the dependence of the lateral thrust and shear stress on the pressure. The unloading processes were shown by 
dotted lines. 
 

 
Figure 1: Dynamic compressibility curves for ceramics. 

 
Figure 2: Shear strength properties for ceramics. 

 

 
Figure 3: Energy consumption for ceramics: 

the appropriate stress-strain curves are shown by dotted lines. 

 
Figure 4: The influence of stress-strain type on 

strength properties 

 
At the initial part of loading the σx~εx charts under uniaxial stress state and uniaxial strain are almost identical. However, 
after the exhaustion by the sample without a jacket its strength (50 MPa) the chart under uniaxial stress state 
monotonically decreases to zero, while the chart under uniaxial deformation continues to increase up to its maximum 
value determined by the incident wave amplitude. At the stage of active load in a porous sample occurs irreversible 
destruction of relatively weak structural connections, removing the pore space and material's sealing. And on the stage of 
unloading the compressed material decompresses only slightly, but the initial porosity is not restored. Therefore the 

160



3 
 
 
 
 

 
 
 

unloading branch is much steeper than the load branch. For this reason, the way of shear strength curve τ~P and the 
dependence of the lateral thrust ξ~P at the unloading process (dotted lines) does not match to the appropriate load 
branches. 

The energy consumption of the tested ceramics is highly dependent on the type of stress-strain state. Figure 3 shows 
the energy consumption curves obtained under uniaxial stress condition and the uniaxial deformation. Energy 
consumption is calculated as the area under the stress-strain curve. 

In addition to compression tests under uniaxial stress state and the uniaxial deformation, tests were performed on the 
splitting (Brazilian test) [3]. Figure 4 shows the results together for all three types of stress-strain state. It is clearly seen 
that the strength during splitting 7 times less than in compression.  

Tests of the three batches of corundum Al2O3 of different porosity (from 0.5% to 80%) at compression and splitting 
were also conducted. Mechanical properties in compression at uniaxial stress condition and in tension were defined, as 
well as the dynamic compressibility and energy consumption.  

The stress-strain curves and the corresponding curves of strain rate (dashed lines) are shown in Figure 5. For each 
type of material density and porosity three characteristic diagrams are given at various levels of the loading-wave 
amplitude (strain rate). It is evident that the batch No1 has the greatest strength (~250 MPa), and the batch No3 has the 
lowest strength (0.8 MPa). 

 

      
 

      
Figure 5: Dynamic compressibility curves for corundum of different densities. 

 
Figure 5 also shows the dependences σx~εx for all batches of corundum for samples with minimal damage. Due to the 

very large difference in the scale of the curves, chart for corundum batch 3 has a separate scale axis (right).It is evident 
that these relations for batches 1 and 2 are almost the same shape as the loading pulse, indicating that maintaining the 
integrity of the specimens. While dependence σx~εx for highly porous corundum batch 3 has a maximum in the middle of 
the duration of the loading pulse, indicating that the specimen destroyed. Because of the extremely low strength of this 
type of corundum, receiving the stress-strain curve, while maintaining the integrity of the sample has not been possible. 

The maximum stress values should been adopted as the strength of the ceramic in compression obtained from stress-
strain curve of the experiments in which there is the appearance of specimen's plastic deformation, but after the test this 
specimen retained its visible integrity. However, as seen in the figures, higher strength values were obtained during 
dynamic loading. This behavior of material is due to the dynamic nature of the load and it is determined by two 
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competing processes that occur in the sample: the process of formation, growth and coalescence of microcracks and 
micropores to macropores and cracks, on the one hand, and the wave nature of the load increase in the material, on the 
other. If the rate of stress increase exceeds the rate of destruction process, the specimen with already formed and 
developed centers of destruction can be overloaded, so it can withstand over some time more and more increasing load. 

In addition to compressive experiments the splitting tests were carried out for determining the dynamic tensile 
strength of corundum. As a result of these tests the dependences of stress of the specimen over time were obtained. In the 
event of failure of the specimen the maximum value of the stress was taken as the characteristic of tensile strength of 
corundum. As usual for brittle materials, splitting strength was 3-5 times less than the compressive strength. Since the 
strength of the corundum batch No3 under compression was less than 1 MPa, so to determine its resistance to splitting 
was not possible because of the smallness of the transmitted pulse. 

Figure 6 presented the stress-time curves for corundum batches 1 and 2 in compression and splitting. It is clearly seen 
that more porous material is weaker both at compression and at splitting. 
 

 
Figure 6: Strength properties of corundum under 

compression and splitting: 
1 & 2 – density 3.7 g/cm3, 3 & 4 – density 2.3 g/cm3. 

 
Figure 7: Energy consumption for two batches of 
corundum:   the appropriate stress-strain curves are 

shown by dotted lines. 

 
A comparison was realized of energy consumption of the tested porous corundum under uniaxial stress state (Figure 7). 
Corundum batch 1 with a porosity of 0.1% has the highest energy absorption due to its higher structural strength. 
 

3. Conclusions  
 
A comparison of the energy intensity of the porous damping material under uniaxial stress state and uniaxial strain was 
conducted. Due to the higher structural strength of porous ceramics based on zirconium dioxide has the highest energy 
consumption in both types of stress-strain state. Under the conditions of uniaxial strain the energy consumption for all 
tested materials is significantly more. The obtained data provide the basis for determining the parameters of a number of 
models of deformation and fracture of high-porosity dampers. 
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Abstract 
 
The dynamic characterization of materials under intermediate and high strain rates is fundamental to understand the 
material behaviour in case of dynamic loadings. In this study dynamic tests of both dry and water-saturated limestone 
and concrete in compression, tension and splitting by the Kolsky method and its modification were analyzed. 
Temporal dependencies of critical stress can be predicted by the incubation time fracture criterion and these 
dependencies turned out to be in a good agreement with experiments. The incubation time of fracture (dynamic 
strength) of both dry and saturated material show that static strength of the saturated material is smaller than that of 
the dry material, whereas its dynamic strength in terms of incubation time can be conversely bigger. 
 
 

Introduction 
 
It is well known that the properties of materials under dynamic loadings are different to the corresponding static 
values. The dynamic fracture process is much more complicated than the static one due to the inertia effects and the 
stress wave propagation. Experiments with dynamic loading show a significant increase of the mechanical 
characteristics as tensile, splitting and compression strength with increasing strain-rate. This problem relates to the 
dependence of the mechanical characteristics on the history of duration, intensity, shape of the stress pulse and 
method of loading. A critical value can be considered as a material constant only under quasi-static loading 
conditions. Under dynamic loading, the critical properties are characterized by very strong instabilities and can vary 
by several orders of magnitude. As a result, the dynamic system behaviour often appears unpredictable. 
Another effect is the change of the dominant strength between the two materials. A material, which has a lower 
strength compared to another material in quasi-static tests, can have greater strength under dynamic loading. 
Moreover, various the internal humidity conditioncan lead to various dynamic effects of fracture of construction 
materials. 
Importance of study of rocks and concrete strength is not in doubt. These materials are a highly suitable material for 
building structures in the energy sector, for instance solar energy storage water tanks, nuclear containment vessels, 
etc. A correct and rational analysis of dynamically loaded structures requires an understanding of the behaviour of the 
mechanical properties of materials at high strain rates. Therefore a study of the behaviour of rocks and concrete at 
high rates of deformation and fracture is necessary. 
In this study consider temporal dependencies of water-saturated materials. Experimental results were obtained by split 
Hopkinson bar apparatus and its modifications. 
A uniform interpretation of fracture rate effects of some tested samples is given on the basis of the incubation time 
approach based on a set of fixed material constants. Time dependencies of both compressive and tensile strengths are 
calculated using the incubation time fracture approach[1]. This approach provides correct transition between quasi-
static and dynamic loadings. Introduction of the additional measured characteristic of strength (the incubation time) to 
the already known "quasi-static" parameter of strength (limit stress) allows to build dependences of maximal fracture 
stress on a loading (deformation) rate without numerous experiments for any type and character of loading. 

*Author for correspondence: A.Evstifeev (ad.evstifeev@gmail.com). 
 St.-Petersburg State University, Universitetskayanab., 7/9, St. Petersburg, 
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The concept of incubation time 
 
Considering phenomena such as brittle failure of a defect free specimen, fracture of specimen with macro-defect 
(crack), we deal with strength properties of the materials. These very diff erent processes exhibit some important 
common features. In the case of slowly applied load there exists the threshold value of load amplitude. In the case of 
very short durations the strength characteristics of materials are considerably diff erent from those obtained in the case 
of quasi-static testing.The criterion of fracture based on the concept of incubation time, proposed in [1-4], makes it 
possible to predict the unstable behaviour of the dynamic-strength characteristics observed in experiments on the 
dynamic fracture of solids. The fracture criterion can be written in the following general form: 
 1

𝜏  𝜎 𝑠 𝑑𝑠 ≤ 𝜎𝑠𝑡𝑡
𝑡−𝜏         (1) 

whereτ is the incubation time, σst is a strength (tensile, splitting and compression) for quasi-static loading and σ(t) is 
the applied stress which for t<0 is supposed to be zero. The instant of fracture t* corresponds to the earliest 
realization of equality in Eq. (1) or, in the general case, violation of this condition. 
For our tasks (uniaxial extension) take stress σ(t) in this form 
 𝜎 𝑡 = 𝜎 𝑡𝐻 𝑡          (2) 
whereH(t) is a Heaviside step function, 𝜎 is the rate of growth of stress (supposed to be constant). We substitute this 
function into the stress criterion Eq. (1) and find the value of the time to failure t* 

 𝑡∗ =  
𝜏
2 + 𝜎𝑠𝑡

𝜎 , 𝑡∗ ≥ 𝜏 

 2𝜎𝑠𝑡 𝜏
𝜎 , 𝑡∗ < 𝜏

         (3) 

which yields the following expression for the limiting stress 

𝜎∗ = 𝜎(𝑡∗) =  𝜎𝑠𝑡 + 𝜏𝜎 
2 , 𝑡∗ ≥ 𝜏 

 2𝜎𝑠𝑡𝜎 𝜏, 𝑡∗ < 𝜏
  

The general concept of incubation time works in both compressive and tensile cases, but the set material constants 
must be determined for compression and tension separately. The incubation time of fracture 𝜏 can be determined by 
the iterative procedure optimal fitting calculated values𝜎∗ to experimental points.  
 
 

Strength of dry and saturated materials  
 
In the paper [5] the influence of relative humidity of concrete was analyzed. The Hopkinson Bar Bundle was realized 
to study the high strain rate loading of concrete cubes. The experiments were carried out on concrete cured at three 
different conditions and tested at three strain rates. In this study only two condition of materials were analyzed – dry 
and saturated. The resultsshowed (Figure 1) that level of free water inside the material has an important influence on 
maximum tensile stress of concrete.The calculations were performed with parameters of materials in Table 1. 
Saturated concrete has a lower static strength of the two materials, but has a higher dynamic strength. Humidity in 
these parameters of loading concrete samplesincreases the strength properties of material at high strain rates and vice 
versa in statics. 

 
Table 1: Parameters of concrete at different curing conditions. 

 Dry concrete Wet concrete Dry micro-concrete Wet micro-concrete 

σst, MPa 3.3 3 5 4 

τ,µs 12 55 36 36 
 
But this dependence is not regularity. Inversion in strength properties of materials may occur and may not. For 
examples consider results of experiments on amicro-concrete under tension [6]. Results of dynamic experiments and 
the prediction of these results by Eq. (1) (curves) are shown in Fig. 2. The calculations were performed with 
parameters of materials in Table 1. In this case parameter of dynamic strength (incubation time) is equal for both 
materials. 
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Figure 1. Strain rate effect on maximum tensile stress of concrete for dry and saturated materials. Red squares are the 
experimental values for dry concrete [5]; red dash line is predictions of Eq. (1) for dry concrete; blue squares are the 
experimental values for saturated concrete [5]; and blue points line is predictions of Eq. (2) for saturated concrete. 
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Figure 2. Strain rate effect on maximum tensile stress of micro-concrete for dry and wet materials. Red squares are the 

experimental values for dry micro-concrete [6]; red dash line is predictions of Eq. (1) for dry micro-concrete; blue squares 
are the experimental values for wet micro-concrete [6]; and blue points line is predictions of Eq. (2) for wet micro-concrete. 
 
Another example is related to the behavior of rocks under compression and splitting. Experimental results of 
limestonewere obtained by split Hopkinson bar apparatus and its modifications in Research Institute of Mechanics in 
Nizhniy Novgorod [7].Parameters of material for all kind of condition of materials presented in Table 2. Results of 
experiments and the prediction of these results by Eq. (1) are shown in Fig. 3afor split and Fig.3b forcompression 
tests. 
 

Table 2: Parameters of limestone for compression and split tests. 
 For compression test For split test 

 Dry material Wet material Dry material Wet material 

σst, MPa 11.3 7.27 3.57 1.68 

τ,µs 48.3 80 47 85 
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Figure 3.Results of the dynamic test of limestone for dry and wet materials;a) Critical stresses in split tests, b) Critical 

stresses in compression tests. Red squares are the experimental values for dry micro-concrete [7]; red dash line is 
predictions of Eq. (1) for dry micro-concrete; blue squares are the experimental values for wet micro-concrete [7]; and blue 

points line is predictions of Eq. (2) for wet micro-concrete. 
 
The temporal dependence of both dynamic compressive critical stress and split tensile critical stress can be predicted 
by the incubation time fracture criterion and these dependencies turned out to be in good agreement with the 
experiments.The incubation time of fracture of the dry and saturated limestone in tension is close to the incubation 
time of fracture of the dry and saturated limestone in compression. 
 
  

Conclusion 
 
Experimental results by dynamic tension and compression tests by the Kolsky method and itsmodification of dry and 
saturatedconcrete and rock wereanalysed using incubation time approach. The analysis of the experimental data 
shows an increase in the dynamic compressive and tension critical stress with increasing strain. The results show non-
linear relationships between strength and strain rates.  
For saturated material strength in static regime less then wet material but under dynamic load wet and dry materials 
has closes maximum stress. The mechanical characterization of tested rock can be effectively predicted on the basis 
the incubation time fracture criterion. 
Analyse of experimental points for tension and compression strength of concrete shown that the saturated concrete 
has a lower static strength of the two materials, but one has a higher dynamic strength – the incubation time of 
fracture. Humidity increases the carrying capacity of concrete at high strain rates and vice versa in statics. But for 
micro-concrete was obtained parameter of dynamic strength is equal for both materials. 
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Abstract	
 

Mechanics of advanced materials, such as poro-, visco- or poroviscoelastic materials, is relevant to such 
disciplines as geophysics, geo- and biomechanics, seismology, constricting. Because of the complexity of the 
inertial viscosity and mechanical phases coupling in porous media most transient response problems can only 
be solved via numerical methods. The present work is dedicated to numerical modelling of a problem of a 
Heaviside-type impact load acting on a brittle slab situated above a fluid saturated foundation. Slab is treated 
as elastic or poroelastic rock. Fluid saturated foundation is a soil and modeled as a poroviscoelastic media. 
Poroviscoelastic formulation is based on Biot’s theory of poroelasticity in combination with elastic-viscoelastic 
correspondence principle. Classical models of viscoelasticity are employed, such as Kelvin-Voight model, 
standard linear solid model and model with weakly singular kernel. The problem is treated in Laplace 
domain. Direct boundary integral method approach is used to obtain solution. Modified Durbin’s algorithm of 
numerical inversion of Laplace transform is applied to perform solution in time domain. A problem of 
Heaviside-type vertical load acting on a slab bonded on a poroviscoelastic halfspace is considered. The 
comparison of dynamic responses when poroviscoelastic halfspace is described by different viscoelactic 
models is presented. 
	

Introduction	
 

Various types of interactions in advanced dispersed media, such as, porous of viscous media, are of a 
great interest of many disciplines. Wave propagation in porous/viscous media is an important issue of 
geophysics, geomechanics, geotechnical engineering etc. Dealing with wave propagation in a half-space, 
surface waves are one of most interesting effects. Especially, the Rayleigh wave is interest due to its disastrous 
consequence in earthquakes. Study of wave propagation processes in saturated porous continua began from 
the works of Y. I. Frenkel and M. Biot [1, 2]. The implementation of the solid viscoelastic effects in the theory 
of poroelasticity was first introduced by Biot [3]. Although many significant achievements have been made on 
wave motion in porous media [4], because the complexity of the inertial viscosity and mechanical coupling in 
porous media most transient response problems can only be solved via numerical methods. There are two 
major approaches to dynamic processes modeled by means of BEM: solving BIE system directly in time 
domain [5] or in Laplace or Fourier domain followed by the respective transform inversion [6]. The Laplace 
transform is the main method in dealing with transient response of porous media. Shanz and Cheng [7] 
presented an analytical solution in the Laplace domain and analytical time-domain solution without 
considering viscous coupling effect, and then developed the governing equation for saturated poroviscoelastic 
media by introducing the Kelvin–Voigt model and obtained an analytical solution in the Laplace domain for 
the 1D problem [8].  

A classical three-dimensional formulation is employed for study of viscoelastic parameters influence on 
dynamic responses in poroviscoelastic solids. The present paper is dedicated to the development of 3d 
poroviscodynamic problems numerical modeling technique based on using the Boundary Element Method 
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(BEM) in Laplace domain. There are two major approaches to dynamic processes modeled by means of BEM: 
solving BIE system directly in time domain or in Laplace or Fourier domain followed by the respective 
transform inversion [9]. The extension to poroviscoelasticity of the solution will be done in Laplace domain 
with the help of the elastic-viscoelastic correspondence principle.  
 

Problem	formulation	and	solution	method	
 

Homogeneous domain Ω  in three-dimensional Euclidean space 3R  is considered, with the boundary	
Ω∂=Γ . It’s assumed, that domain Ω  is isotropic poroelastic or poroviscoelastic.  

The set of differential equations of poroelasticity for displacements iû and pore pressure p̂ in Laplace domain 
(s – transform parameter) take the following form [4]:  

iifi,ijj,jji, F=u)βρ(ρspβ)(αuG+K+uG ˆˆˆˆ
3
1

ˆ 2 −−−−−⎟
⎠

⎞
⎜
⎝

⎛  

a=uβ)s(αp
R
sp

sρ
β

ii,ii,
f

ˆˆˆˆ
2

−−−−
φ , 

)(22

22

fa

f

kss

sk

φρρφ

φρ
β

++
= ,

)()(

22

fsssf

sf

KKKKKK
KK

R
−+−

=
φ

φ
, 

where KG,  – material constant from elasticity, φ  – porosity, k – permeability, α  – Biot’s effective stress 
coefficient, fa ρ,ρρ,  – bulk, apparent mass and fluid densities respectively, a,Fi ˆˆ  – bulk body forces per unit 
volume. Following types of boundary conditions for Ω  are considered: 
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uΓ and σΓ  – parts of boundaryΓ , where corresponding generalized displacements and generalized tractions 
are prescribed. 
Direct approach of boundary integral equations method is given [4, 10-11]: 
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Displacement vector at internal points is connected with boundary displacements and tractions as follows: 
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where ljU  and ljT  – components of fundamental and singular solution tensors. 

Analytical solutions of one-dimensional problem of axial force 2
2 /1 мHt =  for displacements and pore 

pressure can be obtained as follows [4]: 
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Poroviscoelastic solution is obtained from poroelastic solution by means of the elastic-viscoelastic 
correspondence principle, applied to skeleton’s elastic constants K and G in Laplace domain. )(ˆ sK  and )(ˆ sG  
calculating formulae are: 
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Model with weakly singular kernel of Abel type: 
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where γ ,ω ,α  and h are model parameters [11, 12]. 
Thus, poroviscoelastic solution in time domain we get with the help of the Laplace transform inversion. 
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Modified Durbin’s algorithm [13] with variable integrating step is used for numerical inversion of Laplace 
transform:  
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Integral representation and BIE with integral Laplace transform are used. Fundamental and singular 
solutions are considered in term of singularity isolation. Numerical scheme is based on the Green-Betti-
Somigliana formula. To perform numerical results double accuracy calculations are used. Regularized BIE  are 
considered in order to introduce BE discretization [10]. 
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BE discretization process is the process of surface fragmentation into boundary elements. Shape functions are 
quadratic polynomials of interpolation. Unknown boundary fields are integrated by interpolation node 
values. Boundary-element schemes are based on the mixed approximation of boundary functions: with 
biquadratic boundary approximation, bilinear displacement approximation and constant elements for 
tractions. 

Method was verified by comparison with analytical solution. 
 

Numerical	results	
 

Problem of a vertical Heaviside-type load on a slab bonded on a halfspace is considered (Fig.1).  
Poroelastic material parameters are: 29 /108 mNK ⋅= , 29 /106 mNG ⋅= , 3/2458 mkg=ρ , 

66.0=φ , 210 /106.3 mNKs ⋅= , 3/1000 mkgf =ρ , 29 /103.3 mNK f ⋅= , )/(109.1 410 sNmk ⋅⋅= − , that corresponds 
to Berea sandstone [4].The reference point P(10;0;0) is situated on a surface of a halfspace. To obtain numerical 
solution for displacements at reference point a boundary element mesh was employed (Fig.2). 
 

 	  
Fig.1.        Fig.2.	

	
The convergence was studied in a case of poroelastic slab and halfspace (Fig. 3-4.). Were considered BE 
meshes with different sampling degree: a) slab - 64 el., halfspace - 132 el.;b) slab - 256 el., halfspace - 548 el.; c) 
slab - 576 el., halfspace - 1252 el.;  d) slab - 1024 el., halfspace - 2308 el. 
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Fig.3. Displacements u1.      Fig.4. Displacements u3. 

���  solution on mesh «a»;���  solution on mesh «b»;��� solution on mesh «c»;���  solution on mesh 
«d». 

 
For a further calculation BE mesh «c» (Fig.2) was chosen. Vertical displacements at reference point in case of 
poroelastic slab on a poroviscoelastic halfspace are presented on Fig. 5-6. 
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Fig.5. Case of Kelvin-Voigt model   Fig.6. Case of Standard linear solid model 

 
Vertical displacements at reference point in case of model with weakly  singular kernel are presented on Fig. 
7-8.  
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Fig.7. Poroviscoelastic slab.   Fig.8. Poroviscoelastic halfspace. 

Poroelastic and poroviscoelastic solutions obtained by means of different viscoelastic models are given on 
Fig.5-8. The comparison of dynamic responses with different values of viscoelastic parameter for each model 
is presented. An effect of inner displacements wave field restructuring is demonstrated in the case of standard 
linear solid model, when properties of viscoelastic material were changing from instantaneous to equilibrium.  
 

171



5 
 
 
 
 

Phil. Trans. R. Soc. A. 
 
 
 

Conclusion	
 

Boundary integral equations method and boundary element method are applied in order to solve three 
dimensional boundary-value problems. Numerical approach based on BEM is verified by comparison with 
analytics. The poroviscoelastic media modelling is based on Biot’s theory of porous material in combination 
with the elastic-viscoelastic corresponding principle. Viscous properties are described by model with weakly 
singular kernel.  

A problem of Heaviside-type vertical load acting on a slab bonded on a poroviscoelastic halfspace is 
solved. The comparison of dynamic responses when poroviscoelastic halfspace is described by different 
viscoelactic models is presented. An influence of viscoelastic parameter on Rayleigh wave response is 
demonstrated.  
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Abstract 
 
Magneto-electro-elastic (MEE) materials are multi-field materials that have a wide number of applications due to 
their coupling properties. Such materials are usually brittle and exhibit general anisotropic behaviour. Although some 
numerical approaches have been proposed to investigate MEE solids under various loading configurations, studies 
about transient three-dimensional (3D) analysis of MEE materials can hardly be found in the literature. A Laplace 
domain 3D direct boundary element approach is presented in this work, to solve static and dynamic linear magneto-
electro-elastic problems with general structural configurations and boundary conditions. Three-dimensional dynamic 
Green's functions or fundamental solutions are expressed as surface integrals over a unit sphere. For spatial 
discretization of the displacement boundary integral equations, we employ a collocation method with mixed boundary 
elements. Fundamental solutions are interpolated over the boundary elements to reduce overall computation time. 
Time domain solutions are obtained via numerical inverse Laplace transform scheme. In order to show the accuracy 
of the presented boundary element formulation the results from the static analysis are compared with the exact ones 
and two-dimensional numerical solutions available in the literature. Numerical example is provided to illustrate the 
capability of the proposed approach to treat highly dynamic problems. 
 
 

Introduction 
 
Magneto-electro-elastic (MEE) materials that have the ability of converting the energy from one type to another 
(between mechanical, electric and magnetic energies) have a wide range of technical applications. They used in 
various smart structural devices like transducers, sensors,actuators and alsoin acoustic devices, ultrasonic imaging, 
lasers, hydrophones. MEE materials are receiving increasing attention because they can provide superior properties, 
compared to the other smart materialsdue to their magnetic-electric-mechanical coupling effect.However, significant 
multi-field coupling makes static and dynamic problems of linear magneto-electro-elasticity harder to solve. 
Numerical simulation plays a very important role in the design and construction of engineering structures and their 
elements, especially when composite multi-field materials are concerned, because they usually brittle and anisotropic 
that makes the mathematical modeling of their behaviour more complex.Therefore, it is important to develop a 
suitable andreliable numerical tool for accurate analysis of static and transient three-dimensional linear magneto-
electro-elastic problems with general structural configurations under various loading situations. Analytical, semi-
analytical approaches and various numerical methods have been presented for static, time-harmonic and transient 
dynamic two-dimensional and three-dimensional homogenous and multi-domain problems of linear magneto-electro-
elasticity [1-10].Relatively little work has been done fornumerical modeling of dynamic behaviour ofmagneto-
electro-elastic solids and structures with Boundary Element Method (BEM).Key features of BEM arethe 
dimensionality reduction so that only boundary discretization is required, higher accuracy due to semi-analytical 
nature of the methodand easier application for infinite and semi-infinite domain problems.However, while BEM 
offers certain advantages over domain-based methods like Finite Element Method or Finite Differences Method, the 
corresponding fundamental solutions needed to be known. 
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To the best authors’ knowledge, no work in the literature has been made to solve transient dynamic problems 
ofmagneto-electro-elastic media via conventionalBEM. In this paper, we extend our previous works [11,12] dedicated 
to Laplacedomain three-dimensional direct boundary element approachfrom anisotropic elasticity, viscoelasticity and 
piezoelectricity to anisotropic magneto-electro-elastic media.Three-dimensional static fundamental solutions (Green's 
functions) are represented in an implicit form as an integral over a unit circumference [13, 14]. Dynamic Green's 
functions are expressed as surface integrals over a unit sphere [15]. For spatial discretization of the displacement 
boundary integral equations we employ a collocation method with mixed boundary elements [16]. Dynamicparts of 
the fundamental solutions are interpolated over the boundary elements to reduce overall computation time [17].Time 
domain solutions are obtained by a modifiedDurbin’s numerical Laplace transform inversion routine [18, 19].Static 
and transient dynamic numerical examples are provided to show thereliability and accuracy of the proposed boundary 
element formulation. 
 
 

Problem Statement 
 
We consider a homogenous fully anisotropic three-dimensional magneto-electro-elastic solid of volume 3R�:  
with boundary :w * . Under the quasi-static assumption for the electric and the magnetic fields, implying zero 
initial conditions and in the absence ofbody forces, free electrical charges and the magnetic induction sources,the 
Laplace transformsof dynamic equilibrium equations are given as follows: 
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wheres is the parameter of the Laplace transform, U  is the mass density. Herethe standard contracted notation has 
been used for the generalized displacements kU and thegeneralized elasticity tensor ijklC : 
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where ku , I and\ are the elastic displacements, electric potential, and magnetic potential, respectively; E
ijklC , lije  

and lijq  denote the elastic, piezoelectric and piezomagnetic tensors, respectively; ilO , ilH  and ilP  are the 
magnetoelectric coefficients, dielectric permittivity and magnetic permittivity tensors, respectively. The following 
symmetry relations are satisfied: 

 
.,,

,,,

liilliilliil

ljilijljilijlkjiijkl qqeeCC
PPHHOO    

   
 (4) 

The generalized boundary conditions on * are expressed as 
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where ijV , iD and iB are the Cauchystress tensor, electric displacement vector and magnetic induction vector, 

respectively; kn are the components of the external unit normal vector to the boundary. 
 
 

BEM Formulation 
 
Theboundary integral representation for generalized displacements at the collocation point x follows from the 
extended Somiglianaequation and takes the form 

 ,)(d),(),,()(d),(),,(),( ³³
**

*�* yyyxyyyxx sUshsTsgsUc kjkkjkkjk *�x  (8) 

where jkc is the coefficient matrix; ),,( sg jk yx  and ),,( shjk yx  are the Laplace transformed dynamic fundamental 
solutions for the generalized displacements and tractions at the field point y due to a unit source applied at the 
collocation point x. 
The generalized traction fundamental solution is obtained using the relation: 
 ),(),,( , yyx ilkpijkljp ngCsh  ,5,1,  pj  (9) 

where )(yin  are the components of the external unit normal vector to the boundary at the field pointx. 
The Laplace transformed generalized displacement fundamental solution is represented as a sum of singular and 
regular parts as follows: 
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where the singular part )(rS
jpg  is the static magneto-electro-elastic fundamental solution. Following the works [13-

15] singular and regular terms can be expressed as 
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where mO  are the eigenvalues of the )(nilZ ,Q is number of distinct eigenvalues,n is the wave propagation vector, 

mc  are the phase velocities of the elastic waves and mk  are the wave numbers. 
In this formulation the mixed boundary elements are employed [16] for spatial discretization of Eq. (8). Boundary *  
is discretized with quadratic quadrilateral elements. In order to correctly model continuous generalized displacements 
and discontinuous generalized tractions in each boundary element, linear and constant shape functions are used, 
respectively.To accelerate the integration process, regular parts of the fundamental solutions and their spatial 
derivatives are interpolated overa boundary element [17] using the shape functions of five-node element. It allows 
reducing the computation timeby almost 50%. After enforcing the boundary conditions standard collocation technique 
leads to a system of linear algebraic equations that are parameterized by a Laplace transform parameter s. Once this 
system is solved, we employ a numerical inversion routine to retrieve time domain solutions. 
When values of Laplace transformed function )(sf  are available on the set of sampling frequencies kk is ZD � , 

Rnn  ���� �121 ...0 ZZZZ the inverse Laplace transform can be approximated as follows [18, 19]: 
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where kkk ZZ � ' �1 , )](Re[ kk ifF ZD � , )](Im[ kk ifG ZD � and 0!D  is the arbitrary real number greater 

than the real parts of all singularities of )(sf . 
 
 

Numerical Examples 
 
Static problem for a rectangular prism under prescribed tension 
Consider a magneto-electro-elastic rectangular prism of size .3 aaa uu The centre of the prism coincides with the 
origin. Considered materialis transversely-isotropic and its constants are given in Table 1 [9]. 
 

Table 1: Material constants ,mN 2E
ijc ,mC 2

ije ,VmCijH ,AmNijq ,VCNsijO .CNs 22
ijP  

Ec11  Ec12  Ec13  Ec33  Ec44  Ec66  31e  33e  15e  

166E+09 77E+09 78E+09 162E+09 43E+09 44.5E+09 -4.4 18.6 11.6 
11H  33H  31q  33q  15q  11O  33O  11P  33P  

11.2E-09 12.6E-09 580.3 699.7 550 5E-12 3E-12 5E-6 10E-6 
 
The following boundary conditions are imposed: 
 ,21 ax  :232 ax  ,01  t ,02  u ,03  t ,0 nD ,0 nB   
 ,21 ax � :232 ax � ,01  u ,02  u ,03  t ,0 nD ,0 nB   
 :23 ax  ,01  t ,02  u ,1003  t ,0 nD ,0 nB   
 :23 ax � ,01  t ,02  u ,03  u ,0 I .0 \  
  
The comparison of boundary element results for different meshes with analytical solutions for plane-strain problem 
[9] is presented in Table 2.As it can be observed, results of static analysis are in the excellent agreement with the 
analytical ones and the maximum relative error less than 0.45%. 
 

Table 2: Elastic displacements 1u , 3u , electric potential I  and magnetic potential \  at point � �.2,23,2 aaa  

Mesh ,1u  m ,3u  m ,I  V ,\  A 
4124 uu  -6.351148E-10 1.137324E-09 1.896969E+00 4.294634E-02 
6186 uu  -6.344309E-10 1.136904E-09 1.896607E+00 4.295536E-02 
8248 uu  -6.341515E-10 1.136717E-09 1.896484E+00 4.295896E-02 
103010 uu  -6.340156E-10 1.136617E-09 1.896430E+00 4.296073E-02 
123612 uu  -6.339358E-10 1.136556E-09 1.896404E+00 4.296168E-02 

Analytical solution [9] -6.333160E-10 1.136676E-09 1.899100E+00 4.278120E-02 
 
Dynamic problem for a cube under uniaxial tension 
Consider a magneto-electro-elastic cube with side length of 1m. At thebottom face m03  x  the following boundary 
conditions are prescribed ,01  u ,02  u ,03  u ,0 I 0 \ ;at the upper face m13  x  the cube is subjected to 

uniaxial and uniform impact loading ),(*
33 tHtt  Pa100*

3 � t , with )(tH beingthe Heaviside step function. The 

rest of thefaces are traction free. The cube is made of BaTiO3-CoFe2O4 with density 3kg/m 5550 U  and with 
effective material properties as presented in Table 3 [20]. 
 

Table 3: Material constants ,mN 2E
ijc ,mC 2

ije ,VmCijH ,AmNijq ,VCNsijO .CNs 22
ijP  

Ec11  Ec12  Ec13  Ec33  Ec44  Ec66  31e  33e  15e  

213E+09 113E+09 113E+09 207E+09 49.9E+09 50E+09 -2.71 8.86 0.15 
11H  33H  31q  33q  15q  11O  33O  11P  33P  
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0.24E-09 6.37E-09 222 292 185 -5.23E-12 2750E-12 2.01E-4 0.839E-4 
 
The boundary element results at the middle point of loaded face for four different uniform meshes with 96 (mesh 1), 
216 (mesh 2), 384 (mesh 3) and 600 (mesh 4) elements are shown in Figures 1-3 for elastic displacements 3u , electric 
potential I  and magnetic potential \ , respectively.The results obtained with the proposed formulation indicate rapid 
convergence, even for magnetic potential behaviour. 

 
Figure 1: Elastic displacements 3u  

 

 
Figure 2: Electric potential I  

 

 
Figure 3: Magnetic potential \  

 
 

Conclusion 
 
In this paper we have presented a Laplace domain direct boundary element formulation for static and transient 
dynamic problems of three-dimensional linear magneto-electro-elasticity.The Laplace transformed generalized 
fundamental solution is represented as a sum of singular and regular parts. Dynamic part is expressed as surface 
integral over a half of a unit sphere and singular static part as an integral over a unit circumference. The boundary 
elements selected in a way that allows simultaneouslymodeling of continuous generalized displacements and 
discontinuous generalized tractions. Spatial discretization is done by a classical collocation scheme. Time domain 
solutions are retrieved via numerical inversion technique.Numerical examples are presented for two problems: a static 
behaviour of rectangular prism under prescribed tension and transient response of a cube under uniform uniaxial 
impact loading.Obtained results are in a very good agreement with the exact solutions and excellent convergence is 
demonstrated for each problem. 
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Abstract	
 
Problems of wave propagation in poroelastic bodies and media are considered. The behaviour of the 
poroelastic medium is described by Biot theory for partially saturated material. Mathematical model is written 
in term of five basic functions – elastic skeleton displacements, pore water pressure and pore air pressure. 
Boundary integral equation  method is used with step method of numerical inversion of Laplace transform to 
obtain the solution. Research is based on direct boundary integral equation of three-dimensional isotropic 
linear theory of poroelasticity. Green’s matrices and, based on it, boundary integral equations are written for 
basic differential equations in partial derivatives. Discrete analogue are obtained by applying the collocation 
method to a regularized boundary integral equation. To approximate the boundary consider its 
decomposition to a set of quadrangular and triangular 8-node biquadratic elements, where triangular 
elements are treated as singular quadrangular. Every element is mapped to a reference one. Interpolation 
nodes for boundary unknowns are a subset of geometrical boundary-element grid nodes. Local approximation 
follows the Goldshteyn’s generalized displacement-stress matched model: generalized boundary 
displacements are approximated by bilinear elements whereas generalized tractions are approximated by 
constant. Integrals in discretized boundary integral equations are calculated using Gaussian quadrature in 
combination with singularity decreasing and eliminating algorithms. 
 

Problem	formulation	
 
The governing equations of partially saturated poroelasticity in the Laplace domain with five unknowns – 
solid displacements iu , the pore wetting fluid pressure wp , and the pore non-wetting fluid pressure ap  – 
given by [1] 
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Where wK  and aK  are bulk moduli of the fluid, φ  is porosity, aw
i IIF ,,  are bulk body forces. The bulk 

density is denoted by aawws SS ρϕρϕρϕρ ++−= )1( , where sρ  is the density of the solid, wρ  is wetting fluid 
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density, aρ  is non-wetting fluid density. The saturation degrees are defined as the ratios of the volume 
occupied by the fluid wV  or aV  to the void volume.	
 

Boundary	integral	equations	and	discretization	
 
The boundary-value problem can be reduced to the following boundary integral equation [2, 3, 4]: 

( ) ,0),(),,(~),(),,(~),(),,(~),( 0∫
Γ

Ω =Γ−−+ dsytsyxUsxusyxTsyusyxTsxu iikiikiikkα 	

where ( )sxU ,~ , ( )sxT ,~  are fundamental and singular solutions for boundary integral equation (BIE), ( )sxT ,~0  

contains the singularities isolation, )( Γ∈x , ( )Twa qqtttt ,,,, 321= , ( )Twa ppuuuu ,,,, 321=  for partially 
saturated poroelasticity. 
To approximate the boundary consider its decomposition to a set of quadrangular and triangular 8-node 
biquadratic elements, where triangular elements are treated as singular quadrangular. Every element is 
mapped to a reference one (square [ ]221 1 ,1),( −∈= ξξξ  or triangle ,10 21 ≤+≤ ξξ  0,0 21 ≥≥ ξξ ). Interpolation 
nodes for boundary unknowns are a subset of geometrical boundary-element grid nodes. Local approximation 
follows the Goldshteyn’s generalized displacement-stress matched model [4]: generalized boundary 
displacements are approximated by bilinear elements whereas generalized tractions are approximated by 
constant. For BIE discretization the collocation method is used; the set of collocation nodes coincides with the 
set of approximation nodes for the boundary functions. Integrals in discretized BIE’s are calculated using 
Gaussian quadrature in combination with singularity decreasing and eliminating algorithms [4].	
 

Laplace	transform	inversion	
 
Time-step method for Laplace transform numerical inversion is similar to CQM, but whereas CQM is based 
on the convolution theorem, it’s based on the integration theorem, hence dedicated to the calculation of the 
original function integral. In order to get as a result the original function )(tf  such as 0)0( =f  from ( )sf  we 
need to apply the theorem to its derivative: 
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Following the theorem, the integral can be found as (basing on [4-6, 15]): 
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Here R is the radius of the analyticity region for ( )tzf Δ/)(γ  and )(zγ  is the characteristic function for the 
linear multistep method applied to the Cauchy problem arising within the integral evaluation. Backward 
differentiation (BDF) based methods of order 6≤  are applicable in scope of this solution scheme. For BDF-2 
we have 2223)( 2zzz +−=γ .Several modifications of the method can be derived from different ways to 
calculate )( tn Δω .	
 

Numerical	example	
A problem of vertical load ( )tftt 0

3 = , 20 /1 mNt −=  to a surface element abcd  of homogeneous poroelastic half-

space is considered, where ( )tf  is Heaviside function (Figure 1). The area of abcd  is 25.0 m . The rest of the 
surface is free and impermeable. The pore size distribution index ϑ  is set to 1.5, the residual water saturation 

rwS  is set to 0, and the air entry saturation raS  is set to 1, 9.0=wS . The column is made of Massilon sandstone 

with the following properties: K = 29 /1002.1 mN⋅ , G = 29 /1044.1 mN⋅ , φ = 23.0 , sρ = 3/2650 mkg , 

wρ = 3/997 mkg , aρ = 3/10.1 mkg , sK = 210 /1055.3 mN⋅ , wK = 29 /1025.2 mN⋅ , aK = 25 /1010.1 mN⋅ , 

κ = 212105.2 m−⋅ , wη = 23 /100.1 mNs−⋅ , aη = 25 /108.1 mNs−⋅ .  
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Figure 1: Homogeneous half-space 

 
Responses of displacements and pore pressure at point 5.8m from the excitation area are shown in Figure 2. 

 

 
Figure 2: Displacements and pore pressure 

 
It is clearly observed that the amplitude of the Rayleigh wave peak around about 0.0073.  The arrival of 
compression wave and shear wave is not possible to determinate at such a short distance. The pore air 
pressure results are similar to the pore water pressure. 
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Abstract 
 
The dynamic characterization of materials under intermediate and high strain rates is fundamental to 
understand the material behaviour in case of dynamic loadings.   
In this study dynamic tests of both dry and water-saturated limestone and concrete in compression, tension 
and splitting by the Kolsky method and its modification were analyzed.  
Temporal dependencies of critical stress can be predicted by the incubation time fracture criterion and these 
dependencies turned out to be in a good agreement with experiments. The incubation time of fracture 
(dynamic strength) of both dry and saturated material show that static strength of the saturated material is 
smaller than that of the dry material, whereas its dynamic strength in terms of incubation time can be 
conversely bigger. 
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