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SCHEDULE
Tuesday, May 27, 2008
17:00 Toulouse Blagnac Airport: Departure of the shuttle to Rocamadour
17:00 - 19:30 Registration
20:00 Dinner
Wednesday, May 28, 2008

08:00 - 8:30 Registration

08:30 - 8:50 Welcome

08:50 - 10:20 Session 1

10:50 - 12:35 Session 2

12:35 - 14:20 lunch

14:20 - 15:50 Session 3

16:20 - 17:35 Session 4

18:00 - 19:00 Visit of Rocamadour

19:30 Dinner at "Restaurant du Belvédere"

Thursday, May 29, 2008

08:30 - 10:00 Session 5

10:30 - 12:45 Session 6

12:45 - 14:30 Lunch

14:30 - 17:30 Visit of Centre d'Etudes de Gramat
20:00 Conference dinner

Friday, May 30, 2008

08:30 - 10:00 Session 7

10:30 - 12:00 Session 8

12:00 - 13:45 Lunch

13:45 - 15:40 Session 9

16:00 Departure of the shuttle to Toulouse Blagnac Airport




4/78

Materials under Extreme Loadings — Application em&ration and Impact
The second US-France conference organized by temational Center for Applied Computational Medban

Rocamadour, France — May 28-30, 2008

PROGRAM
Wednesday, May 28, 2008

Duration

Time

Welcome introduction
B. Mortaigne

Welcome of CEG
C. Common

Presentation of ICACM
J. Rogacki

Organization information
E. Buzaud

0:05

0:05

0:05

0:05

8:30

8:35

8:40

8:45

SESSION 1

IMPACT AND PENETRATION OF STEEL PLATES USING DYNAMIC BASED LENGTH
SCALES

G. Z. Voyiadjis

Louisiana State University

THE VIRTUAL PENETRATION LABORATORY: APPLICATIONS TO PROJECTILE
PENETRATION AND STRUCTURAL RESPONSE

M.D. Adley
ERDC

SIMULATIONS OF THE PENETRATION OF LIMESTONE TARGETS USING TWO
DIMENSIONAL MULTIMODAL FOURIER ANALYSIS

M. Brun
Insa Lyon

0:40

0:25

0:25

8:50

9:30

9:55

Break

0:30

10:20

SESSION 2

CONCRETE TESTING AND MODELING ISSUES FOR MATERIALS UNDER EXTREME
LOADINGS

S.A. Akers
ERDC

EXPERIMENTAL ANALYSIS OF CONCRETE BEHAVIOR UNDER HIGH CONFINEMENT
L. Daudeville
Université Joseph Fourier

USE OF X-RAY COMPUTED MICROTOMOGRAPHY FOR THE STUDY OF
MICROCRACKING IN CEMENTITIOUS COMPOSITES

N. Butrlion
Université de 1ille

0:40

0:40

0:25

10:50

12:10

Launch

1:45

12:35
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Duration

Time

SESSION 3

EXAMINATION OF TESTING CONDITIONS ON SPECIMEN IN HOPKINSON BAR
EXPERIMENTS

W.W. Chen

Purdue University

DYNAMIC INDENTATION RESPONSE OF ADVANCED STRUCTURAL MATERIALS
G. Subhash
University of Florida

EXPERIMENTAL APPROACH AND MODELING OF THE DYNAMIC TENSILE
BEHAVIOR OF A MICRO-CONCRETE

P. Forquin
Université de Metz,

0:40

0:25

0:25

14:20

15:00

15:25

Break

0:30

15:50

SESSION 4

NUMERICAL ASPECTS AND PROCEDURES FOR MODELING REINFORCED CONCRETE
STRUCTURES UNDER EXTREME IMPULSIVE LOADINGS

K.T. Danielson

ERDC

BEHAVIOR OF CONCRETE STRUCTURES UNDER SEVERE LOADS: A STRATEGY TO
SIMULATE THE RESPONSE FOR A LARGE RANGE OF LOADINGS

A. Rouquand
DGA

SIMULATING PROJECTILE PERFORATION THROUGH CONCRETE SLABS: HOW
SIGNIFICANT IS THE TENSILE BEHAVIOR OF CONCRETE ?

A.O. Franck
ERDC

0:25

0:25

0:25

16:20

16:45

17:10

End of sessions

17:35

|Visit of Rocamadour

1:00

18:00 |

[Dinner at "Restaurant du Belvédere"

19:30 |
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Thursday, 29 May, 2008

Duration

Time

SESSION 5

A MULTI-SCALE MODEL TO DESCRIBE DAMAGE IN GLASS UNDER IMPACT
LOADING

F. Hild
Ecole Nationale Supérienre Cachan

TOWARDS A BETTER UNDERSTANDING OF EXPLOSIVES BEHAVIOUR THROUGH A
MULTISCALE METHODOLOGY

H. Trumel
CEA/DAM

DESIGN OF MATERIALS WITH ENHANCED PROPERTIES: A MULTI-LENGTH SCALE
COMPUTATIONAL APPROACH

V. Sundararaghavan
University of Michigan

0:40

0:25

0:25

8:30

9:10

Break

0:30

10:00

SESSION 6

STEADY SHOCKS IN METALS AND LAYERED MATERIALS

A. Molinari
Université de Metz

DAMAGE EVOLUTION IN EXPLOSION OF A PARTICULATE COMPOSITE CIRCULAR
CYLINDER

R.C. Batra
Virginia Tech.

REAL-TIME DIRECT MEASUREMENTS OF DEFECTS AT A MESOSCALE LEVEL IN
SPALLED TANTALUM

L.C. Chhabildas
AFRI, Eglin AFB

AN EMPIRICAL APPROACH OF THE RANDOM RUPTURE IN LAGRANGIAN
NUMERICAL SIMULATIONS

J. Petit
DGA

0:40

0:40

0:25

0:25

10:30

11:10

11:50

12:15

Launch

1:45

12:45
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Duration Time
Departure for CEG visit 3:00 14:30
Welcome & video presentation - Amphitheater
Group 1: PPB - LDM - CYCLOPE
Group 2: LDM - CYCLOPE - PPB
End of CEG visit 17:30

|Conference Dinner 20:00
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Friday, May 30, 2008

Duration

Time

SESSION 7

NUMERICAL SIMULATION OF DYNAMIC FRACTURE OF MATERIALS AND
STRUCTURES USING X-FEM OR SPH

A. Combescure
INSA Lyon

SMOOTH PARTICLE HYDRODYNAMICS: SOME OBSERVATIONS ON ITS USE FOR
PENETRATION AND PERFORMATION SIMULATION

L.E. Schwer
Schwer Engineering & Consulting Services

MESO-SCALE MODELING OF REINFORCED CONCRETE STRUCTURES SUBJECTED TO
PENETRATION : RECENT ADVANCES

G. Cusatis
Rensselaer Polytechnic Institute

0:40

0:25

0:25

9:10

9:35

Break

0:30

10:00

SESSION 8

NUMERICAL MODELING OF PROJECTILE PENETRATION INTO COMPRESSIBLE RIGID
VISCO-PLASTIC MEDIA
I. Tonescu

Unipersité Paris X111

AN IMPROVED CONTACT ALGORITHM FOR MULTIMATERIAL CONTINUUM CODES

D.L. Littlefield
University of Alabama

COMPACTION PROCESS IN CONCRETE DURING MISSILE IMPACT: A DEM ANALYSIS

F. Donzé
Université Joseph Fourier

0:40

0:25

0:25

11:10

11:35

Lunch

1:45

12:00
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Duration Time
SESSION 9

THE SHOCK RESPONSE OF GEOLOGICAL AND CEMENTITIOUS MATERIALS 0:40 13:45
W.G. Proud
Cavendish Laboratory, Cambridge University
DAMAGE IN GLASS FROM HIGH VELOCITY IMPACT 0:25 14:25
S.J. Bless
AT
PHYSICAL MICROSTRUCTURE AND FRACTURE OF HETEROGENOUS SOLIDS 0:25 14:50
E.N. Landis
University of Maine
MEASUREMENTS OF STRESS AND MOTION PRODUCED BY A SPHERICAL EXPLOSIVE 0:25 15:15
DETONATION IN MANUFACTURED JOINTED ROCK
J.K. Gran
SRI
End of sessions 15:40
|Bus Departure to Toulouse 16:00
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THE VIRTUAL PENETRATION LABORATORY: APPLICATIONS TO
PROJECTILE PENETRATION AND STRUCTURAL RESPONSE

Mark D. Adley Andreas O. FrankKentT Danlelson

Stephen A. Akers James D. Carglleand Bruce C. Patterson
(e-mails:Mark.D.Adley@usace.army.niindreas.O.Frank@usace.army.mil
Kent.T.Danielson@usace.army.mil

James.D.Cargile@usace.army,rbiluce.patterson@eglin.af.mil

1
U.S. Army Engineer Research and Development Center
Impact & Explosive Effects Branch, Attn: CEERD-GM-I
3909 Halls Ferry Road
;/icksburg, MS 39180-6199 USA

Bevilacqua Research Corporation
3Air Force Research Laboratory, Munitions DirecterégaFRL/MNAL)
101 West Eglin Blvd., Suite 309D
Eglin AFB, Florida 32542-6810, USA

Abstract:

The high computational cost of modeling both thejgutile and the target on a fully first principles
basis has led researchers to develop modeling apipes that involve the coupling of analytical
penetration resistance (PR) equations with finiement codes[1]. In recent years the accuracy
required for penetration predictions, fuze timitgdées, and weapon survivability analyses have made
it necessary to develop high-fidelity PR equatidos a wide variety of target materials. Target
materials of interest include advanced ultra-highfgrmance concretes, adobe, brick, rock, etc. ,Also
the use of instrumented projectiles in experimeots offers the opportunity to develop advanced PR
equations that not only predict the depth-of-peat&tn, but also the acceleration- and velocity-time
histories.

In order to advance the development of high-figeiR equations the authors have developed a new
software package called the Virtual Penetrationdtatory (VPL). The VPL software package includes
a material driver code that simulates material propexperiments, a dynamic finite element codé¢ tha
solves spherical and cylindrical cavity expansiaobfems, a rigid-body trajectory code, and a
graphical user interface that provides extensive pnd post-processing capabilities. The VPL code
offers engineers the opportunity to leverage existesearch efforts to develop the next generatfon
high-fidelity PR equations. For instance, the VRIde includes the capability to input the stresaifistr
path data generated in material property experisneahducted on new target materials of interest.
Several advanced constitutive models have beeneimmgtted in the material driver and cavity
expansion codes including the M4 microplane[2] &iCI3 models[3], and continuous evolutionary
algorithms[4] are available in the VPL code to amétically fit material models to the material
property data. The new material model fits are thegd in the cavity expansion code to determine the
resistance of the material to cavity expansion.r&toee, the VPL code can be used to study the teffec
of material properties and constitutive model chemastics on predictions of the target materials
resistance to cavity expansion.

The method used in the VPL code to develop PR @amsts based on an analogy between the
penetration problem and the cavity expansion prablEhis analogy has been used successfully by a
number of researchers to model penetration problétnsvever, the vast majority of the research
conducted in this area involved the use of singgdifconstitutive models in conjunction with other
simplifying assumptions to allow the derivation @fclosed form solution to the cavity expansion
problem. One notable exception to that trend iswlek of Warren, Fossum, and Frew [5]. The
methodology used in VPL to generate PR equatioas tke finite element method to solve a series of
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cavity expansion problems where each problem imeééfas the opening of a cavity at a constant
expansion velocity. Each cavity expansion solutforun until the radial (normal to cavity wall) a&s
approaches a constant value. Each of those satutepresents a point in radial stress versus radial
velocity space. The next step in the process iregthe determination of the quadratic equation kwhic
best fits the aforementioned data points in a leqgares sense. This equation represents thearesist

of the target to the opening of a cavity as a fiemcof the cavity expansion velocity. The finalsie

the process requires the transformation of thetgasipansion resistance equation to a PR equation.
There are several methods of accomplishing this ta®d the method used can have a significantteffec
on the predictive capability of the final equatidine VPL code is an ideal tool for studying theioas
available transformation algorithms to determire fiost effective method.

Finally, the PR equation is used in the trajectoogle included in VPL to compute predictions of
projectile penetration experiments. If the resaftthat validation process produce encouragingligs

the equation can then be implemented in a finilameiht code to study the structural response of
projectiles subjected to impact and penetratiomt&svelt is important to note that when PR funcsion
are coupled with finite element codes that simuthte structural response of the projectile theee ar
additional concerns that arise, e.g. the form ef penetration resistance equation can preclude the
occurrence of certain failure modes such as bugktihthe projectile case. These additional issues
impose new constraints on the form of the penematésistance equationehe VPL software package

is a powerful tool that has the potential to depdRiR equations that: (a) satisfy all relevant qainsts

on the form of the equations, (b) provide high-fitiyepredictions of the displacement-, velocitynda
acceleration-time histories, and (c) that have pibtential for extrapolation/interpolation. Examples
demonstrate the effectiveness of the VPL softwakage for studying the penetration mechanics and
constitutive modeling issues related to the devaleqmt of PR equations.

Keywords: impact, penetration, constitutive modeihg, computational mechanics, cavity
expansion.
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CONCRETE TESTING AND MODELING ISSUES
FOR MATERIALS UNDER EXTREME LOADINGS

Dr. Stephen Akers, Ms. Erin Williams, and Mr. PRded
(e-mails: Stephen.A.Akers@usace.army.mil
Erin.M.Williams@usace.army.miPaul.Reed@usace.army. il

Geotechnical and Structures Laboratory
US Army Engineer Research and Development Center
3909 Halls Ferry Road
Vicksburg, MS 39180, USA

Abstract:

The Geotechnical and Structures Laboratory (GShg of seven laboratories within the US Army
Engineer Research and Development Center (ERDG)¢chiaplementary research facilities expressly
developed to support the Corps of Engineers’ misgioSurvivability and Protective Structures. One
of these facilities, the Geodynamics Research iBactias evolved over the last four decades and
provides researchers with unique capabilities testigate the mechanical response of geologic and
man-made materials at loading rates and pressssesiated with nuclear and conventional explosions
and projectile impact and penetration. The fgciibuses many unique and specialized high-pressure
test devices permitting the application of bothistand dynamic states of stress and strain. Ttesde
devices have been specially designed to investitjebehavior of undisturbed soil, soil backfills,
rock, grout, concrete, and other construction niter The devices in this facility have the cajigbi

to measure the response of these materials undariety of different loading conditions such as
uniaxial strain, isotropic compression, triaxiahgaression and extension, and other complex stiess o
strain paths. Static and dynamic mechanical ptigsedeveloped from the results of laboratory tests
provide input to numerical computer codes desigiwegredict ground shock propagation, dynamic
soil-structure interaction, and projectile penébrat

The laboratory test equipment mentioned above Hawed us to explore the behavior of a wide
variety of materials, from soft clays to ultra-higtiength concretes. This presentation will adglres
issues relevant to the constitutive modeling ancukition of concretes and other geomaterials under
extreme loading conditions. The following topicél Wwe covered in the presentation. Results from
tests on several concretes with a wide range ehgths will show that unconfined strength is a poor
predictor of concrete strength at pressure. Basethis fact, should unconfined strength be used to
“scale” material properties? Comparisons betwammstitutive models and concrete test results will
show that despite the simple boundary conditiore whiaxial strain test, many models do not refdica
the uniaxial-strain stress paths. Laboratorytestlts from selected strain-paths can be useéftoed
the failure surface of many geomaterials. Finally,overview will be presented of a successfuleseri
of wall breaching simulations of reinforced-conerafalls.

Keywords : mechanical properties, high-pressuresimulations, concrete, geomaterials
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DAMAGE EVOLUTION IN EXPLOSION OF A PARTICULATE
COMPOSITE CIRCULAR CYLINDER

R. C. Batra and A. Varghese
(e-mail:rbatra@vt.ed)

Department of Engineering Science and Mechanic€, 0219; Virginia Polytechnic
Institute and State University, Blacksburg, VA 2408SA

Abstract:

We study damage evolution in a particulate compositcular cylinder with ends open, and shock
pressures applied either to its inner or to iteoaylindrical surfaces as shown in Fig. 1; resfdts
only explosion are discussed below. Three-dimemsiooupled thermo-mechanical deformations of
the cylinder, comprised of tungsten (W) particudaperfectly bonded to nickel-iron (NiFe) matrixgar
analyzed. Each material is assumed to be isotromiro-porous, heat-conducting and thermo-elasto-
visco-plastic with the yield surface expanding wih increase in strain hardening and strain-rate
hardening, but shrinking with an increase in thdrawdtening and damage or porosity. Young’'s and
bulk moduli, and thermal conductivity decrease vethincrease in the porosity. The porosity evolves
due to plastic deformations and a strain-basedioaldor the nucleation of voids. The temperature
increases due to the heat generated because tif plasking.
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Fig. 1: A cross-section of an exploding cylindam@sten particulates are in white and nickel-inon i
dark colors), time history of pressure acting o iiiner surface, and the effective stress vs. the
effective plastic strain plots for tungsten andkaleron in simple tension at a strain rate of 5800

The problem is studied numerically by the finiterabnt method with an in-house developed code that
has been verified by incorporating fictitious boflyces and sources of internal energy in equations
expressing the conservation of linear momentumiatednal energy. For a hypothetical solution of the
problem, body forces and sources of internal enargyfound that satisfy the conservation equations.
The code is verified if the computed solution ¢ thitial-boundary-value problem under the pertinen
initial and boundary conditions, and the requiredypforces and sources of internal energy agredls we
with the presumed solution. Also, computed resfdtsproblems with heat conduction and porosity
evolution neglected were found to match well withge obtained by using a commercial code.

From the effective stress vs. the effective st@irves for the W and the NiFe deformed in simple
tension at a nominal strain rate of 5000/s ploiteflig. 1, it is clear that the two materials extduite
different strain hardening and thermal softeningrabteristics. Thermal softening overwhelms strain-
and strain-rate hardening in W at a much smallarevaf the effective plastic strain than that irFbli
The effective stress in Fig. 1 has been normalizgdd.73 GPa and 0.15 GPa for W and NiFe
respectively.
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Fig. 2: (Left) Evolution of porosity in tungstendnickel-iron at two neighboring points; and (Right
Fringe plots of porosity with elements having pdasoexceeding 3% deleted.

Deformations of the cylinder are highly heterogereoDuring the deformation process there is a
continuous exchange of tractions and heat flux betwthe two constituents across their common
interfaces because of the reflection and the trassom of waves. The acoustic impedance of W and
NiFe equal 87.86 and 48.44 kg/(cm2 s), respectj\ahg bar wave speeds equal 4.55 and 5.27 km/s.
The steady value, 0.5GPa, of the applied pressdrees significant hoop and radial stresses in W an
NiFe particles near the inner surface of the c@mdecause of the lower yield stress of NiFe, BeNi
particle has considerable more plastic strain tienadjoining W particle. Since W particulates are
perfectly bonded to the NiFe matrix, surface t@wsi normal component of the heat flux, the
temperature, and displacements are continuous satheg common interfaces. However, they have
different effective plastic strains and effectivagtic strain rates.

Figure 2 depicts the evolution of porosity at twantiguous W and Ni particles, and the deformed
shape of the exploded cylinder with elements hapiogsity more than 3% deleted in the Fig. but not
in the analysis. It is clear that the damage infthen of porosity initiates at different instangsd the
rate of damage evolution is nearly the same. Afstracks were to initiate from points where potgsi

is very high, then they will originate from sevelatations in the cylinder. Fringe plots of porgsit
three sections of the cylinder are shown in FigR8sults plotted at the two end faces of the cglind
reveal that the damage does not propagate radimigause the cylinder composition is not
axisymmetric and also due to end effects. Regidisgh porosity on the inner surface of the cylinde
are inclined to the cylinder axis. It is eviderattiseveral regions of the cylinder are severelyatgd.
Results for other values of the applied pressududing pressure pulses, cylinder geometries,
microstructures, and implosive loads will be preésdrat the conference.

EERER §
o i

SSSBERaEREER B

e

Fig. 3: Fringe plots of porosity at various crosst®ns. (Left) top view z = 0; (Middle) view throl
the plane x = 0; and (Right) bottom view z = 1.0mm.

Keywords : Failure, explosion, implosion, particulde composites, cylinder, 3-dimensional
deformations
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DAMAGE IN GLASS FROM HIGH VELOCITY IMPACT

Stephan J. Bless
sbless@iat.utexas.edu

Institute for Advanced Technology
University of Texas at Austin
3925 W. Braker Lane, 4th floor

Austin, TX 78759, USA

Abstract

Glass laminates were struck with steel fragmemuikiting-projectiles at 1 to 2 km/s. Damage
morphology was examined at the meso and macroslev®articles ejected from the impact zone
contained micron-scale hackle features and a langeber of unusual whisker fragments (Fig. 1). At
the macro level, damage to the targets was pemasiistinct types of damage were identified in
various regions of the target. Nearest the patietr channel cracks were bundled in outer layads a
arrayed as needles in inner layers. Beyond the¢ weveral different patterns of predominately ahdi
cracks, which in the outer layers are apparentlysed by hoop stress, and in the inner layers by
flexural failure (Fig. 2). Outer regions were dayed by dicing cracks, and transition regions exébi
crack fans (Fig. 3). Regions below the project¥ajch presumably failed in compression, contained
relatively crack free blocks surrounded by circurafeial needle cracks.. The ballistic degradation
associated with dicing cracks was relatively benlgit the effect of radial fractures and needleksa
was much more serious. Glass was also recoveratlate impact experiments, where characteristic
features of failure waves were identified. Theeatires were not present in the ballistic impact
targets. DoP tests were conducted in which it skasvn that the penetration resistance of individual
glass layers depends little on the overall con&gjon, but greatly on the damage mode (Fig. 4).

Keywords: glass, failure waves, damage

Impact produce Wiskers

Fig. 1.
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radial cracks
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Fig. 2 Damage pattern away from peneration cavity.
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Fig. 4: Efficiency of glass, relative to aluminufrgm different test conditions.
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USE OF X-RAY COMPUTED MICROTOMOGRAPHY FOR THE STUDY OF
MICROCRACKING IN CEMENTITIOUS COMPOSITES
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Abstract:

Mortars and concretes are non-homogeneous matasdlseir macroscopic physical properties depend
on their local characteristics (physical propert@selementary components, the micro-geometry,
transport properties at a micro-level, etc...). Aseaample, porosity and permeability of concrete are
intimately related to the microstructure, thussitoff importance to link the local and the macroscop
scale in order to study and model the mechanidedldeur and the transport properties of cementstiou
materials. This requires the knowledge of the 3@rmigeometry. Characterization of concrete or
mortar microstructure, and its evolution, oftensea problems: very small observation scales,
interference of measurement with the material (8lide obtained by mechanical abrasion, scanning
electron microscope analysis made under vacuunr afiEerial desiccation, etc...). The X-ray
synchrotron microtomography finds applications iudying the sample microstructure without
damaging it (biological sample, geological or inmia$ materials). The principle, similar to the nieal
scanner, consists in acquiring digital images & thaterial X-ray absorption. This acquisition is
undertaken with various angles: a three-dimensioimhage is then obtained by numerical
reconstruction from 2D-image acquisition. The objecof the present study is to evaluate the irsgea
in microcracking due to drying, in porosity inducey leaching of cementitious composites (initially
proposed by Bisschop and van Mier [1]) by usingckyatron X-ray microtomography.

Desiccation of concrete induces the formation ofrotracks leading to mechanical damage
of concrete structures. This damage, induced bingrgan be characterised by time variations of the
material properties. Drying of concrete is oftea thitial degradation process for a concrete stnect
Chemical degradation processes, which can ococer aflong time, lead to significant degeneration of
cement based material properties. A typical refe@escenario is calcium leaching due to water in
contact with the material. As it would be the cémelong term designed structures (see for example
nuclear waste disposal structures), water is catigteenewed.

The both phenomena, drying and leaching, would d@ntee microstructure of concrete by
microcracking, decalcification and increase of gitgo One of the objectives of the present studpis
obtain quantitative data about the effects of dyyamd leaching on the evolution of the microstreetu
of cementitious composites, with minimum interactidoetween the measurement and the degradation
process. The used experimental tool is thus thayXsynchrotron microtomography; the accelerated
drying and leaching processes are obtained by wsingven and an ammonium nitrate solution. The
microtomography analysis is carried out on the sapezimen during drying time and leaching time.
The evolution of the cement paste absorption atiefit, the degradation kinetics, the increase in
microcracking, the leaching front position and therosity increase are then determined without
interfering with the material.

The proposed study is decomposed in three parts; fie briefly describe the cementitious
composite degradation mechanisms due to dryingleawhing. In a second step, the chosen leaching
process, the drying process and the X-ray synamotmicrotomographic analysis are precisely
described. In a third part, the results obtainesl described and are evidence of the capacity of the
method to quantify the evolutions of microcrackipgyosity and degradation front during the drying
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and the leaching, as well as contributions of X-raicrotomography to a durability analysis of
cementitious materials.

Keywords : Cementitious composite, Drying, Leaching X-ray computed microtomography,
Cracking.
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SIMULATIONS OF THE PENETRATION OF LIMESTONE TARGETS
USING TWO DIMENSIONAL MULTIMODAL FOURIER ANALYSIS
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Abstract:

This communication is devoted to the presentatibra dinite element based on a Fourier modal
description of physical values on circumferences doquasi-axisymmetric structure. The finite
element presented in this communication is an azhéwersion of the COMU element, developed by
Combescure [1], in order to extend it for simulgtipenetration of targets composed of geological
materials by steel projectiles. In the COMU elemfentmulation, the imperfections and displacements
of the shell structure are described by Fouriereseon circumferences of the quasi-axisymmetric
structure. The behaviour of the structure is comguftom a finite element analysis by selecting a
series of Fourier modes, on which are decomposkdlglsical values such as displacements,
velocities, accelerations and forces. Strains amra$ses are expanded in Fourier series as welhKBha
to the modal description of physical values onuinferences of the structure, imperfections and non
axisymmetric loads are taken into account. Sofdhmulation enables to deal with three-dimensional
problems, such as projectile impacting complex @trgwhile keeping the advantage of the two-
dimensional analysis with low computation costse Thitial formulation of this element has been
improved in order to reproduce large rotationst firajectile may experience during the penetration
into the target.

The target model is based on Forrestal's semi-éoapiclosed-form expression for the final depth of
penetration [2]. Values of limestone target resistaobtained by fitting the depth of penetratiorsus
striking velocity data curve, are given by the aush For the reproduction of the loss of confinetmen
due to the entrance cratering effects, the metloggobf successive layers proposed by Warren [3] is
adopted. The target resistance functions are imghéed into the CalPen3D code (Buzaudl. [4])
designed to provide an accurate determinationetthvilinear trajectory of a weapon while travedji
through a three-dimensional target composed ofredacrock, soil and air blocks.

The time-integration explicit scheme involving COMilements is implemented into the CalPen3D
code in order to couple mechanical behaviour ofpttegectile with the target resistance forces. Resu
from non linear dynamic analyses with advanced CO&tnents in terms of depth of penetration and
projectile deformation through penetration are caragd with experimental data (Freaval. [5]) and
numerical results obtained by Warren using a tllieeensional finite element for the projectile [3].
Comparisons between experimental data and numeesalts obtained enable to check the accuracy
of the two-dimensional modal approach. Moreoveankts to the two-dimensional modelling and the
efficiency of the stress integration decomposeHauarier series, the two-dimensional modal approach
proposed in this paper is able to reduce signiflgghe computation time in comparison to a claasic
three-dimensional analysis. On account of its edftiency, the quasi axisymmetric modal approach
may be well suited for parametric studies in oreprovide useful insight into the effects of saler
variables such as impact angles, velocity, matenia geometric characteristics of the projectild an
target.
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REAL-TIME DIRECT MEASUREMENTS OF DEFECTS AT A MESOS CALE
LEVEL IN SPALLED TANTALUM
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Abstract:

A suite of impact experiments was conducted onsthgle stage compressed gas gun to assess spatial
and shot-to-shot variability in the dynamic propestof tantalum. Two different sample types were
used: tantalum processed to yield a uniform refigein structure (grain size ~20 microns) with a
strong axisymmetric [111] crystallographic textusnd tantalum processed to yield an equiaxial
structure with grain size ~42 microns. Impact expents were conducted loading the samples to
stress levels from 6 to 12 GPa, which are well abite Hugoniot Elastic Limit (HEL), then pulling
the sample into sufficient tension to produce spdlhese stress levels were specifically chosen to
investigate the spall behavior of tantalum at Isvahging from the incipient spall stage to sigpaifitly
above the spall strength, focusing on microstratyghenomena. A recently developed spatially
resolved velocity interferometer also known as lihe-imaging VISAR allowed the point-to-point
variability of the spall strength to be determine8pecifically, we have been able to determinesid r
time the nucleation and growth of void defect dinues that leads to the eventual spallation or
delaminating of the plate. Experiments indicatat tthe nucleation and growth process is time-
dependent and heterogeneous since a time-depatideittution of defects is measured. This strongly
suggests that the spall strength of the materiabtsa single-valued function. When fitted to Wlibu
failure statistics, the results indicate a simitagan value and variability for the spall strengthbmth
types of tantalum.
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NUMERICAL SIMULATION OF DYNAMIC FRACTURE OF MATERIA LS
AND STRUCTURES USING X-FEM OR SPH
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Abstract:

This communication is devoted to the presentatforecent progresses in dynamic fracture simulation.
It is shown that X-FEM method is a nice frame fog simulation of dynamic fracture. The main reason
is that it can be proved mathematically that the as X-FEM permits to simulate dynamic crack
propagation in brittle or ductile materials wittparfect control of energy. There is no proof ofrgge
conservation for the standard methods like remegslan element erosion techniques. This could
explain that this type of technique is rarely po#isie. Moreover in case of softening material
behaviour the results are mesh dependant because gfhysical and numerical localization which
lead to a faster rupture as the mesh size decrehses is no convergence of the numerical methods.
This can be controlled using non local space modeldelayed damage models, but in all cases the
mesh has to be very fine to capture localisatioth faacture. The X-FEM technology which may be
combined with cohesive zones give results of thmesguality wit a coarser mesh because all the
localized fracture line is concentrated in theoedly jump region. The simulations are compared to
original dynamic fracture experiments with compgometries mixed loadings and stop and restart of
the crack.

g
R

Fig. 1 - A typical dynamic fracture experiment

The experiments are done on PMMA and aluminium ispexs impacted by an Hopkinson's bar
system. Cases of interacting cracks shall alsprbsented. In a second part some very recent sesult
obtained by SPH shall be presented. A very new ditation of SPH shells up to fracture shall be
shown with interesting prospective in case of imercfluid structure systems.
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Fig. 2 - typical SRHell perforation simulation.

Keywords : high strain-rates, impact, computationalmechanics, dynamic fracture, X-FEM, SPH
shells, experiments
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MESO-SCALE MODELING OF REINFORCED CONCRETE STRUCTUR ES
SUBJECTED TO PENETRATION: RECENT ADVANCES
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Abstract:

This presentation reports on recent advances on-stse simulation of concrete and, in particubar,
the simulation of reinforced concrete structurdgected to penetration.

First, a recently developed meso-scale model faorciee is reviewed. Concrete is modeled by a
threedimensional discrete particle model, calledtit@ Discrete Particle Model (LDPM), which
simulates concrete mesostructure. Each particleesepts a coarse aggregate piece with its
surrounding mortar. Number and size of particlessaered in the simulations are established
according to the given grain size distribution. Tusition of particle centers is obtained by aang-
reject procedure that randomly places the partittiesughout the volume of interest, fulfilling the
constraints given by previously placed particled tire external boundaries.

Three-dimensional conforming Delaunay triangulatimsmd a dual domain tessellation define the
topology and the geometry of the connections anttwegparticles. The deformation of each strut,
connecting two adjacent aggregate pieces, is dkfityeadopting rigid body kinematics characterized
by the displacement and rotation vectors at thicéahodes. Each strut can transmit both axial and
shear forces. The adopted constitutive law simslé&tacture, friction, and cohesion at the mesolleve
and takes into account the strain rate dependehcenzrete fracturing behavior. This dependence,
which is crucial for correctly simulating the effexf dynamic loadings, is due to two different plogs
mechanisms: 1) the dependence of the fracture gsooa the rate of crack opening, and 2) the
viscoelastic deformation of cement paste. The finsthanism is described by the activation energy
theory applied to ruptures that occur along a grackl the second by the microprestress-solidificati
theory of concrete creep.

Second, an algorithm to couple LDPM with steel rebs presented. Steel rebars are modeled as three
dimensional elastic-plastic beam elements and #reyconstrained to the adjacent discrete particles
through an ad hoc bond element. Constitutive egnatof this bond element provide the relationships
for computing interface forces given the relatiiepthcements between particles and rebars. These
equations implement the complex physical mechanisaking place in the thin concrete layer
surrounding steel rebars, including the formatidroblique cracks at rib locations, dilation due to
slippage, frictional interaction, etc.

Third, an extensive calibration and validation tfi recently performed under both quasi-static and
dynamic loading condition is discussed in ordeevaluate the predictive capability of the developed
model.

Finally, results of simulations of the behaviorrefnforced concrete structural members subjected to
penetration are presented with reference to exgettiathdata gathered from the literature.

Keywords : lattice models, particle models, DEM, ate effect, steel reinforcement, penetration.
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EXAMINATION OF TESTING CONDITIONS ON SPECIMEN IN
HOPKINSON BAR EXPERIMENTS
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Abstract:

The accuracy of numerical simulation based pta@i capabilities depends on reliable
material models that accurately describe the respowf all the materials involved in
impact/penetration events. The development of ghybdiased material models requires a credible
experimental database of the material responsesrswth extreme loading conditions. Due to the
wide ranges of strain rates, temperatures, andssg&tes encountered in impact events, a varfety o
experimental techniques are employed to reveal rifaerial behaviour under different testing
conditions. Split Hopkinson pressure bar (SHPBdrig of the experimental methods that typically
cover the range of strain rates from 102 to 104d#eu uniaxial stress conditions [1].

In quasi-static experiments, the desired testinglitimns on the specimen are monitored in real tifhe
there is a deviation from the desired conditionsagtual experiments, closed-loop servo control
systems are used for corrections such that theredesionditions are maintained. In high-rate
experiments, due to the transient nature of dyndoading, the desired testing conditions on the
specimens are much more challenging to achievaambnitor. The methods for maintaining desired
conditions are very limited. In this presentatiave focus on the testing conditions achieved on
specimens during high-rate deformation under theadhic compression loading from SHPB.

In any experiments designed to obtain constitutigbaviour of the materials, the specimens need to
deform nearly uniformly under nearly equilibratésesses such that the response averaging over the
specimen volume can reasonably represent the sitrimechanical behaviour of the specimen
materials. To reveal the rate effects on the matezsponse, the strain rate in a particular erpemt is
desired to be constant over the experiment durafomthermore, laboratory experiments should be
designed such that only the desired intrinsic meiciah responses are measured. These requirements
are mostly satisfied in quasi-static experimentad&f impact loading conditions, it becomes non-
trivial to satisfy these basic experimental requieats.

While theses issues exist in many dynamic erpants, in this presentation, we illustrate the
challenges and solutions in obtaining the dynanimpressive response of soft tissues in SHPB
experiments. When the specimens are made of esfrargterials such as biological tissues, many
challenges are encountered. Due to the low wavedsp@ the soft materials, it is very challenging t
achieve dynamic stress equilibrium and uniform defttion in the specimens under stress wave
loading. Furthermore, negligible inertia-inducedtraxstresses in specimens of most engineering
materials become significant enough to overshaduoav ibtrinsic mechanical response of the soft
materials.

Recently, we developed experimental modificatiam the SHPB technique where we use
pulse shaping [2] to reduce the initial deformatamtelerations in the specimens. Controlled loading
pulses also load the specimen under desired testinglitions with axial stress equilibrium and
constant strain rates. We also control the specigeemetry [3] to minimize the extra stress induced
by lateral inertia effects in the specimen. Thesghitiques have been used to obtain the dynamic
compressive behaviour of a porcine muscle as aiimof strain rate [4] and other soft tissuestHa
presentation, the abnormal phenomena observechireational SHPB experiments are introduced, the
causes analyzed, the solutions proposed, andféatieéness verified.
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Abstract:

This presentation details numerical aspects arfthigaes for complex large-scale modeling of highly
impulsive loading applications, such as reinforcedicrete subjected to an explosive detonation or
impact-penetration event. These capabilities wamemented into the authors’ parallel finite elerne
code, ParaAble, as well as the PRONTO 3D code from Sandia Natidredboratories. Large
applications are compared to tests that are alswrsho efficiently utilize from dozens to up to
thousands of processors, both single and dual cord,inux clusters and other parallel systems to
make such analyses reasonable. All materials gpéciely modeled with eight-noded hexahedral
elements. The concrete is modeled with a micrepleonstitutive theory developed jointly by the
authors and Professor Zd&nBazant, Northwestern University [1, 2]. Reinfoig steel is modeled
with a Johnson-Cook viscoplastic model and highasipe material is modeled with a JWL equation
of state and a programmed burn model.

Modeling structural members with this level of detand with a microplane material model is a
formidable computational task. The microplane nhadelf is approximately an order of magnitude
more computationally intensive than viscoplasticdele and the meshes used herein consist of
millions to tens of millions of elements. Compigatis performed with MPI on parallel processors
and a weighted material scheme is used to refi@edMBTIS partitioning for more effective balance of
processor work. Since the microplane model requeen-Lagrange strains, they are used to develop
an efficient and robust modified Newton-Raphson cpdure for polar decomposition of the
deformation gradient at the severe distortions ooy with these applications. Although the
microplane model can represent complex macro-doalastic stress-strain histories and anisotropic
damage accumulation, levels of damage are notlyeiadintifiable, i.e., macro damage variables are
not directly determined. Damage is therefore ex¢té from the microplane predictions, which can
then be used for erosion of elements or as eitlw@naurrent- or post-analysis examination of reéati
damage and prediction of failed regions. The daeg@lution is computed by a modified Holmquist-
Johnson-Cook approach that relates damage to lefelaelastic strain increment and pressure.
Several practical analyses demonstrate that largle-gnalyses of this type can be reasonably run on
the U.S. DoD large parallel computing systems imatter of hours or minutes. Numerical issues
regarding strain softening are discussed includitapility and localization effects as well as the
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determination of a conservative time increment.arBgles also demonstrate that three-dimensional
modeling of reinforcement can be important in rétjeck wave propagation applications.

Keywords : computational mechanics, penetration, irpact, concrete.
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Abstract:

This communication concerns the concrete behaviwteu extreme loading situations (near field
detonation or ballistic impacts). During such loai, concrete material is subjected to very high-
intensity triaxial stress states. Upon impact oifgéd projectile on a massive concrete structunege
triaxial behavior phases can be observed. Eactephassociated with different damage modes, which
may sometimes occur simultaneously [1, 2]. Thedadion of concrete behavior models, which
simultaneously take into account the phenomenaritiebdamage and irreversible strain such as
compaction, thus requires test results that enapleducing complex loading paths.

Most of the experimental results available in therature only pertain to triaxial loadings with a
moderate level of confinement pressure [3-9] osrwll mortar samples [10-13]. In particular, these
authors have revealed the transition from britte ductile behavior that characterizes cohesive
materials. The aim of the present study is to ektemch kind of triaxial tests on "actual” concrete
materials (i.e. with an aggregate dimension on diger of a centimeter). The comparative study
between a concrete and a mortar with a confinemedsure of 500 MPa, as conducted by S. Akers
[14], highlights the behavior differences betweemn imaterials and moreover shows that the study of
mortar behavior under high confinement is not repnéative of concrete behavior. Other triaxial test
results on ordinary concrete with confinement piess ranging between 0 and 500 MPa yield the
evolution in behavior and limit state of the cortereith confinement [15, 16].

Since 2004, the laboratory 3S-R has launched ilaoalation with the “Centre d’Etudes de Gramat”
(“Délégation Générale pour I'Armement” (DGA), Rreh Ministry of Defense) a research program on
the vulnerability of concrete infrastructures. Thisesentation is devoted to the results of the
experimental part of this program. Triaxial testseolow-strength plain concrete have been performed
using a large capacity triaxial press nam@&lGA”. Stress levels overpassing one GigaPascal with
homogeneous, static and well controlled loadindhpdtave been reached. A particular procedure of
experimentation and instrumentation has been difihdakes into account the very high stress level
and the macroporous feature of the concrete uriddy.sDifferent testing programs have been carried
out: hydrostatic, triaxial, proportional and oedarigetests which results will be presented. Thattks
these tests the compaction process (and the igiblephenomena associated with) is characteraed,
well as the influence of the loading path on tlimpaction. Moreover, different limit states, defigia
limit state threshold independent from the loadiath and Lode's angle can be defined [17].

Results from triaxial tests carried out on threrarete materials featuring different water/cematibs
(W/C) will also be presented. The effect of the W&o, entering in the fresh concrete composition,
on concrete strength in simple compression is dyreguite well-known. According to the rules
governing the calculation of concrete structuremceete is essentially characterized by fc28, the
compression strength after 28 days of ageing,. aseempirical relations, the majority of the other
characteristics can then be deduced from fc28i(gessength, Young's modulus, etc.). These results
show that contrary to what has been observed iplsicompression and at low confinement pressures,
when placed under high confinement, concrete beshkilkee a granular stacking without any influence
from the level of cement matrix strength.

Finally results of triaxial tests conducted on adimary concrete will be presented for a range of
saturation ratios from 11% (quasi-dried concretel®0% (saturated concrete) and for a confining
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pressure up to 650 MPa. Given that most sensitiverete infrastructure such as bridge piers, dams
and nuclear reactors are very massive, their coulaemain quasi-saturated throughout most of thei
lifetime, even though their facing dries very quyckThe dependence of concrete behavior on
saturation ratio thus constitutes an importantdiatd investigate. To the best of our knowledge, no
results are available regarding the saturatioro raffect on concrete behavior when subjected to
extreme static triaxial loading. The results shiwat tthe saturation ratio exerts a major influenne o
concrete behavior, particularly on both the coresttength capacity and shape of the limit stateecu
for saturation ratios above 50%. This analysis &ighlights that while the strength of dried conere
strongly increases with confining pressure, it remmaonstant over a given confining pressure range
for either wet or saturated samples.

Keywords : concrete, triaxial test, high confinemet) water/cement ratio, saturation ratio, loading
path
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EXPERIMENTAL APPROACH AND MODELING OF THE DYNAMIC
TENSILE BEHAVIOR OF A MICRO-CONCRETE
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Abstract:

To investigate the tensile strength of a micro-cete(maximum grain size: 5 mm) under high loading
rates (i.e. in the range of 10 to 100 per secosphlling tests were designed and performed in LPMM
laboratory before to be compared with prediction®ig by an anisotropic damage model. Spalling
tests have been used for approximately one deaadbaracterise the dynamic strength of concrete
materials [Klepaczko and Brara, 2000; Schuler et 2006; Weerheijm and Van Doormaal, 2007].
During such test, a cylindrical specimen of coreistplaced at the end of a Hopkinson bar (Fig.AL).
compressive pulse is generated by projectile-imgdcthe opposite end. A part of this pulse is
transmitted to the specimen and a part is reflectdie Hopkinson bar. When the transmitted pulse
reaches the free end of the specimen, it is reftkas a positive pulse. Superposition of bothadgn
induces a tensile loading within the core of thecémen that leads to its failure.

Projectile Hopkinson bar Specimen

- - - -

—

| | Laser
OoO0oO0

Fig. 1 — Experimental device used for spallinggest

A specific methodology was applied to process erpamtal data. First, a laser extensometer was used
to measure the axial velocity on the rear facehefgpecimen (Fig. 1). An example of experimental
data is shown on Figure 2. The spalling strengttieiduced from equation (1) in whighandC, are
respectively the density and the speed wave ofctmerete and\V corresponds to the difference
between the maximum and the rebound velocitieds &tuation was checked by numerical simulation
of spalling tests in which an arbitrary failureterion was used.

1
Ogar =5 PC AV
2 (1)
Moreover, by recording the incident and reflectedsps from gauges located on the Hopkinson bar,
the transmitted pulse is reconstructed. It wasl irs@ numerical simulation that involves the spem
alone assuming a purely elastic behaviour for thrciete. This calculation allows deducing theestat
of stress and strain rate before initiation of dgena the specimen. As failure is characterised by
rebound in the velocity on rear face (Fig. 2), fdi&ure time may be also obtained. Thus, the straie
at failure is also taking out from the numericahlgsis. Finally, several tests were performed wiith
and wet specimens and compared with data availalbhe literature.
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Fig. 2 — Velocity on the rear face measured byrlagsgensometer during spalling test

An anisotropic damage model was developed based oricromechanical description of dynamic
fragmentation process [Denoual and Hild, 2000; Borgnd Hild, 2007]. In this work, this model is
used to simulate the damage of concrete specimeirgydspalling tests. The model allows explaining
the increase of strength with loading rate. Moegouhe different experimental data (velocity
measured on rear face of specimens by the laseragk pattern) are compared with data obtained
from the numerical simulations. Finally, the mdithgj is used to highlight the possible roles plaid
microstructure on the dynamic response of conaretierials under such high loading rates.

Keywords : micro-concrete, spalling tests, tensilstrength, anisotropic damage model.
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SIMULATING PROJECTILE PERFORATION
THROUGH CONCRETE SLABS:
HOW SIGNIFICANT IS THE TENSILE BEHAVIOR OF CONCRETE ?
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Abstract:

The Geotechnical and Structures Laboratory of the. Army Engineer Research and Development
Center (ERDC) have conducted a significant amofiqgrojectile penetration research. These efforts
have included numerous projectile penetration erparts using the ERDC 83-mm ballistic research
facility [1], extensive material property experinerthat characterize target mechanical behavior and
provide data for fitting constitutive models [2]nda numerous fully-first-principle calculations of
various penetration events [3]. Our research isiged around gathering data and gaining insight into
the processes of penetration mechanics. One opringary end goals of our research is to develop
more accurate and robust numerical methods. Inpaper, we shall discuss various modeling and
simulation issues for predicting the perforatiorcoficrete slabs by projectiles.

Projectile perforation events can be simulated ingi fully “first-principle” methods such as
“hydrocodes”. This is accomplished by discretizimgth the projectile and the target into a finite
number of pieces and allowing the first-principleygics; i.e., conservation of mass, momentum, and
energy, to dictate the perforation event. Overghst few decades, many hydrocode techniques have
been developed. Typically, these codes differ imv hibey discretize the computational domain by
using either an Eulerian, Lagrangian, or “mixedtnfalation. The mixed formulation might be an
Arbitrary Lagrange Euler (ALE) formulation or a qed formulation that links a Lagrangian code
with an Eulerian code. However, all of these cageglire some sort of constitutive model to evaluate
the responses of the target material; i.e., stressus strain relationship. We shall focus ourréffon

two different concrete constitutive models, theatigely simple Holmquist-Johnson-Cook material
model [4] and the more complex Microplane M4 matemodel [5,6].

In order to simulate projectile perforation evemt& have used the Lagrangian hydrocode EPIC [7].
Our simulations have been based on a series orpéidn experiments conducted at ERDC [8]. The
experiments were conducted with a 2.3-kg ogivalenpmojectile launched into three unreinforced
concrete slabs of varying thicknesses (ie, tarpiekhess to projectile diameter ratios of T/D= 2.5,
4.25, and 5.0). All the experiments were conduateder “near” normal impact conditions and
conventional velocities (ie, ~300 m/sec). The targlabs were all constructed from a standardized
conventional concrete mix (WES-5000). Some of treximanical properties for WES-5000 concrete
were experimentally determined at ERDC and are usedrder generate material fits to the
constitutive models, including quasi-static uncoafl compression, triaxial compression, hydrostatic
compression, uniaxial compression, and “direct "ptéhsile data. All the experiments resulted in
complete perforation of the concrete slabs andigeostata for the perforation velocity of the prdijlec

as well as the final impact and exit crater shdfges measure of the damage in the slab).
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Our results indicate that the Microplane M4 coreretodel provides excellent results for these
projectile perforation events (see Figure 1). Althb, the HIC model provides good perforation
velocities it has more difficulty in predicting tloeater profiles, especially the impact crater. Buéhe
exceptional agreement with the experimental datahave used the Microplane M4 model as a guide
in order to help us more carefully examine the ificance of the tensile behavior of the concresbsl
during these perforation events. This has emphégtee importance of properly modeling the tensile
behavior and highlighted some of the issues coigrthe HJC model for perforation calculations.
Specifically the effects of strain rate and/or tenslamage can play a critical role in accurate
predictions. We shall provide a detailed discussibithese issues, as well as some suggestions for
improvements to the HIC model. For example, 1)laréasurface that is dependent on 3rd invariant of
the stress deviator, 2) a failure surface thatigdessincreased strength at higher strain rategyaios
tensile hydrostatic axis as well as the deviataxis, and 3) a more complex damage evolution. We
have implemented some of these modifications itte® HJC concrete model and shall provide

preliminary results from our calculations.
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Fig. 1 - Snapshots in time showing a comparison betweenMiiceoplane M4 and HJC concrete
models. Shown are the projectile exit velocitieswell as impact and exit craters for EPIC perforat
calculations with varying slab thickness, as folip\d) T/D=2.5, B) T/D=4.25, and C) T/D=5.0. Also
shown are the experimental perforation data in seofexit velocities and estimated crater shapes

(dotted lines).

Keywords : computational mechanics, concrete matal modeling, impact and penetration.
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MEASUREMENTS OF STRESS AND MOTION
PRODUCED BY A SPHERICAL EXPLOSIVE DETONATION
IN MANUFACTURED JOINTED ROCK

J. K. Gran, D.E. Chitty
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SRI International, Applied Research Associates, USA

Abstract:

Artificially jointed Indiana limestone was manufactd by imposing an orthogonal grid of tensile
splitting fractures onto flat thin plates. A stagkthese jointed limestone plates was loaded with
spherical explosive charge embedded in solid liovest The mechanical properties of the solid
limestone and the fracture interfaces in the jairiimestone were measured in confined compression
tests. Special quartz stress gauges and electratiagarticle velocity gauges were embedded in the
jointed limestone. These measurements correlatag well with the assumption of spherical
symmetry. A comparison with velocity measuremeawoif solid limestone demonstrates the large
effect the joints have on the stress wave. Pasttetermination of the residual strain state in the
jointed material indicates a significant amountlitditation.
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A MULTI-SCALE MODEL TO DESCRIBE DAMAGE
IN GLASS UNDER IMPACT LOADING
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Abstract:

Dynamic fragmentation processes are observed ftlebmaterials such as ceramics, concrete glass or
rocks when subjected to impact or blast. Undehdaadings, a spherical (or cylindrical) divergent
wave is generated in the target, leading to a radation of the material that induces high levefs o
radial and hoop stresses. This phenomenon produdgsamic fragmentation characterized by a high
density of oriented cracks. This anisotropic daenagy decrease significantly the impact-strength of
the target and the quasi-static strength of thdddastructure. Therefore, the knowledge of damage
properties (i.e., characteristic time, crack dgnstientation of cracks, and role of microstruejuas
well as the dynamic strength of the material anedrtant points to be understood.

In this work, an anisotropic damage model is dgwetbbased on the fragmentation phenomenology
assuming unstable micro-cracks initiated from padiefects. This model shows how the brittle and
probabilistic behavior under quasi-static loadimpdition transforms into a deterministic and stress
rate-dependent behavior with the increase of lapdiate (Figure 1). It also underlines the influeif,

on the one hand, some material parameters, andeosther hand, the loading rate and volume size on
the fragmentation regime (i.e., single/multipleakiag) and properties (time to damage, crack dgnsit
mean failure stress and scatter). Last, it allons to analyze the relative role of surface defaots
flaws in the bulk. Figure 1 shows that very higtais rates are needed for flaws in the bulk ttidte
cracks.

The present approach is based on non-local Comtin@amage Mechanics to account for both
microcracking and mesocracking, the transition leetwthese two scales being described by the
model. Comparisons with experimental observatioagarformed to validate the model and show that
the cracking patterns may be reproduced numerig#lign the dynamic behavior of glass alone under
impact loading is studied.
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Fig. 1 - Average ultimate tensile strength vsaistrate for a 10 mm3 element made of soda-lime
silicate glass (the surface is endowed with Weipatlameters m = 7, SO = 100 MPa, Seff = 100 cm2,
whereas the bulk is characterized by intrinsic §amith Weibull parameters m = 300 = 3 GPa, Veff
=10 6 mm3).

Keywords : impact Brittle materials, edge-on impacts, Poisson pointnacess, Weibull model.
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Abstract:

We develop here computational methods for modédliwegpenetration of a rigid projectile into porous
media. Compressible rigid visco-plastic models (44 are used to capture the solid-fluid tramsiti

in behavior at high strain rates, account for dasagsticity couplings and viscous effects obseined
geological and cementitious materials.

A hybrid time-discretization is used to model thensstationary flow of the target material and the
projectile-target interaction, i.e. an explicit Eulmethod for the projectile equation and a forward
(implicit) method for the target boundary valuelpeom. At each time step, a mixed finite-elemertd an
finite-volume strategy is used to solve the "tatdgmtundary value problem. Specifically, the nonéine
variational inequality for the velocity field isstiretized using the finite element method whilénéef
volume method is adopted for the hyperbolic massenvation and damage evolution equations. To
solve the velocity problem, a decomposition-cocation formulation coupled with the augmented
lagrangian method is adopted.

Numerical simulations of penetration into concretere performed. By conducting a time step
sensitivity study it was shown that the numericaldel is robust and computationally inexpensive. We
discussed the evolution of the density changesnarthie penetration tunnel, of the shape and locati
of the rigid/plastic boundary, of the compactiomes and of the extent of damage due to air void
collapse in such materials. For the constants wain the model (shear and volumetric viscosities,
cut-off yield limit and exponential weakening paesr for friction) that cannot be determined from
data, a parametric study was performed.
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Fig. 1 - The finite element mesh obtained ageneshing (left), and the distribution of the
deformation rate in 1/sec (right). Note thatbloeindary between the rigid zone and the viscdplast
one is sharply captured.

Fig. 2 - Left; the distribution of the density g(kn3) in the target at t=0.925 ms. Right: the distion
of damage in the target at t=0.925 ms.

IR P
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5

Fig. 3 - The distribution of the normal stresgiragon the planes Ozr in the target. The regiohera
tensile failure occurs are colored in red. Sineeténsile failure could occur only along planeschhi
could not be symmetric with respect to the penetregnterline, anisotropy is generated in the targe
Trajectory deviations may be related to this indluarisotropy.

Keywords: decomposition-coordination formulation, augmented lagrangian method, high
velocity penetration in porous materials, compresbie rigid visco-plastic fluid, rate-effects,
compaction, damage.

References

1. 0. Cazacu and I.R. lonescu, Compressible rigidtovjdastic fluids, J. of Mech. Phys.
of Solids, Vol. 54, issue 8, 1640—1667 (2006).

2. 0. Cazacu, I. R. lonescu and T. Perrot,Steade-fitatv of compressible rigid-
viscoplastic media, Int. Journal of Engng. Scisneel 44 (2006), 1082—1097.

3. 0. Cazacu, I. R. lonescu and T. Perrot, Numericadeting of projectile penetration into
compressible rigid visco-plastic media, Int. J. MunMeth. Engng. (2007), in press.



47/78
Materials under Extreme Loadings — Application em&ration and Impact
The second US-France conference organized by temational Center for Applied Computational Medban
Rocamadour, France — May 28-30, 2008

PHYSICAL MICROSTRUCTURE AND FRACTURE OF HETEROGENOU S
SOLIDS

Eric N. Landis,
(e-mails:landis@maine.edu

University of Maine, Orono, Maine, USA

Abstract:

Predictive simulation of fracture in heterogenowsarals has traditionally been an ill-posed proble
due to the complex microstructural features that rad lend themselves to simple geometric
representations. Planer cracks, penny-shaped ¢raoétspherical inclusions can provide useful imsig
into damage and fracture behavior, however, they fadl short as honest descriptors of real
heterogeneous microstructure. The work describest he aimed at developing new ways to
characterize the physical microstructure of damagd fracture, so that more realistic ways of
simulating and predicting behavior may be developBoe assumption guiding this work is that
observed phenomena such as scale effects willwWolhaturally from a quantitative relationship
between microstructure and properties.

Towards this end, we are examining the fracturesrofll mortar specimens using a 3D imaging
technique called x-ray microtomography. This teqgbei allows us to make quantitative
characterizations of internal structure, and thanges in structure that occur due to damage and
fracture. Specimens can be examined at multiplel$esf damage, and the damage can be related to
bulk compliance and energy dissipation. In this kvave are examining cylindrical specimens
subjected to both end compression and split cytimbafigurations. Resulting internal cracking and
damage is characterized by several different gedendescriptors based on surface normals and
principal curvatures, as well as simple surface amed fractal dimension measurements. We suggest
from this work that although the characterizatidrdamage in this way becomes more complex, the
basic mechanics of failure may become more traespaand therefore holds promise for future
predictive simulation tools.



48/78
Materials under Extreme Loadings — Application em&ration and Impact
The second US-France conference organized by temational Center for Applied Computational Medban
Rocamadour, France — May 28-30, 2008



49/78
Materials under Extreme Loadings — Application em&ration and Impact
The second US-France conference organized by temational Center for Applied Computational Medban
Rocamadour, France — May 28-30, 2008

AN IMPROVED CONTACT ALGORITHM FOR MULTIMATERIAL
CONTINUUM CODES

D. L. Littlefield
(e-mails:littlefield@uab.edi

The University of Alabama at Birmingham
Department of Mechanical Engineering
1530 3rd Avenue South
Birmingham AL 35294
USA

Abstract:

Realistic and accurate modeling of contact in ttes@nce of large deformations and severe distartion
is beset with many computational challenges. Releapplications where this situation arises inelud
vehicle crash dynamics, ballistic penetration armfgration, structure-blast interaction, warhead
fracture and fragmentation, and orbital debris iobpaThe natural framework for description of
surfaces afforded by Lagrangian finite element wé@shmakes it the method of choice for many
applications in this class. However, the largaadioons often result in elements that develop darg
aspect ratios, twist, or even invert; making theliaption of traditional finite element approaches
impossible in many cases. Due to this deficiefitylerian and arbitrary Lagrangian-Eulerian (ALE)
methods have become popular, particularly in ttst teecade. The tradeoff with Eulerian or ALE
approaches is the added complexity associated peittitting multiple materials to occupy a single
finite element.

One of the difficulties associated with allowing ltiple materials in a single element is satisfying
contact constraints at the interface between thenats. Historically this problem has been igmbre
by replacing the materials present in the elemett an equivalent single material. The heuristic
techniques applied to determine the material ptagseof this fictitious material usually have ktbr
nothing to do with contact and as a result, ofesult in unphysical behavior.

A relatively new idea introduced by the author [is2to use distinct velocity fields for each maaér
and satisfy contact inequality constraints appratéety. No mixed-element thermodynamic or
constitutive models are used in the formulationstéad, the governing equations are solved for each
material, with the appropriate inequality constsimpplied at intermediate locations within the
elements. What arises from this is a set of caliplguations that are approximated by an uncoupled,
reduced form. Using an approximate form of therhage multiplier method, these constraints are
applied to the conservation equations. In receatkwwe have examined the influence of the
uncoupling approximation on the fidelity of solutgobtained by this method. This was accomplished
by comparing solutions to the fully coupled equagisolved using an iterative approach. Results fro
this development will be presented in this talk.

Keywords : computational mechanics, contact, multimaterial hydrocodes.
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STEADY SHOCKS IN METALS AND LAYERED MATERIALS

A. Molinari (*), G. Ravichandran (**)
(e-mails:Molinari@lpmm.univ-metz.fr, Ravi@caltech.edu

(*) Laboratoire de Physique et Mécanique des Maisg;
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California Institute of Technology, Pasadena, @atifa, USA.

Abstract:

The visco-plastic response of metals and polymehsgh loading rates can be investigated using
shock wave experiments. Plate impact experimeat® Iprovided a large quantity of experimental
data on steady plastic shocks, especially for pgstalline metals (see for example Swegle and Grady
(1985)). By analyzing a stationary plastic shothe following data can be obtained: (i) stress
amplitude, (ii) particle velocity versus time agi&en point, (iii) plastic-shock velocitg, (iv) particle

velocity V' behind the shock front and (v) maximum strain vatéin the shock front layer.

The problem of relating shock experimental datanaterial properties is a problem of
fundamental importance that was studied in detaitértain classes of materials. The maximum ef th

strain rate within the plastic shock layer can masured for a given stress amplitule (stress jump
across the shock front).  Experimental data veuad by Swegle and Grady (1985) to follow for

metals closely the relationshifly; = B(Aa)hSG with the exponenhg; =4 being nearly the same for

all materials considered. They relatehlj;G to the material strain rate sensitivity. Molinaahd

Ravichandran (2004) have obtained an analyticaltisol for steady state shocks of moderate intensity
in metals and have also investigated the relatiprisdtween the maximum strain rate within the shock
and the stress jump across the shock. Some of ttessdts are reported in the first part of the
presentation devoted to single-phase polycrystaliiretals for which the shock structure is conttblle
by the dissipative effects associated to the nateate sensitivity.

However, it is well-known that shocks can alscsbrectured by dispersive effects. These effects
can be the result of wave interaction with integfabetween materials of different impedances.

In the second part of this communication, the prinfacus is to analyze the effects of wave dispersi
on steady shock propagating in layered periodicimédaterial properties are assumed to be nonlinear
elastic or visco-plastic.

The laminate material has a periodic stmgctuith a unit cell composed of two layers of diffiet
materials. The framework adopted here is based simplified constitutive assumption allowing the
exploration by simple calculations of the structof@lastic steady shocks. Itis assumed thaeffest
of the layered structure can be accounted for atntlacroscopic level by a non-local constitutive
model. First- and second-order gradient plastittigories are used to model the structure of steady
plastic shocks. In both theories, the effect ef ititernal structure is accounted for at the maopis
level by two material parameters that are dependpah the layer’s thickness and the properties of
constituents. These two structure-parameterstarersto be uniquely determined from experimental
data. Theoretical predictions are compared withegrpents for different cell sizes and for various
shock intensities. In particular, the followingpeximental features obtained by Zhuas@l. (2003)
are well-reproduced by the modeling:

- the shock width is proportional to the cell size;
- the magnitude of strain rate is inversely propowioto cell size and increases with the
amplitude of applied stress following a power law.
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These results could be of interest to understand fw optimize composite structures in order to
minimize the effects on structural elements of ackhront generated by impact loading or explosion.

Keywords : steady shock waves, plate impact, elastviscoplastic materials, layered materials,
material structure optimization.
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AN EMPIRICAL APPROACH OF THE RANDOM RUPTURE
IN LAGRANGIAN NUMERICAL SIMULATIONS.

J. Petit
(emails :jacques-m.petit@dga.defense.goyv.fr

Centre d’études de Gramat
BP 80200, F-46500 GRAMAT, France.

Abstract:

The need of rupture predictions, especially thgrfrants size, is obvious for many applications. The
work performed on the constitutive relations durthg last decades allows to undertake the treatment
of the final localization-rupture stage rather édently in the field of large strain at high straate.

The localizations cannot appear in a lagrangiarukition with fine meshes and regular geometry

particularly with ductile materials. Different meths can be used to promote them. Starting from a
"macroscopic” constitutive relation, we chose ttyaduce in it small arbitrary random perturbations

specific to each lagrangian mesh.

Using this approach we simulated different confagions (cylindrical implosion, ring expansion) with
different materials (copper, nickel, titanium alloyWhen the final rupture is processed, it is with
simple estimated threshold on plastic strain awedien. Even though this work has to be strengthened
and improved, the results are promising. They mpce approximately the localizations frequency
observed in the corresponding experiments (seeadfi@) They also show the effect of constitutive
relation and their sensitivity to strain rate.

a — frame camera record of the inner surface b — numerical simulation

Fig; 1 - Cylindrical implosion of titanium alloy s®le. Experiment — numerical simulation
comparison.

Keywords : high strain-rate, random localization, bgrangian numerical simulation
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THE SHOCK RESPONSE OF GEOLOGICAL AND CEMENTITIOUS
MATERIALS

D.J. Chapman. D.M.Williamson, C.H. Braithwaite, W&oud
(e-mails:wgp1000@cam.ac.lik

Fracture and Shock Physics Group, Cavendish Latrgrat
JJ Thomson Ave., Cambridge, CB3 OHE, UK

Abstract:

Over a period of 11 years the Cavendish Laboratogssociation with a number of government and
commercial organisations has been studying the hédd response of geological and construction
materials over a range of strain rates.

Initially the study focussed upon wet and dry cetrgaste and upon the response of the aggregate
material. This was followed by studies on grout amdroconcrete. Finally, full-up concrete, concrete
with aggregate size as found in standard mixes efesacterised. In these studies the level of
longitudinal and lateral stress pulses producedlily plate impact was obtained and the principal
Hugoniot and variation in shear strength with shpessure was obtained (figure 1). This requihed t
study and development of appropriate shieldingtlfi@r stress gauges. VISAR was also used in this
system.
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Fig. 1 - (a)Longitudinal and (b) Lateral ResponE€ement Paste under shock wave loading.

In parallel with this a series of studies were aadd on a wide range of geological materials: sand
stones to granites. Some of these materials emb&ilite, showed properties very similar to Coneret
In addition to plane wave loading, ballistic stidigere performed to determine the properties of the
materials under ballistic loading. Both the frontdarear surfaces of a material under impact loading
were examined using high-speed photography, optimaiklation techniques and post-impact analysis.
The fundamental processes, their order of appearamd their timescale were the important factors.

Finally, studies using x-rays have probed the irdemotion of samples using digital image correlati
techniques, which has been successfully applied tariety of material types. Amongst these have
been brief studies of the surface and bulk motiocement and concrete samples under shaped-charge
jet impact.

These experimental data were obtained as partvafier programme to predict and model material
response, study high-pressure low-rate effectdroictsral components. This research has been darrie
out at a number of locations, QinetiQ, Imperiall€gé London and the University of Sheffield.
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Fig. 2 -Comparison of Cement Paste respsonse with ~ Fig. 3 - Hugoniot curve and corresponding release
published Concrete data (from a variety of authors) states of concrete.

Several important phenomena have been found:

(1) The vast majority of building and geologicalteréals do not display an obvious Hugoniot Elaktiit.

(2) Study of the lateral stress reveals a pointzalwhich the material is degraded significantlyeTongitudinal

behaviour of the material remains predominantlyedin above and below this limit, but the shear gtten
deviates significantly from undamaged material.

(3) The binder, i.e. cement paste, dominates thekstesponse of the cement in the stress-partadticity space
(figure 2). The release properties have also bgammmed (figure 3)

(4) The spall strength of the materials is smathpared to their compressive properties. Craterimggsses
proceed by a circumferential cracking process iraade of radial cracking in some materials.

(5) The properties of the aggregate, added to cunoencrete systems are generally much strongetaugher

than the cement paste or grout and so affect theriabresponse mainly in terms of density.

(6) It is possible to measure bulk motion withie fample under shaped charge jet loading (figure 4)

(7) The system is amenable to predictive modellisipg approaches such as the Porter-Gould approach.

Keywords : computational mechanics, contact, multimaterial hydrocodes.
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BEHAVIOR OF CONCRETE STRUCTURES UNDER SEVERE LOADS:
A STRATEGY TO SIMULATE THE RESPONSE FOR A LARGE RAN GE OF
DYNAMIC LOADS

A. Rouguand, C. Pontirolt, J. Mazars

(e-mails:alain.rouguand@dga.defense.goychristophe.pontiroli@dga.defense.gouy.fr
Jacky.Mazars@hmg.inpg)fr

! Centre d'Etudes de Gramat, BP 80200, 46 500 Gydrence
2 Laboratoire Sols, Solides, Structures, BP 53, dioeaniversitaire, 38041 Grenoble, France

Abstract:

The modeling of complex reinforced concrete strietulike complex buildings, nuclear reactors afgainst
impacts, explosions and earthquakes, remains euiffproblem today. Since ten years and more nibw,
Centre d’Etudes de Gramat (CEG) has conductedgarisearch program with the help of French unitiessin
order to overcome encountered difficulties in modgthe behavior of concrete structures under seleading.
These difficulties are related to numerical aspéotsivergence problems of the non linear stressnstelation
in 3D problem, efficiency of the numerical proceslland robustness), but also to the ability of thatenial
model to simulate the correct behavior of a verjnplex and heterogeneous material like the concFatethe
material model the PRM (Pontiroli, Rouquand & Maganodel [1] has been proposed to simulate theretac
behavior for a large range of dynamic loading. Timsdel includes two scalar damage variables thet gi
respectively the loss of stiffness under tensibding and the loss of stiffness under compressiadihg. The
damage evolution laws are controlled by an equntaknsile strain [1], [2]. Strain rate effects arroduced to
model the increase of the maximum tensile and cesgive strength observed under moderate and higjin st
rate loading. The Hillerborg regularization concijtcan be applied to limit the result dependet@the mesh
size during strain and damage localization phen@mEnr cyclic loading like earthquake, a frictioséless is
added to simulate hysteresis loops during unloading reloading paths. These frictional stresse®daote
internal damping forces which are frequency indepen but are related to damage parameters andtthen
tensile cracking phenomena. This proposed two sciaage model has an explicit formulation. Thesstr
tensor at time t At can be directly and exactly computed from the s&wain tensor (at time tAt). This means
that it is not necessary to use any iterative nizakprocedure even for problems where the stnagmeiment
becomes very large particularly for severe and ligighnamic loading. All these basic physical medbarand
numerical aspects are briefly presented and dieduss

For a very high dynamic loading like an explosiveige detonating inside a concrete slab, or a Wijcity
impact, the pressure level can reach several GRzh Sressure level induces a pore collapse mecahathiat
dissipates a large amount of energy. Irreversibas strain under high pressure can also be olibamne can
drive a significant part of the material responseder high pressure regime in porous material, efastic
response becomes non linear and pressure depefdersoils, rocks and concrete the water contesitiinthe
open voids is very important in the high pressuegime. This parameter controls the pressure volume
relationship and heavily influences the shear netezsponse [4]. For concrete having importantewabntent,

the pressure volume relationship becomes stiffan ttihe one observed with a fully dry material. e same
time the maximum shear strength is significantlydo for fully saturated concrete compared to the obtained

for a dry material. In order to take into accoafitthese phenomena, an elastic and plastic moakelbleen
coupled to the PRM damage model. The numericalloouprocedure ensures that the damage model difiees
material response under low pressure paths (eamepstress conditions) but under confined loadimg elastic
and plastic model gives the material response. fEselting coupled damage and plastic model has been
implemented in the ABAQUS explicit finite elememtde.

This model has been successfully used during teeyaars to model a large range of severe loadimg o
reinforced concrete structures. Here we presenesmmerical simulations and comparisons with expenital
data. In the first example, a quasi static founpbiending test on a high performance reinforcettte beam

is simulated and the results are compared to Stvedigerimental data obtained by Magnusson & al.lfbthe
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second example, a dynamic three point bendingtestreinforced concrete beam is simulated and aocedpto
measured data. In the third example, we presentericah and experimental results of the impact cfteel
projectile at 300 m/s in a reinforced L shaped cetecstructure. In the fourth example we compamaearical
and experimental data of the impact of a soft mtigin a reinforced concrete slab [6]. Figurelllistrates
numerical results obtain in these two last examples

Elkr
(Ave. Crit.: 75%)

2

hard projectile impact, soft mrofile impact

Fig. 1 - Example of numerical results obtain omfwiced concrete structure under impact loading

Finally numerical and experimental results are carag for a one third scale multi floor buildingtes on a
shaking table [7]. All these examples demonstiagecapability of the proposed numerical procedargrhulate
in few hours the dynamic behavior of complex reiocéal concrete structures than can reach severabmsilof
degrees of freedom under severe impact, explosiagge effect and seismic loading.

Keywords : concrete model, damage and plasticity nutel, high strain-rates, water content effect, impai;
explosive charge effect, numerical simulation, finé element model, computational mechanics, ...
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COMPACTION PROCESS IN CONCRETE DURING MISSILE IMPAC T: ADEM
ANALYSIS
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Abstract:

A local behavior law, which includes elasticity aplicity and damage, is developed in a three diforak
numerical model for concrete. The model is basedtlm Discrete Element Method (DEM) and the
computational implementation has been carriedmthié numerical Code YADE (1,2). This model wasduto
study the response of a concrete slab impacted tigich missile (3), and focuses on the contributafnthe
compaction process during penetration and/or patiftor. To do so, the model was first used to siteula
compression and hydrostatic tests. Once the lagatitutive law parameters of the discrete elemamdel were
calibrated (4), the numerical model simulated thmpact of a rigid missile used as a reference caseet
compared to an experimental data set. From thisrage€e case, simulations were carried out to shmav t
importance of compaction during an impact and hbexpands depending on the different impact cooéti
Moreover, the numerical results were compared tpigral predictive formulae for penetration and fpeation
cases (5), demonstrating the importance of takitgaccount a local elastic-hardening constitulive between
discrete elements.

Keywords: Impact missile, compaction, penetration, perforatim, concrete model, Discrete Element
Method
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BEHAVIOR OF CEMENTITIOUS MATERIALS FOR HIGH-STRESS AND HIGH-
STRAIN RATE CONDITIONS

Martin J. Schmidt Oana CazaéuMark L. Greefhand N. D. Cristeséu
(e-mails:martin.schmidt@eglin.af.mitazacu@gerc.eng.ufl.edu
mark.green@eglin.af.mihdc@mae.ufl.edu

'Air Force Research Laboratory, Eglin AFB, FL 325W8A
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Abstract:

A comprehensive experimental study aimed at chariaetion of the combined effects of high confinenand
high strain rate on the deformation and strengtleshentitious materials was conducted. Quasi-staéigial
compression tests for confining pressures rangmgnfO to 500 MPa were performed. The experimental
protocol varied from that traditionally followed ithat creep cycles were introduced prior to unlogldad
cycles to mitigate viscous effects. This allowed fccurate, highly consistent evaluation of thestit
properties. Dynamic tests for strain rates inrdngge 60/s to 160/s under unconfined and confiredlitions
were conducted using a split Hopkinson pressure Aadecrease in strain rate sensitivity with inciag
confining pressure was observed.

Introduction :

Concrete is a composite material made up of firgresgate (sand), coarse aggregate (rock), Portlameict and
water. On a micro-scale, it is a heterogeneousaaigbtropic material. Yet on a macro scale, itloarreated as
a continuum. It has been reported that concretébgshboth compressible and dilatant propertiegspure
dependencies, and highly rate sensitive strengiifailure properties in both tension and compresside rate
effects are truly pronounced in the regimes typadaimpact and blast loading problems. A mates@istitutive
model needs to be capable of replicating the behafi interest and be based on data gathered éisssaand
strain rate regimes representative of in situ nieteFhe strain rates of interest for impact protdefrom 0.05 to
1 km/sec were reported by Zukas et al. [1992] tinkithe range of 100 — 104 sec-1 respectively. @¢k[1985]
reported that the impact pressures commonly seeexfdosively driven problems or kinetic energy eators
range from on the order of the strength of thedirgaterial to the strength of the projectile respely. This
implies that the pressure range of interest vdr@s tens of Mega-Pascals (MPa) to the order ofgaascal
(GPa) for a case involving a high-strength steakprator.

A comprehensive experimental study was conductethéwacterize the combined effects of high confiaem
and high strain rate on the deformation and strerdt cementitious materials. Quasi-static statiaxtal
compression tests for confining pressures rangiognfO to 500 MPa were performed to characterize the
material over a broad pressure range. Split HgukirPressure Bar (SHPB) tests were conducted toatgahe
rate sensitivity of the material under both confirmend unconfined conditions.

Procedures, resultats and discussions:

For this study, a nominally 60 MPa unconfined coaspive strength concrete with a 9.5 mm chert aggee
was selected. The effects of confining pressureamentitious materials tested at quasi-statiénsteges have
been extensively studied. Typically, unload-relaagles are included in the experiments. Materialsiit
parameters as a function of confinement can thereumuated from the slope of the cycles. For most
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geologically derived materials, accurate deternmmadf the slopes is complicated by time depentigsteresis,
or viscous effects, in the unload-reload cyclehesk viscous effects can be significant, makingrdghation of
the unload-reload slopes highly subjective. Crimigd998] has shown that the introduction of a pretage (i.e.
stress state held constant) prior to the unloashrekycle eliminates the viscous effects such whédading is
purely elastic. Quasi-static experiments were cotell utilizing creep cycles prior to the unloatbagl cycles
to minimize the viscous effects on parameter evalnoa A typical cycle is presented in Figure 1.plat of axial
strain rate, , is presented in Figure 2 to shoat the creep cycle was held until the time ratecledinge
approached zero. As theorized, very little hystisreffects are evident in the experiment. Quediestriaxial
compression tests at a strain rate of 10-6/s werglucted on the concrete material for confiningspuees
ranging from 0 to 500 MPa, allowing for the accardetermination of the dependence of the bulk medah
pressure and the correct estimation of the materampaction properties when subjected to pressoréhe
range encountered in dynamic events. Over theerasfgconfinements, the material exhibited hardening
behavior up to failure. Both compressibility anthtincy regimes of the volumetric behavior wereenbsd, the
dilatancy threshold being highly dependent on thell of confinement. A plot of Young’'s Modulus (B$ a
function of confinement is presented in Figure\&ry consistent results were obtained following pineposed
procedure and a clear monotonically increase itk eonfinement was observed.

Effects of strain rate on the compressive andleepsoperties of cementitious materials have &ksen reported
(e.g. Ross et al. [1996]). A very limited set oftalan strain rate effects on dynamic shear stremdth
cementitious materials is given by Schmidt and R9999]. Data on the combined effects of confinprgssure
and strain rate are rather limited due to the rstigesf complicated test equipment and the compjeaf test
procedures. Some of the earliest dynamic confieststwere performed by Malvern et al. [1990] using.62
cm diameter Split Hopkinson Pressure Bar (SHPB) amdessure cell for applying confining pressurehia
range 0-6.9 MPa. Using the same device as Malveah. §1990], confined dynamic tests were perfornoed
strain gage instrumented test specimens at stad@s ranging from 60/s to about 160/s under bottonfimed
and confined conditions. For concrete, the unecaafidynamic strength is as high as 1.5 times thsiegtatic
strength. The confined dynamic tests showed sirstl@ss-strain response as the quasi-staticdesthucted at
the same level of confinement. A decrease inrstrate sensitivity with increasing confining pregswvas
observed. Figure 4 illustrates this phenomenanthé figure, results are given in terms of a Dyitaimcrease
Factor (DIF), or the ratio of the quasi-static ymdmic strength.
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SMOOTH PARTICLE HYDRODYNAMICS: SOME OBSERVATIONS ON ITS USE
FOR PENETRATION AND PERFORMATION SIMULATION

L. Schwer
(e-mail: Len@Schwer.ngt

Schwer Engineering & Consulting Services, 6122 Aatourt, Windsor CA 95492, USA

Abstract:

The availability of meshfree methods, and in patéic Smooth Particle Hydrodynamics (SPH), in gehera
purpose commercial analysis software, e.g. LS-DY&l AUTODYN, provide analysts with another tool for
simulating penetration and perforation analyseth@lgh traditional Eulerian techniques, and mooemndy the

so called Multi-Material Arbitrary Lagrange EulemigMM-ALE), form a class of well established metkddr
treating penetration and perforation, these tealesghave not been as popular with analysts as the m
traditional Lagrange solvers with the addition adterial erosion.

Lagrange solvers with material erosion have growpapularity because of the wide availability ofgtange
solvers in a large number of commercial softwarekpges, and in most of the explicit time integnatsmlvers
in this class, the analysts often has the abitityetmove elements from the simulation based orda wariety of
criteria. The selection of an appropriate ‘eroswiteria’ is always ad hoc, and often ill advisGthe most
common such criterion is the so called effectivaspit strain, a positive definite quantity thatrisnotonic in
time. While this criterion has a solid basis inaxial stress testing of metals, it is a rare angltisat aims to
simulate a uniaxial tensile test using erosionhBigtanalysts (too) frequently use effective ptastrain as an
erosion criterion for penetration simulations whante dominated by compressive stresses, whereritésion

has no physical basis. It seems analysts havesilgist of erosion criteria as numerical artefacts, there is no
material characterization test to determine eroaiwything.

The use of erosion criteria to calibrate modelgiteen experimental results is folly. First therenis unique
erosion criteria, and thus many numerical ‘soluwiocan reproduce the experimental results, i.e-urdque
solutions. Second, for a give erosion criteria omest perform mesh refinements to assess the chanipe
predicted penetration results. If the ‘answer’ amms to change with mesh refinement then thene isnswer.’
The contention is made this will be the case fosthmesh refinements with ad hoc erosion criteria.
Element erosion is essentially old “technology”ttifecilitated getting an (any?) answer. For the e,
erosion predates the advent of damage mechanit$y meention the current wider availability of Exén and
meshfree solvers.

The Smooth Particle Hydrodynamics (SPH) techniquevéll suited to penetration and perforation aredys
First, there is no need for ad hoc erosion crifesim there is no element distortion requiring temaval of
elements; there are no elements. Second, as thielgmrare forced to separate along the boundarthef
projectile during the penetration event, they ‘mally’ form discontinuities in the continuum, muets shear
bands and cracks are formed in penetrated matefiaése advantages over Lagrange techniques vatioer,
do come at a cost of increased CPU time for sinwrlaf and perhaps more importantly, resources tedd
expended to train analysts in the use of thesanigabs.

Case studies of SPH techniques applied to metéd pkrforation, both thin and thick plates by botid and
highly deformable projectiles, metal tubes, compl@ometries consisting of metal part assembliask land
mortar walls, and concrete slabs are presentedeldyeplications are used to illustrate a rangepli@ability of
SPH techniques, and when available, their predictbomparisons with experimental results. The most
challenging of these illustrations is the case diighly deformable (aluminum) projectile perforatia metal
(steel) plate. In this case, the prediction of ltladlistic limit for the plate depends on accurateigdeling both
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the deformation of the perforated plate and thalisigeformed projectile whose shape determineisiiésaction
with the plate.

Keywords : Smooth Particle Hydrodynamics, SPH, perteation, perforation, erosion criteria, concrete
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DYNAMIC INDENTATION RESPONSE OF ADVANCED STRUCTURAL
MATERIALS

G. Subhash
(e-mails:subhash@ufl.edu

Mechanical and Aerospace Engineering
University of Florida, Gainesville, FL 32611, USA

Abstract:

Determination of high strain rate response ofemals is of significant value in analysis andigasof
components subjected to dynamic loads as in impaetsh, high speed machining, dynamic wear etc.
Traditional techniques such as split Hopkinson sues bar require elaborate data processing to rolbke
material rate sensitivity under dynamic loads. Tépecimen size requirement and specimen preparation
technique are also considerably more demanding.ofersimplified ‘dynamic indentation technique’, vego
principle of operation is similar to that of trddital static indentation technique, has been dgeslofor
determination of rate sensitive behavior of matsribinlike the traditional static indentation teifue where
the loading duration is of 15 seconds (strain ateghe order of 0.0001/s), the dynamic indentat&rhnique
utilizes elastic stress wave propagation phenoniena slender rod and delivers indentation load @9 1
microsecond duration resulting in nominal straiteseon the order of 1000/s.

This technique has been used to capture the rasitise hardness of a range of traditional metats @eramics.
The method is then extended to determination ofdlbe sensitive behavior of bulk metallic glas€®8IGs or
amorphous metals), fine grained boron carbide (Bd&amics and ultra high temperature ceramic (UHTC)
composites (ZrB2-SiC). In BMGs, the evolution oéahband patterns and their spacing as a funcfiappied
loading rate are investigated [1-3]. The negatiaes sensitivity of hardness and fracture stremgththen
rationalized. In B4C, the loss of hardness andtdractoughness under high loading rates are detectd then
the reason for the loss of strength is identifieithwhe help of Raman spectroscopy as the dynaiméss
induced structural phase transformation [4,5]. IMTC, stress induced microplasticity (slip lines)dan
microcracking are investigated. Suitable micromeata models that capture the observed behavioe haen
developed to rationalize the microstructural defation mechanisms. It will be shown that the dynamic
indentation hardness method can be effectively dsedapid screening of materials for their ratasgve
behavior.
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DESIGN OF MATERIALS WITH ENHANCED PROPERTIES: AMUL TI-LENGTH
SCALE COMPUTATIONAL APPROACH

Prof V. Sundararaghavan
(e-mails:veeras@umich.edu

University of Michigan, USA.

Abstract:

Current practice in materials-by-design has evolvenh a trial and error approach to physically-lshapproach
where computational materials tools are used eixtelysin the design of new materials. An exampleins
composite design, where techniques that enableritegl of microstructure topology has allowed desihn
structures with interesting extremal propertieshsas negative thermal expansion and negative Russsatio.
In contrast to composites, techniques that allalertag of properties of engineering alloys involtaloring of
preferred orientation of crystals and grain six¥&h recent multi-length scale modeling advancepriedicting
behavior of materials, it is increasingly becomjmssible to devise methodologies to control mictmstire
formation and generate materials with tailored prop distributions. In this talk, | will describe r@cently
developed optimization strategy for computationasign of materials with tailored microstructure-sitive
properties. The topics covered in this talk aretidelow:

- A non-linear large strain finite element homogation technique for prediction of microstructureml@tion
[1].

- A multi-scale sensitivity analysis technique é@signing deformation processes that generate aptiraterial
properties in the final product [2].

During deformation processes, mechanisms suchyatatographic slip and lattice rotation drive floemation
of texture and variability in property distributi®in such materials. A useful method for desigmmagerials is
hence, through control of manufacturing processabées such as die and performs shapes (Fig 1)affextt
final microstructure and properties of the material

In the multi-scale sensitivity analysis technique €ontrolling properties, sensitivity of microstture field

variables such as slip resistances and crystaitation changes due to perturbations in procesmnpeters such
as forging rates, die and perform shapes are gxdeflned by direct differentiation of governinguagions. A

macro-micro energy equivalence principle is devetbpo compute sensitivity of stress and variousenilt
properties at the macroscopic level from microstmal sensitivity fields. These sensitivities ased within a
gradient optimization framework for computationabajn of forming processes.

This inherently is a complex multi-scale problemdliving microstructure analysis and requires extenase of
parallel computing. Since the design has to be thathproperties as well as the finished produapsk have to
be controlled, these are also complex multi-objeciproblems. Our novel ‘multi-scale sensitivity s’
technique (Ref. 1) allows us to address these sssfiéciently. Examples that illustrate efficienof this
approach in allowing control of properties suchssiffness and strength to generate graded metathaeor
materials will be shown.

Increased use of computer and information technedobas allowed integration of optimization-basedign
techniques for thermo-mechanical processing wittrosiructure analysis. Techniques that we haveldped
can be broadly applied to design of functionallsdgd armor materials as well as sensors with hidingctional
electromagnetic, thermal or optical properties.
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Fig. 1 - Properties such as strength and stiffa@sstailored by controlling process variables sashdie and
perform shapes. This affects the evolution of therestructure and associated properties.
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Fig. 2. - An example of ontrol of material strenglistribution for creating graded polycrystallinaterials by
controlling the preform shapes during closed digifay processes.
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TOWARDS A BETTER UNDERSTANDING OF EXPLOSIVES BEHAVI OUR
THROUGH A MULTISCALE METHODOLOGY
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Abstract:

Explosives are too often considered from the savpoint of their destination, i.e. detonation. Father
purposes, however, they must be considered as ‘alomaterials” and studied from the mechanical aadenal
science standpoints. This is particularly the das¢he problem of low velocity impacts, crucialtiviregard to
safety issues, and yet poorly understood.

It is well known that the initiation of impact inded explosions involves “hot spots”, i.e. local parature
peaks resulting from heterogeneous dissipative ar@sms. Understanding such phenomena compels one to
recognize that the macroscopic scale is not retewaud that mechanical processes take place prigatction. It

is thus required to study micromechanical and pot processes as well, using appropriate experahtouls.

Fig. 1 - Concrete like microstructure: left : ping — center : after dynamic uniaxial compression.

This is illustrated on a pressed HMXbased high &sipk, whose microstructural state and evolutiores a
investigated mainly using optical microscopy on tpmstem samples. Given the concrete like initial
microstructure (see Fig. 1 left), pressure andirstrate are identified as the main influential paeters on
macroscopic response. Hence, several samples amitsd to a variety of laboratory loading histatie
recovered and analyzed. This panel also includexplosive target recovered after a subcriticaldotp
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It is shown that the main deformation mechanisnesnaicrocracking (see Fig. 1 right) and crystal g (see
Fig. 2 left), both strongly oriented processes. [Bstale reacted spots are also identified in nsastples, even
in cases of low energy loading cases. Strong osiskiips between deformation and reaction micronmasires

are deduced from observations. For example, it agpelearly that twinning impedes reaction, whiblst
appears as strongly linked to microcracking. Finallthorough study of the recovered target showas ttiree
main reaction mechanisms are at work, includingstatiographic transition, solid state reaction, anelting

(see Fig. 2 right).

Figure 2 : Effects of deformation and reaction ft lgwinned crystals after quasi-static high presstriaxial
compression - right : small scale melting afteranidl dynamic compression (arrows).

These manifestations are separate mechanismsyasah be observed independently. Moreover, sortigeof,

small scale melting for example, are found afteagigtatic experiments. This indicates clearly thaty take
place at a very rapid time scale, for which theromiduction has but little time to occur, even tjiothe time
scale of the external load is several orders ofnitade longer. Although the deformation mechanisars

somewhat clarified, much remains to be done ancerstolod. Partially reacted microstructures appeste g
complex, and seem to involve several uncoupled em@shms, suggesting the crucial role of solid statelting

and reaction kinetics.
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IMPACT AND PENETRATION OF STEEL PLATES USING DYNAMI C BASED
LENGTH SCALES

1
George Z. Voyiadjis Amin Almast,
(e-mail:voyiadjis@eng.lsu.edu

1
U.S. Department of Civil and Environmental Engimegy Louisiana State University, Baton
Rouge, LA 70803, USA

Abstract:

This work presents a theoretical framework to satapact and penetration problems with the aid aflocal
gradient-enhanced theory coupled to viscoinelagti&hear localization during penetration is captuthrough a
constitutive equation that embodies a strain softeterm. Micro-structural length scale is explicibbtained by
conducting nano indentation tests, whereas therdinaffect of the length scale is taken into ac¢awing a
simple power law. Finally, explicit finite elemeamalysis is used to solve three different problefrismpact and
penetration. The simulation results of the steelepration problem are seen to be in a good agreewi¢m

available experimental data.
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