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1. ABSTRACT 

A series of plate impact experiments has been pe/formed on cement paste and dolerite igneous rock to 

assess their longitudinal and lateral properties under shock wave compression. The stress components were 

measured using embedded manganin gauges. Longitudinal stresses in cement paste and grout spanned a 

range of 0.21-6.20 GPa and 5.16-11.34 GPa respectively, while the lateral stresses spanned a range of 

0.09-4.69 GPa and 1.01-6.86 GPa. The dynamic shear stress can be determined by comparison of the 

longitudinal and lateral stress histories. Results indicate that the cement paste is behaving in an inelastic 

manner with the shear stress increasing with increasing shock pressure. For the dolerite, results indicate 

that the longitudinal behaviour is elastic for the stress range involved although shear stresses show 

deviation from elastic loading for longitudinal stresses higher than. 4.3 GPa. Resultsfor both materials are 

compared with published data for concrete and other geological materials. 

2. INTRODUCTION 

Considerable interest in characterising the dynamic loading of concrete under impact 

conditions exists because of its extensive use as a structural material [1-4]. Concrete is a 

heterogeneous material containing aggregates in a cement matrix, therefore, its response is 

complicated compared to homogeneous materials. For instance, impedance differences inside the 

concrete emanating from its constituents lead to local variations in the particle velocities, 

longitudinal and lateral stresses. One way to study this material is to average these variations using 

a reverse impact technique, where a disc-shaped concrete specimen is mounted on the projectile 

which undergoes planar impact on a stationary target of PMMA, copper, or tantalum which is 

instrumented [1-4]. Only the Hugoniot curve (longitudinal behaviour) can be found using this 

technique. To determine the constitutive behaviour of the material, the lateral stresses need to be 

measured. Overall, the material characterisation has been built -up from studies of the matrix 

(cement paste) and geological materials separately. 



The Hugoniot and lateral experiments performed on cement paste and dolerite are presented. 

Dolerite (also known as Diabase) is a fine-to medium-grained, dark grey to black intrusive igneous 

rock [S]. Chemically and mineralogically, it closely resembles the volcanic rock basalt, but it is 

somewhat coarser and contains glass, with increased grain size it resembles gabbro for which data 

exists in the literature [6]. 

3. EXPERIMENTAL PROCEDURE 

All experiments were carried out in the plate impact facility at the University of Cambridge [7], 

which consists of a single stage SO mm, bore light gas gun. This is capable of achieving velocities 

up to 1200 m S·I. The impactor materials consisted of polymethylmethacrylate (PMMA), 

aluminium, lapped copper and tungsten. Impact velocities were measured to an accuracy of O.S% 

using a sequential pin-shorting method and the target was aligned to the impactor to less than 1 

mrad by means of an adjustable specimen mount. To measure the Hugoniot of the cement paste, 
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Figure 1: Target configuration 

manganin stress gauges (MicroMeasurements type 

LM-SS-21OFD-OSO) were embedded between tiles 2-

4 and 4-20 mm, thick. For Dolerite, the tiles were 8 

mm and 17 mm thick. One sample of Dolerite was 

prepared with the stress gauge supported on the rear 

surface with a block of (PMMA). In such a 

configuration the gauge had a faster rise time due to 

the impedance match of the PMMA, epoxy adhesive 

and the gauge materials. Specimens for lateral gauge 

experiments were sectioned III two, and 

commercial stress gauges (J2M-SS-S80SF-02S) were 

introduced 2 and 7 mm, from the impact surface of each cement paste sample and 3 and 8 mm for 

dolerite. Samples were assembled using a low viscosity epoxy with a curing time of approximately 

24 hours. Lateral gauge data were reduced using the analysis of Rosenberg and Partom [8]. The 

shear stress (. ) of the material can thus be calculated through knowledge of the longitudinal (. x> 

and lateral stresses (. y) through the relation, 

2- =. x -. y (I) 

Our method of determining the shear stress has the advantage of being a direct measure, which 

does not rely on computation of the hydrostat. 



4. MATERIAL DATA 

The cement paste and Dolerite used in this study were supplied by Concrete Structures Section 

CCSS), Department of Civil & Environmental Engineering, Imperial College, London, UK. The 

paste had a water-to-cement ratio of 0.35 by weight. Specimens were cured for 21 days in a water

bath at 20 Dc. The density and ultrasonic measurements were performed for each batch after the 

sample surfaces were ground flat. The density was 2000 ± 200 kg m-3
, while the longitudinal and 

shear elastic wave velocities, were 3.70 ± 0.20 and 2.20 ± 0.20 mm I1s- l
, respectively. Density 

variations resulting from different initial porosity were in agreement with independent 

measurements performed by CSS. 

Dolerite was sent as a single block weighting over 20kg. It was cut into smaller specimens with 

dimensions 8-20 mm x 50 mm x 50 mm. Density and ultrasonic measurements were pelformed on 

several samples after grinding. The density was 2894 ± 27 kg m-3
, while the longitudinal and shear 

elastic wave speeds were 5.89 ± 0.07 and 3.34 ± 0.11 mm' S·I, respectively. 

5. RESULTS AND DISCUSSION 

(i) Cement Paste 

Table I summarises the impact conditions and Hugoniot stresses for the longitudinal 

experiments, while table 2 summarises the impact conditions, lateral stresses and shear stresses 

obtained using equation 1 combined with the Hugoniot data. It should be noted that if mUltiple 

Hugoniot measurements correspond to a single lateral result, the mean Hugoniot value is used in 

equation 1. 

Figures 2 and 3 illustrate some typical stress wave profiles for experiments IOHCu/9TCu and 

16HCu/l OTCu. The solid trace corresponds to the longitudinal stress while the dotted trace 

corresponds to the lateral stress. It can be seen that the longitudinal stresses have higher values 

than the lateral ones due to the shear strength of the material, as reflected in equation 1. 



Table 1: Cement Hugoniot Shots 

Shot no. Impactor Target Target Impact Stress Particle Velocity 
material and front back Velocity (GPa) (mm. S·I) 

Thickness (mm) (mm) (m S·I) 

(mm) 
!HAl 10 Al 2 5 250 0.84 ±0.04 0.180 + 0.006 
2HAI 10 Al 2 6 511 1.80 +0.20 0.378 + 0.040 
3HAI 10 Al 4 10 359 1.34 +0.06 0.260 + 0.008 

4HPMMA IOPMMA 3 10 228 0.47 +0.01 0.100 + 0.003 
5HCu IOCu 2 13 511 2.48 + 0.11 0.442 + 0.020 
6HAI IOAl 2 10 435 1.92 + 0.06 0.298 + 0.010 
7HCu 10 Cu 2 10 509 2.80 ±O.IO 0.432 + 0.015 
8HAI 10 Al 2 10 510 2.37 ±0.09 0.345 + 0.020 
9HCu 10 Cu 3 10 569 3.30 + 0.20 0.478 + 0.030 
IOHCu 6Cu 2 10 641 4.05 +0.20 0.530 + 0.030 
I !HAl 10 Al 2 10 484 2.33 + 0.10 0.320 + 0.015 
12HAI 6 Al 2 10 548 2.63 + 0.10 0.367 + 0.012 
13HAI IOAl 2 10 314 0.88 + 0.03 0.245 + 0.007 
14HAI 10 Al 2 10 510 2.14 ± 0.04 0.359 + 0.008 

15HCem IOCem 5 5 292 1.00 +0.03 0.228 + 0.006 
16HCu 6Cu 2 20 727 5.00 +0.15 0.590 + 0.01 8 
17HCu 6Cu 2 10 839 6.20 ±0.19 0.672 + 0.020 

18HPMMA IOPMMA 228 0.47 + 0.01 0.100 + 0.003 
19HAI lOAl 2 10 396 2.01 + 0.08 0.253 + 0.010 
20HAI IOAl 2 10 270 1.24 + 0.05 0.170 + 0.007 
21HAI IOAl 2 10 313 1.37 ± 0.05 0.212 + 0.008 

22HPMMA IOPMMA 2 10 348 0.97 ±0.04 0.079 + 0.003 
23HPMMA IOPMMA 2 10 385 0.95 +0.04 0.122 + 0.005 
24HPMMA IOPMMA 2 10 71 0.21 + 0.01 0.012 + 0.001 
25HPMMA IOPMMA 2 20 152 0.44 + 0.02 0.027 + 0.001 

Table 2. Experimental Parameters, Lateral Stresses and corresponding Hugoniot Data 

Shot no. Impactor Impact Velocity Lateral Corresponding 2*Shear 
material and (m S·I) Stress (GPa) Longitudinal Stress (GPa) 

thickness (mm) Stress (GPa) 
ITAI IOAl 352 1.00 +0.03 1.34 +0.06 0.34 +0.09 
2TAI 10 Al 512 2.00 +0.06 2.25 + 0.12 0.25 + 0.18 
3TAI 10 Al 261 0.52+0.02 0.84 ± 0.04 0.32+0.06 
4TAI 10 Al 438 1.39 + 0.04 1.92 + 0.06 0.53 +0.10 
5TAI 10 Al 440 1.35 + 0.03 1.92 +0.06 0.57 +0.09 
6TCu 10 Cu 499 2.28 +0.05 2.64 ±0.16 0.36 +0.21 
7TCu 10 Cu 569 2.66+0.08 3.30 +0.20 0.64+0.28 
8TAI 10 Al 514 1.64 + 0.14 2.25 +0.12 0.61 + 0.26 
9TCu IOCu 635 2.94 + 0.15 4.05 +0.20 1.11 + 0.35 
lOTCu 6Cu 724 3.75 + 0.15 5.00 + 0.15 1.25 + 0.30 

I1TPMMA IOPMMA 229 0.09 + 0.01 0.47 + 0.01 0.38 + 0.02 
12TCu IOCu 846 4.69 + 0.10 6.20 ± 0.20 1.51 +0.50 
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response 

Figure 4 shows the cement paste Hugoniot together with 4 different concretes and grout fi'om the 

literature [1-4, 15]. The Hugoniot Elastic Limit (HEL) was estimated, from the stress profiles 

which showed a two- wave structure, to be 0.30 ± 0.05 GPa; the particle velocity at the HEL was 

40 ± 10m S·l. It can be seen that the data are tightly grouped, suggesting that the inclusion of 

aggregates does not significantly affect the Hugoniot curve up to stresses of 6 GPa. In addition, 

there is scatter in the cement paste data up to ca. 3 GPa. This can be attributed to differences in the 

relative humidity of the samples; however, above 3 GPa the scatter reduces. It is believed that up 

to 3 GPa the porous collapse is affected by differences in humidity and porosity while at higher 



stresses the components' compressibility takes over and differences in humidity playa secondary 

role. Further experiments are under way at higher stresses to assess this hypothesis. 

Figure 5 illustrates the lateral data. The shear stress data, calculated from equation 1, are plotted 

against longitudinal stress. As a comparison, the data are also fitted to the assumed elastic 

behaviour given by the equations 

and 

1-2v 
2'1:=--a 

I-v x 

(2a) 

(2b) 

where ay is the lateral stress, ax is the longitudinal stress, '1: is the shear stress and v is the Poisson's 

ratio of the material (0.23). It can be seen that, within the scatter due to the nature of the cement 

paste, the material behaviour deviates from the purely elastic behaviour around the HEL, in 

addition, the shear stress increases with increasing impact stress. Some process such as fracture, or 

pore collapse, reduces the strength, while the shear stress exhibits pressure dependence, indicative 

of the brittle granular nature of the material. Similar behaviour has been observed in certain filled 

glasses [9] where the shear stress of the damaged material deviates from the elastic loading line 

also increasing with pressure. 

ii) Dolerite 

Table 3 summarises the impact conditions and Hugoniot stresses for the longitudinal 

experiments, while table 4 summarises the impact conditions, lateral stresses and shear stresses 

obtained using equation I and the Hugoniot data. Figures 6 and 7 illustrate some typical 

longitudinal and lateral stress wave profiles for experiments IHdolll Tdol and 4Hdol/4Tdol, 

respectively (see Tables 1 and 2 for impact conditions). The solid trace corresponds to the 

longitudinal stress while the dotted traces correspond to the lateral stresses at the two different 

gauge positions. It can be seen that the longitudinal stresses have higher values than the lateral 

ones and their difference leads to the shear stress inside the material according to equation I. 

Figure 8 illustrates the Dolerite Hugoniot curve together with the Hugoniot data for Gabbro and 

Diabase [10-12]. It can be seen that all data are tightly grouped. 



Table 3: Experimental parameters and results for longitudinal data and Hugoniot points 

Shot no. Impactor Target Front Target Back Impact Hllgoniot Particle Velocity 
material (mm) (mm) Velocity Stress (GPa) (mm. S·I) 

(mm) (m s") ±3% +3% 
IHdol 10 Cll 8.26 Dol 17.16 Dol 519 6.08 0.35 
2Hdol lOCll 8.20 Dol 17.22 Dol 702 8.39 0.48 
3Hdol lOCll 7.69 Dol 17.25 Dol 833 10.17 0.57 
4Hdol 6W 7.35 Dol 8.40 Dol 815 11.34 0.67 
IBdol lOCu 6.8 Dol 12PMMA 451 4.36 0.33 

Table 4: Experimental parameters and results for lateral data and shear stresses 

Shot no. Impactor Impact Velocity 
material (mm) 

ITdoJ 10 Cu 
2TdoJ 10 Cll 
3TdoJ 10 Cll 
4TdoJ 6W 
STdoJ 10Cu 

3.0m"1 ! 8.2m", 

Time(ps) 

Figure 6: Stress wave profiles for 

Experiments 1 Hdolll Tdol 
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In addition, the Dolerite data have been compared to the elastic impedance of the material using 

the relationship (J x = Po U P CL , where' 0 is the initial density of the material, Up is the particle 

velocity and CL is the longitudinal wave speed. The agreement with this fit is excellent suggesting 

elastic loading. Although no Hugoniot Elastic Limit (HEL) data are available for Dolerite, HELs 

for other igneous geological materials have been reported; basalt [13] has an HEL in the vicinity of 



5 GPa, while for jadeite the HEL [14] is in the range 5.8-7.2 GPa. It is possible that the elastic 

impedance and the shock impedance immediately above the HEL are similar and thus make it 

difficult to resolve a change in slope, at the HEL, in the gauge trace. 
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Figure 9 illustrates the Dolerite and Gabbro [11] 

shear stress vs. longitudinal (Hugoniot) stress. The 

Dolerite data have been fitted to equation (2b). It can 

be seen that above a Hugoniot stress of ca. 4.3 GPa 

the material behaviour deviated from the purely 

elastic loading suggesting a process such as fracture 

or damage in the shock front, which results in a 

reduction of the dynamic strength of Dolerite. Note 

when a lateral stress measurement is taken below 4.3 

GPa, experiment 5Tdol, assuming elastic ax> the 

shear stress lies on the elastic loading line. This result suggests a stress of 4.3 GPa as a possible 

HEL value. For this reason, a longitudinal shot was performed where the Dolerite was backed by 

PMMA. Because of similar impedance of the gauge package and the PMMA the gauge rise time 

was ca. 30ns, compared to 200 ns for a fully embedded gauge. The measured stress in the PMMA 

(. p) was converted to stress in the Dolerite (. D) through the relation 



ZD +Zp 
a n := O'p, 

2Zp 
(3) 

where ZD and Zp are the elastic and shock impedances of the Dolerite and PMMA, respectively. 

The trace is illustrated in Figure 10. The stress induced in the Dolerite was 5.11 GPa, slightly 

higher than the presumed HEL. However, no two-wave structure was seen, suppOlting the view 

that the elastic and shock impedances are similar. Experiments with VISAR are under way to 

resolve this issue. 

6. CONCLUSIONS 

Plate impact experiments have been presented to assess the longitudinal and deviatoric 

behaviour of cement paste and Dolerite. Results indicate that Hugoniot curves of cement paste and 

concrete are comparable suggesting a weak dependence on aggregate inclusion. In addition, above 

the HEL the cement paste behaves inelastically indicating a process such as fracture or pore 

collapse reducing the strength. At the same time, the shear stress increases with increasing 

pressure. 

In the case of Dolerite, results indicate that the Hugoniot curve is elastic up to 11 GPa. However, 

shear stress data show a deviation from elastic loading at a stress of 4.3 GPa. It can thus be 

concluded that the HEL is around that value and the gauges were unable to resolve the two-wave 

structure because of similar elastic and shock impedances. 
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Resume 
La modelisation des deformations a grande vitesse est abordee par la methode des el6ments discrets. Cette methode est bien 
adaptee aux problemes mettant en jeu la fracturation et la fragmentation de materiaux heterogenes ou des geomateriaux. Le 
maillage est de type Vorono!, Ie diagramme de Delaunay associe represente ]' ensemble des contacts reliant deux cellules 
voisines. Chacun des liens est caracterise par des parametres locaux de raideur normal K" et de cisaillement K'. De plus, on 

introduit deux limites de rupture </>" et $' pour simuler les ruptures en mode-I et en mode-II. Un code numerique construit a partir 
de cette methode est utilise pour modeliser les effets d'une explosion au contact d'une plaque de beton de 20 em d'epaisseur. Les 
resultats des simulations sont compares aux mesures experimentales. Les phenomenes de compactions, de propagation de 
fracture et d' endommagement sont bien rendus. On montre que la phenomenologie est complexe et depend du taux de contrainte 
et de la porosite du materiau. 
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Abstract 

High strain rate tests are simulated by a 2D discrete element method. This method is well adapted to problems involving 
fracturing and fragmentation of heterogeneous materials and geomaterials. The mesh is a Vorono! diagram, the associates 
Delaunay diagram being the set of the links between each cell and its neighbors. Each link is characterized by local parameters 
K" and K', the normal and the shear stiffness. Furthermore, rupture thresholds q," and q,' are introduced to simulate mode-I and 
mode-II crack. A numerical code based on this method is used to simulate the effects of contact explosion on a 20 em width 
concrete slab. Synthetic results are compared with experimental data. Compaction, fracture propagation and damage are well
fitted. It is shown that the phenomenology is complex and depends on strain rate loading and porosity of target materials. 



Abstract. High strain rate tests are simulated by a 2D discrete element method. This method is well adapted to problems 
involving fracturing and fragmentation of heterogeneous materials and geomaterials. The mesh is a Vorono! diagram, the 
associates Delaunay diagram being the set of the links between each cell and its neighbors. Each link is characterized by local 
parameters K' and K', the normal and the shear stiffness. Furthermore, rupture thresholds <1>' and <1>' are introduced to simulate 
mode-I and mode-II crack. A numerical code based on this method is used to simulate the effects of contact explosion on a 
20 em width concrete slab. Synthetic results are compared with experimental data. Compaction, fracture propagation and 
damage are well-fitted. It is shown that the phenomenology is complex and depends on strain rate loading and porosity of target 
materials. 

1. INTRODUCTION 

Understanding the response of aggregate material when sUbjected to high strain rate is a key point to 
describe the behavior of structure involved in situations such as impact loading or explosion. Discrete 
element methods are based on a discretisation of a structure by finite units which are locally driven by 
mechanical interactions with their neighbors. The discrete element method used in this study approximates 
theses elemental units as rigid particles. Since the problem of studying high strain rate events implies 
strong inertial effects, Newton's law of motion is used to obtain velocity and displacement of each element. 
The specificity and the originality of a discrete element method relies mainly on its description of the 
medium (part 2.1) and its interaction law (part 2.2) which connects particles. 

Previous works were conducted on this subject: Potyondi and Cundall"] had shown the advantage of 
discrete element method compared to finite element methods regarding the post-failure behavior of 
material. In the present work, we add the notion of potential shear plan which will be developed in part 2.1. 
This idea is quite similar to the multiplane model developed by Curran et al"]. 

In this study, we use a numerical model SDEC (Spherical Discrete Element Code) developed by F. 
Donz611l, based on Discrete Element Method (DEM) to investigate the importance of stress waves in 
generating fractures and damages. DEM is well-adapted to problems involving cracks and fractures: the 
medium is described by an assembly of particles, each one is linked to its neighborhood by an interaction, 
generating a mesh. Interaction between two elements has to be defined to describe the mechanical 
properties of the medium. FurthelIDore, characteristics of a link could be modified or changed to provide 
for example local weakness. The numerical model is basically 3D with spherical rigid elements. 
Neveliheless, in the present paper, the model is used with an option providing polygonal elements 
(V orono!) in a 2D axisymetric configuration. 

This paper focuses on a set of experiments conducted with a MESO concrete slab submitted to a central 
explosive blast. 



2. NUMERICAL ANALYSES 

2.1 Description of the medium 

The method developed in the present work consists of creating Voronoi' polygons or cells associated with 
a lattice bond (Delaunay tessellation) shown in Fig. 1. Four steps are necessary to provide all the mesh: 

1. The whole structure is filled by a set of points equally distributed onto a regular triangular 
mesh. 

2. Each point is randomly displaced from its initial position. 
3. A Voronoi' cell is created from each point with its nearest neighbors (from 5 to 7 neighbors) 
4. This last step is to determine and to build each interaction between two contiguous cells. 

Finally, the constructed mesh has no residual geometric porosity and allows mapping of complex structure. 

Mass 
Center Polygon = 

Potential fracture 

Interaction 

Fig 1,' Typical Varonai' mesh, the red color is for interaction links and blue color for polygonal 
particles. It is assumed that the mass of a particle is reported to its cellter. 

2.2 Interaction law 

Each element represents a mesoscale aspect of the medium. The elementary cell for concrete is a mix of 
cement grains and voids. Initially, each interaction link is able to transmit tensile, compressive and shear 
forces. Figure 2 shows the decomposition of the force F between two cells. A normal Fn and a tangential F, 
components are respectively associated with an elastic normal and shear spring (Kn and K, stiffness). The 
numerical model supposes that stiffness' are constant and independent of the relative movement of the 
linked elements, as long as the behavior of the medium is elastic. These two parameters are evaluated 
following Kusano's relation!4] (la-b): 

(La) 

(1.b) 

where E and v are respectively the Young's modulus and the Poisson's ratio of the medium. These two 
relations are strictly valid in 2D for a thickness unity and have to be adapted to axisymetric geometry. The 
normal and tangential forces are calculated following a time centered scheme (2a-b): 



F, (t + 1'.t) = F.{I) + K, (1'.U x + 1'.U y) (2.a) 

F, (t + 1'.1) = F, (t)+ K, 1'.r (2.b) 

Interaction between 
element I and J 

........... 

·i~ 
.--'\ J / ..... . 

................ J 

Force 
normaleF" 

Force 
tangentielle F" 

Fig 2: Particles interactions are spUtted to nonnal and tangent elastic/orces. 
L1U and L1yare respectively nonnal and tangential displacements 
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The stress tensor a;j must be calculated from an average of the forces on a homogenization surface (or 
volume for 3D problems) which contains about 30 polygonal cells, following equation (3). 

1 ' 
(Jij=2A 2,P,'IJ (3) 

k==1 

where A, Ij , Fi and n are respectively the surface of homogenization, the intercentroldal distance projected 
on j-axe, the interaction force projected to i-axe and the number of interactions into the surface A. It is 
generally assumed that the surface is a square. 

The constitutive model is separated in a linear elastic model for the uncracked material and a softening 
model for the cracked material. Drucker-Prager failure criterion, generally adopted for concrete and 
geomaterials, is locally defined by a Mohr-Coulomb threshold. Mode-I (traction damaging) and Mode-IT 
(compression damaging) are separately modeled by a tensile threshold and a shear threshold. 

Uniaxial and triaxial experiments conducted by Buzaudl5J in 1998 provide macroscopic parameters of 
MB50 (Tab. 1). Previous analysis and modeling of these experiment by SDEC have been performed by 
Brara et al [6J and have given a set of parameters C, <p and T well adapted to describe the behavior of ME50. 
Le Vu experimentsl7J in 1997 provide the parameters of the constitutive equation ofME50 (Tab 2). 



Density 2800kg.m·3 

Young's modulus 35 Gpa 
Poisson's ration 0.2 

Compressive strength 70Mpa 
Strain failure 0.3 % 

Tensile compressive 10 
strength ratio 

Table 1: Macroscopic parameters ofMB50 concrete 

3. EXPLOSIVE LOADING OF MBSO CONCRETE 

3.1 Experimental setup 

The aim of the present experiment is to characterize the behavior of a concrete slab loaded by a near field 
detonation wave. These experiments were conducted at Centre d'Etude de Gramat in the expetimental 
GEO campaign[8]. Figure 3 shows the tested structure with the ptiming device. Concrete slab is a I-meter 
diameter and 20-cm width cylinder. Six slabs have been built, three with 32-rnm diameter explosive charge 
and the other ones with a 45-rnm diameter charge. For each group, two slabs were instrumented with strain 
gages and the third was unmodified. Three gages were placed in the instrumented slabs at 50, 100 and 
150 mm deep with regard to the front face. A laser velocimeter was installed behind the slab to measure the 
rear face velocity. 

20cm 
20cm 

lOcm 

o 100cm 

Fig 3: MB50 Concrete slab with the explosive device (V401 explosive). 

After the detonation of V401 explosive, the direct hemisphetic shock wave (and the rarefaction wave 
following) and the induced damaging such as crateting on front face or flaking on rear face. All the 
experiments have caused a rear flake of about 450 rnm diameter with a 10 ms" and a 2.6 ms" ballistic 
velocity respectively for 45 rnm and 32 rnm diameter charge. The generated crater at the front face had a 
diameter 2.5 times larger than the explosive charge. 



3.2 Numerical setup 

The simulation was canied out with 37000 cells. A JWL (John-Wilkens-Lee) equation of state of the V401 
explosive was used to provide the loading rate of the concrete within a finite difference numerical code. 
The form of the JWL equation is shown in equation (4). The loading peak pressure is about 20 GPa beside 
the symmetry axe. 

rop Po rop Po rop' 
P = A(1---)exp(-R1-)+B(1---)exp(-R,-)+-Emo (4) 

~~ P ~~ P ~ 

3.3 Results 

Figures 4a and 4b show a comparison of the calculated and the measured pressure. The results are excellent 
with regard to time an'ival of the peak of the compressive wave and the pressure level. The loading slopes 
for the 45mm diameter charge are 35 104 GPas·1 for gage #1,2 104 GPas·1 for gage #2 and 0.8 104 GPas·1 for 
gage #3. The compressive strength is supposed unmodified in the vicinity of sensor #2 and #3, so we are 
able to provide the strain rate at these locations: 500 S·I and 200 S·I for gages #2 and #3 respectively. We 
note a rapid decrease of this strain rate due to the effect of porosity in MB50. Figure 5 shows global 
pressure snapshots at time 22 J.lS, 72 Ils and 110 Ils for the 45mm diameter. We remark at earlier time a 
sharp hemispherical shock wave (yellow color) which is spread during propagation of the wave. Behind the 
compressive wave is a rarefaction wave due to the spherical divergence of the propagation. The shock 
wave interaction with the rear face of the slab generates a strong depletion wave, which returns to the front 
face of the slab (dark blue color). 

Quantitative damaging of the medium is given by the ratio of the numbers of broken links and initial links 
for each element. Figure 6 shows total damaging of the specimens at time 110 J.lS. Following Kuttell 9] , 

three domains can be characterized by their damaging rate: the first one is in the vicinity of the explosive 
charge, where concrete is totally plastified (100%). The second domain is charactetized by a diffuse 
damaging (-50%) and a non-vanishing cohesion. The third domain has kept its elastic propelties yet but 
contains local failures. Numerical simulations allow the distinction between Mode-land Mode-IT cracks. 
We show that Mode-IT cracks have a limited extension to the neighborhood of the explosive charge and are 
induced by uniaxial deformation. Far field localized cracks are mainly produced by Mode-I mechanism. 

Fragmentation is shown in figure 7. The reflection of the direct shock wave at the rear face of the specimen 
generates a depletion wave, which is reflected to the front face. Mode-I cracks appear and cause flaking. 
We note that in ours experiments the presence of the third gage weakens the specimen. This phenomenon 
has been simulated, and we have got the radial extension of the main flake: 410 mm and 380 mm for the 
45 mm and 32 mm explosive charge respectively. The velocity of the flakes has been measured by the 
velocimeter. We note in Table 2 that the synthetic results are in good agreement with the experiments. 
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Fig 4a: Comparison of experimental and simulated pressures in a MB50 slab loaded by a 
45 mm diameter charge (V401 explosive), 
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Fig 4b: Comparison of experimental and simulated pressures in a MB50 slab loaded by a 
32 mm diameter charge (V401 explosive), 
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Fig 5: Pressure snapshot into the MB50 concrete slab loaded by a 45 mm explosive charge, 
Time t=22, 72 and 110 JlS, 
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Fig 6: Total damaging (Mode-! and Mode-II) of the MB50 concrete slab loaded by a 45 rnm 
explosive charge. Time t= 110 flS. 

410mm 

Fig 7: Vertical velocity snapshot into the MB50 concrete slab loaded by a 32 rnm (top) and a 
45 mm (bottom) explosive charge. Time t= 110 flS. 

Hemispherical crater diameter 
Total Crater diameter 
Rear flake diameter 
(unmodified slab) 

Rear flake diameter 
(instrumented slab) 

D_32mm 
Experimental I Synthetic 

80mm 65mm 
192mm 

No flaking 

450mm 380mm 

D_45mm 
Experimental I Synthetic 

112mm 100mm 
270mm 290mm 
420mm 

450mm 410mm 

Rear flake velocity 2.6 ms'! 4 ms-! -10 ms'! 

Table 2: comparison of the macroscopic damages 
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4. CONCLUSION 

In the case where very large deformation exist, fragmentation occurs, and the classical description of the 
medium becomes insufficient. Discrete Element Method (DEM) and its associated interaction laws are 
well suited to treat such problems. These experiments have shown high strain rate of about 500 s -J and a 
complex behavior of the concrete slab: high compressive followed by tensile stresses, crushing, plastic 
failure and fragmentation, flaking and craterization. As regards of these phenomena, DEM has given 
encouraging results, and allows us to plan a direct 3D simulation of such high strain rate loading. 
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DYNAMIC FAILURE OF GLASSES 

D.D;l1~_~ford,-G.R. Willmott, W.G. Proud and J.E. Field 

PCs, Cavendish LaboratOlY, Madingley Road, Cambridge, CB3 OHE, UK 

ABSTRACT There has been considerable interest in the dynamic failure of silica-based glasses 
since the first observation of the so-called "failure wave" by Kanel and co-workers in 1991 [72,85]. 
As a result, evidence obtained from a number of experimental techniques is now available. Three 
main theories have recently been proposed that attempt to describe the mechanism of failure in 
glasses. The experimental results showing the existence of failure waves, or propagating damage 
fronts are summatized and the three theories are reviewed. Recent results from symmetric Taylor and 
plate impact tests are presented that provide fmiher insight into the process of failure in glasses. 

INTRODUCTION 

Over the past 40 years, there have been a large 
number of investigations into the deformation 
behaviour of silica-based glasses under shock 
loading conditions [1-94]. As a result, the 
properties of a number of glass materials 
including borosilicate [4, 7, 55, 78-81], soda
lime [2, 13, 18, 19, 31, 35-37, 61, 62, 64-66, 
81-87] and "filled" glasses [21, 50, 59, 61] are 
reasonably well defined. 

Previous work at the Cavendish Laboratory on 
the properties of glasses under shock loading 
has demonstrated that the material response is 
highly dependent upon the composition of the 
glass [19, 40]. The shock response of glass 
materials with an open structure, such as 
borosilicate, exhibits a ramping behaviour in 
the longitudinal stress due to structural 
collapse. Glasses with a filled microstructure, 
as in the case of Type-D, Extra Dense Flint 
(DEDF) do not exhibit a ramping behaviour 
and behave in a manner similar to 
polycrystalline ceramics [21]. Partially filled 
materials, such as soda-lime glass, show an 
intermediate response. Although the shock 
response of these glasses varies considerably, 
one common feature to all is the existence of a 
damage front that propagates behind the initial 
shock over a celiain range of stresses [21, 57, 
60,61,65]. 

It is generally accepted that Kanel and 
co-workers [72, 85] in 1991 were the first to 
present conclusive evidence of the existence of 
a propagating damage front, denoted as a 
"failure wave", in K-19 (similar to soda-lime) 

glass. ShOlily thereafter, Brar and co-workers 
demonstrated that the shear strength undergoes 
significant reduction and the spall strength is 
essentially reduced to zero across the damage 
interface [69, 86]. Since then, numerous 
expelimental studies have focused on the 
failure process in glasses [14, 22, 45, 47, 57, 
59,62,66,71,74,85,87-90]. 

Three main theories on the mechanism of 
failure in glasses have been suggested by 
Clifton [91], Grady [92], and Espinosa and 
co-workers [93, 94]. Clifton's theory is based 
on the assumption that the failure front is a 
propagating phase boundary. The mechanism 
for failure is the nucleation of shear cracking 
due to the densification caused by the initial 
shock. Grady's theory is applicable to the 
failure of brittle materials in general, and is 
based on the transfer of elastic shear strain 
energy to dilatant strain energy. Espinosa 
proposed that failure front formation is due to 
a unique inelastic behaviour in silica-based 
glasses containing modifier ions. 

In this investigation, a brief overview of the 
current understanding of dynamic failure in 
glasses is presented and the theories attempting 
to describe the failure process are discussed in 
terms of existing experimental evidence. In 
addition, recent results from plate and Taylor 
impact expeliments are described that provide 
fmiher insight into the kinetics of failure. 

BACKGROUND 

The Existence of Failure Waves 



The experimental evidence provided by Kane! 
and co-workers [I, 2] consisted of small reload 
signals on the free-surface velocity histories of 
K-19 specimens measured using VISAR. The 
small recompression signals observed were 
thought to be due to the failed material having 
a lower mechanical impedance, as compared to 
the "intact" material. Similar results were 
subsequently obtained for experiments 
performed on soda-lime glass [14, 37]. 

In experiments designed to measure the spall 
strength in the region ahead of and behind the 
failure front using manganin gauges, 
Brar et al. [69-71] demonstrated that the spall 
strength is essentially reduced to zero in 
soda-lime glass shocked in the range of 4 to 
7 OPa. Similar results were obtained in 
aluminosilicate glass by Raiser et al. [87] using 
VISAR. 

The lateral stress behaviour of a material can 
be measured by embedding a manganin stress 
gauge in the transverse orientation [95-101]. 
The so-called lateral gauge experiment has 
been used extensively in silica-based glasses 
[18,20,21,57,60-62,66-69,72,85,86]. In 
this configuration, the lateral stress increases 
upon the arrival of the failure front at the 
gauge location. Using the measurements 
ahead of, and behind the failure fi'ont, the shear 
stress ( " ) defined by, 

(1) 

can be calculated, where (J' x and (J' yare the 

longitudinal and lateral stress, respectively. 

Previous work perfonned at the Cavendish 
Laboratory demonstrated that failure fronts 
occur in soda-lime, borosilicate and DEDF 
glasses, and the shear strengths lie on the same 
non-failed and failed curves when plotted 
against longitudinal stress [40]. It was 
speCUlated that the silica-based network 
common to the glasses was responsible for the 
similarity in deviatoric response. Fmther work 
on three filled glasses over a larger pressure 
range subsequently showed a consistent 
dependence on impact pressure [59], shown in 
figure I. The shear stress ahead of the failed 

material is seen to increase linearly along the 
estimated elastic response. Behind the front, 
however, the shear stress first decreases and 
then increases as the impact stress increases. 

... DEDF-l Imfailed ..... . 

SF-57 
6 • DEDF-2 

Longitudinal Stress (GPa) 

FIGURE 1: Deviatoric responses of dense glasses 
tested up to ca. 14 GPa longitudinal stress [57]. 

This observation modifies the previous 
interpretation based on longitudinal stress data 
to ca. 8.5 OPa, which suggested that the shear 
stress behind the failed material remains 
constant. A plausible explanation is that the 
comminuted material behind the failure front 
consists of fragments that will impart 
force/resistance as they attempt to move past 
one another under a shear force. As the 
pressure is increased, more force is required to 
move the fragments, due simply to mechanical 
constraint. 

Using high-speed photography, failure fronts 
have been visualized in borosilicate and 
soda-lime glasses during plate [66] and Taylor 
impact tests [102] at the Cavendish 
Laboratory, and in borosilicate rods during 
Taylor tests by Brar and co-workers [70, 103]. 
In the plate impact experiments, an advancing 
dark zone termed the failure wave follows the 
initial shock. When lateral gauges were 
embedded in the target, the arrival of the dark 
zone at the gauge location corresponded to the 
second step in the measured stress history. In 
the Taylor impact tests, failure fronts were 
observed to propagate along the length of the 
bar and the structure of the radially expanding 
(failed) material was dependent upon the type 
of glass. Also, the velocity of the failure front 
increased as the impact pressure increased. 



A comprehensive study on the failure of 
glasses, ranging from the fully open structured 
fused-quartz to the fully filled DEDF, is 
currently ongoing at the Cavendish 
Laboratory. Further evidence of failure £i'onts 
has been observed in two new filled glasses 
during plate impact experiments. Also, the 
impact pressure dependence of failure front 
velocity during symmetric Taylor impact tests 
has been characterised for five glasses. Some 
ofthese results are presented below. 

The Mechanism of Failure 

In 1993, Clifton [91] proposed that a 
propagating boundary moves through a 
shocked glass at a constant velocity causing 
the silica in the glass to undergo a phase 
transfornlation. The transformation will be to 
another amorphous state or crystalline phase 
and will induce large strains and 
microcracking within the material. This 
manifests itself in the complete loss of spall 
strength, characteristic of experimental 
observations related to failure fronts. 
However, a phase transformation must be 
accompanied by a discontinuity in either 
volume or density, which would lead to a 
corresponding change in the longitudinal 
stress. To date, no discontinuity in 
longitudinal stress, measured by gauges or 
VISAR, has been observed. 

Grady's approach [92] does not explain the 
incubation and nucleation of fracture, but seeks 
to explain two phenomena observed in failure 
front experiments. Firstly, particle velocity 
does not change significantly as the failure 
front passes implying that the change in 
volume at the failure front interface is 
negligible. Secondly, the axial stress does not 
alter significantly until it slowly attenuates 
after the failure front has passed. Grady found 
that these two requirements could be satisfied 
if the volumetric compressibility of the 
material changes as the failure front passes. 
Moreover, the dilatant strain caused by 
fracture under these conditions is consistent 
with the transfer of elastic shear strain energy 
in the shocked glass to dilatant strain energy in 
the failed glass. The mechanism for this 

energy transfer is micro cracking, resulting in 
failure front fOlmation. 

Using this approach, Grady has proposed a 
characteristic curve for axial strain as a failure 
wave passes. That is, a sharp rise to the 
Hugoniot Elastic Linlit (HEL) of the material 
upon the arrival of the elastic shock wave 
followed by a shallow 'ramp' as the failure 
front passes, and eventually a large rise as the 
material is deformed and radial expansion 
occurs. Such a curve can be compared to 
gauge traces to confirm the passage of a failure 
front. 

The theory proposed by Espinosa and 
co-workers [93, 94] refutes crystallization as a 
cause of crack nucleation due to studies of 
confined glass bars recovered from inlpact 
experiments. Such samples retained their 
amorphous structure. They present an 
alternate mechanism, in which the 
characteristic microcracking of failure 
nucleates at shear induced flow surfaces. Such 
a surface is fOlmed when the shear stress 
exceeds the flow stress of the glass. 

Sinlulations incorporating this theory have 
been able to reproduce observed trends in axial 
and transverse stress histories, spall strength 
and radial characteristics. Also, the model can 
simulate damage-induced anisotropy. 

An inlportant consequence of this mechanism 
is that cracks propagate from flow surfaces. 
Therefore, it is to be expected that the 
behaviour of failure, as it propagates from 
these surfaces, will be detelmined by shear 
crack mechanics. 

EXPERTIWENTALPROCEDURES 

In this investigation, results from plate impact 
experiments on a filled glass (DEDF) and 
symmetric Taylor impact tests on soda-lime 
and fused-quartz are presented. The properties 
of the DEDF glass are provided in ref. [57], 
denoted there as DEDF-l. The propelties of 
the soda-lime glass are provided in ref. [102]. 
Two single-stage light gas guns (20 and 
50 mm) at the Cavendish LaboratOlY were 
used in this investigation. In the plate impact 



experiments, longitudinal stress measurements 
were taken by embedding piezoresistive 
manganin gauges (Micromeasurements type 
LM-SS-2IOFD-050) between tiles of the target 
materials. Impact velocities were measured by 
the shorting of sequential pairs of pins to an 
accuracy of ± 0.5 %, and the specimen 
alignment was fixed to be less than 1 mrad by 
of an adjustable specimen mount. High-speed 
photographic sequences were taken using an 
UltraNAC-FS501 camera. 

RESULTS AND DISCUSSION 

Figure 2 shows a sequence from a symmetric 
Taylor test performed with 10 x 100 mm 
soda-lime rods at an impact velocity of 
391 mls. Each frame is labelled with the time, 
in microseconds, after impact has occul1·ed. 
The exposure time for each of the photographs 
was 0.2I1S. The projectile rod is observed, 
having just left the gun barrel, entering from 
the left and impacting the other rod. After 
impact, dark fronts are observed to propagate 
into the rods. In similar experiments 
performed with higher magnification, a shock 
wave may be observed as the initial thin dark 
line in the first few microseconds after impact 
(see figure 3). In all the experiments 
performed the material behind the initial dark 
line became opaque, indicating that the 
material comminuted. As the comminuted 
interface (failure front) propagated into the 
rod, material either side of the rod-rod 
interface starts to expand radially, as shown in 
figure 2. It is interesting to note that in a 
number of the frames the failure front appears 
jagged across the width of the specimen. 

FIGURE 2: Photographic sequence of a symmetric 
Taylor impact test using 10 mm diameter soda-linle 
rods (impact velocity ~ 391 mls). 

This observation indicates that the failure front 
is not a continuous interface, supporting the 
idea that micro cracking at localised flaws 
causes failure front advancement. As seen in a 
previous investigation [102], the structure of 
the radial expansion is material dependent. 
These results indicate that the composition of 
the material affects the micro-mechanics of 
failure. 

Symmetric Taylor tests were also performed 
on fused-quartz rods that had a diameter of 
25 mm. Figure 3 shows a high-speed 
photographic sequence for an experiment 
conducted where the flyer rod was travelling at 
534 mls at impact. The exposure time for each 
of the photographs was 0.1 fls. The time after 
impact is indicated in microseconds in each 
frame. Again, the flyer rod was travelling 
from the left to the right. It should be noted 
that the wide vertical lines along the edges of 
the specimen are due to the refraction of light 
through the curved surface of the rod. 
In the first frame (0.3 fls after impact), two 
vertical dark lines are observed. The line at 
the left is the inlpact face. The line to the right 
is a shock wave that can be clearly seen 
propagating at a higher velocity in front of the 
other waves in subsequent frames. Another 
front is observed in the frames labelled 1.5 fls 
and 1.8 fls after impact, which has become the 
failure front by 2.1 fls after impact. Until the 
release waves from the outer edges converge 
along the centre of the specimen, a 1-D state of 



strain will exist. Therefore, figure 3 shows the 
development of failure under the same 
conditions experienced during plate impact, 
including a transition to a 1-D stress state. It is 
interesting to note that the second front visible 
at 1.5 fls does not advance significantly until 
the material behind it becomes fully 
comminuted (opaque). Subsequent frames 
clearly show that the advancement of the radial 
expansion corresponds with the leading edge 
of the failure front. 

Phc)tog:rapbic sequence 
Taylor impact test using 25 mm diameter 
fused-quartz rods (impact velocity is 534 mls) 

Based on measurements from the photographs, 
the first front is calculated to slow from a 
velocity approximately equal to the 
longitudinal wave speed in fused-quartz 
(5.96 mm/fls) during the initial 2.1 fls after 
impact, to 5.2±0.3 mm/fls after 3.9 fls. It is 
believed that the incident shock appears to 
slow due to the transition from 1-D strain to 

I-D stress as the release waves move in from 
the edges. As this transition occurs, the 
pressure difference across the shock will 
decrease resulting in less light being refracted. 
Eventually, the pressure difference is reduced 
to the point where the incident wave is not 
visible. 

The velocity of failure fronts in several glasses 
has been extensively studied using symmetric 
Taylor tests. This work will be published in 
future articles. Overall, it was observed that 
the failure front velocity asymptotically 

approaches a value of .fic, (where c, is the 

shear wave speed) as the impact pressure 
increases. This value is consistent with current 
proposals for the maximum velocity of shear 
crack propagation based on theory and 
experimental evidence, as summarized by 
Rosakis et a1.[1 04]. 

Figure 4 shows the longitudinal stress 
measured during a plate impact experiment 
conducted at 843 m/s on DEDF using a 
W -Alloy flyer. The gauge was embedded 
between DEDF plates, with the front plate 
being 6.1 mm thick. From the longitudinal 
traces it is seen that the stress initially rises 
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FIGURE 4: In-material longitudinal stress history 
experiment 011 DEDF using W-Alloy flyer. (impact 
velocity = 843 mls). 



FIGURE 5: Photographic sequence of a plate impact experiment on DEDF (impact velocity is 843 mis, 
inter-frame time is 0.25 /1s) 

quickly to a value of ca. 4.5 GPa, which agrees 
closely with the previously reported HEL of 
4.3 ± 0.2 GPa [68]. At this point, the slope of 
the stress trace decreases, indicative of 
inelastic deformation. The stress continues to 
increase until reaching an equilibrium stress of 
11.6 ± 0.3 GPa. It is interesting to note that 
this profile is very similar to that from which 
Grady developed his failure model [92]. 

Figure 5 shows a number of frames from the 
high-speed photographic sequence taken 
during this experiment. The inter-£i'ame time 
for sequences was 0.25 flS, and the flyer struck 
the target from the left-hand-side. The figure 
shows a side-view of the specimen. The entire 
specimen thickness is shown, and 
approximately 35 mm of the central vertical 
section. 

From frame A it is seen that the leading edge 
of the incident shock appears light and the 
visibly failed material, following the shock, 
appears dark. This photograph appears 
different to previous photographs of shock 
loaded glass where failure was observed [66, 
67]. Typically, the incident shock appeared as 
a dark line, not a light area, and the failed 
material appeared as a continuous black region 
usually extending a width equal to the diameter 
of the flyer. Frames A and B, however, show 

that the incident shock appearing as a light 
area and that the dark zone grows initially 
from the centre of the target. It is believed that 
the impact pressure, being well above the 
HEL, causes near instantaneous failure of the 
material as the incident shock propagates into 
the material. As the glass fails, or fractures 
due to the induced shear stress, light is emitted 
by fracto-emission. As a result, the 
shock-unshocked interface is visible, the 
shocked material being visibly lighter. This 
light zone represents failed, or comminuted 
material. As the cracks in the comminuted 
material begin to separate, the light from the 
light source used to take the photographs is 
scattered causing a dark image to appear. The 
distance that a crack must be opened to canse 
scattering of light is ca. Y, the wavelength of 
the particular light sonrce. Therefore, the dark 
zone (generally refened to as a failure front) 
represents material that has nnmerous cracks 
separated by at least Y, a wavelength. The 
material between the dark zone and the 
incident shock has also failed, but the evidence 
of the failure is not yet visible. It can be said 
then, that the failure of glass, and likely brittle 
materials in general, is a time dependent 
process rather than an instantaneous process 
that sweeps tlu'ough the material. 



The time at which each photograph was taken 
is indicated in figure 4, with frame A 
corresponding to the arrival of the incident 
shock at the gauge location. The inelastic 
potion of the stress profile cOlTesponds to 
frame B. It is seen that as the highly 
comminuted material ( dark zone) passes by the 
gauge location, the stress reaches equiliblium. 

The remaining frames in figure 5 further 
demonstrate the development of failure under 
high pressure. The light zone, or shocked 
(comminuted) matelial quickly tums opaque in 
frames B to D forming a dark region across the 
width of the specimen. Here, it is seen that the 
dark zone initially behind the leading shock, 
has caught up with the incident shock. If one 
measures the rate of growth of specific dark 
zones, values greater than the longitudinal 
wave velocity are obtained. These 
measurements, therefore, demonstrate that it 
must be pre-cracked material that is becoming 
visible rather than crack initiation and 
propagation because cracks cannot propagate 
faster than the longitudinal wave velocity in a 
material [105,106]. 

CONCLUSIONS 

The current experimental evidence 
demonstrating the existence of the so-called 
failure wave in glass materials has been 
reviewed, and three theories attempting to 
explain the mechanism of failure were 
summarized. In terms of the existing data, it 
appears that the elastic shear / dilatant strain 
energy model by Grady [92] and the inelastic 
deformation model by Espinosa [93, 94] are 
more plausible than Clifton's model [91]. 

Recent results from plate impact experiments 
on three dense glass materials showed that 
behind the failed front, the shear stress shows a 
dependency on impact stress [59]. This data 
provides further information on the failure 
process and suggests a pressure / time 
dependence. 

Results from symmetlic Taylor tests showed 
that the failure front propagating in glass rods 
is highly irregular and the structure of the 
failure is material dependent. Results from 

plate impact experiments further demonstrated 
the pressure / time dependence of the failure 
process. It is believed that dynamic failure of 
glasses is not due to a continuous boundary 
sweeping through the material (failure wave), 
but a time dependent process that evolves from 
inelastic defolmation and subsequent 
microcracking due to shear failure. 
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Lateral stress behaviour of alumina ceramics 

B.A.M. Vaughan, W.G. Proud and lE. Field. 

PCS Group, Cavendish LaboratOlY, Madingley Road, Cambridge CB3 OHE, UK. 

Abstract. T-gauges have been used to measure lateral stress in five alumina ceramics subjected 
to shock compression. A review of the experiments carried out at the Cavendish Laboratory is 
presented. When manganin gauges are used to measure lateral stress near an alumina's 
Hugoniot Elastic Limit, a two-step stress profile is often observed. Failure fronts are assumed to 
occur across the second rise in the lateral stress profile. It is shown that the time for this rise to 
occur after impact decreases with longitudinal stress and increases with distance into the target. 
When a symmetric alumina flyer or cover plate is used however, no two-step profile is observed. 

INTRODUCTION 

There has been a great deal of interest in the properties of brittle materials shocked near 
to their Hugoniot Elastic Limit (HEL). At these stress regimes, there have been 
observations of a failed state in glasses and ceramics behind the elastic wave. Some 
contradictory results have been published for the same ceramics with some authors 
claiming, for example that pure alumina shows compaction but no sign of fracturing even 
when shocked to twice its HEL [1) whereas Rosenberg and Yeshurun [2) demonstrated a 
reduction in spaIl strength for alumina shocked to only half of the HEL. Rosenberg et al. 
[3] concluded that the HEL marks the point at which cracks coalesce into a network. 
Much work has been undertaken on glasses of various types, see for example refs [4,5]. 
Rasorenov et al. [6] and Kanel et al. [7) showed that failure in shocked glass propagated 
behind a compressive shock. This phenomena has been caIled a failure wave, but is also 
refened to as a failure front. These papers resulted in a number of studies into this 
phenomenon [8-31]. 

Failure fronts have also been sought in other brittle materials [32, 33, 42). Some 
researchers claim that in certain brittle materials, such as alumina, failure does not 
propagate very far into the material from the impact surface [34-36]. Others claim this 
may be a measurement artefact [37, 38]. Brar and Espinosa [49] give a review of the 
types of experimental anangements used to detect this failure state and summarise three 
proposed mechanisms for failure put forward by Clifton [11], Grady [39] and Espinosa 
[40]. 

This paper summarises the results in five types of alumina ceramic using embedded 
lateral gauges, taken from previous work at the Cavendish LaboratOlY [35, 36, 44, 46-48]. 
A typical response from a lateral T-gauge, indicated in Fig. 2 (a) shows an initial rise to a 
plateau, foIl owed by a second rise to a higher value. This onset of the second rise is 



taken to be the failure front across which the lateral stress increases and the shear strength 
drops [18]. This loss in shear strength is shown to be dependent on impact stress and 
distance into the target. Other factors, such as the projectile material or whether a metal 
or ceramic cover plate is placed ahead of the target, seems to affect the presence of a 
failure front. There appears to be no loss in shear strength when an alumina ceramic flyer 
or cover plate is used. 

MATERIALS 

Five alumina ceramics have been studied using the plate impact facility at the Cavendish 
Laboratory [41]. These alumina ceramics are referred to as 880, 975, 999, Sintox FA and 
Sintox CL. They differ in their purity (880, 975, 999 representing 88.0%, 97.5% and 
99.9% pure respectively) and production techniques. Sintox FA is 96.0% pure and 
Sintox CL is 98.5% pure. The two types of Sintox also exhibit some differences in their 
chemical composition. Table 1 gives some of their measured elastic propeliies. 

Material HEL Densit~ Longitudinal Shear Bulk wave Poisson 
(OPa) (kgm' ) wave wave velocity,co ratio, v 

velocity, CL velocity,cs (mm )ls'!) 
(mm )ls'!) (mm IlS'!) 

880 5.4 + 0.6 3546 9.09 5.41 6.61 0.23 
975 7.7+0.7 3797 10.30 6.07 7.55 0.23 
999 13 + 1 3989 10.82 6.39 7.91 0.23 

Sintox FA 11 ± 1 3694 9.89 5.80 7.28 0.24 
Sintox CL 11± 1 3864 10.73 6.21 7.97 0.25 

Table 1 Material properties of the five aluminas tested. 

EXPERIMENT 

The samples were typically 50 mm square and ca. 15 mm thick. These were cut to 
produce two pieces of dimensions 50 x 25 x 15 mm and reassembled with low viscosity 
epoxy after inserting one or two manganin t-gauges of type J2M-SS-580SF-025 at known 
distances from the impact surface (see Fig. 1). A constant current was supplied to the 
gauges during an impact event, and the output voltages recorded on a digital storage 
scope. These were used to calculate the lateral stress in the target using the resistance 
calibration data of Rosenberg and Partom [43]. 

Several experiments were performed on each material. To study the effect of impact 
stress on the failure state behind the elastic wave, a gauge was placed at 2 mm from the 
impact surface and the velocity of the flyer plate was varied. In some cases, a higher 
impedance flyer (tungsten) was used to achieve higher stresses than possible with copper 

Figure 1 Target arrangement showing the 
placement of the lateral gauge. 
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Target at the highest attainable velocities. To 
study the effects of propagation distance 
into the material, gauges were placed at 
increasing distances from the impact 
surface while the impact stress was held 
constant. In some cases, one experiment 
yielded data for both avenues of 
investigation. Finally the effect of the 
flyer material has been studied briefly 
using a ceramic flyer of the same type as 
the target. It has also been shown that 
placing a 2 mm thick ceramic or copper 
cover plate on the impact surface affects 

the formation of a two-step stress profile [35J. It has been observed that when a ceramic 
cover plate or flyer is used, there is no second rise in the gauge response, indicating that 
the target material has not undergone a reduction of shear strength during the recording 
time ofthe experiment. 

RESULTS 

The results from lateral gauge experiments on five alumina ceramics are presented in 
Figures 2 and 3. 

Stress dependence 

Figure 2 shows the measured lateral stress for T-gauges placed at 2 mm from the impact 
face for the five variants of alumina studied. Three types of behavior are shown. The 
typical case shows the lateral stress rising to an initial plateau and remaining at that level 
for some time, before rising to a higher level. This second rise or step, is taken as an 
indication of a loss in shear strength. The effect appears to be material dependent, with 
higher purity alumina withstanding a higher longitudinal stress before immediate loss in 
shear strength. The second type of behaviour, shown in Fig. 2 (a), occurs at high 
longitudinal stress, where the lateral stress rises to a high level in a single step. This 
indicates that by the time the shock has reached the gauge, the target has failed 
immediately behind the initial elastic wave. The third type of behaviour, as shown in 
Fig. 2 (d), is observed when symmetric alumina flyers or alumina cover plates are 
employed and shows a single rise to a plateau at a low lateral stress. This level has 
approximately the same value as the initial plateau reached in a typical trace subjected to 
a similar longitudinal stress. This implies that the material has not failed and has 
maintained its initial shear strength. The apparent velocity of the failure front can be 
determined using the time at which the second rise in lateral stress occurs at a known 
distance from the impact face. This velocity increases as impact stress increases, up to a 
point where the lateral gauge records a single step, indicating that the failure £i'ont is 
progressing immediately behind the elastic wave. The loss in shear strength inferred by 



the onset of a second rise in lateral stress may be a time-dependent phenomena, occUlTing 
when damage caused by the initial shock wave grows to a given point. The speed of 
growth of this damage, which may take the fonn of microcracks, depends on the strength 
of the shock. 
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Figure 2 Lateral stress traces for five alumina 
ceramics with the gauge positioned at 2 mm 
from the impact surface. The notation on the 
figures show the impact velocity, flyer material 
and longitudinal stress induced. '2CUCP' in the 
Sintox FA plot indicates that a 2 mm cover plate 
of copper was employed. 'Sym' indicates a 
symmetric alumina flyer. The traces have been 
arbitrarily time-shifted to start at the same point 
for purposes of illustration. 



Distance dependence 

Figure 3 shows lateral stress recorded at different distances from the impact face under 
similar loading conditions. The lateral stress reaches the same initial level for a given 
longitudinal stress and does not decay with distance into the target. Failure is therefore 
not simply directly related to the lateral stress experienced. The velocity of the failure 
front decreases with increasing distance and no second rise in lateral stress is observed 
after five or six millimetres into the target, as shown in Fig. 3 (a). This deceleration is 
not linear as shown by the quadratic nature of the time-distance (t-x) diagram shown in 
Fig. 4. The velocity of the failure front increases with longitudinal stress, approaching 
the velocity of the elastic wave in the alumina. 
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Figure 3 Lateral stress traces for four of the alumina ceramics showing the effect of target thickness. The 
longitudinal stress induced is shown in the key for each plot. The notation next to the curves shows the 
distance of the gauge from the impact surface in millimetres. All flyers were OFHC copper, except where 
indicated. The traces have been arbitrarily time-shifted for purposes of illustration. 



2.0,,======'===7"==-, Figure 4 Time for onset of the second rise as distance from impact face 
increases. Second order polynomial curves are fitted to the data. Failure 
velocity can be calculated from the inverse gradient and can be seen to 
decrease with distance into the target. For comparison, the elastic wave 
velocities are also plotted. 
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Cover plates and symmetric impact 

A cover plate of alumina or copper was placed ahead of the target and impacted by a 
metal flyer. Experiments were also performed in which the target did not include a cover 
plate. In targets without cover plates the lateral stress response shows a two-step 
structure. At similar longitudinal stresses in targets with alumina cover plates, the lateral 
stress does not exhibit a two-step structure, as shown in Fig. 3 (c). Instead the lateral 
stress rises to a single plateau at approximately the same level as the first plateau in 
targets without a cover plate. In cases such as that in Fig. 3 (d) where the cover plate is 
copper at similar longitudinal stress, a two-step structure is observed near to the impact 
face. When an alumina flyer impacts a target without a cover plate in a symmetric 
impact, a single-step up to the first plateau is recorded by the embedded lateral gauge. 
Fig. 3 (d) shows an example of this behaviour. 

DISCUSSION 

The reason for the phenomena repOlied here is unclear, but may be related to the 
geometry of the target and the fact that it must be divided to include the gauge. This 
introduces stress concentrations either side of the gauge. This can be avoided by using 
the method of Rasorenov et at. [6] instead of manganin gauges. The rear surface of the 
alumina is monitored with a VISAR during loading. If a failed region exists within the 
target, it will have a lower impedance than the shocked material. The release wave from 
the rear of the target will encounter this impedance difference and will partially reflect 
from it back towards the rear of the target. This manifests as a small reloading pulse 
superimposed on the main velocity trace ahead of the release wave £i'om the rear of the 
flyer plate. 

Although the difference in the time between the first and second rise in lateral stress has 
been interpreted as a velocity, it may instead be the case that failure is a time dependent 
phenomena. Radford et at. [50] presented high-speed photograph sequences of glass 
materials which show an apparent failure front velocity that exceeds the elastic wave 
speed. This can be explained as a time related effect, with micro crack failure 



commencing close behind the elastic wave, but not being detectable by the camera until 
the cracks reach a critical size. Bourne et at. [44] and Murray et at. [45] have 
demonstrated that precursor decay in aluminas steadies to a constant value after ca. 6 
mm. This is much less than that for glasses, for which the precursor amplitude decreases 
up to 15 mm. In aluminas, this is similar to the distance over which the second rise in 
lateral stress is observed. However, it has yet to be shown that these effects are related. 
Grady, using VISAR [37] found no evidence of decay, and Marom et at. [38] have 
suggested that the apparent decay in the Hugoniot elastic limit is probably a measurement 
artefact, resulting from the relatively slow response times of manganin gauges. 

SUMMARY 

Manganin T-gauges have been used to measure lateral stresses in five aluminas. A 
characteristic two-step stlUcture has been observed in aluminas at different distances into 
the target when copper flyers are employed to induce different longitudinal stress levels. 
The time at which the second rise occurs after impact decreases as longitudinal stress 
increases, and increases as the gauge is placed further into the alumina. This two-step 
profile is not observed when alumina flyers are used or when an alumina cover plate is 
placed on the target. Although no two-step profiles were observed when using tungsten 
flyers, this is because the longitudinal stresses applied were so high that the alumina 
failed immediately. It is unclear why a symmetric flyer or a two millimetre alumina 
cover plate should prevent the second lise in lateral stress from occumng, whereas a 
copper flyer or cover plate does not. This is currently under investigation by the authors. 
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ABSTRACT 

Granular materials present particular problems for modelling. Generally, a two or more 

component mixture is further complicated by a particle size distribution in at least one of 

the phases. Sand is widely distributed throughout the natural environment, used as a 

commercial building material in mortars and concretes and in bags as a simple ballistic 

shield. This paper presents techniques and results from plate impact experiments and 
ballistic trials where quartz sand is subjected to either rapid loading. 

1. INTRODUCTION 

In a blast or high-velocity impact, a material will experience a range of loading conditions. 

Locations near the stimulus may see conditions which approximate 1-0 loading whereas as 

materials further from this zone will see lower pressures and a 3-D loading. It is important for 

successful modelling to inclnde both types of response in order to predict the response of large 

masses of materials to particular scenarios. 

Plate impact has been used for many years to load materials at high-strain rates, up to 108 s·I[I]. 

By measuring the stress induced by the impact of a carefully aligned plate of a well-charaterised 

material, and using either gauges [2] or velocity interferometry [3] to monitor the target response 

the longtitudinal behaviour of the material can be obtained. 

Previous work from this laboratory has defined the Hugoniot and other high-strain rate properties 

for various materials such as glasses [4], cements [5] and polymers [6]. Recent work has 

concentrated on glasses where free volumes on the atomic or micron scale allows a ramping 

response and other phenomena, such as failure waves, to be observed [7]. 



The use of gauges allows one-dimensional measurements to be made at a single point within a 

specimen, but if we want to make two-dimensional measurements within the specimen during a 

dynamic event then we need to use Digital Speckle Radiography CDSR), a technique based on 

Digital Speckle Photography CDSP). In DSP a random pattern of "speckles" are produced by 

shining a coherent laser light source upon a specimen's surface. This random pattern is captured 

digitally using a CCD camera and a second image captured after some form displacement or 

distortion to the surface. A cross-correlation algorithm is then employed to correlate the two 

images to determine where the random pattern has moved. By performing this cross-correlation 

in a series of sub-images from the main images then a map of local displacements can be 

calculated. The difference between DSR and DSP is the way in which the random speckle 

pattern is produced. In DSR the random pattern is produced by introducing a seeded plane of x

ray opaque grains into the sample. An X-ray of this layer produces an image which has the 

appearance of a speckle pattern. By utilising flash X-rays, images of dynamic events can be 

taken due to the short nanosecond exposures achievable with flash X-ray systems. The reference 

and deformed radiographs can then be scanned into a personal compnter nsing a flatbed scanner 

and the cross-correlation algorithm can be nsed as in standard DSP. By performing a series of 

experiments and varying the delay time of the X-rays and by moving the seeded plane within the 

sample a full three-dimensional flow field can be constructed. The algorithm used for DSR 

studies was developed by Sjodahl [8] and calculates the correlation function in the Fourier plane 

to give an accuracy of better than 0.01 pixels. 

The techniqne of DSR was first carried out by Synnergren et al.[9]. on polyester samples and has 

since snccessfully been applied to glass [10], concrete [11] and sand [12]. Sand is ideally suited 

to these types of measurements as a layer of lead filings can easily be introduced into a sand 

specimen during manufacture. In this paper an example of the type of measurements DSR can 

achieve for a ballistic impact in sand is demonstrated. 
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2. EXPERIMENTAL 

(i) Plate Impact Studies 

The sand used in the plate impact experiments was a quartz sand with a particle distribution 

centred between 150 - 212 flm where 82 % by mass of the particles lay. The theoretical 

maximum density of the material was 2.55 g cm-3 and in the beds used were 45±3 % porous. 

Experiments were performed using a single stage light gas gun at the Cavendish Laboratory [13]. 

This has a 5 m long, 50 mm bore barrel and uses air or helium up to 350 atmospheres as the 

propellant achieving velocities up to 1200 m S-I. The projectile consists of a plate of copper 10 

mm thick mounted on the front of a polycarbonate sabot. 

The sample consists of a 3mm bed of sand inside a copper cell. The cell is in four parts as shown 

in figure 1. A cover plate 2 mm thick fronts the cell, a manganin stress gauge is mounted in 

epoxy between this plate and the 2-3 mm thick copper plate behind it. The third plate has a 3 mm 

recess into which the sand is loaded. The recessed plate has a I mm thick rear face after which a 

second stress gauge is located. The rear plate is 10 mm copper. 

In these experiments the sample mount was aligned to an accuracy of <1 flm, an angle of <1 

mrad, to the end of the barrel using a dial gauge prior to each experiment thus allowing a highly 

planar impact. The impact velocity is measured using a sequential array of shorting pins mounted 

at the end of the barrel to an accuracy of 0.1 %. 

2mm 2·3 mm 

/1mm 
i " 
I " 

~ 
10mm 

3m
1
m 

. 

90mm 
diameter 

Figure 1. The Cell. All cell components are made from copper (Cu 101). 
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The gauges act in two ways, firstly as time of arrival sensors and secondly by recording the stress 

histOlY· 

(ii) Digital Speckle Radiography 

In these experiments, a polymethylmethacrylate (PMMA) container with interior dimensions of 

60 x 70 x 30 mm' was filled with 300 - 600 ).tm sand and the same sieve cut was used for the 

lead filings to produce the random pattern. A copper (XM) rod 5 mm in diameter and 50 mm in 

length was shot at the sand at a velocity of 100 m S·1 (±4 m S·I) and experiments were performed 

using delays of 60 Ils and 120 ).ts with the lead layer on the impact plane and at 60 ).ts with the 

lead layer 5 mm and 10 mm from the impact plane. 

3. RESULTS 

Figure 2 shows the data from shots at velocities of 200, 500 and 969 m S·1 using the plate impact 

gun with a 10 mm Cu impactor plate. There are similarities between the gauge outputs seen in all 

experiments. The front gauge shows a rapid rise to a flat-topped pulse. The height of this pulse is 

defined by the copper Hugoniot as both the impactor and the front plates of the target are copper. 

The stress level increases with impact velocity and the width of the initial pulse is defined by the 

thickness of second plate in the target. 
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Figure 2. The output of the gauges from experiments 

with impact velocities of Ca) 200 m 5-', Cb) 505 m 5-' 

and Ce) 969 m 5-'. The time bases of all experiments 

are set so the initial rise of the front gauge is at 0 ~s . 

The stress measured is that in the copper cell, 

In some of the front gauge traces, there is a dip immediately before the steep initial rise. This is 

due to capacitative linking between the gauge, the epoxy surrounding, which acts as a dielectric, 

and the copper plates on either side of the gauge [14]. 

Given the granular nature of sand, a ramp is seen due to the collapse of pores in the system. The 

rear gauge trace shows this ramping in the first part of its signal (see figure 2 (a)). As the impact 

velocity increases the pore collapse occurs over a shorter time and the initial rise of the second 

gauge trace steeepens. In all cases a first plateau is reached corresponding to a stress level on the 

principal Hugoniot of the sand. The second rise on the rear gauge trace is due to stress waves 

being relfected in the sand-filled cavity due to impedance mismatches between the sand and the 

copper cell. This second rise gives information on the compressed sand, the analysis of which is 

not enetered upon here. Sand is a statistical material and, therefore, some variation can be 

expected from sample to sample. However, a repeat experiment at 500 m S-I shows excellent 

reproducibility as illustrated in figure 3. 
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Figure 3. Reproducibility of impact at 500 m 5-'. The 

rear gauge traces from two separate experiments are 

shown. 
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By combining the sound speed of the sand obtained from the gauge traces with the theoretical 

maximum density of the sand, it is possible to derive a Hugoniot of the material. It should be 

emphasised that this is an approximation. While it can be argued that the velocity should be 

multiplied by the initial density of the sand, initial tests using the CASTTM/ EDEN Eulerian finite 

difference hydrocode suggest that using the theoretical maximum density gives predictions which 

match the stress level of the first plateau. It is clear, however, that a model which takes into 

account the kinetics of pore collapse is required. The initial approximation to the Hugoniot is 

shown below, figure 4, together with the variation of shock speed with particle velocity, figure 5 

and is in agreement with previously published data on sand [15]. 

4 
. , , i+ 

Up/mm S·l 

Figure 4. Hugoniot of quartz sand in Stress I Particle 

velocity (Up) space 

(ii) Ballistic Tests 
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Figure 5. Shock velocity as a function of particle 

velocity. 

An example of a measured displacement field can be seen in figure 6 with the displacement 

vectors scaled up by a factor of 2. In figure 6, the two smaller speckle regions at either side of the 

image are fiducial markers used to eliminate any rigid body motions introduced by the scanning 

process. The sand in this figure can clearly be seen flowing away from the projectile tip both 

forwards and to the sides. This type of behaviour is expected from a granular material which has 

cavities and pores into which it can flow when subjected to an impact. A more quantatitive study 

can be obtained by plotting the average y-component of displacement ahead of the projectile. A 
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plot of the displacements 60 /-ls after impact with the seeded plane 0, 5 and 10 mm away from the 

impact plane is shown in figure 7. 

The behaviour of the displacements as the seeded plane moves further away from the impact 

plane is as expected qualitatively but our research gives quantitative information on 

displacement. Additionally, the penetration and crater volume is measurable with conventional x

rays. Marked differences have also been seen between dry and water-saturated sand. The 

displacement reduces away from the tip of the projectile in all three cases but with the gradient 

reducing as the offset increases. The displacements also decrease with increased offset from the 

impact plane due to the influence of the projectile reducing. 

To see the effect of penetration depth in the sand a plot can also be made of the y-displacements 

ahead of the projectile for the 60 and 120 /-ls delay cases and is shown in figure 8. The gradients 

and magnitUdes of displacement are very similar for the two cases but offset by the additional 

penetration in the 120 /-ls case. This suggests that the sand is frce to compact and absorb the force 

of the impact even with the additional penetration depth. 

mm 

Figure 6.60).ls delay, lead layer on impact plane. 
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from impact plane. 

4. CONCLUSIONS 

Two complimentary studies have been performed to assess the shock and ballistic response of 

sand. The Hugoniot of the sand has been obtained. This is useful in determining the behaviour of 

the material under strong blast and immediately in front of a penetrator, a zone crucial with 

regard to ultimate penetration depth. The Hugoniot data is in agreement with earlier data 

published by van Thiel [15] but has the advantage of good time resolution of the gauge out output 

to allow the subtleties of the shock pulse to be modelled. 

The ballistic study has revealed the movement of sand at lower pressures surrounding the 

impactor and in the far field 

The combination of the detail from these experiments is vital if a full hydrocode model of sand is 

required. 
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ABSTRACT 

Modeling dynamic fragmentation of brittle materials usually implies to choose between a discrete description of the 

fragments and a continuum approach at the structural level. A damage model that can be used in the whole range of 

loadings (from quasi-static to dynamic ones) is derived. A scaling strategy leading to characteristic volume, time and stress 
is used to choose the mesh size relevant to a local approach. The deterministic or probabilistic nature of fragmentation is 
discussed with respect to those parameters. Qualitative and quantitative validations are given by using a post~mortem 

analysis of impacted ceramic tiles, a real-time visualization technique for studying the degradation during impact and a 
moire technique to measure the strains. A discussion using the single/multiple fragmentation criterion is proposed. 

1. INTRODUCTION 

The single or multiple fragmentation of brittle materials 
(e.g., engineering ceramics, concrete, glass and rocks) is 
analyzed herein. Single fragmentation is observed in many 
brittle materials when the stress rate is low. It follows that a 
weakest link hypothesis is made [I] and a Weibull model [2] . 
is used to fit experimental data (Fig. I) 

where PF denotes the failure probability, A, is the defect 
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Figure 1. Weibull plot for a silicon carbide ceramic. 

density, m the Weibull modulus, So a scale parameter 

relative to a reference density AO and ZefJ the effective 

volume, surface or length [3]. The constant S3' / ,10 is the 

Weibull scale parameter. In the following, when no special 
mention is made, the development is valid for any space 
dimension n (i.e., I, 2 or 3). Otherwise, it will be clearly 
stated for which space dimension the results are valid. It can 
be noted that the previous formulation (i.e., Eq. (I)) enters 
the framework of a Poisson point process of intensity A, 

[4,5]. The material microstructure (Fig.2) is therefore 
approximated by point defects of density A/ with random 

locations. 

Figure 2. Initial porosity in a silicon carbide ceramic. 



Figure 3. Fragmentation during impact of a steel blunt 
cylinder on a SiC ceramic (the projectile velocity is 203m/s). 

Cracks nucleate on defects and propagate at a constant 
velocity (6J. 

Multiple fragmentation occurs during impact on brittle 
materials. In the bulk of the material, damage in tension is 
observed when the hoop stress induced by the radial motion 
is sufficiently large to generate fracture in mode I on micro
defects such as porosities or inclusions. 

To analyze the degradation mechanisms in SiC ceramics 
during impact, an edge-on impact configuration is used with 
a steel blunt cylinder projectile fired at different velocities. 
The polished surface of the ceramic is recorded each 500 
nano-seconds with a high-speed camera that allows one to 
follow the damage generation and kinetics. 

The main damage mechanism is shown to be 
microcracking in mode I [6] (Fig. 3). One can notice the 
anisotropic orientation and the high density of small cracks. 
Crack nucleation and shielding are assumed to be the 
prevalent mechanisms involved in the tensile degradation. A 
probabilistic model is proposed and the dimensionless 
number of nucleated defects is derived. It is found that the 
number of nucleated defects reaches a maximum value 
which is only a function of the Weibull modulus and th; 
space dimension when properly normalized. 

Based upon the previous (discrete) fragmentation study, a 
damage description and a kinetic law can be derived within a 
Continuum Damage Mechanics framework [7]. The kinetic 
law is written in an incremental form in order to be 
implemented in a (commercial) finite element code. A so
called multi-scale model is introduced to yield probabilistic 
simulations instead of classical deterministic computations. 
A comparison between experimental measurements and 
numerical simulations is then carried out. 

Crack 

-----.)--------~/ 

T+AT 

T 

Figure 4. Relaxation around a propagating crack at time T 
and T+LlT. 

2. FRAGMENTATION ANALYSIS 

When a fracture is initiated in mode I, the local stress 
state is modified around the crack by a stress relief wave 
which is a complex function of time, crack velocity and 
stress wave celerity (Fig. 4). To understand why a crack 
nucleates, one has to model the interaction of the zone (i.e., 
volume, surface or length) affected by the stress relief and 
other defects that would nucleate. The behavior of a flaw 
around a nucleated one can be described by two different 
cases: 
• the flaw is far from the nucleated one and the 

microscopic stress state is not affected, 
• the flaw is in the interaction zone and the microscopic 

tensile stress is decreasing, i.e., no cracks are emanating 
from this potential initiation site. 

A third case may occur in which the flaw is in the affected 
zone but the local tensile stress increases, i.e., initiation may 
occur. It is assumed that this case is insignificant in this 
problem. 

The direction of the microscopic maximum principal 
stress is assumed to be constant, which allows one to use 
a = max[ a" a" a,] instead of the stress tensor as an 
equivalent failure stress. The flaw nucleation can be 
represented on a space-time graph (Fig. 5). The space 
location of the defects is represented in a simple abscissa 
(instead of a three-, two- or one-dimensional representation) 
of an x-y graph where the y-axis represents the time (or 
stress) to failure of a given defect. The first crack nucleation 
occurs at time T, (corresponding to a stress o[T,]) at the 
space location M, and produces an 'obscured zone' Z,(T-Tj ) 

increasing with time. At time T, (corresponding to a stress 
o[T,] > o[T,]) a second defect nucleates in a non-affected 
zone and produces its own obscured zone. The third and 
fourth defects do not nucleate because they are obscured by 
the first and both first and second defect, respectively. It is 
worth noting that the stress levels in overlapping obscured 
zones cannot be greater than the highest initiation stress 
associated to the considered obscured zones. The space-time 
graph is composed of the union of obscured zones in which 
no flaws can initiate and the complementary zone in which 
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Figure 5. Fragmentation and obscuration phenomena. 

defects can nucleate. Because different obscured zones may 
overlap (Le., a flaw can be obscured by one or more other 
cracks), it is preferable to define the conditions of non
obscuration for a given defect by examining the inverse 
problem. It consists in considering the past history of a defect 
that would break at a time T. The defect will break if no 
defects exist in its horizon. For a given flaw D its horizon is 
defined as a space-time zone in which a defect will always 
obscure D (Fig. 6). Outside the horizon, a defect will never 
obscure D. 

The flaw distribution can be split into two parts and the 
average density of broken flaws can be written as 

(2) 

where ZAb (CT) denotes the mean number of flaws that may 
break in a zone of measure Z (Le., volume (n = 3), surface 
(n = 2) or length (n = I» for a stress less than or equal to a: 
The sUbscripts indicate the effectively broken flaws (b), the 
obscured flaws (obs), and the total number of flaws able to 
break (t). 

.. .. 
Figure 6. Schematic of the horizon of a defect D. 

Furthermore, we assume that the distribution of total 
flaws is modeled by a Poisson point process of intensity At. 
New cracks will initiate only if the defect exists in the 
considered zone and if no defects exist in its horizon so that 

dA dA . 
_b CT)=-t CT)[I-PoCT)]wlthAbCO)=0 

dt dt 
(3) 

where 1-Pais the probability that no defects exist in the 
horizon. The variable 1-Po can be split into an infinity of 
events defined by the probability of finding at t a new defect 
during a time step dt in an obscuration zone noCT-t). This 
probability increment is written by using a Poisson point 
process of intensity dJ., / dt . Those independent events can be 
used to provide an expression for Po 

Po CT) = 1-exp[-f dJ., Ct)Zo CT - t)dt] 
o dt 

(4) 

where ZoCT-t) is the measure of the obscuration zone at T 

for a defect that would break at t. At the beginning of 
loading, no interactions occur and AbCT) " A/T) and as 

more and more defects nucleate AbCT)« A,CT). It is 

expected that the density of broken flaws saturates when 
T -> +00 even though the total density of flaws able to break 

may approach infinity. Equation (4) can be derived by using 
results of mathematical morphology [8]. The probability of 
being in a non-obscured zone (1- Po) is then expressed 

through the measure of the mean obscuration zone M(T). 
The latter is calculated by averaging at time T the measure of 
the obscured zones ZoCT -t) for a nucleation at time t and 

with density 1/ J., x [dJ., / dt] _ The mean obscuration zone can 

then be expressed as 

J.,CT)MCT) = J dJ., CI)ZoCT -t)dt 
o dt 

so that 

PaCT) = I-expt- A,CnMCT)] 

(5) 

(6) 

Equation (6) is the result obtained for the Boolean islands 
model within the framework of the Boolean random 
functions [8,9] and is an extension ofa Weibulllaw (Eq. (1» 
that can be recovered for very low stress rates. 

Usually, the obscuration zone cannot be assumed as a 
time-constant variable and since no analytical expressions 
are available for ZoCT-t), an approximation will be 
proposed. The shape of the interaction zone is supposed to be 
constant, i.e., all the interaction zones are self-similar 
[10,11] and ZoCT -t) can be written as 

(7) 

where S is a shape parameter, k E]O,I] is a constant, C the 
longitudinal stress wave velocity so that kC(T-t) is a 
representative length of the relaxation around a broken flaw. 
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When dynamic loadings are considered with a constant 
stress rate 0- one can define a dimensionless flaw density 
(A=AIAe), time (T=Tlte), space measure ('L=ZIZe) 
and stress (iT = alae) from the condition 

AeZe = 1 with Ae = Ae(te) and Ze = Zo(te) 
(8) 

t = ° ,Z = -,,0..:..,.,."-__ 
[ 

Sm ]1/m+/I [s (kC)Sl//l]m/llm+II 

e Aoo-mS(kC)/I e AHmo-

where the subscript c denotes characteristic quantities. A 
characteristic stress can be defmed by a c = Ofe . Equation (8) 

expresses the fact that the characteristic zone of measure Zc 
contains a unique flaw that may break at the characteristic 

time Ie' 

By nsing Eqs. (1), (4) and (7) an analytical solution is 
given for the differential equation (3) in the case of a 
constant stress rate a 

m (m+n)! I 111 In!ll!fUl+n] 
m+n mIn! Yl m+ n '-(m-+-n-)-! 

(9) 

where r is the incomplete gamma function. Figure 7 shows 
the saturation phenomenon as the considered time becomes 
greater than the characteristic time. The density of broken 
flaws at saturation Ab(w) can be derived from Eq. (9) and is 
only dependent on the Weibull modulus III and the space 
dimension n when normalized by Ae' 

Figure 8 shows an increase ofthe number of broken flaws 
at saturation with the Weibull modulus Ill. An explanation to 
this phenomenon can be proposed by using Eq. (3). With a 
high Wei bull modulus m, the density of defects will increase 
sharply in a small time step when the time T becomes greater 
than te' Because of the time dependence of the saturation 
mechanism, many defects nucleate before any significant 
saturation and the material will be fully fragmented. If m is 
small, there is much more time between two crack 
initiations. 
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Figure 8. Normalized density of broken jlmvs at saturation 
vs. Weibulllllodulus for diflerent values of the space 

dimension /1. The solid symbols show results obtained by 
Monte-Carlo simulations. 

The first nucleated defects can then obscure others before 
their own nucleation and only few defects eventually 
nucleate. Lastly, the error between Monte-Carlo simulations 
(500 realizations per computation) for a zone of measure 
Z = 100 and the solution at saturation given in Eq. (9) is less 
than 0.5% (Fig. 8). It can be noted that for each numerical 
simulation the set of random numbers is characterized by an 
integer called the 'seed' of the random generator [12). A 
given probabilistic simulation is then defmed by this integer 
and can always be reproduced by using the same 'seed'. 

3. DAMAGE KINETIC LAW 

The variable Po can be used to define a damage variable 
in the framework of Continuum Damage Mechanics, even if 
Po describes a non-homogeneous stress-field due to the 
randomness of fragmentation. By averaging over a 
representative zone (to be specified later on), Po is equal to 
the damage variable D, with D = 0 for the virgin material 
and D = I for the fully broken one. It is interesting to notice 
that the fIrst order approximation of Eq. (4) leads to the 
differential equation proposed by Grady and Kipp [13) to 
describe the evolution of a damage variable. By using 
Eqs. (4) and (7), the kinetic law of the damage variable D 
can be written as 

dn~l 

_(_I_dD)=,1,[a(t)]n!S(kC)II 
dt"-1 1- D dt 

(10) 

An expression for the damage parameter D can be derived by 
integrating Eq. (10) for a constant stress rate 0-

D=I-exp l m!n!T
m

+
II

] 

(m+n)! 
(11) 

Equation (11) shows that D(T = 1) '" 0 and D(T = 2) '" 1 
(Le., most of the damage evolution occurs during a tin1e 
interval equal to the characteristic time Ie' During te' the 
measure of the horizon is limited by Zc so that the minimum 



measure of the representative zone is Zc' By noting that the 
applied stress ~ is related to the local (or effective) stress 
O'by O'~ ~/(1 -D), the ultimate strength (dl;/ dO' ~ 0) is 
denoted by ~max and is expressed as 

~ [( 1)1]1/111+11 ":"max = m+n- . 
ere em!n! 

(12) 

It is worth noting that the nOlmalized ultimate strength only 
depends upon the Weibull parameter m and the space 
dimension n. The ultimate strength ~max is then 

proportional to d-nl(m+n). 

4. FRAGMENTATION TRANSITION 

In the previous sections, different fililure regimes were 
observed. Under quasi-static loading conditions, a weakest 
link hypothesis is made. It follows that the first fracture 
event leads to the complete failure of a structure made of 
brittle materials. Conversely, under dynamic loading 
conditions, multiple fragmentation is observed and a damage 
model can be derived. The aim of the present section is to 
exhibit the conditions of applications of the previous results. 

Figure 9 shows the change of the ultimate tensile strength 
with the stress rate for a volume V equal to V,ff (n ~ 3). The 
lines represent analytical solutions while the dots and error 
bars are Monte-Carlo simulations (500 realizations per 
point). For a stress rate within [0, 5 1014Pais], the ultimate 
strength is not modified by the loading rate and follows a 
classical Weibull model 

(13) 

where ow denotes the average failure stress, a sd the 
corresponding standard deviation and r the Euler (gamma) 
function of the second kind. 

When & increases by approximately one order of 
magnitude, the ultimate strength follows the analytical 
solution (12). During the transition, the difference between 
the solid lines given by Eqs. (12) and (13) and simulations 
does not exceed 10%. The standard deviation significantly 
decreases in the multiple fragmentation regime. Even if the 
ultimate strength has to be defined for static and dynamic 
loadings by a mean and a standard deviation, one can see 
that dynamic loadings lead to a more 'deterministic' 
behavior. For a SiC ceramic, a stress rate up to 1013 Pais has 
shown no stress effect on the mean failure stress [14]. This 
observation is in good agreement with the result shown in 
Fig. 9. 

---- Weibuillaw Model 
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Figure 9. Ultimate tensile strength vs. stress rate [or a SiC 
ceramic. Cross (average) and bars (standard deviates) are 
given by the Monte-Carlo simulations (500 realizations[or 

each points). The considered volume (n~3) is V~V'ff 

The transition between single and multiple fragmentation 
can be estimated by the following condition 

(14) 

The transition between quasi-static and dynamic descriptions 
defined by Eq. (14) leads to the following inequalities 

{

ilZllHnlmn < f 

irZm+n/mn 2: f 

with 

single fragmentation 

multiple fragmentation 
(15) 

(16) 

This transition does not only depend on material parameters 
but also involves the measure Z of the considered element. 
The response of a large structure can be considered as 
'dynamic' for low stress rates even if the material follows a 
weakest link hypothesis for the same loading applied on a 
smaller volume. There is therefore no relationship between 
material parameters and characteristic scales to describe the 
degradation of brittle materials. 

This transition can also be expressed by using the 
characteristic measure Z c (cT) 

{
Z/Zc <gem) 

Z/Zc :?g(m) 

with 

single fragmentation 

multiple fragmentation 

[ 

I I ]"'/111+11 111 
g(m)= e l1.m. r(m+l) 

(m+11-1)! m 

(17) 

(18) 



The characteristic space measure Zc(&) can therefore be 
considered as the characteristic scale for which a 
single/multiple fragmentation occurs. Furthermore, Fig. 9 
shows that for Z / Zc(&);>: I, the ultimate strength scatter is 
very small. This characteristic volume can be used in FE 
computations in which the mesh size has to be greater than 
Zc(&) to use a continuum description of damage. 

5. MULTI-SCALE DAMAGE MODEL 

For each principle stress direction 4, a anisotropic 
damage variable Dj is defmed [7] so that the principle strains 
OJ are related to the principal stresses cr, by: 

(19) 

where the usual index summation is used. The compliance 
tensor K is defined by 

I 
-y -y 

1- D] 

K 
I (20) =- -y -y 

E 1- D2 

-y -v 
1- D j 

where E is the Young's modulus and v the Poisson's ratio of 
the undamaged material. 

In 3D configurations, the kinetic law for D, is expressed 
in a differential form (see Eq. (10» 

d2 ( I dD,) - j -2 --- = 6A/(O',)S(kC) 
dt I-D, dt 

(21) 

when 0', > 0 and &, > O. The defect density 1; associated 

with the Weibull model is defined such that the damage 
model is used only if at least one defect is broken in the 
considered finite element OFE of volume V FE 

. (22) 
otherwIse 

where ak a random failure stress obeying the Weibull 
law (1). For low stress rates, the first defect breaks and 
relaxes the stresses in 0 FE' It folIows that the quasi-static 
Weibull properties (Eq. (13» are recovered. For a high 
(tensile) stress rate, the zone relaxed by the first defect to 
break has a weak influence and a detenninistic ( damage) 
approach applies. 

The behavior of a FE cell is therefore not deterministic 
and numerous calculations have to be performed when 
average values are awaited (e.g., average macroscopic 
ultimate stress l:rnax (&». Such calculations are shown in 
Fig. I 0 for a volume where the macroscopic ulthnate stress 
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Figure 10. Ultimate macroscopic stress VS. stress rate for the 
multi-scale model and the Monte-Carlo simulations (500 

realizations for each points) for a SiC ceramic. 

vs. stress rate is plotted. The results obtained with the multi
scale model is comparable (in terms of mean and standard 
deviation) to those given by the Monte-Cario shnulations 
with a CPU time divided by 3000. 

Once the elastic properties and the Weibull parameters 
are known, the model discussed herein has no other 
parameters to tune. In the following, a special emphasis will 
be put on silicon carbide ceramics. 

6. COMPARISON WITH EXPERIMENTS 

Tensile cracking, one of the major degradation 
mechanisms during interaction, can be observed during 
hnpact by using so-called Edge-On Impact (EOI) 
configurations instead of a real configuration where the 
degradation is 'hidden' in the bulk of the ceramic (Fig. 11). 
These configurations are developed by the Ernst-Mach
Institut (EMI) in Germany [15,16] and more recently by the 
Centre Technique d'Arcueil (CTA) in France [6]. It can be 

projectile 

Figure 11. Schematic of an edge-on impact configuration. 



shown that the same damage mechanism (i.e., damage in 
tension) is observed in EOI and in real impact configurations 
[17]. The EOI configuration can therefore be used to validate 
the damage description and kinetic law for numerical 
simulations of the behavior of light armors made of ceramics 
(front plate) and steels (backing). 

6.1. Continuum vs. discrete approaches 

The characteristic quantities, utilized to determine 
whether continuum or discrete approaches apply, can be used 
only when the remote strains are uniform over the considered 
volume element. The probabilistic nature of damage implies 
that conventional approaches [7] may not be applicable for 
impacted volumes where the strain rate can strongly vary 
over the structure due to dilution (i.e., divergent stress wave), 
reflection (e.g., spalling). The validity of the numerical 
simulations can be checked by plotting for each integration 
point the maximum stress rate. Figure 12-a (top) shows the 
stress rate 41ls after impact with corresponding damaged 
zone (bottom). When damage is generated, the stress rate is 
about 103MPaJ1lS. One can see in Fig. 12 that this loading 
cannot be modeled accurately by using either continuum or 
discrete approaches, i.e., more than one defect breaks but the 
material cannot be considered as continuum in a FE cell. The 
criterion proposed in Eq. (17) also confirms that the FE cell 
is too small for a continuum model but not large enough for 
a discrete approach (VFE1Vc(ci'),,;g(m) for VFE~ Imm3). 

Stress Ratel Ultimate Stress 
(MP,"",) (MPa) 

V'" 330m/s, T 
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Figure 12. Requirements to be fulfilled 10 use a continuum 
description can be checked by using a maximum stress rate 

map. 
a-Example of maximum stress rate for the first (tensile) 

eigen stress 4j.lS afier impact (top) and the cOl1'esponding 
damaged zone (bottom). 

b-The stress rate associated to locations where damage is 
generated leads to a complex behavior, neither discrete nor 

continuum, 
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Figure 13. Schematic of the 'sarcophagus' cOlifiguralion. 

The tile is confined between two 10mm thick aluminum 
plates. The edge confinement is obtained by aluminum tiles 

screwed on the plates. 

In the following, the capability of the multi-scale model is 
evaluated to reproduce observed degradation patterns. 

6.2. Sarcophagus 

A configuration dedicated to post-mortem analyses 
(called sarcophagus) is shown in Fig. 13. In this 
configuration, a blunt projectile (llmm in diameter and 
20mm in length) impacts at 330mls a ceramic tile of size 
100 x 50 x IOmm3. After impact, the tile is coated in an 
epoxy resin and polished for macroscopic and microscopic 
analyses. 

The post-mortem crack pattern is shown in Fig. 14. 
Different zones can be separated with respect to crack 
density and orientation. In front of the projectile, a small 
zone exhibits a randomly oriented crack pattern. In the bulk 
of the ceramic, one can observe long radial cracks with a 
second circumferential crack pattern superimposed on the 
first one. In this last region, some radial cracks seem to kink 
in the circumferential direction, kink one more time and 
propagate in the radial direction. The kinked fractures are 
made of two small cracks linked by a small circumferential 
crack. This complex crack pattern is then opened by the 
radial motion of the ceramic, widens and becomes a long 
macroscopic 'kinked' fracture. This phenomenon shows that 
the radial cracks appear prior to the circumferential ones, 
since the latter do not cross the former. Near the tile rear 
face, a third zone exhibits a high density of cracks. This thin 
strip remains at a constant distance from the rear surfuce, 
like a spalling zone. It is worth mentioning that the cracks 
remain in the radial and circumferential directions even 
though this zone is parallel to the rear surface. A numerical 
prediction is given in Fig. 14. The cracking mechanism can 
be described as the superposition of a radially and a 
circumferentially oriented crack patterns, the former with a 
higher density than the latter. The radially oriented crack 
pattern is generated during the first microseconds of impact. 
It is followed by the circumferential ones due to the 
relaxation wave emanating from the projectile and the rear 



face of the ceramic tile. This result is in good agreement with 
the experimental observations. The zone in front of the 
projectile in which only few radial cracks seem to have 
nucleated is well reproduced. Finally, the high density crack 
zone looking like a spalling region is also well described, 
with a crack direction approximately in the radial and 
circmnferential direction, as observed in the sarcophagus 
configuration. 

6.3. Real Time Visualizations 

Real time visualizations of damage have been performed 
by using the Edge-on hnpact configuration developed by the 
EMI [15]. The velocity of a single crack has been measured 
[6] and is about 4800mls. The value of the parameter k is 
thus equal to 0.4, and is in accordance with classical results 
for crack propagation [18,19]. A remark can be drawn on the 
shape of the damaged zone with respect to the impact 
velocity. With a high impact velocity, the damage is 
homogeneous in a circular zone in front of the projectile (see 
Fig. IS-b). Below a critical value depending on the material 
properties, damage is localized in thinner and thinner 
corridors when the velocity decreases (Fig. IS-a). Even 
though this localization leads to larger fragments, it has been 
demonstrated [20] that the transition between corridors and 
circular shapes of damage is not related to the 
single/multiple fragmentation transition described in 
Section 4. 

The simulation is performed on the Eor configuration 
with an impact velocity of 185m/s and 513m/s on a SiC 
ceramic. The random stress to failure is computed by using 
Eqs. (I) and (22) for a FE volmne of Imm'. For high stress 
rates (Le., in !i'ont of the projectile and in the Hertz-like cone 
crack), many defects nucleate in a FE cell. For a velocity of 
I 85m/s, failure of an element set, which can be compared to 
macroscopic cracks, can be observed in addition to the 
continuum degradation generated at the edge of the 
projectile. However, there are some difficulties in handling 
macroscopic cracks. The failure of a FE cell is not always 
followed by a crack generation and propagation, and when 
such a crack is created, there is a tendency to follow the 
direction of the FE mesh. This result may be improved by 
refining the mesh and the model. 

The numerical simulations are in good agreement with 
the general shape of the damaged zone experimentally 
observed. In Fig. IS-a the damaged zone in !i'ont of the 
projectile that widens and progressively localizes in corridors 
is well reproduced by the simulation. The zone generated on 
the projectile edges that can roughly be compared to a Hertz 
cone crack is also found in the numerical results. This 
damage localization vanishes for inlpact velocity greater than 
about 350m/s [16], as one can observe in Fig. IS-b. 

20mm 

Figure 14. Damage evolution during an impact on a SiC 
Ceramic. The projectile velocity is 330m/s. Numerical 

results are given in the tile upper part where the line density 
is a function of broken flmvs density and the line direction is 

that of cracking. The tile's lower part corresponds to the 
post-mortem crack pattern. 

-a
V=185m/s 

-b-
V=513m/s 

Figure 15. Numerical simulations of a SiC ceramic in an 
EO! cOlifiguration. Tile upper part: simulation), tile lower 
pari: experiments. Damaged zones (DJ > 0.5 in the dark 

zones) for two impact velocities. 



6.4. Moire technique 

A third EOI configuration provides quantitative strain 
measurements over a field of 32 x 32mm2 during impact. 
Details on the moire photography set-up can be found in Ref. 
[21]. The advantage of the moire measurement is that a 
quantitative rather than qualitative analysis can be 
performed between experiments and simulations. The 
method used to analyze the fringes cannot give reliable data 
when they are blurred. To overcome this problem, the 
artifacts generated during the fringe pattem analysis are 
automatically reset. Figure 16-a is the fringe pattem 
approximately 2!lS after impact. The comparison of 
numerical and experimental strains is given in Fig. 16-b. 
The strain diagram is plotted for a point M at a distance of 
I3mm from the surface hit by the projectile (circular mark in 
Fig. 16-a). It can be noted that the radial strain reaches an 
important value (of the order of 0.8%) before any significant 
evolution of the hoop strain. This is consistent with a 
cylindrical stress wave in which the tensile strain is induced 
by the radial motion ofthe material. 

The multi-scale model is used to yield probabilistic 
results. Therefore, numerous simulations have to be 
performed when the average behavior is analyzed. Five 
hundred realizations of the simulation are now presented. A 
CPU time of 4 minutes per realization is needed on an HP 
715 workstation with the finite element package Pam Shock 
[22]. The average and the standard deviate of the hoop and 
radial strains are plotted in Fig. 16-b. There is a good 
agreement between the measured and predicted average 
strains. All the experimental measurements fall in the grey 
shaded zone, i.e., the experiment may be compared to one 
realization of the 500 numerical simulations. 
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Figure 16. a-Typical example of moire fringes. 
b-Strain evolution given by a moire technique (dots) and by 

the multi-scale lIIodel (plain curve: average, grey 
bandwidth: ± standard deviate). 

7. CONCLUSIONS 

A fi'agmentation model based on a mechanism of 
nucleation of flaws and stress relaxation is proposed. When a 
constant stress rate is applied, a closed-form solution for the 
number of nucleated defects is given. The characteristic time 
and space scales are defined and are useful for checking the 
relevance of FE simulations. A Monte-Carlo simulation is 
used to analyze the transition between single and multiple 
fragmentation. This transition does not coincide with that 
between quasi-static and dynamic loading (e.g., one may 
have a single crack during a dynamic loading if the 
considered volume is sufficiently small). This transition 
condition is expressed as a function of the Weibull modulus 
and a characteristic volume, surface or length. 

A damage kinetic law is derived from the fragmentation 
model, which is probabilistic by construction. The analysis of 
stress relaxation around the propagating cracks leads 
naturally to an anisotropic description of damage. A 
differential form is derived for the kinetics of damage 
variables in order to be implemented in a FE code. A multi
scale model is defined by describing the broken flaws by a 
continuum density in addition to the first defect able to 
break. The probabilistic nature of this model helps in 
understanding the probabilistic behavior of structures made 
of brittle materials and submitted to a wide range of loadings 
(from quasi-static to dynamic ones). This model is therefore 
different from a continuum and deterministic description of 
damage that is usually used [7]. 

A good approximation of the kinetics of the damaged 
zones in EOI configurations are given by the model in terms 
of degradation pattems (e.g., sarcophagus confignration) or 
strain evolution (e.g., comparison with the moire 
measurements). Since all the parameters are determined by 
analytical analyses or identified through quasi-static 
(independent) tests, the multi-scale model can be considered 
as fully predictive. The strain evolution during impact is also 
predicted, in particular when the material seems to be 
intensively damaged. 

The multi-scale model may be used to understand 
whether the probabilistic nature of the ceramic behavior Can 
modifY that of the structure. It has been demonstrated that 
the model is able to reproduce the behavior of a unit volume, 
from quasi-static loadings where the failure is due to a single 
defect to dynamic loadings where many flaws nucleate. For 
low impact velocities, the degradation pattem is well 
reproduced by the multi-scale model and both diffuse 
damage and isolated cracks are generated. One can observe 
that the mechanism of crack propagation at the macroscopic 
level may not be exact because of the coarse description of 
the stress field at the macrocrack tip. Refining the mesh may 
improve the simulation of isolated cracks. 

The transition zone for which the number of nucleated 
flaws is greater but nevertheless close to one in a FE cell is 
well reproduced by the multi-scale model. The corresponding 



behavior, neither continuum nor discrete is one of the major 
features of this model. Lastly, it is expected that the model is 
applicable to other brittle materials (such as rock, glass or 
concrete). Since the numbers of parameters to identify is very 
limited and can be carried out under quasi-static loading 
conditions, the model can be tested on a wide class of brittle 
materials. 
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Behavior and fracture of Mg based composite 
materials undergoing a compressive loading 

Lichtenberger A., Lach E., Bohmann A., Scharf M 
ISL, French-German Research Institnte of Saint-Louis, F-68301 SAINT-LOUIS 

Abstract: 

The aim of this work is to study the behavior of short-fiber and particle
reinforced magnesium alloys under quasi-static and dynamic loading 
(Hopkinson bar). Particularly magnesium alloys, QE22 and AZ91 were 
used as matrix materials. Reinforcing materials were 20% short-fiber
Ab03 (Saffil®) and 15% SiC-particles combined with 7.5% Saffil® 
(mixed). Composites were produced by squeeze casting. 
Static tension tests show that the reinforcement of the magnesium alloy 
leads to a very brittle behavior without any improvement in the 
mechanical resistance of the material. Tension and compression tests 
reveal a fully different behavior resulting in a high value of yield stresses 
and strain to rupture. 
A solution annealing treatment on the QE22 based materials do not 
change the mean properties of dynamic compression, but reduces 
significantly the scattering of the results. In compression the 
reinforcement of the magnesium alloy increases the yield stress about 
50% with a more rapid failure. 
The influence of the geometry of the compression specimens on the 
stress-strain curves and on the maximal strain to rupture was 
investigated. 
Fractures were investigated by means of a scanning electron microscope 
and confirm the brittle behavior of the composite. A metallographic study 
of microstructure was also performed. 

I.Introduction 

Light materials with good mechanical properties are today widely studied and are a 
new challenge for applications in various fields. The aerospace, motor and military industries 
have a big interest in the development of new materials such as metal matrix composites 
Due to the promising results reported during the development of these alloys, research has 
been concentrated on reinforcing the light metal magnesium and its alloys with alumina 
fibers. Magnesium and its alloys are the engineering materials with the lowest density. The 
strengthening of magnesium alloys is undertaken to improve critical properties such as elastic 
modulus, high-temperature strength, wear resistance and thennal expansion. 



Considerations about the use of magnesium alloys for body parts show that it is 
necessary to get information on the deformation behavior under static and dynamic loading. 
The requirement to absorb energy in a crash situation or in the penetration of a projectile 
needs some ductility. 

The low-rate mechanical properties and failure mechanisms of reinforced Mg-alloys 
have been well-characterized [1]. The influence of particle volume fraction and shape on the 
behavior of metal-matrix composites at high strain rates was studied in [2]. The impact 
behavior of magnesium matrix composites have been presented in [3] 

This work concerns mainly with the study of the strain to failure of Mg-based 
composites in dynamic compression tests by different specimens geometry and the influence 
of a heat treatment on the dynamic compression behavior of the QE22 based materials. 

Dynamic compression tests were performed on a split-Hopkinson-pressure-bar. The 
diameter and the length of the bars were 20 mm and 1200 mm, respectively. The bars are 
made on high strength steel and a stop ring has usually been used in order to allow some post 
observations on the damage and rupture of the specimens. The specimens were machined in 
the perpendicular direction of the plates with 8 to 16 mm diameters and 4 to 16 mm lengths. 

2. Materials 

Two magnesium alloys, AZ9l, and QE22, have been chosen as matrix materials. 
Table 1 shows their chemical compositions. WE54 and QE22 are high-temperature alloys. 
The mechanical properties obtained by tensile test can be seen in table 2. 

Table l' Chemical composition ofMg-alloys in % . 
Al Zn Mn Zr Ag Nd rich R.E. Balance 

AZ91 9 0.7 0.2 0 0 0 Mg 
QE22 0 0 0 0.6 2.5 2 Mg 

Table 2' Mechanical properties of unrein forced Mg-alloys obtained by tensile test . 
R nO•2 (Mpa) Rm(Mpa) A(%) E (Gpa) p (g/cm3

) 

AZ91 170 270 4.4 43 1.8 
QE22 205 266 4 45 1.82 

The strengthening of Magnesium alloys with fiber leads to an improvement in the 
properties. The preferred fiber material is Saffil® from ICI as, in addition to having the 
required properties, it is relatively cheap. Saffil consists of 8-Ab03 and has a tensile strength 
of 2000 MPa, a Young's modulus of 300 GPa, a Mohs hardness of 7 and has a diameter of 
3 ~mx60 ~m [4]. 

SiC particles have been mixed to the saffil to realize the Mg based composite. The 
diameter of SiC-particles (Mohs hardness 9.7) was 6.2 ~m. 

A preform for the mixed Mg-composite consists of7.5% Saffil and 15% SiC-particles. 
The fibers are randomly oriented in a plane. 

With this hybrid technique it is possible to produce isotropic particle-reinforced 
magnesium composites [6]. 



3. Behavior of reinforced QE22 in static tension tests 

Static tension tests 
have been conducted on 400 

" 
the reinforced 350 Rm = 258.9 Mpa 
magnesium alloy QE22. RO.2= 225.0 MPa 
Results are shown in the 300 

A(5)= 0.7 % 
figure 1. The 0.2% offset _2SO 

stress and the ultimate ~ 

" tensile strength (Ro.2 and ';;"200 ~---1·"-· --- ----, 

~ ! 
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" ! " necking can be seen and 50 ! 
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This behavior is Fig.l : Static tension test on reinforced QE22 Mg alloy 
typical for a brittle 
material. However, the 
properties under compressive loading are fully different as will be shown by the following 
results. 

4. Influence of the solution annealing of the QE22 based materials on the 
dynamic behavior in compression 

A heat treatment 
has been performed on the 
unreinforced and 
reinforced QE22 Mg 
alloy. 

This treatment 
consists of a solution 
annealing at 412°C for 8 
hours. It allows a better 
homogenization of the 
materials. The effect of 
this treatment on the 
dynamical compressive 
behavior of the materials 
was examined. 

Results of the 
SHPB compression tests 
are shown in the figures 2 
and 3. The annealing do 
not influence both, the 
yield stress and strain to 
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failure. The compressive 
stress-strain curves in 
figures 2 and 3 are 
similar and independent 
of the annealing 
treatment. 

The 
treatment 
scattering 

reduces 
of 

heat 
the 
the 
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compressive flow 
curves, which is much 
more important for the 
material in the initial 
state. The heat treatment 
leads to a better 
homogenization of the 
microstructure with the 
solution of some 
alloying elements and 
compounds. 

Fig.3 ; Dynamic compression on QE22 annealed 

Similar results can be seen in figures 4 and 5 for the reinforced QE22 magnesium 
alloy. 

In summary, scattering is important for non annealed alloys, independent of a 
reinforcement. This is due to inhomogeneities in the repartition of the SiC particles and Ab03 
fibers. An annealing treatment reduces significantly the scattering of the results. This is also 
due to the homogenization of the matrix material and probably also to a better binding with 
the reinforcement, particles and whiskers. 

The influence of the reinforcement on the behavior of the material is important. The 
compression strength increases from 350 to 530 Mpa (50%) while the strain to failure is 
reduced from 20 to about 10% (for specimens DI2xSmm). However, this is an important 
improvement under compressive loading compared to tensile tests. 
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5. Behavior of reinforced AZ91 in static and dynamic compression tests 

Quasi-static and 
dynamic tests (at strain rates of 
O.OOlls and 2000/s) have been 
performed under compressive 
loading on the AZ9l 
composite. The diameter ofthe 
specimens was 8 mm and the 
length was 4 and 12 mm 
respectively. 

Figure 6 shows the 
influence of the strain rate on 
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STRAIN the behavior of this material. 
At 3% strain, the yield stress 
amounts to 485 Mpa under 
static conditions and increased 
to 540 Mpa under dynamic 
conditions. 
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Fig.6 : Static and dynamic compression 
on reinforced AZ91 annealed 

The strains to failure in static or dynamic conditions are very similar and depend 
mainly on the geometry of the specimens. About 9% strain to failure are achieved with a 
length to diameter ratio of 0.5 but 6% only with a ratio of 1.5. 

6. Influence of the geometry of specimens in dynamic compression tests 

Additionally dynamic 
compression tests have been 
conducted on the QE22 Mg
composite in order to 
confirm these results. 
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Specimens with 8 mm 
diameter and 4,8 and 12 mm 
length were machined and 
tested in the SHPB facility. 
The slenderness was limited 
between 0.5 and 1.5, because 
of friction effects which 
could appear for smaller 
value and larger transient 
time for longer specimens, 
which do not allows 
achieving the homogeneity 
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Fig.7 : Static and dynamic compression on reinforced AZ91 

on both side of the specimens for small strains. 
Figure 7 shows that the maximal strains at rnpture are markedly influenced by the 

slenderness of the specimens. This is due to the stress concentration in the 45° directions 
leading to shear stresses and early failure for longer specimens, and also to the difference in 
the hydrostatic pressure component. The field of damage and rupture are clearly visible on the 
stress-strain curves. The maximal stresses just before damage are slightly increasing for 
smaller specimen length; this can be due to some friction effects at higher strains. 
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7. Metallographic observations 

Optical micrographs (figure 8) have been made on the mixed Saffil-SiCp- QE22 
composite. As a result of the manufacturing process, the fibers are randomly oriented in a 
plane. Infiltration of preforms is carried out predominantly perpendicular to the fibers. The 
microstructure of the composite is influenced by the solidification behavior of the matrix 
alloy. Generally, the fiber addition results in a refmement of the microstructure. 

Fig. 8: Micrographs of the transverse cut in a reinforced QE22 composite 

A macroscopic view of the specimen 
after test (figure 8) shows the difference in 
the fracture mode between a short and a long 
specimen. Short specimens give generally a 
unique shearing fracture in a 45° plane, 
whereas longer specimens leads to multiple 
fragments. They arise from 2 shearing planes 
at 45° from the edge of the specimen at the 
opposite side connected by a fracture plane 
that tends towards the axis and is subjected to 
a more tensile loading. Due to a higher 
roughness, the surface is less bright than in 
the pure shear plane. 

These observations are in accordance 
with the stress-strain curves obtained in 
figure 7, where the damage is increasing with 
the length of the specimen. 

Fig. 9: Rupture surfaces of 
short and long specimens 



The rupture surface has been investigated with Scanning Electron Microscopy. The 
fracture is mainly concentrated along the fibers and sometimes across them or more rarely 
through SiC particles. QE22 composites seem to be a little less brittle than AZ91, the matrix 
showing more ductility (figure 10). 

Fig. 10: Fracture surface ofQE22 composite 

Figure 11 shows a region of 
the QE22 composite which has been 
subjected to some tensile or flexure 
stresses in a ballistic target. The 
transverse breaking of the fibers can 
be observed. Tensile stress is induced 
in fibers by shear stress at the 
fiber/matrix interface during the 
plastic deformation of a ductile 
matrix. Due to this micromechanism, 
the high tensile strength of Saffil 
fibers can be used. This 
micromechanism mainly affects the 
macroscopic compression strength. 
Short fibers serve also as obstacles to 
dislocations. 

and AZ91 composite 

Fig. 11: Transverse breakup of a 
Al203 fiber by flexure stresses. 



8. Conclusion 

Mixed Saffil-SiCp- magnesium composites are quite brittle in tension tests «1 % strain 
to failure), but appear much less brittle in compression. 

Heat-treated QE22 magnesium alloy and the reinforced composite have identical 
behavior as the materials in the initial state but show significantly less scattering in the 
comprssive flow curves. This is due to the homogenization of the matrix alloy. 

In compression tests, the strain rate influences the yield stress of the QE22 composite, 
but not the strain to failure. 

A maximal strain to failure from 5 to 18% depending on the geometry of the 
specimens was obtained under compression,. The field of damage and the maximal strain to 
failure are decreasing with the slenderness of the specimens. 

It can be concluded that for brittle materials tested in dynamic compression with 
SHPB, specimens with a small slenderness have to be preferred. 

Different mode of rupture have been observed on the surface of rupture. Reinforced 
QE22 is more ductile than reinforced AZ91 if it is squeeze-cast. This MMC material can be 
an interesting candidate for components, which are exposed to a dynamic compression load as 
for instance in ballistic protection or projectiles sabots. 
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1 Introduction 

Constitutive law of a brittle material 

P. Bailly 
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10 boulevard Lohi/alle -18 020 Bo",!,es ctdex, FraJ1ce 
patrite.bailfy@fllfi-bo1l!:ges.fi: Tel.' 02 48 48 4002, Pax: 02 48 48 40 50 

Scientist names quasi brittle or imperfectly brittle materials like the concrete, the rocks or ceramics. These materials are 
marked by a constitutive heterogeneity and the damage, brittle on a microscopic scale, generates structural mechanisms 
(friction ... ) which give, on a macroscopic scale, a behaviour called quasi brittle. The traditional mechanic of cracking is not 
always able to describe the brea1cing process. Significant projections were made in the approach of modelling of these 
materials, in particular by Z.P. Bazant (energy of rupture, characteristic length, scale effect.). The dynamic behaviour 
remains however still surrounded by many mysteries (change of order of magnitude of apparent resistance, multi cracking, 
diffused damage ... ). Beyond phenomenological models, the search of the most relevant description of the mechanisms of 
rupture remains a current subject of study. The mechanics of the continuous mediums provides a tested framework, any 
characteristics (discontinuities, fractional aspect, medium with two or three phases, random structure .... ) can encourage 
with enrichments, or different concepts (of discrete type). The knowledge of physics related to the degradation of material 
and its translation in a constitutive model, are for materials quasi-brittle in a "state of the art" clearly under what exists for 
metallic materials. 

2 The phenomenology 

2.1 The apparent strength increase with strain tate 

It is usual to observe on compressive dynamic tests that the strength depends on the strain rate (fig. i) [1] [2]. The 
simulations of the dynamic compressive tests show that the strain field is not homogeneous in the specimen and it is not 
correct to deduce a realistic behaviour, assuming a quasi-static state. So, a doubt is checked on the discussion and 
conclusion about the strength increase and the rate sensitivity of concrete, when they are argued ,vith results assuming 
(implicitly) the homogeneity of strain and stress in the specimen. A comprehension of the apparent strength increase may 
be submitted. When the plastic flow begins, the dilatancy induces a radial expansion. There is an inertial force acting on a 
part of the specimen, in respect with the radial movement [3J. The consequence is that, in the centre of the specimen, the 
pressure increases. The inertial forces create an « inertial confinement)}. The yield limit of the concrete depends on the 
pressure. So it is possible that the compressive stress in the middle of the cylinder grows higher than the static strength 
(without confinement). TIlls can be the principal explanation of the phenomenon but perhaps not the only one [4] [5]. 
~Iuch carefulness is necessaty about conclusion rate sensitivity for any loading paths, because the failure of concrete is an 
intricate problem. In particular, new experimental results on the dynamic tension strength exhibit a rate sensitivity which 
cannot be explain by a simple structural effect [6]. 
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Figllre 1 .' streNgth observed ill cfyllalllic cOlllpressit'e tests [1]. 
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2.2 The effect of high pressure 

Under high pressure, the porous structure of the cementing matrix breaks down, porosity is closed again while a reduction 
in volume is observed. For the static case CA-pecimentation is worked out with the hydrostatic loading path. For the 
dynamic case the one dimension strain loading path is used. The results of these two tests are not very different and any 
may consider the compacting independent of the strain rate. In fact, if both the dynamic and the static compressive tests 
are worked out with the same loading path, the rate dependence is significant (fig. 2). The importance of the loading path 
on the compacting is shown in fig.3. [7] 
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Figllre 2 : tfyJlamic oedometric compressive tests at severa! strain rate. 

3 Modeling of the behavior 

3.1 Damage, shearing and compacting 
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Many models exist for concrete [8-18]. Some are convenient for static loading and low pressure. Some are deduced from 
metal modelling. :Many of them are defined with a great number of parameters. 
Damage, shearing and compacting are the three phenomena considered in the present modelling. The model is worked out 
using the classical theories of the damage, the plasticity and the visco-plasticity. This theory of the multi mechanism is used 
in order to couple criteria of rupture. Also, it makes it possible to represent the behaviour of a material subjected to 
various ways of loading. by the introduction of various sources of plasticity. By taking into account all the activated plastic 
potentials, the fonnula spreads in the following way (with the usual convention): 

~=~=(~-~Ai~) 
When the plastic multiplier i is positive, it is said that mechanism i is active. In the present model the two mechanisms are 
characterised by a criterion (surface) : 
1 for the criterion representing the phenomenon of shearing. 
2 for the criterion representing the phenomenon of compacting. 
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3.2 The elasto-viscoplastic model of the shearing 

The concrete shows a sensitivity of the mean stress, so the plasticity criteria is of the Drucker-Prager type. It is written as 
the following expression: 

fl~' YH)= Jh +0: II - YH 

where: a and YH are two parameters depending on the material and determined from static tests. 
The softening is characterised by the loss of material cohesion and varies linearly according to the cumulated plastic strain. 

YH = (Yo -pEp,) 
where: Yo = initial cohesion, Epe = accumulated plastic strain. 
The viscoplasticity is ofPerzyna's type [19]. It has the following expression: 

.p =~(fl~' YH)) 8g1 
_I '11 - 8~ 

where: 1]1 = viscosity coefficient. 

This coefficient is in relation with a characteristic length through the relation: 

f =~ 'JEQ 
In the case of geomaterials, an associated model shows an over-important expansion behaviour. This model is non
associated and function g is written as following: 

gl=.J3J2+yII 

The term y represents the expansion phenomenon. 

The elastic strain is obtained by partition of the deformations 

ee =e-eVP 
'" :0 "" 

3.3 The damage model 

Damage models are generally used to show a degradation of the material due to a microcracking characterised by a loss of 
rigidity [20]. These models are formulated using the laws of irreversible processes of thermodynamics. The model used 
here is a damage model with velocity effect. [21] In order to respect the second law of thermodynamics, the variable which 
represents the damage evolution must always be defined as positive or equal to zero. 
The evolution of damage is defined as follows: 

D = \R(') with. = ~2,(.+/ 
The equivalent strain e is equal to the sum of the main positive strains [23]. 
Using a damage threshold function F, the damage evolution will be defined as follows: 

D =( ~ r with F= (I-D)[' -edO ((I-D)] 

edO = damage threshold, and D = damage variable. 

Through the expression of this function, the second thermodynamic law is verified. The damage evolution is always 
defined as positive and the damage cannot be greater than 1. The stress is obtained by the following expression: 

~=(I_D)~:€e 

~ is the fourth order elasticity tensor 

3.4 Modelling of compacting 

In order to represent the behaviour of the concrete under strong requests, a criterion of rupture is coupled ,vith the 
criterion of shearing. This criterion of compacting has a rough surface which is closed again on the hydrostatic axis. 
Being given the scarcity of the experimental data relating to this rough surface, its precise form is not easily identifiable. 
Also, a circular surface was selected. TIllS surface depends on the first two invariant stress (I1 and J2), contrary to certain 
surfaces "Capet! represented by an equation of the 11 =constante type, and has a formulation simpler than a surface of the 
type Gurson. Two surfaces are interdependent, ie. that an activation of one mechanism of plasticity has consequences for 
other surface. This rough surface f2 has as an equation: 
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The variable R is the parameter of the hardening. This hardening is expressed in the following way: 

R=--=R20~ 
1+

DVP 

pr 
with DVP which represents the plastic volumetric deformation, Pr porosity and Ro the value threshold of compacting. 
The plastic strain rate is given by the law ofPerzyna : 

. 1 (f2~' YH)) Of2 
e2P = r) 
~ ~2 f2~'YH a~ 

with '12 = viscosity 
It is an associated plastic flow. \Xlhen the two criteria are activated the hardening parameters as follows. 

fl(a) > 0 et f2(a) > 0; YH =min~Yo -~1 Epl)+~2 E p2 ; yo} 

fl(a) > 0 et f2(a) > 0; R = 1+~ ; DVP = trace(ei )+trace(e~) 
pr 

t 

with: Epl = f~~r : ~i 
t 

et Ep2 = fJ~~ : ~~ 
o o 

If there is compacting, the cohesion can grow, and the damage parameter is assumed to decrease to zero. 

f2(a»O:::.i>~=~:ee the elastic strain is dse =de-dsf -ds~ 
-- ~-== 

The damage is calculated independendy of the criteria of shearing and of compacting and is taken into account only when 
the criterion of compacting is inactive. When the 6 criterion becomes active, the variable of damage is brutally brought 
back to zero. That induces a negative term of dissipation. This is however acceptable because there exists at the same 
moment a strong positive dissipation due to the plastic flow, total dissipation having to remain positive. The 
thermodynamic processes are supposed to be isothermal and the variables used are classified in variables of state and 
variables associated [22] . The inequality of Clausius-Duheim, which precise that the intrinsic dissipation must be positive, 
is satisfied. If these two potentials are not expressed, which is the case in this model, being given variables of work 
hardening chosen, it should be checked that intrinsic dissipation is positive. Within the framework of this model, this 
expression is as follows: 

.. p •• p • 1 e e' --( ) 
. 

~';;1 +~';;2 +YHE p1 +2 ;;~; D+RDVP20 

This last inequality must be checked so that the laws of thermodynamics are satisfied, in particular when D decreases when 
the f2 criterion is reached. 

4 Simulation of the concrete behaviour 

4.1 Identification of the parameters 

The angle of friction and the initial cohesion of material are given starting from triaxial compression tests. The concrete 
used to carry out the tests of dynamic compacting is the microconcrete named uJ\1BSOll [7]. The parameters of the 
criterion of shearing are given starting from the triaxial compression tests carried out without confining pressure and low 
confining pressure [23]. The figure below represents the evolution of dIe second invariant according to the pressure for a 
test unconfined compression and two triaxial compression tests. These three tests make it possible to determine the initial 
cohesion of the material (YO) and lithe angle of friction ll of the criterion of shearing. This criterion is represented on figure 
S. Indeed, according to the experimental results it is possible to take a criterion with a slope slightly weaker or stronger. 
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The threshold of compacting is given starting from a hydrostatic test (fig.6.). 
Table above provides the values of the parameters used to carry out various simulations. 

Parameters Test Value Scale of possible values 

Young's Modulus (pa) 23.8+9 20,8+9<E<40.E+9 

Specific mass (kg/ m3) 2300 2000 < e < 2500 

Poisson's ratio Compressive test 0.17 0.16<v<0.2 

Shear threshold (pa) 19.E""6 4.E-Hi <YH <130E-Hi 

Frictional angle 0.46 0.4 < a < 0.8 

Compacting threshold (pa) Hydrostatic test 80.E+6 70E+6<R,,<100E+6 

Porosity 0.10 0.05<pr<0.15 

Viscosity ~I (pa/ s) size of granular 2.0E+4 1.0E+4<"f}1 <6.0E+4 

Viscosity '12 (pa/ s) Dynamique compressive test 2.0E+8 1.08+8< "f}2 <5,OE+8 

Hardening PI (pa) Triaxial test 4.0E+08 1.0E+8< ~I <1.0+9 

Hardening ~ 2 (pa) Arbitrary 1.0E+11 8.0E+IO< ~2 <3.0E+" 

Expansion Compressive test 0.4 O';y';a 

m Arbitrary 1.9E-3 4.0S04<m<3.5s03 

n 5 2<n<9 

"dO Tensile test 1.0E-04 0.5E-04< "dO <1.5S04 

One notices a great difference between the value of viscosity intervening in the criterion of shearing and that intervening 
in the criterion of compacting. Tbat which intervenes in the criterion of shearing is related to a characteristic length. 
contrary to that intervening in the criterion of compacting. This last as a great influence during simulations. 
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4.2 Static compacting tests 

These static tests of compacting were carried out with a cell of containment out of steel. Figure 7 presents, a comparison 
between the experimental results and those obtained by simulation, for a porosity of 0.10. 
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Figllre 7: Static compactillg test 

4.3 Dynamic compacting tests 

A very simple method to reach high values of pressure consists in making oedometric tests. Using a technique derived of 
the method u,ed by Burlion [13] under a quasi-static loading, the specimen tested is described in fig.B. Longitudinal and 
transversal strain gages are glued on the metallic ring. The first ones are to evaluate the friction between the ring, on one 
side, and metallic plugs and concrete on the other side. Transversal ones are measuring the radial expansion of the ring 
from what is deduced the actual lateral pressure on concrete. The loading is provided by a classical Split Hopkinson Bar 
System [14]. 

concrete cylinder metallic 

metallic compression plugs 

Figure 8 : experimelltal del/ice for tfyltalJlic colJlpacting tests 

For each test, the evolution of the stress according to time, the evolution of the pressure according to the volumetric 
deformation as that of the second invariant according to the first are provided. The following figures present a example of 
comparison between the experimental results and those obtained by simulation. Figure 9 characterises the evolution of the 
normal stress according to the time. The figure 10 presents the evolution of the deviation stress according to the pressure. 
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Figure 9 : the 110f7Jlai stress accordilJg to timc. Thejiglfre 10: the deviatioll stress accordil1g to the pressure. 

During these tests, it is difficult to obtain a measuring accuracy less than 1 % of the strain. TIle signals of the strain are a 
little disturbed in the elastic phase. It is nevertheless possible to obtain the evolution of the pressure acco.rding to the 
volumetric strain as that of the second invariant according to the pressure but the elastic part presents a certain inaccuracy. 
These simulations, carried out with a cell of containment out of steel, are satisfactory. For this test, the evolution of the 
stress according to time is well reproduced. 
The evolution of the way of loading (deviation stress according to the pressure) is not very well reproduced during the 
elastic phase, but these experimental results is not very good for tIus part of the curve. Figure 10 shows that the loading 
path obtained by simulation is very close to the criterion of shearing. Also the viscosity used to calculate the viscoplastic 
strain has only a little influence. 

5 Conclusion 

The taking into account of the phenomenon of compacting is carried out by using a viscoplastic criterion. This one, of 
circular form, is coupled with the criterion of shearing. This coupling, carried out between two viscoplastic criteria, does 
not lead to numerical problems at the angular point between the two criteria. Viscosity, considered in the criterion of 
shearing, is related to a characteristic length and intervenes primarily like limiting device of localisation. Under low 
pressure, the strain rate dependence is , for the most part, a structural effect in the specimen. The viscosity intervening in 
the criterion of compacting has a significant value and makes it possible to translate the phenomenon of viscosity observed 
in experiments. The law of work hardening, extremely simple, seems to give satisfactory results. 
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Abstract 

HIGH VELOCITY IMPACT ON NEW POLYMERIC 

MATERIALS LOADED WITH CERAMIC PARTICLES 
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Mechanical Engineering Department, Carlos ill University of Madrid 

Avda. de la Universidad 30, 28911 Leganes, Madrid, Spain. 

Tfn: 34-91-6249491, Fax: 34-91-6249430. E-mail: navarro@ing.uc3m.es 

An experimental and numerical study work was done to investigate the ballistic perfonnance of a new ceramic

particle-loaded polymeric material composed of vinyl ester resin and low cost ceramic particles of AhO, (1-8 mm). 

The manufacturing process, simple and cheap, produces a material with a ballistic efficiency intermediate between 

the conventional metallic materials and the monolithic ceramic used in lightweight alIDours. 

Full-scale fire tests were carried out on laterally confined tiles backed by an aluminum block. The measure of the 

residual penetration shows the effect of the ceramic particle size on the ballistic efficiency of the material. A model 

for this new material is proposed, implemented in a numerical code and validated with experimental data. 

(Keywords: ballistic ejfteltciellcy; ceramic particles; depth ojpelletratioll; impact; lightweight ar//tours) 

1.- INTRODUCTION 

The main parameters of lightweight annours design are ballistic efficiency and cost. The ballistic 

efficiency is the relationship between the protection capacity and the areal density (weight/area) 

needed to arrest the projectile. Metallic materials present disadvantages due to their high density. 

Mixed annours, made of monolithic ceramic tiles and a metallic plate, seem to be a very efficient 

shield against low and medium calibre projectiles since they combine the light weight and high 

resistance of a ceramic with the ductility of metallic materials (Navarro et al. 1994, den Reijer 

1991). However, the use of ceramic tiles in mixed mmours has the limitation of its high cost. 

Weight versus cost in different mmours are shown in Figure 1 (Roberson 1995). While the 

ballistic efficiency of the mmour increases significantly when ceramic material is used, the cost 

also rises. The development of a new material that covers the gap between metallic and ceramic 

ones could be interesting for applications where weight is not the primary concern and cost 

saving should be achieved. 

In this work a new material made of ceramic particles and vinilister matrix were developed. The 

task of the ceramic pmiicles is to break up the impacting projectile and reduce its penetration 

capacity. The vinilester matrix gives the needed cohesion between particles and distributes the 

impact load over a large area of the metallic backing plate. 



Full-scale fire tests have been carried out to evaluate the properties of the new material, and to 

consider its application to the design of new atmours with intermediate detention capacity at low 

cost. A model that considers datnage in the ceramic material has been implemented in a 

numerical code and compared with experimental results. 
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Figure 1. Performance vs Cost for armours to defeat 7.62 NATO AP, Cost relative to armour steel 

2. MANUFACTURING PROCESS 

2.1 Materials 

For the ceramic load, alumina particles of 99,4 % purity (manufactured by Alcoa Chemical) 

were used. Table 1 shows the size distribution of the particles supplied by Alcoa. Different mean 

sizes <5 , and compactation levels could be obtained by mixing patiic1es of different intervals. 

Grain intervals [1-3] mm [3-6] mm [5-8] mm 

<5 (mm) 1,92 3,37 6,67 

Table I, Size intervals for ceramic particles. 

The properties of the vinyl ester resin are given in Table 2. Due to its low density, the composite 

will be lighter. 

Mass density (kg/m3) 1100 

Tensile strength (MPa) 70 

Ultimate elongation (%) 2,3-4 

Modulus of elasticity (MPa) 3300 MPa 

Table 2, Mechanical properties of vinyl ester 



The resin and ceramics particles are cheaper than the materials use normally in lighweight 

atmours. Table 3 shows an approximate price comparison. 

Material Approximate Cost ( €/ kg ) 

Monolithic Alumina 28 

Aluminium 8 

Vynilester 4 

Alumina Ceramic Particles 1 

80 % Ceramic Particles + 20 % Vynilester (weight) 1.6 

Table 3. Approximate cost comparison 

2.2 Mixing and compactation 

The manufacturing process is of two phases. In the first one, all the components (resin, catalyser, 

activator and patiicles) are mixed in their correct propOliions until a homogeneous material is 

obtained. The resin must wet the paliicles to guarantee good cohesion, and the proportion of 

ceramic must be high enough to produce a material with erosive propeliies. These two 
requirements will be met when the composite has the same volume of vinylester resin and 

ceramic particles at the end of the manufacturing process. 
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In the second phase, the mixture is compacted until the polymerization finishes. The uniaxial 

pressure (from 1 to 6 MPa) is the most important parameter to get a composite with good 

mechanical propeliies and low porosity « 2 %). By controlling the pressure, tiles of different 

areal density tiles were obtained. On registering the values of load and displacement, a 

exponential equation that relates final areal density P A' initial areal density P A 0 and the 
compactation pressure P was fitted (Messing et a!. 1982): 



where P y' m and K are constants determined experimentally. This equation is plotted in Fig. 2. 

2.3 Manufactured tiles 

To analyse the ballistic behaviour of the composite material, tiles of different areal densities P A 

and different proportions of grain size intervals were considered. The propOliions of the grain 

size intervals for an optimal compactation was determined, with a Fuller reference curve, 

commonly used in the concrete industry. Patiicles larger than the tile half thickness were 

eliminated to get a homogeneous particle distribution throughout the tile. Table 3 shows the 

proportions chosen for two different grain mixtures. 

[1-3] mm [3-6] mm [5-8] mm o (mml 

Large Grain 50% 30% 20% 4,7 

Small Grain 20% 30% 50% 3,2 

Table 3. Granulometry of manufactured tile 

To compare the ballistic efficiency of the composite material with a monolithic ceramic, a 95% 

purity alumina (Matroc AD 95 Sintox FA, 80 x 80 x 6 mm) was taken as reference material, its 

areal density being PAc=22.7 kg/m2
• Composite tiles with three different areal densities (PAl=PAc, 

PA2=1,5pAc, PA2=2pAc) were manufactured. 

3.- FULL-SCALE FIRE TEST nop. 

The depth-of-penetration (DOP) test has been used to investigate the ballistic performance of 

ceramic tiles since around 1986 (Yaziv et al. 1986). This test is able to evaluate the efficiency of 

various ceramic materials. A ceramic material tile is backed by a "semi-infinite" metallic block 

and impacted by a projectile. Then the residual penetration p, is measured and compared to the 

penetration p in the metallic block (Figure 3). These values are used to calculate the mass 

efficiency factors (Hohler et al. 1995) 

MEF = _-,P,-,be:cP __ 
Pehe + PbP, 

(2) 

where Pb and Pc are the densities of the metallic material and of the ceramic, and he is the 

thickness of the ceramic tile. 

The projectile used in this study was a LAPUA 7,62-AP with a tungsten carbide core of 5,9 g 

and length/diameter = 3,6 (Figure 4). The impact velocity was 940 mls. 



Tile 

.. . 
p 

Figure 3. Residual penetration with and without tile in a DOP test 

Figure 4. Projectile Lapua 7,62 AP and its tungsten carbide core 

Ceramic and composite tiles were confined laterally and the tile was joined to a 2017-T451 

aluminium block (commonly used in annouring) with a 0,4 mrn thick epoxy layer. The reference 

penetration in the aluminium block was p=42 mm. 

4- EXPERIMENTAL RESULTS 

The penetrations in the aluminium blocks were measured using an ultrasonic device. The 

experimental data are summarized in Table 4. 

t5 (mm) h, (mm) Areal density (kg/m2) p, (mm) 

AD95 monolithic tile - 6 23 21 

PAl Large grain 4,7 10 23 26 

PAl Small grain 3,2 10 23 28 

PA2 Large grain 4,7 15 34,5 22 

PA2 Small grain 3,2 15 34,5 24 

PAJ Large grain 4,7 20 46 17 

PAJ Small grain 3,2 20 46 19 

Table 4. Penetration results 



Different aspects are shown in Figure 5. The residual penetration of the composite material 

decreases linearly with the tile areal density. This behaviour is characteristic also of monolithic 

ceramic tiles (Anderson et al. 1992, Hohler et al. 1995). Grain size affects the efficiency of the 

composite: the larger the size the lower the penetration in the block. This behaviour has been 

observed in previous works (Sanchez et al. 1999). The efficiency of the composite material 

seems to be intermediate between armour aluminium and monolithic alumina. 
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Now considering the MEF, the same behaviour was observed: higher efficiency when larger 

ceramic particles were used, and intermediate MEF between monolithic alumina and aluminium. 
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4- SIMULATION 

For the ceramic material fraction, the damage model proposed by Cortes et al. (1992) was 

adopted. This model considers a damage variable 11, that defines the fragmentation of the 

ceramic, 11=0 standing for intact material, and 1']=1 for comminuted material. At a given instant, a 

material point has a damaged fraction 1'] and an intact fi·action (1-1']). The evolution of the 

damage is specified by the following relation: 

for CT > CTo 
for CT S; CTo 

(3) 

where cr is the hydrostatic stress, ~o is a parameter of the matelial, and cro the threshold of 

hydrostatic stress for the initiation of fracture. The yield stress is detennined from the two 

fi·actions of the matetial as follows: 

(4) 

in which Yj is the elastic limit of the intact material, and Yc the elastic limit of the fragmanted 

material. Since the latter does not undergo hardening, then 

(5) 

fl being a coefficient of internal mction. For the intact fraction, a Drucker-Prager criterion is 

adopted: 

y. =a - bcr , (6) 

where a and b are defined using the values of static strength at tension and compression. 

The ceramic fraction in composite material has an initial fragmentation degree. Thus, the intial 

fragmentation degree should be greater than zero before impact. This initial value depends on the 

different ceramic particle sizes in the composite tile and was detennined by assigning a 

fi·agmentation degree 1'] to each paJiicle size, 0, and calculating an average damage for the tile. 

To assign this fragmentation degree, the following function was proposed 

(10) 

The second material of the composite is the vinilester. For this reS111, a Cowper-Symonds 

equation was used, relating the elastic limit CTva , the plastic strain Cpa, and the plastic strain rate 

(11) 



in which Yao, CJ, Cz, x and n are the material constants. 

The mechanical properties of the composite (elastic limit, bulk modulus, shear modulus, density) 

were calculated ii-om the volume fi'action of the ingredients of the material. If Vvin is the volume 

fraction of vinilester, p,vin any property of the vinilester and p,,.,n same property of the ceramic 

particles, the property of the tile material is given by 

P P vin p,.,n (1 ) 
r= r ,vvin + r . -vvin (12) 

This model was implemented in the finite differences commercial code Autodyn-2D and all DOP 

tests were simulated. As shown in Figure 7, the numerical results agree with experimental 

results. 
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Figure 7. Experimental and numerical results 

5- CONCLUSIONS 

-The efficiency of the material developed is halfway between that of the traditional metallic 

materials and that of monolithic ceramic materials. 

-Larger size ceramic particles improve the efficiency of the material. 

-The low cost of the material makes it suitable for applications in which light weight is not of 

prime impOliance. 

-The numerical model may be used to predict the ballistic behaviour of the material. 
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ABSTRACT 

The aim of this study is to introduce an impact damage into the armour constituents and 
materials, to simulate low energy collision and other accidental low velocity impacts. 
The structure consists of a thick Dyneema laminate with a 15 mm thick Alumina Ceramic 
layer bonded to the laminate by an adhesive. The surface is covered by a 2 mm AI-plate 
(7075). The impact tests have been performed using a dropping mass with an energy from 30 
up to 320 J. 
The failure of the ceramic layer occurs for a force greater than about 40kN. The energy is 
about 100J. The failure induces a large fall in the curve force as function of time. 

INTRODUCTION 

During handling, mounting and while fitted to the vehicle an add-on armour module will be 
exposed to impacts at low velocities and energy. The purpose of the low energy collision 
activity is to determine to what extent the ballistic properties of an add-on armour module is 
affected by such low energy impacts. 

The aim of the testing is to introduce an impact damage into the annour constituents and 
materials, to some extent simulating low energy collision and other accidental low velocity 
impacts. The damage shall subsequently be quantified and its effect on the protection 
behaviour of the armour verified. 

The low energy impact damage of the armour is in this context to be regarded as a 
conditioning of the material - similar to conditioning by temperature or moisture. 

The present repOlt covers the impact conditioning of the ceramic specimens and presentation 
of results obtained from the measurements perfonned during the impact tests. 

EXPERIMENTAL DEVICE 

The impact tests have been performed using a dropping mass set-up completely designed in 
the LAMEFIP to simulate accidental falls on a structure (Figure 1). 



1) base, 
2) electric motor, 
3) columns, 
4) drop weight, 
5) magnet, 
6) set-up preventing the double hit. 

Figure 1. Schematic diagram of the impact testing machine. 

This original apparatus makes it possible to use adjustable mass which drops vertically from 
any height up to 3 meters. The impact testing machine has three main components. The first 
one is a metallic frame on which two steel columns are attached, the second one is a solid 
base made of concrete where the specimen frame is put and the last one is the impactor which 
consists of two components : a dropping crosshead and an impactor rod which was equipped 
with a 30 mm diameter steel end. An electric motor raises the mass by using a magnet. The 
drop height is determined by the position of a first infrared sensor, which stops the motor at 
the desired level. A second sensor located on the set-up close to the specimen triggered a 
rebound apparatus, which trapped the dropping mass automatically after impact to prevent a 
double hit on the structure. 

The contact force history between the striker and the composite specimen is measured by 
means of a piezoelectric sensor, which is located between the impactor rod and its end. A first 
laser sensor placed just underneath the centre of the specimen provides the out-of-plane 
displacement history. A second laser sensor measures the sl:tiker displacement history, which 
makes it possible to calculate the velocity of the dropping mass just before and after the 
impact. Moreover, the tests have been filmed by a high-speed camera system Camsys+ (2,000 
up to 11,000 frames/sec). Data was recorded using a plugging card in a P.C. computer. 

The structures were simply suppOlied using two steel supports (Figure 2). 



Figure 2. Specimen line support by two straight steel rails, support distance 120 mm. Radius 
at semi-circular supports 15 mm. 

Experimental data was analysed with a Fast Fourier Transform (F.F.T.) and some numerical 
filters to identifY all the frequencies which compose more especially the signal of the contact 
force history between the nose ofthe impactor and the specimen. 

All tests were perfotmed in the ambient temperature and humidity conditions of the 
laboratory. 

SPECIMENS is? .~"- l '''''I 
// 

The specimens consists of a 200·200 mm, 24 mm thick Dyneema laminate. A 100·100 mm, 
15 mm thick Alumina Ceramic tile is bonded to the laminate by an adhesive. The free surface 
of the tile is covered by a 2 mm AI-plate (7075), bonded to the tile (Figure 3). The total 
thickness of the specimen was 42 mm, as the thickness of the adhesive were I mm for each 
layer. 

In order to simulate the confinement from neighbouring tiles, a steel frame surrounds the tile. 
The frame is made of steel bars (20 x 15 mm rectangular cross section) bolted together in the 
comers and bonded to both the laminate and the tile. A few of the frame bars had a window, 
through which the side of the tile could be observed. Four specimens without the retaining 
steel frame were tested for reference purposes. 
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Figure 3. Specimens for alumina damage. 

TESTS 

A total of 15 specimens were tested, and specimens without the retaining steel frame are 
marked with grey coloured rows in Table 1. 

Specimen n° Mass Height Nominal energy 

Table 1. Specification of specimen test parameters. 

The incoming energy increases from about 30 J up to 300 J. Moreover, for 85, 96 and 115 J 
we considered different couples mass - velocity for each energy value in order to investigate 
its influence on the failure ofthe specimen. 



TEST RESULTS 

The measured data (Table 2) has initially been evaluated and visualised by plotting the 
measured parameters (force, acceleration, impactor movement and backside deflection) as 
function of time. 

Specimen n° 
Nominal 

Energy (J) 
Measured Nominal 

Energy Velocity 
Measured 
Velocity 

Table 2. Measured parameters. 
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For the force and displacements, two types of behaviour are observed (Figure 4): 
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The curve for specimen 6 in Figure 4 shows a large fall for the value of the force after about 
1.3 ms. The analysis of this specimen after the test gives that the ceramic tile brakes into 
several parts, Figure 5, and the only the laminate will absorb the remaining impact energy. It 
is why the curve seems to be the addition of two different behaviours. 

Figure 5. Failed tile for specimen 6. 

The specimen 5 was tested with about the same nominal energy (96 J) but its curve shows that 
no failure occurred. Consequently, the value of about 100 J is probably a threshold for the 
failure of the ceramic because this part of the composite breaks for all the specimen tested 
with a larger energy. 

Moreover, the measured contact duration is different according to the mechanical parameter 
that we take into account. The contact duration calculated from the force is for the specimen 6 
about 6.5 ms against 12.5 ms (x 1.9) from the out-of-plane displacement (Figure 6). The 
difference is less for the specimen 5 : 3.5 ms from the force and 4.5 ms (x 1.3) from the 
displacement. But in this case the ceramic layer didn't fail. 
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Figure 6. Out-of-plane displacement as fimction of time for specimen 5 and 6. 



For the specimen 6 the significant difference could be attributed to the flexural stiffuess which 
. changes during the contact duration because of the failure of the alumina layer (Figure 7). 

Figure 7. Impact sequence for specimen 15 17.8 kg, 4.4 mis, 175 J 
Fom the high speed camera. 

The failure of the ceramic as observed through the window in the support frame is shown in 
Figure 8 for specimen 11. In the first four pictures, which is in sequence with a time distance 
of 0.25 ms, the impactor penetrates into the coverplate, and the failure in the ceramic surface 
can be observed in picture no. 2. The two last images is 10 and 12 ms after no. 4. The plate is 
nearly unloaded in the second last picture. 

crack 

2 3 4 

5 6 

Figure 8. Failure sequence of ceramic as observed through the window in the steel ji'ame, 
specimen 11. The contour of the impactor head is visible in image 3-5. 

Although the flexural stiffuess of the plate is important it is possible to observe a significant 
local deflexion of the backside (Figure 9). 

backside deflection 

Figure 9. The support plate center deformations as observedfor specimen 10. Time distance 
between images is 2 ms. 

An analysis of the data shows that the ceramic failure occurs about for the same value of the 
out-of-plane displacement of the plate (2.0 mm). The value of the force is more scattered 
(Table 3) but always greater than about 40 kN. 



Specunen nO Measured Failure Failure 

Table 3. Force and displacementjor the aluminajailure. 

For the specimens which have no failure of the alumina layer the maximum displacement is 
close to the failed specimens but the maximum force is less (38 kN) (Table 4). 

Specimen n° Measured Maximum 

Table 4. Maximal jorce and displacement jar the specimens with 110 jailure. 

A vibratory analysis has been done on the curve force as function of time. The visible 
undulations (Figure 4) give interesting information on the vibratory response of the system: 
specimen - boundaries conditions - impact testing machine (Figure 10). This vibratory 
response (Figure 10-2 and 5) is obtained by subtracting the measured signal and the filtered 
one. Then, a FOUl1er analysis gives the frequencies spectrum. 
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Figure 10. Frequencies spectrum/or the specimen 5 (1 to 3) and 10 (4 to 6). 

The vibratOlY response of the specimen 5 has two main frequencies: 1022 et 140 I Hz, for the 
specimen 10 there are four frequencies: 921, 1580,2390 and 3497 Hz. 

CONCLUSION 

The force as function of time shows two kinds of behaviour. The first one exhibits a failure of 
the ceramic layer and the value of the maximum force is greater than 40kN for a 2 mm out-of
plane displacement. The second one where no failure is immediate visible. A energy threshold 
is determined for the failure of the alumina layer for about 100J. 
The contact duration between the impactor and the specimen measured from the force and the 
out-of-plane displacement is different suggesting a complex behaviour because of the 
materials and the failure of the ceramic layer. 
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ABSTRACT 

The nonlinear dynamics of failure in glasses and ceramics is discussed in the linkage with 
collective properties of mesodefect ensemble (microcracks, microshears). The role of specific 
collective modes in defect ensemble in the transition from the steady state to the branching 
regime of crack dynamics, fragmentation, the excitation of failure wave in shocked brittle 
materials are studied experimentally and theoretically. 

1. INTRODUCTION 

Brittle materials such as monolitic ceramics, glasses are finding increasing applications. Certain 
types of ceramics exhibit some of highest strength properties measured in engineering materials. 
Limited plastic slip systems in these materials preclude plastic flow at low stress levels and 
dynamic strength approaches an appreciable fraction of the theoretical strength. There is a need 
to design these materials for the resistance to dynamic and impact loading. An understanding of 
damage evolution under dynamic loading conditions is important in the analysis of structures 
made of brittle materials [1]. Failure of ceramics and glasses under compression occurs at 
strains on the order of less than 1-2 %. From mechanical point of view the compressive failure 
of ceramics and glasses is closely related to the problem of sliding microcracks nucleating 
tensile wing cracks. 
However, the post yield dynamic strength characteristics of typical ceramics (for instance for 
boron carbide and silicon carbide, which exhibit comparable high Hugoniot elastic limits) 
exhibit markedly different behavior [2]. The specific feature in the velocity interferometry data 
is observed. Profiles for silicon carbide are smooth and regular whereas corresponding profiles 
for boron carbide show an erratic and irregular component. The VISAR data at various spatial 
scales corresponding to in'egular behavior show heterogeneous motion on the mesoscale that 
was indicated as random elastic wavelets from nearby points removed from the laser spot [3]. 
Past investigations have shown that damage in the fonn of micro cracking plays an important 
role in defonnation and failure of ceramics and glasses at the stresses below the Hugoniot 
elastic limit (HEL) under dynamic loading conditions. A dominant mechanism that commonly 
characterizes damage in brittle materials is micro cracking which may nucleate at 
inhomogeneities such as pores, inclusions, second phase particles, twin/grain boundary 
intersections and triple point grain boundary junctions [4]. Above some critical strain rate which 
is typically in the order 103 

S·1 most ceramic materials exhibit a strong sh'ain rate sensitivity. It 
has been found [5] that the strain rate sensitivity exponent is nearly the same for all ceramics 
(around 0.27). The crack initiation has been considered as to be athennal. After the nucleation 
of crack the rate controlling process is considered to be ineliia which is suggested to be 



independent of material propeliies. This ineliia effect was linked in [6] with initiation and 
propagation of cracks. 
This situation has pronounced features for dynamic and shock wave loading, when the internal 
time of the ensemble evolution is approaching to the characteristic loading time. As the 
consequence, the widely used assumption in phenomenology of plasticity and failure 
concerning the subjective role of structural variables to stress-strain variables (adiabatic limit) 
can not be generally applied. However, in this case another fundamental problem arises 
concerning description of the defect ensemble behavior taking in view the multifield nature of 
the defect interaction and specific role of defects that could be considered in the continuum 
limit as the localized change of the symmetry and the global change of the system symmetry 
under the generation of new collective modes. The first change of the symmetry follows 
physically from the dislocation nature of defects (fonnally from the gage field theory) and must 
be reflected in the corresponding structure of internal variables (the order parameters), the 
second symmetry change is the consequence of the group properties of the evolution equations 
for order parameter with specific non-linearity, which leads to the spatial-temporal localization 
in defect distribution and the generation of the structures responsible for new internal times, 
scales and finally scenarios of failure and plasticity. In this view the multifield theory of 
mesoscopic defects was developed in [7-9] and was applied for the explanation of the effects 
under dynamic crack propagation [10], structure of the shock waves [11], the delayed failure 
(failure waves) in shocked materials [12] and statistics of dynamic failure (dynamic 
fragmentation). 
Dynamic crack propagation The rebirth of interest in the issue of dynamic fracture is observed 
during last decade due to the variety of new experimental results which are not explainable 
within the prediction of classical fracture mechanics where it was shown [14] that the crack in 
infinite plane specimen has two steady-state velocities: zero and the Rayleigh speed. The recent 
experimental study revealed the limiting steady state crack velocity, a dynamical instability to 
microbranching [15,16], the fonnation of non-smooth fracture surface [17], and the sudden 
variation of fracture energy (dissipative losses) with a crack velocity [18]. This renewed interest 
was the motivation to study the interaction of defects at the crack tip area (process zone) with a 
moving crack. The still open problem in the crack evolution is the condition of crack arrest that 
is related to the question whether a crack velocity smoothly approaches to zero as the loads is 
decreased from large values to the Griffith point [19]. There is also problem at the low end of 
crack velocity. How a crack that is initially at rest might achieve its steady-state. 
Failure waves. The materials with high strength or the high latent compressive stress (glasses, 
ceramics) exhibit the delayed failure, the so-called, failure wave. This phenomenon is the 
subject of intensive study during last two decades. The tenn "failure wave" was introduced in 
[20] as the limit case of damage evolution when the number of sliding microcracks 
(microshears) will be large enough for the detennination of front with characteristic group 
velocity. Such a wave was considered in [21] were the concept of a wave of fracture was 
discussed to explain the nature of elastic limit. The existence of failure wave was established 
first in [22] by considering a small recompression signal in the VISAR record of the free 
surface velocity ofK19 glass (similar to soda-lime). This recompression signal resulted from a 
release returning after reflection of the shock at the glass rear surface reflecting again in 
compression at the lower impedance failure front. Recent studies have suggested that a wave of 
failure propagates behind the elastic wave in glass with a velocity in the range 1.5-2.5 bnls. 
Failure wave appeared in shocked brittle materials (glasses, ceramics) as a particular failure 
mode in which they lose strength behind a propagating fi·ont. This front separates the structured 
material fi'om the failed area. The important feature of failure wave phenomenon is that the 
velocity of failure wave doesn't depend on the velocity of propagation of the single crack 



having the theoretical limit equals to the Rayleigh wave velocity. The stored elastic energy in 
material is the main factor, which provides the ability of brittle solid to the delayed failure. The 
high capacity of elastic energy in material can be created under the bulk compression or in the 
condition of loading providing the state close to the bulk compression, for instance, under 
impact loading. The necessity to provide the high capacity of elastic energy can be realized by 
the removal of surface defects or the structure homogenization. The brittle materials (glasses 
and ceramics) exhibit very high dynamic compressive strength, the Hugoniot elastic limits. For 
the glasses with high strength or the high latent compressive stress self-keeping failure can be 
observed not only for the compression but also for bending and tension. 
Generally, the interest to the failure wave phenomenon is initiated by the still open problem of 
physical interpretation of traditionally used material characteristics as the Hugoniot elastic 
limits, dynamic strength, the relaxation mechanism of the elastic precursor. The phenomenon of 
failure wave could provide the information concerning the mechanisms of general rules of 
nucleation, growth of the multiple micro defects and will allow the interpretation of experiments 
with hard brittle materials like ceramics and rocks. 
Dynamic ji'agmentatioll, Qualitative new features in the crack dynamics (transition from the 
steady state to the branching regimes and the fragmentation), the phenomenon of the delayed 
failure revealed specific features of dynamic failure that is the property of non-equilibrium 
system with nonlinear and stochastic behavior caused by the collective effects in defect 
ensemble. This allows us to develop the view on the dynamic fracture statistics (fragmentation 
problem) to link the nonlinear dynamic aspects of damage evolution with the change of the 
symmetry properties of system due to the generation of the collective modes in the defect 
ensemble. 
Some basic theories have emerged within the past 10 years for predicting the consequences of 
dynamic fi'agmentation induced by high velocity impact or explosive events. These theories 
have focused on the prediction of mean fragment size through energy and momentum balance 
principles [23-26J , and on statistical issues of fragment size distribution [27,28J. However, 
there are a number of unresolved issues within the development of statistical energy balance 
theories of fi·agmentation. 
The dynamic fragmentation was analyzed in [29J on the approach based on local energy 
inequality and minimum fracture time requirement. This theory was later modified in [25J to 
include the kinetic energy available for fragmentation. However, the theories are not complete 
because the evolution process that leads to the catastrophic failure of the materials was not 
considered. 

2. MESODEFECT PROPERTIES 

Direct observation of material state showed the important role of collective properties of typical 
mesodefects (microcracks, microshears) and the influence of these defects on the damage 
evolution. The influence of the defects on the transition from damage to fracture was studied 
experimentally with the usage of the X-ray diffraction method, light microscopy, the precise 
measurement of material density change in the bulk ofthe loaded specimen [10J. 
The important features of the quasi-brittle fi'acture were established for the understanding of 
various stages of failure: damage, damage localization, crack nucleation and propagation. It was 
shown that microcracks in the quasi-brittle crystalline materials have the dislocation nature and 
represent the hollow nuclei of the dislocation pile-ups. The model representation of microcrack 
as dislocation pile-up allowed the estimation of the own microcrack energy [30J 
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where G is the elastic shear modulus; S = B S D is the penny-shape microcrack volume; 

jj = nb is the total Burgers vector; S D is the micro crack base; Vo = % 11 is the volume of the 

defect nuclei, 1'0 is the characteristic size of the dislocation hollow (defect nuclei); R is the 

characteristic scale of the elastic field produced by micro crack. The estimation showed that the 
power of the dislocation pile-up is close to n '" 20 [31]. Two reasons are important for the 
dislocation representation of microcracks. The first one is the determination of the microcrack 
energy as the energy of the dislocation pile-up. The second reason is the determination of the 
microscopic parameter for the microcracks as the consequence of the symmetry change of the 
displacement field due to the micro crack nucleation and growth. The change of the 
diffeomorphous structure of the displacement field due to the defects has also important 
consequence from point of view of the symmetry change of the system "solid with defects". 
This symmetry aspect can be used to model the arbitrary defects both in crystalline and 
amorphous materials without the assumption concerning the dislocation nature of the defects 
that originally is the property of crystalline materials. The order parameters responsible for the 
defects can be introduced to follow the gage field theory [32] as the localization of the 
corresponding symmetry group of the distOltion tensor. 

3. COLLECTIVE PROPERTIES OF DEFECT ENSEMBLE 

3.1. Microscopic and macroscopic variables for defect ensemble 
Stmctural parameters associated with typical meso scopic defects (microcracks, microshears) 
were introduced in [7] as the derivative of the dislocation density tensor. These defects are 
described by symmetric tensors of the form Sik = sVi V k in the case of microcracks and 

Sik = 1/ 2S(Vi lk + I; vk)for microshears. Here v is unit vector normal to the base of a 

micro crack or slip plane of a microscopic shear; r is a unit vector in the direction of shear; s is 
the volume of a micro crack or the shear intensity for a microscopic shear. The average of the 
"microscopic" tensor Sik gives the macroscopic tensor of the micro crack or microshear density 

Pik = n(sik ), which coincides with the deformation caused by the defects, n is the defect 

concentration. 

3.2. Statistical self-similarity. Statistical model of elastic solid with defects 
Study of the micro crack (microshear) size distribution for the different spatial scales revealed 
the self-similarity of the mesodefect pattern, Fig.1. The statistical self-similarity reflects the 
invariant fOlm of the distribution function for the mesodefects of different structural levels. This 
fact has important consequence for the development of the statistical multifield theory of the 
defect ensemble evolution. 
Statistics of the micro crack (microshear) ensemble was developed in the telms of the solution of 
the Fokker-Plank equation [8,9] 



(2) 

where Klk = DE/a E is the energy of the defect; and Q is the correlator of the fluctuating 
/OSjk' 

forces. The parameter Q characterizes the mean value of the energy relief of the initial material 
structure (the energy of defect nuclei). According to the statistical self-similarity hypothesis the 

distribution function of defects can be represented in the form W = Z -1 exp( - %), where Z 

is the notmalization constant. As it follows from (2) the statistical properties of the defect 
ensemble can be described after the determination of the defect energy E and the dispersion 
properties of the system given by the value of Q. 
In the term of the microscopic and macroscopic variables and according to the presentation of 
the mesodefects as the dislocation pile-ups the energy of these defects can be written in the 
form 

(3) 

where the quadratic term represents the own energy of defects (1) and the term H;kS;k describes 

the interaction of the defects with the extemal stress (J'lk and with the ensemble of the defects 

in the mean field approximation: Hlk = (J'lk + APlk = (J'lk + An(slk)' where a, A are the material 

constants. The average procedure gives the self-consistency equation for the determination of 
the defect density tensor 

(4) 

For the dimensionless variables self-

consistency equation has the fotm 

(5) 

that includes the single dimensionless material parameter (j = ~n . The dimension analysis 

allowed us to estimate that 

Here G is the elastic modulus, Vo - ': is the defect nuclei volume, R is the distance between 

defects. Finally we obtain for (j the value (j - (%) 3 that is in the correspondence with the 

hypothesis conceming the statistical self-similarity of the defect distribution on the different 
structural level. The solution of the self-consistency equation (5) was found for the case of the 
uni-axial tension and simple shear [9J, (Fig.!). 
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Fig. 2. Free energy dependence on stress 
and defect density for 6 < 6, '" I. 

The existence of characteristic nonlinear behavior of the defect ensemble in the corresponding 
ranges of 6 (6) 6, '" 1.3, 0, < 6 < 0, 0 < 6, '" I) was established, where 6, and 0, are the 

bifurcation points. It was shown [9,10] that the range 6 < 0, '" I is characteristic for the 

quasi-brittle failure and the form of the free energy F for the nonlinear system "elastic solids 
with defects" corresponds to the form predicted by Fraenkel [33] for 0' < 0', (Fig.2). 

The metastability for the stress 0' < 0', is the consequence of the orientation interaction in the 

defect ensemble. The free energy form, that was predicted by the statistical model, approaches 
to the Griffith form [34] with the growth of the applied stress (Fig. 2). It is the consequence of 
the nucleation of the defects with more pronounced orientation mode induced by the applied 
stress. 

3.3, Phenomenology of failure. Free energy 
The statistical description allowed us to propose the phenomenology of solid with defects based 
on the appropriate presentation of the free energy form F. Taking in view that Eqn.S 

conesponds to the equation O%p = 0, the simple phenomenological form of the part of the 

free energy caused by defects (for the uni-axial case p = Pxx' 0' = 0' xx' e = exx ) is given by the 
six order expansion which is similar to the well-known Ginzburg-Landau expansion [35]. 

The bifurcation points 0" 0, play the role that is similar to the characteristic temperatures in 

the Ginzburg-Landau expansion in the phase transition theory. The gradient term in (7) 
describes the non-local interaction in the defect ensemble in the so-called long wave 
approximation; A, E, C, D and % are the phenomenological parameters. 

3.4, Damage kinetics in quasi-brittle failure 
The damage kinetics in quasi-brittle materials is determined by the evolution inequality [8] 



that leads to the kinetic equation for the defect density tensor 

dp (0 J 0 5 a op J -=-r A(l--)p -Bp +C(l--)p -DO' --(x-) , 
dt O. 0, ox{ ox{ 

(7) 

where r is the kinetic coefficient. 
Kinetic equation (7) and the equation for the total defonnation 

s=CO'+P 

( C is the component of the elastic compliance tensor) represent the system of the constitutive 
equations of quasi-brittle materials with considered types of the defects. 

3.5. Self-similar solutions. Damage localization 
Transitions through the bifurcation points 0, and O. lead to a sharp change in the symmetty of 

the system under the appearance of some characteristic collective modes in the defect ensemble. 
These modes are the consequence of the specific non-linearity, the group properties of the 
equation (7) in the cotTesponding ranges of 0 (0) 0" 0, < 0 < 0" 0 < oJ. The qualitative 

relationships governing the changes in the behavior of the system are reflected in Fig.3 in the 
families ofheteroc1ines, which are solutions of equation 

( 0) 3 ( 0) 5 0 ( 0 p) A 1-- P +Bp -C 1-- p, +Do+- x- =0. o. 0, ox ox (8) 

In the region 0 > O. this equation is of the elliptic type with periodic solutions with spatial 

scale A and possesses P1k anisotropy determined mainly by the applied stress. As 0 -7 0; 

(separatrix S2) the periodic solution transfonns into a solitaty-wave solution p (x- Vt), where 

V is the front velocity, and a formation of the area A", -!nCo - 0.) with pronounced 

orientation mode of the defects (adiabatic shear bands). 
As 0 -7 0; Eq. (8) changes locally from elliptic to hyperbolic (separatrix S2)' and the periodic 

solution transforms into a solitary-wave solution. This transition is accompanied by divergence 
of the inner scale A: A '" -InC 0 - 0;) . In this case the solution has the form p «() = p (x - Vt) . 

The wave amplitude and velocity and the width of the wave front are determined by the 
parameters of nonequilibrium (orientational) transition: 

I =~(2 X)I/2 
Pa A 

(9) 



The velocity of the solitary wave is V = XA(Pa - Pm)/(2 ('), where Pa - Pm is the jump in 

P in the course of an orientational transition. A transition through the bifurcation point 0c 

(separatrix S3) is accompanied by the appearance of spatio-temporal structures of a 

qualitatively new type characterized by explosive accumulation of defects as t ~ tc in the 

spectrum of spatial scales (peak regime of damage localisation) [9]. 
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Fig.3. Types ofheteroclines and the corresponding characteristic forms 

At the approaching of stress to the critical value a'c (p -+ Pc) the damage kinetics is subject to 
specific spatial-temporal structures, which appeal' in the defect ensemble in the course of the 
interaction between defects [10]. The subjection of damage kinetics to these structures reflects 
the qualitative change of the system symmetry due to the reduction of the number of 
independent coordinates in the damage field. The spatial-temporal structures are given by the 
self-similar solution of the kinetic equation (7) under the pass of the critical point Pc and reads 

(10) 

where m > 0, cD 0 > 0 are the parameters related to the nonlinear fOlID of Eqn. 7; Lc and t care 
the scaling parameters which can be found under the solution of the corresponding nonlinear 
eigen-function problem. The self-similar solution (10) describes the blow-up damage kinetics 
for t -+ t, on the set of the spatial scales LH = kL" k = 1,2, .. .K [36]. The loss of 

metastability of the fi'ee energy under a' -+ a'c (FigJ) leads to the qualitative change of the 

general property of the system including the symmetry properties. In the area a' > a' c the stress 

field doesn't control the system behavior and the failure scenario is detennined by the 
generation of the blow-up damage localization structures in the process zone. 



4. DYNAMIC CRACK INSTABILITY 

4.1. Limited crack velocity 
Theoretical explanation of the limited steady-state crack velocity and the transition to branching 
regime was proposed in [10] due to the study of collective behavior of the microcrack ensemble 
in the process zone. It was shown by the solution of evolution equation for the defect density 
tensor that the kinetics of microcracks accumulation at the final damage stage includes the 
generation of spatial-temporal structures (dissipative structures) with blow-up damage kinetics 
that is the precursor of the nucleation of the "daughter" cracks. 
The kinetics of damage localization is determined by two parameters, which are given by the 
self-similar solution (l0). These parameters are the spatial scales Lc of the blow-up damage 

localization and the so-called "peak time" t" which is the time of damage localization in the 

self-similar blow-up regime. The velocity limit Vc of the transition from the steady-state to the 

irregular crack propagation is given by the ratio: Vc '" Lc It,. The steady-state crack 

propagation is realized in the case when the stress rise in the process zone provides the failure 

time t f > t, = L'/v c for the creation of the daughter crack only in the straight crack path. The 

failure time t f follows fi'om the kinetic equation (7) and represents the sum of the induction 

time t, (the time of the approaching of the defect distribution to the self-similar profile on the 

LH scale) and the peak time t,: t f = tj + t,. For the velocity V < Vc the induction time tj > > t, 
and the daughter crack appears only along the initial main crack orientation. For the crack 
velocity V '" Vc there is a transient regime (t j '" t,) of the creation of number of the localization 

scales (daughter cracks) in the main crack path. The crack velocity growth in the area V> Vc 

leads to the sharp decrease of the induction time t, ~ 0, t f ~ t, that is accompanied by the 

extension of the process zone in both (tangent and longitudinal) directions where the multiple 
blow-up structures (daughter cracks) and, as the consequence, the main crack branching 
appears. The set of the dissipative structures localized on spatial scales LH (daughter crack 
sizes), represents new set of independent coordinates (collective modes of the defect ensemble) 
of the nonlinear system for (J' > (J',. These coordinates characterize the property of second 

attractor that could subject the behavior of nonlinear system. The first attractor corresponds to 
the well known self-similar solution for the stress distribution at the crack tip (that is the 
background for the stress intensity factor conception). This solution is available in the presence 
of the metastability (local minimum) for p in the range (J' < (J', • 

4.2. Experimental study 
Direct experimental study of crack dynamics in the PMMA plane specimen was carried out 
with the usage of high-speed digital camera Remix REM 100-8 (time lag between pictures 
10 !lS) conpled with photo elasticity method, Fig. 4 [37]. 
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Fig. 4. Scheme of experiment 

The experiment revealed that the pass of the critical velocity Vc is accompanied by the 

appearance of stress wave pattern produced by the daughter crack growth in the process zone. 
Independent estimation of critical velocity from the direct measurement of crack tip coordinates 
and from pronounced stress wave Doppler pattern gives the correspondence with the Fineberg 
data(Ve '" O.4VR ) [16]. 

4.3. Characteristic crack velocity 
The pictures of stress distribution at the crack tip is shown in Fig.5 for slow (V < Vc ), fast 

(V >V c) and branching (V > VB) cracks. 

V>Vc 

Fig. 5. Different regimes of crack dynamics. 

The dependence of crack velocity on the initial stress is represented in Fig.6 and includes three 
characteristic portions. These portions determines three characteristic velocities: the velocity of 
the transition Ji'om the steady-state to the non-monotonic straight regime Vs '" 220 III Is, the 

transient velocity to the branching regime Vc '" 330 m / s and the velocity VB '" 600 111 / s when 

the branches behave autonomous. In our experiments the dependence of the density of the 
min'01' zones N on the sh'ess also were studied (Fig.7). The characteristic velocity 
Vc '" 330 ml s allowed the estimation of the peak time tc to measure the size of the minor zone 

Le '" 0.3 111m: tc = Live'" 1.10-6 s. This result allowed also the explanation of the linear 

dependence of the branch length on the crack velocity. Actually, since the failure time for 



V> V, is approximately constant (If'" t, '" l,Ul'), there is unique way to increase the crack 

velocity to extend the size of the process zone. The crack velocity V is linked with the size of 

the process zone Lpz by the ratio V = Lp;{ . 
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Fig. 6. Crack velocity via applied stress 
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Since the branch length is limited by the size of the process zone, we obtain the linear 
dependence of branch length on the crack velocity. This fact explains the sharp dependence 
(quadratic law) of the energy dissipation on the crack velocity established in [38]. 

5. FAILURE WAVES 

5.1. Failure wave as structural transition 
Qualitative changes in silicate glasses behind the failure wave under the measure of the 
refractive index (refractive index increased) allowed Gibbons and Ahrens [39] to qualifY this 
effect as the structural phase transformation. These results stimulated Clifton [40] to propose 
the phenomenological model in which the failure fi'ont was assumed to be a propagating phase 
boundary. According to this model the mechanism of failure wave nucleation and propagation 
results from local densification followed by shear failure around inhomogeneities triggered by 
the shock. 
The description of failure wave phenomenon as the consequence of the generation of collective 
burst modes of meso defects was proposed in [11,12,41] in the course of study of non
equilibrium transition in defect ensemble. It was shown the existence of the self-similar solution 
for the microshear density tensor, which describes the qualitative changes in the microshear 
density kinetics in the course of the non-equilibrium transition. The failure waves represent the 
"blow-up" dissipative structures in the sliding microcrack ensemble that could be excited due to 
the pass of the elastic wave in the target. The progressive reduction in normal stress behind the 
failure wave was observed in [42], that allowed the conclusion about well-defined kinetics of 
inelastic process responsible for the reduction in shear strength. 

5.2. Self-Similar Solution 
Equation (4) describes the characte11stic stages of damage evolution. In the range of stress 
(J' < 0', and the defect density p < p, the damage kinetics is subject to the "thermodynamic 

branch" oa con'esponding to the local minimum of the fi'ee energy (Fig. I ,2). At the approaching 



of stress to the critical value 0', (p ---+ p,) the properties of the kinetic equation (4) change 

qualitatively (from elliptic to parabolic) and the damage kinetics is subject to specific spatial
temporal structures which appear in the defect ensemble in the course of the interaction between 
defects [9]. These structures describe the damage localization and the nucleation of the crack 
hotspots. Assuming the power law for the driving force of/op = So (p,)pq (free energy release) 

and the non-locality parameter % = %0 (pJp f3 for p > p, the kinetic equation for p can be 

written in the form: 

(11) 

The spatial-temporal structures are given by the self-similar solution (10) of the kinetic equation 
(7) under the pass of the critical point p,. The blow-up structures (10) describe the damage 

localisation kinetics on the spatial scales f r given by the solution of corresponding eigen-value 

problem [36). The value of fr and the profile of f (,;) allow us to define the law of 

propagation offailure front 

(12) 

as the dissipative structure localized on the scale x r propagating with some group velocity. 

Eqn. (12) gives three of self-similarity regimes depending on the relations between the 
parameters of the non-linear medium . If the stress level provides the nucleation of damage 
localization area with parameters fJ > q + 1 the failure wave front will propagate in the self
keeping regime. 

5.3. Some Experimental Results 
The blow-up kinetics of damage localization allowed us to link the hotspots of failure with the 
above mentioned self-similar structures. The correspondence of these hotspots having the image 
of the mirror zones to above self-similar structures was confirmed experimentally in [43,44]. 
The multiple min'01' zones with an equal size were excited on different spall cross sections in 
the shocked PMMA cylindrical rod when the stress wave amplitude exceeded some critical 
value corresponding to the transition to the so-called "dynamic branch" under spalling (Fig. 8). 
The constant size of damage localization corresponds to the damage kinetics (free energy 
release rate) given by the following relationship between non-linearity parameters fJ '" q + I . 

The "dynamic branch" con'esponds to the stress 0' > 0'" where the failure scenario is 

determined by the generation of the collective modes in defect ensemble in the form of the 
dissipative structure with the blow-up damage kinetics. The precursor of the delayed failure was 
established also in the experiment for dynamic crack propagation. The low rise of velocity for 
0' > 60MPa (Fig. 6) reflects the stress independent character of failure similar to the dynamic 
branch in spall experiment. 



• 
C>a' GPa 

Fig. 8. Fracture time t J for shocked rod ofPMMA (1) and ultraporcelain (2) versus stress 

amplitude (J a • Inset: surface pattern with mirror zones in different spall cross sections. 

It is natural to assume that there is the ultimate energy densities in the process zone at the crack 
tip when the failure waves can be excited. These energy densities are created by the stress wave 
in above spall experiment and provide the resonance failure excitation (multiply mirror zone 
generation) on the set of spatial scales LH '" k Lc (k = 1, 2 ... N) with the peak stress 
independent kinetics. 

5.4. Simulation of failure waves 
The study of failure wave initiation and propagation was carried out on the basis of constitutive 
equation (4) coupled with momentum transfer equation. 

Fig. 9. Propagation of stress (S) and failure (F) waves. 

The system of equations was solved using original finite element code [12]. The simulation 
confirmed spontaneous propagation of the failure front behind the sh'ess wave front, Fig. 9. We 
observed also that the shear stress vanishes in the failure wave. The failure wave propagation 
leads to qualitative change in the transverse sh'ess when this stress is approaching to the 
longitudinal stress level, Fig. 10. 
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Fig. 10. Longitudinal 0' xx and transverse 0' yy stress kinetics. 

6. DYNAMIC FRAGMENTATION 

6.1. Scaling properties of failure. 
The scaling properties of failure has spuned great interest in the context of the general problem 
of disordered media and multifield theOlY, when the self-affinity of the failure surface was 
established in the tenns of the universality of the so-called the roughness exponent her) ex; 1", 

1; '" 0.8 ± 0.05 [45,46]. This fact allowed the determination of the length scales I' > 1'0' where 

the roughness exponent is the invariant. For the scales r < ''0 the roughness exponent can 

change. The scale invariant properties for I' > I'D means the transition from the roughness 

statistics caused by the initial structural heterogeneity (size of blocks, grains) to the statistics 
given by the collective properties of defects under transition from damage to fracture. In our 
experiments the roughness profile was detennined for the PMMA fracture surface using the 
laser scanner system [10]. 
The processing of the roughness data in the term of the roughness exponent showed the 
dependence of the scaling properties on the regime of the crack propagation. The existence of 
different scaling indexes for another regimes of crack propagation reflects the variety of the 
behavior of investigated nonlinear system. As it was shown, the crack dynamics in the quasi
brittle materials is subject to two attractors. The first attractor is given by the intennediate 
asymptotic solution of the stress distribution at the crack tip. The self-similar solution (9) 
describes the blow-up damage kinetics on the set of spatial scales and determines the properties 
of the second attractor. This attractor controls the system behavior for V > VB when there is the 

range of angles with 0' > O'c' The universality of the roughness index can be considered as the 

property ofthis attractor. In the transient regime VB > V >V c the influence of two attractors can 

appear. This reason can be considered as a mechanism of the dispersion of experimentally 
measured roughness on the scale I' > I'D • 

6.2. Experimental study of dynamic scaling 
The scaling properties of failure as the symmetry propeliies of above mentioned attractors were 
studied under the recording of the stress dynamics (Fig. 9) using the polarization scheme 
coupled with the laser system [10], Fig. II 
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Fig. 11. Scheme of stress phase portrait recording 

The stress temporal history was measured in the marked point deviated from the main crack 
path on the fixed (4 mm) distance. This allowed us to investigate the correlation property of the 
system using the stress phase pOlirait &~O' for slow and fast cracks, Fig.12. These portraits 
display the periodic stress dynamics that in the con'espondence with the local ellipticity of 
Eqn.7 for 0' < O'c (V <V c) and the stochastic dynamics for V >V c corresponding to the second 

type of the attractor. In the transient regime V ""V c the coexistence of two attractors can appear 

that can lead to the intermittency effect as the possible reason for the scaling index dispersion. 
The recording of the temporal stress history for V >V c revealed the qualitative new structural 

changes in the process zone for the fast crack, Fig.14. The scaling properties as the above 
attractor propeliies were studied in the term of the correlation integral (Fig.13) calculated ii-om 
the stress phase pattern using the formula 

where x;, Xj are the coordinates of the points in the &~O' space, H( ... ) is the Heaviside 

function. The existence of the scales r > ''0 with the stable correlation index was established for 

the regimes V <V c and VB > V >V c' 
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The values of the correlation indexes in these regimes show the existence of two scaling 
regimes with the deterministic (v '" 1) and stochastic (v'" 0.4 ) dynamics. The extension of the 
portions with a constant indexes determines the scale of the process zone L p,' The length of the 

process zone increases with the growth of the crack velocity in the range VB > V >Ve with the 

maintain of the scaling property of the dynamic system. Numerical simulation of the damage 
kinetics in the process zone allowed us to conclude that this scaling is the consequence of the 
subjection of the failure kinetics to the blow-up self-similar solution which determines the 
collective behavior of the defect ensemble in the process zone [13]. 

6.3. Fragmentation statistics 
Taking in view the dramatic changes in the scaling properties of nonlinear system "solid with 
defects" due to the re-subjection of the system behavior to the collective modes of defects, the 
following scenario of the dynamic fragmentation can be discussed. The existence of 
characteristic stages of dynamic fracture under crack propagation (Fig.6) allowed us to establish 
the correlation of the dynamic fi'agmentation statistics with the energy density imparted to the 
material. The energy density E < E e (E c corresponds to the critical velocity V c of the 

steady state - branching transition) provides the stress intensity controlled failure scenario. The 
transient densities E B > E > E c (Ve < V < VB) lead to the the fracture statistics that is 
sensitive to both self-similar solutions: the self-similar stress distribution at the crack tip and 
collective blow-up modes of damage localization. The intermittency effect, when the system 
reveals the complex statistics in the presence of two attractors, probably, has the 
phenomenological interpretation in the fi'ame work of the Weibull statistics. Taking in view 
theoretically predicted low limit of damage localization scale Le, it can be assumed the 

existence of critical energy density, which provides the limit size of fragmented structure close 
to L e' Taking in view that these energy densities can be impmted in material generally by 

shock, this homogeneous fragmentation can be realized due to the failure wave excitation. The 
experiments in [47] with large specimens (optical glass K5 impacted by blunt steel cylinder) 
visualized the several fracture nucleation in the form of failure waves. Several sphelical or 
nearby spherical waves were formed ahead of the main fi·ont. 



SUMMARY 

The experimental data concerning the transition £l'om the steady-state to the branching regime 
of dynamic crack propagation revealed the discrepancy in the prediction of the dynamic crack 
stability based on tbe stress intensity factor conception. The transition from the steady-state to 
the branching regime is the consequence of the subjection of the damage localization kinetics 
in the process zone at the crack tip to the self-similar solution corresponding to the blow-up 
regime of the damage localization that leads to the change of the symmetJy properties of the 
system. 
The scaling properties and the relaxation (dissipation) ability of material, the crack toughness 
can be linked with the scaling properties of the damage localization kinetics and the generation 
of collective blow-up modes in the defect ensemble. The resistance of materials to the dynamic 
crack propagation depends qualitative on the collective properties of defect evolution in the 
process zone for V > 004 VR • 

Collective modes of the defect ensemble in the damage localization stage have the self-similar 
nature in the form of the blow-up dissipative structures with characteristics spatial-temporal 
scales. These modes could be excited in the resonance condition that could provid the 
anomalous failure responses (failure waves) in shocked glasses and ceramics. 
The experiment in dynamic crack propagation allowed us to establish the qualitative changes in 
the statistics of dynamic failure that is in the cOlTespondence with the theoretical prediction of 
the change of statistical properties of the system due to the generation of collective modes of 
the damage localization. The fragmentation statistics under intensive dynamic (shock wave) 
loading can be the consequence of these new statistical properties. The limit size of the 
£l'agments can be linked with the limit minimal scale of the damage localization in the self
similar blow-up regime. 

This research was supported in part by the Russian Foundation of Basic Research (Grant 99-
01-00244). 
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Introduction 
! 

Over a few decades, the understanding and knowledge of ceramic toughness has improved 
significantly. Yet the techniques of toughness measurement are based on strong hypotheses. 
For example, the SENB (Single-Edge Notched Beam) method uses prenotched beams. The 
toughness associated with a notch may defer from that of a sharp crack. In particular, the 
measured value may be notch-radius-dependent. The indentation technique is also based on 
geometrical hypotheses concerning the crack shape. Consequently, methods for precracking 
brittle materials are investigated herein. Among the most promising methods, two of them are 
summarised: the BI (Bridge Indentation) method compresses a specimen sandwiched by a flat 
pusher and an anvil having a central groove. This technique was devised by Nunomura et al. 
[I] and used on ceramic materials by Tetsuro et al. [2]. The SB (sandwiched-beam) 
procedure is employed in the present work. This technique was first developed by Marshal et 
al. [3], Pancheri et al. [4] and used by Sglavo et al. [5] on ceramic materials. In this study, 
experimental and numerical investigations are perfOlmed on two silicon carbide grades to 
measure and predict their quasi-static and dynamic toughness. 

Properties of two silicon carbide grades 

Two silicon carbide grades are examined. The first one, called S-SiC, is made by Ceramiques 
& Composites (France) and is naturally sintered. The powders are pressed, then heated to 
2000°C. This processing leads to a porosity of 1.8% [6] and thus induces sintering defects. 
These defects are visible on the fractured surface (Fig. la) of 3-point flexural experiments. 
As it can be seen on the micrograph, the material contains umnelt powders. The sintering 
process induces a low average strength (i.e., 370 MPa for an effective volume of 1.7 mm3

) 

and a low Weibull modulus (i.e., 9.3 [8]). 

The second grade, called SiC-N, is made by the US company CERCOM and is obtained by 
pressure assisted densification. The ceramic is heated to 2000°C under a pressure of about 20 
MPa. An intergranular alumina phase eliminates the porosity. This homogenous 
microstructure gives a high strength compared to the previous grade when the material is 
loaded in 3-point flexure (i.e., 580 MPa for an effective volume of 2.5 mm\ The initiation 
location is found by following the hackles on the failure surface (Fig. I b). A low Weibnll 
modulus (i.e., 7.7) is obtained. 



a - S-SiC b - SiC-N 

Fig. 1-Failure location in 3-point flexure beams. 

Precracking S-SiC ceramics by using the sandwiched-beam technique 

The aim of the present study is to analyse the toughness of the two SiC grades. Conceming 
the S-SiC grade, the SENB technique is chosen. This technique consists in perfonning a 3-
point flexural test with precracked beams. To precrack S-SiC beams, the sandwiched-beam 
technique is used [5]. A through-thickness notched bar is inserted between two steel bars, and 
the assembly is loaded in a three-point flexural configuration (Fig. 2). The width (5 mm) and 
thickness (3 mm) of the ceramic beams were chosen to develop a sufficiently long crack 
compared to the thickness and to limit the rigidity of this bar with respect tothe steel bars. 
Beam dimensions are summarised in Table 1. 

A wA 

N wN 
a 

A 

N~====~====~Z4 
B wB 

L 

Fig. 2- Schematic of the sandwished-beam set-up. 

Table I. Dimensions for the sandwiched-beam set-up. 

Beams A N B 
Materials Steel S-SiC Steel 
Height w (mm) 5 ou 7 5 5.5 
Thickness b (mm) 9 3 9 
Length (mm) 30 25 30 
Young's Modulus (GPa) 210 410 210 
Span length: 20 mm - Relative Prenotch Length: ao = ao/w E [0.35 , 0.45] 



The sandwiched-beam assembly petmits to develop stable cracks for the following reason. 
The prenotched beam suffers a bending moment that is proportional to its flexural rigidity 

(EI)n 
Mn = M ~2:=7(E"-I""')i 

iE{G,n,b} 

(I) 

Therefore, when the crack length increases, the load applied to the ceramic bar decreases 
quickly. The stress intensity factor K can be written with the same equation used for the 
SENB test (single-edge notched beam) with an applied load Pn 

K j P,'~.51r(a) l bllwn r (2) 

The relative flexural rigidity of the cracked beam is a function of the relative crack length a 
andro 

P" (El)n 
-=--2=T~ 
p 2: (EI)i 

iE{G,n,b} 

! 

(3) 

Figure 3 shows the change of the stress intensity factor with the relative crack length. When 
the curve is decaying, cracking is assumed to be stable. Consequently, relative prenotched 
lengths are always chosen greater than aed!ieal (here equal to about 0.3). 
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Fig. 3 - Stress Intensity factor given by FE simulations and the closed-form solution (S-SiC). 

Simulations using the finite element code Abaqus were carried out to optimise the 
sandwiched-beam set-up. The parameters f (friction coefficient) and ro (the relative 
prenotched flexural rigidity) were found to be essential concerning the crack propagation as it 
is shown in Fig. 3. 

Failure of precracked S-SiC bars by using the SENB technique 

Once the ceramic bars are precracked, SENB (single-edge notched beam) tests are pelformed. 
The empirical relation 



(4) 

relates the stress intensity factor to the applied force, F, dimensions L, b, w, and a the relative 
crack length. A Weibull approach is followed (Fig. 4). The Weibull modulus is found equal 
to 24, which indicates a low scatter of the experimental results. The average toughness equals 
2.85 MPa m 1l2

• It is close to the value obtained by Riou [6] (i.e., 3.2 MPa m 1l2
) for an S-SiC 

grade. 
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Fig. 4 - SENB tests, computation of Wei bull parameters. 

CCS (Compact Compression Specimen) SiC-N Precracking 
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Fig. 5 - CCS precracking method. 

ao= 12 mm (a' = 0) 
w=9mm 
x= 15 mm 



To evaluate the ceramic toughness under dynamic loading conditions, a new geometry called 
CCS (compact compression specimens) is designed. To apply a dynamic loading, the 
specimen arms are put between two split Hopkinson pressure bars. A wave propagates along 
the Hopkinson pressure bar impacted by a striker. This wave is transmitted to the CCS 
specimen and opens the crack with a stress intensity factor rate of the order of I MPa.m 112 per 
fls. A set-up schematically drawn in Fig. 5 was used to precrack the specimen. The principle 
is the following: an applied load F whose co-ordinate is X2 deforms a steel anvil and causes a 
rotation of the CCS mms with respect to the notch plane. When the critical stress is reached at 
the notch tip, a crack develops within the ceramic. The crack propagates within a compressive 
stress field and stops. A simulation of the problem was performed with the finite element code 
Abaqus. Figure 6 shows the stress intensity factor as the function of the crack length. This 
plot predicts a stable propagation and arrest. 
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Fig. 6 - CCS precracking modelling (Abaqus). 
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The CCS precracking results are summarised in Table 2, where Fj and Ui denote the applied 
load and the relative crack length just after crack initiation, respectively. The crack length aj 
was measured by an image correlation technique. 

Table 2. CCS precracking results (SiC-N). 

Designation x (mm) F, (kN) Uj = a'/w Fm (kN) U c = a'clw 
(F = F,) (F = F",) 

9 15 18.3 0.08 24.0 0.18 
5 15 7.14 0.04 10.0 0.22 
6 15 11.2 0.17 12.0 0.17 
3 15 7.2 0.05 10.0 0.17 
4 15 14.0 0.31 14.0 0.31 
7 15 7.2 0.D7 10.0 0.21 
8 15 9.23 0.22 10.0 0.23 
10 15 8.3 0.04 10.0 0.18 
16 15 9.75 0.22 11.0 0.25 

An important scatter of the load level at initiation is observed as well as a correlation between 
this load and the relative crack length that develops in an unstable manner before arrest. 
Except for specimen No.9, the higher the initiation load, the larger the relative crack length. 



After initiation, the applied load was increased slowly. The maximum load varies between 
10kN and llkN, the scatter of the relative crack length is much smaller than previously. 

SiC-N CCS (Compact Compression Specimen) Failure 

A device was necessary to break CCS samples under quasi-static loading to compare the 
quasi-static toughness with the dynamic data. The dynamic split Hopkinson pressure bar tests 
lead to a mixed mode K, and Kn characterised by a crack angle at the notch tip close to 45°. 
Consequently, a device that allows also a mixed mode was investigated (Fig.7a). This set-up 
was modelled with the finite elements code Abaqus to predict the two stress intensity factors 
K, and Kn and the angle at the inception of propagation. The influence of the position of the 
left cylindrical support is studied for two crack lengths. This position appears to change 
completely the two stress intensity factors. For small values, an axial displacement of the left 
face is impossible. The mode II loading dominates. The propagation will be characterised by 
a high crack angle with respect to the notch plane. If the position y is close to one half of the 
width, the load becomes virtually symmetric and the mode II becomes negligible compared to 
the mode I (Fig.7b). ! 
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Fig. 7a - Schematic of CCS. 
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Fig. 7b - Stress intensity factors KJ and Kn vs. SUppOlt position y. 

The results of the CCS tests are presented in the following table. For each specimen, a 
simulation was performed. The two stress intensity factors K, and Kn are computed with the 
crack opening displacement method. The toughness scatter is found to be very small. 

Table 3. Quasi-static CCS toughness results (SiC-N). 

Designation y(mm) a (mm) F,(N) K]c 

(MPa.m 1l2
) 

K,IKJ 8th 

6 mode 1 13.7 884 4.21 0.00 0 
9 y-5 14.7 3197 4.22 00437 37.3 
3 y-5 14.1 2901 4.25 00411 36.0 
4 y-3 14.0 4000 3.92 0.693 46.9 
5 y-3 14.6 4013 4.43 0.647 45.5 



CCS (Compact Compression Specimen) Dynamic toughness (SiC-N) 

Dynamic tests were perfOlmed to evaluate the dynamic toughness of the same grade (SiC-N). 
To apply a dynamic load, a specimen arm was joined side by side to only one Hopkinson 
pressure bar. An elastic point element was put against the other face of the CCS specimen. 
This technique allows one to be independent of the parallelism of the two Hopkinson bar 
faces. One may wonder whether the absence of the second bar modifies the load pattern near 
the crack tip. A simulation of the problem was carried out with the explicit finite element 
code PamShock. It predicts a propagation inception for a time t = 77 /lS. At this instant, the 
compressive wave has not reached the free surface of the CCS specimen (Fig. 8). The 
absence of the second Hopkinson pressure bar has no influence on crack initiation. Moreover, 
a high-speed camera is used during these tests. Picture no. 9 (Fig. 9) shows a failure of the 
right 31m when t = 198.1 /lS. The anns were indeed intact at t = 77 /ls. 

C5yy - t = 75 1.15 C5yy - t = 80 1.15 C5yy - t = 85 1.15 

Fig. 8 - Simulation of a dynamic CCS test with Pamshock (3D Elastic Model). 

3 - t = 86.31.15 6 - t = 117.21.15 9 - t = 198.1 I.Is 

Fig. 9 - High-speed camera pictures, SiC-N 16, impact velocity = 4.9 mls 
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The two stress intensity factors KI and KII histories are computed with a 3D elastic model. 
Their kinetics is given in Fig. 10. The ratio KII / KI decreases with time. The measurement of 
the kink angle allows us to deduce the ratio KII / K, and the toughness at this instant. The 
results are given in Table 4. 
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Fig. 10 - Stress intensity factors K, and K" vs. time predicted with Pamshock (elastic model). 

Table 4. Dynamic CCS toughness results (SiC-N). 
I 

Designation V a (mm) 8measured (0) KIIIK, Initiation K" dK,/dt 
impact (left - rigth) (left· rigth) time (~,s) (MPa.m'12) (MPa,mll2.[!s") 
(m/s) 

8 5.1 14.5 - 15.5 31·36 0.33-0.41 74.4 6.3 1.5 
16 4.9 14.35 - 15.1 37 - 42 0.43 - 0.54 77.0 7.5 2.1 
7 4.7 14.1 - 14.8 37 - 42 0.43-0.54 77.0 7.5 2.1 

Source Gauge Post-Mort. Post-Mort. Max(aee) Pamshock Pamshock Pamshock 

3· I = 74.3 j.lS 4· I = 77.6 j.lS 5· t = 80.9 J.IS 

6·\ = 84.2 J.IS 7 - t = 87.5 J.IS 8 -\ = 92.8 J.IS 

Fig. 11- High-speed camera pictures, SiC-N 7, impact velocity = 4.7 m/s 



The dynamic toughness values are close to the quasi-static data (Table 3). An increase of 
toughness with the touglmess rate appears. Test No. 7 was carried out with the same 
conditions as test No. 16 (Fig.8), but a zoom was used in the crack propagation zone. A 
photograph was shot each 3 IlS. These pictures (Fig. 11) show a crack kinking between t = 

74.3 IlS and t = 77.6 IlS. This result is also found when the propagation time is computed with 
PamShock (i.e., t = 77 Ils). To check this point, a damage model is used [8] (Fig.12). This 
modelling allows us to find again the shape of the crack and the timing of propagation. 

Damage, t = 80 liS Damage, t = 85 liS Damage, t = 90 liS Damage, t = 95 liS 

Fig. 12 - Damage field in a CCS configuration predicted by Pamshock. 

Conclusions 

Two experimental configurations were designed and validated for two SiC grades (namely, S
SiC and SiC-N). In particular, a new set-up to precrack and break ceramics under quasi-static 
loadings of CCS samples was proposed. Toughness measurements were performed for the 
two ceramic grades. It was found that the scatter remains small in all cases. For the SiC-N 
grade, an increase of the toughness is observed under dynanlic loading when compared to 
quasi-static data. All the toughness experiments were performed after precracking the 
samples. The toughness analyses were made possible only by a dialogue between 
experimental measurements and FE simulations, either elastic or with a damage model. 
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