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Constitutive modelling for brittle dynamic fracture in dissipative solids 

P. PERZYNA (WARSZAWA) 

THE PAPER aims at the description of brittle dynamic fracture in dissipative solids by means 
of an internal state variable constitutive structure. Experimental results for Armco iron obtained 
in the plate-impact configuration system have been discussed. Physical mechanisms of brittle 
dynamic fracture are considered. An elastic-viscoplastic model of damaged solids is proposed. 
The main role in this model is played by two internal state · variables, namely, the density of 
microcracks and the average size of microcrack .. Different forms of the evolution equations for 
these two internal state variables have been investigated. Some particular cases of the evolution 
equations have been discussed. Generalization to three-dimensional state of stress is proposed. 
The porosity parameter is described by two internal state variables introduced. This is achieved 
by postulating an additional equation of state. The criterion of brittle dynamic fracture is pos
tulated . Application of the theory to the dynamic fragmentation process is shown. 

Celem pracy jest opis kruchego dynamicznego zniszczenia w cialach dysypatywnych za pomoc" 
konstytutywnej stl\lktury z wewn~trznymi zmiennymi stanu. Przedyskutowano rezultaty badan 
doswiadczalnych dla ulaza Armco otrzymane w ukladzie konfiguracyjnym dla plyt uderza
j"cych. Rozwai:ono fizykalne mechanizmy kruchego dynamicznego zniszczenia. Zapropo
nowano model ciala spr~i:ysto-lepkoplastycznego z uszkodzeniami. OJ6wn" rol~ w zapropo
nowanym modelu odgrywaj" dwie zmienne stanu wewn~trznego, mianowicie g~stosc mikro
szczelin oraz sredni wymiar mikroszczeliny. Szczeg6Jowo zbadano r6i:ne postacie r6wnan 
ewolucji dla obydwu parametr6w. Przedyskutowano r6wniei: ich szczeg61ne przypadki, kt6re 
maj" znaczenie dla zastosowan praktycznych. Zaproponowano uog61nienie do tr6jwymiaro
we~o stanu napr~i:enia. Parametr porowato5ci jest opisany przez dwie wprowadzone zmienne 
wewn~trzne za porno~ dodatkowego r6wnania stanu. Wprowadzono kryterium kruchego 
dynamicznego zniszczenia. Pokazano zastosowanie teorii do opisu procesu dynamicznej frag
mentacji. 

Uenblo pa6oThl HBJIHeTCH onucaHHe · xpym<oro ~HHaMuqeci<oro pa3pyweHHH a ~ccHIIa
THBHhiX TeJiaX npH ITOMO~H onpe~eJimoJ..i.{eit: CTpyi<Typbi C BHyTpeHHHMH nepeMeHHbiMH 
cocroHHHH. 06cy~eHhi pe3yJibTaTbi 3I<cnepuMeHTanbHbiX uccne~osaHHH ~JIH mene3a ApMI<o, 
ITOJiyliCHHble B I<Ocl>Hrypa~OHHOH CHCTeMe ~JIH y~apHIO~HXCH ITJIHT. PaccMoTpeHbl <l>H3H
qeci<He MeXaHH3Mbi xpyni<oro ~HaMHtieci<oro pa3pyweHHH. TipeMo>I<eHa Mo~enb ynpy
ro-BH3I<onnacruqeci<oro TeJia C nospe>I<~eHHHMH. rnaBHYJO pOJib B npeMO>I<eHHOH MO~eJIH 
HrpaiOT ~Be nepeMeHHbie BHyTpeHHero COCTOHHHH, a HMeHHO ITJIOTHOCTb MHI<pOTpe~HH, 

a Tai<>I<C' cpe~HH pa3Mep MHI<pOTpe~HHbl. ilo~po6Ho HCCJie~oBaHbl pa3Hble BH~bl ypaB
HeHHH 3BOJIIOQHH ~JIH o60HX napaMeTpOB. 06cy>I<~eHbl TO>I<e HX qaCTHbie CJiyllaH, I<OTOpbie 
HMCIOT 3HalleHHe ~JIH npai<THlleCI<HX npHMeHeHHH. flpe~JIO>I<eHo o6o6~eHHe I< TpeXMepHO
MY Hanp.R>I<eHHOMY COCTOHHHIO. flapaMeTp nopHCTOCTH OITHCaH ~BYMH BBe~eHHbiMH BHY
TpeHHHMH nepeMeHHbiMH npu noMoiUH ~onoJIHHTeJlbHoro ypaBHeHHH cocroHHHH. Bse~eH 
I<pHTepuU: xpyni<oro ~HaMHlleCI<oro pa3pyweHHH. Tioi<a3aHo npuMeHeHue Teopuu 1< onu
caHHIO npouecca ~HHaMHtieei<oH cl>parMeHTaQHH. 

1. Introduction 

THE MAIN objective of the present paper is the description of brittle fracture in dynamic 
processes in dissipative solids. Analysis of experimental results for Armco iron obtained 
by means of the plate-impact configuration system is given. 
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726 P. PERZYNA 

Heuristic consideration of physical mechanisms of brittle dynamic fracture is presented. 
Brittle dynamic fracture is described as a sequence of the nucleation, growth and coales
cence of microcracks. 

An elastic-viscoplastic model of damaged solid is proposed. The theory is developed 
within the framework of an internal state variable structure. The density of microcracks 
and the average size of a microcrack are introduced as internal state variables. These two 
internal ~tate variables are suggested by experimental observations and by analysis of 
physical mechanisms. Assuming that for dynamical processes the thermally-activated 
mechanism of the nucleation of microcracks is the most important one and that for brittle 
solids the growth mechanism of a microcrack is governed by the viscoplastic flow process, 
the evolution equations for the internal state variables are proposed. 

Generalization to three-dimensional state of stress is proposed. 
Taking advantage of the porosity parameter, the theory of viscoplasticity for demaged 

solids is developed. The fracture criterion is introduced and the softening of the material 
implied by the micro-damage process generated by the nucleation, growth and coalescence 
of microcracks is described. 

Application of the theory proposed to the dynamic fragmentation process for brittle 
solids is shown. 

2. Experimental and physical motivations 

2.1. Discussion of experimental results 

The most popular dynamical experimental investigation of the fracture phenomena 
in metals is a plate-impact configuration system. It offers a unique opportunity for studying 
microvoid and microcrack kinetics under conditions of extremely high tensile stress. 
By varying the impact velocity and target/impactor geometry it provides to change ampli
tude and duration of stress impulse over the range of approximately 0.1 to 10 GPa and 
0.01 to 10 !1-S, respectively (cf. CURRAN, SEAMAN and SHOCKEY [3]). 

An example of brittle fracture for Armco iron is presented in Fig. I (cf. CURRAN, 

SEAMAN and SHOCKEY [2]). It shows the polished cross section through the plate impact 
specimen with very clearly visible cleavage (penny shaped) microcracks. The damage, 
which appears as randomly oriented planar microcraks, depends on the· impact velocity 
as well as on the duration of the tensile wave. The second property is directly observed 
from the results presented in Fig. 2 (cf. CURRAN, SEAMAN and HOCKEYS [2]). Use of a tapered 
flyer results in longer tensile impulses at the thicker end. As it is shown in Fig. 2, these 
longer pulses lead to greater damage in the Armco iron target (the inset gives the approxi
mate durations of the tensile pulses). 

The damage observed in this experiment is termed brittle, although the microcrack 
growth is much slower than the elastic crack velocities, indicating considerable plastic 
flow at microcrack tips. 

For a thorough discussion of the experimental and theoretical works in the field of 
dynamic fracture and spalling of metals please consult the review paper by MEYERS and 
AIMONE [9]. 
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CONSTITUTIVE MODELLING FOR BRITTLE DYNAMIC FRACTURE 727 

FIG. 1. Internal cleavage (penny-shaped) microcracks caused by shock loading in the polished cross-section 
of an Armco iron specimen (After CuRRAN, SEAMAN and SHOCKEY [2]) . 
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FIG. 2. Tapered flyer impact experimental results for the Armco iron target (After CuRRAN, SEAMAN and 
SHOCKEY [2]). 

2.2. Physical mechanism of brittle dynamic fracture 

When subjected to high rate loads from impact, Armco iron undergoes relatively 
brittle fracture from nucleation, growth and coalescence of planar microcracks. 
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728 P. PERZYNA 

To understand better the physical mechanism of brittle dynamic fracture, let us consider 
the variation of tensile stress with specific volume (or porosity), Fig. 3 (cf. CURAN, SEAMAN 

and SHOCKEY [2]). The trajectory tensile stress-specific volume represents the real dynamic 
process in the Armco iron target (specimen) subjected to a constant strain rate of 1.3 x 
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0:133 0.135 
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Fla. 3. Stress-specific volume trajectory of Armco iron loaded to fragmentation at constant strain reate 
(After CURRAN, SEAMAN and SHOCKEY (2]). 

x 105 s- 1 • From this trajector.y we can follow the events in the order in which things 
naturally happen during the dynamic process. The process starts at the initial specific 
volume of about 0.1272, and when the tensile stress reaches the threshold value for nuclea
tion the nucleation process begins. The process goes on, the tensile stress peaks up at the 
value of specific volume 0.1310 and dramatically breaks down to attain at 0.1323 the 
point at which the coalescence of microcracks begins. 

If no stress relaxation were allowed, the tensile stress-specific volume trajectory would 
follow that determined by the constitutive laws of elastic-plastic flow theory, and the 
stress would increase indefinitely. However, the microcrack nucleation and growth processes 
cause the stress to peak up and decay. 

The segment of the dynamic process marked by the grey line represents the mechanism 
of brittle fracture (or fragmentation process) by inicrocrack coalescence which ends at 
zero tensile stress; at that point the specific volume reaches the value 0.135. As it has been 
suggested by SEAMAN, CURRAN and MURRI [22] the physical process of coalescence occurs 
when the planar microcracks become so large that they begin to intersect other microcracks. 
They may intersect in the same plane, thus forming larger microcracks, and they may 
intersect at right angles, forming corners of fragments. Also, microcracks of the same 
orientation, but on different planes, may coalesce by developing crack extensions out 
of the plane to join the nearby microcracks. Thus a family of microcracks in one orientation 
can coalesce and form a rough, multifaceted spall plane. 

SHOCKEY, SEAMAN and CURRAN [25] have recently investigated the coalescence process 
for the XAR 30 armor steel under plate impact loading conditions. Their experimental 
results show two parallel but nonplanar m:acrofractures in the process of coalescing. 
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A profusion of tiny microfractures has formed in a path linking the tips of macrocracks, 
suggesting that coalescence is a nucleation and growth process on a smaller· scale. 

From this analysis of the dynamic deformation process in the Armco iron target and 
from the analysis of the previously discussed experimental results one can see that the main 
cooperative phenomena which are most important for proper description of brittle dynamic 
fracture are as follows: 

(i) The inelastic deformation wave phenomena. The propagation of the inelastic 
shock wave induced by the impact process produces significant structural changes and 
affect the mechanical properties. In general, one observes an increase in the flow stress 
with a corresponding decrease of ductility. 

(ii) The nucleation and growth processes of microcracks. Damage in brittle metals 
such as Armco iron depends on the amplitude of tensile stress as well as on the duration 
of stress impulse. As the damage occurs, the stiffness of the material decreases. This sof
tening of the material is mainly due to nucleation and growth of microcracks. The nuclea
tion and growth processes may be accompanied by thermal effects. 

(iii) The coalescence of microcracks which leads to fragmentation process. As the 
number and sizes of microcracks increase, fragments are formed until the entire material 
disintegrates into fragments. 

(iv) Full separation as a result of the propagation of a macrocrack through heavily 
damaged material. 

3. Internal state variables describing brittle fracture 

3.1. P!bysical justification 

Fcor practical purposes it will be sufficient to introduce two internal state variables, 
namely the density of microcracks (the number of microcracks per unit volume) N(x, t) 
and the average size of a microcrack R(x, t). These two internal state variables are suggested 
by experimental observations, by analysis of physical mechanisms as well as by previous 
theoretical descriptions of ductile and brittle fracture of metals. 

We shall prove that the simple model of an elastic-viscoplastic damaged solid with two 
internal state variables N and R can represent the following phenomena: 

(i) Nucleation of microcracks or microvoids as a function of stress level and stress 
impulse duration. 

(ii) Growth of microcracks or microvoids during the dynamic process considered. 
(iii) A range of microcrack or microvoid sizes at all stages of fracture process. 
(iv) Coalescence of microcracks or microvoids to form fragments. 
(v) A range of fragment sizes. 
(vi) A transition from no damage through fracture to full separation. 

These phenomena and properties provide the main features noted previously in observa
tions of dynamic brittle failure (cf. SEAMAN, CURRAN and SHOCKEY [23, 24]). 

16 Arch. Mecb. Stos. nr 5-6/86 
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730 P. PERZYNA 

3.2. Evolution equations for one-dimensional state of stress 

For dynamical processes the thermally-activated mechanism of the nucleation of 
microcracks is most importante) (cf. discussion presented by CURRAN, SEAMAN and 
SHOCKEY (3], and RAJ and ASHBY [21]). 
· _:For brittle solids the growth mechanism of a microcrack is assumed to be governed 
by the elastic-viscoplastic flow process. 

Thus, we shall postulate for N and R the evolution equations in the form as follows: 

N=N.[exp m(~;"N) -1], 
R = A(N/ R)(t+ B(N, R) [a- O'cq(N, R)], 

T 

(3.1) 

where N0, mare the material constants, a denotes the stress, aN is the threshold stress for 
nucleation (in general aN = aN(N, R)), k is the Boltzmann constant, {}denotes the actual 
temperature, A(N, R) is the material function that describes the elastic (reversible) change 
in microcrack size, B(N, R) is the material function which describes the viscoplastic (irrever
sible) change in microcrack size, T denotes the relaxation time related to viscoplastic flow, 
acq{N, R) is the equilibrium stress corresponding to the instantaneous value of R and 
depends on Nand R due to the interaction of microvoids and dot denotes the differentiation 
with respect to time t. 

For simplicity we assume 

(3.2) 
A(N, R) = A(R), 

B(N, R) = B(R) = MR, M = const, 

O'eq = const, aN = const, 

and introduce the notation 

(3.3) 
M 1 
-:r=-:q, 

where 'YJ is called . the viscosity coefficient. 
Then the evolution equations (3.1) take the form 

(3.4) 

• • [ m(a-aN) ] N = N 0 exp k{} - - 1 , 

• 1 
R = A(R)(t+- (a-acJR. 

'YJ 

CARROL and HoLT [1] have proved that the elastic compressibility does not signifi
cantly affect the result for an elastic-perfectly plastic material. Therefore we may introduce 
very useful simplification(l) (cf. also the analysis presented by JoHNSON [7]). 

(1) To prove this conjecture it is sufficient to investigate incubation times for different nucleation 
mechanisms considered and to compare them with the time duration of the impact process. 

(2) It is noteworthy that this simplification is fully justified for ductile fracture mode only. In the 
case of brittle fracture it may happen that the growth mechanism can be influenced by the elastic properties 
of particular materials. 
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When dealing with crack growth in materials of very low initial porosities, we can 
neglect the initial elastic and elastic-viscoplastic phases of the process and consider the 
case of fully viscoplastic response of the material around the microcrack. 

Thus, we can neglect the elastic change in microcrack size by assuming A(R) = 0. 
Finally we have 

(3.5) 
• 1 

R = -- (a- Ueq}R. 
17 

The linearized form of the viscoplastic response assumed by the evolution equation 
(3.5) can be justified by the analysis of the contribution to the result superposed by the 
nonlinear terms. It has been proved (for ductile solids) that the contribution of nonlinear 
terms to the growth mechanism, when compared with the result given by the linear term, 
is small (cf. Ref,. [19]). 

3.3. Generalization to three-dimensional state 

In the case when the state of stress is three-dimensional we define the stress intensity 
invariant for nucleation In and the stress intensity invariant for growth I, as follows 

(3.6) 

1 

In = at 11 +a2 Y 1~ +a3(1~)3, 
1 

lg = b111 +b2 ~ +b3(1~f3, 

where ai and bi (i = 1 , 2, 3) are the material constants, and by 1 1 we denote the first 
invariant of the Cauchy stress tensor a, 1; and 1~ are the second and third invariants of the 
stress deviator, respectively. 

We postulate the evolution equations for N and R in the form 

(3.7) 

N. = N.. { m[ln-aN(N, R)] _ 1} 
o exp k{) ' 

R- B(N, R) [1-a , (N R)]R 
- T , eq ' ' 

where aN (N, R) and aeq (N, R) denote the threshold values of stress intensity invariant 
for nucleation and for growth, respectively. 

3.4. Phenomenological description of porosity effect 

The main idea of this paper is to take advantage of the porosity parameter (the void 
volume fraction) ~(x, t) in the constitutive modelling of damaged solids. To do this let us 
postulate the fundamental equation of state 

(3.8) ~ = ENR3
, ~ E [0, 1], 

where .::, is the material constant. 

16* 
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The evolution of~ during the dynamic process is determined by the differential equation 

(3.9) . (if i<) ~=~!i+ 3 If· 

For ductile solids, when the microcracks have spherical shapes 

(3.10) ~ = ENR3 = ~ nR3N, 

and the material constant E is directly determined 

(3.11) E = ~ n = 4.18 87 90. 

For brittle solids, when microcracks can be assumed as penny-shaped, we have 

(3.12) ~ = ENR3 = nR2 
• O.lRN = O.lnNR3 

and again the material constant is determined 

(3.13) E = O.ln = 0.314159. 

3.5. Internal equilibrium state 

The internal equilibrium state is defined as follows: 

(3.14) 

then 

(3.15) 

N = o, R. = o, 

~ = const. 

The condition of the internal equilibrium (3.14) gives 

1 

(3.16) 
a1J1 +az tl J; +a3(J~f3 = aN(N, R), 

1 

blJl +bz y' J; +b3(J~f3 = C1eq(N, R). 

The last result has a very important physical interpretation. When 

(3.17) 
In= aN(N, R), 

lq = aeq(N, R), 

then the state of stress corresponds to the instantaneous values of N and R. 
Equations (3.16) can help in the determination of the material constants ai and bi 

(i = 1' 2, 3). 

4. Elastic-viscoplastic model of damaged solids 

4.1. Constitutive and evolution equations 

In the previous papers [10-18] of the author a simple model of an elastic-viscoplastic 
solid with internal imperfections was proposed. The model was developed within the 
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framework of the internal state variable structure. The model proposed was applied to the 
description of quasi-static plastic flow processes as well as to the description of dynamic 
fracture in impact processes for ductile solids. 

In the present paper we shall propose the alternative model of an elastic-viscoplastic 
damaged solid with the aim of its application to the description of brittle dynamic fracture. 

The damage that occurs in solids during dynamic process is presumed to affect both 
the yield strength and the effective shear and bulk moduli of the material. 

As the measure of damage we shall use the porosity parameter ~. 
Thus, for dynamic processes not only viscoplastic properties but also elastic properties 

of a material depend on the porosity parameter~- The shear and bulk moduli are assumed 
to be degraded by the presence of microcracks according to a model suggested by MACKEN
ZIE [8] ( cf. also SEAMAN, CURRAN and SHOCKEY [23] and JOHNSON (7}): 

G = G (1-L:) ( 1- 6K0 +12G0 z:) 
(4.1) 

0 5 
9Ko+8Go 

5 
' 

K = 4GoKo0-~)/(4Go+3KoE), 

where G0 and K0 are the elastic moduli of undamaged material. 
As a result the Poison ratio v is determined by the relation 

(4.2) 
_ 1 3K-2G 
v = 2 -3K __ +_2_G_ . 

Let us denote the symmetric rate of the deformation tensor by D and postulate 

ne = D-D", 

(4.3) 

e 1 [v v v] D = --=- a----- trcrl 
2G 1 +v ' 

where ~ denotes the symmetric Zaremba-Jaumann rate o( change of the Cauchy stress 
tensor cr, I denotes the unit tensor, y is the viscosity constant, 1p is introduced as the control 
function and is assumed to depend on (12 /12)-1, where / 2 is the second invariant of the 
rate of the deformation tensor and II is its static value, lP denotes the viscoplastic overstress 
function, f is the quasi-static yield function which is p,ostulated to depend on the first 
invariant of the Cauchy stress tensor J 1 , on the second and third invariants of the stress 
deviation J; and J~ and on the porosity parameter ~' " = x(E", ~) is the material work
hardening-softening function, the symbol ( [ ] ) is understood according to the definition 

(4.4) { 
o if ~~ x(E", E), 

< [ ]) = [ ] if f > x(E", E). 

We postulate the particular form of the yield function 

(4.5) [ 
J'2 J2] 

f( · ) = J~ 1- (n 1 +~n2) 1; 3 +n3E J~ , 
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where n1 , n2 and n3 denote the material constant, and the work-hardening-softening 
material function 

(4.6) 

where x 0 denotes the yield stress, H' is the work-hardening coefficient and n4 is the material 
constant. 

We also postulate 

(4.7) <I> [ • ] = [ ~~ ) - I r. n = I , 3, 5, . .. , 

It is noteworthy that the theory proposed describes inherently the dilatational effects 
generated by the nucleation, growth and coalescence of microcracks. To prove this, it is 
sufficient to compute 

(4.8) 

4.2. Determination of the material functions and coosta~as 

To determine the material functions and constants involved in the theory we have 
to base on the mechanical test data as well as on the metallurgical observation results. 
There is no general method concerning the identification procedure. We shall proceed 
in a similar way as it has been shown in Refs. [12-18]. 

5. Phenomenon of dynamic brittle fracture 

5.1. Criterion of dynamic brittle fracture 

During the dynamic inelastic flow process it is very difficult to control plastic deforma
tion for different stages. It seems natural to base a criterion of dynamic brittle fracture 
(similarly to ductile fracture, cf. Refs. [15-18]) on the control of the porosity parameter~. 

It is postulated that during the dynamic inelastic flow process the brittle fracture phenom
enon occurs when 

(5.1) 

what leads to the condition 

(5.2) x = x(EP, ~)IE='' = o. _, _, 
E =ET 
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The condition (5.2) expresses the fact that fracture means a catastrophe or intrinsic 
failure when the material loses its stress carrying capacity. In other words, at e = ¢F 
one can observe full separation of the material. 

It is noteworthy that for N = const the criterion of dynamic brittle fracture (5.1) and 
the fundamental equation of state (3.8) lead to the condition 

1 

(5.3) RF = ( ~~ )', 
which defines the critical average size of a microcrack at fracture. 

This result has very important practical implications. It means that the criterion of dy
namic brittle fracture (5.1) has a dimensional nature. This fact has been broadly suggested 
by experimental observations. 

5.2. Determination of the softening constant 

The condition (5.2) leads directly to the particular relation 

( 5.4) x(eP, ¢)j:; e~, = ( "• + H'E~)2 
[ 1-n4 W') ~ r = 0. 

E ~eF 

As a result of this relation we have the material constant 

(5.5) 

which is crucial for the description of softening of the material implied by the micro
damage process generated by the nucleation, growth and coalescence of microcracks. 

6. Application to dynamic fragmentation process 

6.1. General description of dynamic fragmentation 

One consequence of intense impulsive loading of a solid can be the fragmentation 
of the body into discrete parts. 

An approach to a global description of the dynamic fragmentation process of a solid 
body has been recently developed by GRADY [4]. A conception presented by GRADY [4] 
is utilized whereby the surface or interface area created in the fragmentation process is 
governed by an equilibrium balance of the surface or interface energy and a local inertial 
or kinetic energy. He introduced a hypothesis which claims that during the fragmentation 
process the forces seek to minimize the energy with respect to the fracture surface area. 

6.2. Brittle fracture mode 

For the tensile loading process and fragmentation of a brittle solid, GRADY [4] obtained 
an expression for the nominal fragment diameter: 

(6.1) d = [ (20)~~IC 12/3' 
(!CE 
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where K1c is the material fracture toughness, e denotes the actual density, c the velocity 
of fragment and E denotes the strain rate. 

The condition for the propagation of a microcrack is as follows (cf. IRWIN [6]) 

( 6.2) R = ~ ( K~c r 
hence 

(6.3) 

For R we have the evolution equation (3.5) which, at a = const, gives the result 

(6.4) 
(

(j-(j ) R = R0 exp 'YJ eq L1t 

and 

(6.5) 

Finally we have 

(6.6) 

where 
(6.7) 

6.3. Comparison of theoretical predictions with eperimental data 

The numerical computations are obtained for oil shale. It is assumed 

f!s = 2300 kg/m3
, R0 = 2.0 x 10- 6 m, 

c = 4000 m/s, 'YJ = 17.0 Ns/m2
, 

10-1.....---------------------, 

PRESENT RESULTS 
',,< 

OIL SHALE EXP. DATA 
of D.E.GRADY and M. E.KIPP (1980) 

D. E. GRADY ( 1982 ) 

THEORETICAL CALCULATION 

' ... 

1o· 5~---~---.~..:::----~----JL:-----J 
10° 103 104 105 

STRA!fjRATE t (s- 1) 

FIG. 4. The fragment size versus the strain rate plots for oil shale. 
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a= 4.0 x 107 N/m2
, 

Lit= 0.25x1o-s s, 
Cieq = 0.9 X 10 N/m2

, 

~F = 0.35 (porosity at fracture, critical porosity). 

737 

The results for the fragment size versus the strain rate are plotted in Fig. 4. These 
results are compared with theoretical calculations obtained by GRADY [4] and with experi
mental data presented by GRADY and KIPP [5]. 

7. Final comments 

The main idea of the description of brittle fracture is ba~.ed on two internal state vari
ables, namely the density of microcracks N and the average size of microcrack R. The evo
lution equations proposed for these two internal state variables describe directly the nuclea
tion and growth mechanisms of microvoids. By postulating the additional equation of ~tate 
we have taken advantage of the porosity parameter in the constitutive modelling of dam
aged solids. 

It is noteworthy that the coalescence process of microcracks is also described because, 
as it has been suggested by SHOCKEY, SEAMAN and CURRAN [25], the linkage process in the 
case of brittle fracture is mostly generated by a nucleation and growth mechanism on 
a smaller scale. 

It seems that the important result of the paper is a new model of an elastic-viscoplastic 
damaged material. 

Taking advantage of the physical metallurgical observation results, a criterion of dy
namic brittle fracture is proposed. This criterion is inherently time-dependent and it describes 
fracture as a final stage of the entire inelastic flow process, so that the evolution of the 
constitutive structure of a material is taken into consideration. 

As an example, the application of the theory proposed to the dynamic fragmentation 
process has been shown. The comparison of the numerical results for the fragment size 
versus the strain rate obtained for o,il shale with the theoretical calculations of GRADY [4] 
as well as with the experimental data presented by GRADY and KIPP [5] bas ·proved the 
usefulness of the theory proposed. 
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