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ABSTRACT 

Ceramics can deform non-elastically under compression and shear by sliding and ride up of 
fragments or grains, with a~comp~y ing  compe6tion between dilat&cy and-pore compaction. 
This paper describes a micromechanical model of such deformation based on multiplane plasticity 
and an analogy to the dynamics of atomic dislocations. 

1. INTRODUCTION 
Hard, brittle materials often deform nonelastically by fracture, fragmentation, and subsequent 

frictional sliding and rotation of fragments. The sliding produces additional ride-up fiction and associated 
dilatancy. The dilatancy is counteracted by pore compaction under confining pressure. These processes 
are especially evident in the eroding "Mescall zone" at the nose of a long metallic rod penetrating a ceramic 
armor. 

Attempts to model such behavior have usually taken one of three routes: continuum modelling, 
"discrete element" block motion modelling, or micromechanical modelling. In the first approach, 
constitutive models of the frictional type are usually applied (see, for example, the reviews by Drucker 
[198811 and Spencer [19821.~ In the second approach, computer models of a large but finite number of 
blocks describe the actual interactions between blocks [Britton and Walton, 1987;3 Heuze' et al, 19904]. 
In the third approach, micromechanical modelling has usually focused on building continuum constitutive 
relations that average microscopic fracture or grain movement processes in a way that obeys classical 
requirements for well-posed problems [Jenkins and Satake, 1983;5 Isida and Nemat-Nasser, 1987;6 
Nemat-Nasser and Obata, 1988;7 Satake and Jenkins, 1988;g Chang and Misra, 198991. 

In this paper we take a micromechanical approach, and focus on describing the behavior of the 
motion of lines of voids between the moving objects, as in atomic dislocation thwry. 

2. THEORETICAL MODEL 
Since we will construct a continuum model that averages "microscopic" block sliding, we must 

introduce a scale size into the problem, the "material element" size, D. The value of D must be large 
enough to contain a statistical number of blocks, i.e., D>>B, where B is the block size. As discussed by 
Curran et al. [1987]10 and Bazant [1991],11 the choice of such a finite material element imparts a non-local 
character to the constitutive relations, and removes unwanted cell size dependence when the model is used 
in finite element calculations. 

We assume that the fragment bed in the material element contains a finite number of fragment 
interface orientations or "slip planes" along which the fragments or blocks can slide. The number of such 
planes is the number of independent fragment face orientations. As reviewed by Grady and Kipp 
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[1987],12 there are a number of statistical procedures for generating such fragment beds, in the present 
paper we assume that the geometry of the bed is known. 

In our model, called FRAGBED, we currently allow slip on 9 arbitrarily oriented planes in the 
material. Any direction of slip on a given plane is possible. The slip plane properties (friction, dilatancy, 
etc.) are independently specified on each plane see below). The approach is basically the same as that I used by Peirce, Asaro, and Needleman [1983]1 or Harren and Asaro 11989114 to describe single crystal 
plasticity, except that we have 9 planes instead of 2 or 3, and treat 3-dimensional as well as 2-dimensional 
deformations. 

A key feature of our model is the slip algorithm, which is based on an analogy with atomic 
dislocation theory. That is, slip of the granules or fragments is assumed to occur by propagation of holes 
or "dislocations" through the granulated bed. The dislocation velocity is governed by the inertial motion of 
the granules. The slip surfaces may be treated as frictional, and slip is allowed to produce dilatancy 
naturally by granule interference (ride-up). Pore compaction is treated with continuum compaction 
algorithms. The model is described in detail elsewhere [Curran and Seaman, 199015], and results in three 
equations to be solved simultaneously: 

where i is a subscript refemng to the i th slip plane, y is the total strain, $ is the slip strain, z is the shear 
stress, on is the normal stress, ps is the solid density, Ct is the shear wave speed, G is the shear modulus, 
$ is the porosity, and T = B/(2gfiCt), where g is of the order of unity, and f is the fraction of blocks that 
have adjacent dislocations. Thus, the characteristic time T approximates the time for the shear wave to 
make a round mp between dislocations. That is, smaller dislocation densities lead to larger characteristic 
times for slip. Eq.(3) expresses the fact that the rate of change of porosity is the sum of increases due-to 
dilatancy and decreases due to pore compaction. The pore compaction model to compute the value of QC in 
Eq.(3) is taken from Carroll and Holt [1972],16 Carroll [1980],l7 and C u m  et a1 [1987].10 An important 
feature of the model is the partition of slip among the competitive slip planes. As discussed by Peirce, 
Asaro, and Needleman [1983],13 use of a timedependent slip algorithm like that of Eq.(2) insures a 
unique solution to the partition of incremental slip among the competitive slip planes. 

3. PARAMETRIC PENETRATION CALCULATIONS 
The model was used in parametric finite element code calculations of the penetration of an eroding, 

long tungsten rod penetrator into a target package consisting of aluminum nimde ceramic confined in steel. 
The calculations successfully exhibited the key features observed experimentally, including the formation 
of a rubblized ceramic region around the eroding penetrator nose, and conical fractures radiating outward 
from this region. The most important microscopic material property governing depth of penetration was 
found to be the friction between granules in the rubblized "Mescal1 zone". A second important microscopic 
material property was found to be the amount of granule "ride-upw-induced dilatancy. Varying the 
dilatancy did not significantly affect the depth of penetration, but increasing the dilatancy significantly 
increased both the "bounce-back" into the hole behind the penetrator, and the ejecta velocity. Other 
material properties such as shear and tensile strains-to-failure, and microscopic properties such as granule 
size, shape, and packing density, affected the conical fracture patterns and the size of the rubblized process 
zone, but had a minor effect on depth of penetration. 

4. CONCLUSIONS 
The FRAGBED model appears to be appropriate and useful for describing the highly nonlinear, 

anisotropic, and history-dependent deformation of fragmented beds. We expect that it can be applied to a 



wide range of applications from ceramic armor to jointed rock masses. It is fully 3-dimensional, and can 
be run in 3-D hydrocodes. 

For the case of penetration of long rods into ceramic armor, the model predicts that the intergranular 
friction in the fragmented process zone governs the penetration depth. This result suggests that 
experiments such as that of Shockey and ~lo~p[1990]18 should be pursued to measure this property for a 
variety of candidate ceramics for armor applications. 
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