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1 ABSTRACT  

Smooth Particle Hydrodynamics, Multi-Material ALE, and Lagrangian Erosion formulations are applied to 
the simulation of a steel projectile perforating a concrete cylinder. All solutions are obtained with the same 
software application, allowing the computational models to share the same constitutive models.. These 
solution methods are shown to be appropriate for this class of ballistic penetration and perforation 
simulation. In addition to quantitative results comparisons, observations are provided that may help analysts 
select an appropriate solution technique for similar applications. 

2 INTRODUCTION 

Simulation of penetration and perforation events requires a numerical technique that allows one body 
(penetrator) to pass through another (target). Traditionally these simulation have been performed using either 
an Eulerian approach, i.e. a non-deformable (fixed) mesh with material advecting among the elements, or 
using a Lagrangian approach, i.e. a deformable mesh with large mesh deformations. The chief criticism of 
the Eulerian approach has been that the shape of the penetrating body, usually an idealized rigid projectile, 
becomes ‘fuzzy’ as the penetration simulation proceeds due to the mixing of advected materials in the fixed 
Eulerian cells. Lagrangian methods require some form of augmentation to minimize or eliminate large mesh 
distortions. Two often used augmentations for Lagrangian penetration simulations are the so called ‘pilot 
hole’ technique and material erosion. In the pilot hole technique elements are removed, a priori, from the 
target mesh along the penetrator trajectory; this technique works (surprisingly) well for normal impacts 
where the trajectory is know a priori. The material erosion technique removes distorted elements from the 
simulation, i.e. along the penetrator trajectory, based upon a user supplied criteria; no general guidance exists 
for selecting such criteria, i.e. they are ad hoc. 

The focus of the present work is to perform an assessment of a relatively new class of numerical 
methods, referred to as meshfree methods, that offer analysts an alternate analytical technique for simulating 
this class of ballistic problems, without a priori trajectory knowledge, nor resorting to ad hoc criteria. The 
assessment is made by the comparison of techniques, as applied to a ballistic impact experiment. The 
techniques compared are the meshfree method known as Smooth Particle Hydrodynamics, an Multi-Material 
Arbitrary Lagrange Eulerian (MM-ALE) technique that preserves the projectile shape, and Lagrangian with 
material erosion,. Such comparisons inherently have aspects of an apples-to-oranges-to-pears comparison, 
but an effort has been made to minimize the numerous ancillary aspects of the different simulations and 
focus on the capability of the techniques. To minimize unintended differences in the simulations, the 
following three key aspects remain constant: 

1. Only one software package (code) is used, 

2. The same constitutive model is used, 

3. The models were constructed by one analyst with similar levels of experience with the three 
modeling techniques. 

Even with these considerable constraints on the simulation comparisons, it is obvious that the results 
are subject to the user’s knowledge and skills in applying the various analysis techniques to the fragment 
impact simulation. Thus the reader should not assess the merits of these techniques on the provided 
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‘answers,’ but should instead focus on the relative merits of each technique and their applicability to specific 
simulations of interest to the reader. 

3 DESCRIPTION OF THE BALLISTIC EXPERIMENTS  

A series of concrete target impact experiments, using several projectile types, have been performed. For the 
present comparative study, the targets are concrete right circular cylinders with dimensions of 8 inches 
(203.2 mm) in diameter and four inches (101.6 mm) in length; all target cylinders have steel circular ring 
fixtures at the front and back of the concrete cylinder; see Figure 1. The target cylinders are impacted by 
steel projectiles that are right circular cylinders with dimensions of 1 inch (25.4 mm) diameter and 3 inch 
(76.2 mm) length. All impacts are assumed to be normal to the impact surface of the target. 

The steel rings used to fixture the concrete target are modeled as rigid material. The steel projectile is 
made of AISI 6150 Steel and modeled with von Mises constitutive model; the model parameters are listed in 
an appendix. 

The concrete is characterized by the target supplier as having a minimum unconfined compressive 
strength of 5,000 psi (34.5 MPa). Although unconfined compressive strength is adequate for characterizing 
concrete for most civil engineering applications, for defense applications, e.g. blast loading and penetration, 
such minimal material characterization is typically not adequate. In recognition of this gap, several simple 
input concrete constitutive models have been developed; simple input does not equate to simple model, but 
rather recognizes the fact that only the unconfined compressive strength is required as input and these simple 
input models internally generate the remaining model parameters. 

LS-DYNA’s constitutive model library currently has three such simple input concrete models: 
*MAT_PSEDUO_TENSOR (MAT016), *MAT_CONCRETE_DAMAGE_REL3 (MAT072R3) and 
*MAT_CSCM_CONCRETE (MAT159). When little if any material characterization data is available, the 
author advocates the practice of using all three simple input models to simulate the response of concrete 
structures. While none of the results from these three concrete model simulations may be correct, a 
comparison of the key system response quantities (SRQ) of interest will indicate if the concrete structure is 
sensitive to the material model, i.e. if the results from the three constitutive models are similar, then the SQR 
is insensitive to the concrete properties, and vice versa. 

 

Figure 1 Model of Standard Steel Slug (SSS) with cylindrical concrete target fixtured by steel rings fore and 
aft. 

Figure 2 shows the shear strength envelopes, in effective stress (von Mises stress) versus confining 
pressure, for the three simple input models mentioned above; the illustration is for an unconfined 
compressive strength of 31 MPa (4,500 psi). Although all three models intersect at a von Mises stress of 31 
MPa, the three models have dramatically different strength envelopes for increasing levels of confinement 
(pressure). For applications like blast loading and penetration, where the confining pressures are high, the 
differences in strength predicted by the three models will vary widely. For example, at a pressure of 100 
MPa, the shear strengths are 80, 150, and 180 MPa for the three models, a factor of 2.25 between the low 
strength MAT016 and high strength MAT159. 

The wide variation in strength envelopes illustrated in Figure 2 may appear as physically 
unreasonable. However, laboratory material characterization of concrete, with similar unconfined 
compressive strengths, shows an even wider range of strength envelopes and associated pressure volume 



 3   

strain characterizations. Thus it is quite possible to have two concrete targets with the same unconfined 
compressive strength produce different experimental results if their manufacturing process were different, 
i.e. the concrete ‘recipes’ were different. 
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Figure 2 Shear failure surfaces for three simple input concrete models with unconfined compressive strength 

of 31 MPa. 

4 MODEL DISCRETIZATIONS 

This section describes the SPH, MM-ALE and Material Erosion models used in the analyses.  
 
4.1 SPH Model 

The SPH model discretization, see Figure 3, consists of four parts: (1) an inner hexahedra of SPH particles 
representing the concrete that will interact with the penetrating (2) steel projectile, (3) an outer cylindrical 
body of Lagrange solid (hexahedra) elements representing the remainder of the cylindrical concrete target, 
and (4) two rings of rigid material used to fixture the concrete cylinder, also comprised of Lagrange solid 
hexahedra elements. Only one quarter of the model is used in the simulations as two planes of symmetry are 
present in the geometric description. 

The outer Lagrange target discretization is fairly coarse with 10 elements Lagrange solid elements 
along the length and 8 elements Lagrange solid elements in the radial direction. The coarse outer mesh is 
thought to be adequate, but no mesh refinement of this portion of the model was performed. 

The central core of SPH particles has in plane quarter model dimension of 1.421 inches (36.28 mm) to 
accommodate the impact of the 0.5 inch (12.7 mm) half diameter of the SSS. The SPH particle spacing is 
constant in plane at 0.068 inches (1.728 mm), i.e. 21 particles, and 0.063 inches (1.6 mm) along the length 
for the 4 inch target. A refined SPH particle portion of the 4 inch long model was also considered, with a 
particle spacing in all directions of 0.0393 inches (1 mm), i.e. 36 particles in the square cross section and 100 
particles along the length. 

The target outer core of Lagrange solid elements and inner core of SPH particles interact through a 
constrained interface, i.e. *CONTACT_TIED_NODES_TO_SURFACE_CONSTRAINED_OFFSET. The 
Lagrange elements of the steel projectile and SPH particles of the target interact through another constrained 
interface *CONTACT_AUTOMATIC_NODES_TO_SURFACE; see the LS-DYNA User Manual for a 
description of these interface constraints. 

The only boundary conditions to be considered are the circular rings fore and aft that fixture the 
concrete target. The rings are modeled as rigid and fixed in space. To model the interface between the fixture 
rings and the concrete target, there are two basic choices: (1) frictionless sliding and (2) bonded, i.e. no 
sliding. The true fixture condition is somewhere between these two extremes with some friction (static and 
dynamic) between the rings and concrete that is dependent on the initial contact pressure applied via the 
fixture. In an unreported simulation, a bonded interface produce a deformed configuration of the concrete 
specimen that did not appear realistic. The SPH and Material Erosion results presented subsequently assume 
a perfectly lubricated sliding interface between the rings and the concrete target, i.e. frictionless sliding. The 

                                                
1 The dimension 1.42 inches is approximately 2  and accommodates a square inscribed in a circle of radius 1. 
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MM-ALE model uses a perfectly bonded interface between the rings and the concrete target, as explained in 
the next subsection. 

 
Figure 3 Cut away view of the model with SPH particle discretization of the central concrete target core 

(green), outer core of Lagrange concrete (dark brown), fixture rings (tan), and SSS (red). 

4.2 MM-ALE Model 

The MM-ALE model discretization, see Figure 4, consists of four parts: (1) an inner cylinder of MM-ALE 
cells representing the concrete target that will interact with the Lagrange penetrating (2) steel projectile, (3) 
two rings of rigid material used to fixture the concrete cylinder, also comprised of Lagrange solid hexahedra 
elements, and (4) an outer cylindrical body of MM-ALE solid (hexahedra) elements representing the air 
surrounding the target. 

The Lagrange steel projectile interacts with the MM-ALE concrete target through a 
*CONSTRAINED_LAGRANGE_IN_SOLID  contact interface. The rigid fixture rings are Lagrange solids 
and thus the shared MM-ALE nodes are treat as Lagrange providing a bonded interface between the rings 
and concrete target. 

The core of the concrete target uses a 1.5-to-1 discretization with 34 cells along the 4 inch length 
0.117 inch (2.98 mm) and 17 cells in each of the two in plane dimensions of 1.33 inches (33.86 mm) for an 
in plane element size of 0.078 inches (1.99 mm). The outer portion of the concrete cylinder uses fewer cells 
in the radial direction with a geometric progression of the cell size from the core to the fixture rings. 

 
4.3 Material Erosion Model 

The material erosion models are similar to those used for the SPH models with the exception that the SPH 
central core of the concrete target is replaced by Lagrange solid elements. Four mesh refinements of the 4 
inch long target were considered, as shown in Figure 5. The coarsest model, called 2X, has 1458 elements in 
the central core and uses 18 elements, i.e.   where   indicates the mesh refinement number as in  X, along the 
4 inch length for an element dimension of 0.22 inches (5.6 mm), and 9 elements, i.e.  , for the in plane half 
length of 1.43 inches (36.28 mm) for an element dimension of 0.155 inches (4.03 mm). The finest mesh, 
called 8X, has 71,874 elements and uses 66 elements along the length for an element dimension of 0.06 
inches (1.54 mm) and 33 elements in plane for an element dimension of 0.043 inches (1.1 mm). The central 
core aspect ratio is about 1.4 to 1 for all four mesh configurations. 

The outer and inner mesh discretizations interact through a constrained interface, i.e. 
*CONTACT_TIED_SURFACE_TO_SURFACE and the steel projectile and eroding material interact 
through a contact surface that is updated during the simulation to account for the eroded elements, i.e. 
*CONTACT_ERODING_SURFACE_TO_SURFACE; see the LS-DYNA User Manual for a description of 
these two types of interfaces. 

For the finest mesh, 8X, the steel projectile mesh was also refined, from 216 elements to 2016, i.e. 
essentially a halving of the mesh dimensions. This refinement of the SSS was necessary as the initial contact 
of the more coarse mesh steel projectile model with the concrete resulted in concrete elements inverting 
(negative volumes) and causing numerical problems. Comparative simulations using the original and refined 
steel projectile models for the 2X, 4X, & 6X central core models are presented in the results section. 
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Figure 4 Cut away, and exploded, view of MM-ALE quarter model discretization with surrounding MM-ALE 
air (green), MM-ALE concrete target (dark brown), Lagrange fixture rings (tan), and Lagrange steel project 

(red). 

 

 
Figure 5 Material Erosion models with four refinements of the central target core: 2X, 4X, 6X and 8X (left to 

right). 

5 SIMULATION RESULTS 

A suite of impact simulations were performed using the above described steel projectile and concrete 
cylindrical target. The steel projectile was given an initial velocity of 685 feet/second (208.8 m/s) and the 
projectile’s ‘rigid body’ (mass averaged) velocity history was recorded. Projectile velocity history results are 
presented using the Smooth Particle Hydrodynamics (SPH) technique for all three simple input concrete 
models, shown previously in FIGURE2. Similar results using the Multi-Material Arbitrary Lagrange 
Eulerian (MM-ALE) and the Material Erosion techniques, but these comparative results are limited in scope 
as they only include the MAT016 simple input concrete material model, i.e. the lowest strength envelop of 
the three a simple input concrete models indicated previously in Figure 2. 
 
5.1 SPH Simulation Results 

Figure 6 compares the steel projectile velocity histories for the three simple input concrete models for an 
initial projectile velocity of 685 feet/second (208.8 m/s). The lowest strength envelope material model, 
MAT016, produces the largest exit velocity of 113 m/s (371 fps). The intermediate strength concrete model, 
MAT072R3, predicts a projectile exit velocity of 70 m/s (228 fps), and the strongest concrete material 
model, MAT159, predicts the projectile will not perforate the 4 inch thick concrete cylinder. Phrasing these 
three results in a statistical statement: the predicted average exit velocity is 61 m/s (200fps) with a standard 
deviation of 57 m/s (187 fps). 
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Figure 6 Standard Steel Slug (initial 685 fps) velocity histories for 4 inch thick target modeled with three 

simple input concrete models. 

Error! Reference source not found. show the deformed configuration at 1.2 ms for the three 
concrete models. The relative position of the steel projectile in these figures also provides a visual indication 
of the relative resistance to perforation of the three concrete model. All three material models incorporate 
some form of damage mechanics, however only MAT072R3 and MAT159 provide a post-processing 
visualization of the degree of damage, i.e. the damage parameter.  

An SPH particle mesh refinement was performed to assess the sensitivity of the projectile exit velocity 
to changes in the initial particle spacing. As mentioned previously, the nominal model central core of SPH 
particles has an SPH particle spacing of 0.068 inches (1.728 mm), i.e. 21 particles, in plane and 0.063 inches 
(1.6 mm), i.e. 63 particles, along the 4 inch target thicknesses. For the refined SPH model, the spacing in all 
directions is 0.0393 inches (1 mm), i.e. 36 particles in the square cross section directions and 100 particles 
along the length. 

Table 1 compares the exit velocities for the two SPH mesh configurations. The relative difference in 
exit velocities are small at 3.8 and 5.2%, indicating the exit velocity is fairly insensitive to this change in 
particle spacing. Since the projectile is predicted to be stopped by the MAT159 concrete, the maximum 
displacement (penetration) of the projectile was compared for the two SPH mesh configurations and found to 
also change by a small percentage, i.e. 4.1% with a maximum penetrations of 18.1 mm and 17.4 mm for the 
nominal and refined SPH mesh configurations, respectively. 

Table 1 Mesh refinement exit velocity comparisons for 4 inch thick target 685 fps impact speed. 

V/V0 
 

Nominal Refined % Diff 

MAT016 0.54 0.56 3.8 

MAT072R3 0.33 0.35 5.2 

MAT159 0.0 0.0  

5.2 MM-ALE Simulation Results 

This section presents a comparative analysis of the Smooth Particle Hydrodynamics (SPH) and Multi-
Material Arbitrary Lagrange Eulerian (MM-ALE) impact simulations of the steel projectile  with the 4 inch 
thick concrete cylindrical target. The projectile velocity history results are presented for an impact speed of 
685 feet/second (208.8 m/s) for two of the three simple input concrete material models; MAT159 has not 
been implemented in LS-DYNA for use with the MM-ALE solver. 

Figure 9 compares the projectile velocity histories for the 4 inch thick target impacted at 208.8 m/s 
(685 fps) by the steel projectile for two of the three simple input concrete material models. For the lowest 
strength envelope material model, MAT016, the two projectile histories are nearly identical with only a 1.3% 
difference between the exit velocities from the two solution techniques. For the intermediate strength 
concrete model, MAT072R3, the MM-ALE exit velocity of 86 m/s (283 fps) is 24% larger than the 
corresponding velocity of 70 m/s (228 fps) obtained from the SPH solver. 
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Figure 7 Deformed configurations at 1.2 ms for MAT016, MAT072R3, and MAT159 (left to right).  
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Figure 8 Comparison of SPH & MM-ALE projectile velocity histories for 4 inch thick target impacted at 208.8 

m/s (685 fps). 

The reason for the significant difference between the two computed projectile exit velocities for MAT072R3 
is not known. An (educated?) guess would be that the more sophisticated (complex) MAT072R3 constitutive 
model is more sensitive to the advection of constitutive model state parameters than the relatively simple 
MAT016 constitutive model. A mesh refinement study using the MM-ALE model might shed some light on 
the difference between the MAT073R3 SPH & MM-ALE results. 

Figure 10 shows the final deformed state of the MM-ALE simulations for the two material models. 
The lateral motion of the outer portion of the concrete target in the MM-ALE simulations is partially 
constrained by the fixture rings, since these rings are modeled as Lagrange parts fixed in space. 

 
Figure 9 Comparison of MM-ALE final deformed states for MAT016 (left) and MAT072R3 (right). 

5.3 Material Erosion Simulation Results 

This section presents a comparative analysis of the Smooth Particle Hydrodynamics (SPH), Multi-Material 
Arbitrary Lagrange Eulerian (MM-ALE), and Material Erosion impact simulations of the steel projectile 
with the 4 inch thick concrete cylindrical target. The projectile velocity history results are presented for an 
impact speed of 685 feet/second (208.8 m/s) for only the MAT016 simple input concrete material model. As 
will be demonstrated, the material erosion results include a large number of simulations, and thus only one of 
the three simple input concrete material models is used to illustrate the comparative results. 

The Material Erosion technique is often used for penetration and perforation simulations because it is 
widely available in most explicit Lagrange commercial software products. However, in mechanics, 
popularity does not equate to good mathematics, or even good engineering. The main dilemma in using 
Material Erosion is the selection of an erosion criterion, or criteria. The selection of an appropriate erosion 
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criterion is always ad hoc, and often ill advised. The most common such criterion is the so called effective 
plastic strain, a positive definite quantity that is monotonic in time. While this criterion has a solid basis in 
uniaxial stress testing of metals, it is a rare analysis that aims to simulate a uniaxial tensile test using erosion. 
Rather, analysts (too) frequently use effective plastic strain as an erosion criterion for penetration 
simulations, which are dominated by compressive stresses, where this criterion has no physical basis. It 
seems analysts have lost sight of erosion criteria as a numerical artifacts, i.e. there is no material 
characterization test to determine an erosion anything. 

Since the selection of erosion criteria are ad hoc, the analyst’s choices are to: (a) calibrate the ad hoc 
criteria to experimental results, i.e. given an experimental result adjust some numerical parameter(s) until the 
simulation and experiment agree, or (b) perform a series of mesh refinement studies to establish mesh 
convergence for a given ad hoc erosion criterion. 

The use of erosion criteria to calibrate models to given experimental results is folly. First there is no 
unique erosion criterion, and thus many numerical ‘solutions’ can reproduce the experimental result, i.e. non-
unique solution. Second, for a given erosion criteria one must perform mesh refinements to assess the 
sensitivity of the predicted results. If the results continue to change with mesh refinement then there is no 
‘answer.’ If the results converge, there is no way to determine if this is the correct answer, i.e. convergence 
to the wrong answer is more likely, give the criterion is ad hoc, than convergence to the right answer. 

Element erosion is essentially old “technology” that facilitated getting an (any?) answer. For the most 
part, erosion predates the advent of damage mechanics, not to mention the current wider availability of 
applicable Eulerian and meshfree solvers, as demonstrated above. 

Before presenting comparisons with the SPH & MM-ALE solver results, the following subsections 
provide a brief discussion, and demonstrations, of: 

• Selection of an ad hoc erosion criterion, 
• Erosion criterion convergence study, 
• Mesh convergence study for a given erosion criterion. 

5.3.1 Erosion Criterion Selection 
Seeking an erosion criterion with a physical basis, some erosion practitioners advocate use of a minimum 
time step to erode elements. On the surface this appears to be a reasonable choice as elements that have large 
amounts of deformation are likely to have small (stable) time steps. However, in practice this may not be the 
case. When damage mechanics are included in the calculation, the material strength maybe drastically 
reduced, but the pressure-volume response of the material is maintained. The result can be highly deformed 
elements that maintain a nearly constant volume, and thus a nearly constant (stable) time step. 

Stress based erosion criteria can generally be dismissed, as the stress is typically limited by the 
constitutive response. On the other hand, strain based criterion have some potential as erosion criteria since 
the strains are never limited in tension or compression. For the illustrations in this section the minimum 
principal strain (maximum principal compressive strain) is selected as the erosion criterion. Using the 
principal strains eliminates the directionality of the criterion, i.e. preserving frame indifference, and the 
choice of the compressive (minimum), rather than the tensile (maximum) principal strain, is in recognition of 
the general compressive nature of the penetration events being simulated. 
5.3.2 Erosion Criterion Convergence 
Having selected an ad hoc erosion criterion, the next step is to establish a reasonable value for the criterion. 
This can be accomplished by performing a series of calculations where the value of the criterion is changed 
and the corresponding changes in the results reported; the hope is the results will converge. 

Figure 11 shows the steel projectile velocity histories for the 2X mesh configuration, shown 
previously in Figure 5, for an impact speed of 685 feet/second (208.8 m/s) with the 4 inch long cylindrical 
target modeled using MAT016. The three traces shown correspond to a minimum principal strain erosion 
criterion of 1, 10, & 50%. While no claim is made that the 50% result is converged, for the purposes of this 
illustration it will be assumed that is the case. 

To lend some confidence to the claim that the 50% criterion result is (essentially) converged, the three 
simulations were repeated with the 4X mesh, shown previously in Figure 5. The projectile velocity histories 
from these simulations are shown in Figure 12. The results from the 2X and 4X models are similar in that the 
exit velocity continues to decrease with increasing values of the minimum principal strain erosion criteria, 
although for the 4X case, the final velocity for the 10% criterion, 124 m/s, is slight lower than for the 50% 
criterion, 128 m/s, i.e. a reversal in the ‘convergence’ trend. 
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Figure 10 Minimum principal strain erosion criterion convergence study with 2X model. 
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Figure 11 Minimum principal strain erosion criterion convergence study with 4X model. 

5.3.3 Mesh Convergence 
Having selected an erosion criterion, minimum principal strain, and selected the parameter value, 50%, via a 
parameter convergence study, the next step is a mesh convergence study to determine a converged mesh 
result. The above 2X and 4X mesh results form part of the mesh convergence study, but the projectile’s exit 
velocity still changed significantly in going from 114 m/s (373 fps) for the 2X model to 128 m/s (419 fps) for 
the 4X model, so further refinements are required. 

Figure 13 compares the projectile velocity histories for 4 mesh resolutions: 2X, 4X, 6X, and 8X shown 
previously in Figure 5, for the 4 inch cylindrical target model using MAT016. The results appear to converge 
to an exit velocity of about 132 m/s (434 fps) with the 8X mesh. As noted above, the steel projectile mesh 
was also refined (essentially a mesh doubling) to obtain the 8X mesh results. This raises a question about the 
validity of refining isolated parts of the mesh while maintaining a constant mesh resolution in other parts of 
the mesh, e.g. in this study the outer concrete mesh was maintained constant for all simulations. For 
completeness, Table 2 compares the exit velocities for simulations with the original and refined steel 
projectile meshes. 
5.3.4 Erosion Criteria Summary 
This section illustrated the selection of an erosion criterion, e.g. minimum principal strain, establishing a 
value for the selected criterion, e.g. 50%, via a parameter study, and finally a mesh convergence study. 
Hopefully the reader will recognize the significant amount of meshing and simulation effort that was 
required to produce the final result, e.g. a predicted exit velocity of 132 m/s (434 fps). The effort is labeled as 
‘significant’ since for either the SPH or MM-ALE solution techniques no such criterion selection is required 
and hence no assignment of a parameter value; the mesh refine portion of the study should always be 
performed in any case. 

Further, for this particular steel projectile there is very little deformation of the projectile during the 
concrete target perforation. However, there are penetration and perforation events of interest where both the 
projectile and the target are severely deformed. This means that two ad hoc erosion criteria would need to be 
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selected, likely for two quite different materials, e.g. metal and concrete, which would double the amount of 
effort, and likely halve the confidence in the final result. 
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Figure 12 Mesh convergence study using minimum principal strain erosion criterion of 50% for four mesh 

resolutions. 

Table 2 Comparison of exit velocities (m/s) for the two mesh configurations of the steel projectile. 

Target Original Projectile Refined Projectile % Diff 
2X 114 120 5% 
4X 128 126 -1% 
6X 136 130 -5% 
8X  -  132  

5.3.5 Comparison with SPH & MM-ALE Results. 
Figure 14 compares the projectile velocity histories for the three solution techniques. The erosion technique 
produced the largest exit velocity of 132 m/s (434 fps). The refined SPH model produce a lower exit velocity 
of 117 m/s (385 fps) which agrees with the MM-ALE exit velocity of 114 m/s (375 fps). 
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Figure 13 Comparison of projectile velocity histories for the SSS impacting at 685 fps into the 4 inch target 
modeled using MAT016 and computed with three solution techniques: SPH, MM-ALE and material erosion. 

6 Summary 

It remains to assess how well the selected erosion criterion and parameter value works with the other two 
simple input concrete models, i.e. MAT072R3 and MAT159. Both of these concrete models include a 
damage parameter which could be used as an erosion criterion and combined with the LS-DYNA 
*MAT_NONLOCAL option to help minimize the mesh dependency of the criterion. Mesh refinement of the 
MM-ALE model is also recommended. 

Finally, it will be interesting to compare all the predictions with the corresponding laboratory results 
when available. 


