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CAPABILITY IMPROVEMENTS FOR MODELING FRAGMENT IMPACT 
IN ALE3D
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H. Keo Springer 1, Rose C. McCallen 1

1 Lawrence Livermore National Laboratory, Livermore, CA
2 U.S. Air Force Research Laboratory, Elgin AFB, FL
3 U.S. Army RDECOM-ARDEC, Picatinny, NJ

The response of confined high explosive warheads or energetic devices to 
the various external stimuli (e.g. bullet and/or fragment impact) is of critical 
importance to the U.S. Department of Defense (DoD) and U.S. Department 
of Energy (DOE).  To understand this phenomenon, numerous experiments 
on a range of propellants and explosives have been performed by both the 
DoD and DOE.  For example, the Army Burn to Violent Reaction (ABVR) 
series [1] was created to provide a screening tool for potential propellants 
and will be used here as part of a BETA test to verify new computational
capabilities.  The ABVR tests also provide an experimental data set to 
quantify the debris cloud formed from unreacted propellant (post-impact) 
and the conditions which develop violent reaction; both of which can be 
used to calibrate computational methods.
This paper will briefly introduce the range of computational capabilities 
which have been developed and/or applied in the ALE3D [2] multi-physics 
hydrodynamic code to solve these problems of interest. This includes the 
improvements of void insertion and interface tracking; calibration of 
chemistry and initiation algorithms; development of an element erosion 
capability that is compatible with automatic-contact slide surfaces; as well 
as the addition of a Smooth Particle Hydrodynamics (SPH) numerical 
formulation that can be coupled to element erosion.

INTRODUCTION

The DoD High Performance Computing Modernization Office (HPCMO) and the 
DOE National Laboratories have been working to develop advanced multi-physics 
computational modeling capabilities with demonstrated accuracy for a range of the 
DoD’s mission space, and which are scalable on the DoD’s massively parallel super 
computers.  Specifically, the HPCMO-funded Rocket Motor Warhead Impact 
Modeling (RWMIM) Portfolio, managed by the U.S. Army Research and 
Development Engineering Center (ARDEC), has connected a team of DoD 
participants with developers at the DOE’s Lawrence Livermore National Laboratory 
(LLNL) to advance computational capabilities and improve the modeling of fragment 
impact into energetic materials and propellants within the ALE3D framework.



The goal of the multi-year, multi-lab (both DOE and DoD), RMWIM portfolio is 
to develop a predictive and efficient modeling and simulation capability for the 
evaluation and design of bullet and fragment-insensitive rocket motors and warheads.  
It is critical to design rocket motors and warheads that will not violently explode from 
a bullet or fragment impact, and RMWIM has developed capabilities to ensure this.  
All of the ALE3D software developed under this portfolio must be portable to 
multiple DoD platforms, scalable in massively parallel environments, verified relative 
to other numerical techniques, and accurate relative to experimental data.

ALE3D CODE DEVELOPMENT AND NEW CAPABILITIES

Element Erosion with Automatic-Contact Slide Surfaces

In simulations involving large deformations and fracture, ALE (Arbitrary 
Lagrange-Eulerian) elements undergo extreme distortion in the Lagrangian step of the 
simulation; and in these situations, the advection step is challenged to recover from 
this element deformation. In some instances, these highly distorted elements have 
ceased to be relevant to the continuum solution, and they may cause the time-step to 
drop unrealistically or the simulation to halt. ALE3D now has the capability to 
dynamically remove these elements from the simulation or enable them to liberate an 
SPH particle (see next section).  The robust implementation of this technique includes
modification of the data structures in ALE3D that were necessary to demonstrate 
successful element removal from the problem (e.g. consistent and bug-free element
and node renumbering) and ensure automatic contact with the resulting new free 
surfaces created after an erosion.  The failure criterion for erosion has been based on a 
range of problem parameters including time-step, element deformation, and 
constitutive state variables.  Figure 1 shows an application of element erosion with a 
steel cylinder being expanded by high explosive products.

Figure 1:  A steel pipe bomb expansion with failed elements removed from the simulation.  The 
constitutive and failure model used is Johnson-Cook and the erosion criteria is based on void volume 

fraction percent (%) in mixed zones after void insertion.



Smooth Particle Hydrodynamics (SPH)

Modeling material behavior after fracture and fragmentation has been a challenge 
in continuum finite element codes because of limitations put on the problem by mesh 
connectivity.  One approach to modeling materials in this regime has been achieved by 
the implementation of a Lagrangian mesh-free method, Smooth Particle 
Hydrodynamics (SPH), into ALE3D.  The ALE3D implementation of SPH has been 
adapted from previous implementations of SPH in other LLNL codes, so the 
algorithmic performance has been well tested.  It should also be noted that SPH is not 
a distinct particle method, but rather a particle representation of a continuum.  In this 
way it does not have a numerical surface definition and should not be used to represent
a system of interacting particles in contact.  In its current implementation, SPH in 
ALE3D is applied without advection and it cannot represent mixed regions.  However, 
this capability could be added later if the need arose.

It is possible to run a pure SPH problem (no hexahedral elements) as well as 
“liberate” SPH particles from continuum hexahedral elements in conjunction with 
element erosion. In this mode, the material state that once belonged to a continuum 
element integration point is transferred to a single SPH particle (along with the 
average velocities of the associated element nodes) which is “bound” within the 
element prior to liberation.  The new SPH particle will interact with neighbor particles 
and continuum elements which have a “bound” SPH particle – SPH particle 
interaction with contact has not yet been implemented.  It is important to note that the 
direct conversion from solid element to SPH particle does not guarantee conservation 
of momentum in the problem, and this conversion has been shown to insert 
perturbations in the solution (similar to those seen in standard finite element deletion 
practice).  Future work will look to conservation algorithms that can ensure the 
conservation of momentum and minimize perturbations in the solution as a result of 
element conversion.  Figure 2 illustrates a pure SPH (no hexahedral elements) 
simulation in ALE3D of two aluminum bars impacting one another.

Figure 2: Impact simulation using SPH in ALE3D.  Fringes are of velocity in cm/s.



Embedded Grid

Many problems of interest involve interaction of objects that are best simulated by 
different frames of reference.  For example, solid objects that retain strength and 
material structure are best represented by a Lagrangian mesh formulation, while fluids 
are best represented using an advecting mesh (either ALE or Eulerian).  The 
embedded grid approach, with its distinctive incompatible embedded meshes, has 
been the technique of choice to solve these problem types, but previous 
implementations have had issues with limited stability and lower-order accuracy 
across the interface.

ALE3D has implemented a preliminary, Spiral 0, capability of a technique that is a 
significant advancement over these previous methods.  The advancements come at the 
conclusion of an LLNL Lab Directed Research and Development (LDRD) project [3]
to develop optimally convergent and stable methods for embedded grids in finite 
elements.  These new methods are second-order accurate in the displacement norm 
and first order accurate in the energy norm.  In addition, they do no promote any
unwanted dispersion at the interface. Figure 3 shows a test problem for a buried high 
explosive in a porous geo-material in ALE3D with a Lagrangian plate embedded in 
the mesh.  This embedded grid capability will eventually enable a direct coupling
between LLNL’s leading structural dynamics code ParaDyn [4] and ALE3D.

Figure 3:  An ALE representation of a TNT charge buried in a porous geo-material detonates and 
interacts with a Lagrangian representation of an aluminum plate

ALE3D BETA TESTING

In parallel to the code development efforts discussed previously, the team
developed a series of input files to test various aspects of the code capabilities.  We 
focused this “BETA” analysis on showing correspondence with the Army’s Burn to 
Violent Reaction (ABVR) test configuration [1] and comparisons of that test data with 



the ALE3D 2D axisymmetric hydrodynamic model shown in Figure 4.  Unless 
otherwise noted, all input files have been tested on LLNL’s High Performance 
Computing (HPC) with ALE3D v4.12 and verified with the same code version on 
three (3) different DoD HPC architectures.

Figure 4: BETA configuration including (a) the ABVR test set-up and (b) the ALE3D 2D 
axisymmetric model

In addition to the 2D representations, we evaluated potential uncertainties in the 
results using 3D models, both in a wedge configuration and a half symmetry 
configuration as shown in Figure 5.  The focus of this exercise is looking at the 
relative differences in solution when applying novel modeling methodologies. 

Figure 5: ALE3D BETA model configurations for (a) the 3D wedge model and (b) the 3D half-
symmetry model

BETA 1: Baseline NATO Projectile Into Propellant

Solutions to the baseline model were computed with four different mesh 
refinements and an inert propellant material to evaluate mesh sensitivity. Figure 6 is a 
plot of projectile tip speed versus time for each mesh refinement. The solutions show 
some scatter at impact (very early times) and at system exit (very late times), and all 
grid refinements show good convergence behavior for the full duration of flight 
between the propellant slabs.  The finest, 0.0375cm, resolution showed some 

(a) (b)

(a) (b)



oscillatory characteristics after the secondary impact which we attribute to the 
Lagrangian tracer advecting out of projectile region in the mixed cell and then being 
pulled back into that region, this can happened when there are mixed zones in very 
small elements. All subsequent BETA problems mentioned in this paper have been
calculated with the 0.075cm refinement. 

Figure 6: Mesh sensitivity study of Baseline ABVR problem mesh

BETA 2:  Baseline With Energetic Response Using PERMS

In this BETA model we are applying the ALE3D CHEMISTRY block to develop 
the PERMS model for energetic materials.  PERMS (Propellant Energy Response to 
Mechanical Stimuli) is a reactive flow-style model that is used to model the reaction 
of AP-Al-HTPB propellants [5].  In addition to the reactive aspect of the differences
between PERMS and the baseline, the PERMS model is expected to give slightly 
different results when compared to the baseline because the Johnson-Cook strength
model was used for the baseline test (BETA1) whereas the PERMS model uses a 
simpler, constant shear modulus and yield strength model  However, the difference in 
code-calculated velocity during the flight between propellant slabs because of this 
difference in strength models is only 4% (see Figure 7).

Figure 7: Fragment velocity time history comparing the Johnson-Cook strength response with the 
PERMS constant shear modulus and yield strength response 



To calibrate the model for compression ignition, we looked at the ABVR Test #13 
from the Series II tests in which a fragment was shot through an inert propellant and 
then into a reactive propellant.  The reactive target subsequently reacts.  Since these 
propellants have not been fully characterized for their compression ignition response, 
the pressure at which reaction begins has been calibrated based on the ABVR 
observed response. We ran the model with the reaction turned off to quantify the 
impact pressures on both propellant slabs.  From these calculations, the front 
propellant slab has an impact pressure of 72.4 kBar and the back slab sees and impact 
pressure of 71.9 kBar.  Using the JWL EOS typical for propellants, we find that 
corresponds to a critical compression of 0.21, which is used in the calculations shown 
in Figure 8 (next page).

Figure 8: ABVR response with both inert and reactive propellant.  The compression ignition criteria 
was calibrated on this data.

BETA 3:  Baseline With Void Seeding

In the next BETA test, we investigate the use of void seeding to enhance the debris 
cloud formation.  Both CALE93 and the ALE3D Higher-Order Youngs’ routines for 
interface tracking during advection were utilized.  We found the difference in debris 
cloud motion to be qualitatively indistinguishable between interface tracking routines.

We understand that void seeding in 2D is not physically representative, so the 3D 
ABVR models are utilized to compare the simulated and experimental debris cloud 
formation.  The comparisons (shown in Figure 9 and Figure 10) show qualitative 
agreement, providing confidence in the 2D computations.



Figure 9: ALE3D 2D axisymmetric simulation (top) and 3D half symmetry simulation (bottom) -
both with void seeding - show qualitative agreement in the debris cloud formation.

Figure 10: ALE3D 2D axisymmetric simulation and 3D wedge simulation - both with void seeding 
- shows qualitative agreement in the debris cloud formation.

@ 100 s

@ 150 s



We further looked at the fragment-tip velocity time histories for the both the 3D 
wedge and the 3D half-symmetry models (shown in Figure 11).  Void seeding and the 
use of void (instead of air material) show qualitative agreement.

Figure 11:  Fragment-tip velocity time histories for the both the 3D wedge (a) and the 3D half-
symmetry (b) models looking at the affects of void seeding and void/air background material

BETA 4:  Baseline In Pure SPH

This BETA test problem utilizes new capabilities available in ALE3D v4.14.  In 
this verification test we developed a full 3D Lagrangian-only (no air mesh) model and 
converted all the elements to SPH particles.  Because of geometric differences shown 
in Figure 12 (most notably the difference in the coordinate of the fragment tip), the 
ALE and Lagrange (SPH) model comparisons have an uncertainty of ~19% .

Figure 12: Uncertainty analysis/comparison of the ALE and Lagrangian models

(a) (b)

Volume  [cc] Mass [g]
Lagrange 2.3577670e+00 1.8469332e+01
Shaped-in 2.3666558e+00 1.8538961e+01

 = .38% 

Tip Coordinates

Lagrange <-0.25, 0, 0>
Shaped-in < -0.296571, 0.0, 0.0>

 = 18.6%

(a)

(b)



Despite a relatively large uncertainty in the ALE and Lagrangian models, the 
correspondence between the models  when comparing the debris cloud (shown in
Figure 13)   is ~7%.  This is a result of the different numerical methods that are 
applied in the SPH algorithms of ALE3D.  

This full 3D geometry simulation included almost 2.4M elements.  Run time on 
Livermore Computing was 91 hours on 160 processors to simulate 250 s of problem 
time.

Figure 13:  Comparison of ALE3D HYDRO debris cloud with the ALE3D SPH debris cloud
simulation at 150 s.
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