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Abstract

Recent advancements of continuum modelling are now allowing significant
improvements of urban wall structures impact simulation. Urban wall structural
details can now be included in impact modelling that were not previously
achievable. These modelling improvements incorporate the inclusion of resolved
reinforcement bars in concrete walls, brick and mortar construction details in
brick wall construction and resolved cavity and mortar configurations in brick
over block wall constructions. These modelling improvements are being
achieved not only due to increases in computer hardware speeds and memory,
but more so due to a variety of mesh reduction methodologies that have proven
to be improved modelling techniques. An adaptive mesh refinement (AMR)
technique has been implemented for use in the CTH high rate Eulerian finite
difference model. We have applied this AMR to successfully resolve complex
material geometries and dominating physical phenomena. In addition, relaxation
algorithms have been successfully applied for high rate continuum Arbitrary
Lagrangian-Eulerian (ALE) modelling. These relaxation algorithms are now
being used in the ALE-3D computer program to provide high resolution
simulation of urban wall impacts and penetrations. These new techniques are
now allowing the high rate continuum modelling of physical phenomena that
was not previously simulated.

Keywords: mesh reduction methodologies, high rate continuum modelling,
impact physics, high explosives.
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1 Introduction

High rate continuum modelling is used for the modelling of high rate events
including the high velocity impact of urban structures. These models typically
provide explicit second order integration in time and space of the conservation
equations. Due to the extreme deformations often observed, Eulerian and ALE
modelling are becoming commonly chosen methods over traditional Lagrangian
approaches. As the requirement for increased resolution of urban wall
constructions to accurately model munitions and wall structure responses
constantly push existing computational platforms to their limits, methods to
reduce computational time and memory requirements have proven to be
extremely beneficial. In particular, a variety of mesh reduction methodologies
have been successfully implemented and applied for use in the detailed
modelling of the high velocity impact of urban wall constructions. These new
mesh reduction techniques are proving successful in resolving high rate physical
phenomena not previously successfully modelled. In previous modelling efforts
of projectile impact against concrete walls, the steel reinforcement bars were not
successfully resolved, due to the large memory requirements to resolve these
relatively fine structures and the associated excessive run times. The steel
reinforcement bars are an important part of the physical process, as they provide
both significant strengthening for the wall and a higher density material within
the concrete wall that can significantly damage the projectile during the concrete
wall penetration process. Figure 1 presents previous modelling of concrete wall
impact by a hardened munition configuration. The inclusion of steel
reinforcement in the concrete wall could be an important aspect of the munition
and urban wall response, but was not included due to the fine resolution mesh
requirement that would have resulted in prohibitive memory and run times.

Figure 1:  Previous modelling of concrete wall impact by a hardened munition
configuration in which steel reinforcement bars were not included
due to prohibitive memory and run time requirements (0 and
400us).

2 Eulerian adaptive mesh refinement

Adaptive mesh refinement (AMR) has been investigated as a method for
improving computational resolution, reducing memory requirements and
increasing computational efficiency for high rate continuum modelling by a
number of researchers [1-3]. The implementation of such an adaptive mesh
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refinement capability has been recently completed by Sandia National
Laboratories in the multi-materials high rate continuum computer model, CTH
[4]. In order to achieve a practical implementation with good parallel
performance, a block-based approach has been implemented with refinement and
un-refinement occurring in an isotropic 2:1 manner. Crawford et al [5] showed
that practical speed-up from 3 to 10 times and at least 3 times memory
requirement reductions can be achieved on multiprocessor and massively parallel
platforms. When a refinement indicator reaches its threshold, then an adjacent is
signalled for refinement at least two cycles before the refinement is needed. This
procedure has proven improved parallel efficiency, particularly when coupled
with message passing consolidation and an efficient load balancing strategy.
Currently implemented refinement indicators include velocity, pressure,
temperature, materials and material boundaries as indicated by mixed cells.

We have applied this new capability to produce increased rectilinear mesh
refinement in localized areas of interest for the detailed modelling of the high
rate impact of urban structures. In particular, AMR has been used to
successfully resolve geometry and physical phenomena involved in masonry
wall impact modelling. Recent modelling efforts using AMR of concrete wall
impact are now including steel reinforcement bars, which are successfully
resolved. Figure 2 presents initial and late time plots of the projectile concrete
wall penetration process. Figure 3 presents the initial state material region plot if
the mesh refinement is not used. In this example, refinement indicators are used
in order to refine everywhere individual volume fractions are greater than 0
(anywhere those materials exist), except for concrete. Three levels of refinement
are used, with a minimum cell size of 1.6 mm. In this way, the projectile and
concrete reinforcement bars are highly refined, whereas the surrounding air
(modelled as void) and concrete are less refined.

We have also applied this new capability to produce increased rectilinear
mesh refinement in localized areas of interest for the detailed modelling of brick
over concrete block masonry and triple brick masonry constructions. The AMR
routines successfully resolve the detailed hollow cavity concrete block, brick and
mortar geometries, as well as the physical phenomena involved in masonry wall
impact. Figure 4 presents initial and late time plots of the projectile impact and
penetration process against a brick over block masonry wall. Figure 5 presents
initial and dynamic material plots of projectile impact against a triple brick
masonry wall. As before, refinement indicators are used in order to refine
individual volume fractions are greater than 0 (anywhere those materials exist),
except for the brick material and three levels of refinement are used, with a
minimum cell size of 1.6mm. In this way, the projectile, mortar and concrete
block are highly refined, whereas the surrounding air (modelled as void) is less
refined.

3 Arbitrary Lagrange-Eulerian mesh relaxation

In addition, a variety of mesh reduction relaxation algorithms have been
developed for high rate continuum Arbitrary Lagrangian-Eulerian (ALE)
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Figure 2: Initial and late time plots of the projectile concrete wall

penetration process showing mesh blocks (dimensions in cm).
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Figure 3: Initial state material region plot if the mesh refinement is not used.
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Figure 4: Initial and late time plots of the projectile brick over concrete
block wall penetration process showing mesh blocks (dimensions
in cm).
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Figure 5: Initial and dynamic impact material plots of the projectile triple
brick wall penetration process showing mesh blocks at 0, 0.6ms
and 2.5 ms.

3

Figure 6: Material plots of the initial and dynamic wall impact ALE-3D
simulation at 0, 0.6 ms and 3.8 ms.

modelling in the ALE-3D computer program [6—8]. These weighted relaxation
algorithms have been successfully used to provide high resolution simulation of
urban wall impact. For these simulations, material boundaries and materials are
given higher weights, resulting in increased mesh refinement for associated
localized regions. Typically, geometry will be initially input using a rectilinear
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mesh configuration. Before running, the weighted mesh relaxation algorithm is
iterated, without integrating forward in time. In this way, the mesh will refine
regions of interest before commencing the dynamic simulations. Figure 6
presents initial and late time material plots of urban wall projectile impact
modelling using ALE-3D. Figure 7 presents a close view mesh plot for the initial
mesh rectilinear and ALE relaxed configurations before the dynamic calculation
and the dynamic ALE mesh during the impact simulation. A weighted potential
algorithm [9] based on material fractions can be used in the ALE-3D program.
In this way, the higher weighted materials result in increased resolution mesh
areas. This can clearly been seen in the figures.

....................................

Figure 7: ALE-3D mesh plots: initial rectilinear mesh (left), initial relaxed
ALE mesh (centre) and late time ALE mesh (right).

4 Conclusions

Recent advancements of continuum modelling are now allowing significant
improvements of urban wall structures impact simulation. Urban wall structural
details can now be included in impact modelling that were not previously
achievable. These modelling improvements include the inclusion of resolved
reinforcement bars in concrete walls, brick and mortar construction details in
over block wall constructions. These modelling improvements are being
achieved not only due in increases in computer hardware speeds and memory,
but more so due to a variety of mesh reduction methodologies that are now being
applied. The adaptive mesh refinement (AMR) technique implemented for use
in the CTH high rate Eulerian finite difference model allows increased rectilinear
mesh refinement in localized areas of interest. We have applied this AMR to
successfully resolve complex material geometries and dominating physical
phenomena involved in urban wall impact modelling. In addition, relaxation
algorithms have been successfully applied for high rate continuum Arbitrary
Lagrangian-Eulerian (ALE) modelling using ALE-3D. Munitions impacts at a
variety of impact velocities and obliquities have now been successfully modelled
against double reinforced concrete walls, brick walls and brick over hollow
concrete blocks. These modelling techniques are now allowing the high rate
continuum modelling of physical phenomena that was not previously simulated.
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