
Unclassified Unlimited Release
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Tracy J. Vogler and D. Anthony Fredenburg

1 Introduction

The removal of porosity at high rates of strain causes unique phenomena to occur
during the dynamic loading of porous materials with respect to their solid counter-
parts. Most notably, the removal of porosity can generate very high temperatures that
can result in the onset of melting or other solid-solid phase transitions to occur at
impact conditions much lower than those required for initially solid materials [1, 2].
Under these strong impact conditions, the material response is largely controlled by
the equation of state, details of which are discussed in the chapter by Sjstrom. At
more modest impact conditions where stresses in the porous material are of similar
order as the strength of the underlying solid, the processes involved in the removal
of porosity become critical, and both intrinsic and extrinsic properties of the starting
material can have an effect on the dynamic response.

The mechanisms involved with the removal of porosity depend on the mate-
rial, stress level, and strain rate. Nesterenko [3] divided the loading experienced
by porous materials into quasistatic and dynamic regimes. In the quasistatic regime
changes in the underlying structure of the material are relatively small for metals,
while for higher strength brittle materials the structure may undergo significant frac-
ture and fragmentation. Further, under quasistatic conditions the time scales of load-
ing are long enough that particle rearrangement can occur, resulting in the filling of
voids with relatively little deformation of the particles. In the dynamic regime, the
time scale of loading is much shorter such that both low and high strength materials
undergo "substantial morphologicar changes from their initial state. Because par-
ticle rearrangement does not occur, the removal of porosity must be accommodated
solely by deformation and/or fracture of the underlying material. Under these condi-

Tracy J. Vogler
Sandia National Laboratories, Livermore, California, USA, e-mail: tjvogle@sandia.gov

D. Anthony Fredenburg
Los Alamos National Laboratory, Los Alamos, New Mexico, USA e-mail: dafreden@lanl.gov

1

SAND2019-2758B

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525.



2 Tracy J. Vogler and D. Anthony Fredenburg

tions features such as material jets, vortices, and localized melting will occur; these
are the characteristic features of porous materials shocked in the dynamic regime. A
common feature of shock loaded porous materials is nonuniformity of the material.
At pressures where porosity persists, contact points between grains can experience
much higher stresses than the bulk, while at higher pressures jetting and related
phenomena can cause small regions of much hotter material.

Developing an improved understanding and ability to model the dynamic re-
sponse of porous materials shocked to moderate stresses (of order of the strength
of the underlying material) is critical to many applications. For example, explosive
and impact loading is a means by which initially porous materials can be consoli-
dated to nearly fully dense bodies while preserving specific features of the original
microstructure not possible by more conventional high-temperature, high-pressure
sintering methods [4]. For mixtures of materials specifically designed to undergo
exothermic reactions under shock loading (e.g. explosives, thermites), the extent to
which energy is consumed and distributed amongst the component materials during
compaction is key to determining the onset of the reaction threshold (see chapter
by Peieris and Bolden-Frazier). Further, even under the extreme impact conditions
imparted by very high energy inputs such as shaped charges, buried explosives, and
hypervelocity planetary impacts (see chapter by Collins et al.), the evolution of wave
propagation over finite distances dictates that regions exist some distance away from
the primary impact zone that will experience moderate dynamic stresses and, thus,
must be characterized if a full system modeling approach is required.

However, the measurement and interpretation of experimental results and the
subsequent calibration and validation of models at moderate dynamic stresses
presents a unique set of challenges. Specifically, at these stresses the measured ex-
perimental response includes contributions from the removal of porosity, the defor-
mation and/or fracture of the constituent material, as well as the equation of state. In
addition, heterogeneity in the underlying material brings the standard assumptions
of equilibrium behind the shock front into question. It is with these and other chal-
lenges in mind that the present chapter is framed. Presented first is an overview of
the experimental techniques, diagnostics, and resultant uncertainties that are typical
when studying the dynamic material response at moderate stresses. Next, the prin-
ciple approaches for modeling the behavior of porous materials at the continuum
and mesoscale levels are given. Having covered the fundamentals of experimental
and modeling techniques, the chapter continues with a discussion of several aspects
of the dynamic response of porous materials that are observed specifically in the
moderate stress regime. To conclude, the authors provide their thoughts regarding
several topics that remain outstanding, such that progress in these areas could sig-
nificantly advance the state of the art in our understanding and ability to interpret
and model the response of initially porous materials under moderate shock loading.
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2 Experimental Techniques Applied to Compaction

A number of different dynamic loading platforms and diagnostic configurations
have been utilized over the years to measure the response of porous materials at
moderate stresses. While laser and pulsed power platforms have been added to
more traditional gas guns and explosive drives, the diagnostics used to measure the
shock consolidation response have also evolved. This section focuses on modern ex-
perimental techniques for obtaining the shock Hugoniot of porous materials in the
compaction regime. First, details of the canonical experiment used to measure the
shock Hugoniot response is given. Next, details relevant to preparing and accurately
characterizing competent, loose, and pressed porous bodies are presented. This is
followed by a discussion of the instrumentation used to measure characteristics of
the shock state. Uncertainties associated with the experimental and diagnostic tech-
niques are presented next. Finally, this section concludes with a brief look at alter-
nate experimental techniques that can be used to characterize the dynamic response
of porous materials under more complex loading conditions.

2.1 The Canonical Experiment

Although specific details vary, most planar shock experiments on porous materials
take the form of the canonical experiment sketched in Fig. 1. Input is provided by a
flyer plate launched by a gas gun or by other means such as an explosive or magnetic
drive. The flyer impacts the target at a known velocity, driving a shock wave directly
into the sample material or first into a driver layer, as shown in Fig. 1. In most in-
stances the flyer plate and driver plate (if used) are composed of a known material
whose shock response is well characterized. The experiment is further diagnosed
with time of arrival measurements (gauges, pins, velocity interferometry, etc.) on
the planes corresponding to the impact and rear surfaces of the sample to measure
the transit time of the shock through the material. In addition, a backing window is
often used on both competent and loose samples to facilitate velocity interferom-
etry and to help contain the material during the experiment. For highly competent
porous samples a reverse ballistic impact configuration may be used, where the tar-
get material is mounted into the projectile and impacted into a stationary window
or witness material. Given the relatively high accelerations imparted to projectiles
during launch, care must be taken in reverse ballistic configurations to ensure that
projectile launch does not crush or otherwise modify the initial state of the sample
material.

Target designs for loose or pressed granular samples must incorporate a cell or
other containment vessel to ensure the sample dimensions can be measured and
maintained from target loading to execution of the experiment. An example of a
containment geometry designed specifically for loose, or tap density granular sam-
ples is illustrated in Fig. lb, where the granular material is loaded into the two-step
target through single or multiple fill-holes. Studies involving both two- [5] and five-
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step [6] targets have been performed. In the design shown in Fig. lb, the cell serves
as both a containment vessel as well as a transparent window for velocity interfer-
ometry. Alternate designs consisting of samples at a single thickness (one-step) are
also used and are well-suited for granular samples that require some amount of pre-
compression. In these instances the containment vessel, or cell, can be integral to,
or separate from the window material. Both the single and multi-step target con-
figurations each come with their own set of advantages and limitations, such that a
combination of these two designs is likely required to fully characterize the range
of initial conditions achievable for a given material. In either design, the primary in
situ measurement is time of arrival at the impact and rear surfaces, similar to the
measurements performed for competent target materials.

2.2 Samples

Similar to high-precision dynamic studies on solid bodies, initial characterization
and sample preparation is critical for obtaining the highest fidelity measurements on
porous materials. To this end, the most important characteristics to be considered are
accurate metrology, homogeneity within a given sample, and consistency between
samples for multiple measurements along the Hugoniot. For competent porous bod-
ies where target samples can be fabricated specifically, or removed from a larger
body, such as foams, additively-manufactured trusses, and other porous solids, rela-
tively straight-forward machining methods can be used to obtain the desired sample
size and shape. Furthermore, the ability to move, rotate, and inspect all surfaces of a
competent body facilitates full metrological characterization. For the canonical ex-
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Fig. 1 Schematic of the canonical experiment for (a) competent porous solids and (b) loose or tap
density powder samples.
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periment discussed in Sec. 2.1, accurate characterization of the sample dimension in
the direction of shock propagation is the most important, where tolerances similar
to solids can be achieved for competent porous bodies.

Loose or pressed granular materials present additional challenges in initial sam-
ple preparation and characterization. For a shock experiment, the powder is typically
contained in a cell made of plastic or metal, such as PMMA or aluminum. Metrol-
ogy is first performed on the cell components, such that the empty cavity volume
is accurately characterized prior to powder filling. Filling the fixed volume with a
known mass of powder can be done by simply pouring in the powdered material, or
by using a combination of pouring and agitation/tapping for a more uniform sam-
ple. Such an approach is generally acceptable for particles that are 1 Os to 100s of
microns in size and have relatively simple geometries. As particle sizes are reduced
to less than 1 micron, electrostatic forces between the particles can cause cluster-
ing and agglomeration between particles, leading to a decrease in the flowability
and sample uniformity. Spherical particles tend to have improved flowability during
agitation/tapping, but block-like particles have also been found to work well [5-
8]. Packing fractions for tapped samples are typically in the range of 20-50%, but
higher values can be achieved using specific particle size distributions, e.g. bi-modal
or tri-modal [9]. Unfortunately, while there are a number of techniques for testing
the flowability of powders for industrial scales, there is not an equivalent approach
for quantitatively characterizing similar processes for the small amounts of powder
typically associated with shock experiments.
An alternate approach to pouring and tapping is to press the powder to a higher

density, allowing for a much broader range of achievable densities. Depending upon
the powder morphology and strength, initial densities from just above the pour den-
sity to those approaching the crystalline density can be achieved. The upper limit
on densities achieved by this method is typically governed by the size of the avail-
able press or the need to avoid deforming the cell hardware in which the powder is
pressed. In some target designs, it may be necessary to press into a cell containing
a transparent window for velocity interferometry (discussed in the next section). In
these instances only high strength window materials, such as single crystal sapphire
or quartz, can be used during pressing. Other common window materials, such as
lithium fluoride (LiF) and PMMA, cannot be subjected to the high stresses during
pressing as LiF is prone to fracture under loading and PMMA will deform plasti-
cally. If these latter two window are to be used in a target configuration requiring
pressing, they must be inserted into the target after pressing is complete. Following
completion of the pressing process, an accurate determination of the sample vol-
ume must be undertaken. If the compact density is high enough, metrology can be
performed directly on the pressed surface and target [10]. However, for lower ini-
tial density samples or for relatively ductile materials it may be necessary to use a
buffer material of known thickness between the powder surface and the tip of the
metrology probe to ensure that the probe itself does not modify the target surface.

Sample homogeneity is also important for accurate determination of the porous
compaction Hugoniot. If heterogeneities in the target sample are measured using
computed tomography or other through-sample imaging techniques, they must be
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accounted for in any analysis of the experiment, or mitigated against by ensuring
experimental diagnostics are located away from the heterogeneities. Further con-
sideration must also be given to the spatial dimensions of the underlying pore or
solid component with respect to those of the target and diagnostic, such that the
target geometry should be large with respect to underlying sample features, and the
features should be small in comparison with any diagnostic probe. Regarding tar-
get size, mesoscale simulations investigating the propagation of shock waves for
different particle configurations have shown evolution in wave propagation charac-
teristics near the impact face as well as non-uniformity in the shock front of order
several particles thick [11, 12]. As such, sample sizes should be maximized in the
direction of shock propagation to minimize the effects of heterogeneities in the un-
derlying features and for steady shock waves to develop. Furthermore, particle-level
simulations on dry sand have shown that significant deviations from the measured
bulk wave profile can exist if the spot size of the diagnostic probe is comparable to,
or smaller than the underlying features of the porous material. [13] This effect is
shown in Fig. 2, where simulated diagnostic probes in the form of tracer particles
shown by the light gray lines measure a wide variety of propagated wave profiles,
while the tracer average response possesses a shape characteristic of the bulk exper-
imental measurement, but significantly offset in time. If sample or diagnostic probe
sizes are such that the underlying microstructural features are expected to influence
the experimental measurements, direct numerical simulation approaches should be
used to better interpret any measured result.
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Fig. 2 Propagated material velocity profile measured using VISAR at the window interface for a
sand sample impacted at 0.413 mmats, compared against simulated wave profiles from 100 tracer
particles. The "best tracer" is the one that provides the best agreement with the experimental data.
Image adapted from [13].

At a spatial scale larger than that of an individual grain or pore, homogeneity of
the sample density within and across the target is also an important consideration.
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Sample preparation techniques discussed above can only provide measurements of
the bulk geometric density, and depending on the characteristics of the porous ma-
terial or loading process, significant heterogeneities in local densities can exist. For
example, agitation of a loose granular material with a bi-modal particle size distri-
bution can lead to the well-known Brazil nut effect, in which larger particles accu-
mulate at the top and smaller particles accumulate at the bottom, leaving an inhomo-
geneous void distribution across the sample thickness [14]. This can be especially
pronounced for a mixture of two distinct particle species of differing densities. More
complicated non-uniformities can also arise in loose and pressed samples such as
faults, voids, and tunnels. In instances where limited diagnostic probes are used to
measure the shock velocity through a porous sample, the presence of these features
can cause difficulty in interpreting the measurements as local density heterogeneities
near the diagnostic probe may result in transit times not representative of the bulk.
In an effort to characterize features of the initial microstructure and understand how
their presence affects shock wave propagation, scientists have begun using radiogra-
phy and computed tomography to image the initial sample heterogeneities and link
those heterogeneities to features of the measured wave profiles. However, this is not
yet a routine aspect of experiments, in part because the cell containing the powder
can sometimes negatively interfere with the x-ray penetration.

Aspect ratios of the porous targets are also important, and while these consider-
ations are not unique to porous samples, the relatively low wave speeds often found
in porous samples requires that particular care must be taken when designing exper-
iments. For experiments where the porous material is surrounded by a cell, window,
or baseplate of higher impedance, the sample diameter to thickness ratio must be
sufficiently large that edge waves from the surrounding cell or Raleigh waves at
the rear powder/window interface do not pollute the shock diagnostic prior to the
primary measurement. As a rule of thumb, a diameter to thickness ratio of 10:1 is
desirable; however, even this may not be sufficient for highly distended samples. If
some information is known about the shock response of the material a priori, com-
putational simulations can be used better understand the limiting aspect ratio for a
particular experimental configuration.

The final sample consideration is atmosphere. To the authors knowledge, there
have been no detailed studies on the role of atmosphere in the low-pressure shock
response of porous materials. Elliot and Staudhammer [15] examined the role of
atmosphere on consolidation of stainless steel powders and found that increasing
atmosphere from one or 100 atmospheres (1 atm is approximately 1 x105 Pa), con-
solidation of the part was inhibited somewhat. Indeed, in shock consolidation one
typically evacuates the sample, but there is no general consensus on the evacuation
of the target material in an experiment intended to measure material response. For
a material with open porosity, the sample can be evacuated simultaneously with the
target chamber by means of a vent or other opening. For closed porosity samples,
or those whose pores are filled with a specific gas or liquid, the sample must be
robustly sealed to avoid spurious interactions from the surrounding evacuated target
chamber.
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2.3 Instrumentation

Investigations focusing on the shock compaction region for initially porous materi-
als typically occur at impact velocities up to 1 - 2 km/s and stresses less than several
1 Os of GPa. As such, some of the instrumentation required to diagnose these exper-
iments have unique considerations with respect to similar experiments conducted at
higher impact velocities and stresses. In the canonical experiment (see Fig. 1), im-
pact velocities less then —1 km/s can be measured quite accurately using a series of
shorting pins or laser interrupts. As impact velocity is increased, uncertainties asso-
ciated with these methods increase, such that optical velocimetry measurements of
the accelerated projectile offers more accurate measurements of the impact velocity.

Characterization of the impactor tilt in porous experiments is typically obtained
using shorting pins to measure the angle of the impacting projectile directly or opti-
cal velocimetry to measure the difference in jump-off times at the rear surface of the
drive plate, as shown in Fig. 1(a). Assuming planarity of the impactor, which can
usually be readily obtained by the use of relatively thick impactors at the modest
velocities associated with compaction, measurements of the impactor tilt allow for
arrival times of the shock entering the target to be determined at the spatial locations
corresponding to the propagated velocimetry probes, a key component for obtain-
ing accurate shock velocities. For a more in-depth discussion of methods used to
characterize impact velocity, tilt, and bow for porous materials, see Fredenburg et al
[10] .

Following impact, the Hugoniot state in a one dimensional loading experiment is
most commonly determined by measuring the shock velocity, Us, and longitudinal
stress, 6 . Combined with an inferred material velocity, up, from impedance match-
ing [16] and a measured initial porous density, Poo, the conservation of momentum
across a shock discontinuity, a = pooUsup (for a material initially at rest), allows one
to solve for the remaining unknown. The full thermodynamic state of the material
is further determined by applying the conservation equations for mass and energy.
Therefore, accuracy for a calculated Hugoniot state depends largely on how well one
can characterize the initial density, material velocity and shock velocity or stress for
a given experiment. Modern investigations for determining the shock velocity and
stress in porous bodies largely employ optical velocimetry and gauge techniques,
respectively. Of the gauge techniques, manganin [17] and polyvinylidene fluoride
[18] gauges are the most prevalent, while the VISAR [19] and heterodyne / photon
doppler velocimetry (PDV) [20] methods are the most common velocimetry tech-
niques.
A schematic illustrating the gauge and velocimetry techniques, along with rep-

resentative time-resolved outputs for each are given in Fig. 3. One can see that the
two techniques differ in the spatial location of their probes. In gauged experiments
the primary diagnostic is the impact gauge, which must further be contained within
a protective layer, or buffer, typically of similar shock impedance to the gauge itself.
The protective layer shields the gauge from the high temperatures associated with
void collapse and the heterogeneous nature of the compaction shock (see Eakins
and Thadhani [21]) that may otherwise cause degradation or failure of the gauge.
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The impact gauge package configuration permits direct measurements of the shock
stress in the gauge prior to impacting the sample, CYgi, as well as the stress in the sam-
ple as it is reflected back into the impact gauge, asp/. Placement of a second gauge
behind the sample further allows for a direct measurement of the stress associated
with the second shock or release, c„. Shock transit times through the porous target,
Ats, can also be measured using the combined impact/rear gauge package method;
however, calculation of shock velocities using this technique must take into account
the thickness of the gauge package and protective layers. With gauge package and
buffer thicknesses on the order of several millimeters, shock velocities in agreement
with impedance matched values have been demonstrated for silica powders of vary-
ing initial density after accounting for the gauge package thickness [22], while for
much thinner gauge packages agreement has been demonstrated without correction
for a system of nano-sized iron powders by [23].
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Fig. 3 Schematic illustrating the (gray) experimental configurations for (a) gauge and (b) opti-
cal velocimetry diagnosed experiments. Representative wave profiles taken at the spatial position
indicated with • are overlain to provide perspective on differences in timing between the two tech-
niques. In this configuration impact occurs from left to right.

In contrast to gauged experiments, those diagnosed using optical velocimetry
directly measure the shock transit time through the sample. Depending on the ge-
ometry of the target, velocimetry measurements at the impact plane can provide
full characterization of the input shockwave profile, measurements of shock arrival
time only, or some combination of the two. For example, if the containment shown
in Fig. 3 is composed of an optically transparent material, the velocity history at
the impactor/containment interface can provide a direct measurement of the input
shockwave profile. However, in target configurations where the containment (see
Fig. 3) is not optically transparent, velocimetry at the impact plane is typically a
free surface velocity measurement of the impactor, which may or may not contain
information other than shock jump-off times. Evaluating the velocity history en-
tering the porous material is important at the low-to-moderate stresses relevant to
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compaction because many of the standards used to construct the experimental target
fixtures exhibit non-steady wave characteristics in this regime. For example, pow-
der targets pressed in situ require an impactor with moderate strength to support the
loads applied during the pressing operation. Thus, impactors in this configuration
may be composed of metals such as aluminum or copper which can exhibit two
wave structures under shock loading due to elastic-plastic transitions [24], or iron
containing steels which can exhibit similar wave structures due to phase transfor-
mations [25]. Therefore, care must be taken in the experimental design to ensure
that a planar steady wave is imparted into the target material when applying the
Rankine-Hugoniot jump conditions.

Velocimetry measured at the rear, or propagated, surface of the target sample
provides a measure of the shock transit time as well as insight into the physical
mechanisms of compaction. For example, the amount of temporal dispersion in a
propagated velocity history can be linked with the dissipative nature of the material
being shocked, as shown in Fig. 4(a). In this comparison sand and Ce02 powders
at similar initial percentages of their theoretical maximum densities (% TMD) are
shock loaded and produce very different propagated wave profiles. For sand, the
shock rise time spans several hundred nanoseconds with significant curvature at
both low and high material velocities, while that for Ce02 exhibits a sharp rise over
several nanoseconds followed by curvature as the velocity approaches its maximum.
For the two experiments in Fig. 4(a), differences in the theoretical density, particle
size, and Hugoniot stress (Sand/Ce02; Po = 2.6/7.2 g/cm3, (1, = 200/7 gm, ail =
0.8/1.8 GPa) make it difficult to link specific features of the initial and shocked states
to the dispersion measured in the wave profiles. However, regardless of its origin,
this dispersion must be accounted for when performing an analysis of the Hugoniot
state and its corresponding uncertainties. See Section 4.2 for further discussion of
the rise time for shocks in porous materials.

When using velocimetry to measure propagated wave profiles, some researchers
[5, 6, 26] have used buffers between the measurement plane and the granular sam-
ple. This is done to protect the reflective surface, particularly important for VISAR
measurements, and to "average our the velocities so that a single velocity history
is obtained. An extreme case of this is that of Winter and McShane (this volume),
who used a 6 mm stainless steel witness plate as a buffer to obtain PDV measure-
ments of additively manufactured truss structures with pores of order millimeters in
size. In a study on Ce02 powders, Fredenburg et al [10] measured propagated wave
profiles after traveling through an 8 um Al foil in contact with the powder using
PDV and after traveling through the foil and a 0.5 mm PMMA buffer using VISAR.
Their results are shown in Fig. 4(b), where both profiles are observed to display
similar characteristics in the initial rise and late time velocity plateau regions. How-
ever, in the transition region into the shock plateau, the two methods give different
responses, with PDV at the powder/foil interface exhibiting an oscillatory behav-
ior characteristic of its ability to measure multiple velocity fields, and VISAR at
the buffer/window interface exhibiting a smooth transition characteristic of PMMA
[27].
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Fig. 4 (a) VISAR transmitted wave profiles for poo = 59% TMD sand and poo = 55% TMD Ce02
shocked to p = 92% and 79% TMD, respectively, illustrating the variation in shock rise times. (b)
Transmitted wave profiles measured from a PDV line-out at the powder rear surface and a VISAR
at the buffer/window interface on Ce02 powder; traces are shifted in time for comparison. Data for
sand from Brown et al [5] and from Fredenburg et al [26] for Ce02.

With sample heterogeneity (material + void) underlying all experiments on
porous materials, experimental efforts in recent years have been undertaken to bet-
ter understand this heterogeneity using spatially-resolved velocimetry as well as ad-
vanced x-ray sources. Trott et al [8] used line-VISAR to study the spatially-resolved
shock response of pressed sugar, examining heterogeneities in transmitted wave pro-
files with respect to impact velocity, sample thickness, and particle size distribution.
Using similar methods, Baer and Trott [28] investigated the response of ordered
stackings of tin spheres. In more recent investigations, synchrotron x-ray sources are
being used to probe the heterogeneous nature of shock propagation in porous mate-
rials in situ (see Jensen et al. chapter). Experimental techniques such as these, when
coupled with complimentary mesoscale modeling techniques, offer great promise
toward increasing our physical understanding of the particle-level mechanisms ac-
tive during compaction and further interpretation of the bulk measurements that have
been common practice for the past several decades.

2.4 Uncertainty and Error Analysis

In the previous section, much of the discussion of instrumentation was focused on
velocimetry techniques for measuring the transit time of a shock through a known
initial thickness sample. While knowledge of the shock transit time is useful, the
true value of a shock compaction measurement is in being able to determine how



12 Tracy J. Vogler and D. Anthony Fredenburg

the material responds in the stress-density plane, i.e. how much porosity is removed
and densification of the bulk occurs for a given applied stress. Further, a good mea-
surement also strives to have low uncertainties in the calculated quantities of stress
and density (p = 1/V), such that this information may be used to accurately cali-
brate and/or validate a continuum compaction model (see the next section for more
discussion of compaction models).
A transit time measurement can be converted to a point on the stress-density

plane using the conservation equations, and it is in these relations where uncertain-
ties are captured. For stress:

6 = POUsUp (1)

such that uncertainties in the initial density, shock velocity and material velocity
contribute proportionally to the total uncertainty in stress. Therefore, a skilled ex-
perimentalist will work to design a target fixture and diagnostic suite that reduces
the individual uncertainties in po, Us, and up to keep the uncertainty in stress low.
However, the relationship for density:

Us
P = po,us— Up

(2)

introduces larger uncertainties in the calculated values of density. This is due to the
fact that values for the shock and material velocities can be quite similar in the low
stress compaction regime. While a requisite for the development of a shock wave is
that Us > Up, if Us is only slightly larger than Up then the denominator of Eq. (2)
is small, such that even small uncertainties in either the shock or material velocities
can result in relatively substantial uncertainties in stress. This is a feature unique to
initially porous materials, and imposes real limitations in accurately characterizing
the shock compressed density.

While the conservation relations serve as the underlying basis for all uncertainty
analyses, several specific methods have been applied to porous materials and are
discussed further here. A key work on the analysis of uncertainties for shock ex-
periments performed on solid materials is that of Mitchell and Nellis [29]. They
considered both random uncorrelated uncertainties and systematic uncertainties to
estimate the total uncertainties in both the measured and calculated Hugoniot state
values. This approach was applied to porous granular materials by Fredenburg et al
[10], who noted that the assumption of sample homogeneity in the initial density
state is likely not as strictly enforced for porous materials as it is for solids. As
such, the authors acknowledge the presence of inhomogeneities in granular samples
and suggest tomography as a potential means to characterize sample heterogeneities
prior to an experiment. However, in the absence of tomography they advocate that
multiple measurements of the shock velocity for a given experiment may be able to
account for some of the sample heterogeneities in the analysis of experiments.

Recently, Root et al [30] utilized a forward Monte Carlo approach for calculat-
ing uncertainties in the high-pressure shocked states of hydrocarbon foams when
impedance matching with a known standard is utilized. In this work, the authors too
note the presence of sample heterogeneities, but in this case are focused on local
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heterogeneities at the scale of the grain/pore. For the foams investigated, which had
pore sizes of order 1 gm, they argue that if the transit time of the shock across a
pore is less than the temporal resolution of the diagnostic (in this case VISAR), then
the shock can be treated as an equilibrium state and the Rankine-Hugoniot jump
conditions can be applied. While the Monte Carlo approach has not yet been uti-
lized in published reports on the low-pressure shock response of porous materials,
the authors are currently working to extend this approach to that regime.

While both analysis methods are useful in ascribing uncertainties to a single ex-
perimental data point, an alternate approach to capturing the uncertainty in the com-
paction response for a given initial density state is to perform a statistical number of
experiments at the same initial conditions of density and impact velocity and eval-
uate the scatter observed between the points. While the authors know of no studies
that have performed of order ten or more repetitions of a single experiment, more
limited studies have found that the spread between the Hugoniot states of multiple
experiments performed under nominally identical conditions is similar to the un-
certainty bounds assigned to any given data point. An example of this behavior is
shown in Fig. 5, which shows the spread in the calculated Hugoniot volumes for
experiments on sand and copper under nominally similar impact conditions. Inspec-
tion of these data sets reinforce the observation that underlying heterogeneities at
one or more length scales in porous materials are the principal driver for uncertain-
ties in the Hugoniot state. For a more in-depth study of the role heterogeneities may
play in the shock compression response of initially porous materials, one may also
look at alternate loading techniques.
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2.5 Non-Planar Loading and Alternate Experimental Platforms

The canonical experiment discussed in Section 2.1 is used to measure the response
of porous materials under the idealized conditions of one dimensional planar shock
loading. As such, application of the conservation equations to these types of ex-
periments yield only the components of stress and strain in the direction of shock
propagation. Given the complex nature of shock waves in real-world applications
(see chapters by Collins et al., Omidvar et al., and Peiris and Bolden-Frazier), the
shock compaction response under multi-dimensional loading must be understood
and characterized for the development of accurate models. Over the years, several
different approaches have been developed for this purpose, though none have been
used extensively.
Of specific interest to the relatively low stress regimes associated with com-

paction is the ability to measure the deviatoric (shearing) stress response, which
allows for characterization of the strength (deviatoric) response under dynamic load-
ing. Tang and Aidun [32] have reviewed the experimental and theoretical aspects of
the combined pressure and shear technique, where measurement of the longitudinal
and transverse waves are used to study the constitutive properties of solids. These
methods have been applied by Sairam and Clifton [33] to granular A1203, by Vogler
et al [34] to sand and granular WC, and by LaJeunesse [35] to sand. The experiments
consisted of a thin layer of the granular sample sandwiched between two plates that
are intended to remain elastic. Impact is planar but at an angle 0 (typically 20-30
degrees) to the direction of projectile motion, which generates both longitudinal and
shear waves in the target. The amplitude of the shear transmitted through the sample
is taken as a measure of its strength. These studies have shown that the strength of
the porous material increases approximately linearly with applied pressure, at least
over the range studied. The approach is limited to thin samples, which can be diffi-
cult to prepare or non-representative for granular materials. Also, the approach has
only been applied to granular materials up to about 3 GPa because of the desire to
remain in the elastic regime of the confining plates.

Recently, an approach to examine the evolution of non-planar features in a prop-
agating shock wave [36] has been utilized in an attempt to probe the strength of a
shocked porous material [37]. In continuum and mesoscale simulations, increased
material strength is found to delay the decay of the perturbation. Thus, it should
be possible to fit a strength model for the material of interest to perturbation decay
data for varying conditions (impact velocity/pressure, volume fraction, etc.). Only
limited results with this technique have been reported to date, but additional work
on the technique is ongoing.

While all of the experimental approaches discussed above have been planar or
quasi-planar, cylindrical geometries have been used extensively as a consolidation
technique [38-41] and to study materials science issues [42, 43]. However, to the
author's knowledge there has only been a single reported use of the cylindrical con-
figuration as a means to study the low pressure dynamic response of a porous mate-
rial [44]. They utilized current pulses through conductive coils to radially compress
a copper tube filled with sand. PDV diagnostics on the exterior provided quantitative
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(but incomplete) information on the response of the sand. Additional development
of this approach is needed before it will be suitable for characterizing porous mate-
rial response.

3 Computational Techniques Applied to Compaction

The computational approaches applied to simulating dynamic consolidation pro-
cesses can typically be divided into two classes. The first of which models the porous
material as a continuum, which requires homogenization of the solid and void com-
ponents into a single simulated material. The second of which captures the material
at the mesoscale, which includes discreet modeling of both the solid and void com-
ponents. Both of these approaches offer unique and complimentary capabilities, and
are discussed below.

3./ Continuum Modeling

Using the experimental methods described above, researchers have measured the
shock compaction response for a wide variety of materials ranging from relatively
soft and ductile metals to hard and brittle ceramics. These data can be further uti-
lized to calibrate or validate continuum-level compaction models used in simula-
tions. Over the years, several different modeling approaches have been developed to
capture the continuum-level shock response associated with the removal of poros-
ity. In the first class of models the shock stress is assumed hydrostatic, such that
the stress tensor is assumed to be spherical and only the pressure P is considered.
In the second, the full stress tensor is considered. An example of the later approach
is given in the chapter by Banerjee and Brannon of this book, so only the former
approach is covered here.

Hydrostatic compaction models are used widely across the shock physics com-
munity due to their relative ease of implementation. Of these models, the most
prevalent is the P-a model, originated by Herrmann [45] and expanded upon by
Carroll and Holt [46]. In this framework alpha is a measure of the distention, and
is defined by a (P) = V (P) /Vs (P), where V (P) is the specific volume of the porous
material at pressure P and Vs (P) is the specific volume of the fully solidified mate-
rial at the same pressure P. In this analysis, shock energies for the solid and porous
materials are assumed equivalent at a given pressure and temperature. Therefore, a
captures the extent to which the volume of the porous material differs from that of
the solid at a given pressure and energy. When a —> 1, the porous response coincides
with that of the initially porous, but now fully solidified material.

Depending on the type of material and range of initial porosity being captured,
the specific formulation for a(P) can take many forms. In much of the early work
on metals, see for example Herrmann [45], Butcher and Karnes [47], and Boade
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[31], a (P) was separated into elastic and plastic components, where the extent of
the elastic region was found to decrease with increasing initial porosity. Due to the
relatively small change in volume associated with the low-pressure elastic region,
in some instances a (P) in this region can be sufficiently captured by treating it
as a constant, equal to its initial value at zero pressure ao [48]. In the region of
plastic deformation, large volume changes occur due to the removal of porosity, and
a discreet functional form must be applied for a (P) . A polynomial in terms of P
was first suggested by Herrmann [45]:

a (P) = ao + alP + a2P2 + a3P3 (3)

and was found to adequately capture the compaction response of 17-90% initial
density porous iron. For other materials, application of Eq. (3) has been unable to
sufficiently capture experimental data, see for example Borg et al [22] and Freden-
burg and Thadhani [49], so alternate representations for a (P) have been developed.
Other functionals for a(P) such as the exponential [50]:

a (P) = 1 + (aE — 1)e—a(P
—PE)

and power-law [5 ]:

(4)

ps ) 1/n

a(P) = (5)

forms have been proposed to provide alternate relations for empirically fitting ex-
perimental compaction data. In Eqns. (4) and (5) the subscript E corresponds to
values of a and P at the transition from the elastic to plastic region and et, Ps, and n
are empirically-derived fitting parameters.

In compliment to the P-a model, the P-X model has also been developed to cap-
ture the evolution of porosity under dynamic loading [51, 52]. In this formulation,
A is the progress variable for porosity evolution and takes the form:

= 1 — , (6)

where Yl and n are empirical fitting parameters with the former having units of
pressure. In this model, the specific volume of the initially porous material is defined
as a mixture of the material in its equilibrium equation of state response and in a
non-equilibrium elastic response, evolved through (P). This formulation has been
used successfully to capture the low-pressure compaction response in a wide range
of both homogeneous and heterogeneous materials [5, 49, 53]. An example from
Fredenburg and Thadhani [49] showing the variation in P-a and P-A, model fits
with compaction data from a powder mixture of Ti + Si is shown in Fig. 6. Here, the
three model forms that fit the data well have empirically derived fitting parameters,
while the fourth fit, which shows the largest disagreement with the data, does not
include any free fitting parameters. Rather, this fit relies entirely on the static yield
strength of the mixture to predict the compaction response.
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In more recent years, Collins et al [54] extended the E — a [55] model to include
data for highly porous initial states. In this model a is again the progress variable
for compaction; however, here distention is evolved using knowledge of the volume
strain, a(E) rather than the pressure as it is for the P-a model. By advancing dis-
tention using volume strain, the E — a model allows for increased computational
efficiencies in certain hydrocode implementations that would otherwise require si-
multaneous solution of both the pressure and distention through iterative means.
Similar to the models above, the removal of porosity is separated into elastic and
plastic regions, and a —> 1 when all porosity is removed. While general in its form,
application of this model has been largely focused on simulating high-velocity im-
pacts of planetary bodies, see for example Bland et al [56] and Davison et al [57].

Each of the three models discussed above are applied similarly in that they re-
quire an existing data set to determine optimal values for their empirically-derived
fitting parameters. Further, all have limited utility in predicting the compaction re-
sponse for a material and/or initial condition outside of the range for which the
model was calibrated. As such, development of a predictive capability for com-
paction modeling continues to be an active area of research.
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3.2 Mesoscale Modeling

Modeling the shock loading of porous materials at the mesoscale, is typically under-
taken to provide insight into the phenomenology of material behavior at the grain
scale. Porous materials are well-suited to this type of modeling because they inher-
ently possess intermediate length scale features, that of the grains and pores, which
can play an important role in material behavior. In the 1997 predecessor to this vol-
ume, Benson [58] reviewed mesoscale modeling in great detail. Since that time,
mesoscale modeling techniques have matured significantly, driven primarily by a
tremendous growth in computing power.

While early mesoscale modeling studies considered primarily planar shock load-
ing configurations involving a small number of particles, increased computing
power has led to much larger domains. Currently, it is not uncommon for planar
shock simulations to include domains that are comparable to the sample thicknesses
commonly used in shock experiments, i.e. a few to several millimeters. In these sim-
ulations, rigid or periodic boundary conditions are often imposed on the lateral faces
to simulate the uniaxial strain loading of planar shock experiments. As simulation
domains have grown, it has also become possible to consider loading configurations
other than planar shocks, such as penetration [59, 60], cylindrical loading [61], and
perturbation decay [37].

Current computational capabilities have also made possible the study of mesoscale
calculations in three-dimensions (3-D), (c.f. [8, 61-63]) though two-dimensional (2-
D) calculations are still routinely undertaken due to their much lower computational
cost Borg and Vogler [62]. examined the differences in compaction between 2-D
and 3-D mesoscale simulations and found that the behavior of WC powder could
be accurately simulated with both 2-D and 3-D models. However, different treat-
ments of interparticle interactions were required to achieve agreement between the
two techniques, and differences in the temperature and energy distributions between
the two cases were noted, suggesting that investigations where energetics or reac-
tive materials are of primary concern, it may be best to model these systems in 3-D.
Thus, while some problems (such as penetration, see chapter by Omidvar, Bless, and
Iskander) are inherently 3-D, it may be possible to model other shock phenomena
relatively well in 2-D.

Also in the 1997 predecessor to this volume, Benson [58] laid out an approach
for generating random distributions of circles in a 2-D domain for generating initial
microstructures, which has been used and adapted by others over the subsequent
years [11, 64]. Similar spherical approaches have also been used in more recent 3-D
calculations (c.f. [62]). Regarding the generation of synthetic initial microstructures
composed of spherical particles, Borg and Vogler [64] examined a number of differ-
ent aspects of this approach, and emphasized that random arrangements of particles
were needed to reduce systematic biases in computational results.

Compaction studies of other 2-D shapes [12, 64] have generally shown that the
behavior of inert materials is relatively insensitive to particle shape. However, com-
putational investigations focused on reactive mixtures have shown that shock initia-
tion can be strongly influenced by particle morphology. [21] In studies of explosive
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powders and their simulants, Baer [65] and Trott et al [8] used a particle insertion ap-
proach to generate realistic arrangements of cubes, while other researchers [66, 67]
have imported real experimental microstructures from cross-sections of porous sam-
ples to generate complex 2-D domains, primarily for reactive mixtures.

In most mesoscale modeling studies of granular systems, relatively simple con-
stitutive models are used to describe the solid particles. For metals and polymers,
material behavior is commonly captured using an equation of state and metal plas-
ticity models to capture the hydrostatic and deviatoric response under shock load-
ing. It is also common practice to model brittle materials in the same fashion, even
though fracturing of the constituent particles most likely occurs. This simplification
is undertaken largely due to the difficulty in treating fracture in mesoscale simula-
tions, particularly since fracture can quickly drive particle size below the resolution
limit of the initial simulation. Despite this shortcoming, there has been some suc-
cess at matching observed bulk behaviors with mesoscale models that employ these
simplified techniques [11, 63].

The execution of mesoscale simulations focused on the shock loading of granu-
lar materials can be conducted using several different frameworks. Of these frame-
works, the Eulerian, Lagrangian, and molecular dynamics approaches are discussed
briefly here. In the Eulerian approach, which is composed of a fixed computational
grid through which material moves, hydrocodes such as CTH [68], iSale [55], and
others have been used to study the shock and impact response of granular and porous
systems Benson [58], indicates that the first such study using the Eularian frame-
work was performed by Williamson [69], with numerous other studies to follow
[11, 58, 59, 61-64, 70, 71]. This framework is particularly well suited to the con-
solidation of porous systems because of its ability to easily handle large material
deformations. However, this approach is less robust for simulations where fracture
and interfacial interactions are an important component of the system being inves-
tigated, as models of this type are not well suited for Eularian codes. Despite these
limitations, to date, most mesoscale studies of shock-loaded porous materials have
undertaken using Eularian methods.

In addition to the Eularian framework, studies of granular systems have also been
undertaken using Lagrangian finite element method (FEM) approaches, [60, 72, 73]
where the mesh elements move with the material when deformation occurs. This
structure has restricted the use of FEM for mesoscale simulations at high strain-
rates (where large deformations are expected to occur), because large deformations
can cause mesh entanglement. In instances where large deformations are expected to
occur, Lagrangian methods can be evolved without mesh entanglement using ALE
(arbitrary Lagrangian Eularian) techniques, where remapping of highly strained el-
ements occurs and allows for material to flow through the elements as they do in
Eularian simulations. This re-mapping is typically performed locally, near the re-
gions of highest deformation, and require accurate material advection models that
are not usually developed for Lagrangian-only frameworks. In addition to facing
challenges with respect to large deformations, Lagrangian frameworks are also not
currently well suited for granular fracture, though general advancements in cohesive
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zone algorithms are allowing for fracture to be modeled in Lagrangian codes more
readily. [74]

Lastly, classical molecular dynamics has found use in simulating the shock re-
sponse of porous materials because it has the distinct advantage of explicitly treating
all aspects of material behavior, including fracture and plastic deformation, at least
to the accuracy of the interatomic potential used. While some nanofoams [75] and
metal organic frameworks (MOF's) [76] have been accurately represented in MD
simulations, it is impossible to represent the experimental microstructures of most
porous materials with today's computational capabilities. Instead, simulations must
be conducted at length and time scales that are much smaller than those of real shock
experiments [77, 78]. However, there are some indications that even simulations at
such a disparate scale can still reproduce some aspects of the bulk response. While
computational capabilities continue to improve and simulations of larger domains
will soon become possible, it will likely still be many years before simulations with
length scales of millimeters and time scales of microseconds can be performed us-
ing classical molecular dynamics. For a more thorough discussion of this technique,
see the chapter by Lane in this volume.

4 Phenomenology

Having covered details of the experimental methods by which Hugoniot data in the
compaction region is obtained (Sec. 2), and the theoretical methods by which this
data are captured in computational models (Sec. 3 and the chapter from Banerjee
and Brannon), the focus now shifts toward some of the unique behaviors observed
during the compaction of initially porous materials. It should be noted that in most
of the instances discussed, it is required to have rather large data sets for individual
material systems or across different material systems to make these comparisons.
As such, the authors acknowledge the important role that comprehensive studies on
porous materials play in advancing our understanding of these unique phenomenolo-
gies.

4.1 Shock Precursors

In competent porous materials, separation between an elastic precursor and the bulk
shock wave is commonly observed at low to modest stresses, in a manner similar to
fully-dense solids. In these systems the precursor amplitude, referred to at the Hugo-
niot elastic limit (HEL), has been observed to decrease with increasing porosity. For
example, Butcher and Karnes [47] found a linear log-log dependence of the yield
point with initial density in sintered iron specimens with poo > 60% TMD, while
Brar et al [79] showed a linear reduction in the HEL with initial porosity in boron
carbide sintered to densities greater than 83% TMD. Additively manufactured truss
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structures studied by Winter and McShane (see chapter in this book) also exhibited
elastic precursors under impact loading, though their study only focused on a single
initial fractional density of 64% TMD. In these and other investigations on compe-
tent porous bodies, the presence and magnitude of the elastic precursor tends to be
more likely at low to moderate levels of initial porosity.

In systems composed of loose or pressed granular materials, elastic precursors in
transmitted stress or velocity profiles are not typically observed due to the dispersive
nature of the initial configuration. However, Neal et al [80] observed substantial pre-
cursors in shock loaded mono-disperse spherical glass beads at low stresses, which
became overdriven and disappeared as shock stresses were increased, as shown in
Fig. 7. The authors note that the precursor was likely not wholly elastic because it
produced substantial densification; rather, it was likely some combination of plas-
tic deformation and particle rearrangement. Lajeunesse et al [63] observed a less
pronounced precursor in coarse-grained sand. In pressed granular sugar, Trott et al
[8] observed precursor waves using spatially resolved velocimetry techniques, and
found the temporal duration of the precursor diminished as impact velocity and
applied stress increased. Despite different sample preparations, initial densities for
these studies were about 65% of the theoretical maximum density. Other studies
investigating the dynamic response of granular WC [6], Ce02 [26], and sand [5]
at approximately 55% TMD have not shown the presence of elastic waves. Taken
together with the observations on yielding in competent porous bodies, precursor
behavior (whether purely elastic or some combination of other deformation mecha-
nisms) is more prevalent at low impact stresses in systems with low initial porosity
levels.

4.2 Shock Rise Time

Heterogeneities at length scales of the grains/pores and also those at larger length
scales associated with the bulk give rise to unique wave propagation characteristics
in shock loaded porous materials. Evidence of this behavior is most prevalent in the
compaction regime, where the applied dynamic loads are not sufficient to overdrive
the inter- and intra-granular strength (c.f. Nesterenko [3], Sheffield et al [7], Tong
and Ravichandran [81]). Consequently, unique scaling behavior has been observed
for initially porous materials that is in stark contrast to solids. In nominally homoge-
neous solid materials (and some two-phase solids), the strain rate in the shock front
scales with stress to the fourth power, 64 [82]. This so-called "fourth power
law" is widely observed and has become part of the canon for the field of shock
physics. However, the introduction of heterogeneity alters this scaling and, in the
case of layered materials, has been shown to produce a second power scaling, È
cc c2 [83]. More recently, experimental wave profiles were examined for tungsten
carbide and sand and were found to display a first power scaling, E« c [5, 6].

Vogler et al [84] examined the three power law scalings and were able to identify
non-dimensional groups for the second and first power law scalings that allowed
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Fig. 7 Evolution of transmitted stress wave profile in spherical glass beads with increasing input
stress. Arrows indicate the approximate location of the transition from the initial precursor state to
the primary plastic front. Image adapted from Neal et al [80].

for the response of a wide variety of different materials to be collapsed onto a sin-
gle curve. Results from this analysis are given in Fig. 8, where it is observed that
first power law scaling is exhibited by a very broad range of initially porous ma-
terial types, from porous polymeric foams to high strength granular ceramics such
as tungsten carbide and titanium dioxide. Somewhat surprisingly, the best scaling is
obtained without inclusion of a strength or hardness for the material.

In addition, Vogler et al [84] proposed a simple conceptual model to explain the
first power scaling. The model considers the delay in wave propagation through a
series of aligned particles caused by a missing particle. This gap must be closed
through motion of the material across the gap, slowing the wave in that region. By
relating that delay to a strain rate, they were able to obtain values for the scaling
exponent close to unity for reasonable values of the compaction response. Thus,
they propose that the mechanism of mass propagation as a means to close voids in
the porous material is the essential element in the first-power scaling observed in
porous materials. First power scalings observed experimentally for porous materials
have also been found in mesoscale computations based on Eulerian hydrocodes [11,
62], though some effect of the method used to estimate the strain rate has been
found. Simulations utilizing a particle-based Lagrangian code have also been found
to display similar scaling [84].



Low-Pressure Dynamic Compression Response of Porous Materials 23

No
rm

al
iz

ed
 S
tr
es
s 

101

10°

10-1

10-2

103

104
10-4

x
x

c, xik

44 >X XV

x
* ®1#—"X

3P 'X

xo 4x2
>0C* I"

X
• • WC Sugar E

Sand k Teflon

• TiO2 Foam

Glass

10-3 10-2 10-1 10°
Normalized Strain Rate

101

Fig. 8 Normalized stress versus strain rate for shock experiments on a wide range of porous
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4.3 Porosity Enhanced Densification

Another interesting phenomenology associated with porous materials is manifested
in the interplay between the thermal and mechanical resistances to densification.
For materials subjected to strong shocks (well in excess of the stresses required for
complete densification), the conservation of mass, momentum, and energy across a
shock front predict decreasing levels of densification for increasing levels of initial
porosity at an equivalent applied stress. This results in a "family" of porous Hugo-
niots with increasing displacement from the solid as initial porosity is increased
[85], a behavior governed by the increasing thermal energy associated with shock
loading higher porosity materials. As initial shock stresses are decreased, the Hugo-
niot response transitions from being governed by the thermal (and electronic) re-
sponse of the continuum to one dominated by the mechanical response of the grains
and pores.
By definition, a porous material is composed of at least two components, a solid

component with relatively high strength and a gas/void component with minimal
resistance to shear. Under compression these two materials behave quite differ-
ently, such that compression of the gas/void component is favored over that of
the solid constituent. Therefore, at relatively high initial porosities there is little
resistance to densification, such that large increases in shock compressed densities
can be achieved with low stresses applied to the composite material. Conversely,
higher stresses are required to achieve significant densification for materials with
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low amounts of initial porosity. This is likely one of the contributing factors to the
observation of Brown et al [5], who noted that the P-a model formulation devel-
oped by Herrmann [45] which contains an elastic response and a plastic response
given by Eqn. (3) was unable to fit the data for 59% TMD porous sand. Rather,
better agreement was obtained using compaction models that contained exponential
and power-law functions and allowed for large initial increases in shock compressed
density at low applied loads.

Further evidence of a transition in the compaction response from that which of-
fers little resistance to densification at high initial porosities, i.e a purely plastic
response, to a more rigid response that must be captured by distinct elastic and plas-
tic regions as initial porosity is reduced is found in the shock response of tungsten.
Figure 9 gives the dynamic response for initially porous tungsten at several initial
distentions ranging from 28% to 80% TMD along with representative P-a model
fits to each data set using Eqn. (4). For the lower initial densities of tungsten cor-
responding to 28% and 55% TMD, the compaction response can be captured well
using only the plastic response of Eqn. (4). However, as initial density increases
the elastic response must be included to achieve sufficient agreement between the
data and the model. The data for tungsten, along with that of sand, suggests there
is a maximum initial packing fraction at which the compaction response transitions
from perfectly plastic to elastic plus plastic for both ductile and brittle materials, and
that this transition occurs somewhere between 59% - 66% TMD. It should be noted
that the maximum packing fraction for a random packing of spheres is approxi-
mately 64% TMD, such that this value might serve as a practical upper limit on the
transition for initially porous granular materials. However, further experimental and
theoretical work is needed to verify this assumption.

4.4 Morphology Effects

Mesoscale material characteristics such as the size and shape of the solid and
void/gas components are important characteristic of porous materials in that they
can be measured experimentally prior to the dynamic event. If these intrinsic prop-
erties can be further related to particular compaction phenomena, then it may be
possible to predict certain features of the compaction response by having only lim-
ited information about the material initial state. For example, it has been observed
in many granular systems that particle morphology and size distribution influences
initial packing fractions, see Sec. 2.2. These properties can affect the preparation
of granular samples for dynamic experiments, and may influence shock wave char-
acteristics in those materials, as discussed in Section 4.2. At present, the role of
intrinsic property variations on the bulk dynamic response of a porous compact is
not fully understood.
A recent investigation by Fredenburg et al [26] studied the static and dynamic

response of three distinct morphology Ce02 powders, with initial particle sizes dif-
fering by a factor of twenty. Under dynamic loading the consolidation responses
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Fig. 9 Compaction data for porous tungsten plotted with P-a model fits from Eqn. (4) illustrating
the transition from plastic to elastic plus plastic model response with decreasing initial porosity.
Data for tungsten is taken from Bakanova et al [86], Boade [87], and Dandekar and Lamothe [88],
with reported percentages of the theoretical maximum density (% TMD) calculated using po =
19.257 g/cm3 from the solid equation of state, SESAME 93540 [89].

of the three morphologies, following static compression to the same initial density
state, were nearly indistinguishable within the reported uncertainties of the exper-
iments, as shown in Fig. 10. This suggests that it is the initial porosity and the
properties of the bulk material that have the greatest influence on the compaction
response, and not the characteristics of the particle morphology. Support for this is
offered by Grady [90], who proposed that the relatively low work of fracture leads
to a turbulent-like separation of length scales under shock loading. In the case of
Ce02, this implies that the initial particle characteristics have little influence on the
response because the particles can so readily fracture into smaller particles. How-
ever, Grady's argument does suggest that materials with vastly different particle
sizes (orders of magnitude) can behave dissimilarly, but the variation in particle
(or void) characteristics required to observe this difference is unknown and may be
impractical to examine experimentally.

In contrast to the above argument that the dynamic compaction response is not
influenced strongly by initial morphology, studies on granular and porous explosives
as well as intermetallic and thermite mixtures have shown that initial characteristics
of the particles and pores can have a significant effect on the energetic and reactive
response. For example, coarse granular energetic materials such as HMX, TATB,
PETN have been found to react more readily than those with fine particles, an obser-
vation that is typically attributed to the formation of hot spots under shock loading,
which may originate from the closure of voids or the fracture and comminution of
grains under dynamic loading. For intermetallic and thermite mixtures, reactivity
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Fig. 10 Dynamic compaction response of three distinct morphologies of Ce02 powders pressed to
an initial porous density of poo = 4.03 g/cm3, or 56% TMD, illustrating nominally similar dynamic
responses, regardless of morphology.

is favored by initial configurations that promote intimate mixing between the two
constituents during shock loading. These types of systems have been covered ex-
tensively in the literature, and the interested reader is referred to Davison et al [91],
Baer [65], and Eakins and Thadhani [21] for further details on their consolidation
and energetic responses.

5 Outstanding Issues and Directions for Future Work

While significant progress has been made in the field of shock compaction in the
past twenty years, there are still a number of outstanding issues related to (1) the
experimental characterization of porous materials and targets, (2) the continuum
and mesoscale modeling of these systems, and (3) theoretical considerations of their
behavior. In this final section, the authors bring attention to several of these issues,
and look forward to future research that can help move these areas forward.

Is the Compaction Response a Shock Hugoniot?
The analysis of shock experiments (and even simulations, in many cases) typically
utilize the Rankine-Hugoniot jump conditions to calculate the stress/density/energy
state behind the shock front, implicitly assuming that the compaction state reached
lies on the porous Hugoniot corresponding to that initial density. Even for cases
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where the shock wave has been shown to have reached a steady state [6], it is not
entirely clear that the use of the jump conditions is appropriate. Such issues have
been discussed for other types of materials by Krehl [92]. For example, the material
passing through a shock front is treated as having instantaneously gone from its ini-
tial to final states by following a so-called Rayleigh line that connects the two states
by a straight line in stress-volume space. However, in a porous material, or, indeed,
any heterogeneous material, different material elements can have very different his-
tories to the degree that no single material point may actually follow the Rayleigh
line.

Another issue arises from the relatively long time scales needed to obtain thermal
equilibrium when compared to those required for mechanical equilibrium. With this
in mind, it is unlikely that thermodynamic equilibrium is achieved during the time
it takes for the shock to transit the sample in the canonical compaction experiment,
thus calling into question straightforward application of the jump conditions for
initially porous materials. Despite these concerns, it seems likely that porous mate-
rials averaged over some suitable volume may indeed satisfy the Rankine-Hugoniot
conditions. However, the limits of these approaches have not yet been defined, war-
ranting further theoretical and numerical studies.
How are Dynamic and Static Responses Related?

While the focus of this chapter is on the shock response of porous materials, static
experiments can also be used to characterize the compression response of initially
porous materials. These static experiments are attractive from the standpoint of their
relatively low cost with respect to dynamic experiments, allowing for the potential
of more in-depth studies to be performed using static methods. While static stud-
ies are informative, there are a number of reasons to expect that the dynamic and
static responses for a single material may be different. First, intrinsic rate depen-
dence of the underlying material could play a role in the consolidation response in a
manner similar to strength, where strain-rate dependent models may be required to
capture the constitutive response, see for example Meyers [93]. More broadly, ma-
terial deformation under shock loading is confined to much smaller regions, roughly
the width of the shock front, as compared to deformation under quasi-static loads,
which are applied to the bulk of the material. This distribution in stress, from local
to global, is expected to significantly alter the densification response.

Unfortunately, relationships linking the static and dynamic compaction responses
for porous materials are poorly understood, and experimental results can often con-
tradict one another. In some cases [6, 94], the shock response was stiffer than the
static response for all load levels. Zaretsky et al [95], on the other hand, found
the two corresponded at the lowest stress levels measured but diverged for higher
stresses. In contrast, studies of sand by Brown et al [5] found the dynamic and static
compression response to be nearly equivalent, while [96] found the static response
of aluminum foam was stiffer than the shock response. These differences likely
stem, in part, from the difficulties associated with accurately executing and analyz-
ing both static and dynamic compaction experiments. The ability to link densifica-
tion responses under static and dynamic conditions has the potential to significantly
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advance compaction theory toward the predictive, and should thus be given further
attention.
How Should Heterogeneity Be Handled During Hugoniot Analysis?

Porous materials, especially foams and granular forms, will almost invariably have
significant heterogeneity present on the scale of a few or many times the characteris-
tic length of the grain or pore. Depending upon the scale and extent of heterogeneity,
it has the potential to significantly affect the analysis and interpretation of experi-
mental measurements that treat the material as a homogeneous continuum. Thus, it
is incumbent upon experimentalists to minimize the heterogeneities that arise dur-
ing sample preparation, or to be sure to include the heterogeneity in any analysis
of experiments. In systems with high degrees of heterogeneities, where the hetero-
geneities themselves as a component of a porous system are important aspects of the
system being studied, it may be necessary to characterize the initial samples through
tomographic or radiographic techniques prior to performing dynamic experiments.
For some material and target systems, this type of pre-shot characterization may be
straightforward, but for others it may present significant challenges. However, if the
role of heterogeneities are to be fully understood during the process of shock con-
solidation, then future work must be focused on the characterization and analysis of
these features.
How Should Shock Compaction Be Modeled at the Continuum?

The continuum models for compaction discussed in Section 3.1 assume the com-
paction process is governed entirely by the hydrostatic pressure (mean stress) ap-
plied to the material. In contrast, so-called full stress models, such as those dis-
cussed by Banerjee and Brannon in this volume, consider the effect of the entire
stress tensor on the material response. Since such full stress models generally re-
quire the calibration of a relatively large number of material constants compared to
those based solely on pressure, the choice of implementing one model type over the
other for modeling and simulation purposes may be material or application depen-
dent. For materials with relatively low inherent strength, the hydrostatic approach
may be sufficient for first, even second order accuracies of simulations under a broad
range of loading configurations. However, for higher strength materials, calibration
of continuum compaction models may require the inclusion of strength, whether it
be a model of the full stress form or some other more simplified form.

What is the Role of Mesoscale Modeling?
In Section 3.2, some aspects of mesoscale modeling of porous materials were
discussed. However, none of the approaches considered, Eulerian, Lagrangian, or
molecular dynamics, are individually capable of modeling all of the mechanisms
(fracture, large inelastic deformations, chemical reactions, etc.) and length and time
scales (millimeters and microseconds or larger) that are important to compaction.
Despite these limitations, mesoscale modeling approaches have proven useful for
providing insights into the mechanical response of grains and pores under shock
loading, as well as predicting specific aspects of the continuum response for a vari-
ety of porous materials classes. Improvements to the physics of mesoscale models
are likely to occur in the relatively near-term future, as investigations into particle-
level interactions under shock loading at advanced light sources, such as those dis-
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cussed in the chapter by Jensen et al. become more common. As these experimental
tools mature and become more widely used, they will likely have a profound impact
on the fidelity of mesoscale modeling techniques.

6 Conclusion

In this chapter, the authors' intent was to present the physics of shock compaction
from both a foundational and forward looking approach, while also capturing a seg-
ment of the areas in which this field is applied. In the first few sections, the founda-
tions of experiment, diagnostics, and modeling approaches were covered, providing
a snapshot in time of current capabilities. Following which, three specific applica-
tions of shock compaction physics were presented, ranging from planetary impacts
to the formulation and penetration characteristics of munitions. In the final few sec-
tions, some of the unique features and observations of porous material responses to
shock loading, as well as some of the major outstanding questions in the field were
presented. From this mix of perspectives, it is hoped that the reader, and especially
those that may be just beginning their careers in the field of shock compression sci-
ence, finds motivation to push the limits of our current understanding of shock com-
paction physics for porous materials. While it is most definitely true that significant
advancements have been made in this field over the years, significant advancements
remain to be realized, and the authors look forward to the new discoveries that lie
ahead.
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