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ABSTRACT 
Fines created by grain fragmentation from shaped-

charge, jet perforation treatment often plug-up pores in 
the vicinity of the perforation tunnel. We analyze and 
model grain damage on samples recovered from impact 
tests of dry and water saturated sandstone at stress levels 
and duration similar to that of perforation loading. 
Analyses of Scanning Electron Microscope (SEM) images 
and laser particle size measurements on portions of the 
recovered samples characterize grain damage and 
changes in grain size distribution. Hybrid modeling that 
combines the Discrete Element Method (DEM) with 
Smooth Particle Hydrodynamics (SPH), and includes 
mesoscale representation of grain/pore structure, shows 
how grain damage evolves for dry and wet conditions. 
Modeling defines behavior in accord with recovered 
sample analyses as follows: (1) Increase in grain damage 
is obtained with an increase in stress level and pulse 
duration. (2) The grains in dry samples are extremely and 
irregularly fragmented with extensive reduced porosity. 
(3) Less grain damage and higher porosity is obtained in 
saturated samples. The influence of pore fluid mitigates 
the interaction between grains, thus reducing 
fragmentation damage. (4) Computed particle size 
distributions are similar in character to measurements 

INTRODUCTION 
Formation damage caused by perforating with shaped 
charges has long been recognized as a major cause of 
inefficiency for well productivity 1-8. This damage and its 
effects are manifested in several ways: 1) Breakdown of 
inter-grain cementation in consolidated rock creates 
particulates and generates paths for their transport. 2) 
Grain fragmentation caused by grain-grain interaction 
result in extremely small sized particulates known as 
fines. 3) Mobilization and intrusion of these fines into 
pore throats cause localized suppression of flow. These 
damage effects modify the local stress field and 
mechanical properties of the rock, often hinder 
hydrocarbon production and or fluid injection, cause 
uncertainty in fracture breakdown conditions, and impair 
gravel packing and frac-packing treatments. Several 
experimental investigations have tried to define and 
correlate the major cause of the damage, which is 
purported to be grain fragmentation caused by the intense 
stress delivered by the penetrating jet to induce violent 
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grain-grain interactions. Some perforation experiments 
show fines very profusely near the tunnel walls5, while 
others indicate significant grain fragmentation exists 
beyond the tunnel walls6. In other perforation 
experiments, various damaged grain size distributions in 
loose sand have been related to shaped-charge designs7. 

 
In the above experiments, it is difficult to relate the 

degree of damage created in the rock fabric to a cause 
i.e., the stress and load duration imparted by the shaped-
charge jet. The present paper attempts to address this 
shortcoming by analyzing and modeling grain damage 
observed from known stress loading in gas-gun impact 
recovery experiments9, 10. The recovery experiments were 
designed to characterize the results of various stress 
loading of Berea sandstone under dry and saturated 
conditions to levels similar to shaped-charge jet loading. 
We present general characteristics of grain damage 
observations and results of preliminary statistical analysis 
of SEM images along with laser particle size 
measurements on portions of the recovered samples. We 
present numerical simulations using a hybrid technique 
that combines the SPH and DEM approaches to explicitly 
model, on a grain-pore scale, the dynamic interactions of 
grains undergoing fracture and fragmentation resulting 
from impact loading11.  

 
We use the hybrid SPH/DEM approach implemented 

into the SPHINX code12 to model the dynamic behavior 
of heterogeneous grain-pore structures. Clusters of DEM 
bonded triangular elements with elastic-equivalent 
interactions and a brittle fracture feature represent the 
grains. SPH particles portray the continuum pore-fill 
material, the impactor, and the recovery capsule. Our 
calculations are for two-dimensional representations of 
the grain-pore structure, yet portray realistic complexity 
associated with heterogeneous material behavior. The 
simulations capture the following character of the 
damage observed in SEM images of samples recovered 
from impact experiments: (1) Increase in grain damage is 
obtained with an increase in stress level and pulse 
duration. (2) The grains in dry samples are extremely and 
irregularly fragmented with extensive reduced porosity. 
(3) Less grain damage and higher porosity is obtained in 
saturated samples where the influence of pore fluid 
mitigates the interaction between grains. (4) Computed 

particle size distributions are similar in character to laser 
particle measurements.  

 
The hybrid approach exhibits a significant 

improvement in definitiveness of fragmentation 
compared to earlier simulations13, where only SPH 
particles were used for both the grains and pore-fill 
material. The combining of SPH particles with DEM 
elements provides a way to take advantage of the 
strengths of each. This approach, in concert with 
definitive experiments, offers a unique way to examine 
shock-induced grain damage, correlate brittle damage 
modeling with known stress levels and pulse duration, 
better understand compaction of porous materials, and 
provides an avenue for scaling constitutive behavior at 
the mesoscale to the macro-scale. Application to simulate 
perforation should enhance understanding of formation 
damage resulting from perforation completion treatments 
and possibly lead to ways to alleviate such damage 
according to site specific properties. 
 

RECOVERY EXPERIMENTS 
Impact recovery experiments were carried out using a 
configuration as shown (Fig. 1)9, 10. A single-stage light-
gas gun with a bore diameter of 35 mm loads samples of 
Berea sandstone. These samples were of diameter 22.4 
mm and a thickness of 15 mm. The mineralogy consisted 
of 75% quartz, 10% clay, 10% feldspar, and 5% calcite. 
The nominal grain size is 148 µm with porosity = 21.9%, 
bulk density = 2.077 gm/cc, and grain density = 2.631 
gm/cc. Impact stresses for both dry and water-saturated 
conditions ranged from 1.3 GPa to 9.8 GPa. Pulse 
duration�s were either 1 µs or 2 µs. Finite-element macro-
design calculations for the dry case indicated the normal 
stress experienced at the impact side of the rock sample 
was approximately 38% lower than at the impact face. 
Stress attenuation through the sample was sufficient to 
indicate possible damage degradation from the front to 
the back of the sample. No finite-element calculations for 
the saturated case were performed, but impedance 
considerations at the capsule-sample interface indicated 
that reduction in stress from the impact face to the front 
of the sample would be about 29 percent. Table 1 
specifies the conditions of the subset of experiments 
analyzed here. 
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Analyses 
Recovered samples were cut in two halves. One half was 
used to obtain SEM images using a Noran Instruments 
Automated Digital Electron Microscope (ADEM) to 
produce digital images. SEM�s are used for qualitative 
observation and for statistical analyses to quantify the 
spatial variability of the SEM images and attempt to 
relate that to stress attenuation through the sample 
thickness. Particle size distributions were obtained on the 
other half of the samples using a Microtrac-X100 laser 
particle size analyzer. Attenuation is also evident in these 
measurements. 

 
SEM Imaging 
Samples used for SEM analyses were initially 
impregnated with a low-density epoxy resin. Standard 
back scattering electron beam techniques14 were used to 
acquire digital images. Images were either 512 by 512 or 
1024 by 1024 pixel resolution at both 100x and 400x 
magnification. Samples pre-coated with 200 angstroms of 
carbon were subjected to 20 kV accelerating beam 
potential with nominal currents between 100 to 500 
picoamperes. 

 
The qualitative effect of pulse attenuation through 

the sample thickness is observed with SEM images at 
400x magnification. The shape of the grains for the 
undamaged sample (Fig. 2) is irregular with the majority 
of the pores interconnected. Images (Figs. 3 and 4) are 
shown close to (near field) and far from (far field) the 
impact surface for dry and saturated conditions for 
samples impacted with 2µs duration pulses of 6.1 GPa 
and 1.4 GPa magnitudes, respectively. The heterogeneous 
nature of the damage can be seen throughout the SEM 
images. It is possible to find areas where there is little 
damage adjacent to areas with extensive fragmentation, 
especially for the experiments with lighter shock loading 
and/or saturated pore space. These observations suggest a 
strong dependence of damage on the mesoscale boundary 
structure of the grains and the interaction between grains.  

 
Most all the grains near the impact surface for the 

dry sample impacted to 6.4GPa are extremely fragmented 
and irregular (Fig 3a). The pores in this region are closed. 
Porosity is more evident and the grains are less 
fragmented near the rear of the dry sample (Fig 3b). The 

grain damage in the water-saturated sample loaded to 6.4 
GPa (Figs. 3c and 3d) is far lower and the reduction of 
the porosity significantly less. This is a result of the pore 
fluid cushioning the interactions between grains. Also, 
the difference in grain damage between the front and rear 
of the wet sample is not as great as observed in the dry 
sample, indicative of less attenuation for the wet sample. 
For the 1.4 GPa impact conditions (Fig. 4) less overall 
damage is evident in the dry and wet samples. However, 
the same trends of damage as above are evident from the 
front to rear of the samples. 

 
In a 100x SEM image of undamaged Berea 

sandstone (Fig. 5) the gray level is related to the average 
atomic number of the mineral. The larger the density of 
the material, the brighter it appears in the image. 
However, different minerals (for example quartz, 
dolomite and sodium feldspar) can have similar average 
atomic numbers and will have similar gray levels. The 
pores in the pictures appear dark because of the low-
density epoxy resin. The material heterogeneity provides 
a challenge to conduct statistical analysis. The �raw� 
images as they are provided by the SEM instrument can 
vary in contrast, gray scale range, local contrast, and 
pixel noise variance.  

 
Variability is demonstrated with gray-scale 

histograms (Fig. 6) taken over the entire image. The solid 
line represents an average histogram for the undamaged 
sandstone image (Fig. 5) and is considered the reference. 
The small dash lines are histograms for SEM images 
(Fig. 7) of dry and wet samples loaded to 6.1 GPa. The 
variation in location of highest frequency for each 
histogram is due to varying parameters on the associated 
SEM�s. A key point is that each of the histograms has 
approximately the same shape. This allows transforming 
the pixels of one image so that the histograms are the 
same and little affect on the relative attributes as a whole. 
To apply statistical techniques for comparing multiple 
images each image is modified through a histogram 
matching algorithm15 to match the selected reference 
image histogram. The heavy dash curve in (Fig. 6) 
represents the histogram matching of the raw damaged 
histograms (small dash curves) to the reference one (solid 
curve). After histogram matching, the images may be 
compared using analyses that might otherwise be biased 
by a change in the SEM gain or contrast.  
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Statistical Analysis  
SEM images at 100x magnification are used for statistical 
analysis. Although 100x images (Figs. 5 & 7) show less 
detail than the 400x images the larger field of view 
captures a larger and more consistent sample of the 
heterogeneity. The vertical black lines superimposed on 
the undamaged SEM image (Fig. 5) shown spaced at 400 
µm are transects used in the following statistical analysis. 

 
Transects of SEM images provide insight into the 

spatial variability. If adjacent transects (columns of 
pixels) are taken only a few microns apart; the data are 
highly correlated. As the separation distance between 
transects increases the correlation decreases. For 
example, the correlation coefficient decreases from 1.0 to 
0.0 within about 80 µm for the undamaged case (Fig. 5). 
In the following analyses, transect intervals are chosen to 
ensure negligible correlation. 
 

For each transect we apply a standard measure of 
spatial variance used in geostatistics16-18. Namely, the 
indicator semivariogram (SV) defined by  

    
γ (h) = [1 / 2 Nh] [Z(si) − Z(sj)]2

|si −sj|= h

Nh

�    (1) 

In equation (1), γ is the semivariance, Z (sk) is the gray-
scale value of the image transect at location sk, measured 
from the bottom of the image. The lag distance, h, is the 
scalar distance |si -sj| along a specified transect, but more 
generally is a directional vector. The number of lag-h 
differences is Nh. Equation (1) represents the semi-
variance of the lagged differences in image intensity.  

 
In the current application we are only concerned with 

two categories of pixels, grains and pores. Therefore, we 
apply a threshold to the images and compute the 
semivariance of the indicator images. (Fig. 8) shows the 
indicator SV�s for transects through the image of the 
undamaged sandstone (Fig. 5). Also shown is an indicator 
semivariance of the entire image (dashed curve) where 
each column of the image is used as a single transect.  

 
SV�s are typically described in terms of the nugget 

effect, the value of the semivariance at the first non-zero 
lag; the range, where the slope of the SV first becomes 
zero; and the sill, the asymptotically constant value of 
semivariance beyond some lag. The nugget effect is a 

measure of the spatially independent noise variance, the 
range is a measure of the most significant transition 
frequency between grains and pores, and the sill minus 
the nugget is the spatially dependent structural variance. 
All transects in (Fig. 8) for the undamaged sandstone 
(Fig. 5) have some oscillatory structure in the sill, while 
the entire image semivariance shows a nearly constant 
sill. The oscillatory structures in SV�s for the individual 
transects are due to the relative size of the grains with 
respect to the size of the pore space. The peak to trough 
length is approximately 140 µm, which corresponds to a 
frequency peak in the particle size analysis below. The 
range for the undamaged sandstone SV based on the 
entire image (dashed line, Fig. 8) is 129 µm. 

 
Near field SV�s for a dry damaged sample loaded to 

6.1 GPa (Fig. 9a) exhibit much higher frequency i.e., 
smaller lengths associated with fragmented grains packed 
very tight with little porosity  (Fig. 3a). For the far field 
(Fig. 9b), greater variation and slightly less frequency is 
noted. Again, this is due to pulse attenuation that results 
in less damage (Fig 3b). SV�s for the wet sample loaded 
to 6.1 GPA (Fig. 10) are somewhat similar in character to 
the dry far field SV and have much less variation from the 
near to far field. Again, this is indicative of the 
cushioning effect of the pore fluid (Figs 3c and 3d). These 
results along with the low stress (1.4 GPa) dry case are 
intuitively consistent, i.e., damage statistical length scale 
increases from dry to wet and from high stress to low 
stress. Range defined as the first zero crossing for the 
derivative for the entire semivariances (Fig. 11) shows 
this consistency. Increased pore space from pore pressure 
buildup and little grain damage could be the cause of 
larger values for the low stress wet case. 
 
Laser Particle Analysis 
Particle size distributions were determined by an angular 
light scattering technique. Each sample was probed from 
the front surface to the back surface. Every specific depth 
for each sample was measured three times and the result 
was used to calculate an average grain size. The 
measurements show a clear reduction of grain size in all 
shocked samples compared to the undamaged material.  
Undamaged grain size distribution is compared to that of 
dry and wet samples (Fig. 12) impacted at a stress level 
of 6.1 GPa in the regions near the front and rear of the 
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samples. The peak sizes are 148 µm for the undamaged 
sample, 65 µm and 88 µm for the front and rear regions 
of the damaged dry sample, and a 105 µm for both front 
and rear regions of the damaged wet sample. For all the 
dry samples analyzed, a smaller grain size is noted in the 
impact region of the sample than in the rear region, 
consistent with the above SEM observations and 
statistical analysis. Slightly smaller grain sizes are 
indicated in the middle region of some samples than in 
the impact region. Finite element simulations suggest this 
may be caused by wave convergence in the mid region of 
the sandstone capsule from lateral effects. 

HYBRID MODELING APPROACH 
The SPH method employs collocated particles to define a 
Lagrangian, meshless continuum and was originally 
formulated for the treatment of astrophysical problems19. 
It has been used over the past decade to model solid 
mechanics problems such as bomb-case fragmentation20, 

and brittle fracture21, 22. Each particle, governed by the 
continuum equations of motion and constitutive models, 
obtains values of velocity, density, deformation rate, 
acceleration and energy through an interpolation function 
with neighboring particles. Stresses are updated from 
specific constitutive representations. The particulate 
nature of SPH easily accounts for large deformation and 
accommodates the mixing of multi-materials in a more 
natural way. Overviews of the SPH23, 24 discuss the 
advantages and limitations of the approach. 

 

The DEM approach originated as a technique for 
describing behavior of granular assemblies in which 
elements are treated as rigid bodies with translation and 
rotation degrees of freedom. They interact via Hertzian 
contact or spring force-displacement laws to conserve 
momentum25. It has been applied to a wide range of 
applications26. Recently, the method has been advanced 
to approximate dynamic fracture where element 
interactions behave in a Hookian elastic-continuum 
manner with tensile debonding of elements to provide 
explicit fracture27. 

Mesoscale Setup 
To explicitly model grain-grain interactions and their 
brittle behavior, we combine the DEM and SPH 
approaches in the SPHINX code12. Reconstituted and 

synthetic grain-pore structures (Fig. 13) are used for 
SPH/DEM plate impact simulations. As shown, each 
grain consists of a cluster of triangular elements. The 
pore-fill material, impactor and recovery capsule are 
represented by continuum SPH particles.  
 

DEM elements experience normal and shear 
translation forces along their interfaces in terms of pair-
wise relative displacement and experience moments in 
terms of the evolving vector offset of the translation 
forces between element centroids. These forces are 
determined from stresses and strains at element interfaces 
that obey Hooke�s law of elasticity. An estimate of forces 
between element pairs is made by assuming stresses act 
over the area of their triangular interface. Interactions 
between DEM elements or between a DEM element and 
a SPH particle are treated by a penalty method.  

 
Fracture modeling considers the normal stress at the 

interface between elements. If the normal force Fn value 
exceeds a threshold value, σth, a crack is assumed to grow 
at a fixed rate. Formally, if 

 
                           Fn >>>> Aeff σσσσ th     ,    (2) 
then                    Aeff ====A−−−−γγγγ ∆∆∆∆t     ,    (3) 
 
where A denotes the initial interfacial tension area and γ 
is a specified rate parameter for fracture area reduction. 
The triangle elements are tessellated using a varying 
element interface area, and hence, giving a somewhat 
random tensile force threshold. As the effective area 
decreases the tensile force is reduced until complete 
fracture occurs, which is denoted as an explicit 
separation, causing free surfaces, between element pairs. 
When the normal strain is compressive the original area 
is used, but the effective tension area is always used in  
calculation of the shear force. The coupling of DEM with 
SPH provides a way to take advantage of the strengths of 
each approach. 

For the impact simulations, we employ the synthetic 
grain structure (Fig. 13) having an area occupied by the 
grains of 4 sq-mm and a porosity of about 22 percent. 
The impactor and capsule are modeled as elastic-plastic 
with 6061-T6 aluminum properties with density = 2.7 
g/cc, Poisson's ratio = 0.35, bulk modulus = 78 GPa and 
plastic yield strength of 0.3 GPa. The grains are modeled 
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as pure sandstone quartz with elastic properties with 
density = 2.65 gm/cc, Poisson's ratio = 0.32, and bulk 
modulus = 54 GPa. The fracture parameters for the quartz 
brittle failure model are σth = 0.3 GPa and γ = 1e4 sq-
cm/s. Fluid-filled pores are modeled with a water tabular 
EOS12 with an initial density = 1.0 gm/cc. The total 
number of SPH particles and DEM elements for the dry 
and saturated cases is 24,800 and 35,300, respectively. 
The 160 grains are represented with a total of 14,400 
DEM elements. The top and bottom surfaces of the 
capsule are treated as roller boundaries that allow motion 
along but not across them. The rear boundaries of the 
capsule and impact plate are free surfaces. 

Impact Recovery Simulations 
Illustrations for the evolution of simulated grain 
fragmentation for an impact velocity of 0.76 km/s for dry 
and wet cases (Figs. 14 and 15) show irregularity of the 
wave front (dotted lines) at the times indicated. The 
unevenness is caused by the influence of the 
heterogeneous grain-pore structure on stress wave 
propagation. An even front with no spatial variation 
would occur for a uniform media. Quite noticeable for the 
dry case (Fig. 14) is the grain fragmentation and 
compaction of the pore space immediately behind the 
wave front. As the fragments form they are rearranged in 
a manner that removes the pore space, forming regions of 
approximate grain density quartz.  This is indicative of 
the character of grain damage observed in SEM images 
of dry sandstone (Figs. 3a&b). In contrast, the wave front 
unevenness for the saturated grain-pore structure (Fig. 
15) is evident but much less than for the dry case. It 
advances faster into the structure because the pore fluid 
provides propagation between grains. In accord with 
observations of recovered wet samples (Figs. 3d&e) the 
degree of simulated grain fragmentation for the wet case 
is significantly reduced. Also, what was compaction for 
the dry case is in turn manifested as expansion for the 
saturated case. 

 
The reduction in fragmentation is attributed to the 

cushioning influence that the pore fluid provides between 
grain-grain interactions. For the dry case this cushioning 
does not exist and more severe grain-grain interactions 
occur. The expansion observed in the saturated structure 
is caused by stress-wave induced buildup of pore pressure 
and the more rapid unloading of the stiffer grains relative 

to the less-stiff pore fluid. This eventually leads to the 
grains being pushed apart and causes the capsule to 
expand. This was observed in the wet recovery 
experiments, and in some of these tests, the aluminum 
recovery capsule failed from the inside out. An increase 
in fracturing is noted to occur late for the wet case (Fig. 
15c) resulting from the reflected wave off the capsule 
rear free surface. The reality of this occurring in the 
experiments is presently unknown 
 

Simulated grain damage for dry and wet conditions 
for impact velocities of 0.44 km/s and 0.76 km/s (Fig. 16) 
shows considerably more damage and compaction for the 
high velocity dry case (Fig. 16c). Less damage occurs for 
the wet cases (Figs. 16 d & e), and noticeable expansion 
is observed, especially for the high velocity wet case. 
Fragments for the dry cases are smaller than and have 
extreme angularity relative to those for the wet cases. 
These computed results are consistent in a qualitative 
sense with observations seen above from impact recovery 
experiments SEM images (Figs. 3 & 4). . Also, it is 
observed that smaller grains tend to fragment more for 
the wet cases. 

 
Statistical indicator SV properties of the simulated 

impact induced damage is obtained by coloring grains 
and grain fragments (Fig. 16) a medium gray and the pore 
space white. These images were then processed with 
transects in the same manner discussed above for the 
recovery experiments SEM images. The indicator SV for 
the initial grain setup (Fig. 17) shows character quality 
similar to that for the undamaged sandstone SV (Fig. 8a). 
Again, the oscillatory structure in the sill of the 
individual SV�s reflects grain size relative to the pore 
space size. A range value of 96 µm is noted for the entire 
image SV of this setup case. The lack of high frequency 
structure in the undamaged SV�s and those below for the 
damaged dry and wet cases are attributed to the 
smoothness of the synthetic grains used in the 
simulations. 
 

The indicator SV�s for the 0.76 km/s impacted dry 
grain case (Fig. 18) obtained from image (Fig. 16c) show 
fragment size trends (i.e., small fragments observed as 
higher frequency and less oscillatory variation in the sill) 
that are similar to the 6.1 GPa dry impact experiment 
(Fig. 9). In contrast, the SV�s for the 0.76 km/s impacted 
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wet case (Fig. 19) obtained from image (Fig. 16e) have 
considerably longer oscillatory features, a result of pore 
space expansion caused by pore pressure buildup in the 
wet case simulations.  

 
Statistical range values (Fig. 20) for each entire SV 

from the synthetic simulation images (Fig. 16) indicate 
agreement and conflicting behavior with experimental 
values. The values from dry synthetic simulation images 
(Figs. 16b and c) show behavior quite similar to the range 
values determined for the dry experiments, i.e., a smaller 
value for range with higher impact conditions and more 
fragment damage. The increased pore expansion character 
of the wet simulated images (Figs 16 d and e) give range 
values opposite in trend to the wet experimental values. 
The value for the high velocity wet case is high relative to 
that for the low velocity wet and undamaged cases. The 
larger pore expansion is due to the lack of confinement in 
the simulations relative to what existed in the recovery 
experiments. The calculations did not include a large steel 
recovery fixture surrounding the aluminum recovery 
capsule (Fig. 1) that exists in the experiments. The 
sensitivity of the calculated wet SV�s and range values to 
increased pore space makes quantified comparison, using 
this statistic approach to wet experiments, dubious unless 
confinement is matched in the simulations.  
 

Log-normal distributions (Fig. 21) are another 
quantitative measure of the simulated damage images 
(Fig. 16). These distributions represent the quantity of 
fragment size in terms of the square root of the area of 
each fragment. The initial undamaged distribution is tri-
modal with sub peak values of 54 µm and 355 µm and a 
main peak of 161 µm over a range between 36 µm and 
210 µm.  The size values are shifted to smaller values and 
the distributions are more abundant for smaller sizes as 
the impact velocity is increased and for dry pores relative 
to wet pores. The high velocity dry case has the highest 
distribution at a low peak size of 17 µm, while a rather 
flat plateau exists between 15 µm to 52 µm for the low 
velocity dry case. The high velocity wet case shows three 
peaks along a gradually declining plateau between 29 µm 
to 145 µm. The low velocity wet distribution peaks at 
about 142 µm. The initial tri-modal distribution persists 
to some degree. These features are qualitatively in accord 
with observations from impact recovery experiments, 

where a slight initial bimodal distribution remains (Fig. 
12), being much more evident for the wet case. 
 

CONCLUSIONS 
A hybrid numerical approach combining Smooth Particle 
Hydrodynamics with the Discrete Element Method is 
applied to model, on a grain-pore scale, explicit grain 
damage resulting from plate impact-induced grain 
interactions. Mesoscale simulations of impact recovery 
experiments capture several features of the influence of 
heterogeneous dry pore space and water-filled wet pores 
that are similar to the SEM image statistics and particle 
size analyses. For example, significant increase in 
fragmentation damage is obtained for higher impact 
velocities and for dry relative to wet cases. Simulated 
damage length scales, range values, and particle size 
distribution all show characteristics that are in qualitative 
agreement with experimental statistics.  

 
Statistical length scales obtained from SEM images of 

Berea sandstone samples recovered from impact 
experiments using a classical analysis of spatial 
continuity are useful to compare damage for various 
experimental conditions. Damage length scales decrease 
from low to high impact stresses and from dry to 
saturated conditions. Particle size distributions measured 
on the same samples with a laser technique are consistent 
with the damage length statistics. Noticeable attenuation 
in damage from the impact region to the rear region is 
observed for dry samples and much less attenuation for 
wet samples. A thorough frequency analysis of apparent 
differences in the sill region for individual transect 
semivariograms may prove useful for identifying 
structure sizes from various experimental results. 
 

The fidelity and limpidity of the fracturing process 
portrayed by the hybrid SPH/DEM simulations provides 
a unique way to examine grain damage resulting from 
stress waves and perforations. They hint at how damage 
to the rock fabric may occur in perforation completion 
treatments and illustrate how heterogeneity affects stress 
wave behavior, which in turns affects damage evolution. 
Issues on the adequacy of the size of the mesoscale 
simulations (i.e., currently 4 sq-mm), of the fracture 
model, of using actual three-dimensional grain-pore 
representations, and many more all need to be addressed. 
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Exercising mesoscale simulations over a wide range of 
geophysical parameters can help calibrate and provide 
reliable macro-continuum damage descriptions. These 
employed in concert with perforation phenomenology 
experiments can lead to improvement of perforation 
treatment designs.  
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TABLE 1: Experimental conditions for the shock-recovery experiments on Berea sandstone. 
* Inferred from finite element calculations. 

Shot
No. 

 

Target 
Dimensions 

[mm] 

Impactor 
Material 

Impactor 
Thickness 

[mm] 

Impact 
Velocity 
[km/s] 

Impact 
Stress 
[GPa] 

Stress 
Sandstone* 

[GPa] 

Saturation 
Condition 

 
606 22.4 X 14.8 Al 6.25 0.76 6.1 3.6 Dry 
611 22.4 X 14.5 Al 6.21 0.76 6.1 4.9 Wet 
697 22.4 X 15.0 PMMA 6.12 0.45 1.4 1.1 Dry 
739 22.4 X 14.9 PMMA 5.93 0.41 1.4 1.0 Wet 

 
 

     

Capsule

Plug

Recovery Fixture

Berea Sandstone
Sample

PH2O (in)Sabot

Flyer Plate

V0

Tubing PH2O (out)

Valve 1

Hydraulic
CylinderBorehole

X-ray System

Pressure
Transducer

Valve 2

 
    Figure 1. Experimental configuration for impact     Figure 2 SEM 400x image of undamaged 
    recovery tests of saturated samples.         Berea sandstone. 
 
 

 
 
 
 
 
 
 
 
 
 
          (a)          (b)                  (c)            (d) 

Figure 3.  SEM 400X images of samples impacted with stress load of 6.1 GPa (a) dry near front of sample,  
(b) dry near rear of sample, (c) wet near front of sample, and (d) wet near rear of sample. 

 
 
 
 
 
 
 
 
 
 
 
 
         (a)            (b)            (c)               (d) 

Figure 4.  SEM 400X images of samples impacted with stress load of 1.4 GPa (a) dry near front of sample,  
(b) dry near rear of sample, (c) wet near front of sample, and (d) wet near rear of sample. 
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                          Gray Scale (pixels) 
   Figure 5. SEM 100x image of undamaged Berea          Figure 6. Histogram of SEM images of undamaged sandstone 
   sandstone. Black lines, 400 µm spacing, are                reference (solid curve), post-damaged of dry and wet samples 
   transect lines used in statistical analysis.      (small dash curves), and histogram match for damaged samples  

     (large dash curve). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

            (a)           (b) 
 
Figure 7. SEM 100x images of 6.1 GPA shocked sandstone    Figure 8. Indicator semivariogram of transects 
in (a) dry and (b) saturated states used for statistical analysis.    through undamaged sandstone (Fig. 5) solid 
                    curves and of entire image dashed curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         (a)                 (b) 
 

Figure 9. Indicator semivariograms of transects (solid curves) and entire image (dashed curve)  
through sample of shot #606, dry loaded to 6.1 GPa, (a) near field and (b) far field. 
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             (a)                    (b)   

Figure 10. Indicator semivariograms of transects (solid curves) and entire image (dashed curve)  
through sample of shot #611, wet loaded to 6.1 GPa, (a) near field and (b) far field. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figure 11. Range from indicator semivariograms for undamaged,       Figure 12. Measured particle size for dry and wet 
    high and low stress loaded samples in the near field (dark) and       samples loaded to 6.1GPa. 
    far field (light) for dry and wet conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                  (a)                (b) 
 
     Figure 13. Plate-impact configuration for SPH/DEM meso-scale damage simulations with (a) synthetic grain-pore    
     structure and a reconstructed grain-pore structure, and (b) DEM element cluster for representing grains. 
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               (a)  0.25 µs        (b)  0.50 µs              (c)  0.75 µs 
         Figure 14. Evolution of grain fragmentation for simulation of dry grains with impact velocity = 0.76 km/s.  
         Dotted line represents the stress wave front at (a) 0.25 µs, (b) 0.50 µs, and (c) 0.75 µs after impact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
            (a)  0.25 �s          (b)  0.50 �s                   (c)    1.25 �s 
         Figure 15. Evolution of grain fragmentation for  simulation of wet grains with Impact velocity = 0.76 km/s.  
         Dotted line represents the stress wave front at (a) 0.25 µs, (b) 0.50 µs, and (c) 1.25 µs after impact. 
 
 
 
 
 
    UNDAMAGED                         DRY 
 
 
 
 
 

       (a)                       (b)        (c) 
 
 
 
 
        WET 
 
 
 
 
 
                       (d)                  (e) 
           Figure 16. Comparison of grain fragmentation from impact recovery simulations, (a) Initial structure, 
           (b) Dry, V = 0.44 km./s, (c) Dry, V = 0.76 km/s, (d) Wet, V = 0.44 km/s, and (e) Wet, V = 0.76 km/s. 
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   Figure 17. Indicator semivariogram of transects    Figure 18. Indicator semivariograms of transects 
   through synthetic grain setup (Fig. 16a) solid     through simulated high velocity dry (Fig. 16 c), 
   curves and of entire image, dashed curve.      solid curves and of entire image, dashed curve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 19. Indicator semivariogram of transects     Figure 20. Comparison of range from simulated  
   through simulated high velocity wet (Fig. 16 e),     indicator semivariograms (dark) for images (Fig. 16)  
   solid curves and of entire image, dashed curve.     with range determined for experiments (Fig. 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21. . Log-normal distribution of fragment size from meso-scale simulated images in (Fig. 16). 
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