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EXECUTIVE SUMMARY

The test series described here is part of an overall effort to develop a probabilistic, physics-
based model for the fragmentation of building components. More specifically, this report describes
tests on plates constructed from conventional facade construction materials, in which fragment
distributions for mass, size, and velocity were measured.

This test series used a small-diameter explosively-driven shock tube to shatter simply-
supported plate samples with relatively high-pressure, long-duration blast loads. Shock tubes have
rarely, if ever, been used to systematically study fragmentation prior to this work. One limitation
is a tradeoff between high overpressures and extended durations. This test series favors high
overpressures. Companion studies in a larger shock tube favor long durations. Another limitation
is that placing test articles inside small shock tubes risks ejecting the test articles whole, almost
regardless of support technique, rather than fragmenting them. This test series used a novel ‘punch
out’ technique, wherein the test article was mounted outside the shock tube. In other words, the
test articles were made deliberately larger than the shock tube diameter, to allow for a simple
external support structure. The test setup was designed to preferentially capture fragments
originating from the shock-loaded circular center of the target.

The first objective of this test series was to explore how a wide range of large strain rates
affects fragment size and velocity distributions. The second objective was to explore how changing
materials — including tempered glass, concrete, and concrete masonry (CMU) — affects fragment
size and velocity distributions. The third objective was to explore how fragment size distributions
change with time due to, e.g., collisions between the fragments and the collector.

In pursuit of the third objective, the fragment size distribution was measured at three different
times using three different techniques. More specifically, a high-speed video (HSV) camera was
used to record the initial crack pattern on the rear face of each sample, a second HSV camera was
used to capture the fragment sizes and velocities in-flight at intermediate times, and finally the
late-time at-rest fragments were physically collected and analyzed post-test. Because this test
series physically collected over 50,000 fragments, it was not possible to weigh each fragment by
hand. Instead, a new technique was developed, which combines sieving, shadowgraphy, and digital
image processing.

These tests were performed in SRI International’s 6.5-in-diameter 37-ft long shock tube. In
these tests, 2-in-thick specimens of precast concrete and concrete masonry units (CMU) were
subjected to three different pressure-time histories with peak pressures of approximately 4,000 psi,
3,000 psi, and 1,500 psi. In addition, ¥-in-thick plate tempered glass specimens were subjected to
two different pressure-time histories with peak pressures of approximately 250 psi and 500 psi.

Despite the wide of range test conditions, all of the tests in this series, surprisingly, produced
a single universal mass distribution, after normalizing by the average fragment mass, to within the
limited resolution of the measurement and analysis techniques used.
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1 BACKGROUND
This report is the first in a four part series. In brief, the four parts are as follows:

e Part 1 (this report): Measured fragment size distributions, velocity size distributions,
and the time-dependency of fragment size distributions in a large number of different
small-scale tests.

e Part 2. Measured fragment size distributions in a small number of different large-scale
tests. Showed that, in some cases, the size distributions obtained at small scales in Part
1 also occur at large scales.

e Part 3. Measured fragment size distributions in a large number of different small-scale
tests. Increased the range of test conditions to obtain a wider variety of fragment size
distributions than in Part 1. In particular, modified the experimental techniques used in
Part 1 to allow for higher-pressures and increased fragment sample sizes.

e Part 4. Measured fragment size distributions in a small number of different large-scale
tests. Building on Part 2, obtained further evidence that the size distributions obtained
at small scales in Parts 1 and 3 also occur at large scales.

All of these tests used explosively-driven shock tubes. Shock tubes have rarely, if ever, been used
to systematically study fragmentation prior to this work. Parts 1 and 3 used a small (6.5-in
diameter) shock tube to load square plates with relatively short-duration high-overpressure
airblast, creating conditions where material properties (e.g., strength, density) dominate structural
response (e.g., bending, flexing). Part 2 and 4 used a large (8 ft diameter) shock tube to load
realistic building facade panels and roofing sections with relatively long-duration low-
overpressure air blast, creating conditions where structural response dominates material properties.

1.1 PURPOSE AND SCOPE

This test series used a small explosively-driven shock tube to shatter simply-supported plate
samples using relatively high-pressure, long-duration blast loads. Placing test articles inside small
shock tubes risks ejecting the test articles whole, almost regardless of support technique, rather
than fragmenting them. This test series used a novel ‘punch out’ technique, wherein the test article
was mounted outside the shock tube. In other words, the test articles were made deliberately larger
than the shock tube diameter, to allow for a simple exterior support structure. The test setup
included a fragment stripper designed to preferentially capture fragments originating from the
uniformly-shock-loaded circular center of the target.

This test series was performed in SRI International’s 6.5-in-diameter 37-ft long shock tube.
The shock tube was used to fragment 2-in-thick specimens of precast concrete and concrete
masonry unit (CMU) material using three different pressure-time histories with peak pressures of
approximately 4,000 psi, 3,000 psi, and 1,500 psi. In addition, the shock tube was used to fragment
Ya-in-thick plate tempered glass specimens using two different pressure-time histories with peak
pressures of approximately 250 psi and 500 psi.

1.2 TESTING OBJECTIVES

The first goal of this test series was to explore how fragment size and velocity distributions
depend on blast loads or, equivalently, strain rates. The second goal was to explore how fragment
size and velocity distributions depend on material type. The third goal was to explore how fragment
size distributions change with time due to, e.g., mid-air collisions between fragments.
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As part of the first goal, LS-DYNA was used to make pre-test predictions for the strain rate;
see Appendix B. More specifically, LS-DYNA was used to predict the velocity gradients that were,
in turn, used to calculate the strain rates through the thickness of the test sample. The through-
thickness strain rates were then averaged to get an average strain rate. For example, Figure 1 shows
LS-DYNA predictions for the average strain rate vs. applied peak reflected overpressure for
concrete and tempered glass test articles. Based on these predictions, and the pressure loads
achie:;/able1 in the shock tube, this test series obtained strain rates ranging between 10% sec’? and
8x10° sec™.
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Figure 1. LS-DYNA pre-test predictions for average strain rates in concrete and tempered glass test articles.

10



2 TESTING OVERVIEW

As previously noted, these tests were performed in SRI International’s 6.5-in-diameter 37-ft
long shock tube, which is located at SRI’s privately owned Corral Hollow Experiment Site
(CHES).

To determine how the fragment size distribution changed with time, the fragment size
distribution was measured at three different times using three different techniques. In particular, a
high-speed video (HSV) camera was used to record the initial crack pattern on the rear face of
each sample, a second HSV camera was used to record the fragment sizes and velocities in-flight
at intermediate times, and finally the late-time at-rest fragments were physically collected and
analyzed post-test. Because this test series physically collected over 50,000 fragments, it was not
possible to weigh the fragments by hand. Instead, a new technique was developed, which combined
sieving, shadowgraphy, and digital image processing techniques.

Table 1 summarizes the 16 tests completed in this series. Tests 1, 2, and 11 were conducted
strictly for purposes of test design and calibration. In other words, only 13 tests in the series were
analyzed.

Table 1. Small diameter shock tube experiment parameters.

Peak Reflected Approximate

Sample Charge | Charge : Impulse Strain
Test Sample Thickness! | Charge Type | Length Mass Over(;;rscﬁsure Du(rrszl)on (psi-ms) Rate
i i -1
(in) (in) © East’ | West® | East’ | West? | East® | West? (sec™)
1 (gﬁe"c"k'gfft) 2 g’f‘%?aggf(‘i 24 467 | NA | 8665 | NIA 46 | NA | 15023 | 1.33x10°
2 (g?e"cckrgfft) 2 g’f‘%?aggg 24 467 N/A | 23718 | N/A 6.0 N/A | 2626 | 3.4x103
3 cMU 2.125 é;r’;g'g 22 481 | 12503 | 12405 | 123 100 | 2909.1 | 1867.1 | 1.98x10°
4 CMU 2.0625 1g§n:g ‘é‘a 24125 | 1579 | 3603.7 | 38160 | 210 230 | 5514.1 | 51239 | 4.97x103
5 Concrete 2 ég;g'é 241875 | 486 | 14232 | 14251 | 112 126 | 2096.4 | 2007.0 | 2.21x10°
6 Concrete 1.9375 lgf;’;,!r; ‘é:a 241125 | 1581 | N/A® | Nme NIAS | N | NAR | NIA® N/AZ
7 CMU 2.0625 ég;g'é 21 462 | 1347.3 | 13584 | 131 143 | 19320 | 1901.8 | 2.12x10°
8 Concrete 2 lé%';‘pdéa 21375 | 1042 | 20725 | 27224 | 87 130 | 32645 | 3511.4 | 3.97x10°
9 | Concrete 2 10'5(’)}'7:")"; 205 904 | 20326 | 26329 | N/A® | 108 | N/A® | 3267.1 | 3.89x10°
10 CMU 2.09375 lc'f)'r';‘pdéa 205 993 | 3167.4 | 28492 | 110 120 | 40549 | 29636 | 4.16x10°
1 ':L'(’)‘;g F?It:f; 15 éo'r’;g'g 22375 486 | 17755 | 18285 | 491 535 | 4624.7 | 4991.1 N/A
12 CMU 2.125 10'?)}':pdéa 24 1167 | 27823 | 29082 | 115 173 | 4009.6 | 39923 | 3.97x10°
13 Teg‘lgzged 0.22 ;ﬁ‘;?aggg 24 1555 | 4776 | 460.9 118 113 | 6667 | 6436 | 3.02x10°
14 Teglz‘;;‘*d 0.22 P“rfr?]gcré frt ' 24 78 2354 | 2357 9.3 91 | 3402 | 3390 | 6.03x10?
15 Teglz‘;;‘*d 0.22 P“rfr?]gcré frt ' 24 78 2239 | 2309 9.1 92 | 3256 | 3260 | 5.55x102
16 Teglz‘;;‘*d 0.22 éﬁ‘;?agg:(; 24 1555 | 4855 | 450.0 114 112 | 6396 | 6189 | 3.00x10°

L All test sample were 16-in x 16-in plates with varying thickness

2 Gages located 1.5-in from the samples inside the shock tube on the East or West
3 Partial or full loss of test data due to instrumentation triggering or sampling failures
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Three materials were tested in this series: concrete, CMU material, and tempered glass. The
concrete samples were produced by a contractor using a 3,000-psi mix developed by the US Army
Corps of Engineers and designated as SAM-35 [1]. The CMU samples were produced using an
off-the-shelf normal weight, 4,000-psi mix poured and provided by Pacific Supply [2]. The
tempered glass was an off-the-shelf fully tempered single pane produced by C.R. Laurence, Co.
[3] and cut to size by a local glass shop in Livermore, CA [4].

Table 2 shows the test sample material properties. As seen in Appendix C, the concrete and
CMU values are derived from compression testing. The tempered glass values are typical [5].

Table 2. Test sample material properties.

Material Type Density (pcf) Compressive Elastic Modulus Tensile Strength Gs (Ibs/in)
Strength (psi) (psi) (psi)
Concrete 131 3,120 2.76x10° 419 0.34
cMU 125 4,470 3.08x10° 501 0.40
Tempered Glass 161 13,500 10.0x10° 13,500 0.047

2.1  TEST SETUP

Testing began with two preliminary checkout tests with concrete samples. In these two tests,
the side-view HSV was heavily obscured by smoke and fireball. In subsequent tests, significant
improvements in camera view and fragment flight observations were achieved by: (a) purging the
shock tube with pure nitrogen before each shot; (b) cleaning the soot and combustible residue left
from previous shots; (c) securing the charge with non-combustible materials; and (d) adjusting the
camera location and lighting. To further improve the camera view, the length of the shock tube
was increased from 22-ft to 40-ft., which delayed the arrival of detonation products. For the
tempered glass specimens, Primacord charges were used. For the concrete and CMU specimens,
cast Comp B charges were used. Cast Comp B eliminated combustible materials, such as the plastic
jacket of the Primacord, which otherwise would contribute to smoke formation. Figure 2 shows
the test setup used for Tests 3 to 16, after the above improvements were made.
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Figure 2. High pressure shock tube test setup used for Tests 3 to 16.

As shown in Figure 2, a mirror and a HSV camera were used to record the early-time fracture
patterns on the rear face of each sample. For example, Figure 3 shows the rear face of the tempered
glass sample in Test 14. For Y-in.-thick tempered glass, most of the fragments form in two
dimensions in clear view of the camera. Thus the rear-view HSV can be used to estimate the early-
time fragment size distributions for glass. By contrast, for the 2-in-thick concrete and CMU, most
of the fragments form in three-dimensions and, thus, out-of-view of the camera. In other words,
the rear-view HSV cannot be used to estimate the early-time fragment size distributions for
concrete and CMU, at least not without some way of extrapolating from the visible surface to the
interior.
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Figure 3. Rear-view HSV capture of tempered glass fracture in Test 14.

As shown in Figure 2 and Figure 4, a fragment stripper and side-view HSV camera were used
to record the intermediate-time in-flight fragments. The opening in the fragment stripper was 10-
ft tall by 1-ft wide. Located 5-ft from downstream from the sample, the fragment stripper excluded
fragments traveling at angles greater than 5° relative to a vertical plane passing through the
midsection of the test article. As its main benefit, the fragment stripper made it easy to estimate
fragments sizes and speeds, by ensuring that fragments maintained a known fixed distance from
the side-view-HSV camera. As a secondary benefit, the fragment stripper tended to admit
fragments originating from the directly-loaded center of the sample and, conversely, tended to
eliminate fragments originating from the perimeter of the sample. In other words, the fragment
stripper selected fragments formed under relatively simple steady uniform loading conditions, a
useful feature for future model validation and calibration.

Fragment
Stripper

4
Shallow Angle
Mirror

Figure 4. Fragment stripper details.

14



As seen in Figure 5, a fiduciary video was produced by recording markings of known fixed
lengths, placed in the vertical plane in the center of the fragment stripper, using the side-view HSV
camera. As described in Section 3.2.1, the fiduciary video led to a simple conversion factor
between the number of video pixels and the physical location and dimension of each fragment
observed in the side-view HSV.

Figure 5. Fiduciary video screen capture.

As shown in Figure 2, the late-time fragments were physically collected using a soft-catcher
system, consisting of alternating layers of carpet and Kevlar mounted on a vertical steel frame,
with enough layers used to prevent penetration. The soft-catcher system directed the fragments
into a collection area, consisting of a heavy-duty tarp mounted on a horizontal steel angle frame,
welded to the fragment stripper and laying on the ground. After each experiment, the fragments
that landed in the collection area (i.e., on the framed tarp) were collected and weighed. Fragments
that landed outside of the collection area (i.e. on the concrete pad or the ground) were collected
and discarded.

As noted earlier, a total of 16 tests were performed, where two were preliminary design
experiments and one was a load check experiment with a rigid steel plate. In the latter test, a rigid
steel plate was bolted to the end of the shock tube, and the pressure was measured for comparison
with other cases where the blockage was shattered.

The remaining 13 experiments involved five CMU targets, four precast concrete targets, and
four tempered glass targets. Each target was a 16-in x 16-in plate. However, as seen in Figure 6
and Figure 7, the small diameter shock tube loaded only by a 6.5-in-diameter circular area located
in the center of each plate. The target plates were placed against a simple steel support on one side
and the end of the shock tube on the other side, with only a foam spacer intervening. While the
test objects shattered completely in all cases, those parts of the test objects not directly exposed to
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the airblast, i.e., outside of the 6.5-in-diameter center circular region, tended to travel off-axis and
were thus preferentially eliminated by the fragment stripper. Perimeter fragments with large
upward or downward velocity components sometimes passed through the stripper. However, they
were easily identified in the side-view HSV and were not measured. In other words, the results are
dominated by material punched out from the center of the target, which traveled nearly
perpendicular to the plate surface, in the direction of the airblast.

Figure 6. CMU samples before (left) and after (right) being mounted in the supports.

Bearing

Free

Figure 7. Test target material support conditions.

In all cases, long cylindrical explosive charges were used to create extended airblast durations,
while still obtaining the desired high overpressures on the targets. The precast concrete and CMU
samples were exposed to three overpressure levels, referred to here as high, medium, and low. The
high overpressures were obtained by employing a 1.75-inch-diameter 24.1-inch-long cast Comp
B explosive charge that weighed 3.48 Ibs (1.58 kg) resulting in a peak reflected static overpressure
of ~4,000 psi and a duration of ~10 ms. The medium overpressures were obtained by employing a
1.5-inch-diameter 20.5 to 24-inch-long cast Comp B explosive charge (Figure 8) that weighed
between 2.18 Ibs (0.99 kg) and 2.58 Ibs (1.17 kg) and resulted in a peak reflected static
overpressure of ~3,000 psi and a duration of ~8 ms. The low overpressures were obtained by
employing a 1-inch-diameter 21 to 22.4-inch-long cast Comp B explosive charge that weighed
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between 1.01 Ibs (0.46 kg) and 1.06 Ibs (0.48 kg) and resulted in a peak reflected static
overpressure of ~1,500 psi and a duration of ~5 ms.

Figure 8. Comp B explosive charge and driver section.

The tempered glass samples were exposed to two overpressure levels, referred to here as high
and low. These overpressures were obtained by using multiple 24-inch-long strands of either 150
grain/ft or 400 grain/ft Primacord that were reverse-initiated by an RP80 detonator located at the
end closest to the target. The high overpressure tests obtained peak incident static overpressures
of 500 psi. The low overpressure tests obtained peak incident static overpressures of 250 psi. In all
cases, the durations were between 8 and 10 ms.

Pressure was measured using Kulite strain-gaged diaphragm pressure transducers with a range
of 60 ksi for the CMU and precast concrete samples and 2 ksi for the tempered glass samples.
These pressure gages were placed in strategic locations to characterize the loading environment
along the length of the shock tube. For example, Figure 9 shows the pressure-time history
measured in Test 12, a medium-pressure CMU test at a pressure gage located 3.25-in upstream
from the face of the test sample. Pressure gages were placed on either side of the shock tube, i.e.,
the East and West side as denoted in Table 1. Data from the pressure gages were collected using a
Nicolet Odyssey Data Acquisition System. Appendix C gives a full set of pressure measurements.
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Figure 9. Test 12 (medium-pressure CMU) pressure and impulse histories from a 60-ksi Kulite pressure gage located 3.25-
in upstream of the test specimen.
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3 FRAGMENT DISTRIBUTION ANALYSIS TECHNIQUES

As seen in Figure 10, two digital image processing software tools were used to characterize
debris size and velocity distributions. Frag Track, a custom tool developed by PEC, was used to
estimate fragment sizes and velocities from the side-view HSV. SigmaScan, a well-known
commercial image analysis package, was used to estimate fragment sizes from the rear-review
HSV and from digital photographs of the physically-collected debris.

Videographic

Analysis

Frag Track

- Velocity and size statistics for
debris cloud (fragments and
dust)

SigmaScan

L - Fragment size statistics from
collected debris

- Fragment size statistics from
rear view video

Figure 10. Two digital image processing software tools were used to characterize fragment size and velocity.

3.1  ANALYSIS OF EARLY-TIME REAR-VIEW HIGH-SPEED VIDEOS

Selected frames from the rear-face high-speed video from the tempered glass tests were
analyzed using SigmaScan. The selected frames were pre-processed to subtract the background
and to outline the fragments monochromatically. SigmaScan was then used to assess the images
and output a tabular CSV file of fragment count and area. As noted earlier, rear-face videos are of
less value for the concrete and CMU tests, since these fragments form volumetrically in three-
dimensions, meaning most are hidden from view.

Figure 11 shows an example of SigmaScan analysis of the rear-face HSV. In the upper right,
fragments are identified and outlined. In the lower left, the background is removed. In the lower
right, SigmaScan assigns numbers and as-measured properties to each identified fragment. Of the
four tempered glass tests, SigmaScan analysis was successfully completed only for Tests 13, 15,
and 16. Due to lighting and exposure issues, the rear-face HSV for Test 14 was too blurry to
support SigmaScan analysis.
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Figure 11. Progression of image analysis for size distribution using SigmaScan Pro for Test 13.

3.2 ANALYSIS OF MID-TIME SIDE-VIEW HIGH-SPEED VIDEOS

3.2.1 FRAG TRACK ANALYSIS METHODOLOGY

Frag Track was designed to estimate debris cloud velocities, whether or not it was possible to
clearly distinguish separate fragments.

Frag Track has two main options, one for low and one for high obscuration conditions. The
first option was used for the tempered glass tests, which included only low levels of smoke and
fire. The second option was used for the concrete and CMU tests which included elevated levels
of smoke and fire.

The first option requires the user to select a reference frame. The algorithm then tracks anything
that is not part of the reference frame. Unfortunately, this option tracks any and all differences
from the reference frame, meaning there is no way to reliably distinguish fragments from smoke
and flame. Figure 12 illustrates the first option.
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Figure 12. The first Frag Track option.

The second option uses velocity gradients to identify and track individual objects. More
specifically, this option looks for closed surfaces with velocity gradients on all sides, which allows
it to clearly distinguish fragments from smoke and flame. As an additional advantage, the second
option allows Frag Track to estimate fragment sizes in addition to velocities, where the size
estimates are based on 2D pixel counts. Figure 13, Figure 14, and Figure 15 illustrate the second
option. To exclude fragments that ricochet from the ground or other surfaces, the second option
excludes fragments with excessively large vertical velocities.

Figure 13. The second Frag Track option looks for velocity gradients.
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Figure 14. In the second option, Frag Track detects a fragment if velocity gradients form a closed surface.

Figure 15. In the second option, Frag Track follows individual fragments as they travel across the field of view.

The location of each detected fragment is displayed and tracked over time, leading to estimates
of each fragment’s travel distance (measured in number of pixels), travel time (measured in
number of frames), area (measured in number of pixels) and aspect ratio (unitless). The Frag Track
output is converted to physical units using the conversion factor determined from the fiduciary
video. More specifically, the fragment velocity is converted from pixels/frame into ft/sec based on
the frame rate of the camera and the fiduciary. Similarly, the fragment area is converted from
number of pixels to in? based on the average aspect ratio during the time that the fragment is
tracked.

Obviously, Frag Track is not able to track fragments that are completely obscured by smoke
or the fireball. In practice, as seen in Figure 16, the fireball tends to preferentially obscure
fragments with middling velocities.
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Figure 16 Velocity histograms for Tests 6 and 9 where the fireball obscures the view of mid-range velocity fragments

The circular ‘punch out’ testing technique used here resulted in a wide range of fragment
speeds. The first and fastest fragments form near the center of the target, while the last and slowest
fragments form at the periphery, near the outer radius of the shock tube. For example, Figure 17
shows the results for Tests 3 and 4 with CMU plates, which had peak reflected static overpressures
of around 1,250 psi and 3,700 psi, respectively. In both cases, the earliest fragments originating
from the center of the test sample have the highest velocity. As time progresses, the velocities
decrease with an asymptotic value of around 6,000-ft/sec (1,800-m/sec). Because Test 4 has a
larger load, the peak velocities are higher than in Test 3.

82,000 | 804

L

Velocity (missc)

Velocity (ftisec)

Figure 17. Fragment velocity vs. time for Tests 3 and 4 as determined by Frag Track.

Figure 18 shows median fragment velocity vs. reflected peak static overpressure across all
tests. For tempered glass and concrete, higher pressure loadings clearly result in higher median
fragment velocities, as expected. However, the trend is not as clear for CMU, probably because
such a large portion of these fragments were obscured by smoke and fireball, especially during the
high pressure tests.
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Figure 18. Median velocity vs peak static overpressure for Tests 3-10 and Tests 12-16.

Figure 19 compares the fragment mass distribution for Tests 3 and 4, which had peak reflected
static overpressures of around 1,250 psi and 3,700 psi, respectively. The plot shows 20 mass bins,
each 0.25-g in width. Because of the larger loading, Test 4 produced smaller fragments overall
than Test 3. However, and somewhat surprisingly, Test 4 produced more fragments in the largest
sizes bin (>5-g) than Test 3. This is probably because the higher overpressures in Test 4 propelled
more large fragments from the periphery of the circular ‘punch out’ region horizontally into the
field of view of the side-on HSV. As discussed later, the video analysis based on Frag Track has a
lower fragment size limit on the order of 0.5-g (0.0011-1b), which explains the dramatic drop off
in fragment counts in the two smallest size bins.

histograms.

Fragment Count

S ,
e
| 5454
e ‘.l — Mg o 2azigms
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Figure 19. Concrete mass distribution for Tests 3 and 4.

24



3.2.2 FRAG TRACK VELOCITY ANALYSIS VALIDATION

To confirm that Option 2 in Frag Track correctly measures fragment velocities, the results were
compared with manual tracking. In particular, in Test 7 one random fragment was selected from
each of three different velocity groups, namely, fast (>1,000-ft/sec), medium (400- to 1,000-ft/sec),
and slow (<400-ft/sec) velocity ranges. For each fragment chosen, two time-stamped images were
layered on top of the corresponding fiduciary image. The fragment velocity was then hand
calculated based on the displacement and change in time. Figure 20 to Figure 22 show the
manually-tracked fragment displacement for a random fragment in each of the three velocity
groups with the fiduciary image in the background.

T+44.703 ms

Figure 20. Fragment manually tracked in Test 7 randomly chosen from the fast group.

T64.850ms

Figure 21. Fragment manually tracked in Test 7 randomly chosen from the middle group.
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Figure 22. Fragment manually tracked in Test 7 randomly chosen from the slow group.

Table 3 shows the differences between the Frag Track and hand-calculated velocities. Notice
that the differences are less than 5% in all cases.

Table 3. Percent Error for Frag Tracker Analysis Software.

Group 1 Group 2 Group 3
Analysis Method Velocity Velocity Velocity
(ft/sec) (ft/sec) (ft/sec)
Hand-calculated 604 1,410 216
Frag Track 576 1,401 222
Difference 4.6% 0.6% -2.7%

3.2.3 FRAG TRACK MASS ANALYSIS VALIDATION
To confirm that Frag Track correctly measures cross-sectional fragment sizes, results were
compared to SigmaScan for a random video frame in Test 7. Figure 23 shows the video frame as
processed in SigmaScan. Notice that each fragment was assigned a fixed index number.  Figure
24 shows the same video frame as processed in Frag Track. Frag Track assumes linear trajectories,
as indicated by the red lines. Frag Track will only track objects that are repeatedly detected in
adjacent frames.

26



A Test 7 56ms (size) (2).bmp (1x)

I456.864 ms

Figure 23. SigmaScan measuring object sizes from a still image.

Figure 24. Frag Track measuring object sizes, as well as velocities and trajectories, from the same still image as was shown
in Figure 23
Figure 23.

As seen in Figure 25, the two tools agree well for cross-sectional areas larger than one pixel.
The top of Figure 25 compares the cumulative distribution functions (CDFs) for fragment areas of
three pixels and larger. The bottom of Figure 25 compares the size of each individual fragment
including those with an area of a single pixel or a fraction of a pixel. On average, the Frag Track
results differ from the SigmaScan results by about -5%. This discrepancy occurs because
SigmaScan accepts fragments that Frag Track rejects. SigmaScan requires only that fragments be
visible in a single frame, while Frag Track requires that fragments be visible over several adjacent
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flames. This causes Frag Track to sometimes reject fragments that are temporarily obscured by
smoke and fire.

Size Comparison: Sigma Scan vs. Frag Track
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Figure 25. Cumulative distribution function and cross-sectional fragment size comparison between SigmaScan and Frag
Track.

3.3 ANALYSIS OF LATE-TIME PHYSICALLY-COLLECTED FRAGMENTS

As described in Section 2, fragments were physically collected in each test using a fragment
catcher. Even after excluding the smaller fragments, well over 50,000 fragments were collected in
this test series. It was not possible to weigh so many fragments by hand within the resources
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available for this project. Two main alternatives were considered: sieving and shadowgraphy.
Sieving is a classic technique for quickly characterizing large numbers of fragments by passing
them through a series of increasing finer sieves and measuring the weight captured in each sieve.
However, this approach produces only rough estimates of the fragment size distribution.
Shadowgraphy, combined with digital image processing, is another classic technique for
characterizing large numbers of fragments. However, shadowgraphy is typically restricted to cases
where the out-of-plane dimension is fixed or can easily be inferred from the in-plane cross-section.
Examples include liquid atomization, where the fragments are uniformly spherical, and thin plate
fragments where all but the smallest fragments have a fixed out-of-plane thickness.

Holography has the potential to overcome the limitations of shadowgraphy and is routinely
used for liquid atomization in well-controlled laboratory settings. However, prior attempts to use
holography for field applications such as this one have failed. Thus holography was considered
too risky to attempt for this project.

The mining and processing industries have recently developed shadowgraphy-based
techniques for automatic characterization of vast quantities of material, including cases where the
individual fragments substantially deviate from the usual assumptions; see, e.g., [6].
Unfortunately, this body of literature was discovered too late to apply it in this effort.

Instead, a new technique was developed that combines sieving and shadowgraphy. It was found
that the errors inherent in applying shadowgraphy to random three-dimensional objects can be
substantially reduced by sieving the material first. The new technique was validated by comparing
the results to hand measurements.

The remainder of this section describes the new characterization technique in detail. The
fragments collected in each test were passed through a series of increasingly finer sieves in order
to group them by size. After the overall contents of each sieve were weighed, the fragments were
staged for pictures by laying them out on a flat surface. These pictures were analyzed using
SigmaScan with a minimum fragment mass of 0.005 g. Below 0.005 g, it was impractical to
physically separate individual fragments, as would be required to avoid treating multiple fragments
as a single fragment.

For example, Figure 26 shows the fragments physically collected in Tests 13 and 14. These
fragments were run through a series of sieves to separate the fragments into bins. As seen in Figure
27, the fragments from each bin were carefully laid out and photographed. SigmaScan’s image
editing features were used to convert each photograph to a high-contrast image, which allowed
SigmaScan to estimate fragment sizes more accurately.

Test13 Test 14

Figure 26. Fragments collected from the designated collection area in Tests 13 and 14.
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Figure 27. Fragments captured in sieve #8 in Test 5 before (left) and after (right) SigmaScan processing.

For each bin/sieve, the mass was calculated for individual fragments as follows:

ml-:Ai-—

YA

where m; is the mass and 4; is the cross-sectional area of fragment i. In other words, the mass-to-
area ratio of each individual fragment was assumed to be the same as the cumulative mass to
cumulative area ratio of all fragments in the same bin.

SigmaScan is able to distinguish small differences in contrast intensity. As a result, SigmaScan
is capable of registering tiny particles on the order of 102 in? in high resolution images, potentially
including ambient dust and almost-invisible cross-contamination between different tests. As seen
in Figure 28, the spreadsheet results produced by SigmaScan were post-processed using Microsoft
Excel. Excel macros and simple logic functions were used to exclude microscopic fragments
during post-processing, in order obtain accurate cumulative area calculations and to enforce the
above assumptions concerning uniform thicknesses.
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Figure 28. Processed SigmaScan image and spreadsheet output.

More specifically, two passes were made in Excel. In the first pass, logic functions and VBA
code were used to enforce a lower limit for an object area (in pixels). In the second pass, errors
were corrected in which SigmaScan treated multiple adjacent fragments as one fragment. In laying
out the fragments from each sieve prior to photographing them, every attempt was made to
physically separate the fragments. However, inevitably, a certain fraction ended up touching or
slightly overlaying each other.

Figure 29 shows part of the resulting Excel spreadsheet for the #8 sieve in Test 5. In the figure,
column A shows the indexed object number, column B shows the original area measurement,
column E is a counter for the first pass, and column F is an adjusted counter for the second pass.
For each sieve a fragment area (cell 11) representative of the actual maximum area was used to
adjust the individual measurements in column G. Initially this area was selected based on the
median of the original data set (cell H6) with small adjustments made by hand to account for
variability between each sieve and between each test. The spreadsheet also shows the estimated
number of fragments after the first pass first pass (797 objects, cell E2) and the estimated number
of fragments after the second pass (1,754 fragments, cell F2) based on a representative fragment
area (589 pixels). The adjusted areas in column G are calculated by dividing values in column D
by values in column F. As a result of the two passes and adjustments made to the data set, adjusted
averages (cell 14) and adjusted medians (cell 16) agree with each other. To further ensure the
accuracy of this process, adjusted area measurements were thoroughly spot checked in SigmaScan
by comparing the fragment counter values in column F to visible fragments taken directly from
the image. Spots checks were performed for every image (and consequently every sieve) for all
tests.
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3.3.1 VALIDATION

As noted earlier, sieving was used to reduce the errors inherent in applying shadowgraphy to
objects with variable unknown out-of-plane shapes and thicknesses To gage the success of this
approach, the results were compared against hand measurements done on three random subsets of
fragments collected in Test 7. More specifically, 100 random fragments were gathered from three
different sieves and hand-weighed. Figure 30 to Figure 32 show the comparison between hand-
nominal sieve
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Figure 29. Corrected fragment sizes for sieve #8 in Test 5.
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437
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447

weighed fragments and SigmaScan-calculated weights for a #6 sieve (0.132"
opening), a #4 sieve (nominal 0.187" opening), and a ¥4" sieve fragments.
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#6 Sieve: Measured vs. Sigma Scan
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Figure 30. SigmaScan vs. hand measured weights for 100 fragments taken from a #6 sieve in Test 7

#4 Sieve: Measured vs. Sigma Scan
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Figure 31. SigmaScan vs hand measured weights for 100 fragments taken from a #4 sieve in Test 7.
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1/4" Sieve: Measured vs. Sigma Scan
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Figure 32. SigmaScan vs hand measured weights for 100 fragments taken from a 4" sieve in Test 7.

Table 4 compares hand measured and SigmaScan values for average mass, minimum mass,
maximum mass. In addition, Table 4 shows percent error averaged over 100 fragments. In general,
SigmaScan tends to slightly over predict the mass of smaller fragments and slightly under predict
the mass of larger fragments.

Table 4. Comparison of hand-weighed fragments to calculated masses from SigmaScan.

0,
Sieve Avg. Mass (g) Min. Mass (g) Max Mass (g) AI\EVr?ofJ
Size Measured SigmaScan Measured SigmaScan Measured SigmaScan
#6 0.098 0.096 0.05 0.046 0.17 0.17 -2%
#4 0.259 0.255 0.14 0.14 0.59 0.51 -1%
v 1.052 1.052 0.31 0.38 3.12 2.50 12%
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4 RESULTS
4.1 DEBRIS DISTRIBUTIONS

4.1.1 GENERAL OBSERVATIONS
Table 5 shows the number and mass of the subset of fragments that passed through the fragment
stripper and were physically collected and sieved. As expected, the total mass of physically
collected fragments was consistently much less than the mass of the original sample. However, the
total mass of the physically collected fragments was often close to the mass of the loaded area of
the original sample, i.e., the 6.25-in diameter disk in the center of the test sample. The number of
fragments collected ranged from 3,703 fragments in Test 16 up to 8,367 fragments in Test 7.

Table 5. Summary of fragments captured using physical collection techniques.

% of % of Fragment
Collected | Original | Directly Count
Mass Weight Plate Loaded
Test Sample (Ib) (Ib) Weight Weight

3 cMU 39.5 4.12 10% 94.3% 4,520

4 cMU 40.65 1.53 4% 31.5% 7,481

5 Concrete 40.2 5.30 13% 110.2% 4,831

6 Concrete | 40.95 1.76 4% 35.9% 3,751

7 cMU 39.75 4.12 10% 86.6% 8,367

8 Concrete | 40.9 2.56 6% 52.3% 3,905

9 Concrete | 385 3.08 8% 66.9% 4,564

10 cMU 40.1 1.99 5% 41.5% 6,779

12 cMU 40.55 1.93 5% 39.8% 6,576

13 | Tempered | oo 0.48 9% 77.1% 3,967
glass

14 | Tempered | o, 0.72 14% 115.7% 3,967
glass

15 | Tempered | oo 0.72 14% 115.7% 3,579
glass

16 Ter;gsesred 5.15 0.50 10% 81.1% 3,703

Figure 33 shows a typical view of the fragments that were not physically collected because
they travelled at oblique angles and hit the fragment stripper.
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Figure 33. A typical view of the debris that did not pass through the fragment stripper.
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Table 6 shows the number, mass and velocity of the subset of fragments characterized in side-
view HSV analysis using Frag Track. The number and mass of fragments obtained from side-view
HSV s, not surprisingly, less than the number and mass of fragments obtained from physical
collection. This is due to the limited viewing area of the side-view HSV cameras, obscuration from
smoke and fire from the high explosives, omission of small fragments due to limited video
resolution, omission of some fragments due to limited appearance in successive video frames, and
omission of fragments with large upward or downward velocity components, including those
which ricocheted from the ground surface.
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Table 6. Summary of fragments captured in high speed video using Frag Track.

Video % of Frag % of Median Qualitative Notes on Frag Track Processing
Tracked | Original | Count Directly Velocity
Mass | Weight Plate Loaded (ft/sec)
Test Sample (Ib) (Ib) Weight Weight
3 MU 395 1.98 5% 192 21.9% 294.6 Video goes dark early in the event. Visible debris was
tracked
Missed detection of some of the initial high-speed
4 CMU 40.65 1.36 3% 224 28.0% 325.7 fragments. Gap in fragment data as fireball passes
through video
Some debris is completely obscured by smoke at around
5 cMU 40.2 1.67 4% 364 34.7% 167.6 110-ms. Other than this, about 90% of the visible debris
was tracked
Debris was engulfed and completely obscured by the
6 Concrete | 40.95 1.21 3% 164 24.7% 368.5 fireball towards the end of the video. Appears that
visible debris was tracked well.
7 cMU 39.75 1.76 4% 389 37.0% 368.2 Visible fragments were tracked well.
3 Concrete 40.9 331 8% 220 67.6% 345.2 Some fragments obscured by fireball. Visible fragments
appear to have been tracked well.
9 Concrete 385 141 4% 201 30.6% 177.2 Mlss.ed some small hlgh-speed fragments. Fireball
partially covers debris from ~50-80 msec.
Video was very obscured by smoke and fire. Visible
10 cMU 40.1 0.6 1% 254 12.5% 175.4 debris is tracked, but the amount of visible debris is
small.
1 MU 4055 192 3% 325 25.1% 189.4 Video was overexposed at beginning. Some fragments
were tracked through smoke.
13 Temp 59 0.39 8% 173 62.7% 202.9 No issues. All visible tempered glass fragments were
glass tracked well.
14 Temp 52 11 21% 856 176.8% 107.9 No issues. All visible tempered glass fragments were
glass tracked well.
15 Temp 59 0.58 11% 293 93.2% 832 No issues. All visible tempered glass fragments were
glass tracked well.
16 Temp 5.15 0.99 19% 712 160.6% 151.8 No issues. All visible tempered glass fragments were
glass tracked well.

The Frag Track, SigmaScan, and sieve analyses were combined to determine distributions for
debris mass and velocity for each experiment. For each data set, histograms were developed with
either mass or velocity on the horizontal axis and fragment count on the vertical axis. Figure 34
through Figure 36 provide mass distributions for six of the thirteen tests. The mass distribution
from the collected fragments is laid over the mass distribution from the video analysis. In many
cases, the Frag Track video mass matches the collected fragment mass fairly well, except for the
smallest fragments. The discrepancy for small fragments is due to the fact that the side-view video
technique is able to accurately capture fragment masses as small as ~0.5-g (0.00112-Ib) while the
physical collection technique is able to accurately capture fragment masses as small as ~0.005 g.
Notice that the video technigque obtains greater random variation due to the smaller sample size.
These results seem to indicate that fragments did not experience any significant size changes
between the mid-time, mid-air state captured in the side-view HSV and the final late-time resting
state captured in physical collection. This conclusion, if true, implies that the only dramatic
changes occur between early-time state captured in the rear-view HSV — when the fragment cloud
is high-speed and dense and thus especially prone to shattering collisions — and the mid-time state
captured in the side-view HSV. This conclusion is especially significant for the glass fragments,
which are the most fragile, and can easily shatter due to collisions with the catcher.
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Figure 34. Fragment mass histograms for CMU Tests 3 and 4.
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Figure 35. Fragment mass histograms for concrete Tests 5 and 9.
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Figure 36. Fragment mass histograms for tests tempered glass Tests 13 and 14.

Figure 37 and Figure 38 show that, for concrete, a large loading rate (Test 6) produces more
small fragments moving at higher velocities than a small loading rate (Test 5). Similarly, Figure
39 and Figure 40 show that, for CMU, a large loading rate (Test 4) produces more small fragments
moving at higher velocities than a small loading rate (Test 3). The trend is less evident for tempered
glass. In particular, Figure 41 shows results for Tests 13 and 16 at 500-psi while Figure 42 shows
results for Test 14 at 250-psi. Test 13 has higher velocities but more large fragments than Test 14.
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Test 16 has more small fragments but velocities are no larger than in Test 14. These inconsistencies
merit further study.

Velocity-Mass Histogram Distribution

%
s a
)

[+
‘D ‘4 a0
3

(1]

3

-~

w

Figure 37. Velocity-mass histogram for Test 5.
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Figure 38. Velocity-mass histogram for Test 6.
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Figure 40. Velocity-mass histogram for Test 4.
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Figure 41. Velocity-mass histogram for Tests 13 and 16.
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Figure 42. Velocity-mass histogram for Test 14.

4.1.2 ANALYSIS AND DISTRIBUTION FIT APPROACH
Fragment size distributions are commonly described by cumulative distribution functions
(CDFs) and probability density functions (PDFs). The cumulative distribution function F(M) is
the number fraction of fragments with masses greater than or equal to M. Similarly, the probability
density function f (M) is the number fraction of fragments with masses in a range dM centered on
M divided by dM. Notice that F(x) is monotone decreasing such that F(0) =1 and F(w) =0and
that f(x) is always non-negative such that:

Tf(x)dx=1.

Also notice that:

F(M):—If(x)dx; f(|\/|)=—;|]'—|5I

This assumes an infinite range of fragment sizes. The CDFs and PDFs over the limited range
M., SM <M, are related to the CDFs and PDFs over an infinite range as follows:

F(X)_F(Mmin)

P = M) —F (M)

F(M) = f(M)
FM ) —F(My,)

The count mean mass is defined as follows:
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M e = [ MF (M)dM
0

for an infinite range and:

Mmax
- j Mf (M)dM
~ "y M
Mo = jMf(M)dM = S
M i jf(M)dM
M

min

for a finite range. Notice that, for simple one-step fragmentation, conservation of mass,
momentum, and energy yield expressions for Mg, as a function of strain rate, e.g., [7] [8].

However, this is obviously not the case for Mavg, which depends on the arbitrary values M,,;,, and
M ,q,- Normalizing by the count mean mass, Weibull size distributions may be defined as follows:

M r
F(M)=exp —C(M—J

avg

r-1 r
f(M): ¢ rl[l] exp —C(i}
M avg M avg Mavg

where r is a free parameter and where:

c :F(1+ 1]
i

As shown in Laney [9]:

where n is the exponent in the Weibull size distribution written in terms of fragment diameter and
m is the fragment dimension, e.g., m = 3 for CMU and concrete and m = 2 for plate glass.

As before, the Weibull size distribution can be modified to account for a limited range. As a
specific example, suppose that r>0 and M < My, < Mg,4. As another specific example,
suppose that r<0 and M = My, > Mg,g. In either case, Weibull size distributions are
approximately equal to power law size distributions:
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[1-(M/M)" >0

F(M)
(M/M_ ) r<0
M r-1
—Mr M r>0
f(M)= max max
_|r| M r<o
Ivlmin Mm’n

Approximate values for r were obtained by curve fitting the experimental results. This is a
surprisingly complex problem. Table 7 lists seven major issues.

Table 7. Issues faced in curve fitting experime

ntal fragment size distributions.

are mass and diameter. Less common choices are
cross-sectional area and surface area.

Issue Discussion Solution
1. Independent The fitting outcome depends on the choice of Base all curve fits on fragment mass. Because
Variable independent variable. The most common choices fragments are eccentrically shaped, estimating

the experimental diameter or area is difficult.

2. Dependent

The fitting outcome depends on the choice of

Choose fitting parameters to obtain a reasonable

Variable dependent variable. Two common choices are PDFs | compromise between fit quality for the PDF and
and CDFs. CDF.

3. Binning Binning is optional for CDFs but mandatory for Away from the extremes, choose bin limits so
PDFs. The fitting outcome depends on the choice of | that adjacent bins have the same mass. For the
bin limits. The simplest binning strategy — fixed bin largest and smallest fragments, choose the bin
widths — typically results in overpopulated small limits to minimize changes in mass between
bins and underpopulated large bins, both of which adjacent bins. Compare results for coarse (10
adversely impact fit quality. bins), medium (35 bins), and fine (150 bins)

resolution.

4. Fitting The fitting outcome depends on the choice of fitting | Use either Weibull or power law size

Functions function. While the research literature suggests distributions.
numerous possibilities, uncommon fitting functions
explored in this project offered no advantage over
common fitting functions.

5. Sample The fitting outcome depends on upper or lower Account for minimum fragment sizes in the

Ranges limits imposed by experimental techniques, e.g., expressions for the PDFs and CDFs, as described
limited optical resolution. In particular, the side- above.
view HSV results only obtained the upper tail of the
size distribution.

6. Normali- The fitting outcome depends on the choice of Divide all masses by the full-range count mean

Zation normalization. The most common normalization mass. This requires inferring the full-range count
involves dividing size by a characteristic size. The mean mass from the limited-range experimental
limited-range count mean mass is easy to data. In essence, the full-range count mean mass
determine but varies dramatically with range. The is a second parameter, in addition to r, chosen to
full-range count diameter, while not readily minimize fitting error.
apparent from any given set of test data, does not
depend on an artificially-limited range.

7. Error Common approaches include least squares fitting in | Choose the fitting parameters to obtain a

Weighting linear-linear and log-log planes. reasonable compromise between different error

weighting schemes using a x2 approach.
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Numerous attempts were made to develop automated ad hoc fitting procedures, using MS Excel
macros, to implement the solutions given in Table 7. Unfortunately, because of the difficulty of
optimizing across two variables using MS Excel macros, these procedures were unable to
implement (5.) and (6.). This had a particularly serious impact on the side-view HSV, which had
a large minimum fragment size, as seen in later in Section 4.1.4.

While this subsection has discussed fragment size, similar expressions and considerations
apply for fragment velocity, as seen later in Section 4.1.4.

4.1.3 MASs DISTRIBUTIONS FROM REAR-VIEW HSV ANALYSIS

This subsection describes the early-time mass distributions obtained from an analysis of the
rear-view HSV using SigmaScan. As described earlier, results are limited to three tests involving
plate glass test objects, namely, Tests 13, 15 and 16. While the glass plates completely shattered,
the SigmaScan analysis captured only the very-early-time fragments produced by a roughly
circular sub-region, with a radius about 2/3 of that of the supporting plate; see Figure 43. These
very-early-time fragments were still in or near the same plane as the original glass plate, unlike
the fragments formed at slightly later times from the deflected perimeter, which makes it easy to
convert pixel counts to physical dimensions. The SigmaScan analysis omitted the very small
fragments produced at the perimeter of the sub-region.

169 33 i Y S s 30

Figure 43. Development of fragment sizes from SigmaScan analysis.
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Table 8 summarizes the outcome of the SigmaScan analysis of the rear-view HSV, where Mavg
refers to the count mean mass over the experimental range M,,,;;, < M < M, In all three cases,
the experimental mass range was at least 3 orders-of-magnitude. However, because all of the
fragments less than about 10% of Mavg were either rejected as unreliable or collected into the
smallest size bin, and because all of the largest fragments were collected into another size bin, the

practical mass range was only about 1.5 orders-of-magnitude, just wide enough to obtain reliable
curve fits.
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Table 8. Statistical parameters for rear-view HSV mass distributions.

Material | Test | # Frags Total Mmax | Mmax | Mayg
Observed Mass (8) (8) (g)
Observed
(g)
T 13 431 375 0.003 10.65 0.866
Glass 15 414 541 0.0004 71.35 1.250
16 651 520 0.003 7.52 0.798

Table 9 shows the best-fit Weibull size distributions. More specifically, the first three rows
show the curve fits obtained for Tests 13, 15, and 16 individually; see also Figure 44, Figure 45,
and Figure 46, respectively.® The last row shows the curve fit obtained for Tests 13, 15, and 16
combined; see also Figure 47. Notice that no attempt was made adjust for the minimum or
maximum fragment sizes, i.e., the full-range and limited-range count mean masses were assumed
to be the same. Also notice that, even though Tests 13 and 16 were essentially the same, they
obtained substantially different results. This is probably because, in Test 13, the SigmaScan
analysis was performed at an earlier time than in Test 16, before the fragments in the center
subregion were fully formed. In each test, the SigmaScan analysis was performed at the earliest
time possible, as soon as the fragment outlines were readily apparent in the rear-view HSV, which
introduced a degree of test-to-test variation depending on lighting conditions and other factors.

Table 9. Best-fit Weibull parameters based on rear-view HSV mass in Tests 13, 15, and 16 involving plate glass test objects.

Material Test Pressure Weibull Parameters
(psi)
r Ma,,g = Mavg
(8)

13 Low (250) 1.06 (*) 0.866

Tempered 15 High (500) 0.69 1.250
Glass 16 Low (250) 0.64 0.798

Combined 0.78

(*) Measured before the fragments were fully formed.

! In these and all subsequent figures, the label “Probability Density” on the vertical axis refers to
the PDF times the count mean mass, i.e., it refers to My,,, f (M).
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Figure 44. Best-fit Weibull mass distribution for rear-view HSV test data for PDF (top) and CDF (bottom) for Test 13 for
tempered glass.
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Figure 45. Best-fit Weibull mass distribution for rear-view HSV test data for PDF (top) and CDF (bottom) for Test 15 for
tempered glass.
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Figure 46. Best-fit Weibull mass distribution for rear-view HSV test data for PDF (top) and CDF (bottom) for Test 15 for
tempered glass.
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4.1.4 MASs AND VELOCITY DISTRIBUTIONS FROM SIDE-VIEW HSV ANALYSIS

This subsection describes the mid-time mass and velocity distributions obtained from
analyzing the side-view HSV using Frag Track. As discussed in Section 4.1.1, Frag Track imposes
a minimum fragment size of 0.1 to 0.5-g, which is much larger than in the early- and late-time
measurement techniques. As discussed in Section 4.1.2, curve fitting procedures must account for
large minimum fragment sizes. In particular, the full-range count mean mass must be estimated
from a finite-range of fragments, which is generally much larger.

For example, Figure 48 shows the results for Test 16 with M,,;,, = 0.19, M,,,,, = 160, and
Ma,,g = 0.903g. The Weibull parameters were estimated to be » = 0.91 and M,,, = 0.798g.
However, comparing with the early- and late-time results, both of these parameters are clearly too
large. In particular, the early- and late-time results both obtained r = 2/3, which implies that r =
2/3 at mid-times as well.

52



Test 16
10
1
>
=
e
g o1l
o
>
]
a
3 0.01
e
o
0.001
*
0.0001
0.1 100
M/Mavg
Weibull (n/m=0.91) & Test 16 500-psi
Test 16
1
c
2
5 o1
=
H
=)
)
2
F=1
o
>
= 0.01
=1
(")
*
0.001
0.1 1 10
M/Mavg
Weibull (n/m=0.91) @ Test 16 500-psi

Figure 48. Best-fit Weibull mass distribution for side-view HSV test data for PDF (top) and CDF (bottom) for Test 16
involving glass.

Table 10 summarizes the outcome of the Frag Track analysis of the side-view HSV for mass.
In theory, the experimental mass range was between 1.5 and 2.5 orders-of-magnitude. However,
because most of the smallest fragments were collected into one size bin, and most of the largest
fragments were collected into another size bin, the practical mass range was only about 1 order-
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of-magnitude, which limits fitting fidelity. This problem was exacerbated by random noise in the
PDFs, which tended to be severe when the number of observed fragments was less than about 250.

Table 10. Statistical parameters for side-view HSV mass distributions.

Material Test Pressure # Frags Total Mipax | Mimax Mavg Random
(psi) Observed Mass (g) (g) () Noise in
Observed PDF
(g)
3 Low (1,500) 192 1,403 0.1 11 1.983 Severe
4 High (4,000) 224 813 0.3 9 1.531 | Moderate
CMU 7 Low (1,500) 390 1,151 0.1 12 0.978 Light
10 Med (3,000) 254 406 0.3 8 1.078 Severe
12 Med (3,000) 325 804 0.1 23 2.317 Severe
13 High (500) 173 260 0.4 10 1.507 Severe
Tempered 14 Low (250) 856 817 0.1 31 0.932 Light
Glass 15 Low (250) 293 352 0.3 9 1.021 Light
16 High (500) 712 656 0.1 16 0.903 Light
5 Low (1,500) 364 1,183 0.1 14 1.333 | Moderate
6 High (4,000) 164 750 0.1 13 1.923 | Severe
Concrete
8 Med (3,000) 220 1,783 0.2 35 2.712 Severe
9 Med (3,000) 201 843 0.1 10 1.994 Severe

A number of different ad hoc fitting procedures were attempted over a period of several
months. Table 11 compares the results of two of those attempts. As one difference, Method 2
generally assumed that M, is about the same as 1\7Iavg while Method 3 generally assumed that

M_y,4 is much less than M,,,4, in line with the late-time results obtained via physical collection.

Table 11. Best-fit Weibull parameters based on side-view HSV mass.

Material Test Weibull Parameters
Method 2 Method 3
(July 2016) (Sep 2016)
r Ma,,g r Ma,,g
(8) (8)
3 1.60 1.967 0.39 0.188
4 0.90 1.554 0.34 0.066
CcMU 7 1.00 1.130 0.58 0.193
10 1.40 1.173 0.37 0.096
12 1.10 2.024 0.25 0.099
13 1.70 1.526 1.11 0.866
e @ 14 1.10 1.243 0.83 0.972
15 1.20 1.119 1.06 1.250
16 1.23 1.201 0.91 0.798
5 1.20 1.379 0.42 0.209
e o— 6 1.10 2.198 0.24 0.181
8 1.60 2.469 0.26 0.164
9 1.20 2.280 0.26 0.221
Average 1.26 1.64 0.54 0.408

NOTE: The Weibull parameters shown in this table are believed to have significant errors due to test data limitations.
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Table 11 is given for reference purposes only. After comparing the early-, mid- and late-time
results, these curve fits are believed to have significant errors. As already noted, these errors are
partly due the narrow size spread and random noise inherent in the side-view HSV mass results.
However, these errors are also partly due to the curve fitting procedures which, despite several
attempts, experienced difficulties with cases where M,,,, was significantly different than Ma,,g.

The true mid-time size distributions probably have r = 2/3, consistent with the early- and
late-time results. In fact, after eliminating the 7 tests that experienced severe random noise, Method
3 yields an average of r = 0.68. Including the 7 tests that experienced severe random noise,
Method 3 yields an average of r = 0.54, which is still within 20% of r = 2/3.

The remainder of this subsection concerns fragment velocity distributions. As described in
Section 3.2.1, the mid-range velocities were often obscured by smoke and fire. For example, Figure
49 shows the velocities derived from side-view HSV in Test 4. The mid-range velocity bins are
nearly empty. As seen in Figure 50, this occurs because of smoke obscuration. As the smoke clears,
the fragments become visible again, but, by this time, they are travelling substantially slower. In
other words, before smoke obscuration, the video captures the fastest fragments that formed first
near the center of the target, while after smoke obscuration, the video captures the slowest
fragments that formed later, nearer the periphery of the target.

0.014 Histogram of Velocity : g =154.565, o =98.445

0.012
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o o
o o
(=} (=]
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# Fragment

100 150 200 250 300
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Figure 49. Velocity histogram for Tests 4 where the fireball obscures the view of mid-range velocity fragments.

\
L
Figure 50. Screen captures from the rear-view HSV taken in Test 4 at 47-msec (left) and 69-msec (right) illustrate how
smoke obscures video supporting the velocity measurements.
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Because of obscuration and limited video resolution, the problems with the side-view HSV
velocity data are probably as severe those of the side-view HSV mass data. However, because this
is the only source of velocity data, a full set of side-view HSV velocity results is given with the
caveat that they are believed to have significant errors. Only Weibull fits to velocity CDFs will be
shown. Unlike mass, there is no known theoretical foundation for using Weibull distributions for
velocity. Weibull distributed were used here for expediency and for consistency with the mass fits.

Figure 51 shows the best-fit Weibull velocity distribution for the combination of the five tests
involving CMU (Tests 3, 4, 7, 10, and 12). Figure 52 shows the best-fit Weibull velocity
distribution for the combination of the four tests involving tempered glass (Tests 13, 14, 15,
and16). Figure 53 shows the best-fit Weibull velocity distributions for the combination of the
four tests involving concrete (Tests 5, 6, 9 and 10). Finally, Figure 54 to Figure 66 show the best-
fit Weibull velocity distributions for the thirteen individual tests. Table 12 shows the statistical
parameters for each test.

56



Table 13 shows the Weibull fitting parameters.
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Figure 51. Best-fit Weibull velocity distribution for side-view HSV test data CDF for Tests 3, 4, 7, 10 and 12 involving
CMU.

Tempered Glass Tests

. —
WQ‘.‘ 9

c
k] 0.1
=]
=3
2
2
a
3
=
r=
©
=]
E o001
(&)

0.001

0.15
V/Vavg (Normalized)
® Test 13 500-psi Test 14 250-psi Test 15 250-psi  ® Test 16 500-psi Combined Weibull (n/m=1.95)

Figure 52. Best-fit Weibull velocity distribution for side-view HSV test data CDF for Tests 13-16 involving tempered glass.
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Figure 53. Best-fit Weibull velocity distribution for side-view HSV test data CDF for Tests 5, 6, 8, and 9 involving concrete.
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Figure 54. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 3 involving CMU.
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Figure 55. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 4 involving CMU.
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Figure 56. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 5 involving concrete.
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Figure 57. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 6 involving concrete.
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Figure 58. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 7 involving CMU.
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Figure 59. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 8 involving concrete.
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Figure 60. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 9 involving concrete.
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Figure 61. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 10 involving CMU.
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Figure 62. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 12 involving CMU.
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Figure 63. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 13 involving tempered glass.
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Figure 64. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 14 involving tempered glass.
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Figure 65. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 15 involving tempered glass.
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Figure 66. Best-fit Weibull velocity distribution for rear-view HSV test data for CDF for Test 16 involving tempered glass.
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Table 12. Statistical parameters for side-view HSV velocity distributions.

Material | Test | # Frags Vi || Yoo | Wi
Observed | (m/s) | (m/s) | (m/s)

3 192 0 1000 97.7

4 224 0 1000 154.6

CMU 7 390 0 1000 118.2
10 254 0 1000 60.5

12 325 0 1000 65.6

13 173 0 1000 77.4

Tempered 14 856 0 1000 33.9
Glass 15 293 0 1000 30.3
16 712 0 1000 56.3

5 364 0 1000 65.8

— 6 164 0 1000 132.5
8 220 0 1000 112.5

9 201 0 1000 86.1
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Table 13. Best-fit Weibull parameters based on side-view HSV velocity.

Material Test Weibull . .
Fit Quality
(r)
3 1.56 Good
1.46 Poor (oscillatory data)
7 1.98 Fair (bi-linear data)
cMu 10 1.98 Good
12 1.63 Good
Combined 1.72
13 1.73 Good
14 2.09 Fair (oscillatory data)
Tempered Glass 15 2.29 Poor
16 1.67 Fair (oscillatory data)
Combined 1.94
5 1.39 Good
6 1.69 Fair (oscillatory data)
Concrete 8 1.77 Good
9 1.30 Fair (oscillatory data)
Combined 1.53

4.1.5 MAss DISTRIBUTIONS FROM PHYSICAL COLLECTION (SIEVE) ANALYSES

This subsection describes the late-time mass distributions obtained from physical collection.
Of the three measurement techniques used to characterize fragment size distributions, physical
collection provided the highest quality data.

Before considering the usual PDFs and CDFs, it may be of some interest to view the test data
in a different form, namely, mass histograms. Figure 67, Figure 68 and Figure 69 show physically
collected mass histograms for select low vs high pressure tests on CMU, concrete and tempered
glass, respectively. As expected, higher pressures generally lead to more small fragments.
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Figure 67. Histograms of physically-collected fragment mass for low (Test 3, ~1,500psi) vs. high (Test 4, ~4,000psi) peak
static overpressure loads on CMU.
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Table 14 summarizes the physically-collected fragmentation data. Notice that M,,,;,, = 0.01g
for all tests. While smaller fragments were measured, the results were not considered reliable.
Also notice that M, is the upper limit of the largest size bin, which was chosen to be
somewhat larger than the largest observed fragment. Finally notice that the practical mass range
is 2.5 to 3 orders-of-magnitude, significantly larger than that obtained with the early- and mid-
time measurement techniques.
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Table 14. Statistical parameters for physically-collected fragment mass distributions.

Material | Test Pressure # Frags Total Mmax | Mmax | Mgyg
(psi) Observed Mass (g) () (g)
Observed
(8)

3 Low (1,500) 4,520 1,661 0.01 8 0.127

4 High (4,000) 7,481 491 0.01 5 0.085

CMU 7 Low (1,500) 8,367 1,611 0.01 15 0.150
10 Med (3,000) 6,779 649 0.01 5 0.076

12 Med (3,000) 6,576 649 0.01 3 0.091

13 High (500) 3,967 163 0.01 1.6 0.067

Tempered 14 Low (250) 3,967 387 0.01 3 0.149
Glass 15 Low (250) 3,579 310 0.01 3 0.144
16 High (500) 3,703 190 0.01 3 0.094

5 Low (1,500) 4,831 2,286 0.01 16 0.187

Concrete 6 High (4,000) 3,751 678 0.01 5 0.124
8 Med (3,000) 3,905 877 0.01 5 0.096

9 Med (3,000) 4,564 1,133 0.01 9 0.171

A number of different ad hoc fitting procedures were attempted over a period of two years.

69




Table 15 compares the results of three of those attempts. Method 1 excluded many of the small
fragments and was based on a measurement technique that sometimes incorrectly counted two
adjacent small fragments as one larger fragment. As a result, Method 1 generally overestimated
M 4, Method 2 included more of the small fragments and was based on an improved measurement
technique that correctly separated adjacent fragments. In general, in Method 2, M,,,, is the roughly
the same as Mm,g. However, the improved measurement technique introduced new oscillations in
the PDF near 1\7Ia,,g, which adversely affected the accuracy of the fitting procedure. Method 3 was
an attempt to improve on Method 2 by automatically optimizing both r and M,,,, using MS Excel
macros.

In Table 15, green shading indicates which of the three methods obtained the best result, as
judged by the errors in various views and by other metrics. Method 2 was the most successful
overall. However, in 3 of 13 tests, Method 1 obtained significantly better results than Method 2.
Method 3, the last and supposedly best attempt, obtained somewhat worse results than the earlier
attempts.

Notice that the Weibull exponents are confined to a relatively narrow range, i.e., r varies
between 0.46 and 0.76 with an average of about 0.61. After selecting the best result among the
three methods, the range is much narrower, i.e., r varies between 0.58 and 0.67 with an average of
about 0.64. This raises the possibility that all 13 tests may have obtained the same normalized
fragment size distribution with r = 2/3. This is a remarkable result given the major differences in
material type and applied loading. This is also, to some extent, a frustrating result, given that this
test series was specifically intended to produce a range of different fragment size distributions.
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Table 15. Best-fit Weibull parameters based on physically-collected fragment mass data.

Material Test Pressure Weibull parameters
Method 1 Method 2 Method 3 “Best”
(Feb 2015) [10] (Jul 2016) (Sep 2016)
r Mavg (g) r Mavg (g) r Mavg (g) r
CMU 3 Low (1,500) 0.50 0.431 0.61 0.123 0.59 0.188 0.61
4 High (4,000) 0.64 0.077 0.64 0.085 0.59 0.066 0.64
7 Low (1,500) 0.57 0.238 0.62 0.135 0.58 0.193 0.62
10 Med (3,000) 0.76 0.104 0.67 0.076 0.76 0.096 0.66
12 Med (3,000) 0.66 0.105 0.56 0.102 0.73 0.098 0.66
Combined 0.62 0.65
Glass 13 High (500) 0.69 0.060 0.64 0.046 0.61 0.041 0.64
14 Low (250) 0.68 0.128 0.65 0.119 0.65 0.098 0.68
15 Low (250) 0.67 0.141 0.56 0.109 0.50 0.087 0.67
16 High (500) 0.65 0.091 0.57 0.066 0.50 0.051 0.65
Combined 0.61 0.57
Concrete 5 Low (1,500) 0.46 0.730 0.65 0.152 0.57 0.209 0.65
6 High (4,000) 0.51 0.222 0.66 0.124 0.60 0.181 0.66
8 Med (3,000) 0.56 0.246 0.63 0.096 0.57 0.164 0.63
9 Med (3,000) 0.47 0.264 0.58 0.148 0.52 0.221 0.58
Combined 0.63 0.57
Average 0.60 0.218 0.62 0.106 0.60 0.130 0.64

All of the following results were obtained with Method 2 applied to the physically-collected
fragments. Figure 70 shows the best-fit Weibull size distribution for the five CMU tests combined.
Similarly, Figure 71 shows the best-fit Weibull size distribution for the four plate glass tests
combined. Finally, Figure 72 show the best-fit Weibull size distributions for the four concrete tests
combined. These three figures support the notion that all 13 tests obtained the same fragment size
distribution, after normalizing by the count mean mass. For additional detail, Figure 73 through

Figure 85 show the best-fit Weibull size distributions for the 13 individual tests.
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Figure 70. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Tests 3,
4,7,10 and 12 involving CMU.
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Tempered Glass Tests
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Figure 71. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Tests
13-16 involving tempered glass.
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Concrete Tests
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Figure 72. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Tests 5,
6, 8, and 9 involving concrete.
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Figure 73. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 3
involving CMU.

75



Test 4

10

0.1
0.01
0.001

0.0001

Probability Density

0.00001

0.000001
0.1 1 10 100

0.0000001
M/Mavg

Weibull (n/m=0.64) @ Test 4 4,000-psi

Test 4

0.1

0.01

Cumulative Distribution

0.001

0.0001

0.1 100

M/Mavg

Weibull (n/m=0.64) & Test 4 4,000-psi

Figure 74. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 4
involving CMU.
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Figure 75. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 5
involving concrete.
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Test 6
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Figure 76. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 6
involving concrete.
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Figure 77. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 7
involving CMU.
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Figure 78. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 8
involving concrete.
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Figure 79. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 9
involving concrete.
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Figure 80. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 10
involving CMU.

82



Test 12
10
1
- 0.1
En
(7]
c
8 0.01
Z
2 0.001
o]
[]
a
0.0001
0.00001 S
0.000001
0.1 1 10 100
M/Mavg
Weibull (n/m=0.56) ¢ Test 12 3,000-psi
Test 12
1
]
3
2
7
a 0.01
()]
2
S
]
3
€
3 o0.001
°*
0.0001
100
M/Mavg
Weibull (n/m=0.56) & Test 12 3,000-psi

Figure 81. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 12
involving CMU.
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Figure 82. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 13
involving tempered glass.
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Figure 83. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 14
involving tempered glass.
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Figure 84. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 15
involving tempered glass.
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Figure 85. Best-fit Weibull mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Test 16
involving tempered glass.

As noted earlier, this effort attempted a number of other fits besides Weibull size
distributions. For example, Bewick et. al. [11] fitted the physically collected mass data using so-
called “modified Gamma” distributions; see also Laney [9]. For another example, Figure 86
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shows the best-fit power law for physically-collected mass in the four tempered glass tests. The
fit is a power law with r = — 2/3. As noted in Section 4.1.2, this is approximately equal to a
Weibull size distribution with » = — 2/3, at least for fragments significantly larger than the
count mean mass. The lesson learned here is that it can be hard to distinguish between Weibull
size distributions with r = +2/3 and r = — 2/3, depending on the range, and how the data is
viewed.
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Figure 86. Best-fit power law mass distribution for physically-collected test data for PDF (top) and CDF (bottom) for Tests
13-16 involving tempered glass.
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This effort considered piecewise combinations of two Weibull and/or power law size
distributions, one for the smaller fragments and one for the larger fragments. In theory, this could
help account for dimensional transitions, e.g., the smallest plate glass fragments form in three-
dimensions and are rough on all sides, while the largest plate glass fragments form in two-
dimensions and thus retain one or two smooths sides from the original sample. However, none of
the piecewise combinations considered offered better accuracy than single Weibull size
distributions.

5 CONCLUSIONS

Tests were performed in a small-diameter explosively-driven shock tube, which was used to
shatter simply-supported plate samples with relatively high-pressure, long-duration blast loads.
The plates were constructed from conventional fagade construction materials including CMU
material, tempered glass, and concrete.

High speed video (HSV) cameras were used to capture the early-time and mid-time fragments.
In addition, physical collection was used to capture the late-time fragments. For the benefit of the
mid-time side-view HSV, fragments were mechanically filtered with a stripper plate. Even though
the stripper plate deflected a large number off-axis fragments, over 50,000 fragments were still
physically collected across all 13 shots in this test series. It was not possible to weigh such a large
number of fragments by hand. Instead, a new technique was developed, which combines sieving,
shadowgraphy, and digital image processing techniques.

The experimental mass histograms were well-fitted by Weibull size distributions. One
parameter in the Weibull size distribution, the average fragment size, appears to decrease
between early- and late-times, at least for glass. This is probably due to a combination of mid-air
collisions between fragments and collisions with the soft-catch collector. However, the other
parameter, the Weibull exponent r, appears to stay the same, after a brief fragment formation
period lasting less than 1ms. In fact, the same Weibull exponent r = 2/3 appeared to apply
regardless of experimental conditions such as peak static overpressure and sample material. As
described by Laney [8], this universal size distribution can be derived by combining entropy
theory with geometric constraints.

As noted in Section 4.1.5, it can be hard to distinguish between Weibull size distributions
with r = 2/3 and r = — 2/3, depending on the range of the data and how it is viewed. The
Weibull exponent r = 2/3 is commonly observed, e.g., [12]. However, the Weibull exponent
r = —2/3 is even more commonly observed. For example, Piotrowski [13], Hellyer [14], and
Ben-Naim & Krapivsky [15] give theoretical derivations for r = —2/3 for dynamic systems of
objects — such as large numbers of colliding fragments — while Gilvarry [16], Inaoka & Takayasu
[17] and Aschwanden et. el. [18] give experimental and computational evidence for r = —2/3
for a single fragmenting object.

Comparing the three measurement techniques used in this test series, the late-time physically-
collected mass measurements clearly offered the best results. The early-time rear-view HSV
offered adequate results, albeit only for 3 of the 13 tests, and then only over a limited size range
and with some ambiguity due to finite fragment formation times. The mid-time side-view HSV
offered poor results, partly due to a highly-restricted size range and random noise caused by smoke
obscuration and limited video resolution, but still obtained Weibull size distributions withr ~ 2/3
on average, consistent with the early- and late-time measurements.
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APPENDIX A: ML EXPERIMENT DEVELOPMENT MODELS

In preparation for the small diameter shock tube experiments that will be used to complete the
ML experiments, simulations were performed to examine the boundary condition possibilities and
the strain rates to be expected. The objective of the simulations was to study the strain rates that
might be achieved in the ML experiments. A ¥4 symmetry model of a 16” (406.4-mm) square plate
with a 2 (5-cm) thickness corresponding to the concrete and CMU was modeled with a pressure
applied to the interior surface of the plate. The load applied was varied from 100-psi (68.9-kPa)
up to 72,000-psi (496-MPa), which was predicted to be the upper capacity of SRI’s small diameter
shock tube. The materials were modeled using the concrete damage model as reported in the
accompanying Simulations Report to determine the extent of damage, expected velocities, and
estimates of strain rate.

Figure 87. Visual of concrete sample LS-DYNA model.

The simulations were performed for concrete and tempered glass. Concrete was modeled as a
3,500-psi (27.6-MPa) compressive strength concrete. The tempered glass sample was modeled as
a ¥4 (6.3-mm) plate which is typical of tempered glass thicknesses. Figure 87 and Figure 88 show
the simulation setup and an illustration of the progression of damage accumulated by a concrete
sample under the shock tube loading. Figure 89 shows the results of the series of simulations. For
each simulation, an in-plane velocity gradient was used to determine an average strain rate through
the thickness of the plate. The velocity gradient was taken over a 2” radius at the rear face, middle
of the sample, and at the front face of the sample. The results were tabulated and plotted. The
results show that for ranges where the pressure is high enough to cause material level
fragmentation, strain rates that range from 102 up to 10*; two orders of magnitude.
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Figure 88. Illustration of ML experiment model setup.
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Figure 89. Progression of damage (1=fully damaged) on concrete sample setup for ML experiment sample.
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APPENDIX B: CONCRETE AND CMU COMPRESSIVE STRENGTHS
BURNS COOLEY DENNIS, INC.

CONSTRUCTION MATERIALS AND ENGINEERING TESTING SERVICES

278 Commerce Park Drive CONCRETE TEST REPORT BUS: (601) 856-2332
RIDGELAND, MS 39157 FAX: (601) B56-3552
Woodward Concrete Construction
101 Stonewal! Road Report Date: June 20,2014

T0: Vicksburg, MS 39180

BCD Project Number: 140352
Earnest Woodward Set Number 39309

FROJECT Protection Engineering Concrete Testing

FIELD TEST CONDITIONS AND RESULTS

Date Sampled ‘ 5/23/2014 Field Test(s) Specimens Additional
Supplier MMC, Inc. Time Sampled 11:30 AM
Mix Number | V3370202, ‘ Ticket Number: 24453071
Specified Strenath (psi): 3,000 Water Added (gal.) | 0
Specimen Type: | 4-in, Diam Cylinder * Air Content {%'}‘ 4.1
Concrete Oqantwt'-,'.[yd’jn:' 4| Concrete Temp. (° F) | 79
Initial Curing Temperatures, (°F) ‘ Slump (in ) ' 225
Mininum: T o “Unit ‘?Veight(pcf)"
Maximum: [ ‘ Technician:. C.B.
Location:  Test Panels
Remarks:
COMPRESSION TEST RESULTS

Sample Age Dim1 Dim2 Area MaxLoad Strength % of Specified Type Comments
Number | Test Date Days (in.) (in.) | (in.%) {Ibs) (psi) ‘ Strength ‘Fracture

1| 05/30/2014) 7 | 400 | 399 | 1257 28,210 2240 74 | 5

2 056/30/2014 7 400 397 @ 125 28,800 2,300 76 5

3 06/20/2014 28 400 | 400 | 1257 40,120 3,190 106 5

4 . 06/20/2014| 28 401 | 402 1263 38,510 3,050 101 5

5 Hold @ 06/20/2014 28 1000|000, O 0 (
6 Hold | 06/20/2014 28 0.00 | 0.00 4] O (3

Remarks: Tests conducted as required by the following ASTM Standards. ASTM C31, C39, C138, C143, C172, C173 or C231, C1064

" ASTM C231 was used to determine air content unless noted. Aggregate correction factor has not been applied to the air content
shown, unless noted in “Remarks" Typical aggragate correction factor values range from 0.2 to 0.6, but must be determinad based
on mixture proportions and aggregate scurce,

Comments; YWe appraciate the opportunity 1o be of servica. If you should have any questions

concerning this fepy“ to call us M
REPORTED BY: : REVIEWED BY:
ﬁé(ete Materials Manager Engineer
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W I l K h I Comporate OFFICE
a 8 C e U 3050 incusirial Bautevacd
& =0 1] West Sgcramento, A 9569

916 372 )434 phone
916372 3545 fas

. SToCKYON OFrice
June 13, 2013 3422 West Hammer Lane. Suite D

Stockton, CA 95119
209284 JI2Z phore
209234 7727 fas

Mr. Lance Vasquez
Basalite Concrete Products
lance.vasquez@paccoast.com

Concrete Masonry Unit Laboratory Testing
ON-CALL MASONRY MATERIALS TESTING SERVICES
Dixon, California

As authorized, our firm has performed laboratory testing of 8x8x16 Open End Standard
concrete masonry units (CMU) for the subject project to verify the compressive strength and
material properties of the concrete block in accordance with ASTM C140-13. The CMU were
tested over 28 days after manufacture,

SPECIMEN ID Mix 725 — Normal Weight
(cast 4-6-13)
AVG.
1. Absorption {PCF) 8.5
7.7
7.9 8.0
2. Density (PCF) 131.0
134.2
i31.9 132.4
3. Compressive Strength (psi) 4520
(by Coupon) 4460
4440 4470
4 Linear Shrinkage (%) 0046
0.058
0.038 0.047

NOTE: The tested CMU comply with the absorption, density, compressive strength and shrinkage
requirements of ASTM C90-12.

Please contact me if you have any questions or require further information.

Wallace — Kuhl & Associates {AASHTO accredited for ASTM E329)

David A. Redford, P.E.
Senior Engineer

www.wallace-kuhl.com
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APPENDIX C: SMALL DIAMETER SHOCK TUBE EXPERIMENTS PRESSURE DATA
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Figure 90. Test 1 P1 west pressure gage data.
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Figure 91. Test 1 P2 west pressure gage data.
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Figure 92. Test 2 P1 west pressure gage data.
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Figure 93. Test 2 P2 west pressure gage data.
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Figure 94. Test 3 P1 east pressure gage data.
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Figure 95. Test 3 P1 west pressure gage data.
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Figure 96. Test 3 P2 west pressure gage data.
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Figure 97. Test 3 P3 west pressure gage data.
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Figure 98. Test 4 P1 east pressure gage data.
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Figure 99. Test 4 P1 west pressure gage data.
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Figure 100. Test 4 P2 west pressure gage data.
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Figure 101. Test 4 P3 west pressure gage data.
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Figure 102. Test 5 P1 east pressure gage data.
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Figure 103. Test 5 P1 west pressure gage data.
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Figure 104. Test 5 P2 west pressure gage data.
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Figure 105. Test 5 P3 west pressure gage data.

103

28

32

36

40

2000

1800

1600

1400

1200

1000

800

600

400

200

-200

Impulse, psi-ms

Impulse, psi-ms



2000

1750

1500

1250

1000

750

Pressure, psi

500

250

2000

1750

1500

1250

1000

750

Pressure, psi

500

250

-250

Test 7 - P1 East
Concrete Sample

4000
— Raw Data )
I‘IO kHZ Low-Pass Filter 3500
— Impulse
3000

2500

2000

1500

1000

500

4 8 12 16 20
Time. ms
Figure 106. Test 7 P1 east pressure gage data.
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Figure 107. Test 7 P1 west pressure gage data.
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Figure 108. Test 7 P2 west pressure gage data.
Test 7 - P3 West
Concrete Sample
1000 2000
— Raw Data
900 10 kHZ Low-Pass Filter L 11800
— Impulse
800 1600
700 1400
600 1200
500 1000
400 800
300 600
200 400
100 200

0

-200

0 4 8 12 16 20 24 28 32 36 40

Time, ms
Figure 109. Test 7 P3 west pressure gage data.
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Figure 110. Test 8 P1 east pressure gage data.
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Figure 111. Test 8 P1 west pressure gage data.
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Figure 112. Test 8 P2 west pressure gage data.
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Figure 113. Test 8 P3 west pressure gage data.
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Figure 114. Test 9 P1 east pressure gage data.
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Figure 115. Test 9 P1 west pressure gage data.
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Figure 116. Test 9 P2 west pressure gage data.
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Figure 117. Test 9 P3 west pressure gage data.
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Figure 118. Test 10 P1 east pressure gage data.
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Figure 119. Test 10 P1 west pressure gage data.
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Figure 120. Test 10 P2 west pressure gage data.
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Figure 121. Test 10 P3 west pressure gage data.
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Figure 122. Test 11 P1 east pressure gage data.
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Figure 123. Test 11 P1 west pressure gage data.
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Figure 124. Test 11 P2 west pressure gage data.
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Figure 125. Test 11 P3 west pressure gage data.
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Figure 126. Test 12 P1 east pressure gage data.
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Figure 127. Test 12 P1 west pressure gage data.
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Figure 128. Test 12 P2 west pressure gage data.
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Figure 129. Test 12 P3 west pressure gage data.
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Figure 130. Test 13 P1 east pressure gage data.
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Figure 131. Test 13 P1 west pressure gage data.
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Figure 132. Test 13 P2 west pressure gage data.
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Figure 133. Test 13 P3 west pressure gage data.
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Figure 134. Test 14 P1 east pressure gage data.
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Figure 135. Test 14 P1 west pressure gage data.
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Figure 136. Test 14 P2 west pressure gage data.
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Figure 137. Test 14 P3 west pressure gage data.
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Figure 138. Test 15 P1 east pressure gage data.
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Figure 139. Test 15 P1 west pressure gage data.
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Figure 140. Test 15 P2 west pressure gage data.
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Figure 141. Test 15 P3 west pressure gage data.

121

Impulse, psi-ms

Impulse, psi-ms



Pressure, psi

Pressure, psi

500

450

400

350

300

250

200

150

100

50

-50

500

450

400

350

300

250

200

150

100

50

Test 16 - P1 East
Glass Sample

\ —— Raw Data

| — Impulse

10 kHZ Low-Pass Filter

1000

900

800

700

600

500

400

300

200

100

8 12 16 20 24 28 32 36

Time, ms

Figure 142. Test 16 P1 east pressure gage data.
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Figure 143. Test 16 P1 west pressure gage data.
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Figure 144. Test 16 P2 west pressure gage data.
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Figure 145. Test 16 P3 west pressure gage data.
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