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Abstract  
Large blast events will fail building components, such as the façade and supporting structure. Facades present the 

largest loading surface, are relatively weak, and will fail first and most violently when subjected to blast loads. The 

range of façade and structural damage extends from complete brisance near ground zero to distances at which the 

structure survives but the façade fails, and from the end of that range to distances at which the façade and structure 

are undamaged. For both ranges, the failure of the façade materials presents collateral damage hazards to buildings. 

This work will present results for experiments involving conventional façade materials (glass, concrete, and ma-

sonry) that have been overloaded to generate debris data at the structural and material levels. The material level sam-

ples have been loaded at high pressures using a small diameter shock tube to generate fragmentation at high strain 

rates. The structural level experiments include full-scale wall components and windows that have been overloaded 

in a large diameter shock tube at lower strain rates in order to generate structural level fragmentation. Results of the 

experiments and a discussion of the distribution parameters are presented. 
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INTRODUCTION 

 

The response of blast loaded facades is a function of the pressure and impulse. Higher overpressures can 

produce smaller fragment sizes due to immediate overloading of the façade materials. Smaller overpres-

sures will result in flexural façade response and fracture resulting from excessive deflections. Debris gen-

eration involves multiple length scales, which have been separated into two overlapping regimes termed 

the materials level (small fragments) and the structural level (structural components). Figure 1 illustrates 

the overlap of the two regimes.  
 

 

Figure 1. Scale of structural and materials level modeling. 

 

Because there is no clear transition between these two length domains, and because many blast-loaded 

facades will exhibit responses in both domains concurrently, efforts have been made to perform experi-

ments at both the material and structural scales. The current paper focuses mainly on the material level 

experimental work. 
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TESTING OVERVIEW 

 

Two test series were performed; material level fragmentation was induced using high-pressure/short-dura-

tion tests on small test samples, and structural level fragmentation experiments included low-pressure/long-

duration loads on full-scale structural components. The current paper focuses on the high-pressure/short-

duration experiments.  

 

Small Diameter Shock Tube Experiments 
 

The objective of the small diameter shock tube testing was to obtain experimental data for the mass and 

speed of façade debris generated by high pressure, short duration blast loads. The objective of the experi-

ments were to generate fragmentation data specific to concrete, glass, and concrete masonry. It was also 

desired to produce data for which the state of stress and strain rates could be estimated. There were two 

sets of experiments. Figure 2 shows the test setup for the first test series. 40.6-cm (16”) square plate sam-

ples were placed at the end of the shock tube simply supported by a plate with a 35.6-cm (14”) circular 

opening (sample bears against the support). The concrete and masonry samples were 50.8-cm (2”) thick 

while the glass samples were 6.35-mm (¼”) thick.  
 

 
Figure 2. Small diameter shock tube series 1 experiment setup 

 

A fragment stripper (Figure 2) allowed only a subset of fragments that were projected out from the sam-

ple at an angle less than 5° to pass through. A catcher system allowed for physical collection of the frag-

ments, and high speed video (HSV) was also used to collect data on the fragments. An additional rear 

view HSV was used to capture the fracture pattern of the samples as they fail. This is useful for two rea-

sons; 1) to show the fracture pattern for comparing with modeling work and 2) the rear view video can be 

used as an additional way to get fragment size specifically for the glass samples. 

 

The second series of tests were performed with an emphasis on collecting as much of the original sample 

mass as possible. This was done by rearranging the test setup such that the fragment stripper was removed 

and the soft capture system was moved closer to the end of the shock tube to trap all of the projectile frag-

ments within the soft capture system. The revised setup eliminated the ability to use the camera setup to 

capture fragment velocities, but instead placed an emphasis on a higher percentage of mass collection. 

Figure 3 shows the setup for the second series of experiments. A layered system of Kevlar blanket and car-

pet was used to capture fragments that flew out of the shock tube at an angle less than 30°. 
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Figure 3. Small diameter shock tube series 2 experiment setup 

 

A total of 24 tests with material targets comprising seven masonry targets, six precast concrete targets, 

and ten glass targets were completed. An additional test was performed with a steel plate bolted at the end 

of the shock tube to obtain a reference pressure if the target remained intact and did not shatter. Table 1 

summarizes the key information for these tests. The test loads were chosen based on preliminary simula-

tions that were completed in LS-DYNA where loads were applied to samples and strain rates were 

tracked in the model. Figure 4 shows the preliminary simulations defining strain rate and a typical pressure 

history for the loading type. Figure 5 shows the initial fracture pattern for the different types of materials 

as the samples break up into smaller fragments. 
 

Table 1. High pressure shock tube tests 

Test Sample Pressure (psi) Impulse (psi-
msec) 

3 Masonry 1,259.3 2,909 
4 Masonry 3,603.7 5,514 
5 Concrete 1,432.2 2,096 
6 Concrete N/A* N/A* 
7 Masonry 1,347.3 1,932 
8 Concrete 2,972.5 3,264 
9 Concrete 2,932.6 3,267 

10 Masonry 3,167.4 4,054 
11 Steel (Fixed) 1,775.5 4,624 
12 Masonry 2,782.3 4,009 
13 Glass 477.6 666.7 
14 Glass 235.4 340.2 
15 Glass 223.9 325.6 
16 Glass 485.5 639.6 
22 Glass 223 395 
23 Glass 407 648 
24 Glass 440 634 
25 Glass 2442 5326 
29 Concrete 542 1112 
30 Concrete 531 1103 
31 Masonry 557 1083 
32 Masonry 587 1123 
33 AN Glass 435 687 
34 AN Glass 421 710 

   N/A* - Full or partial loss of instrumentation test data 
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                                                              a                                                                                       b 

Figure 4. a) Simulated material strain rates based on peak pressure load and b) typical pressure history (test 12 data) 

 

   
                                   a                                                               b                                                                c 

Figure 5. Rear view capture of fracture for a) masonry (test 4), b) concrete (test 8), and c) glass (test 14) 

 

Debris Distribution Analysis 
 

Distributions for mass and velocity were developed using three approaches to collecting the data; 1) from 

physical collection of fragments, 2) videographic analysis of side-view HSV, and 3) videographic analysis 

of rear-view HSV. Fragments which landed in the fragment collection area (Figure 1) were collected and 

later analysed. The fragments were run through sieves and separated into size groups. Each group was laid 

out and the SigmaScan Pro software was used to provide a fragment count and the associated area for each 

individual fragment. The overall mass of each sieve size could then be separated out to a mass for each 

individual fragment. Figure 6 shows the original and processed image from the no. 4 sieve size (4.75-mm 

mesh size) for the test 23 fragments. 
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Figure 6. Sieve no. 4 SigmaScan data for test 23 

 

The side-view HSV was used to develop velocity and mass data for the tests. PEC’s Frag Track software 

was used to capture the fragment sizes and velocities. The video analysis algorithm searches for closed 

surface that has an associated velocity gradient all the way around the closed surface. The fragments are 

then tracked from frame to frame and velocities and sizes can be calculated based on pixel counts. Figure 7 

illustrates the fragments being detected and then the trajectory being tracked across the video area. This is 

a technique that has been used successfully in past efforts for ballistic glass (Barsotti, 2010). 
 

 
Figure 7. Frag Track fragment detections and fragment trajectory tracking 

 

An additional analysis was performed using the rear video for the glass samples. Selected frames were 

analysed using the SigmaScan Pro software. The frames were pre-processed to subtract the background and 

outline the fragments monochromatically. Figure 8 shows the progression of the image analysis technique. The 

last frame shows the delineation of each individual fragment. The technique has been used successfully previously for 

glass shard flyout models (Stevens, 2002). 
 

 
Figure 8. Progression of image analysis for size distribution using SigmaScan Pro rear video 
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RESULTS 

 
Table 2 shows the amount of mass collected from the subset of fragments which went through the frag-
ment stripper setup. As expected, the weights collected and viewed by the Frag Track algorithm are quite 
a bit less than the original mass of the sample. This is due to the fragment stripper blocking fragments and 
from fragments which fell at the base of the shock tube or rebounded in the opposite direction due to 
boundary conditions. The collected mass is a small portion of the original, but it represents the fragments 
which are moving with the fastest velocities in the most direct line away from the failing sample. Figure 9 
shows an overlay of the mass histograms as developed based on the sieve data and the video analysis. The 
overlap varies from test to test, but in general the lower limitation of the video analysis was determined to 
be approximately 0.5-g (0.00112-lb). 
 

Table 2. Comparison of sample masses in distribution sets 

Test  Sample Mass 
(lb) 

Collected 
Weight (lb) 

% of Original 
Plate Weight 

Video Tracked 
Weight (lb) 

% of Original 
Plate Weight 

3 Masonry 39.5 4.12 10% 1.98 5% 

4 Masonry 40.65 1.53 4% 1.36 3% 

5 Concrete 40.2 5.30 13% 1.67 4% 

6 Concrete 40.95 1.76 4% 1.21 3% 

7 Masonry 39.75 4.12 10% 1.76 4% 

8 Concrete 40.9 2.56 6% 3.31 8% 

9 Concrete 38.5 3.08 8% 1.41 4% 

10 Masonry 40.1 1.99 5% 0.6 1% 

12 Masonry 40.55 1.93 5% 1.22 3% 

13 Glass 5.2 0.48 9% 0.39 8% 

14 Glass 5.2 0.72 14% 1.1 21% 

15 Glass 5.2 0.72 14% 0.58 11% 

16 Glass 5.15 0.50 10% 0.99 19% 

22 Glass 5.15 2.31 45% N/A N/A 

23 Glass 5.15 2.22 43% N/A N/A 

24 Glass 5.15 2.10 41% N/A N/A 

25 Glass 5.15 0.34 6% N/A N/A 

29 Concrete 40.95 16.6 40% N/A N/A 

30 Concrete 42.25 19.6 46% N/A N/A 

31 Masonry 38.15 16.1 42% N/A N/A 

32 Masonry 36.4 14.7 40% N/A N/A 

33 AN Glass 5.3 2.18 41% N/A N/A 

34 AN Glass 5.3 2.42 46% N/A N/A 
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                                             Test 3                                                                                       Test 4 

Figure 9. Masonry mass distribution histograms for tests 3 and 4 

 

Approach to Developing Distributions 
 

The histograms for velocity, mass, and size were normalized and statistical fits were made to the normal-

ized probability distribution functions (PDF). Based on analysis of the cumulative fragment number plots, 

it was determined that a combined modified Weibull function and power law fit the distributions for the 

PDFs describing both the mass and velocity distributions. The modified Weibull distribution fit applies to 

the small fragments which are associated with the middle of the test samples where high rate fragmenta-

tion is occurring. The power law distribution fits the larger fragments and generally represents the frag-

mentation that occurs around the perimeter of the supported test sample. Other fits were considered in-

cluding the power law, exponential, and a linear distribution for velocity. Equation 1 shows the general 

form of the modified Weibull PDF distribution. Equation 2 shows the equation for the power law distribu-

tion fit. 
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The velocity distributions are taken from the Frag Track algorithm. The mass distributions are taken from 

sieve data of physically captured fragments, from the Frag Track algorithm, and from the use of SigmaScan 

rear video in the case of the thin glass samples. For size distributions, the masonry and concrete samples 

created mostly spherical shaped fragments, and the size is determined by a spherical radius. The radius has 

been calculated by taking the fragment mass data and the known density (measured before testing) and 

using m=V to calculate the radius. The glass samples fragment into mostly rectangular-shaped fragments. 

The rectangular shape is defined by a characteristic length that is the longest edge length. The secondary 

edge length defines the 2nd and 3rd dimension (assumed to be equal) of the rectangular fragment and is 

captured through an aspect ratio. The edge lengths were taken from SigmaScan analyses of the collected 

fragments. 
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Evidence for a Single Distribution Function Independent of Rate Effects 
 

If the mass, size, or velocity components of distributions are normalized, then the data for varying strain 

rates collapses on top of each other to form a single distribution. A single function can then be used to de-

scribe the shape of these curves. The higher pressure loads create higher velocities and smaller fragments 

compared to the lower pressure loads, but when the mass, size, and velocity values are normalized the 

curves fall on top of each other allowing for a single distribution function to describe the fragmentation 

material behavior. Strain rate is still relevant as the average fragment size and velocity used to normalize 

the curves vary by strain rate. Figure 10 shows the test data for mass as collected from sieving the physical 

fragments. The larger load produces a larger number of smaller fragments compared to the smaller load. 

When the cumulative fragment distributions are normalized by average mass, the data collapses on top of 

each other suggesting that a single distribution could be used to describe the PDF independent of strain 

rate. 
 

 
a                                                                                              b 

Figure 10. Overlay of glass test mass data a) cumulative fragment distribution and b) normalized by median mass 
 

Distributions from Sieve Analyses 
 

The fragment data from the sieve analyses were clipped at a minimum size of 0.005-g (1.1x10-5-lb). This 

correlated to the #8 sieve size. The fragments in the #8 sieve size were still large enough that the method-

ology for measuring the fragments was achievable with a good level of confidence. The fits were deter-

mined by calculating the parameters that made the correlation coefficient as close to 1.0 as possible.  
 

For each of the experiments, the histograms were normalized for fragment count on the vertical axis, and 

then normalized for the median mass on the horizontal axis. The distribution functions were then fit to 

distributions as illustrated in Figure 11 depicting the normalized glass PDFs with the distribution curve fit 

overlaid. Figure 12 shows the normalized glass PDFs for size and aspect ratio along with the curve fits. 

Table 3 shows the summary of the fits and parameters for mass. As might be expected concrete has the 

largest average fragment size and glass has the smallest average fragment size. Table 5 shows the summary 

of the fits and parameters for size; rectangular for glass and spherical for concrete and masonry. 
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Figure 11. Normalized glass PDFs with combined modified Weibull and power law fit 

 
a                                                                                              b 

Figure 12. Normalized glass size distribution with combined fit for a) characteristic length and b) aspect ratio 
 

Table 3. Summary of distribution parameters for mass sieve analyses 

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Ma-
sonry 1.40E+00 2.400 1.550 1.393 0.750 -2.000 0.022 0.021 

         

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Glass 1.30E+00 2.300 1.420 1.451 0.450 -1.700 0.013 0.012 

         

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Con-
crete 1.38E+00 2.250 1.500 1.354 0.600 -1.900 0.024 0.025 
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Table 4. Summary of distribution parameters for size sieve analyses 

 Gamma Distribution Power Distribution Mass 

     C a Avg. Std. Dev. 

Glass L 1.30E+00 2.450 1.900 1.193 2.500 -3.700 0.371 0.274 

         

 Gamma Distribution Power Distribution Mass 

     C a Avg. Std. Dev. 

Glass 
AR 1.45E+00 2.450 2.400 1.012 13.000 -6.000 2.358 1.437 

 

 Gamma Distribution Power Distribution Mass 

     C a Avg. Std. Dev. 

Ma-
sonry 1.40E+00 2.300 2.100 1.058 4.500 -4.250 0.935 0.630 

 

 Gamma Distribution Power Distribution Mass 

     C a Avg. Std. Dev. 

Con-
crete 1.40E+00 2.250 2.050 1.060 2.750 -3.600 0.996 0.790 

 

 

Distributions from Frag Track Video Analysis 
 

The fragment data from the side-view HSV analyses were clipped at a minimum size of 0.5-g (0.0011-lb). 

As discussed in the Distribution Analysis section, the 0.5-g lower threshold was the minimum size that 

the video tracking algorithm was able to dependably capture data. Fragment sizes smaller than 0.5-g were 

tracked, but the level of confidence in the fragment count for the smaller fragments was not good. There 

is some inconsistency in the data which is most likely due to the fragments that are not being captured 

during the smoke/fireball obscuration of the tests. As with the sieve test data, the modified Weibull func-

tion captures the data the closest. The PDF distributions show a change in slope where there are a sizeable 

number of larger mass fragments. It is likely that this shows up in the video as larger fragments are easier 

to capture in the video compared to the smaller fragments. Overall the number of fragments captured by 

video are less than the number of fragments collected for the sieve analysis (generally on the order of 500 

in the video tracking compared to about 4,000 fragments physically collected), so the data could be possi-

bly skewed towards the larger fragments that are better captured by the video analysis than the small frag-

ments. Figure 13 shows the PDFs for glass velocity as well as the normalized version. The normalized 

version does not overlay as well as the normalized mass and sized PDFs from the sieve analyses, but the 

trend is still present. Table 5 shows the summary of the parameters and fits for the velocity PDF distribu-

tions. 
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Test 3                                                                                       Test 4 

Figure 13. Masonry velocity distribution CDFs for tests 3 and 4 

 

Table 5. Summary of distribution parameters for Frag Track velocity analysis 

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Ma-
sonry 1.33E+00 2.300 1.500 1.381 0.750 -2.100 98.305 60.381 

         

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Glass 1.30E+00 2.300 1.420 1.451 0.450 -1.700 44.900 30.105 

         

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Con-
crete 1.30E+00 2.300 1.500 1.381 0.550 -1.950 92.486 68.601 

 

 

Distributions from SigmaScan Pro Video Analysis 
 

The approach for fitting distributions as described previously was applied to the SigmaScan Pro data for 

the glass samples. The fragments were assumed to fracture through the entire 6.35-mm (¼”) thickness of 

the glass. As with the sieve data, the fragments were clipped at a minimum fragment size of 0.5-g (1.1x10-

5-lb). Figure 14 shows the PDF fits for tests 13 and 15. Table 6 shows the corresponding fit parameters. 
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a)                                                                        b) 

Figure 14. Glass SigmaScan developed distribution PDFs for tests 13 and15 for a) regular and b) normalized PDFs 

 

Table 6. Function parameters for SigmaScan analysis fits 

  Gamma Distribution Power Distribution Mass 

      C a Avg. Std. Dev. 

Test 13 0.15 0.665 2.700 6.474 0.7 -2.0 0.041 0.080 

Test 15 0.10 0.650 2.700 7.303 0.3 -1.5 0.087 0.182 
 

 

CONCLUSIONS 

 

Fragment distributions were able to be fit to both mass and velocity using physically collected fragments, 

the Frag Track algorithm, and SigmaScan techniques. The SigmaScan and physically collected fragments 

were able to be used and develop good distributions of mass. The Frag Track algorithm was able to pro-

duce good information on size and velocity. The modified Weibull combined with the power law function 

worked quite well, with coefficients of correlation which were above 0.95. 
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