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ABSTRACT 

Commercial aircraft are subject to noise regulations imposed by the Federal Aviation 

Administration. Currently, the FAA limits overland flight of supersonic airplanes due to the 

negative effect of the sonic boom on communities. The annoyance produced by the impulsive 

signature of sonic booms, particularly indoors, cannot exceed that of the broadband, low-

overpressure noise produced by subsonic airplanes for the restriction to be lifted. Therefore, the 

ability to understand and accurately reproduce the acoustic response of a sonic boom is important 

for psychoacoustic classification of their tolerability within residences. This thesis presents and 

interprets results of the propagation and transmission of simulated sonic booms incident on 

wood-framed structures. The testing environment, sonic boom simulation method, and associated 

instrumentation are described. The effects of the traveling blast on the structure are investigated 

through pressure loading and structural response measurements. The ensuing interior acoustic 

responses for several different configurations are presented, including the effects of room cavity 

interaction and exposure of the room cavities to the traveling wave through an open door. 

Calculated transfer functions between the interior acoustic response and the free-field incident 

wave are computed to assess the extent to which wood-framed buildings transmit energy to their 

cavities.  In all cases tested, significant transmission of the sonic boom’s low frequency content 

into the structures was apparent through direct apertures and the excitation of structural 

components. The data show that sonic booms provide significant excitation of structural and 

acoustic modes that drives the interior acoustic response in residential structures. 



 

iii 

Acknowledgements 

Several people have contributed to my well-being and productivity through the extent of 

this project, and the preparation of this document.  I owe many thanks to my primary advisor, Dr. 

Ricardo Burdisso, for his time, experience, organization, guidance, barbecues, and result-

oriented project leadership.  Also, I extend my gratitude to my building construction advisor, Dr. 

Georg Reichard, who offered his building expertise, tools, videos, and always a 

positive/productive attitude. I would also like to thank my third committee member, Dr. Robert 

West, who allowed my work to progress without restraint.  

My graduate experience would not be complete without the cooperative members of the 

VAL for their open minds and open doors, particularly, Christopher Barnobi; Brian J. Goode; 

Ryan Harne, M.S.; and Phillip Chin. Additionally, the students that were directly or indirectly 

involved in my project were paramount to the completion of my degree: Joe Corcoran for always 

agreeing to do whatever was necessary for the project, never complaining, answering my silly 

questions, and for his terrific modal analysis of the structures; Dr. Marcel Remellieux, for 

sharing his graduate experience, frequent personal sanity checks, and for the project's numerical 

model; and Leonardo Errasquin, M.S. for his moral support, openness, and landscaping efforts.  

Also, Dr. Patricio Ravetta’s professional videos and photographs were much appreciated.  

Most importantly, I would like to thank my family for their support throughout my life, 

ensuring that my days could pass comfortably and I could continue to be productive.  Also, I owe 

much success to Mary Etna Richter, M.P.H., R.P. for her love, devotion, and surrender to my 

unconventional daily schedule that was absolutely necessary for the completion of this work. 

Also, Andrew Schenker and Lauren Cooper are notable for their kindness, dispersal of wisdom, 

and for accepting me into their extended organic family.  Thank you all! 

I should also acknowledge the financial support from NASA Langley Research Center, 

under Grant/Cooperative Agreement Number NNX07AT36A (VT# 208-11-110-10701-314-1). 

Special thanks are expressed to the technical monitors Drs. Brenda M. Sullivan and Jacob Klos.  

Particularly, I would like to extend gratitude to Jacob Klos for the supplementary instrumentation 

that he provided for the experiments; the sensors proved to be very accurate and helpful to the 

experimental effort and for this I am grateful.   



 

iv 

Table of Contents 

Acknowledgements........................................................................................................................ iii 

Table of Contents .......................................................................................................................... iv 

List of Figures ............................................................................................................................... vi 

List of Tables ............................................................................................................................... xvi 

1.  Introduction............................................................................................................................. 1 

1.1  Motivation .......................................................................................................................................1 
1.2  Literature Review...........................................................................................................................3 
1.3  Thesis Objectives ............................................................................................................................6 

2.  Experimental Setup................................................................................................................. 9 
2.1  Test Articles ....................................................................................................................................9 
2.2  Experimental Test Site .................................................................................................................14 
2.3  Instrumentation ............................................................................................................................17 
2.4  Excitation ......................................................................................................................................18 
2.5  Test Configurations......................................................................................................................20 

3.  Results and Analysis ............................................................................................................. 26 

3.1  Explosive Excitation .....................................................................................................................26 
3.2  Single-Room Results.....................................................................................................................35 

3.2.1  Pressure Loading .................................................................................................................................... 35 
3.2.2  Structural Response ................................................................................................................................ 41 
3.2.3  Interior Acoustic Response..................................................................................................................... 49 

3.3  Two-Room Results (Blast Site 1).................................................................................................52 
3.3.1  Pressure Loading .................................................................................................................................... 52 
3.3.2  Structural Response ................................................................................................................................ 58 
3.3.3  Interior Acoustic Response..................................................................................................................... 67 

3.4  Two-Room Results (Blast Site 2).................................................................................................70 
3.4.1  Pressure Loading .................................................................................................................................... 70 
3.4.2  Structural Response ................................................................................................................................ 76 
3.4.3  Interior Acoustic Response..................................................................................................................... 83 

3.5  Variations on the Interior Acoustic Response ...........................................................................86 
3.5.1  Effect of Boom Direction ....................................................................................................................... 86 
3.5.2  Interior Volume Variation ...................................................................................................................... 90 

3.6  Repeatability of experimental results .........................................................................................96 
3.7  Comprehensive Transfer Function.............................................................................................99 



 

v 

4.  Conclusion........................................................................................................................... 103 

5.  References ........................................................................................................................... 105 

Appendix A.  Building Design and Construction .....................................................................109 

Appendix B.  Sensor Specifics.........................................................................................................113 

Appendix C.  Low Frequency Compensation Summary.........................................................121 

Appendix D.  Blast Theory ...............................................................................................................127 

Appendix E.  Detonating Cord Results (2008) .........................................................................142 

Appendix F.  Detonating Cord Results (2009) .........................................................................152 

 

 

 



 

vi 

List of Figures 
Figure 2.1: CAD drawings of the (a) Single-Room Test Structure and (b) its wood-framed skeleton. .....12 

Figure 2.2: Photographs of the (a) Single-Room Test Structure, and (b) close-ups of a window and the 

extioer door.  Photographs by Ryan Haac. .........................................................................................12 

Figure 2.3: CAD drawings of (a) the Two-Room Test Structure and (b) its interior / wood frame...........13 

Figure 2.4: Pictures of the (a) full Two-Room Structure, (b) attic above the Addition, (c) interior door, 

and (d) large window of the Addition.  Photographs by Ryan Haac. .................................................13 

Figure 2.5:  Cardinal directions of the structure as seen from above.  The Two-Room Structure is divided 

into the Original-Room (O) and the Addition (A). .............................................................................14 

Figure 2.6: A satellite view of the test site, showing the relative locations of the structure and the blast 

sites (fair use). .....................................................................................................................................15 

Figure 2.7:  Photographs of detonations at (a) Blast Site 1 and (b) Blast Site 2.  Note the orientation of 

the structure relative to each blast site.  Photographs by Dr. Patricio Ravetta. ..................................16 

Figure 2.8: (a) Placement of the sonic boom simulator relative to the test structure and (b) installation 

diagram of the detonating cord strand between two poles..................................................................19 

Figure 2.9: Linear charge distribution used to produce the sonic boom that matches the one used by 

Hawkins and Hicks (1966)..................................................................................................................19 

Figure 2.10:  Linear charge distributions tested at Kentland Farm. All of the distributions were ignited 

where the displayed coordinates equal zero........................................................................................24 

Figure 2.12:  Pictures of detonating cord excitations used for Blasts 14 - 16 on June 20, 2009.  (a) 

Wrapped Tube (40’ of cord) – constant helix, (b) Wrapped Tube (40’ of cord) – weighted toward the 

center, and (c) point source from remaining detonating cord on the spool. Photographs by Ryan 

Haac. ...................................................................................................................................................25 

Figure 3.1:  The sonic boom evolution along the path from the blast to the structure: (a) time history and 

(b) magnitude of Fourier Transform at different distances – Run 12, August 2008...........................27 

Figure 3.2:  Sonic boom time history and magnitude of Fourier Transform for Runs 12 and 13 measured 

13 m in front of structure - August 2008. ...........................................................................................27 



 

vii 

Figure 3.3: Average calculated wave speed between field microphones, averaged over all tests from 

August 2008.  The traveling wave’s average velocity between measurements is represented as the 

mean (µ) and standard deviation (σ) of the data from all runs. ..........................................................28 

Figure 3.4.   Sonic boom time history in the field (a) on axis, 30.5 m downfield, (b) 26°  off axis, 30.5 m 

downfield, (c) on axis, 61 m downfield, and (d) 14°  off axis, 61 m downfield – Run 12, August 

2008.  Please note the y-axis limits on each plot. ...............................................................................30 

Figure 3.5: Sonic boom time histories and Fourier Transform magnitudes for distribution 6 from (a,b) 

Blast Site 1 and (c,d) Blast Site 2 – June 2009. ..................................................................................31 

Figure 3.6. The time histories and Fourier transforms of simulated sonic booms compared to each blast 

wave’s effective sonic boom free field wave measured near 61 m downfield. ..................................33 

Figure 3.7:  Pressure loading time histories measured on the (a) Window Wall, (b) Long Wall, (c) Short 

Wall, (d) Door Wall, (e) Ceiling (roof), and (f) Ceiling (roof), Run 12 - August 2008. ....................36 

Figure 3.8:  Instantaneous pressure loading at critical times: (a,b) bow of shock loads front window wall, 

(c,d) bow shock retreats from back wall, (e,f) stern of shock loads front window wall, and (g,h) stern 

of shock retreats from back wall. ........................................................................................................38 

Figure 3.9. The Fourier transform magnitudes in 1/3 octave bands of average surface loading for the 

surfaces of the Original Structure during (a) Run 12 and (b) Run 13.................................................40 

Figure 3.10:  Acceleration time histories near the center of the interior surfaces of the structure (a) 

Window Wall, (b) Long Wall, (c) Door Wall, (d) Short Wall, (e) Ceiling, and (f) Floor. .................42 

Figure 3.11:  Magnitude of Fourier Transform of acceleration near the center of the interior surfaces of 

the structure (a) Window Wall, (b) Long Wall, (c) Door Wall, (d) Short Wall, (e) Ceiling, and (f) 

Floor. ...................................................................................................................................................43 

Figure 3.12.  Comparisons between the spectra measured by accelerometers, averaged for sensors located 

directly on studs and between studs of the (a) Window Wall, (b) Ceiling, (c) Small Wall, and (d) 

Long Wall. ..........................................................................................................................................45 

Figure 3.13: Acceleration response and Fourier transform magnitude at (a,b) the center of the exterior 

window pane and (c,d) the center of interior window pane................................................................47 



 

viii 

Figure 3.14:  (a) Acceleration response and (b) Fourier transform magnitude at the center of the interior 

surface of the door. .............................................................................................................................47 

Figure 3.15.  Frequency content of acceleration in 1/3-octave bands of the global motion of the wall 

(blue) and the un-stiffened components (red) of the (a) window wall and (b) door wall. ..................48 

Figure 3.16:  Interior acoustic response time history and Fourier Transform magnitude measured (a,b) 

next to the window, (c,d) near the center of the room, and (e,f) in a corner of the room. ..................50 

Figure 3.17.  The average interior acoustic response, measured and A-weighted, for the Original 

Structure, plotted in octave bands – Run 12. ......................................................................................51 

Figure 3.18:  Time histories of the pressure loading on the incident (western) sides of the structure and 

roof for Blast 2 (Blast Site 1). Location of sensor shown in the figures –June 2009. ........................53 

Figure 3.19:   Time histories of the pressure loading on the shadow side of the structure (north, south, 

and east faces) for Blast 2 (Blast Site 1). Location of sensor shown in the figures – June 2009. ......54 

Figure 3.20.  Distributed pressure screenshots from Blast 02, which was incident on the western side of 

the test structure, as the (a,b) bow of shock loads the western wall, (c,d) bow shock retreats from 

eastern wall, (e,f) stern of shock loads west wall, and (g,h) stern of shock retreats from eastern wall.

.............................................................................................................................................................56 

Figure 3.21.  A 3-D visual representation of the (a,b) positive and (c,d) negative peaks of the simulated 

sonic boom crossing over the structure...............................................................................................57 

Figure 3.22. The average Fourier transform magnitudes from surfaces of the structure for (a) Blast 3 and 

(b) Blast 6............................................................................................................................................58 

Figure 3.23: Acceleration response of interior surfaces of the Original Structure for Blast 2 (Blast Site 1) 

for the (a) West wall, (b) East Wall (c) Ceiling, and (d) the Roof......................................................60 

Figure 3.24: Acceleration Fourier transform of interior surfaces of the original room for Blast 2 (Blast 

Site 1) for the (a) West Wall, (b) East Wall (c) ceiling, and (d) the roof. ..........................................61 

Figure 3.25: Acceleration response of interior surfaces of the Addition for Blast 2 (Blast Site 1) for the 

(a) Joining Wall, (b) East Wall, (c) ceiling and (d) the roof. ..............................................................62 

Figure 3.26: Fourier transform magnitude from interior surfaces of the Addition for Blast 2 (Blast Site 1) 

for the (a) Joining Wall, (b) East Wall, (c) ceiling and (d) the roof. ..................................................63 



 

ix 

Figure 3.27: Acceleration response and Fourier transform magnitude at the center of the interior window 

panel for Blast 2 (Blast Site 1) for (a,b) a small window of the Original Structure and (c,d) the large 

window of the Addition. .....................................................................................................................64 

Figure 3.28: Acceleration response and Fourier transform magnitude at the center of the interior door 

surfaces during Blast 2 (Blast Site 1) for (a,b) the exterior door and (c,d) the door in the Joining 

Wall. ....................................................................................................................................................65 

Figure 3.29. Frequency content of acceleration in 1/3-octave bands for measurements of the closed-

closed configuration for (a) the windows and (b) the doors during the 2009 Two-Room tests. ........66 

Figure 3.30: Interior acoustic response time history and Fourier Transform magnitude measured in the 

Original Room (a,b) near the center of a window, (c.d) in a lower corner of the room cavity, and 

(e,f) near the center of the attic for closed-closed door configuration (Blast 2 from Blast Site 1).....68 

Figure 3.31:  Interior acoustic response time history and Fourier Transform magnitude measured in the 

Addition (a,b) near the center of the room, (c.d) in a lower corner of the room, and (e,f) near the 

center of the attic for closed-closed door configuration (Blast 2 from Blast Site 1). .........................69 

Figure 3.32:   Time histories of the pressure loading on the incident side of the structure (northeast) and 

roofs for Blast 7 (Blast Site 2) – June 2009. .......................................................................................71 

Figure 3.33: Time histories of the pressure loading, on the shadow side (west and south faces) of the 

structure and roof for Blast 7 (Blast site 2) – June 2009. ...................................................................72 

Figure 3.34.  Distributed pressure screenshots from Blast 07, which was incident on the northeast side of 

the test structure, as the (a,b) bow of shock loads the western wall, (c,d) bow shock retreats from 

eastern wall, (e,f) stern of shock loads west wall, and (g,h) stern of shock retreats from eastern wall.

.............................................................................................................................................................73 

Figure 3.35.  A 3-D visual representation of the (a,b) positive and (c,d) negative peaks crossing cleanly 

over the structure for Blast 07.............................................................................................................74 

Figure 3.36. The average Fourier transform magnitudes from surfaces of the structure for (a) Blast 7 and 

(b) Blast 10..........................................................................................................................................75 

Figure 3.37: Acceleration response of interior surfaces of the Original Structure for Blast 7 (Blast Site 2) 

for the (a) West Wall, (b) East Wall (c) Ceiling, and (d) the Roof.....................................................77 



 

x 

Figure 3.38: Fourier transform from interior surfaces of the Original Structure for Blast 7 (Blast Site 2) 

for the (a) West Wall, (b) East Wall (c) Ceiling, and (d) the Roof.....................................................78 

Figure 3.39: Acceleration response of interior surfaces of the Addition for Blast 7 (Blast Site 2) for the 

(a) Joining Wall, (b) East Wall, (c) Ceiling and (d) Roof...................................................................79 

Figure 3.40: Fourier transform magnitude from interior surfaces of the Addition for Blast 7 (Blast Site 2) 

for the (a) Joining Wall, (b) East Wall, (c) Ceiling and (d) Roof. ......................................................80 

Figure 3.41: Acceleration response and Fourier transform magnitude at the center of the interior windows 

panes for Blast 7 (Blast Site 2) for (a,b) a window of the Original Structure and (c,d) the large 

window of the Addition. .....................................................................................................................81 

Figure 3.42: Acceleration response and Fourier transform magnitude at the center of the interior door 

surfaces during Blast 2 (Blast Site 1) for (a,b) the exterior door and (c,d) the door in the joining wall.

.............................................................................................................................................................82 

Figure 3.43: Interior acoustic response time history and Fourier Transform magnitude measured in the 

original room (a,b) near the center of a window, (c.d) in a lower corner of the room cavity, and (e,f) 

near the center of the attic for closed-closed door configuration (Blast 7 from Blast Site 2).............84 

Figure 3.44:  Interior acoustic response time history and Fourier Transform magnitude measured in the 

Addition (a,b) near the center of the room cavity, (c.d) in a lower corner of the room cavity, and (e,f) 

near the center of the attic for closed-closed door configuration (Blast 7 from Blast Site 2).............85 

Figure 3.45.  Comparative responses in the attics from Blast 2 (blue) and Blast 7 (green) for microphones 

near the center of the attic above the (a,b) Addition and the (c,d) Original Room.............................87 

Figure 3.46.  Comparative responses at the center of the interior windowpanes from Blast 2 (blue) and 

Blast 7 (green) for microphones in the (a,b) Addition and the (c,d) Original Room..........................88 

Figure 3.47.  The averaged interior acoustic response in octave bands for a boom incident from both blast 

sites (B.S.) for the closed-closed configuration of the Two-Room structure in the (a) Original Room 

and the (b) Addition ............................................................................................................................89 

Figure 3.48: Comparison of the time histories of the interior acoustic response of corner microphones 

from Blast Site 1 for (a,b) closed-closed (Blast 2), (c,d) open-closed (Blast 3), and (e,f) open-open 

(Blast 4) interior-exterior door configurations. The left column is for the original room while the 

right column is for the Addition..........................................................................................................92 



 

xi 

Figure 3.49: Comparison of the Fourier transform magnitude of corner microphones from Blast Site 1 for 

(a,b) closed-closed (Blast 2), (c,d) open-closed (Blast 3), and (e,f) open-open (Blast 4) interior-

exterior door configurations. The left column is for the original room while the right column is for 

the Addition. .......................................................................................................................................93 

Figure 3.50: Comparison of the time histories of the interior acoustic response at the corner microphones 

from Blast Site 2 for (a,b) closed-closed (Blast 7), (c,d) open-closed (Blast 8), and (e,f) open-open 

(Blast 9) interior-exterior door configurations. The left column is for the original room while the 

right column is for the Addition..........................................................................................................94 

Figure 3.51: Comparison of the Fourier transform magnitude of corner microphones from Blast Site 2 for 

(a,b) closed-closed (Blast 7), (c,d) open-closed (Blast 8), and (e,f) open-open (Blast 9) interior-

exterior door configurations. The left column is for the original room while the right column is for 

the Addition. .......................................................................................................................................95 

Figure 3.52:  (a) Time history and (b) Fourier Transform magnitude for sonic boom distribution 6 

detonated in both Run 12 of August 2008 and Blast 8 of June 2009..................................................96 

Figure 3.53:  Comparison of acceleration responses and Fourier Transform magnitudes of (a,b) a window 

and the (c,d) exterior door tested in 2008 and 2009 from Blast Site 1. Accelerometers were located 

at the center of each component..........................................................................................................97 

Figure 3.54:  Comparison of the original room interior acoustic responses and Fourier Transform 

magnitudes at (a,b) at the center of the window and (c,d) at the northeast corner (Blast Site 1). ......98 

Figure 3.55. Octave band plot of the averaged transfer functions computed between the free-field incident 

wave and the interior acoustic response for the  Single-Room Structure averaged over all runs in 

2008...................................................................................................................................................100 

Figure 3.56. Octave band plots of the averaged transfer functions computed between the free-field 

incident wave and the interior acoustic response for all three configurations of the Two-Room 

structure for the (a) Original Room and the (b) Addition .................................................................101 

Figure 3.57. Octave band plots of the averaged transfer functions computed between the free-field 

incident wave and the interior acoustic response for all three configurations of the Two-Room 

structure for the (a) Original Room and the (b) Addition .................................................................102 

 



 

xii 

Figure A.1. The wall segments that comprise the window wall of the Original Structure. Gray: corner 

segment; Red: window segment; Blue: stud segment.......................................................................110 

Figure B.1.  (a) A Panasonic electret microphone used to measure pressure loading on the structure (b) 

mounted on the structure with windscreen. ......................................................................................114 

Figure B.2.  Measured sensitivities of Panasonic electret condenser microphones. ................................114 

Figure B.3. (a) Exterior B&K microphone used to measure pressure on the structure (collocated with a 

Panasonic microphone).  (b) The field layout of the B&K microphones used for propagation studies.  

[Photograph by Ryan Haac] ..............................................................................................................116 

Figure B.4. (a) PCB 330A accelerometer (b) with base glued to a gypsum board surface in the structure. 

[Photographs by Ryan Haac] ............................................................................................................118 

Figure B.5. Accelerometer sensitivities measured prior to each test. .......................................................119 

Figure B.6. PCB 333B32-F accelerometer collocated with one VT accelerometer on the inside pane of 

the window along with another VT accelerometer on the exterior pane.  [Photograph by Ryan Haac].

...........................................................................................................................................................119 

Figure C.1. Collocated plots of the original (a) exterior and (b) interior Panasonic time histories with 

their collocated B&K counterparts.  Likewise, the effects of the direct frequency domain correction 

on the (c) exterior and (d) interior microphones. The exterior microphone is from Blast 03 of the 

June 2009 tests and the interior microphone collocation is from Run 012 of the August 2008 tests.

...........................................................................................................................................................123 

Figure C.2. Comparison of all collocated Panasonic and B&K microphones from Run 12.  The low 

frequency correction has been applied to the Panasonic signals shown here: (a) Incident side, low (b) 

Incident side, center (c) Shadow side, low (d) Shadow side, center (e) Interior, near window (f) 

Interior, corner. .................................................................................................................................124 

Figure C.3. Comparison of all of the collocated Panasonic and B&K microphones for Blast 03, 

corresponding to western sonic boom incidence.  The low frequency correction has been applied to 

the Panasonic signals as shown here on the (a) north (b) east (c) south and (d) west exterior surfaces.

...........................................................................................................................................................125 

Figure C.4. Comparison of all of the collocated Panasonic and B&K microphones for Blast 7, 

corresponding to northeastern sonic boom incidence.  The low frequency correction has been 



 

xiii 

applied to the Panasonic signals as shown here on the (a) north (b) east (c) south and (d) west 

exterior surfaces. ...............................................................................................................................126 

Figure D.1. (a) Recorded peak pressure of 200 mg detonator waveforms at given distance downfield from 

the explosion (b) compared to Reed’s overpressure scaling law as well as the traditional inverse 

distance relation of spherical spreading. ...........................................................................................129 

Figure D.2. Comparison of the unit amplitude pulse waves proposed by Friedlander (1940) and that 

proposed by Reed (1977) and modified by Sparrow (1991) with similar positive durations. ..........130 

Figure D.3. Schematic of the linear charge and coordinate system methodology for numerical 

considerations. ..................................................................................................................................133 

Figure D.4. Computed and measured waveforms for (a) single and (b) two strands of 5.3 g/m detonating 

cord of 18.3 m (60’). Computed waveform using Hawkins and Hicks (1968a) formulation with 

Friedlander wave.  The pressure waveform was measured 61 m (200’) downstream (microphone 

BK05) from the ignition of detonating cord. ....................................................................................134 

Figure D.5.   The (a) time history of the 200 mg detonator and its (b) Fourier transform magnitude from 

Run 06 – August 2008 ......................................................................................................................135 

Figure D.6. The time history of a 200mg PETN detonator measured 61 m from the blast compared to 

scaled versions of itself at 450mg, showing the theoretical result of more than doubling charge 

weight................................................................................................................................................136 

Figure D.7. Picture of detonating cord attachment to poles with rope.  The knotted green cord is the 

detonating cord while the blue block is the detonator.  [Photograph by Ryan Haac].......................137 

Figure D.8. (a) Series of scaled pulse s and the (b)  resultant positive portion of waveforms from scaled 

pulses.................................................................................................................................................140 

Figure D.9.  Scaling relations between blast energy and overpressure at a particular distance.  The 

overpressure scaling law governs the pulse’s overpressure with energy density.  The resultant 

waveform is dependent on the summation of scaled pulses along the linear charge........................141 

Figure E.1. Run 05, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................143 



 

xiv 

Figure E.2. Run 07, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................144 

Figure E.3. Run 08, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................145 

Figure E.4. Run 09, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................146 

Figure E.5. Run 10, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................147 

Figure E.6. Run 11, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................148 

Figure E.7. Run 12, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................149 

Figure E.8. Run 13, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................150 

Figure E.9. Run 14, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms 

of impulse train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed 

boom (behind structure) ....................................................................................................................151 

Figure F.1. Blast 3, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................153 

Figure F.2. Blast 4, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................154 



 

xv 

Figure F.3. Blast 5, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................155 

Figure F.4. Blast 6, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................156 

Figure F.5. Blast 7, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................157 

Figure F.6. Blast 8, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................158 

Figure F.7. Blast 9 June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of 

boom profile ......................................................................................................................................159 

Figure F.8. Blast 10, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................160 

Figure F.9. Blast 11, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................161 

Figure F.10. Blast 12, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................162 

Figure F.11. Blast 13, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................163 

Figure F.12. Blast 14, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................164 

Figure F.13. Blast 15, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................165 

Figure F.14. Blast 16, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms 

of boom profile .................................................................................................................................166 

 



 

xvi 

List of Tables 
Table 2.1:  Dimensions and lumber sizes used in the test articles. .............................................................11 

Table 2.2. Summary of sensor specifications. ............................................................................................17 

Table 2.3: Test matrix for the experiments performed on August 26, 2008 with the Single-Room test 

article...................................................................................................................................................22 

Table 2.5: Test matrix for the experiments on June 20, 2009 using Two-Room test article. .....................23 

Table 3.1.  Average characteristics for the effective free field ideal N-wave matching similarly grouped 

cases of linear charge sonic boom simulations. ..................................................................................33 

Table 3.2.  The regions of frequency-dependent attenuation of pressure loading on the surfaces of the test 

structure, caused by diffractive effects. ..............................................................................................40 

 

Table D.1. Linear energy densities of charge expressed in the equivalent explosive energy of TNT......132 

  

 

 

 

 

 

 

 

 

  



 

 1 

 

1. Introduction 

1.1 Motivation  

Sonic booms possess a significant amount of transient energy. When the first airplane, 

belonging to the United States Air Force, broke the sound barrier in 1947, a new generation of 

sonic booms was incident upon society. As an initial precaution to their effects, structural 

damage from supersonic aircraft at cruising altitude was assessed and found to be improbable 

(Hershey and Higgins, 1976).  Repeated exposure had the potential to exacerbate cracks found in 

structural elements, such as glass or drywall, but lower peak pressures of incident sonic booms 

decreased such negative effects.  Modern sonic booms, nonetheless, do not cause more damage 

than natural events to the structure, such as settling and weather exposure (Benham and Birks, 

1974). Therefore, the discussion and related research has shifted to that regarding perceived 

human response. 

 Aircrafts are subject to specific noise regulations imposed by the Federal Aviation 

Administration (FAA).  For its tenure, the most successful supersonic passenger jet was the 

Concorde, which is no longer in operation.  It was only permitted to reach supersonic flight over 

large bodies of water, so communities would not be exposed to the sonic booms produced by the 

aircraft. More recently, on October 16, 2008, regulations imposed by the FAA demand that the 

impact of sonic boom noise on communities cannot exceed that of subsonic airplane flight 

(Burleson, 2008). Perception of a sonic boom is a different experience than the low-pressure 

level, broadband noise characteristics of subsonic airplanes. The low frequencies of sonic booms 

possess the most energy and interact effectively with structures. Also, their quick, impulsive rise 

to peak pressure creates a significant amount of high frequency content, resulting in strong 

broadband energy distribution of excitation.  

Resurgent interest in supersonic transports has progressed to developing boom-shaping 

technologies and other strategies to mitigate the impact of sonic booms on communities 

(Hagerman, 2007). The design of a commercial supersonic aircraft must account for the noise 

that aircraft will produce at the ground level. Boom shaping refers to a series of geometrical 
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design modifications to supersonic aircraft that seek to diminish the steep pressure changes and 

larger overpressures that make booms so powerful. Through appropriate tuning of the aircraft 

aerodynamics, the aircraft would produce a sonic wake one-hundredth the strength of that 

produced by the Concorde. These weak sonic booms would have sufficiently low levels for the 

ban on overland supersonic flights to be potentially lifted and open a new era of air 

transportation. Proper assessment of the feasibility and potential annoyance of sonic booms in 

land communities is desired. As a result, the lift on the ban of supersonic flight over land will see 

light only when the public’s perception of sonic booms is proven to be favorable. 

Currently, experimental tests are the only means by which the effects of sonic booms 

inside residential buildings may be assessed.  Sonic booms reaching communities might attain 

overpressures less than 50 Pa (~1 psf), with a duration between 100 and 200 ms (Armstrong 

Laboratory, 2005). The effects of the dynamic fluid loading on the structure, vibro-acoustic 

resonances, and substructure rattling lead to a more annoying experience for the indoor observer 

than that experienced by the outdoor observer (Buehrle et al, 2006).  Subsequently, the main 

metric at stake for eventual community consent for supersonic flight is their acceptability inside 

people’s residences, among other buildings.  Consent can only be acquired through assessment 

of human subjective response to a sonic boom event.   

The prediction and presentation of the proper interior sound field depends on both the 

simulation method and the target signal. Generally, arrays of speakers installed in small 

chambers have been used extensively in studies of human response to sonic booms but may fall 

short of overpressure amplitude for structural excitation.  To acknowledge this shortcoming, 

NASA created a stand-alone single occupancy (small cavity volume) sonic boom room simulator 

(Leatherwood et al, 2000).  They are also in progress to apply this to nominally sized room 

(NASA, 2009). The latter requires that the room response in a particular cavity due to a sonic 

boom is explicitly known and properly reproduced for subjective testing. Nonetheless, a sonic 

boom simulation environment must accurately produce the sonic boom response incident upon a 

test structure or the associated interior acoustic response. 

Reproduction of sonic boom induced room response for proper subjective testing must 

consider all aspects contributing to the response. As sonic booms excite motion in the structure 

itself, components of the structure also have the potential to vibrate and produce audible noise 
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(Schomer et al, 1987). Rattle from sliding window parts or other fixtures in a house, for instance, 

is understood to promote annoyance indoors (Sutherland, 1989). However, rattle was not 

considered in this experimental effort. In fact, rattle was minimized in order to focus on the 

higher energy transmission mechanisms associated with low frequencies. Numerical predictions 

of low frequency response (<200 Hz) can then be based on the modes obtained from the 

geometry and composition of a structure (Corcoran, 2010; Remillieux, 2010). The experimental 

work presented here validates these approaches and, as a result, the basic mechanisms 

contributing to room response can be accurately described.  

1.2 Literature Review 

The ability to understand and accurately reproduce the acoustic response of a sonic boom 

is important for psychoacoustic classification of their tolerability in communities. Simulators 

require accurate and effective techniques to simulate a subject’s proper experience of potential 

interior acoustic responses from incident sonic booms. Subsequently, experimental testing is 

performed on structures or their components for an assessment of the sonic boom transmission 

mechanisms, both in a laboratory and full-scale situations. The most important studies are those 

that seek to solve a simplified problem that is applicable to other situations.  An overview of 

experimental work rooted in solving the sonic boom structural transmission problem is given, 

leading to the effort described in this thesis.  A summary of several key experimental efforts, 

from small laboratory efforts of wall component characterization to full structures subjected to 

jet-generated sonic booms, is provided.   

The Japanese Aerospace Exploration Agency (JAXA) performed one of the more 

successful laboratory sonic boom simulations with speakers (Naka, Y., et al, 2008). Sonic boom 

transmission through structural material was executed with two cavities: one representing the 

incident sonic boom (exterior) and the other cavity representing the interior space.  The cavities 

were divided by a test specimen, upon which their simulated boom was expressed. The proper 

input to the speakers was realized through an iterative linear superposition process that modified 

the input signal to one that would provide a sonic boom loading of the test specimen. This 

process compensates for the environmental and geometrical effects between the excitation and 

test specimen. The vibration of their gypsum board test specimen was treated as the simplified 

mechanism of sound transmission. In typical residences in the United States, walls are stiffened 
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(with studs or potentially masonry) and drywall is fastened to the interior surface. The vibration 

of drywall subjected to sonic boom loading is different than that of a pressure loaded wall. It will 

be shown in this experimental effort that drywall is seen to have its own local vibration behavior 

between studs, which follows the behavior of the walls but also responds in higher-order local 

modes. 

The opposite configuration was used in experiments performed by Virginia Tech, in 

which the physical exterior was excited and the interior cavity response was measured 

(Remellieux et al, 2008). Two standard wood construction walls were fixed into an opening in 

the side of an existing structure located at the Building Construction Demonstration Building on 

Plantation Road in Blacksburg, VA.  One of these walls had a double pane picture window in the 

center of it.  Each rectangular cinderblock cell housed a reverberant cavity with the simply 

supported wood-framed wall as its source of cavity excitation. Sonic boom forcing was provided 

by a Tsuzureko 25” subwoofer. A similar iterative linear superposition method to that used by 

the JAXA experiment discussed above was implemented to load the wall. The pressure loading 

on the wall, interior and exterior wall vibration, and the interior acoustic response were recorded. 

By having only one wall affecting the incident acoustics in the room, acoustic methods and 

instrumentation of this relatively simple system can be fully realized as a precursor to the larger 

scale experiments at the center of this paper. Consequently, the vibration of the wall at its natural 

frequencies in its simply supported configuration was seen to transmit the most sound into the 

room, especially through the window. These tests provided data for the modal characterization of 

a commonly constructed wall and also provided data to validate the initial modeling effort. 

(Remellieux et al, 2008).   

Similarly, Falk performed experiments on a variety of wood framed components, purely 

for modal characterization (1987).  The study extracted natural frequencies and damping ratios to 

validate the use of analytical expressions.  One of his most interesting findings was that the 

number of fasteners used to secure the sheathing to frame had a noticeable effect on the damping 

inherent in the walls. The characterization of components is applicable to realizing sonic boom 

interior response. Such a modal approach applied to entire structures was seen to successfully 

predict sonic boom transmission in the low frequency regime (Remellieux et al, 2009).  Hence, 
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the high energy, low frequency interaction of the boom with a full structure cannot be simulated 

with these smaller efforts.   

In line with the modal characterization of structures, the free response of small buildings 

has been successfully characterized through physical excitation. In one particular set of 

experiments, Paul Schomer and the US Army Crops of Engineers excited a small-scale house 

with a “shaketable” (1987).  A small structure sat atop a massive shaker that was used to provide 

an impulsive force to the house.  They were able to generate substantial impulse responses with 

the shaketable with effective durations of 25-40 ms. Although this study was particularly 

concerned with generating high amplitude impulses for inducing rattle noise, effective 

characterization of structural component interaction was assessed through impulsive, broadband 

excitation of the structure. Portrayal of structural response mechanisms was well presented in 

this study but it did not address the capability of the extreme low-frequency (< 25 Hz) forcing 

potential of sonic booms.  

To realistically assess the low frequency transmission effects of sonic booms, it is 

valuable to excite full structures with realistic sonic booms.  Relatively complex residential-type 

structures (actual residential houses) were tested by NASA in the previous decade (Klos, 2007). 

Military aircraft provided the sonic boom excitation. These studies produced an extensive set of 

vibro-acoustic data and even employed human test subjects within the structure.  However, the 

tests were not feasibly repeatable due to the many uncontrolled variables, such as window and 

door rattle and the costliness of the experiments.  The resources required to fuel and maneuver a 

supersonic aircraft are prohibitively expensive. In addition, there is a degree of control lost to the 

realm of far field outdoor acoustics. For instance, atmospheric effects along the propagation path, 

such as wind, temperature gradients, and humidity are unavoidable over such a long distance. 

Although extensive results in both vibro-acoustic data and subjective inputs were obtained, the 

need for a rapidly deployable form of excitation is necessary for reliable excitation in order to 

characterize the specific sound transmitting mechanisms of structures.  

The most effective full-scale sonic boom simulators are horns and explosives.  Horn type 

simulators are usually unable to reproduce the low frequency energy possessed by realistic sonic 

booms. (Wahba et al, 1980).  Conversely, techniques for producing high pressure, long 

wavelength traveling waves at convenient distances involve geometrically spanning an explosive 
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propellant. Point source explosives are not readily capable of creating long duration impulses; 

the duration of the generated wave is determined by the charge size and the energy released 

therein. Therefore, limited waveform variation exists with point sources. Sonic booms cannot be 

simulated without substantial charge weights and extreme observer distance.  However, by 

extending the charge spatially, waveforms can be shaped to the desired signature. The two main 

techniques that exist for sonic boom simulation via explosives are detonable gas and solid (grain) 

explosive.  The detonable gas explosion method consists of a thin structure (a balloon) 

containing a detonable gas, utilizing detonating cord to “ensure stability of the pressure signal” 

(Strugielski et al, 1971).  However, there was a duration limitation with the balloons and they 

could not produce realistic (~100-300 ms) N-waves. The detonable gas technique was based on 

methodology presented by Hawkins and Hicks in 1966 using solid explosives.  They indicated 

that the duration of the wave (and wavelength) is proportional to span of cord and the linear 

distribution of energy density determines the characteristic shape of the wave.   

In the late sixties, the Explosives Research and Development Establishment of the 

Ministry of Technology in England carried out research on methods for exiting structures using 

sonic booms (Harper, 1969). To this end, sonic booms were simulated with linear charge 

distributions using detonating cord, which is primarily used industrially to ignite explosives and 

to shear rock formations. A particular linear charge distribution is ignited at one end in the 

direction aligned with the detonating cord strand to simulate a sonic boom. Physically, the length 

of the linear charge and the observer’s distance from the detonation determines the duration of 

the shaped waveform.  Likewise, the overpressure is determined by explosive energy of the 

propellant.  This method was successfully tested by Hawkins and Hicks (1968b) and 

implemented herein. 

 

1.3 Thesis Objectives 

This thesis provides the documentation, results, and analysis of experiments that were 

completed to advance the understanding of sonic boom transmission into structures.  The 

experimental results were used for the validation of a model for predicting the transmission of 

sonic booms inside buildings (Remillieux et al, 2009).  
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Two structures were built for the experiments, using typical construction techniques of 

residential houses in the United States, i.e. wood-frame structures. The first structure was the 

simplest case tested, in that it was a simple box type structure consisting of a single room with 

two double pane windows and a basic door for access to the cavity. The first test structure was 

excited from one direction with a simulated sonic boom and contained minimal amounts of 

moving parts, thereby mitigating rattle noise. The second structure was fabricated by 

constructing an addition to the first building. A door connected the two rooms and a large glass 

window wall covered one of the sides of the new room. Also, slanted roofs were added, forming 

separate attics above each of the two rooms. Multiple configurations were tested, including the 

effect of interconnected rooms, opening to the exterior, and boom directionality. The test 

structures were extensively instrumented to obtain detailed vibro-acoustic data for the model 

validation. Microphones were positioned along the boom propagation path to measure the blast 

evolution. The resulting pressure loading driving the structures was also measured with surface 

mounted microphones. The structural response was recorded with an array of accelerometers. 

The interior responses in each of the cavities were also recorded with several microphones.   

 The structures were driven with realistic simulated sonic blasts using the explosive linear 

charge technique first presented by Hawkins and Hicks in 1966. This approach provided the 

desired traveling pressure waves by utilizing specific configurations of the detonating cord. 

Although this approach was developed in the sixties, no researchers had tested structural 

responses with this repeatable method, until now.  This thesis presents experiments in which 

realistic booms excited simple but realistic structures and the vibro-acoustic response was 

recorded.  

The work discussed within this thesis was performed: 

i. to obtain realistic and extensive vibro-acoustic data for the validation of a predictive 

computer code (Remillieux et al. 2009), 

ii. to analyze, document, and archive the experimental data for potential use by other 

researchers,  

iii. to obtain data from simulated sonic booms and investigate its propagation for further 

development of the technique in the future,   
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iv. to quantify the role of the physical transmission mechanisms contributing to the 

interior acoustic response, and  

v. to provide insight into the sonic boom transmission through application and 

interpretation of processed data. 

 

This thesis is organized as follows.  First, the experimental setups are presented, 

including the test structure, site, instrumentation, and excitation.  Additionally, an outline of all 

the tests is provided, Then, results are presented for each of the experimental cases, in which the 

test structure was subjected to incident sonic booms and the subsequent response was measured. 

Physical interpretation is provided for each portion of the results, including the excitation, the 

pressure loading of the structures, structural response, and interior acoustic response.  The 

analysis herein offers both narrowband and octave band representations, relating the test 

structure and its sound transmitting mechanisms to the sonic boom structural forcing problem in 

general.  
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2. Experimental Setup 

This section describes the design and fabrication of the test structure, the site of the 

experiments, and the instrumentation of the building for testing with simulated sonic booms.  

The explosive excitation method utilized for sonic boom simulation is explained, followed by a 

presentation of the test log matrix, which details the configuration of the performed experiments. 

Significantly more detailed information regarding the experimental setup can be found in Part II 

of the project report (Haac et al, 2009).  This chapter presents only enough information to relay a 

good understanding of the work. 

 

2.1 Test Articles 

There were two tests articles fabricated for this project. The Original Structure was tested 

during the first year of the program in August 2008. It is also referred to as the Single-Room 

Structure.  After the construction of an addition to the original building, the Two-Room Structure 

was tested almost one year later in June 2009 (Haac et al, 2009).  

The Original Structure consisted of a single room fabricated with dimensioned lumber, 

sheathing, sheetrock, and batted fiberglass insulation. Figure 2.1 shows CAD drawings of the 

structure. Main dimensions and other specifications of both test articles are listed in Table 2.1. 

The exterior surface of the framed wall was made of oriented strand board (OSB). The inside 

surfaces of the structure consisted of gypsum board and the cavities between studs in the wall 

were filled with R-13 fiberglass insulation. As the Original Structure was constructed off-site and 

had to be transported to the site, slightly stiffer construction techniques were utilized, including 

smaller stud spacing (12”), thicker OSB (0.75”), and wood screws as fasteners.  These methods 

were employed in the Original Structure in order to prevent potential damage during 

transportation to the test site. Two standard double pane windows were installed on one of the 

longer sides of the structure; they were fixed windows and possessed no moving parts.  Adjacent 

to the windowed side, a standard door was installed for access to the cavity. Pictures of the 

completed structure and the associated components are displayed in Figure 2.2 with heavy carpet 
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skirts concealing the cinderblock foundation to minimize sound impact through the floor. 

Cinderblock foundations were used in an effort to disturb the field as least as possible and carpet 

skirts were installed to block sound from penetrating beneath the structure. More details of the 

design and fabrication process can be found in Appendix A. 

The Two-Room Structure was created by adding a room (the Addition) onto the Original 

Structure and attics with slanted roofs above both rooms. In the context of the Two-Room 

Structure, the Original Structure is referred to as the Original Room. Model views of this 

structure are displayed in Figure 2.3. A large window wall, which span across one of the shorter 

walls of the new room, was installed on the same side as the two windows of the Original Room. 

Standard construction methods were utilized in place, such as standard 16” stud spacing slanted 

roofs covered in shingles.  For the attic above the Original Room, the previously exposed OSB of 

the ceiling was removed to expose the insulation, thereby classifying it as an unfinished attic.  

The attics had no drywall and they only contained insulation in the ceiling that separating them 

from the room cavities.  Figure 2.4 provides views of important features of the Two-Room 

Structure, such as the attic, the wall joining the structures, and the large window.  

The naming convention of the Single-Room Structure is based on characteristics of each 

wall surface because it was set prior to structure positioning.  The five surfaces are the Window 

Wall, Door Wall, Long Wall, Small Wall, and Ceiling. Through logical assessment of Figure 2.5, 

they can be related directly to the surface nomenclature for the Two-Room Structure, which is 

based on cardinal directions. A direction can be associated with each face, as illustrated in Figure 

2.5.  Otherwise, names that are used to refer to specific surfaces are naturally applied, e.g. the 

Joining Wall and the roofs.  



 

 11 

 

Table 2.1:  Dimensions and lumber sizes used in the test articles. 
Section Single-Room Two-Room 

Original Room 4.9 x 2.8 x 3.0 m 4.8 x 3.0 x 3.7 m 
Addition n/a 4.8 x 2.8 x 3.7 m 
   

Walls   
Studs 2x4, spaced 12" o.c. 2x4, spaced 16" o.c. 
Exterior Sheathing  3/4" thick OSB 1/2" thick OSB 
Interior Sheathing 1/2" sheetrock 1/2" sheetrock 
Insulation R-13 R-13 
   

Floor   
Perimeter/Header joists 2x12 2x12 
Span joists 2x10, spaced 24" o.c. 2x10, spaced 24" o.c. 
Insulation R-21 R-21 
   

Ceiling   
Perimeter/Header joists 2x10 2x10 
Span joists 2x8, spaced 24" oc 2x8, spaced 24" oc 
Insulation R-21 R-21 
   

Other   
Windows  0.8 x 1 m (x 2) 0.61 x 2.19 m (x 3 panels) 
Door (exterior) 0.7 x 2.1 m 0.89 x 2.03 m 
Roof flat top, bare OSB shingled and pitched 
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Figure 2.2: Photographs of the (a) Single-Room Test Structure, and (b) close-ups of a window and the exterior door.  
Photographs by Ryan Haac.  

(a)  
 

 

(b) 
 

 
 

Figure 2.1: CAD drawings of the (a) Single-Room Test Structure and (b) its wood-framed skeleton. 

(a)  

 

(b) 
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(a)                                                                                         (b) 

      
 

Figure 2.3: CAD drawings of (a) the Two-Room Test Structure and (b) its interior / wood frame.  
 

 

(a)  

 

(b) 

 
 

(c) 

 
 

(d) 

 

Figure 2.4: Pictures of the (a) full Two-Room Structure, (b) attic above the Addition, (c) interior door, and (d) large 
window of the Addition.  Photographs by Ryan Haac. 
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2.2 Experimental Test Site 

The experiments were performed at Kentland Farm in McCoy, VA, a facility of Virginia 

Tech. This property is composed of six tracts of land totaling 3,200 acres, all located in the 

Blacksburg area. The operation includes historic Kentland Farm, which borders the New River 

near the Whitethorne community in the northwestern part of Montgomery County, Virginia.  

Kentland Farm is an appropriate outdoor testing location; there are no communities in the 

vicinity. The test structure was located in a field used primarily for hay production.  Although the 

hay field is quite expansive, there are some farm structures and a line of trees nearby. Figure 2.6 

shows a satellite map image of the test site, showing the surrounding farm structures and the line 

of trees. The location of the test structure and the linear charges are also indicated in the image. 

Prior to the tests, the grass was cut short (< 10 cm tall) over the entire test area.  

Sonic booms were simulated from two directions relative to the structure, referred to as 

Blast Sites 1 and 2 (see Figure 2.6). Testing during 2008 only experienced sonic booms that were 

North Face, N 

 

South Face, S 

Figure 2.5:  Cardinal directions of the structure as seen from above.  The Two-Room Structure is divided 
into the Original-Room (O) and the Addition (A).   

West Face, W East Face, E 
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generated from Blast Site 1. Both blast sites were used during the second test in 2009. The linear 

charge in Blast Site 1 was aligned perpendicular to the wall with windows, i.e. the blast was 

normal to the structure. Although the test area is relatively flat, there is a gentle slope downward 

from the farm structures, the line of trees to the west of the test structure location, and from Blast 

Site 2.  Blast Site 2 is located uphill of the test structure, at less than a 4% grade and 

approximately 125° clockwise from the first one as shown in Figure 2.6. The slope of the hill 

increases slightly between the poles from which the detonating cord was hung; the linear charge 

was aimed almost directly at the structure. Figure 2.7 shows pictures of detonations from each 

blast site.   

 

 

Figure 2.6: A satellite view of the test site, showing the relative locations of the structure and the blast sites (fair use). 
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(a) 

 
 

(b) 

 
Figure 2.7:  Photographs of detonations at (a) Blast Site 1 and (b) Blast Site 2.  Note the orientation of the structure 

relative to each blast site.  Photographs by Dr. Patricio Ravetta.  



 

 17 

 

2.3 Instrumentation 

In an effort to fully understand the vibro-acoustic behavior of the structures, their interior 

and exterior surfaces were extensively instrumented with accelerometers and microphones, 

respectively.  Microphones were also placed throughout the room and attic cavities. In addition, 

the excitation’s propagation path was lined with several high quality microphones provided by 

NASA.  They measured the propagation of the pressure wave, accurately defining the boom 

profile incident upon the structure; field microphones provided information regarding the 

incident boom’s shape, duration, and amplitude. The associated data can be used as inputs to 

diffraction codes, validation for blast scaling laws, and assessment of blast propagation models 

(Sparrow, 2009). Response characteristics of the transducers that were deployed for the 

experiments are summarized below in Table 2.2. They are discussed in more detail in Appendix 

B, including a discussion of sensor type, sensitivity, placement quantity, and the data acquisition 

system used to acquire their signals. The low frequency response limitation of the Panasonic 

sensors, in particular, was subject to compensation. This correction method is summarized in 

Appendix C and illustrative examples of the situation are included Otherwise, details and 

specific locations of all sensors used are available in Part II of the project reports prepared for 

this project (Haac et al, 2009).  

Table 2.2. Summary of sensor specifications. 
 Microphones  Accelerometers 
 Panasonic B&K   PCB  PCB  
 WM-61 Type 4192  330A 333B32-F 

Nominal Sensitivity Nominal Sensitivity 
 (mV/Pa) 

70 12 
(mV/g) 

950 100 

Frequency Range Frequency Range 
(Hz) 

20 - 20k 0.07 - 20k 
(Hz) 

5 - 2.5k 0.5 - 3.0k 

Maximum SPL Max Acceleration  
(dB ref 20 µPa) 134 162 

(g) 
5 50 
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2.4 Excitation  

Distributions of detonating cord were used to produce a pressure wave of a predictable 

duration and shape.  The method utilized herein was first reported by Hawkins and Hicks in 

1966.  The detonating cord charges were spanned between two poles installed in the field at a 

height of 10.7 m (35 ft), parallel to the ground (see Figure 2.7). The poles were 32 m (106 ft) 

apart and the nearest pole was 91 m (300 ft) from the test structure, as illustrated in Figure 2.8(a). 

The linear charge was ignited using a detonator at the end closest to the structure, yielding a 

pressure wave incident to the structure with a slightly downward trajectory. Multiple linear 

charge distributions were tested using detonating cord with grain loadings of 5.3 g/m (25 gr/ft) 

and 3.18 g/m (15 gr/ft) for the first and second test, respectively.  The decrease in explosive 

loading between tests was employed in order to ease the stress on the pressure transducers. A 

discussion of the PETN propellant and the scaling implications of explosive loading is provided 

in Appendix D. 

A significant number of single and multiple strand charge distributions ranging in length 

from 4.5 to 30.5 m were tested. Although multiple configurations were tested, the sonic boom 

simulation created by Hawkins and Hicks is accomplished through the explosion of a 

predetermined set of detonating cord strands arranged as shown in Figure 2.9. A detonator was 

used at the ignition point to start the explosion of the linear charge. The ignition end is also 

indicated in the figure. Both large and small detonators were used during testing, weighing 200 

and 450 mg, respectively. The 200 mg detonator was not powerful enough to ignite the 

detonating cord.  
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(a) 
 

 
 
 

(b) 

   
Figure 2.8: (a) Placement of the sonic boom simulator relative to the test structure and (b) installation diagram of 

the detonating cord strand between two poles.  
 

 
 

 

Figure 2.9: Linear charge distribution used to produce the sonic boom that matches the one used by Hawkins and 
Hicks (1966). 
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2.5 Test Configurations 

The test using the Original Structure took place on August 26, 2008. The weather 

conditions were cool, cloudy, and humid. According to the National Oceanic and Atmospheric 

Administration (NOAA), the average temperature and relative humidity during the testing period 

were 65°F and 87%, respectively. For all runs, the exterior door of the test structure was closed. 

More specific information about the first set of tests is presented in the test log matrix in Table 

2.3.   

Seven different linear charge distributions were detonated for the first test with a total of 

915 m (3000’) of 5.3 g/m detonating cord. The detonating cord distributions were planned 

beforehand and arranged on-site by representatives from Austin Powder. The linear charge 

distributions tested are presented in Figure 2.10(a)-(g). They were ignited with a 450 mg PENT 

detonator. In an attempt to minimize the sound produced by the large 450 mg detonator, a 

smaller 200 mg PENT detonator was used on Run 6.  However, the small detonator failed to 

ignite the detonating cord and thus the use of the larger detonator resumed. In Run 7, modeling 

clay was unsuccessfully used around the larger detonator in an attempt to again attenuate the 

noise contribution from the detonator.  The contribution of the detonator to the produced blast 

wave is discussed in Appendix D. Starting with Run 11, four two-foot sections of R-13 

insulation were placed on the floor at each corner of the room to provide some acoustic damping. 

Runs 12 and 13 used the configuration suggested by Hawkins and Hicks (1966) that would 

produce the desired simulated sonic boom.  

The testing of the Two-Room Structure took place on June 24, 2009. The weather 

conditions were warm, sunny, and dry. The average temperature and relative humidity were 80°F 

and 55%, respectively. Acoustic foam was placed at the bottom corners of both rooms to 

introduce some acoustic damping for all tests. Additionally, the status of the two doors was 

systematically varied between runs to assess this volume variation on the interior acoustic 

response. To differentiate between successive years of testing, individual detonations from 2008 

are referred to as ‘Run##’ and those from June 2009 are called ‘Blast##’. The test matrix for the 

2009 tests is presented in Table 2.4.  
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During this second test, a total of sixteen detonations were carried out with 2440 m 

(8000’) of 3.18 g/m detonating cord. Blasts 2 through 13 used the linear charge distributions 6 

and 8 shown in Figure 2.10(f),(h). Distribution 8 is very similar to distribution 6 except the 

length of the charge was increased from 24.3 to 30.5 m (80-100’) in an attempt to increase boom 

duration. The last three blasts consisted of non-conventional distributions and were performed to 

gather data for potential modeling efforts in the future. Pictures of these charges are shown in 

Figure 2.11. 

 



22 

Table 2.3: Test matrix for the experiments performed on August 26, 2008 with the Single-Room test article. 

Data Acquisition System Configuration 

Run # Time 

Linear 

Charge 

Distribution 

Sampling 

Frequency 

(Hz) 

Block 

Size 

Number 

of 

Blocks 

Sample 

Time 

(sec) 

C1 Voltage 

Range (V) 

C2 Voltage 

Range (V) 

Comments 

05 10:40 AM 1 51200 8192 280 44.8 10 5  

06 11:00 AM - 51200 8192 280 44.8 10 5 Blast due to only a 200 mg PENT detonator 

07 11:12 AM 2 51200 8192 280 44.8 10 5  

08 11:30 AM 3 51200 8192 280 44.8 10 5  

09 11:50AM 4 51200 8192 280 44.8 10 5  

10 2:25 PM 5 51200 8192 280 44.8 10 5  

11 2:34 PM 5 51200 8192 280 44.8 10 5 R-13 insulation added to the room 

12 2:42 PM 6 51200 8192 280 44.8 10 5 R-13 insulation added to the room 

13 2:50 PM 6 51200 8192 280 44.8 10 5 R-13 insulation added to the room 

14 3:00 PM 7 51200 8192 280 44.8 10 5 R-13 insulation added to the room 

 



 23 

Table 2.4: Test matrix for the experiments on June 20, 2009 using Two-Room test article. 

Blast 

Location 
Door Configuration Data Acquisition System Configuration 

Blast # Time 
1 (original)   

2 (new) 

Linear 

Charge 

Distribution Inside Outside 

Sampling 

Frequency 

(Hz) 

Block 

Size 

Number 

of 

Blocks 

Sample 

Time 

(sec) 

C1 Voltage 

Range (V) 

C2 Voltage 

Range (V) 

01 09:30 AM 1 9 Closed Closed 51200 8192 280 48 10 5 

02 10:22 AM 1 6 Closed Closed 51200 8192 280 48 10 5 

03 10:41 AM 1 6 Open Closed 51200 8192 280 48 10 5 

04 11:05 AM 1 6 Open Open 51200 8192 280 48 10 5 

05 11:24 AM 1 8 Closed Closed 51200 8192 280 48 10 5 

06 11:47 AM 1 8 Open Closed 51200 8192 280 48 10 5 

07 01:56 PM 2 6 Closed Closed 51200 8192 280 48 10 5 

08 02:10 PM 2 6 Open Closed 51200 8192 280 48 10 5 

09 02:18 PM 2 6 Open Open 51200 8192 280 48 10 5 

10 02:31 PM 2 8 Closed Closed 51200 8192 280 48 10 5 

11 02:41 PM 2 8 Open Closed 51200 8192 280 48 10 5 

12 03:11 PM 2 10 Closed Open 51200 8192 280 48 10 5 

13 03:19 PM 2 2 Closed Open 51200 8192 280 48 10 5 

14 03:29 PM 2 Blast 14 Closed Open 51200 8192 280 48 10 5 

15 03:40 PM 2 Blast 15 Closed Open 51200 8192 280 48 10 5 

16 03:47 PM 2 Blast 16 Closed Open 51200 8192 280 48 10 5 
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(a) Distribution 1 

 

(b) Distribution 2 

 
 

(c) Distribution 3 

 

 
(d) Distribution 4 

 
 

(e) Distribution 5 

 

 
(f) Distribution 6 

 
 

(g) Distribution 7 

 

 
(h) Distribution 8 

 
 

(i) Distribution 9 

 

 
(j) Distribution 10 

 
 Figure 2.10:  Linear charge distributions tested at Kentland Farm. All of the distributions were ignited 

where the displayed coordinates equal zero.   
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(a) Blast 14 

 

(b) Blast 15 

 

(c) Blast 16 

 
Figure 2.11:  Pictures of detonating cord excitations used for Blasts 14 - 16 on June 20, 2009.  (a) 

Wrapped Tube (40’ of cord) – constant helix, (b) Wrapped Tube (40’ of cord) – weighted toward the 
center, and (c) point source from remaining detonating cord on the spool. Photographs by Ryan Haac.  
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3. Results and Analysis 

The amount of data collected during these experiments is very extensive and it is not 

feasible to present all acquired results in this report. Therefore, they are presented only for the 

experiments using the charge distribution producing a sonic boom developed by Hawkins and 

Hicks (1966) as shown in Figure 2.10(f). The results will be presented for the microphones in the 

propagation path from the detonating cord to the structure, the pressure loading driving the 

structure, the structural response of the test article, and finally the interior acoustic response.  For 

the Two-Room structure, results from each blast site are examined for the closed-closed 

configuration of the doors (Blasts 2 and 7).  Then, the variations of interior responses are 

explored by comparing the interior fields for each door configuration, highlighting the roles of 

open apertures within the construct of the interior acoustic response.  Next, repeatability of the 

experiments is explored.  This is followed by discussion of a comprehensive transfer function 

that simplifies the transmission problem to only involve the free field wave and the interior 

acoustic response.  Lastly, an overall evaluation of the sonic boom structural forcing problem is 

offered, containing insight garnered from the experimental work herein.   

 

3.1 Explosive Excitation  

The linear charge distribution 6 in Figure 2.10(f) produced the pressure profiles at 

successive distances from the Blast Site 1 shown in Figure 3.1(a). The magnitudes of the Fourier 

Transform are shown in Figure 3.1(b). All recorded linear charge distributions from 2008 are 

presented in Appendix E and those from 2009 are located in Appendix F. 

Beginning at 15.2 m (50’), the shock wave was tracked by five equally spaced 

microphones in the grass field between the linear charge distribution and the structure.  Figure 

3.1(a) shows that the pressure in the vicinity of the blast had significant high frequency content 

that dissipated as the wave propagated towards the structure. The peak amplitude of the sonic 

boom decreased with the distance from the detonation point. The sonic boom profile also became 

more symmetric as it propagated. For clarity, Figure 3.2 shows the sonic boom’s profile 
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measured 15 m in front of the structure for Runs 12 and 13. The waveform had a duration of 

approximately 140 ms, a measured overpressure close to 100 Pa (2.0 psf) on the ground, and a 

rise time of 40 µs. The wave-signature was not completely symmetric, with a sharp bow shock 

containing significant high frequency content and a rounded stern shock that took a considerable 

amount of time to return to ambient pressure. It will be shown that the pressure wave behind the 

structure is smoother because of the low-frequency filtering effect of the structure. The 

waveform obtained in these experiments is very consistent with that obtained by Hawkins and 

Hicks (1968b,c). Figure 3.2 also demonstrates good repeatability of the boom profile.   

(a) 

 

(b) 

 
Figure 3.1:  The sonic boom evolution along the path from the blast to the structure: (a) time history and (b) 

magnitude of Fourier Transform at different distances – Run 12, August 2008. 
 

(a) 

 

(b) 

 
Figure 3.2:  Sonic boom time history and magnitude of Fourier Transform for Runs 12 and 13 measured 13 m in 

front of structure - August 2008. 
 

140 ms 
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 A wave is assumed to be propagating acoustically (as opposed to non-linearly) when it 

travels with minimal distortion at the speed of sound (Hawkins and Hicks, 1968a). To behave as 

a purely acoustic wave, the blast wave should be propagating at the speed of sound of the 

medium. The structure was placed 91 m from the near end of the detonating cord assembly in 

order to allow the blast to be treated effectively as a plane wave while it propagates over the 

structure. The average wave speed between these microphones was estimated from the data using 

the relative time of arrival at each microphone and their distance apart.  The calculated average 

speed of the blast front between the microphones is plotted in Figure 3.3 as a mean and standard 

deviation of all runs measured. The region closest to the blast displays significantly higher 

average velocity than those further from the explosive event. The PETN explosive in the 

detonating cord ignited at a detonation velocity of 7000 m/s, creating a turbulent event as the 

shockwave event transferred into the medium of air (Dyno Nobel, 2008). The region very close 

to the explosion was not measured; such non-linear effects are outside the scope of this analysis. 

The atmosphere’s speed of sound on August 26, 2008 was calculated, based on air temperature, 

pressure, and humidity, to conveniently be approximately 343 m/s (Cramer, 1993). The trend in 

the figure suggests that the wave speed reached the speed of sound in the medium by the time it 

reached the structure at 91 m.  

 

Figure 3.3: Average calculated wave speed between field microphones, averaged over all tests from August 2008.  
The traveling wave’s average velocity between measurements is represented as the mean (µ) and standard deviation 

(σ) of the data from all runs.   
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Linear charge distributions have been reported to generate the sonic boom waveform over 

an 8° cone region centered with the axis of the linear charge (Hawkins and Hicks, 1968b).  The 

test structure was easily within these limits, as it was placed directly on the axis of the detonating 

cord.  To assess the distortion level off-axis, microphones that are at the same projected distance 

downfield from the explosive event are compared in Figure 3.4. The labels included in this plot, 

e.g. ‘BK17,’ and throughout the document, refer to the nomenclature that was developed in order 

to keep track of all sensors and their positions.  For a full description of sensor locations, please 

see Part II of the project report (Haac et al, 2009). The off-axis time histories (black and green 

traces) display significantly elevated levels of high frequency content in the first half of the 

shock. However, the negative part of the shockwave was rather uniform, like its on-axis 

counterpart. The time histories in Figure 3.4(b) were both 26° off-axis and those in Figure 3.4(d) 

were only about 14° off-axis relative to the axis of the detonating cord.  The high frequency 

content in Figure 3.4(b) was significantly heightened compared to its relative on-axis 

microphone. On the other hand, the microphones that were only 14° off-axis preserve the shape 

and behavior at this distance, with higher frequency components that were apparent but not 

dominating. The shockwave became less uniform as the observer left the axis of detonation. 

Therefore, the article of excitation should be placed directly on the axial propagation path of the 

detonating cord.  
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(a)  

 

(b) 

 

(c) 

 

(d) 

 

Figure 3.4.   Sonic boom time history in the field (a) on axis, 30.5 m downfield, (b) 26°  off axis, 30.5 m downfield, 
(c) on axis, 61 m downfield, and (d) 14°  off axis, 61 m downfield – Run 12, August 2008.  Please note the y-axis 

limits on each plot. 
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During the June 2009 test, microphones were not installed to record the evolution of the 

boom from the blast sites to the structure. Instead, a B&K microphone was placed in the line of 

sight from the test structure to the Blast Site to record the incident waveform.  Figure 3.5 shows 

the time histories and magnitude of Fourier Transform for all blasts of distribution 6 tested, e.g. 

Blasts 3 and 4 from Blast Site 1 and Blasts 7, 8, and 9 from Blast Site 2. Blast 2 is not included 

in this plot because propagation data was not successfully collected for this case. The figure 

shows good repeatability except for Blast 4, which did not conform to the expected signature, 

particularly in the shock front. The inaccuracies are thought to have been created by an 

inconsistency in the line charge, i.e. the linear distribution of mass was installed ineffectively. 

Comparison of Figure 3.2(a,b) and Figure 3.5(c,d) shows good agreement between blasting 

locations.   

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 Figure 3.5: Sonic boom time histories and Fourier Transform magnitudes for distribution 6 from (a,b) Blast Site 1 

and (c,d) Blast Site 2 – June 2009.   
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Measurements of the traveling wave were affected by the ground boundary because the 

field microphones were placed at the air/ground interface.  However, the theoretical free field 

wave incident upon the test structure can be extracted from these data. For the pressure 

amplitudes dealt with in this project (~100 dB), the boundary pressure doubling assumption is 

sufficient for an analysis of the microphone signals near the structure.  Only significantly 

stronger blast waves (>150 dB referenced to 20 µPa) become particularly complicated, 

warranting further consideration of the application of pressure doubling (Sparrow, 1990). All 

data measured in the field were low-pass filtered at 10 kHz to eliminate the presence of higher 

frequency spikes, common with explosives.  

Ideal N-waves were constructed analytically in order to compare the measured signatures 

of the simulated booms to a standard case.  The ideal booms were tuned to the frequency and 

magnitude of the fundamental frequency of the simulated sonic boom.  They were given a rise 

time of 40 µs, which was seen consistently in experimental data. A shorter rise time increases the 

density of spectral peaks in the high frequency regime of a shockwave. The wave signatures are 

compared in the time and frequency domain in Figure 3.6. Slight variation in peak pressure, time 

from peak to peak, and negative rise time (return to ambient) is apparent. A trend of 

approximately 6 dB/decade decay up to 10 kHz can be observed in both waves.  Also, The 

simulated sonic booms typically exhibited elevated frequency content between 200 and 400 Hz. 

Characteristics of the two representations of the free-field N-waves are presented in Table 3.1. 

From the data in table and the Fourier transform magnitudes of the booms represented in Figure 

3.6, it is clear that the inverse of the ideal N-wave’s duration does not correspond to the 

respective fundamental frequency.  The sharp bow and stern rise times exhibited in an ideal N-

wave, acting as discontinuities, are the cause of this phenomenon. Although the simulated booms 

also had this sharp positive rise to peak pressure at its front, their full duration complies with the 

associated fundamental frequencies, due to the relaxed and extended return to ambient pressure.   
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(a) 

 

(b) 

 

R
un 12 (5.3 g/m

, 24.4 m
) - 2008 

 
(c) 

 

 
(d) 

 

B
last 9 (3.2 g/m

, 24.4 m
) - 2009 

 
(e) 

 

 
(f) 

 

B
last 6 (3.2 g/m

, 30.5 m
) – 2009 

Figure 3.6. The time histories and Fourier transforms of simulated sonic booms compared to each blast 
wave’s effective sonic boom free field wave measured near 61 m downfield.   

  

 
Table 3.1.  Average characteristics for the effective free field ideal N-wave matching similarly grouped cases of 

linear charge sonic boom simulations.   

 Fundamental 
Frequency (Hz) Duration (ms) Peak Free Field 

Overpressure (Pa) 
  Simulated Analytical Simulated Analytical 

August 2008 booms 7 140 100 58 45 
June 2009 booms 7 140 100 52 38 

June 2009 longer booms 6 160 120 46 34 
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 The sonic simulation method offered by Hawkins and Hicks provides an accurate 

creation of a sonic boom event. Variations could be constructed with the fact that every 6 m 

(19.7’) of sonic boom distribution detonating cord contributes to about 25 ms of duration.  

Therefore, when the wave is fully developed, increments of 1.83 m (5’) in the sonic boom linear 

charge distribution correspond to about 6.35 ms between each change of linear charge density.  

This spacing lends itself to a regular high frequency pattern that is seen in much of the 

experimental data, since the sonic boom distributions were not continuous.  The method could be 

improved by having a “continuous” distribution, in which the linear energy density changed 

continuously instead of incrementally. Coincidentally, one issue that remains with the sonic 

boom simulation method is its slow return of the negative overpressure’s peak to pressure, which 

still has not been captured with modeling methods (see Appendix D).  Hawkins and Hicks were 

also at odds with this problem and suggested a potential solution: to install an additional point 

source charge at the back end of the linear charge distribution.  This would offset the slow rise of 

the negative pressure with the sharp rise time of an additional point source. Also, if more space 

for the test site is available, it is recommended to generally position the test subject farther from 

the explosion. The simulated sonic booms, which were shown to suffer from an elevated 

concentration of high frequency components, could be improved upon by extending the 

propagation distance of the field. A higher grain cord will produce a stronger explosion, the 

variable and unwanted high frequencies will attenuate, and the blast wave will effectively 

develop into a purely acoustic wave.    
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3.2 Single-Room Results 

3.2.1 Pressure Loading 

The time histories for representative microphones from the five exterior surfaces exposed 

to the boom are shown in Figure 3.7. The pressure profiles are rather similar for all surfaces. The 

main difference in the pressure loads was experienced between the incident and shadow region, 

i.e. the window wall in Figure 3.7(a) and the long wall in Figure 3.7(b). It is apparent that the 

high frequency content of the wave was attenuated by the structure.  The peak pressure on the 

window wall, facing the incident boom, exhibited the broadest range of overpressure, due to the 

ground reflection of the traveling wave and the doubling at the surface, with a peak of about 120 

Pa at the center shown in Figure 3.7(a). The shadow side reached a maximum overpressure of 80 

Pa and the Ceiling was a more significant propagation path than the side walls.   

At sub-audible frequencies, the pressure loading imposed on the different surfaces was 

essentially in phase around the structure. For instance, the wavelengths corresponding to the 

fundamental frequency of the blast waves dealt with herein were geometrically much larger than 

the structure. There was only a relatively small time delay between the front and back time 

pressure loads, i.e. 8 ms delay compared to 140 ms boom duration. By satisfying the acoustic 

assumption, the pressure wave is considered to be a plain wave propagating over the surfaces of 

the structure.  This claim can be verified by the depiction of transient pressure loads in the global 

representation.  
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 (a) 

 

(b) 

 

 
(c) 

 

 
(d) 

 
 

(e) 

 

 
(f) 

 
Figure 3.7:  Pressure loading time histories measured on the (a) Window Wall, (b) Long Wall, (c) Short Wall, (d) 

Door Wall, (e) Ceiling (roof), and (f) Ceiling (roof), Run 12 - August 2008. 
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A global representation of transient pressure loading on the structure is illustrated by the 

three-dimensional pressure distribution over the surfaces of the structure in Figure 3.8. Surface 

pressure distributions were obtained using a Biharmonic spline (Sandwell, 1987) interpolation 

algorithm on each individual surface. This method was selected because it is well suited for long 

wavelengths, emphasizing lower frequencies. It was developed for interpolating satellite 

altimeter data over the seafloor. The distributed pressure loads presented here were used as input 

for the validation of the numerical model (Remillieux et al, 2009).  

Figure 3.8 shows front and rear views of the instantaneous pressure distribution at four 

times, e.g. as the bow and stern of the boom passed the front and rear walls. Although it is 

apparent that the traveling wave was propagating uniformly, deviation in homogeny was caused 

by the higher frequencies that were particularly present in the front of the traveling wave.  The 

shock front was more consistent on the shadow sides of the structure, where high frequencies had 

been mitigated by diffraction.  In Figure 3.8(a), the increase in pressure on the lower edge 

between the front wall of the structure and the ground is noticeable. The maximum pressure on 

the structure recorded at the interface between the ground and the structure was approximately 

140 Pa. Pressure buildup was observed at the ground-structure interface, almost tripling the 

value of the free field wave.  
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 Front Rear  

 

(a)  (b)  

(c)  (d)  
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(Pascals) 

 
(Pascals) 

(e)  (f)  

 

(g)  (h)  

Stern Shock 

Figure 3.8:  Instantaneous pressure loading at critical times: (a,b) bow shock loads front window 
wall, (c,d) bow shock retreats from back wall, (e,f) stern shock loads front window wall, and (g,h) 

stern shock retreats from back wall. 
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With several sets of data describing pressure loading from a series of different blasts and 

blast sites, trends of blast wave pressure loading can be extracted.  The peak loading on the 

incident side of the structure was observed to reach magnitudes of almost three times the 

calculated free-field wave that contacted the structure.  Diffraction then caused severe broadband 

attenuation around the structure as a function of frequency.  For an effective analysis of 

frequency dependent surface loading, the Fourier transform magnitudes of each microphone on 

each surface were computed.  Magnitudes were averaged for all microphones on each respective 

surface.  Then, the narrowband spectrum was collapsed into one-third octave bands and plotted 

in . Phase is ignored for this comparison.  

 The relative attenuation of pressure on non-incident surfaces, caused by diffraction of the 

blast wave around the structure, is classified into three main regions.  Each region is defined by 

trends observed in the average magnitudes of pressure on each surface, particularly where 

magnitudes diverged, as a function of frequency. These three regions are categorized in Table 

3.2. The least amount of attenuation occurred in Region 1, at low frequency, between the 

fundamental frequency of the boom and the 16-Hz 1/3 octave band. Wavelengths associated with 

this region of frequencies were much larger than the nominal dimensions of the structure.  

However, at about 17 Hz and above, the largest dimensions of the structure becomes shorter than 

quarter wavelengths (~5 m), signifying the beginning of Region 2. In Region 2, all surfaces were 

attenuated at least 3 dB below the incident side. In this region, all non-incident surfaces of the 

structure were attenuated approximately the same amount and therefore experienced similar 

pressure loading levels.  Then, Region 3 begins at the 31.5-Hz one-third octave band. At this 

frequency, the wavelength becomes of approximately the same magnitude as that of the 

structure.  For example, the wavelength of 11.5 m at 30 Hz tone is similar to the structural 

dimensions of 4.8 , 3.0, 2.8 m in length, height, and width of the Original Structure, respectively. 

Hence, attenuation effects are dependent on the geometry encountered by the traveling wave. At 

higher frequencies ( >500 Hz), the fully shielded surface (opposite the blast) of the structure 

remained 10 dB down from the incident levels and all walls remained mostly within these limits. 
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(a) 

 

(b) 

 
  

Figure 3.9. The Fourier transform magnitudes in 1/3 octave bands of average surface loading for the surfaces of the 
Original Structure during (a) Run 12 and (b) Run 13  

 

Table 3.2.  The regions of frequency-dependent attenuation of pressure loading on the surfaces of the test structure, 
caused by diffractive effects. 

One-Third Octave Band Range 
  Region 1  16 Hz 

16 Hz  Region 2  31.5 Hz 
31.5 Hz  Region 3   

 

 Repeatable behavior in Region 3 occurs in the average of the frequency magnitudes 

measured on the ceiling. The levels on the ceiling remained consistently between the incident 

and shadow sides in Region 3 until a substantial drop is observed around the 125-Hz one-third 

octave band.  This spectral dip is shown to begin at the 63-Hz band, ending around the 250-Hz 

band. This effect is attributed to a matching of the height of the structure and the wavelength as 

demonstrated by previous work on noise barriers, e.g. the wavelength at 115 Hz is 3 m and  

similar to the height of the Original Structure. Most published noise barrier research is concerned 

particularly with the far-field effects of these barriers on broadband sound.  However, it has been 

shown that for an infinitely long thin barrier, there is a drop in the near field attenuation in the 

frequency band containing wavelengths corresponding to barrier height (Bite and 
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Augusztinovicz, 2002). A more applicable situation, using a two dimensional barrier (still 

infinite length) was reproduced by Hothersall et al (1991).  The authors present numerical and 

experimental methods confirming that the two dimensional barrier introduced the most 

significant attenuation at the frequency whose wavelength corresponded to the height of the 

barrier.  Their results exhibited the same trend seen in the experimental results shown here. 

Similar frequency response characteristics were measured on the Short Wall about one octave 

above the ceiling.  For all experiments performed, this behavior is only observed on this wall for 

the Original Structure and its cause is unknown.  

 

3.2.2 Structural Response 

Figure 3.10 and Figure 3.11 present the acceleration time histories and corresponding 

Fourier Transform magnitudes for the various structural components. These data correspond to 

accelerometers mounted on studs. Although the location for each accelerometer is indicated from 

the exterior, all accelerometers presented were mounted on the interior surface.  

Figure 3.10 shows the acceleration near the center of each of the six interior surfaces, e.g. 

front wall, back wall, side walls, roof, and floor. The Window Wall and roof exhibited the most 

motion, with peak accelerations reaching 0.5 g. This result is expected since these surfaces were 

most exposed to the full incidence of the pressure wave. Similarly, the acceleration levels of the 

back wall were less than half of the front wall, due to the lower loading levels.  As with the 

pressure loading, there was less high frequency in the response of the long wall due to the 

shielding effect of the structure, i.e. high frequencies are poorly diffracted. The side walls and 

floor have substantially smaller responses. Only normal excitation was measured and therefore 

the motion of these surfaces in the direction of excitation was not measured.  

Figure 3.11 shows the Fourier Transform magnitudes corresponding to the time history 

responses in Figure 3.10. The fundamental structural resonance at 8.8 Hz found in the modal test 

of the structure (Corcoran et al. 2009) is clearly associated to the motion of the front and back 

wall components. Since the fundamental natural period was close to the boom duration, i.e. 114 

to 140 ms, and these walls are exposed to the boom, a strong excitation of the front and back 
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walls was observed in both the acceleration time histories and spectra. The interior acoustic 

response will also show a strong component at 9 Hz.  

 (a)  

 

(b)  

 
 

(c)  

 

 
(d)  

 
 

(e)  

 

 
(f)  

 
Figure 3.10:  Acceleration time histories near the center of the interior surfaces of the structure (a) Window Wall, 

(b) Long Wall, (c) Door Wall, (d) Short Wall, (e) Ceiling, and (f) Floor. 
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(a)  

 

(b)  

 
  

(c)  

 

 
(d)  

 
 

(e)  

 

 
(f)  

 
Figure 3.11:  Magnitude of Fourier Transform of acceleration near the center of the interior surfaces of the 

structure (a) Window Wall, (b) Long Wall, (c) Door Wall, (d) Short Wall, (e) Ceiling, and (f) Floor. 
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Conventional modal tests performed on the structure found the fundamental resonance to  

be present at about 9 Hz (Corcoran et al 2009). As a comparison to previous experimental efforts, 

natural frequencies for a wide range of wood frame construction components with varying 

stiffness were measured to have natural frequencies ranging between 8 and 29 Hz (Falk, 1987). 

On the other hand, the overwhelming majority of energy carried by N-waves exists below the 

cutoff frequency, fc, which is given by  

 
, (3.1)  

 

where τ is the duration of the N-wave (Wahba et al, 1980).  For the typical duration of about 100 

ms for the calculated ideal N-waves, this cutoff frequency is approximately 48 Hz. The dominant 

response of the walls is seen to drop around 50 Hz throughout Figure 3.11. Significant response 

in the interior room cavity above this low frequency range will be attributed to the gypsum board 

covering the interior surfaces and the non-reinforced components, such as the windows and door.   

To study the vibration of the drywall, many interior accelerometers were placed off studs 

in order to measure local behaviors that contribute to the interior room acoustics. The Fourier 

transform magnitudes of all accelerometers on the studs of each wall, and separately those on 

drywall, were averaged and plotted in Figure 3.12. The Door Wall did not have any off-stud 

accelerometers and the small wall only had one (and was therefore used in the figure).  Other 

averages came from 5 to 15 accelerometers for each case for each wall. The drywall almost 

always exhibited a higher response than the stiffened wall, mostly between 50 and 200 Hz. More 

simplified experiments also found increased vibration in this region for specimens of drywall 

when directly exposed to simulated booms (Naka, Y., et al, 2008). The response up to about 45 

Hz is seen to be relatively similar between the studs and drywall.  

All sides that were exposed directly to the boom exhibited significant local drywall 

vibration. The long wall, in Figure 3.12(d), shows minimal deviation between the on- and off-

stud vibration levels. The long wall on the shadow side of the boom, which was not directly 

excited with the high frequencies of the incident boom, did not exhibit significant response in 

this region. Therefore, the source of the local vibrations was the higher frequencies of the 
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pressure loading, which were transmitted across the OSB exterior surface, through the air cavity 

filled with insulation, and to the drywall spanned between studs. In future sections, it will be 

shown that the exterior OSB has a low pass affect around 200 Hz, which explains the lack of 

drywall dominance at higher frequencies.   

(a) 

 

(b) 

 
 

(c)  

 

 
(d) 

 
Figure 3.12.  Comparisons between the spectra measured by accelerometers, averaged for sensors located directly 

on studs and between studs of the (a) Window Wall, (b) Ceiling, (c) Small Wall, and (d) Long Wall. 
 

 Figure 3.13 shows the response of the window’s exterior and interior panes, i.e. time 

histories and spectra. The acceleration levels recorded on the exterior glass of the windows were 

almost five times higher as compared to the front wall. These high accelerations were due to the 

much lower mass and stiffness of these glass panes as compared to the walls. The high frequency 

content was significant due to the inherent low damping of the glass material. The exterior 

windowpane was driven at higher frequencies than the interior one since it was directly exposed 
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to the incident boom and the responses behave accordingly. The time traces and the spectra also 

reveal that the responses were mostly dominated by the 15 and 22 Hz resonances. Structural 

modes with these natural frequencies were found and the shapes of these modes show that much 

of their motion, particularly that of the 22 Hz mode, came from the windows. The fact that the 

windows vibrated about 10 dB higher than the surrounding wall at these frequencies can also be 

explained from the mode shapes. The wall remains essentially undeformed while the windows 

deformed greatly in these modes of vibration (Corcoran et al. 2009).   

 Figure 3.14 shows the response of the door. The acceleration levels are similar to the 

interior windowpanes, i.e. a peak acceleration of more than 1 g. The door response is clearly 

dominated by the first resonance at 32 Hz. The rest of the spectrum is at least 10 dB lower. The 

initial normal perturbation of the walls, caused by the impulsive transient wave, is followed by 

harmonic motion that dies out very quickly.  In the case of the non-reinforced substructures, such 

as the window and the door, the harmonic vibration of the dominant modes linger. 



 

 47 

 

(a) 

 

(b) 

 
 

(c) 

 

(d) 

 
Figure 3.13: Acceleration response and Fourier transform magnitude at (a,b) the center of the exterior window pane 

and (c,d) the center of interior window pane. 
 

 

(a) 

 

(b) 

 
Figure 3.14:  (a) Acceleration response and (b) Fourier transform magnitude at the center of the interior surface of the 

door. 
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Although a significant part of the audible sound was transmitted into the cavity by the un-

stiffened sub-structures, the main transmission of energy occurred through the global modes of 

the structure, determined by the large stiffened structural components, e.g. the walls and Ceiling. 

To illustrate the differences in response characteristics of the un-stiffened components (the door 

and windows) and the respective wall containing each component, their responses are compared 

in one-third octave bands in Figure 3.15. According to the figure, the door and window showed 

similar characteristics in regard to the wall that contains them. As expected, the un-stiffened 

components vibrated considerably more over an extended frequency range.  Above the 200-Hz 

one-third octave band, the wall vibration receded and the window and door vibration gained a 

much larger gap over the wall. This further supports the likelihood of effective OSB attenuation 

of sound above 200 Hz. The vibration of both the door and window responded significantly more 

than the walls, particularly at and above the 250-Hz band. Modal tests found the window to have 

three dominant modes around 22, 35, and 57 Hz (Corcoran et al, 2009). The one-third octave 

bands containing these frequencies are seen to be more dominant in the response. In contrast, 

modal information about the door was not extracted due to poor coherence in these 

measurements. However, the exterior door of test structure was made of hollow core masonite, 

which is typically used for an exterior door.  

 

 (a) 

 

(b) 

 
Figure 3.15.  Frequency content of acceleration in 1/3-octave bands of the global motion of the wall (blue) and the 

un-stiffened components (red) of the (a) window wall and (b) door wall.  
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3.2.3 Interior Acoustic Response 

The acoustic response in the interior cavity of the structure, resulting from sonic boom 

loading and the subsequent structural deformation, is the most important response concerning 

this research effort.  Figure 3.16 shows the time history response and Fourier Transform 

magnitude of three microphones positioned inside the room: next to a window, near the center of 

the room, and at the corner of the room. The pressure time histories show that the sonic boom 

was clearly transmitted into the room, along with the subsequent free response. The mechanism 

of transmission of the boom into the building can be described as: i) the boom, with a dominant 

frequency at 10 Hz, excited the fundamental structural mode at 8.8 Hz, ii) which resulted in 

significant motion of the front and back walls iii) producing a pressure fluctuation due to a net 

volume change inside the room. The reason the boom shape was relatively preserved when 

transmitted inside the room is that the boom is tuned to the fundamental frequency of the 

structure.  The interior acoustic response was a result of the bulk compressibility of the cavity. 

Cavity dynamics remained non-existent below the fundamental acoustic natural frequency at 

about 37 Hz (Corcoran et al. 2009).  

Comparing the peak pressure on the outside and inside provides an indication of the 

capability of the structure to attenuate the boom. Figure 3.2 shows that the peak pressure of the 

boom wave measured on the ground in the vicinity of the structure was 100 Pa (2.09 psf). 

Assuming a doubling of the pressure, the free field peak pressure was 50 Pa (1.04 psf). On the 

other hand, the time histories of the interior pressure in Figure 3.16 show a peak pressure of 

approximately 40 Pa (0.83 psf). This indicates that there was minimal attenuation of 

overpressure by the structure. The free response after the end of the boom was dominated by 

structural modes with resonances at 15 and 22 Hz, once again unaffected by the interior acoustic 

dynamics. Although the response at each of these microphones was very similar, the microphone 

by the window measured higher frequencies that were transmitted through the window.  The 

microphone in the corner was subjected to the highest interior levels and took the longest to 

decay.   
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 

(e)

 

 
(f) 

 
Figure 3.16:  Interior acoustic response time history and Fourier Transform magnitude measured (a,b) next to the 

window, (c,d) near the center of the room, and (e,f) in a corner of the room.  
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Coupling is apparent between the acoustic space and components of the structure.  The 

three acoustic modes corresponding to the basic dimensions of the interior cavity of the Original 

Structure are about 37 Hz (length), 67 Hz (width), and 71 Hz (height), all of which were found in 

modal analysis of the structure (Corcoran et al, 2009).  These acoustic natural frequencies and 

the bands containing them were seen to be prevalent in the door, window, and drywall. As shown 

in Figure 3.15, a drop in the levels of the window and door response existed in the 80 – 200-Hz 

bands but the response of the walls did not drop in this region. The eight acoustic modes 

measured and calculated between 60 and 100 Hz and the response of the drywall in this region 

(see Figure 3.12) suggest that the contribution in this range of the spectrum came from the cavity 

and local drywall vibration.  Some of these acoustic modes were likely a result of drywall 

excitation, pinned at each stud.  It will be seen that this spectral region is a substantial player in 

the perceptive acoustic response. Figure 3.17 shows the A-weighting interior acoustic response 

in octave bands. The 250-Hz octave band is now the most significant octave band. 

 

Figure 3.17.  The average interior acoustic response, measured and A-weighted, for the Original Structure, plotted 
in octave bands – Run 12.  
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3.3 Two-Room Results (Blast Site 1) 

3.3.1 Pressure Loading 

Figure 3.18 and Figure 3.19 show pressure time histories measured on the incident and 

shadow side of the structure, respectively, for the simulated boom of Blast 2. In these figures, the 

location of the sensor is indicated. The peak pressure recorded at the center of incident side of 

the structure was about 115 Pa (2.4 psf).  The maximum pressure on the structure was recorded 

near the ground, in the corner between the Original Room and the Addition, shown in Figure 

3.18(c).  The geometry of this area allowed for pressure to build up to about 140 Pa (2.9 psf). On 

the shadow side in Figure 3.19, the peak pressure averaged 50 Pa (1.04 psf); the high frequency 

content of the pressure loading was significantly reduced. Also, the pressure loading shows a 

regular interference pattern, particularly on the bow of the boom, which was not observed during 

the tests with the Original Structure (see Figure 3.7(a)). The period of this interference pattern 

was approximately 13 ms. The reason for this effect is related to inhomogeneity of the explosion 

for Blast 2, corresponding to two increments of the detonating cord distribution.    
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 

(e) 

 

 
(f) 

 
Figure 3.18:  Time histories of the pressure loading on the incident (western) sides of the structure and roof for 

Blast 2 (Blast Site 1). Location of sensor shown in the figures –June 2009. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.19:   Time histories of the pressure loading on the shadow side of the structure (north, south, and east 

faces) for Blast 2 (Blast Site 1). Location of sensor shown in the figures – June 2009. 
 

The pressure loading data for the Two-Room Structure was used to create distributed 

pressure loadings similar to those shown for the Single-Room Structure. Figure 3.20(a)-(d) 

shows the positive portion of the shockwave engulfing the West Wall of the Addition and 

subsequently retreating from the shadow side of the structure. Figure 3.20(e)-(h) displays the 

negative portion of the shock, as it envelops the incident side of the structure and leaves the 

shadow side. A setback to the global pressure animations of the Two-Room Structure is the lack 

of geometric accuracy brought about by the exclusion of the slanted roofs. Surface mesh 

generation did not allow for slanted surfaces.  Therefore, the roof was flattened at the highest set 

of microphones on both the Original Room and Addition, adding less than 1 m2 of surface area to 
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the east and west surfaces. These roof-flattening generalizations are deemed reasonable since the 

overall pressure loading only serves as a qualitative representation of the transient pressure 

loading on the structure, i.e. how the traveling wave passed over the structure.   

The addition of geometric complexity of the Two-Room structure created some interested 

dynamics.  First, the front of the blast wave first contacted the large window of the addition 

before fully loading the western side of the Original Room.  The screenshot in Figure 3.20(a) 

was taken after the peak of the sonic boom had loaded the window. The overall pressure levels 

experienced on the shadow side were different from the 2008 global pressure loading results 

compared to the incident side; the Two-Room structure more effectively attenuated the wave.  

This was likely caused by the larger geometry, i.e. the pressure was not able to diffract fully and 

equally around each side of the structure.  For instance, the shadow side of the structure only 

reached a positive overpressure of about 60Pa and a negative overpressure of -40Pa when the 

incident side had experienced levels of 120 Pa and -90 Pa, respectively.  

Screenshots of intermediate frames in the animations sequence are shown in Figure 3.21.  

The positive and negative peaks of the sonic boom are shown to span across the structure. 

Contrary to the global pressure loading results from 2008, the global pressure loading reveals the 

propagation of a clean peak of overpressure spanning the full width (north/south) of the 

structure. This phenomenon, however, confirms the assumption of the excitation behaving like a 

plane wave over the structure. The negative portion of the wave is broader because its rise and 

settling time are slower, i.e. the peak was not as sharp. Also, in Figure 3.21(c), notice the 

lingering negative pressure at the front corner between the Addition and the Original Room.   
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 Incident Side Shadow Side  

 

(a)  (b)  

 

(c)  

 

(d)  

B
ow

 Shock 

 
 

(Pascals) 

 
(Pascals) 

 

(e)  

 

(f)  
 

(g)  (h)  

Stern Shock 

 Figure 3.20.  Distributed pressure screenshots from Blast 02, which was incident on the 
western side of the test structure, as the (a,b) bow shock loads the western wall, (c,d) 

bow shock retreats from eastern wall, (e,f) stern shock loads west wall, and (g,h) stern 
shock retreats from eastern wall. 
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 (a) 

 

(b) 

 

(c) 

 

 

(d) 

 

Figure 3.21.  A 3-D visual representation of the (a,b) positive and (c,d) negative peaks of the simulated sonic boom 
crossing over the structure.  

  

 Similar to the Single-Room Structure, a frequency dependent analysis of the surface 

specific pressure loading is shown in Figure 3.23 for the Two-Room Structure. The roofs were 

separated into their own surface. Conversely, the entire East Wall (shadow side) is only 

considered as one surface from this blast direction for simplicity because the differences between 

each were minimal. The blasts from 2008 were observed to have slightly higher magnitudes 

(~3dB) and elevated high frequency content compared to those tested in 2009, which are both 
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primarily a function of the decrease in the detonating cord’s linear energy density. The larger, 

more complex structure resulted in higher attenuation levels compared to the Original Structure. 

Additionally, the intermediate surfaces of the larger structure were more consistently in 

remaining between the direct incident wall (West) and shadow side (East Wall). Furthermore, the 

frequency dependent loading on the surfaces of the Two-Room Structure can be roughly grouped 

into similar regions discussed with the Original Structure. Both roofs experience similar behavior 

as previously discussed, with a minimum centered around the 125-Hz octave band.  Also, the 

North Wall and Attic of the Addition displayed very similar magnitude levels across most bands, 

suggesting the incident wave was diffracted onto these surfaces in comparable manners. The 

Attic above the Original Structure mostly experienced higher magnitudes than the Attic above 

the Addition because the former was sloped toward the incoming shockwave.   

(a) 

 

(b) 

 
  

Figure 3.22. The average Fourier transform magnitudes from surfaces of the structure for (a) Blast 3 and (b) Blast 6 
 

 

3.3.2 Structural Response 

In Figure 3.23 and Figure 3.24, the acceleration time histories and Fourier Transform 

magnitude are presented for the Original Room during Blast 2, respectively. The representative 

accelerations presented in this section correspond to the sensor closest to the center of the 
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interior surface it is mounted.  The accelerometers in the attic were mounted close to the center 

of the exposed interior surface of the OSB panels, which is the underside of the roof, and hence 

the measurements represent roof vibrations. The response in the attic is measured on the interior 

surface of the room, on a ceiling joist.  Results obtained experimentally are presented in context 

of the structural modal analysis results presented in Corcoran et al. (2009).  The measured 

acceleration amplitude of the West Wall almost doubled from the results of the Single-Room 

Structure.  Otherwise, the most noticeable result is the lack of response of the ceiling in Figure 

3.23(c), i.e. the ceiling no longer moves as it once did in the Single-Room Structure due to the 

presence of the attics in the Two-Room Structure. The spectrums in Figure 3.24 display the same 

dominant frequency component at 20 Hz for both the roof and ceiling vibration.  
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.23: Acceleration response of interior surfaces of the Original Structure for Blast 2 (Blast Site 1) for the (a) 

West wall, (b) East Wall (c) Ceiling, and (d) the Roof. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.24: Acceleration Fourier transform of interior surfaces of the original room for Blast 2 (Blast Site 1) for 

the (a) West Wall, (b) East Wall (c) ceiling, and (d) the roof. 
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Likewise, Figure 3.25 and Figure 3.26 display the acceleration time histories and the 

Fourier Transforms magnitudes, respectively, from surfaces of the Addition for Blast 2. The East 

Wall of the Addition vibrated similarly to that of the Original Room, suggesting that they were 

effectively coupled and behaved as a single wall. The Joining Wall between the rooms exhibited 

significant response even though it is not directly exposed to the blast.  The excitation is clearly 

due to both the global vibrations of other structural components as well as the interior acoustic 

responses from both rooms. In contrast to the Original Room, the acceleration response of the 

ceiling reached comparable levels to that of the roof.   

 

(a)

 
 

(b) 

 

 
(c) 

 

 
(d) 

 
Figure 3.25: Acceleration response of interior surfaces of the Addition for Blast 2 (Blast Site 1) for the (a) Joining 

Wall, (b) East Wall, (c) ceiling and (d) the roof. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.26: Fourier transform magnitude from interior surfaces of the Addition for Blast 2 (Blast Site 1) for the (a) 

Joining Wall, (b) East Wall, (c) ceiling and (d) the roof. 
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Figure 3.27 shows the response of the windows for Blast 2. The accelerometers utilized 

for this measurement were placed at the center of the interior window panel. The overall 

amplitude of the small window acceleration was about 3 times larger than that of the larger 

window in the Addition. Overall, the response of the small window in the Two-Room Structure 

excited from Blast Site 1 was very similar to that of the same window from the Original 

Structure tested in 2008. The results clearly show that the responses were dominated by 

structural modes with motion originating from the windows, e.g. 22 Hz for the small windows in 

the Original Room and 7 Hz for the window in the Addition (Corcoran et al. 2009). 

 

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.27: Acceleration response and Fourier transform magnitude at the center of the interior window panel for 
Blast 2 (Blast Site 1) for (a,b) a small window of the Original Structure and (c,d) the large window of the Addition. 
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Similarly, Figure 3.28 shows the response of both closed doors during Blast 2.  The time 

history of the exterior door acceleration in Figure 3.28(a) exhibited levels that were about twice 

that of the interior door in Figure 3.28(c).  The interior door had significantly less high frequency 

content. The spectrums of both doors are shown to possess a dominant peak at 20 Hz, which was 

found to be a structural mode.  The mode shape of this structural mode shows motion of the 

North, South, and Joining Walls that vibrate in phase. Much of the motion of this mode is also 

attributed to the West Wall of the Original Room and its windows. The interior door also 

exhibited a dominant peak at 7 Hz that corresponds to the fundamental frequency of the Two-

Room structure. It can be seen from this mode shape that all of the motion of this mode came 

from the vibration of the large window in the Addition and the Joining Wall (Corcoran et al. 

2009).   

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.28: Acceleration response and Fourier transform magnitude at the center of the interior door surfaces 

during Blast 2 (Blast Site 1) for (a,b) the exterior door and (c,d) the door in the Joining Wall. 
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Since the large window of the Addition was the size of the wall, it was responsible for 

both low and high frequency transmission. The plot in Figure 3.29(a) displays the one-third 

octave band spectrum of the averaged magnitude response of the two small windows in the 

Original Room compared to the large window in the Addition. All windows transmitted 

broadband energy to the cavity. Previously, large glass panels, specifically those with resonances 

around 7 Hz, were known to be effectively driven by N-waves (Young, 1966), which was also 

the case in the experiments presented here. The large window more effectively vibrated at the 

lowest frequency band presented because this was where its fundamental natural frequency lied.  

The small windows continued their dominance in the region surrounding 20 Hz. Similar 

broadband acceleration levels of the windows, both large and small, reveals the effectiveness of 

double-paned glass at transmitting incident sound to cavities.   

Figure 3.29(b) compares the 1/3-octave band representation of the response of the 

exterior door to the interior door that connects the rooms.  According to the plot, the exterior 

door exhibited more high frequency content due to the direct excitation from the exterior. The 

response of the interior door exceeded that of the exterior at low frequency due to the excitation 

of the interior space by the resonance of the large window. The deviation in high frequency 

content between the interior and exterior door is considerable beginning in the 125-Hz octave 

band. The traveling wave provided transient broadband energy to the exterior door, effectively 

exciting the door panel and transmitting broadband energy to the cavity.  The differences in these 

responses show how sensitive the non-reinforced substructures are to pressure loading.   

(a) 

 

(b) 

 
Figure 3.29. Frequency content of acceleration in 1/3-octave bands for measurements of the closed-closed 

configuration for (a) the windows and (b) the doors during the 2009 Two-Room tests.  
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3.3.3 Interior Acoustic Response 

 Figure 3.30 shows the interior acoustic response and Fourier Transform magnitude in the 

Original Room for Blast 2. This figure portrays results measured near the center of a window, in 

a lower corner of the room, and near the center of the attic. The sonic boom shape is clear in all 

three microphone time histories.  The spectra in Figure 3.30(b,d) reveal a resonance at 67 Hz that 

lies exactly in between two acoustic natural frequencies (Corcoran et al. 2009). The fundamental 

acoustic mode of the room is less noticeable around 36 Hz. The peak pressures inside the room 

and the attic were 30 and 50 Pa, respectively. It is important to note that the pressure inside the 

attic was similar to that of the propagating wave in free space, e.g. before impacting the ground 

or the structure.  

Similar results are presented in Figure 3.31 for the cavities in the Addition, i.e. the room 

and attic. Again, the sonic boom shape is clearly observed in the room responses. However, there 

is a strong free response component that was not present in the Original Room, due to the large 

window. The normal incident boom excited its fundamental frequency of 7 Hz, driving the 

interior room response. Note that the boom fundamental frequency (1/140 ms = 7.1 Hz) was 

almost perfectly tuned to the fundamental frequency of the large window. As a result, the peak 

pressure at the center of the room was 30 Pa (Figure 3.31(a)). The response in the attic above the 

Addition (Figure 3.31(e,f)) was very similar to the attic of the Original Room (Figure 3.30(e,f)) 

with peak pressure of about 60 Pa. 
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(f) 

 
Figure 3.30: Interior acoustic response time history and Fourier Transform magnitude measured in the Original 

Room (a,b) near the center of a window, (c.d) in a lower corner of the room cavity, and (e,f) near the center of the 
attic for closed-closed door configuration (Blast 2 from Blast Site 1). 
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(f) 

 
Figure 3.31:  Interior acoustic response time history and Fourier Transform magnitude measured in the Addition 

(a,b) near the center of the room, (c.d) in a lower corner of the room, and (e,f) near the center of the attic for closed-
closed door configuration (Blast 2 from Blast Site 1). 
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3.4 Two-Room Results (Blast Site 2) 

3.4.1 Pressure Loading 

Similar to the presentation of the results of Blast Site 1, the pressure time histories of 

Blast 7 from Blast Site 2 are shown in Figure 3.32 and Figure 3.33. For Blast Site 2, the incident 

sides consisted of the North Wall, East Walls, and the roofs. Representative time histories are 

shown for these in Figure 3.32. The maximum overpressure at the center of the North Wall 

reached about 110 Pa (1.88 psf) and 100 Pa at the center of both portions of the East Wall. 

Signals on the East Wall had a negative overpressure that is slightly larger than their positive 

one, while the North Wall exhibited an almost symmetrical set of values for positive and 

negative overpressures.  The signals on the East Wall retained the expected sonic boom shape 

very well.  However, directly adjacent on the North Wall, the signals experienced a similar 

interference seen on the incident wall from Blast Site 1. Diffraction caused the roof of Original 

Structure to be subjected to lesser amounts of high frequency content than that of the Addition 

and, likewise, lower amplitudes. Moreover, the shadow side of the boom, whose pressure time 

histories are presented in Figure 3.33, exhibited a rounded but consistent sonic boom waveform.  

The only higher frequency components visible on the shadow side were in the microphone at the 

center of the window in Figure 3.33(a).   The shadow side reached a maximum overpressure of 

60 Pa (1.25 psf).   
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(f) 

 
Figure 3.32:   Time histories of the pressure loading on the incident side of the structure (northeast) and roofs for 

Blast 7 (Blast Site 2) – June 2009. 
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(b) 

 
 

(c) 

 
 

 
(d) 

 

Figure 3.33: Time histories of the pressure loading, on the shadow side (west and south faces) of the structure and 
roof for Blast 7 (Blast site 2) – June 2009. 

 

Although it is not quite as refined as the pressure screenshots shown from Blast Site 1, 

Figure 3.34 shows how the traveling pressure wave is distributed over the structure at crucial 

instances in time.  The traveling wave was aimed at the north-northeast corner of the structure.  

The positive peak of the pressure wave is seen to have been divided between the North and East 

walls in Figure 3.34(a), which likely contributed to the smaller overpressures observed on these 

surfaces from this oblique direction compared to perpendicular incidence. As before, 

intermediate screenshots of the animation are shown in Figure 3.35. The peak is discernable 

across the structure but less defined due to the slightly lower overpressure levels. Screenshots of 

the pressure wave show that the peaks spanned the structure in its propagation direction.  
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 Figure 3.34.  Distributed pressure screenshots from Blast 7, which was incident on the 
northeast side of the test structure, as the (a,b) bow shock loads the western wall, (c,d) bow 

shock retreats from eastern wall, (e,f) stern shock loads west wall, and (g,h) stern shock 
retreats from eastern wall. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.35.  A 3-D visual representation of the (a,b) positive and (c,d) negative peaks crossing cleanly over the 

structure for Blast 7. 
 

The comparative frequency content on each exterior surface for the Two-Room structure 

excited from Blast Site 2 is presented in Figure 3.36. For this blast direction, the East Wall was 

divided into two separate surfaces in order to properly characterize their roles.  The figure 

suggests that the North Wall and East Wall of the Addition are both incident sides in this case. 

The aforementioned region criterion is applicable to the frequency content present on each 

surface for loading from oblique incidence but the behaviors are slightly different. Region 1 

shows slightly more attenuation in this case than those explored in the previous sections with 

normal incidence. Region 2 shows regular surface dependent attenuation of one-third octave 
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band magnitude below incident levels, i.e. attenuation below the incident side varies for each 

surface but stays consistent. In Region 3, above the 31.5-Hz one-third octave band, the East Wall 

of the Original Structure becomes lumped with the non-incident sides, while the East Wall of the 

Addition continues to act as an incident surface with the North Wall. Similar trends discussed in 

previous sections, related to significant attenuation of the roof around the 125-Hz due to its 

height, are also observed on both roofs in this case.  Additionally, this local minimum of band 

magnitude is also observed the shadow side of the structure.  This suggests that the main path of 

the travelling wave to the shadow side from oblique incidence was over the roofs.  Furthermore, 

oblique incidence on the larger structure was more effective at attenuating the blast wave 

because the larger structure was a more substantial obstacle for the huge blast wave.  

 

 
(a) 

 

 
(b) 

 
  

Figure 3.36. The average Fourier transform magnitudes from surfaces of the structure for (a) Blast 7 and (b) Blast 
10 
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3.4.2 Structural Response 

Next, the structural response of the test article is presented for the boom with oblique 

incidence.  The acceleration responses for the same sensors plotted in Figure 3.23 through Figure 

3.28 are presented in Figure 3.37 through Figure 3.42 for this blast. Thus, the direct comparison 

of these figures allows the evaluation of the effect of blast direction on the structural response.   

Figure 3.37 and Figure 3.38 shows the response of the Original Room surfaces.  

According to these figures, responses of the East and West Walls have reversed their roles. For 

example, the West wall in Figure 3.37(a) has small high frequency components since it was on 

the shadow side of the structure, which is similar to the East Wall response in Figure 3.23(b). 

Interestingly, the roof and ceiling accelerations were virtually the same for both blast sites.  The 

similar roof response is expected since the roof experienced similar loading from both test sites. 

Further, the comparable ceiling responses indicate that this component is probably driven mainly 

by the acoustic pressure in the attic. Both the East and West Walls have a dominant response 

component around 20 Hz that was shown to correspond to a physical mode extracted in the 

modal analysis of the structure (Corcoran et al. 2009). In terms of physical global behavior, an 

increase in the size and/or stiffness of a specimen translates to a decrease in the natural 

frequencies of components, which correlates well to the structure as a whole (Falk, 1987). This 

fact supports the shift of the dominant structural mode seen in these experiments from 9 to 7 Hz.  

(Corcoran et al, 2009). 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.37: Acceleration response of interior surfaces of the Original Structure for Blast 7 (Blast Site 2) for the (a) 

West Wall, (b) East Wall (c) Ceiling, and (d) the Roof. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.38: Fourier transform from interior surfaces of the Original Structure for Blast 7 (Blast Site 2) for the (a) 

West Wall, (b) East Wall (c) Ceiling, and (d) the Roof. 
 

Figure 3.39 and Figure 3.40 display the acceleration response and corresponding Fourier 

Transform magnitude of the structural components of the Addition.  The response of the East 

Wall in Figure 3.25(b) exhibited almost double the levels of acceleration compared to the result 

in Figure 3.39(b) corresponding to a blast from the west. The acceleration response of the 

Ceiling of the Addition was slightly higher than that of the Original Room, verifying that its 

main excitation mechanism was the buildup of pressure in the attic. The vibration of the Joining 

Wall common to both rooms was about the same at low frequency but much smaller at higher 

frequency from Blast Site 2. Also shown in Figure 3.40(a), the Joining Wall had two primary 

resonance peaks around 9.5 and 23 Hz. The dominant frequency at 9.5 Hz is likely congruent to 
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the fourth structural mode of 9.9 Hz found in the modal testing, which showed displacement of 

this surface in the corresponding mode shape (Corcoran et al. 2009).   

   

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.39: Acceleration response of interior surfaces of the Addition for Blast 7 (Blast Site 2) for the (a) Joining 

Wall, (b) East Wall, (c) Ceiling and (d) Roof 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 

Figure 3.40: Fourier transform magnitude from interior surfaces of the Addition for Blast 7 (Blast Site 2) for the (a) 
Joining Wall, (b) East Wall, (c) Ceiling and (d) Roof. 

 

The plots in Figure 3.41 show the time history and Fourier Transform magnitude 

response of the windows.  Comparing to the corresponding results from Blast Site 1 shows that 

the windows had virtually the same response even though they are now on the shadow side of the 

structure and not directly exposed to the blast. However, the higher frequency components 

(above 50 Hz) were about 10 dB down from the responses corresponding to Blast Site 1 and the 

low frequencies were only slightly attenuated.  As a result, there was also a small reduction in 

the amplitude of the acceleration responses. The spectra once again reveal that the low frequency 

responses are dominated by structural modes.  
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.41: Acceleration response and Fourier transform magnitude at the center of the interior windows panes for 

Blast 7 (Blast Site 2) for (a,b) a window of the Original Structure and (c,d) the large window of the Addition. 
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Similarly, Figure 3.42 displays time history and Fourier Transform magnitude of the 

closed doors.  The boom from Blast Site 2 caused the interior door to vibrate with much higher 

amplitude (about double) than the response from Blast Site 1 (Figure 3.42(c,d) versus Figure 

3.28(c,d)).   On the other hand, the exterior door exhibited a similar same low frequency 

response but with less high frequency content when driven from Blast Site 2.  

 

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.42: Acceleration response and Fourier transform magnitude at the center of the interior door surfaces 

during Blast 2 (Blast Site 1) for (a,b) the exterior door and (c,d) the door in the joining wall. 
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3.4.3 Interior Acoustic Response 

The interior acoustic responses measured at the same positions are presented in Figure 

3.43 and Figure 3.44 for Blast Site 2 to allow for direct comparison to the results in Figure 3.30 

and Figure 3.31.  Comparison of these figures reveals, in general, the same trends in the room 

acoustic responses. The most significant difference in responses was the reduction in the high 

frequency component for the responses corresponding to a boom from Blast Site 2.  This is 

related to the fact that the boom was not incident directly upon the windows, since they were in 

the shadow region, resulting in significant high frequency attenuation.  On the other hand, the 

attic acoustic responses are very similar.  The attic of Addition experienced a more intense 

response during Blast Site 2 than the attic above the Original Room due to the wave’s direct 

incidence on roof surface. All un-stiffened structures plotted, such as those in Figure 3.44, 

responded significantly between the 2-k and 4-kHz octave bands.  This dominance was not 

observed in the interior acoustic responses, suggesting that there was a significant amount of 

damping at these high frequencies. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 

(e) 

 

 
(f) 

 
Figure 3.43: Interior acoustic response time history and Fourier Transform magnitude measured in the original 

room (a,b) near the center of a window, (c.d) in a lower corner of the room cavity, and (e,f) near the center of the 
attic for closed-closed door configuration (Blast 7 from Blast Site 2). 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 

(e) 

 

 
(f) 

 
Figure 3.44:  Interior acoustic response time history and Fourier Transform magnitude measured in the Addition 
(a,b) near the center of the room cavity, (c.d) in a lower corner of the room cavity, and (e,f) near the center of the 

attic for closed-closed door configuration (Blast 7 from Blast Site 2). 
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3.5 Variations on the Interior Acoustic Response 

Several configurations of the test structure were explored in the June 2009 experiments. 

First, the role of the excitation’s incident direction is explored for the attics and the main 

transmission paths.  These exposed elements are investigated in order to assess the effect on 

cavity response to a change in the direction of the boom.  Next, octave band representations of 

the interior acoustic responses, un-weighted and A-weighted, are presented for both blast sites.  

Lastly, the impacts of joining the room cavities and exposing them to the exterior through an 

open door are discussed.   

 

3.5.1 Effect of Boom Direction 

In the previous section, the effect of directionality was revealed to mostly alter the roles 

of surfaces, i.e. incident and shadow side surfaces.  The boom effectively excited the walls on the 

incident side, while walls shielded from the incident wave responded at lower amplitudes with 

less high frequency content. Blasts 2 and 7 are used in this study of directionality.   

Figure 3.45 compares the responses in each attic between blast sites. The attic of the 

Addition is hardly affected by the direction of the boom’s incidence. The response in the attic 

above the addition from Blast Site 1 exhibits distortion in the sonic boom shape.  The distorting 

was most likely caused by the excitation of both the OSB panels on the incident (western) side 

and large window below. The peak at the window’s first resonance frequency, shown in the 

spectrum of the attic’s response in Figure 3.45(b), supports this observation.  Such coupling was 

not seen in the other blast direction for the Addition because the attenuated boom was not 

directly incident on the window. The shockwave penetrated into the attic with a sharp 

characteristic N-wave shape when the structure was excited from Blast Site 2. Also, the response 

in the attic above the Original Room shows little variation between blast directions. Still, both 

attics demonstrated a significant drop-off in response between 100 and 200 Hz. While non-

reinforced sheets of OSB lined the walls of the attic, the roofs consisted of two sheets of OSB 

that were stiffened by the quadrilateral trusses.  Therefore, the excitation of the attic walls, 
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merely sheets of OSB, did little to separate the attic form the exterior.  However, the drop in 

response between 100 and 200 Hz suggests that the simple layer of OSB effectively low-passed 

the transmission in this frequency range.   

 

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.45.  Comparative responses in the attics from Blast 2 (blue) and Blast 7 (green) for microphones near the 

center of the attic above the (a,b) Addition and the (c,d) Original Room. 
 

In Figure 3.46, microphones in front of windows from different blast directions are 

compared to generate an understanding about sound transmitted through the window.  The time 

histories and spectrums of microphones that were a short distance from the center of the interior 

windowpanes in each room are presented. As expected, the higher frequency components of the 

blast wave are not present when the wave had to diffract around the wall before contacting the 

windows, i.e. excitation from Blast Site 2. However, eliminating direct incidence on the windows 

did not mitigate their low frequency response. Additionally, excitation from Blast Site 2 excites 
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modes that were not as noticeable from the other blast direction, particularly in the Original 

Room. A structural mode around 10 Hz seems to be more effectively excited from Blast Site 2 

and is likely related to a normal mode of vibration of the walls perpendicular to this blast 

direction, e.g. the North Wall, the Joining Wall, and/or the South Wall.  

   

 (a) 

 

(b) 

 

(c)  

 

(d)  

 

Figure 3.46.  Comparative responses at the center of the interior windowpanes from Blast 2 (blue) and Blast 7 
(green) for microphones in the (a,b) Addition and the (c,d) Original Room. 

 

The characteristic interaction of the blast wave and the structure changed with the 

incidence of the blast wave. The main effect of blast direction on the room response was the high 

frequency transmission, which changed when the loading of the non-reinforced components was 

no longer occurring on the incident side. The dense wooden walls were still effective in 
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attenuating higher frequency components but did little to alleviate the low frequency 

transmission. Likewise, the responses in the attics were affected by the directionality because the 

attic’s relative exposure to exterior sound sources overwhelmed the shielding they received from 

the roofs. The lack of finishing material (drywall) and the exposed insulation between the ceiling 

joists above the Ceiling contributed to a dampened room response with a shorter time of decay, 

especially compared to that of the interior cavities.  

  The octave band representation of the interior acoustic response is presented for the both 

cavities from both blast sites in Figure 3.50. As expected, the plots of the response in the 

Original Room in both Figure 3.17 and Figure 3.50(a) are very similar.  The main difference 

between the two is a slight decrease in levels due to the presence of the attic and the lower grain 

detonating cord. Nonetheless, all representations of the interior acoustic response show a similar 

trend. The Addition appears to have slightly more energy located in the frequency bands below 

500 Hz, which can be attributed to the presence of the large window as the incident side wall of 

the Addition.  The entire wall was a high frequency aperture, as opposed to only a small portion, 

as was the case with the small windows on the Original Room. The high frequency content for 

Blast Site 2 in the Original Room dropped significantly compared to the other responses 

displayed.  This physical observation owes itself to the smaller windows of the Original Room 

being more shadowed than the large window of the Addition. The perceptive responses in both 

rooms are considerably greater above the 31.5-Hz octave band with direct window incidence.   

 

(a) 

 

(b) 

 
Figure 3.47.  The averaged interior acoustic response in octave bands for a boom incident from both blast sites 

(B.S.) for the closed-closed configuration of the Two-Room structure in the (a) Original Room and the (b) 
Addition 
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3.5.2 Interior Volume Variation 

In the June 2009 experiments, three configurations of the room cavities were tested from 

both blast sites. The configurations were as follows: doors closed (closed-closed), interior door 

open and exterior closed (open-closed), and both doors open (open-open). Responses of the six 

blasts (three from each blast site) that employed the standard sonic boom distributions are 

investigated with regard to the variation of the interior acoustic space in the Two-Room structure 

to establish comparisons and metrics more for general applications.  

Figure 3.48 and Figure 3.49 show the time histories and spectra for the case of Blast Site 

1, respectively. As presented previously, the interior acoustic responses with all doors closed 

displayed the largest difference in responses between rooms.  Although the peak pressure levels 

were similar, the low frequency transmission through the large wall of the interior was 

significant; the 7 Hz mode of the window took about one second to die out. Interconnecting the 

rooms (open-closed configuration in Figure 3.48(c,d) and Figure 3.49(c,d)) effectively coupled 

the volumes and equalized the pressure levels in the rooms.  The extended low frequency 

harmonic response of the window is less noticeable in the response. This behavior is easily 

explained by the fact that the volume velocity induced by the large window expands into a 

volume about twice as large as compared to the closed-closed door configuration. The spectrum 

in Figure 3.49(d) also shows that the resonance of the large window at 7 Hz was slightly shifted 

down to about 6 Hz and a new resonant frequency appears at ~12 Hz. From the modal analysis 

(Corcoran et al. 2009), it was determined that this new resonance is due to the door opening 

between the rooms acting as a mass forming a Helmholtz resonator with the stiffness resulting 

from the bulk compressibility of the air in the two rooms. The effect of opening both doors 

(open-open configuration) in the response was even more dramatic (Figure 3.48(e,f) and Figure 

3.49(e,f)). The two door openings form a two degree-of-freedom system, with natural 

frequencies at 7.4 and 18.4 Hz, as described in the modal analysis (Corcoran et al. 2009). The 

first Helmholtz resonance strongly coupled with the fundamental frequency of the large window 

at 7 Hz, resulting in the classical splitting of the resonances. In Figure 3.49(e,f) it can be 

observed that these resonances are at 4.5 and 8 Hz, resulting in a time history response slightly 

resembling a beat phenomena in Figure 3.48(e,f). Physically, the broadband frequency content of 



 

 91 

the acoustic response increased when the exterior door was opened and the cavities were flooded 

with energy via a direct transmission path.  

The same sets of results are presented in Figure 3.50 and Figure 3.51 for Blast Site 2. 

Similar behavior is observed, except that the high frequency component was lower, as previously 

noticed when the structure was blasted from the second site. In this case, the response in the 

Addition experienced higher pressure levels throughout all configurations due to its location on 

the incident side.  Also, the response in both rooms is seen to have behaved similarly in the open-

open condition as with the open-closed, prior to the intruding sound reaching the door.  The 

coupled rooms were excited by the structure before the traveling wave reaches the door on the 

shadow side. Once again, these results indicate that most of the high frequency transmission took 

place through the windows until the exterior door is opened resulting in an un-attenuated direct 

transmission path.  
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Figure 3.48: Comparison of the time histories of the interior acoustic response of corner microphones from 
Blast Site 1 for (a,b) closed-closed (Blast 2), (c,d) open-closed (Blast 3), and (e,f) open-open (Blast 4) interior-

exterior door configurations. The left column is for the Original Room while the right column is for the 
Addition.  
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Figure 3.49: Comparison of the Fourier transform magnitude of corner microphones from Blast Site 1 for (a,b) 
closed-closed (Blast 2), (c,d) open-closed (Blast 3), and (e,f) open-open (Blast 4) interior-exterior door 

configurations. The left column is for the Original Room while the right column is for the Addition. 
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Figure 3.50: Comparison of the time histories of the interior acoustic response at the corner microphones 
from Blast Site 2 for (a,b) closed-closed (Blast 7), (c,d) open-closed (Blast 8), and (e,f) open-open (Blast 9) 
interior-exterior door configurations. The left column is for the Original Room while the right column is for 

the Addition. 
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Figure 3.51: Comparison of the Fourier transform magnitude of corner microphones from Blast Site 2 for 
(a,b) closed-closed (Blast 7), (c,d) open-closed (Blast 8), and (e,f) open-open (Blast 9) interior-exterior door 

configurations. The left column is for the Original Room while the right column is for the Addition. 
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3.6 Repeatability of experimental results 

In this section, signals are compared between the August 2008 and June 2009 tests for the 

Original Room.  Figure 3.52 compares the time history and magnitude of the Fourier transform 

for the same blast distribution 6 tested in August 2008 (Run 12) and June 2009 (Blast 8). The 

results show a remarkable consistency in the shape of the pressure wave. Also, a slight decrease 

in peak amplitude was experienced from 2008 to 2009, due to the reduction of the detonating 

cord loading from 5.3 to 3.2 g/m. This comparison shows that the detonating cord technique is 

very repeatable and that variations are mainly seen to occur at the front of the traveling wave.  

(a) 

 

(b) 

 
Figure 3.52:  (a) Time history and (b) Fourier Transform magnitude for sonic boom distribution 6 detonated in both 

Run 12 of August 2008 and Blast 8 of June 2009.    
 

 Figure 3.53 compares the acceleration of one of the small windows and the door, 

measured at the center of the components. The acceleration responses were similar but variations 

are evident, such as the smaller amplitude around the peak at ~8 Hz in 2009. The other 

noticeable difference in the spectra occurs around 100 Hz, where the spectrum from 2009 had a 

large peak, while an apparent anti-resonance is shown for the 2008 test.   The response of the 

door is shown in Figure 3.53(c,d) and was again relatively similar in both tests. However, the 

spectra show a clear difference in the 13 to 40 Hz range. Both spectra had similar peaks in the 

18-28 Hz and 30-40 Hz ranges but their magnitudes were swapped between the tests. In 2008, the 
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door was dominated by the peaks in the 30-40 Hz range. On the other hand, the door response in 

2009 was governed by the peaks in the 18-28 Hz range.  

 

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
 Figure 3.53:  Comparison of acceleration responses and Fourier Transform magnitudes of (a,b) a window and the 

(c,d) exterior door tested in 2008 and 2009 from Blast Site 1. Accelerometers were located at the center of each 
component.  

 

Figure 3.54 shows a comparison between the interior acoustic responses of the Original 

Room.  The responses in 2009 did not reach the peak pressure as in 2008. This result is because 

of the lower load used for the detonating cord in 2009 and the lack of ceiling vibrations. This is 

evident in the smaller magnitude of the spectrum below 15 Hz. The spectra show virtually the 

same frequency content above 15 Hz for both tests. The fundamental resonance of the structure 

can be observed to have shifted from 9 to 7 Hz in the responses, corresponding to the 
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fundamental resonance of the large window in the Addition.  Otherwise, the response of the 

Original Room, particularly in regard to cavity dynamics, is very similar between tests, once 

again supporting the claim that modal descriptions of the structure are able to capture its 

response characteristics. The same non-reinforced components responded in very similar 

fashions between years of testing, even when the structure itself was modified, suggesting that 

their individual modal properties are effective metrics of characterization. Overall, there is 

repeatability in the boom profile and subsequently the structural response and the interior 

acoustic response.  Therefore, the linear charge distribution method of simulating sonic booms is 

suitable for both structural and subjective testing.   

 

(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure 3.54:  Comparison of the original room interior acoustic responses and Fourier Transform magnitudes at 

(a,b) at the center of the window and (c,d) at the northeast corner (Blast Site 1).  
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3.7 Comprehensive Transfer Function 

 The final comparison that lends itself is to characterize the filtering ability of the 

structure.  The broadband excitation is transmitted through the structure, exciting structural 

members and subsequently the interior cavities. Generally, these transfer functions can provide 

an assessment of how small residential structures transmit sound to their cavities in respect to an 

impulsive and transient source. The plots are particularly useful for identifying the structure’s 

ability to attenuate or amplify particular ranges of frequencies.  

The transfer function of interest here, , describes the filtering characteristics of the 

structure in the frequency domain.  The sonic boom’s transmission into the structure is defined 

only as a ratio of magnitudes, i.e. phase is not considered, and the transfer function takes the 

form 

 
, (3.2)  

 

where  represents the Fourier transform magnitude of the interior acoustic response and 

 is the Fourier transform magnitude of the free-field simulated boom.  The calculation was 

performed as follows. The Fourier transforms of all interior microphones, as well as that of the 

free-field wave, were computed.  Then, these magnitudes were converted to octave band 

representations and the ratio between octave band values was calculated.  These ratios were then 

averaged for each explosion, even those not pertaining to simulated sonic booms, and converted 

to decibels. The final values of each octave band for each run were surprisingly similar between 

runs, which validates the averaging approach.  

 Figure 3.55 presents the octave band transfer function between the incoming pressure 

wave and the interior acoustic response of the Original Structure, averaged for all measured runs 

in 2008.  The assessment of expected sound intrusion into the structure reveals the effective 

attenuation of higher frequencies with more significant transmission apparent on the low 

frequency side.  The octave band containing the first resonance of the windows was observed to 

amplify the frequency content of the sonic boom.  Above this, there is an average drop of about 3 
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dB/octave.  The trend of this transfer function demonstrates the effective excitation of structural 

components at low frequency.   

 
Figure 3.55. Octave band plot of the averaged transfer functions computed between the free-field incident wave and the 

interior acoustic response for the Single-Room Structure averaged over all runs in 2008. 
 

 Figure 3.56 presents the octave band representations of the transfer functions associated 

with Two-Room Structure, including the effects of door configuration variation.  Data from both 

blast sites was consolidated into these plots to portray overall trends. The main difference 

between the transfer function describing the Original Structure (Figure 3.55) and that of the 

Original Room (Figure 3.56(a)) was the high frequency components, notably above the 125-Hz 

octave band.  The reduction in these levels can be explained by the presence of the roofs and 

attic cavities, shielding the rooms in the Two-Room Structure, and subsequently eliminating 

higher magnitude ceiling vibrations.  The behavior of the low frequency component in the 

Original Room acted as expected with regard to door configuration: the closed-closed 

configuration was reminiscent of the Original Structure’s transmission characteristics, the open-

closed configuration supplied it with more energy at lower frequency as a result of the Helmholtz 

resonance created, and the open-open configuration allowed a massive influx of broadband 

sound.  Due to the coupling between the large window, the structure, and the fundamental 

frequency of the boom, the response of the Addition lost low frequency energy when the interior 

door was opened, as discussed in the previous section. The transmission of sound energy 

between the cases of the two closed doors and the open interior door are strikingly similar, 
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except at very high and very low frequency.  The low frequencies increase due to a dominant 

Helmholtz resonance that was calculated to be in the lowest frequency band presented (Corcoran 

et al, 2009).  Similar increases at and above the 250-Hz band were observed in both rooms when 

both doors were opened and the simulated boom had a direct path into the room. The levels in 

the Original Room were affected more by the opening of the exterior door because the aperture 

led directly into this room.   

 

(a) 

 

(b) 

 
Figure 3.56. Octave band plots of the averaged transfer functions computed between the free-field incident wave and 

the interior acoustic response for all three configurations of the Two-Room structure for the (a) Original Room and the 
(b) Addition 

  

 Lastly, a transfer function can be constructed for. Figure 3.57 displays the transfer 

function magnitudes for both attics, representing pressure transmission into the attics from both 

blast sites. The attic above the Addition was more susceptible to pressure transmission than that 

of the Original Structure. The larger surface area of non-reinforced OSB walls exposed to the 

blast in the attic above the Addition caused the higher response (see Figure 2.4).  Both attics 

experienced amplification over the free-field values of the simulated sonic boom below the 31.5-

Hz octave, with the attic above the Addition amplifying transmission up to the 63-Hz octave 

band.  Similar trends of sound transmission into the attics are seen in the Open-Open 

configuration in Figure 3.56, such as the amplification above free-field levels at low frequency 

and the sudden increase above the 250-Hz octave band.  This suggests that there were direct 

transmission paths into the attic, which likely occurred between the roof and attic walls.  The 
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spacing of the attic trusses limited the direct transmission of wavelengths larger than 0.61 m (2’), 

corresponding to frequencies above 500 Hz. Overall, the lack of stiffened walls allowed the 

boom to become significantly amplified in the attic at its fundamental frequency.   

 
Figure 3.57. Octave band plots of the averaged transfer functions computed between the free-field incident wave and 

the interior acoustic response for all three configurations of the Two-Room structure for the (a) Original Room and the 
(b) Addition 

 

The free-field waveform used as an input is the best representation of the free field wave 

that loaded the structure, even though it was measured at least 20 m from the structure. However, 

any closer than this and the reflected wave may have significantly interfered with the 

measurement.  Therefore, the transfer functions presented here are conservative predictions of 

the transmitted pressure levels. Moreover, it could also be pertinent to construct pressure-

acceleration transfer functions, which would lend information on how much a certain component 

responded to a particular amount of excitation energy at specific frequency bands. Regardless, 

the sonic boom was seen to enter the structure most vigorously through the least path of 

resistance, whether this was a non-reinforced component or an open aperture.   
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4. Conclusion 

The physical interaction between sonic booms and residential structures was 

investigated.  Experimental efforts presented herein support a numerical model developed by 

generating input data for validation.  The experiments utilized realistic wood-frame buildings 

with standard American construction techniques. The structures were loaded with a sonic boom 

simulation method involving linearly distributed explosive charges. The tests provided a 

complete and extensive set of vibro-acoustic data ranging from the propagation of the blast wave 

to the resulting interior acoustic response experienced inside the structure. The ensuing vibro-

acoustic results were extensively documented and insight into the relative importance of 

transmission mechanisms was provided. Analysis of the data collected from these experiments 

has provided practical information concerning the mechanisms affecting the interior acoustic 

response of structures exited by sonic booms.  

The linear charge distribution method for producing simulated sonic booms was effective 

at generating realistic sonic booms. The simulated sonic booms acted as N-waves with 100 ms 

durations and possessed peak free-field overpressures between 40 and 60 Pa near the structure. 

The blast waves exhibited significant high frequency content that was attenuated by the 

atmosphere as the wave propagated toward the structure. The bow shock of traveling the wave 

always possessed the most significant high frequency content, while the stern shock exhibited 

diminished levels. In the sub-audible frequency range, the pressures over the different surfaces of 

the structure were essentially in phase due to the massive wavelengths associated with these 

frequencies in air, e.g. ~10 ms delay compared to 140 ms wave duration.  

For both structures tested, the boom duration was close to the fundamental period of the 

structures, resulting in considerable structural excitation. The ensuing response produced a 

volumetric change of the interior volume, resulting in an interior pressure field similar in shape 

to that of the excitation boom. The dominant mechanisms contributing to the response in rooms 

subjected to sonic booms were the response of non-reinforced components such as windows and 

doors, the low-order, low frequency structural modes excited by the fundamental frequency of 

the boom, and direct boom exposure through apertures to the exterior. Much of the high 
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frequency content apparent in the interior response was due to transmission though the windows 

or the exterior door (both open and closed), rather than wood-framed components, e.g. insulated 

stud-bearing walls. In the configuration in which both doors were closed, coupling between 

acoustic cavities was evident through the closed interior door. The acoustic modal interaction 

between rooms increased significantly when the cavities were connected directly by opening the 

door. The existence of such an opening lead to increased levels in the acoustic response because 

additional cavity dynamics were created, explained with a Helmholtz resonator analogy. Direct 

boom exposure transmitted the most broadband acoustic energy and was also subject to this 

analogy due to the interaction of the travelling wave’s energy with the doorway and the interior 

cavity. The response in cavities with non-reinforced walls, such as the attics studied here, and 

direct boom exposure cases, were subject to peak pressures similar to that of the free-field 

incident wave. Therefore, the subsequent response experienced inside buildings is also heavily 

dependent on the exposure of interior spaces to the outdoors.  
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Appendix A. Building Design and Construction 

The initial design of the Original Structure began as a coupled room system, which was 

abandoned early in the design process for one main cavity with potential for further variability. 

The initial metrics for the test article presented herein were that it needed to be simple, 

rectangular, without rattle, transportable, and potentially reconfigurable. The Original Structure 

was conceived on these bases with the physical variability potential of segmented walls.  Each 

segment was three feet long and built to include a particular element of the wall, be it a door, 

window, corner joint, or just studded walls. The idea behind these wall panels was that any type 

of wall element could be conceptualized within the framework of each 3’ section. These 

segments could then be arranged, and even replaced after the fact, into the desired wall lengths 

and types.  For instance, the full windowed wall is shown below in Figure A.1, with a different 

color representing a different wall segment type. The Physical Plant at Virginia Tech constructed 

all of the individual wall segments. 

Wall segments were connected to create a continuous wall of typical construction, except 

that the studded segments had a 12” stud spacing instead of the standard 16” stud spacing.  The 

smaller stud spacing was utilized to add the extra stiffness required for the transportation of the 

structure to the test site as well as to create symmetry in each of the wall segments. The 

connections between wall segments were half studs, created by cutting larger pieces of lumber to 

half the depth of a normal 2x4 stud.  It was important that the half studs were very close to the 

exact real dimensions of one half of a stud (1.75” x 1.5”) because they connected flush with each 

other along the cut surface, creating a full-sized stud.  Therefore, it was not enough to cut 2x4’s 

in half.  Rather, larger dimensioned lumber was used as a starting material. The wall segments 

were connected with wood screws running vertically down the center of the connection of the 

half 2x4’s, creating a homogenous wall panel.  The wall segments are coupled and fully rigid by 

spanning both OSB (on the outside) and gypsum board (on the inside) over the surfaces, with R-

13 insulation on the cavities.  The OSB provides the main structural rigidity for the frame and 

spans horizontally over the outside of the wall, so that one full piece of OSB joins three 

segments.  These material boards are easily installed and removed by screwing them to the studs.  
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Figure A.1. The wall segments that comprise the window wall of the Original Structure. Gray: corner segment; Red: 
window segment; Blue: stud segment.   

 

The accessories installed to the structure included two double pane glass, vinyl frame 

windows installed on one of the long sides of the structure and a standard hollow-core door 

installed on a shorter side.  The windows have no moving parts and were fastened to the structure 

with screws through allotted holes in the vinyl fins surrounding it. The edges of the vinyl were 

sealed with builder’s caulk to prevent acoustic leakage. To install the door, the doorframe was 

fastened to the studs surrounding the opening.  The trim was also sealed with builder’s caulk and 

weather stripping was installed on the door supporting edges to prevent rattling.  The sill of the 

door was a 2x4 with weather stripping that pressed against the door.  These non-reinforced 

components were securely mounted to the structure in order to eliminate potential rattle noise 

cause by unsecured components.  The only potential rattle in the structure could come from the 

doorknob assembly.  

The original test structure was not built on-site due to the test site’s distance from 

campus.  Although accessible by bicycle from campus, it was not feasible for students to travel 

back and forth each day during the semester. Construction of the test structure began in the first 

floor of Bishop-Favrao Hall, an academic building belonging to the Department of Building 

Construction in the Myers-Lawson School. Wood screws were used to make all connections 

removable to allow for future modification, extension, and deconstruction. Upon completion of 

the floors, the walls, and installation of the windows and door, the structure was rolled outside on 
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pallet movers.  Outside of Bishop-Favrao Hall, the pre-assembled ceiling and remaining OSB 

was installed.  

The design of smaller stud spacing, thicker OSB, and using wood screws as fasteners 

were employed to prevent potential damage to the structure during transportation to the test site 

(Ching and Adams 2001). The transportation of the test structure to the test site on a low 

platform trailer followed immediately after the construction was complete. The foundation of the 

structure was not constructed for permanence but rather to disturb the field as little as possible. A 

level installation surface was created with six cinder blocks, located at the corners of the 

structure and in the middle of the long sides.  These cinder blocks allowed the structure to be 

level, leaving a gap of 0.3 m (~12”) underneath the structure. The gap was closed with a heavy 

carpet to minimize the acoustic flank transmission path into the room from underneath the 

structure. OSB was fastened to the top of the ceiling joists, which acted as the roof of the 

Original Structure.  However, the lack of a roof felt on a flat roof can cause unwanted water 

buildup and subsequent leakage. Thus a large tarp (18.25 m x 12.2 m) was used to cover the 

exposed flat roof between uses of the structure.     

Students from the Department of Building Construction at Virginia Tech were supervised 

during the process of constructing the Addition.  Construction of the Addition took place in 

Spring 2009 with prefabricated panels, which were assembled on-site at Kentland Farm. The 

Addition was completed two weeks into the month of June. For the on-site construction standard 

construction methods were employed, such as 16” stud spacing and 0.0127 m (½”) OSB 

sheathing. 

Components that were added to the test structure included a large window wall, two 

attics, and sloped, shingled roofs. A large double pane glass window wall was installed into the 

wall of the newly added room on the same side as the two existing windows of the original room. 

The main purpose was to simulate window configurations commonly found in residential 

buildings. As with the windows of the Original Structure, the new window had no moving parts. 

An interior door interconnects the original room to the added room. This door was opened and 

closed to investigate potential acoustic coupling phenomena between the rooms. Both attics are 

considered unfinished since there is no drywall present, no insulation between the roof and the 

attic, and batted insulation lies exposed between ceiling joists. The attics were shaped with 
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quadrilateral roof trusses and separated by a ½” OSB panels. Similar to the Original Structure, 

the newly added structure rests on cinder blocks and the gap underneath the structure was closed 

with a heavy carpet skirt. 
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Appendix B. Sensor Specifics 

This section details the sensors that were used to instrument the test articles.  Mainly, 

each sensor is described in regard to its uses, placement throughout the test site, and sensitivity 

measurements, if applicable.   

B.1 Panasonic Microphones 

Panasonic Electret Condenser Microphones (model WM-61A) were mounted to the 

surfaces of the test structure to record the pressure loading. They were also used to measure the 

interior acoustic responses. The electret microphone circuits were installed into a plastic housing 

and wired to a BNC connector as shown in Figure B.1(a).  The microphone signals were then fed 

to a signal conditioning box with gain and anti-aliasing filters set at a corner frequency of 20 

kHz. The Panasonic microphones have a flat frequency response in the band from 20 Hz to 18 

kHz. Below 20 Hz, the microphone’s response exhibits a roll off that was compensated for with 

frequency domain compensation.  The microphones were mounted parallel to the surface as 

shown in Figure B.1(b).  The distance between the center of the microphone and the OSB surface 

was 0.0125 m (0.5”).  Potential interference effects due to reflections from the surface on the 

microphone signal are expected at frequencies whose wavelengths are about or less than four 

times the spacing, i.e. 0.05 m spacing.  Therefore, the lowest frequency without interference 

effects is estimated to be 6,860 Hz.  Windtech ¾ ” Lavalier windscreens were installed to 

minimize wind induced noise.  

For the first test, the pressure loading on the structure was recorded by a total of 88 

external Panasonic microphones mounted on all exterior surfaces of the structure with foam 

windscreens.  Fourteen Panasonic microphones were positioned on four vertical arrays inside the 

room cavity.  For the second round of testing in June 2009, the Two-Room structure was 

instrumented with 96 Panasonic microphones dispersed amongst the outside surfaces, two in 

each attic cavity, and 9 total microphones between the two main cavities. 
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The Panasonic microphones were calibrated multiple times using a Brüel & Kjær (B&K) 

piston phone Type 4230, e.g. 94 dB at 1 kHz.  This calibration was performed prior to each 

simulated sonic boom test for all microphones. The results of these calibrations are plotted in 

Figure B.2. From this plot, it is evident that most of the sensitivities are consistent between 

calibration dates. Repeatability of measurements suffers with lack of consistent sensor sensitivity 

behavior.  The average sensitivity of the microphones is 67 mV/Pa with a standard deviation of 9 

mV/Pa. Therein lies the idea behind sensitivity measurements: if the variation in a transducer’s 

ability to respond to stimulus is constant, it can effectively be compared to the others.  

 

Figure B.2.  Measured sensitivities of Panasonic electret condenser microphones.   

(a) 

 

(b) 

 

Figure B.1.  (a) A Panasonic electret microphone used to measure pressure loading on the structure (b) mounted 
on the structure with windscreen. 



 

 115 

 

B.2 B&K Microphones  

NASA provided several high quality B&K Type 4193 during the tests. These 

supplementary sensors provided were capable of delivering quality measurements throughout the 

frequency ranges of interest.  These microphones have a flat frequency response from 0.07 Hz to 

20 kHz with a nominal sensitivity of 12.5 mV/Pa. The accuracy of these sensors proved to be 

extremely helpful in validating the lack of accuracy exhibited by VT sensors, specifically at low 

frequency. They were calibrated by NASA before and after the test and the data they provided 

was already in engineering units.  They were used in the field to monitor the blasts from the 

linear charge distributions and verify sensor correction results.  To a lesser extent, they measured 

the pressure loading on the structure and the interior acoustic response.  

Several B&K microphones were collocated with the Panasonic microphones of Virginia 

Tech, as shown in Figure B.3. The data from the B&K microphones were used to correct the 

response due to the roll off of the Panasonic microphones at very low frequency, e.g. below 20 

Hz, which is discussed below. Foam B&K windscreens, model UA0237, were used on the 

exterior B&K microphones. Also, a few B&K microphones were installed inside the test 

structures for comparison with interior Virginia Tech microphones.  
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(a) 

 

(b) 

 

Figure B.3. (a) Exterior B&K microphone used to measure pressure on the structure (collocated with a Panasonic 
microphone).  (b) The field layout of the B&K microphones used for propagation studies.  [Photograph by Ryan 

Haac] 
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B.3 PCB Accelerometers (330A) 

The accelerometers used to measure the structural response were PCB model 330A, 

shown in Figure B.4. The accelerometers were connected to PCB mount/cable assemblies (model 

080B37) that were glued to the different surfaces of the structure using superglue. This cable 

assembly connects directly into PCB 15 Channel Structcel Patch Panels (model 070A17) with 

standard 25-pin ribbon cable outputs. Next, the ribbon cables are fed through PCB 15 Channel 

Signal Conditioners (model 433A) with BNC output connectors. The outputs of the signal 

conditioning units are then connected to BNC breakout boxes that output the signals with 80-pin 

ribbon cables to the data acquisition system. The nominal sensitivity for these accelerometers is 

950 mV/g. Additional characteristics include a nominal frequency range of 1-400 Hz and a 

measurement range of ±5 g. These accelerometers were used in both tests.  

For the first test, 135 accelerometers were mounted to the interior surface of the structure 

and 15 to the exterior. Many accelerometers located in compacted arrays to capture local 

vibration effects, such as cross configurations between studs on drywall. Knowledge of the 

global interaction leads to a more informed analysis of local behaviors and is utilized for the 

analysis of results.  The second year saw a decrease in the number of total sensors used, as only 

global motion was sought and 62 PCB 330A accelerometers were used between both rooms.   
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The accelerometers were also calibrated multiple times using a B&K Calibration Exciter 

Type 4294, e.g. 10 m/s2 at 159.15 Hz. The calibration was performed prior to each simulated 

sonic boom test for every accelerometer on the test structure. Results of the calibrations are 

shown in Figure B.5. A statistical analysis reveals that the average sensitivity was 960 mV/g with 

a standard deviation of 147 mV/g.  From this plot, it is evident that most of the sensitivities are 

relatively consistent between calibration dates. Some accelerometers indicate a very large drop in 

sensitivity between tests.  

 

(a) 

 

(b) 

 

Figure B.4. (a) PCB 330A accelerometer (b) with base glued to a gypsum board surface in the structure. 
[Photographs by Ryan Haac] 
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Figure B.5. Accelerometer sensitivities measured prior to each test.   
 

B.4 PCB Accelerometers (333B32) 

For the second test, NASA provided additional PCB type 333B32-F accelerometers, shown 

in Figure B.6. This type of accelerometer is accurate to within +/- 3 dB in the 0.5-3000 Hz 

frequency band.  They were mounted directly to the surfaces of the structure with sticky wax.  

Their nominal sensitivity is 100 mV/g and they have measurement range of 50 g.  These 333B32-

F accelerometers were collocated with some of the Virginia Tech PCB 330A accelerometers for 

the purpose of validating the accuracy of the response measured by the Virginia Tech sensors. As 

it will be shown, the 330A accelerometers produced a response very similar to the 333B32-F and 

no low frequency compensation was necessary.  

  

Figure B.6. PCB 333B32-F accelerometer collocated with one VT accelerometer on the inside pane of the 
window along with another VT accelerometer on the exterior pane.  [Photograph by Ryan Haac]. 
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B.5 Data Acquisition System 

Two 128-channel data acquisition systems (DAS) were used to acquire the Panasonic 

microphone and PCB 330A accelerometer signals. Each 128-channel data acquisition system 

used is based on implementing two 64-channel, 16 bit PCI-based data acquisition cards, model 

PCI66-16AI64SSA/C, from General Standards Corporation. The DAS was comprised of a total 

of four 64-channels cards were installed in two desktop computers. The sampling rate used to 

acquire the data was 51.2 kHz, even though the system was capable of a maximum sample rate of 

200 kHz. One of the computers was dedicated to acquire the microphone data while the other 

computer was used for the accelerometer data. The DASs were installed on an instrumentation 

rack at the center of the room. A reference signal was also fed to both 128-channel DAS to time 

synchronize the data from both computers. The reference signal used in the experiments was a 2 

second long pulse generated prior to the blasts. The same synchronization signal was not fed to 

the NASA National Instruments DAS. However, the data from this DAS was still synchronized 

with the Virginia Tech data by searching for thresholds from the blast signal in the collocated 

sensors. The NASA B&K microphones and PCB 333B32-F accelerometers were acquired using 

a National Instruments DAS at 96000 samples per second. Data was recorded for a minimum of 

45 seconds. 

The processing of the accelerometer and microphone time history data involved several 

steps.  Forty-five seconds of raw data were acquired (*.dat) for each detonation and saved.  The 

raw data were converted to text files, retaining only two seconds of data that started 100 ms prior 

to the arrival of the boom at the center of the Original Structure’s window wall surface. The next 

step in processing saw the application of sensitivities, converting the data to engineering units 

with the computed average sensitivity of each specific microphone. The data for the Panasonic 

microphones was then corrected to compensate for the low frequency roll off. The data was 

visually inspected and malfunctioning sensors were identified and discarded. All the data was 

then organized and cataloged electronically for further investigative use. It is important to note 

that the signals were not low pass filtered unless otherwise noted, so they have frequency content 

up to the data acquisition anti-aliasing frequency of 20 kHz.  
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Appendix C. Low Frequency Compensation Summary 

C.1 Assessment of Sensor Low Frequency Response  

The frequency response of sensors used in experimental work is of the utmost 

importance, especially for the analysis and presentation of data that is concerned with sub-

audible frequencies.  The reported low frequency response for all sensors used for the 

experiments herein was not particularly suited for measurements of sonic booms (see Table 2.2).  

The compensation methodology is to provide the measured signal with a more accurate 

frequency response at very low frequency, therefore generating more realistic time histories.  

This process invokes the lower quality sensor signals to deliver improved signals. 

The exterior Panasonic microphones used to measure pressure loading suffer from 

irreversible signal deterioration below 6 Hz.  This low frequency data could not be accurately 

manipulated because the measured content was unpredictable. Therefore, data in the frequency 

domain must be removed and replaced. On the other hand, the interior microphones were 

protected by the structure from the high sound pressure levels of the blast.  They responded well 

to the application of a measured transfer functions between their own frequency response and 

that of an accurate reference (the B&K 4193). The measured compensation filters were adequate 

for data that was not distorted.  Likewise, direct frequency domain application of transfer 

functions offers more logical control compared to the time domain application, especially when 

working with such a small effective region of the measured frequency band.  

C.2 Application of Frequency Domain Correction 

The transfer function measured in the lab was applied to all exterior microphones and the 

transfer function obtained from interior collocated sensors was applied to all interior 

microphones. The exterior microphones utilize the transfer function down to 6 Hz, while the 

parabolic trends determine the complex frequency content from 5.5 to 0 Hz. The frequency 

content of the interior microphones below 2 Hz is not retained from the August 2008 signals and 

not below 3 Hz for the June 2009 interior microphones.  The difference here is most likely 

related to the fact that the experimental collocation occurred during the August 2008 test and 
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therefore was a more direct reflection of that data.  Assuming the lowest retained frequency is 

relatively accurate, the applied trend will correct the data in this region, based on observed 

behaviors of the accurate reference microphones.  

To determine the accuracy of the microphone correction, the effects of this direct 

frequency domain compensation are compared to the original time histories. Figure C.1 shows 

the time signals for both interior and exterior collocated Panasonic and B&K microphones. In 

Figure C.1(a,b), the Panasonic microphone time histories are uncorrected. In Figure C.1(c,d), 

they are corrected. Comparing these figures shows the good performance of the correction 

developed here. Furthermore, all collocated exterior B&K microphones are plotted alongside 

their Panasonic counterpart from the August 2008 tests in Figure C.2.  Notice that the B&K 

microphones measure higher pressures on the incident wall and the Panasonic microphones 

measure higher pressure on the shadow side.   The same correction method was applied to all 

exterior Panasonic sensors but rather the case may be that each Panasonic sensor had specific 

needs that may not have been met to the full extent.  

Comparisons between exterior collocated microphones with compensation applied for 

June 2009 are shown in Figure C.3.  Contrary to the August 2008 tests, the Panasonic 

microphones accurately catch the non-uniform high frequency aspects of the pressure for signals 

acquired in June 2009. However, they do not perform as well with the uniform shadowed boom 

time history shown in Figure C.3(b).  Results corresponding to the same sensors are presented 

for Blast Site 2 in Figure C.4.  Similar to the degraded signals from 2008 on the Window Wall, 

the corrected Panasonic microphone signal on the North Wall is unable to exactly match the 

behavior between peaks. However, the East Wall is seen to match the B&K microphone very 

well, while the shadowed signals practically replicate their respective B&K microphone.  

The PCB 330A accelerometers were subjected to similar low-frequency assessment along 

with the Panasonic microphones. Through single tone excitation, the accelerometers were seen to 

sharply roll off around 4 Hz. Despite these measurements, the comparison of data from 

collocated PCB 330 and PCB 353B15 accelerometer data during the 2009 test revealed that they 

matched very well and the only correction performed on these sensors was elimination of content 

at 0 Hz. The possession of collocated acceleration data validates the claim that the resulting time 
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histories produced with this method are verifiably accurate representations of the acceleration at 

points on the structure. 

 

(a) 

 

 (b) 

 
 

(c) 

 

 
(d) 

 
Figure C.1. Collocated plots of the original (a) exterior and (b) interior Panasonic time histories with their collocated 
B&K counterparts.  Likewise, the effects of the direct frequency domain correction on the (c) exterior and (d) interior 

microphones. The exterior microphone is from Blast 3 of the June 2009 tests and the interior microphone collocation is 
from Run 12 of the August 2008 tests.   

 



 

 124 

 

(a)

 

(b)

 
 

(c) 

 

 
(d)

 
 

(e) 

 

 
(f) 

 
Figure C.2. Comparison of all collocated Panasonic and B&K microphones from Run 12.  The low 
frequency correction has been applied to the Panasonic signals shown here: (a) Incident side, low (b) 

Incident side, center (c) Shadow side, low (d) Shadow side, center (e) Interior, near window (f) Interior, 
corner. 
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(a) 

 

(b) 

 
 

(c) 

 

 
(d) 

 
Figure C.3. Comparison of all of the collocated Panasonic and B&K microphones for Blast 3, corresponding to 

western sonic boom incidence.  The low frequency correction has been applied to the Panasonic signals as shown 
here on the (a) north (b) east (c) south and (d) west exterior surfaces.   
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(a)

 

(b)

 
 

(c) 

 

 
(d) 

 
Figure C.4. Comparison of all of the collocated Panasonic and B&K microphones for Blast 7, corresponding to 
northeastern sonic boom incidence.  The low frequency correction has been applied to the Panasonic signals as 

shown here on the (a) north (b) east (c) south and (d) west exterior surfaces.   
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Appendix D. Blast Theory 

This section presents the basic premises upon which the physical and theoretical aspects 

from which the linear charge distributions were derived. The accepted laws of scaling are 

presented.  Additionally, the conformity of results obtained in this work is presented. Insight is 

provided regarding the factors that contribute to explicable differences, with recommendations 

for future testing with linear charge distributions.  

 

D.1 Blast Scaling 

The relationship between an element of explosive and the overpressure created from its 

ignition is based on the weight and geometry of the element, along with the distance from the 

explosion. Furthermore, scaling laws relating explosive strength, duration, and observer distance 

must be considered for analytical blast calculations. Different explosions have been successfully 

related to each other using the observer’s distance from the event and the mass of the explosive 

standardized to that of Trinitrotoluene (TNT). The energy released by the propellant is a crucial 

parameter that determines the characteristics of the explosive perturbation. If the same propellant 

is considered, energy will scale the same as mass for an explosive with the same geometry.   

 

D.1.1 Temporal Scaling  

Two explosions of different energies can be related using Hopkinson-Cranz scaling law 

(Baker, 1987). That is, an explosion with duration, , and explosive weight, Wo, is related to 

another charge W and duration as  

  ( D.1 )  

 
This scaling law relating the durations of the pressure waveform and the energy of the explosion 

that created it is a convenient simplification of the form presented by Reed in 1977.  The 
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simplification occurs in the sense that both waves are measured at the same distance with the 

same speed of sound. Conversely, Hawkins and Hicks use an energy scaling law that depends 

upon the square root of the energy (1968a).  Temporal scaling of linear charge distributions must 

occur at the point-source level.  

 

D.1.2 Pressure Scaling  

The scaling of overpressure due to different explosive charge weights does not follow the 

one-third power.  Rather, the accepted scaling laws state that the overpressure due to an arbitrary 

multiplicative factor will be proportionally increased by the same factor. Schomer (1973) 

developed the most accepted scaling relations that correlate sound pressure levels to charge 

weights as 

   or         ( D.2 ) 

where is the difference in peak sound pressure level between the 

two explosive weights. This form of the scaling law was used successfully by Sparrow (1991).  

 

D.1.3 Spherical Spreading Law for Point Source Explosions  

From the spatial pressure distribution, point source explosions are assumed to yield 

spherical waves. The pressure produced by a small point explosion displays a distance 

relationship of r-1.2 as reported by Reed (1977). Models presented here are dependent on the 

propagation of individual spherically spreading point sources rather than the entire detonating 

cord.  Therefore Reed’s approximate model is sufficient and will be utilized in computations. 

Figure D.1(a) displays the experimentally measured overpressures of the explosion of a 200 mg 

PETN detonator measured at given distances downfield. Figure D.1(b) compares the distance of 

the measured overpressure to accepted laws.  Both Reed’s blast scaling and the common 

spherical spreading relation (1/r) are plotted. Although they are both very similar, this 
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comparison verifies that Reed’s law is acceptable for distance-overpressure relations of 

explosions.   

 

(a) 

 

(b) 

 

Figure D.1. (a) Recorded peak pressure of 200 mg detonator waveforms at given distance downfield from 
the explosion (b) compared to Reed’s overpressure scaling law as well as the traditional inverse distance 

relation of spherical spreading.   
 

D.2 Point Source Explosion Waveform 

Point source explosions have been studied for some time and are of particular interest for a 

variety of reasons, from mining applications to subjective testing. The literature is primarily 

concerned with propagation logistics and overpressure prediction of these impulsive waves 

(Raspet, 1997). The pressure wave from a concentrated blast resembles the response of a heavily 

under-damped dynamic system, e.g. a fast rising positive overpressure (expansion) followed by a 

negative pressure (compression) wave that returns to ambient pressure over a longer period of 

time. The negative overpressures of shockwaves most often return to ambient pressure 

asymptotically. From conservation of impulse, the time integral of the pressure wave must 

vanish.  Upon these bases, analytical wavelets have been formed for computational usage.   

A variety of pulse waveforms have been used to model the impulse from a point source 

blast (Friedlander, 1946; Reed, 1976; Sparrow, 1991).  The pulse implemented by Hawkins and 

Hicks (1968a) was the Friedlander waveform, which offers a fairly simple expression to non-

dimensionally describe a point source charge (Friedlander, 1946).  Another elementary wave was 
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proposed by Reed (1977) and later modified by Sparrow (1991) by using a cosine function to 

account for finite rise times. This empirical expression provides a systematic relation that 

describes the shape of pressure impulses; it explicitly defines temporal parameters of the 

wavelet, such as rise time and the durations of the positive and negative overpressures.  It is a 

continuous expression that is differentiable at every discrete point.  Examples of these 

waveforms are plotted together in Figure D.2. The similarity in shape and characteristics 

between the Friedlander and Reed pulse are clear.  They are unit amplitude pulse-forms that have 

the matching positive durations, i.e. where the amplitude of the wave turns from positive to 

negative. The temporal parameters of the Reed/Sparrow pulse are proportionally scaled to match 

the positive duration of the Friedlander pulse.  

 

Figure D.2. Comparison of the unit amplitude pulse waves proposed by Friedlander (1940) and that 
proposed by Reed (1977) and modified by Sparrow (1991) with similar positive durations. 

 



 

 131 

 

D.3 Linear Charge Modeling 

Linear charge distributions are used to generate shaped waveforms. The modeling of the 

waveform from a linear charge distribution is based on breaking the linear charge as a series of 

point sources all ignited simultaneously (Hawkins and Hicks, 1968a; Harper et al., 1969). A 

desired waveform can be produced by spatially distributing the explosive density, which 

continuously generates point source explosions at the speed of the propellant. The summation of 

the arriving pulses at a particular time and distance determines the resulting pressure at the 

observer.  More accurate predictions have been observed at larger observer distances because the 

higher frequency content is attenuated and non-linear propagation effects are no longer 

significant (Remmennikov, 2003). Although the experimental observations in this study are not 

taken in the far field of the wave produced by the linear charge, the measurements of point 

sources are considered to be in the far field relative to themselves.   

Physically, the length of the linear charge and the observer’s distance from the detonation 

determines the duration of the shaped waveform.  Likewise, the overpressure is determined by 

the loading of the explosive cord. For modeling purposes, the waveform produced at the observer 

position for each of the point sources must be defined, preferably in terms of Trinitrotoluene 

(TNT) equivalency of explosives. The National Institute of Standards and Technology states that 

1 g of TNT releases approximately 4184 Joules (Thompson and Taylor, 2008). The relative 

effectiveness (R.E.) factor provides the relationship between the mass of a particular type of 

explosive material and the equivalent mass of TNT.  This is the standard for quantifying and 

normalizing explosive materials and it is with this relation that the energy density of the linear 

charge, σ, is determined from the reported loadings. Detonating cord charge loading is rated in 

linear density, e.g. mass of contained explosive per unit length (Dyno Nobel, Inc.).  However, the 

linear energy density of energy has units of force, which comes from energy per unit length 

(J/m=N).  The heat of explosion of the propellant relates these two quantities.   

A common propellant in detonating cord, and the one present during the tests presented 

in this paper, is Pentaerythritol tetranitrate (PETN). PETN has been subjected to several testing 

methods of TNT explosive equivalencies, yielding a range of values from 1.05-1.73 (Cooper and 
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Kurowski 1996). Air blast parameters vary with the cube root of the energy value used, errors in 

energy values are cut down substantially (Cooper, 1996). Subsequently, a midrange value of 1.45 

for the R.E. factor will be used. Table D.1 lists the loadings of detonating cord used in the 

experiments at Kentland farm, as well as the loading used by Hawkins and Hicks (1968b) for 

reference. The resulting linear energy density (LED) for an explosion energy of 6067 kJ/kg with 

the Hawkins and Hicks loading appears to be consistent with the reported, e.g. two strands of 10 

g/m detonating cord gives an LED of about 1.2 x105 N. The linear energy density is an important 

quantity because it universally assigns the explosive cord a specific amount of released energy 

between all different explosive materials.  

 

Table D.1. Linear energy densities of charge expressed in the equivalent explosive energy of TNT. 
Explosive Loading Calculated LED 
(g/m) (gr/ft) (kN) 
3.2 15 19.41 
5.3 25 32.15 
10¥ 47 60.67 

¥ Used by Hawkins and Hicks. 

A closed form solution for the far-field acoustic waveform resulting from the explosion 

of a non-uniform distributed line charge was derived by Hawkins and Hicks (1968a) through 

non-dimensional analysis.  The pressure due to the entire linear charge distribution is obtained by 

integrating the elementary point sources over the length of the charge as illustrated by Figure 

D.3. Their formulation includes two empirical constants that act as pressure (a=0.07) and time 

(b=1.05) scaling factors whose values were calculated with the field propagation data generated 

form this project.  On the other hand, a more desirable approach is merely a linear superposition 

of the pulse-form, scaled by the deterministic methods presented in Section D.1.  However, this 

approach breaks down when the size of the explosive element becomes very small, especially in 

applications using variable linear energy densities.  Weak charges force the impulse down to a 

Dirac delta function due to the condensation of pulse duration (Hawkins and Hicks, 1968a). 

Linear superposition methods were utilized and proved to be mostly consistent with the waves 

produced with the Hawkins and Hick expression.  The variations between the results of the two 

methods were born from the temporal and overpressure scaling applied to the wave and sampling 

frequency of the discreet linear charge distribution with the linear superposition method.  
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Figure D.3. Schematic of the linear charge and coordinate system methodology for numerical 
considerations.  

 

To assess how well this formulation predicts the waveforms generated at the Kentland 

Farm experiments, Figure D.4 shows a comparison between the computed and measured 

waveforms for two uniform detonating cord explosions at Kentland Farm. The observation 

location is =61 m (200’) downfield from the explosion. The waveforms in Figure D.4(a) 

correspond to a single strand of 5.3 g/m detonating cord, 18.3 m (60’) in length (Run 05, August 

2008). Figure D.4(b) presents the results for two strands of the same detonating cord and length 

(Run 09, August 2008). The impulse produced by the detonator and other interfering blasts are 

observed at the beginning. The negative overpressure is the only reliable determinant of proper 

overpressure scaling.  The negative overpressure is slightly less than the positive because the 

impulses produced at the farthest end of the charge decayed slightly more because they had to 

travel farther to reach the observation point. Note that pressure doubling was introduced to the 

numerical approximation to account for the ground reflection in the experimental data. 

Linear Charge Distribution 

Observer 



 

 134 

 

  

Figure D.4. Computed and measured waveforms for (a) single and (b) two strands of 5.3 g/m detonating cord of 
18.3 m (60’). Computed waveform using Hawkins and Hicks (1968a) formulation with Friedlander wave.  The 
pressure waveform was measured 61 m (200’) downstream (microphone BK05) from the ignition of detonating 

cord. 
 

The results in Figure D.4 clearly show an initial impulse that is not expected numerically.  

Consider that the negative overpressure region of the initial blast is hidden by the positive pulse 

generate by the linear charge. The calculated waveform was delayed to match the negative part 

of the measured waveform. The Hawkins and Hicks expression predicts a general shape and 

approximate overpressure of the expected waveform with the proper scaling factors. Though the 

results in Figure D.4 are qualitatively acceptable, using the Friedlander waveform to represent 

the elemental impulse is not completely correct since it doesn’t account for effects such as 

atmospheric absorption and ground impedance. The most desirable method would include 

determining the relevant pulse form for the testing environment 

 Impulse due to 
interference 

~Time delay between detonation 
and linear charge ignition 
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D.4 Detonator Considerations 

A consistent explosion toward the front of the wave was the detonator.  The explosion of 

a detonator alone was measured in Run 6 of 2008 when the small detonator failed to ignite the 

detonating cord. The acoustic signature of the experimentally measured 200 mg detonator, 

measured at 61 m (200’) downstream from the explosion, is shown in Figure D.5. The time 

history shows a peak positive overpressure of 27 Pa. The fundamental frequency of 

approximately 830 Hz suggests that the effective duration of the detonator’s signal is 1.2 ms. If 

the sharp rise from negative overpressure prior to 1 sms did not exist, the corresponding expected 

duration would be attained, as suggested by the behavior of the signal after 1 ms in Figure 

D.5(a). Scaling laws give the 450 mg detonator an overpressure of 38 Pa and a fundamental 

frequency of 625 Hz (1.6 ms effective duration). The source of the elevated low frequency 

content of the detonator’s spectrum is unknown and is likely non-existent.  

(a) 

 

(b) 

 
Figure D.5.   The (a) time history of the 200 mg detonator and its (b) Fourier transform magnitude from Run 06 – 

August 2008 
 

A characteristic waveform for a particular test setting could be acquired through a simple 

experimental test measuring the signal of a point source explosive at a particular observation 

point.  The acquired pulse can be used as a basis for scaling and summation purposes, acting as 

the elemental waveform for the particular site. This initial spherical impulsive example method 

can mitigate the more intensive, complicated, and debated numerical simulation methods for 

outdoor acoustics (Sparrow, 1992). It relates the propagation distance, propellant weight, the 
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recorded overpressure, and the ambient effects that were imposed on the traveling pressure wave 

along its journey to the observer. The detonator offered itself as a potential point source 

explosion, since the small detonator failed to ignite the detonating cord in Run 6 of 2008 and it 

was therefore the only signal recorded. Using the explosive scaling laws presented in Appendix 

D, the estimated overpressure for 450 mg PETN detonator used as the igniter for all the linear 

charges tested was computed to be about 38 Pa at 61 m. The detonator measured at 61 m 

downstream from the explosion is plotted in Figure D.6 with a scaled version of itself 

representing the expected detonator signal during the experiments.  

 

Figure D.6. The time history of a 200mg PETN detonator measured 61 m from the blast compared to 
scaled versions of itself at 450mg, showing the theoretical result of more than doubling charge weight. 

 

The high sampling frequency of 96 kHz used to collect B&K microphone data was able 

to capture four samples of the detonator’s rise time.  The observed rise time in the experimental 

data had the same duration as that of purely the detonator, with a value of approximately 40 µs. 

Theoretically, the detonator should be visible as the first of the initial peaks in the data from 

Kentland Farm, as it is the first material ignited. The first peak in the experimental data at this 

distance is seldom seen to around 40 Pa (only twice in all blast waves measured). One potential 

cause for this variation is the method in which the detonating cord was strung to the poles.  For 

instance, as seen in Figure D.7, the detonating cord is tied in a knot ahead of the detonator.  

Unfortunately, it is unknown exactly which run this was taken from but it was most certainly 
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from the 2008 series of tests. The detonator’s peak is likely combined with the interacting blast 

and ground reflection front, creating the complex series of explosions that interfere with the front 

of these shock waves. It seems that variation is to be expected when attempting to deal with 

explosives precisely.   

 

Figure D.7. Picture of detonating cord attachment to poles with rope.  The knotted green cord is the 
detonating cord while the blue block is the detonator.  [Photograph by Ryan Haac]. 

 

The inhomogeneity at the front of the traveling shockwave is not consistent between 

detonations.  The negative overpressure portion of the initial pre-cord blast pattern creates 

interference that results in the recorded waveforms. In the single strand explosions, there is 

consistently a significant interference pattern at the beginning of the signal.  This interference is 

seen to be proportional to the rest of the signal, suggesting that the detonator does not play a 

substantial part in this interference. This attachment configuration is sure to have a detrimental 

effect on the homogeneity of the traveling wave produced by the detonating cord.  For tests with 

detonating cords in the future, a more robust and consistent method should be used to hang the 
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cord, such as lashing them together with string or twine as opposed to knotting the explosive 

cord. Another potential cause of could be the existence of Von Neumann spikes, which occur at 

the forefront of the traveling pressure wave and are seen in the experimental data as sharp high 

frequency spikes.  They are a result of the impulsive chemical reaction that takes place in 

explosions.  (Cooper and Kurowski 1996).  The existence of such spikes explains the 

substantially higher positive overpressures seen at the inception of the wave that dissipate as the 

wave propagates and they are suitably attenuated.  Moreover, the high-energy chain reaction that 

is renewed at each new strand of detonating cord in a particular distribution would lend cause to 

the spikes regularly seen in throughout the measured simulated sonic booms. But after the major 

effects of shock wave’s transition to a more conventional traveling wave, its pressure signature is 

extremely suitable for sonic boom pressure loading on structures.   

Although linear charge distributions are an effective and rapidly deployable method of 

simulating sonic booms, there are some drawbacks to using detonating cord as a structural 

excitation method. Since large high-energy blast waves are being generated, the proximity of 

testing to large communities of people that could be unknowingly (and potentially unwillingly) 

be exposed to the blasts, as the tests performed are merely a step toward evaluating this metric.  

As with any explosive testing event, an assessment of the test site’s location should be applied, 

such as that undertaken by this experimental effort.  Testing at rural and isolated locations is 

suggested.  Also, the price of transportation, danger of explosive blasting, and necessity for 

expert operation must all be factored into the feasibility of this method.  However, with the 

proper field test site and budget for deployment of explosives, the explosion of linear charge 

distributions for shaped blast waveforms is desirable and effective. Modeling efforts using the 

detonator’s waveform as the elemental pulse for predicting distributed charges produced 

waveforms that were too spiky.  Similar results were obtained using the strong point source type 

explosion of Blat 16, shown in Figure F.14 of Appendix F. These spikes may have diminished if 

the detonator pressure profile returned slowly to ambient pressure rather than jumping to back to 

positive pressure prior to its 1 ms duration.  These dynamics may suggest that a reflection causes 

this sudden increase above positive pressure. Nonetheless, there are a variety of applications of 

this method yet utilized. 
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D.5 Linear charge scaling 

 The temporal and pressure scaling of the wave resultant from a linear charge distribution 

is slightly more complicated than the point source case. The theoretical interaction of many point 

sources creates a wave with a duration corresponding to the length of the distributed charge.  The 

energy density of the charge only effects the duration in the length by supplementing the end of 

the signal with negative overpressure in order to return it ambient pressure.  For the case of a 

single strand, the positive and negative lobes of pressure at the front and back of the shock are 

seen to scale in time with the same dynamics of a point source.  However, the overpressure 

generated has slightly different behavior.  A scaling relation was derived with the theoretical 

overpressure scaling of linear charge distributions.   

Figure D.8(a) shows several scaled versions of Sparrow’s pulse, where each pulse is 

created from an element with double (or half) the explosive energy of those adjacent to it, as 

indicated in the figure. The dotted cyan trace assumes the role of reference energy (E0 = 1 kg 

TNT at 200 m), as all other pulses were scaled from its normative characteristics, and 

overpressures were normalized to have the reference at a value of one. Likewise, Figure D.8(b) 

shows each of these pulses enumerated into a constant linear charge distribution with the same 

overpressure normalization.  Only the positive portion of the waveform is shown. In the plots it 

is clear that, for example, increasing the blast energy eight-fold from the reference does not 

result in the same relative overpressure increase in the resultant waveform as it did with the 

pulse. 
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 (a) 

 

(b) 

 

Figure D.8. (a) Series of scaled pulse s and the (b)  resultant positive portion of waveforms from scaled pulses 
 

 Energy scaling and overpressure relations are derived from the results of these figures.  

Plotting the relative increase in overpressure versus the energy scaling, as shown in Figure D.9, it 

is observed that the pulses scale as was assigned, based on Equation ( D.2 ).   However, the 

overpressure corresponding to the linear charge waveforms are strikingly different. A best-fit 

curve suggests that the ratios of their energies should be scaled by a power of 0.73 as opposed to 

0.4 to determine overpressure. It is important to note that this scaling is subject to variation based 

on the sampling frequency used in the analysis. The exponential relationship varies between 0.7 

and 0.75 with sampling frequencies of 6000 Hz and 96000 Hz, respectively.   The sampling 

frequency effects the overpressure because the detonating cord is modeled as elements of size c / 

fs.  Nonetheless, these analytical relationships are useful to consider for future applications of 

spatially distributed explosions.  
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Figure D.9.  Scaling relations between blast energy and overpressure at a particular distance.  The 
overpressure scaling law governs the pulse’s overpressure with energy density.  The resultant waveform is 

dependent on the summation of scaled pulses along the linear charge 
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Appendix E. Detonating Cord Results (2008) 

Results presented in this section show the characteristic time history and Fourier transform of the 

waveform generated by the particular linear charge distributions. The following runs are 

presented:  

• Run 05 – August 2008 (Distribution 1 - single strand of 60ft) 

• Run 07 – August 2008 (Distribution 2 - single strand of 40ft) 

• Run 08 – August 2008 (Distribution 3 - single strand of 20ft) 

• Run 09 – August 2008 (Distribution 4 – double strand of 60ft) 

• Run 10 – August 2008 (Distribution 5 - symmetrical) 

• Run 11 – August 2008 (Distribution 5 – symmetrical) 

• Run 12 – August 2008 (6 - sonic boom configuration) 

• Run 13 – August 2008 (6 - sonic boom configuration) 

• Run 14 – August 2008 (7 - longest four strands of sonic boom configuration) 
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(a)  

 

(b) 

 

(c) 

 
 
 

(d) 

 

(e) 

 
Figure E.1. Run 05, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 

(b) 

 

(c) 

 
 
 

(d)

 

(e)

 
Figure E.2. Run 07, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 

(b) 

 

(c) 

 

 
(d) 

 

(e) 

 
Figure E.3. Run 08, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 
 
 

(b) 

 

(c) 

 

 
(d) 

 

(e) 

 
 Figure E.4. Run 09, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 
 
 

(b) 

 

(c) 

 
 
 

(d) 

 

(e) 

 
 Figure E.5. Run 10, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 

(b) 

 

(c) 

 
 
 

(d) 

 

(e) 

 
Figure E.6. Run 11, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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(a)  

 
 
 

(b) 

 

(c) 

 
 
 

(d) 

 

(e) 

 
Figure E.7. Run 12, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed boom (behind structure). 
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(a)  

 
 
 

(b) 

 

(c) 

 
 
 

(d) 

 

(e) 

 
Figure E.8. Run 13, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed boom (at 250ft) (e) Time history of shadowed boom (behind structure). 
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(a)  

 
 
 

(b) 

 
 

(c) 

 
 
 

(d) 

 

(e) 

 
Figure E.9. Run 14, August 2008. (a) Linear Charge Distribution (b) Impulse train (c) Fourier transforms of impulse 

train (d) Time history of fully developed waveform (at 250ft) (e) Time history of shadowed waveform (behind 
structure). 
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Appendix F. Detonating Cord Results (2009) 

Results presented in this section show the characteristic time history and Fourier transform of the 

waveform generated by the particular blasts. Unfortunately, field data was not acquired for 

Blasts 01 and 02.  The blasts presented are as follows: 

• Blast 03 – Site 01 – Simulated sonic boom distribution (Longest strand = 80ft) 

• Blast 04 – Site 01 – Simulated sonic boom distribution (Longest strand = 80ft) 

• Blast 05 – Site 01 – Simulated sonic boom distribution (Longest strand = 100ft) 

• Blast 06 – Site 01 – Simulated sonic boom distribution (Longest strand = 100ft) 

• Blast 07 – Site 02 – Simulated sonic boom distribution (Longest strand = 80ft) 

• Blast 08 – Site 02 – Simulated sonic boom distribution (Longest strand = 80ft) 

• Blast 09 – Site 02 – Simulated sonic boom distribution (Longest strand = 80ft) 

• Blast 10 – Site 02 – Simulated sonic boom distribution (Longest strand = 100ft) 

• Blast 11 – Site 02 – Simulated sonic boom distribution (Longest strand = 100ft) 

• Blast 12 – Site 02 – 12’ linear strand 

• Blast 13 – Site 02 – 40’ linear strand  

• Blast 14 – Site 02 – Wrapped tube (L=12’, 40’ of detonating cord) –constant helix 

• Blast 15 – Site 02 – Wrapped tube (L=12’, 40’ of detonating cord)- center weighted helix 

• Blast 16 – Site 02 – Point source (amount of detonating cord unknown) 
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(a)  

 
 

(b) 

 

(c) 

 
Figure F.1. Blast 3, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.2. Blast 4, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.3. Blast 5, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.4. Blast 6, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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 Figure F.5. Blast 7, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.6. Blast 8, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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 Figure F.7. Blast 9 June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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 Figure F.8. Blast 10, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.9. Blast 11, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile. 
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Figure F.10. Blast 12, June 2009. (a) Linear Charge Distribution (b) Waveform profile (c) Fourier transforms of 

waveform profile. 
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Figure F.11. Blast 13, June 2009. (a) Linear Charge Distribution (b) Waveform profile (c) Fourier transforms of 

waveform profile. 
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 Figure F.12. Blast 14, June 2009. (a) Linear Charge Distribution (b) Waveform profile (c) Fourier transforms of 

waveform profile. 
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Figure F.13. Blast 15, June 2009. (a) Linear Charge Distribution (b) Waveform profile (c) Fourier transforms of 

waveform profile. 
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Figure F.14. Blast 16, June 2009. (a) Linear Charge Distribution (b) Boom profile (c) Fourier transforms of boom 

profile 
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