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Abstract

The objective of this project was to develop relationships and models for the propagation of
impulsive noise generated by military operations into communities such that the resultant
vibration of and potential damage to structures can be assessed. Key elements of the objectives
included establishing the importance of ground-borne propagation versus air-borne propagation,
to identify or establish models to predict the waveforms that could impact a community, to
predict the response of structures to impulsive noise, to collect response properties of a variety of
buildings exposed to impulsive noise sources, and to establish the probability of damage of
different structural types and materials.

The technical approach taken was a combination of analytical and field studies. The basic
mechanisms of air-borne and ground-borne propagation were reviewed. Existing air-borne
propagation models BNOISE and SIPS were identified. An approach to assessing ground versus
air propagation paths, based on the relative timing of primary and secondary ground motion
relative to air wave timing, was identified. A single degree of freedom model for structural
response was prepared, and the key elements of a probability of damage model outlined.
Propagation and response measurements were conducted on eleven buildings at three military
facilities. Sources included artillery and tank gun firing and explosive ordinance disposal.
Propagation data collected consisted of pressure wave measurements at heights of 4, 20 and 40
feet above the ground, and motion of the ground. These measurements were made near each
structure and at several intermediate points between the source and the structure. Vibration was
recorded on key elements - walls, windows and window frames - of all eleven structures. Modal
analysis measurements were made on a selected subset of the buildings.

Results of the field measurements included demonstration that propagation was dominated by
airborne mechanisms (even for the shallow buried ordnance disposal sources) and a database of
structural response data. Structural response measurements were processed into frequency
response functions and resonant frequencies identified. These are key elements in the single
degree of freedom structural response model. The response model extended to multimodal for
damage assessment, where the additional detail was necessary for the estimation of peak stress.
A Probability Of Damage (POD) model was prepared, including data for a wide range of
structural element types. The POD model has two parts: prediction of the incident wave and its
statistics, and prediction of the resultant probability of damage. If the incident wave and its
statistics are known (e.g., from SIPS or BNOISE) then that becomes the input to the structural
part. If the incident wave is not known, then a source model based on distance and equivalent
TNT weight is used.

The benefit of this research is quantification of the response of structures to military impulsive
noise. An understanding of propagation mechanisms and structural response is presented. The
models developed permit planners and range managers to perform risk analysis of proposed
activities and provide guidance for impulsive noise criteria in communities.
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1.0 Objectives

The objective of this research project, WP-1398, addresses the Statement of Need CPSON-04-03
“Characterization and Prediction of Potential Impact of Military Generated Noise On
Structures,” by developing models for military impulsive noise that accurately characterizes the
noise propagation from these classes of noise sources and assesses resulting vibration of and
probable damage to building components.

The specific goals of the current effort are as follows:

1. To develop relationships for the response of structures to the impulsive waveforms
generated by military operations, and select appropriate metrics for describing the
effects of the waveforms on structures.

2. To establish the probability of damage of different structural types and materials as a
function of the wave characteristics for each source.

3. To establish the importance of ground-borne transmission in the propagation of
impulsive noise.

4. To prepare models to predict the response of structures to impulsive noise

5. To develop updated guidelines for assessing damage to structures.

Development of this noise predictive model is necessary for noise management on DoD ranges.
Specifically, this model helps to enable unrestricted training while minimizing noise impacts on
community health and welfare. This model is structured to provide fast, accurate, and
economical processing by interfacing with and leveraging emerging and existing computer noise
models.

Routine testing and training range operations can generate complaints and damage claims from
civilian communities around DoD installations. These claims can result in testing and training
restrictions and expenditure of funds for damage. This new noise prediction model for military
impulsive noise fills a deficiency in current noise modeling capabilities. This new capability can
be used in the management of noise at DoD ranges and installations to document potential
impacts that may influence testing and training. This management tool can assist in the
assessment of noise levels from day-to-day operations, the development of mitigation measures
and in support of NEPA documentation.
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2.0 Background

2.1 Introduction

Military training exercises involving artillery, tanks, small arms, and helicopters inevitably
generate impulsive noise from weapon firings and explosions during their operation. These
impulsive noises can generate transient loads on surrounding structures, which result in
vibrations felt by its occupants. The same is true of supersonic aircraft operations and explosive
ordnance demolition programs. It has been claimed that such activities have resulted in actual
structural damage, such as window breakage, cracked plaster, etc. DoD has developed models to
predict the level of impulsive sound from blast operations (BNOISE), and has established
guidelines for the maximum allowable levels to minimize structural damage.

Experience indicates that the current assessment guidelines used by the U.S. Army for blast
damage are overly conservative for long-range propagation. In contrast, an in-house analysis
conducted by Wyle to study window failures in an apartment complex as a result of an accidental
explosion in the adjacent Wyle facility showed quite clearly that the existing DoD
“quantity-distance” guidelines for storage of explosives were not accurate for close-range sites
and substantially underestimated the risk of window damage. Clearly, it is necessary to develop
updated guidelines that are based on current knowledge of blast waveforms and the probability
of damage.

To accomplish this with the goals identified in Section 1.0, the following tasks and subtasks were
conducted:

* Source/Propagation modeling

» Review airborne propagation mechanisms
— Review groundborne propagation mechanisms
— Conduct field measurements of propagation and structural response

* Assess structural response and potential damage
— Formulate damage model
— Develop structural transfer functions
— Develop damage probabilities

* Prepare guidelines

Section 4.0 contains a model for the velocity response of structures to blast noise, and a
Probability of Damage model which establishes damage risk. These models, together with
recommended blast noise prediction models, provide tools and guidelines suitable for use by
range managers and environmental planners.

The following subsection reviews the noise propagation mechanisms from impulsive military
sources under consideration.
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2.2 Propagation Review

There are two potential propagation paths from an impulsive noise source into the community.
One is direct airborne propagation. The other is seismic propagation through the ground. These
are illustrated in Figure 2-1. Physically, airborne propagation is direct and appears obvious,
while groundborne propagation is somewhat indirect: the sound must enter the ground at the
source and exit it at the receiver. In practice, the dominant mechanism is airborne'”. Because
impulsive noise effects are predominantly low frequency, however, and are felt rather than heard,
there is a common perception that propagation is through the ground. This study has therefore
addressed both paths. Emphasis is on quantifying airborne propagation, and addressing
groundborne propagation to a degree adequate to ensure that it is not ignored in the event that
may be a significant mechanism in a particular case.

Airborne Propagation
Inpulsive
sourc

Transfer

® function
into building
~a ;/
Possible Seismic Propagation Transfer Function
Transfer Function from ground to
into ground structure

Figure 2-1. Airborne and Groundborne Propagation from Source to Receiver

2.2.1 Airborne Propagation

Figure 2-2 is a sketch showing the key phenomena involved in outdoor propagation of sound,
from a ray acoustics perspective. Sound propagates outward from the source, spreading
spherically. Sound decays from atmospheric absorption, which tends to be controlled by
temperature and humidity. If there are wind and/or temperature gradients, the rays curve. There
is a change in amplitude associated with ray tube area changes. Rays will intercept the ground.
Reflection from the ground, and the interaction between direct and reflected rays, introduces a
complex ground effect. Over soft ground this is generally an attenuation. Upwind, shadow zones
can form, while downwind there can be multiple paths to a given receiver location. Turbulence
introduces variability to the propagation. Turbulence and diffraction cause the geometric shadow
on the upwind side to fill in. Terrain (not shown in the sketch) introduces the possibility of
shielding, which carries with it additional diffraction effects. Terrain also alters the geometry of
the intersection of sound rays with the ground. Embleton® gives a very good description of the
effects sketched in Figure 2-2.
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Figure 2-2. Sound Propagation in the Atmosphere, with Wind

2.2.1.1 BNOISE2

The standard model for predicting impulsive noise from weapon fire is BNOISE2.* BNOISE2
contains a database of weapon sources and propagation effects. Propagation is computed using
Fast Field Program® (FFP) and Parabolic Equation® (PE) methods. Local terrain can be taken into
effect.

The FFP and PE methods employed in BNOISE2 are more sophisticated than ray tracing. They
are numeric solutions of the wave equation. There are two drawbacks to the use of these
improved methods. The first is that they require more computational time than ray tracing. With
current computer capabilities, that limits their use for real time analysis, such as daily range
planning using pre-shot weather data. The propagation libraries in BNOISE2 are based on
multiple runs using historic data, and provide probability distributions that are used for planning
and risk assessment. The second is that they are implicitly linear acoustic methods that operate in
the frequency domain. Impulsive noise is high amplitude, and tends to exhibit nonlinear
propagation effects. Nonlinear propagation can be directly incorporated in ray tracing programs,
such as sonic boom models’ that operate in the time domain. BNOISE2 accommodates
nonlinearity by using effective spectra, based on dominant low frequency bands, in its source
models. This method is successful for predicting aggregate metrics such as peak overpressure
and sound exposure level. This method is also successful at predicting the levels of dominant
frequency components, but would be expected to be less accurate for complete spectra and
waveforms.

2.2.1.2 SIPS

Sound Intensity Prediction System® (SIPS) and Noise Assessment and Prediction System’
(NAPS) are two ray tracing models that are successfully used for real time range operation
planning. SIPS begins with the following relation for blast wave overpressure, in units of pounds
per square inch (psi), in a uniform atmosphere at sea level:
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]/3 1.407
P:226.62{ - } 2.1)

where W is the TNT-equivalent charge weight in pounds and R is the radius in feet. Expressed as
a sound level re 20 pPa, this is

226.62W
L, = 201og10£%]+170.75 (2.2)

Equation 2.2 is one of a number of experimental blast curves reviewed in Reference 10, and is
called the BRL model, named after the Ballistic Research Laboratory. A number of such fits are
available (see also Reference 11), and they are generally similar. These fits generally originate
from Brode's numerical study, which developed the parameter scaled distance:

R
Z= ek

Note that Equations 2.1 and 2.2 contain a factor of Z'*/. Equations 2.1 and 2.2 provide only the
peak pressure. The complete waveform for a blast is modeled as

(2.3)

bt
P(t)=P,,, (1 - Ti]e % (2.4)

N

where P, corresponds to P in Equation 2.1, 7 is the positive phase duration, and b is a wave
amplitude decay factor. Figure 2-3 illustrates Equation 2.4. T;, b and the ratio of Py to Ppin
correlate with Z. Reference 13 shows typical relations of these parameters with Z and with each
other. For artillery, which has horizontal directivity characteristics, that directivity may be
applied to the source.

Blast Pressure, P

Time, t

Figure 2-3. Blast Wave Shape
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Equations 2.1 and 2.2 apply directly to propagation in a uniform atmosphere, with spherical
spreading. SIPS accounts for atmospheric gradients with a simplified version of ray tracing.
Acoustic ray tracing in a moving medium'* is implicitly three dimensional because rays are
convected by the wind vector. Winds in the atmosphere are, however, predominantly horizontal
and the propagation direction of interest for environmental analysis of blast waves is generally
near-horizontal. In that case, it is reasonable to represent the combination of sound speed and
wind gradients by an effective sound speed profile that consists of the actual sound speed plus
the component of the wind vector in the direction of propagation. A different effective profile is
needed for each direction, but in a given direction propagation becomes two dimensional and is
much easier to analyze than full three dimensional propagation. SIPS uses a single original
vector atmospheric profile, but can base that profile on the average of several soundings within a
study area.

SIPS traces rays using Snell's law."> The calculation is further simplified by modeling each layer
of the atmosphere with a linear effective sound speed profile. Ray paths within each layer are
arcs of circles, and may be handled analytically rather than requiring numeric integration. SIPS
computes, for an initial ray elevation angle, the distance at which the ray intercepts the ground.
SIPS also computes a ray tube area amplitude multiplication factor Mg that accounts for the
refracted rays diverging differently than pure spherical spreading.

For propagation upwind or for normal temperature lapse, as sketched in the left part of
Figure 2-2, shadow zones can form. While no rays penetrate a shadow zone, sound does enter
from diffraction and turbulent scattering effects. SIPS does not estimate sound levels in shadow
zones. Levels in shadow zones are generally up to 30 dB less than levels in adjacent non-shadow
regions,’ so those regions are not of particular interest for the current problem.

For propagation downwind or under inversion conditions, as sketched in the right part of
Figure 2-2, there can be multiple paths to a given receptor. It is also possible for focus points to
occur. SIPSs ray tracing accounts for both of these. At a focus, differentially separated rays
cross, and the geometric amplitude is singular. The actual amplitude at a focus is limited by
diffraction effects. SIPS limits its prediction of focus amplitude to Mg of 15 dB. Focus points are
highlighted in SIPS output.

SIPS accounts for the presence of terrain. Ray paths are computed for the horizontally stratified
atmosphere, as if the ground were flat, but the ground surface is represented by the actual terrain
profile in the propagation direction. Ground intercept points are based on intersections of rays
with the actual terrain. In the version of SIPS described in Reference 8, terrain profiles were
manually prepared from USGS topographic maps. Plans were under way to automate the
process, using available Digital Terrain Elevation Data.'® That process is straightforward, and is
casily adaptable to any available database. The Advanced Acoustic Model,'” developed under
SERDP Project WP-1304, performs such terrain cuts from a variety of elevation data sources.

In validation tests of SIPS at the Utah Test and Training Range,'® levels were overpredicted by
as much as 30 dB and underpredicted by as much as 10 dB. This is not a defect in SIPS. Large
variability often occurs in propagation from identical charges under controlled conditions. This is
typical for outdoor sound propagation near the ground, and is seen even at distances of two
thousand feet'”. SIPS provided reasonable predictions of average levels, with a tendency to
overpredict. Overprediction provides a degree of conservatism. This was considered to be
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beneficial in application at UTTR and Sierra Army Depot where community relations were
significant, and it did not adversely affect the firing schedules.

2.2.1.3 NAPS

Noise Assessment and Prediction System’ (NAPS) is a ray tracing program similar to SIPS.
There are several differences:

e The source level model is similar to Equations 2.1 and 2.2, except that there is a
factor of Z*! instead of Z"'*' and the leading constant is different.

o NAPS is employed in a system where profiles from 4DWX weather forecasts®® are
available on a 3.3 km grid. In the current version of NAPS, profiles are used in an
ensemble mode. Rather than average profiles across the study area, as SIPS does
when multiple soundings are available, NAPS ray tracing is performed for every
profile. The results are treated as an ensemble, and the user is presented with a
probability distribution of outcomes, rather than a single prediction.

e 4DWX is in place at six Army test ranges. NAPS is incorporated into 4DWX at
Aberdeen Proving Ground, and contains facility-specific data.

Validation testing of NAPS single-event predictions”' showed a range of underprediction of up
to 20 dB and overprediction of up to 20 dB, with a mean underprediction of about 5 dB. The
variation of levels is consistent with that observed for SIPS and other long range outdoor
propagation studies.

The ensemble approach that NAPS uses for multiple atmospheric profiles is superior to the
single profile method used by SIPS. The atmosphere is constantly changing, and the use of a
single profile gives a snapshot that may not be valid even a few minutes later. The spread in
measured levels of up to 30 dB'™ ' is a consequence of this variability. An ensemble provides
probabilities that a range operator can use in a risk assessment process.

2.2.1.4 General Considerations

The three models reviewed above - BNOISE2, SIPS and NAPS - are all successful at predicting
average levels from ground and near-ground impulsive noise sources. BNOISE2 uses modern
numeric propagation methods, but that limits propagation calculations to pre-set libraries.
BNOISE2 does provide statistical distributions of expected levels, but for a general
pre-computed ensemble rather than probabilities for particular days. The FFP and PE methods
used in BNOISE2 operate in the frequency domain, so impulsive sources are represented by
effective linear spectra that focus on their dominant low frequency content. This method
provides the peak levels and CSEL that are required for noise analysis according to current
criteria. It does not, however, address the spectral changes that occur from nonlinear stretching
as the waves propagate.

SIPS and NAPS are more similar to each other than different. Both use ray tracing in a
horizontally stratified atmosphere. They predict peak amplitude using empirical relations like
Equation 2.2, adjusted for ray tube area. If more details of the predicted waves are needed, they
can be obtained by using the empirical waveform given by Equation 2.4, or the waveform
evolution can be computed within the ray tracing as is done in sonic boom analysis.” Because ray
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tracing is faster than the numeric methods employed in BNOISE2, both SIPS and NAPS can be
applied in real time. This improves range utilization, since potentially unacceptable events can be
actively managed.

There is some potential to update the technology in SIPS and NAPS. Some of the ray tracing
simplifications used when these programs were written in the 1990s are not needed for today's
faster computers. Wyle's ORTHANC ray tracing model, used for analysis of airport noise®,
performs full three dimensional ray tracing fairly quickly - perhaps a minute or so to compute
propagation from 30 source altitudes over a 10 km square study area. The basic technology in
SIPS and NAPS, and the assumptions in their implementations are, however, quite adequate. The
biggest practical differences in the two models are associated with their installations. NAPS is
embedded in the 4DWX system at Aberdeen, and can make use of forecast weather profiles for
ensemble predictions. For general use at non-test ranges, SIPS is designed as a portable system,
and is preferred for that reason. Ensemble forecasting would depend on available weather data at
a given location.

Overall, it was concluded for airborne propagation that the combination of BNOISE2 and SIPS
is the best approach for range management purposes. Ensemble averaging, as done in the NAPS
model, as well as incorporation of some elements of newer ray tracing/geometric theory of
diffraction models may be also beneficial.

2.2.2 Groundborne Propagation

Figure 2-1 shows a potential groundborne propagation path: airborne sound near the source
enters the ground near the source, then propagates through the ground to the receiver. For surface
explosions, coupling to the ground is more direct. A deeply buried charge, such as used in
mining operations, the charge would couple directly to the ground with no direct air coupling.
Military impulsive noise sources are generally not buried. Most, such as artillery fire, are above
the ground. Some, such as artillery impacts, are at the surface. Ordnance disposal charges are
often thought of as buried. They are not, however, deeply buried the way mining charges would
be. They are on the surface or in shallow pits with an overburden of dirt that serves to partly
muffle the air blast. Reference 23 presents the results of a series of experiments testing the
airborne noise reduction capability of various degrees of overburden, blast mats and foam. The
possibility of burying explosive items is discussed, but significant operational and safety issues
were identified.

Groundborne propagation is more complex than airborne because the ground, as a solid, can
support both compressive and shear waves, while air can support only compressive waves. In
general, there are four types of seismic waves:

e P - primary (compressional);
e S -secondary (shear);

e Love; and

o Rayleigh.

The first two are body waves, and propagate spherically from a disturbance such as an
earthquake epicenter. The compressional P wave is called primary because it propagates fastest.
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S waves are secondary, so denoted because they propagate slower. The last two are surface
waves, induced by interaction of the P and S waves. Love waves are transverse shear waves,
while Rayleigh waves are a combination of horizontal compressive wave and vertical shear.
Rayleigh waves have an elliptical rolling motion, and are generally the most destructive waves in
an earthquake. Surface waves propagate cylindrically along the surface, and decay exponentially
with depth. Rayleigh waves are the slowest of these four types, but still have a speed of 1000 to
5000 m/s, much faster than the speed of sound in air of about 340 m/s.

The bulk of literature on seismic propagation is directed at earthquakes (naturally!), long range
detection of nuclear tests, and geological soundings as used for mineral exploration. Literature
relevant to the current project is focused on battlefield acoustics, with the primary objective of
detection of surface disturbances. Seismic disturbances generated by ground vehicles can be
unambiguously detected at considerable distances,”* and numeric modeling of the propagation of
these disturbances is successful.”” The Army's Acoustic Battlefield Aid model® (ABFA)
originally developed for acoustic detection has been extended to include seismic detection.”” The
algorithms define targets for which only acoustic or seismic signatures are available, and those
for which both are available. Seismic signatures are available only for ground vehicles.
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