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METHOD 519.5

GUNFIRE VIBRATION

NOTE: Tailoring is essential. Select methods, procedures, and parameter levels based on the tailoring process
described in Part One, paragraph 4, and Appendix C. Apply the general guidelines for laboratory test methods
described in Part One, paragraph 5 of this standard.

1. SCOPE.

1.1 Purpose.

Gunfire vibration tests are performed to provide a degree of confidence that materiel can physically and functionally
withstand the relatively infrequent, repetitive shock or transient vibration encountered in operational environments
during the firing of alow caliber gun.

1.2 Application.

Use this method to evaluate the physical and functional performance of materiel likely to be exposed to a gunfire
environment in its lifetime. This test method is applicable where materiel is required to demonstrate its adequacy to
resist repetitive gunfire environment without unacceptable degradation of its functional performance and/or
structural integrity. In general, the gunfire environment may be considered to be a repetitive shock or transient
vibration produced by (1) gun muzzle blast pressure impinging on a materiel surface, (2) structure-borne repetitive
shock or transient vibration due to actuation of the gun mechanism, and/or a combination of (1) and (2). The closer
the materiel surface is to pressure pulse exposure, the more the measured environment appears as a repetitive shock
producing high rise time and rapid decay of materiel response, and the less role the structure-borne vibration
contributes to the overall materiel response environment. The farther the materiel surface is from the pressure pulse
exposure, the more the measured environment appears as a structure-borne repetitive shock or transient vibration that
has been filtered by structure intervening between the gun source and the materiel. 1n general, repetitive shock or
transient vibration applied to a complex multi-modal materiel system will cause the materiel to respond to (1) forced
frequencies imposed on the materiel from the external excitation environment, and (2) the materiel's resonant natural
frequencies either during or immediately after application of the excitation. Such response may cause:

a. materiel failure as a result of increased or decreased friction between parts, or general interference
between parts;

b. changes in materiel dielectric strength, loss of insulation resistance, variations in magnetic and
electrostatic field strength;

c. materiel electronic circuit card malfunction, electronic circuit card damage, and electronic connector
failure. (On occasion, circuit card contaminants having the potential to cause short circuits may be
disodged under materiel response to gunfire environment);

d. permanent mechanical deformation of the materiel as aresult of overstress of materiel structural and non-
structural members;

e. collapse of mechanical elements of the materiel as a result of the ultimate strength of the element being
exceeded;

f. accelerated fatiguing of materials (low cycle fatigue);
potential piezoelectric activity of materials; and

h. materiel failure as aresult of cracks and fracture in crystals, ceramics, epoxies, or glass envelopes.
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1.3 Limitations.

It may not be possible to replicate some operational service gunfire materiel response environments because of
impedance mismatches. In particular, laboratory fixture limitations or other physical constraints may prevent the
satisfactory application of the gunfire induced excitation to atest item in the laboratory. In addition:

a. Thismethod does not include the repetitive shock or transient vibration effects experienced by very large
extended materiel, eg., airframe structural systems, over which varied parts of the materiel may
experience different and uncorrelated external excitation. For this type of repetitive shock or transient
vibration, specialized tests based on experimental data must be devised.

b. This method does not include special provisions for performing gunfire vibration tests at high or low
temperatures. This includes the extreme temperature environments directly related to the gunfire pressure
wave emission and materiel absorption of thermal energy. Perform tests at ambient temperature unless
otherwise specified. Guidelines found in this section of the standard, however, may be helpful in setting
up and performing gunfire vibration tests at high or low temperatures, but not at gun pressure wave
temperatures.

c. This method is not intended to simulate blast pressure or acoustic effects as a result of exposure to
gunfire environment.

d. This method does not include engineering guidelines related to unplanned test interruption as a result of
test equipment or other malfunction. Generally, if interruption occurs during a gunfire vibration test
input, repeat that gunfire vibration test input. Care must be taken to ensure stresses induced by the
interrupted gunfire vibration test do not invalidate subsequent test results. It is incumbent on all test
facilities that data from such interruptions be recorded and analyzed before continuing with the test
sequence. In addition, the materiel must be inspected prior to test to ensure pre-gunfire vibration test
materiel integrity.

2. TAILORING GUIDANCE.

2.1 Selecting the Gunfire Vibration Method.

After examining requirements documents and applying the tailoring process in Part One of this standard to determine
where exposure to a gunfire environment is foreseen in the life cycle of the materiel, use the following to confirm the
need for this method and to place it in sequence with other methods.

2.1.1 Effectsof a gunfireenvironment.

Exposure to a gunfire environment has the potential for producing adverse effects on the physical and functional
integrity of all materiel. In general, the level of adverse effects increases with the caliber of the gun, proximity of the
materiel to the gun, and the duration of the gunfire environment. The gunfire firing rate and the duration of gunfire
environment exposure that correspond with natural frequencies of the materiel (along with its subharmonics and
superharmonics) will magnify the adverse effects on the materiel's overall physical and functional integrity.

2.1.2 Sequence among other methods.
a.  General. SeePart One, paragraph 5.5.

b. Unique to this method. Sequencing among other methods will depend upon the type of testing i.e.,
developmental, qualification, endurance, etc. and the general availability of test items. Normaly,
schedule gunfire vibration tests early in the test sequence, but after any vibration and shock tests.

(1) If the gunfire environment is deemed particularly severe and the chances of materiel survival without
major structural or functional failure are small, perform the gunfire vibration test first in the test
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sequence. This provides the opportunity to redesign the materiel to meet the gunfire vibration
requirement before testing to the more benign environments.

(2) If the gunfire environment is deemed severe but the chances of the materiel survival without
structural or functional failure is good, perform the gunfire vibration test after vibration, thermal and
shock tests, allowing the stressing of the test item prior to gunfire vibration testing to uncover
combined, vibration, temperature shock, and gunfire vibration environmenta failures. (There are
often advantages to applying gunfire vibration tests before climatic tests, provided this sequence
represents realistic service conditions. Climate-sensitive defects often show up more clearly after
the application of severe gunfire environments. However, internal or external thermal stresses may
permanently weaken materiel resistance to vibration, shock, and gunfire that may go undetected if
gunfire vibration tests are applied before climatic tests.)

(3) In cases in which the gunfire vibration test levels are deemed less severe than the vibration test
levels, the gunfire vibration tests may be deleted from the testing sequence.

(4) The gunfire environment may affect materiel performance when materiel is tested simultaneously to
other environmental conditions such as vibration, shock, temperature, humidity, pressure, etc. |If
meateriel is known to be sensitive to a combination of environments, test to those environments
simultaneously. If it is impractical to test to a combination of environments simultaneously, and
where it is necessary to evauate the effects of the gunfire environment together with other
environments, expose a single test item to al relevant environmental conditionsin turn. In general,
gunfire may occur at any time during the specified operational conditions, so sequence it as close as
practical to the life cycle environmental profile. If in doubt, conduct it immediately after completing
any vibration and shock testing.

2.2 Selecting a Procedure.
This method includes a set of three Pulse Procedures and one Vibration Procedure.
a  Pulse Procedures.

(1) Procedurel: Direct Reproduction of Measured Materiel Response Data.

(2) Procedure Il: Statistically Generated Repetitive Pulse — Mean (Deterministic) Plus Residual
(Stochastic) Pulse.

(3) Procedurelll: Repetitive Pulse Shock Response Spectrum (SRS).
b. Vibration Procedure.

Procedure IV: High Level Random Vibration/Sine-on-Random Vibration / Narrowband Random-on-
Random Vibration.

2.2.1 Procedure selection considerations.

Based on the test data requirements, determine which test procedure, combination of procedures, or sequence of
procedures is applicable. In many cases, one or more of the procedures will apply. Consider all gunfire
environments anticipated for the materiel during its life cycle, both in its logistic and operational modes. When
selecting procedures, consider:

a Materiel response. Materiel response to a substantial gunfire environment is characterized by a high
level repetitive shock or transient vibration. Such an environment has principal frequency components at
the firing rate of the gun and its harmonics. In addition, there exists comparatively low level random
vibration energy distributed at other frequencies from DC to 2 kHz.  The gunfire environment is
considered to be non-stationary because it usually has a time varying root-mean-square (rms) level that is
substantially above the ambient or aircraft-induced environmental vibration level for a short period of
time. Because of the nature of the measured response data, the analysis is usually not easily interpreted
in terms of either stationary measures of the environment such as autospectral density estimates, or
transient measures of the environment in terms of shock response spectra. In this case select one of the
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e.

Pulse Procedures. Materiel response to a benign gunfire environment is characterized by a dlight
increase in the ambient vibration level with no readily distinguishable pulse characteristics. Stationary
random vibration analysis techniques may be used to specify the test, and Procedure IV may be used.

The choice of test procedures is also governed by the in-service gunfire environment and the availability
of measured data. It is assumed in applying these procedures that the dynamics of the materiel are well
known, in particular, the resonances of the materiel and the relationship of these resonances to the
gunfiring rate and its harmonics. Improper test procedure selection may result in either an
unconservative materiel undertest or a substantial materiel overtest. These procedures can be expected to
cover the entire range of testing related to materiel exposed to gunfire environment. |n summary,

(1) for severe materiel response to gunfire environment with measured data, use Procedures|, 11, or I11.
(2) for benign materiel response to aircraft gunfire with or without measured data use Procedure IV.

The operational purpose of the materiel. From requirement documents, determine the operations or
functions to be performed by the materiel before, during, and after exposure to the gunfire environment.

The natural exposure circumstances. Materiel response to a gunfire environment is heavily dependent
upon the caliber of the gun and the physical relationship between the gun and the materiel.

Datarequired. The test data required to document the test environment and to verify the performance of
the materiel before, during, and after the test.

Procedure sequence. Refer to paragraph 2.1.2.

2.2.2 Difference among procedures.

a. Procedurel - Direct Reproduction of Measured Materiel Response Data. In-service gunfire environment

materiel response is replicated under laboratory exciter waveform control to achieve a near exact
reproduction of the measured gunfire environment materiel response time history. Use the guidelines
provided in Annex A.

Procedure |1 - Statistically Generated Repetitive Pulse — Mean (Deterministic) Plus Residual (Stochastic)
Pulse. Thisprocedureis based upon a statistical fitting of amodel to in-service response data. Statistical
characteristics of the in-service gunfire environment materiel response are modeled (usually by creating a
pulse ensemble and obtaining a time varying mean pulse and its associated residuals via nonstationary
data processing techniques). The statistical model of the gunfire environment response is replicated
under laboratory exciter waveform control to achieve a statistical reproduction of the measured gunfire
environment materiel response time history. Use the guidelines provided in Annex B.

Procedure |11 — Repetitive Pulse Shock Response Spectrum (SRS). The measured in-service gunfire
environment materiel response time history is decomposed into individual pulses for analysis. Maximax
shock response spectra are computed over the individual pulses to characterize the gunfire environment
materiel response by an SRS. A response time history is composed that has a duration equivalent to an
individual measured gunfire materiel environment response pulse and that exhibits the characteristic
gunfire SRS. The derived gunfire pulse is repeated at the gunfiring rate. Use the guidelines provided in
Annex C.

Procedure 1V: High Level Random Vibration/Sine-on-Random Vibration/Narrowband Random-on-
Random Vibration. If no pulse form is indicated by the measured in-service gunfire environment
materiel response time history (in general the firing rate of the gun cannot be determined from an
examination of the field measured materiel response time history), or the materiel is distant from the gun
and only high level structure-borne random vibration is exhibited, use the guidelines provided for (1)
vibration in method 514.5, (2) sine-on-random or narrowband random-on-random vibration, or (3) short
duration transient vibration in method 516.5, Procedure VIII. In the absence of measured data, use the
guidelines provided in Annex D.
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2.3 Determine Test Levelsand Conditions.

Having selected this method and relevant procedures (based on the materiel's requirements documents and the
tailoring process), complete the tailoring process by identifying appropriate parameter levels, applicable test
conditions, and test techniques for the selected procedures. Base these selections on the requirements documents, the
Life Cycle Environmental Profile, Operational Environment Documentation (see Part One, figure 1-1), and
information provided with this procedure. Consider the following when selecting test levels.

2.3.1 General considerations.

Establish the test severities using available data or data acquired directly from an environmental data measurement
program. When these data are not available, test severities and guidance may be found in Annex D. Annex D isto
be used for aircraft gunfire vibration only. Test guidance is provided in Annexes A through C for cases in which
measurement data are available and a precise replication is desired. The test selected may not necessarily be an
adequate simulation of the complete environment; thus, a supporting assessment may be necessary to compliment the
test results.

2.3.2 Test conditions.

In all cases care must be taken to replicate the measured environmental materiel response data which may require
establishing the correct interface impedances. When measured data is not available, the materiel response must bein
accordance with that defined in Procedure 1V.

2.3.3 Test axesand number of gunfire events.

The test axes should be in accordance with the physical configuration for the in-service environment. Material
response to gunfire pressure pulses will generally involve testing in axes normal to the pressure direction. Material
response to structure-borne vibration will generally involve testing in all axes. The number of gunfire events should
be in accordance with the Environmental Life-Cycle Profile Document.

2.4 Test Item Configuration.

(See Part One, paragraph 5.8.) Configure the test item for gunfire vibration testing as would be anticipated during
in-service use including particular attention to the details of the mounting of the materiel to the platform. Gunfire
response vibration can be sensitive to the details of the materiel/platform configuration and input impedances.

25 Controls.

The dynamic excitation is controlled to within specified bounds by sampling the dynamic response of the test item at
specific locations. These locations may be at or in close proximity to the materiel fixing points (controlled input
tests) or at defined points on the materiel (controlled response tests). The dynamic motions may be sampled at a
single point or at several locations (multi-point).

a. For Procedures I, 11, and Il the electrodynamic or electrohydraulic vibration exciter is operated in an
open loop waveform control configuration with materiel response replication at a single point.

b. For Procedure IV, either single or multi-point control may be used.
2.5.1 Control options.

25.1.1 Open loop.

The Pulse Procedures tests are of short duration and performed in an open loop mode after appropriate compensation
of the analog voltage input waveform.
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25.1.2 Singlepoint control.

Single point control is a minimum requirement for Procedure 1VV. Select a single point to represent, as close as
possible, the materiel hard point from which the field-measured data were obtained or upon which predictions are
based.

25.1.3 Multiple point control.

For Procedure IV where the materiel is distant from the gunfire input environment and the measured response data at
appropriate hard points indicate no more than a random vibration environment slightly above ambient conditions,
multiple point control may be desirable. Multiple point control will be based on the specified control strategy that
may include the average of the ASD’s of the control points selected.

2.5.2 Control methods.

2.5.2.1 Waveform control.

Application of the techniques for Procedures I, |1, and 111 will generaly involve a computer with digital-to-analog
interface and anal og-to-digital interface with the compensated analog output going directly to drive the exciter. This
form of control is termed waveform control where the actual form of the time history (nonstationary or stationary) is
preserved in the laboratory replication. Perform signal processing off-line where the resulting properly compensated
vibration exciter drive signal will be stored as a digital signal. Certain modern control systems make specific
provisions for waveform control.

2.5.2.2 Random vibration control.

Whether the control console is digital or analog, use closed loop control. Because the loop time for the vibration
procedure depends on the desired number of degrees of freedom and on the analysis and overall bandwidths, it is
important to select these parameters so that test tolerances and control accuracy can be maintained.

3. INFORMATION REQUIRED.

3.1 Pretest.
The following information is required to conduct a gunfire vibration test.

a. General. Information listed in Part One, paragraphs 5.7, 5.8, 5.9, and 5.11 and Appendix A, Tasks 405
and 406 of this standard.

b. Specific to this method.

(1) Knowledge of the test fixture, test item and combined test fixture/test item modal frequencies, and
their relationship to the gunfiring rate. Ideally this would consist of an experimental modal survey
related to the test configuration. If this is not practical, a supporting analytical assessment of the
modal characteristics of the test configuration needs to be supplied by atrained analyst.

(2) Gunfire environment. Either:

(8) measured data that are input as a compensated waveform into a exciter system under direct
waveform control (Procedure 1).

(b) measured data that have been statistically processed and a stochastically generated,
compensated waveform developed as input into a exciter system under direct waveform control
(Procedurell).

(c) measured data that have been statistically processed and a complex shock pulse SRS synthesis
form of time history generated (superposition of damped sinusoids, amplitude modulated sine
waves, or other) and compensated that matches a SRS specifying spectrum shape, peak
spectrum values, spectrum break points, pulse duration and gunfiring rate (Procedure I11).
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(d) measured high level random or transient vibration (methods 514.5 or 516.5, Procedure VII1),
predicted sine-on-random spectrum; or predicted narrowband random-on-random (Procedure
V).

(3) Techniquesused in the processing of the input and the materiel response data.

3.2 During Test.
Collect the following information during conduct of the test:

a. General. Information in Part One, paragraph 5.10, and in Part One, Appendix A, Tasks 405 and 406 of
this standard.

b. Specific to this method. Information related to failure criteria. Other environmental conditions at which
testing is to be carried out if other than standard laboratory conditions, and the specific features of the
test assembly (exciter, fixture, interface connections, etc.). For test validation purposes, record achieved
test parameters, deviations from pre-test procedures including parameter levels, and any procedura
anomalies and any test failures.

3.3 Post-test.
Record the following post-test information.

a. General. Information listed in Part One, paragraph. 5.13, and in Appendix A, Tasks 405 and 406 of this
standard.

b. Specific to this method.

(1) Duration of each exposure and number of exposures.

(2) Functiona and physical integrity of the test item after each test based upon functional testing and
visua examination.

(3) Response time histories and the information processed from these time histories. In general, under
processed information, for

(@) Procedure |. Data that correspond to the analysis performed on the measured data. This
processing may include an autospectral density (ASD) estimate, an average Fourier spectra (FS)
or energy spectral density (ESD) estimate, in cases of very short time history records an SRS
estimate or some form of nonstationary processing with atime varying spectra.

(b) Procedure Il. Datathat correspond to the analysis performed on the measured data, which will
generally require the creation of an ensemble of short time history (pulse) records. This
processing may include an average FS or ESD estimate, an average SRS estimate or some form
of nonstationary processing with atime varying spectra over the ensemble of collected data

(c) Procedure lll. Data that correspond to the analysis performed on the measured data that will
generally require the creation of an ensemble of short time history (pulse) records. Since the
input is the repetition of a fixed waveform, the analysis of one input pulse by way of FS, ESD,
or SRS will suffice to define the input. For the measured materiel response output, this
processing may include an average FS or ESD estimate, an average SRS estimate, or a single
SRS estimate computed over several pulses.

(d) Procedure IV. Data will be processed to display the frequency spectra defining the event. In
general, this will be an ASD estimate over the duration of the event and displayed by the
software used to control the exciter.

(4) Results of operational checks.
(5) Testitem and/or fixture modal analysis data.
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4. TEST PROCESS.

4.1 Test Facility.

Use a test facility, including al auxiliary equipment, capable of providing the specified gunfire materiel response
environments within the tol erances stated in paragraph 4.2. In addition, use measurement transducers, data recording
and data reduction equipment capable of measuring, recording, analyzing, and displaying data sufficient to document
the test and to acquire any additional data required. Unless otherwise specified, perform the specified gunfire
vibration tests and take measurements at standard ambient conditions as specified in Part One, paragraph 5.1.

4.2 Controls.

All measurement devices are to be calibrated in accordance with standard calibration procedures. The complete test
parameter control chains (checking, compensation, servoing, recording, etc.) should not produce uncertainties
exceeding one third of the tolerances specified in paragraphs 4.2.1 through 4.2.4. Because of the nature of the
gunfire environment, tolerances may be given in the time, amplitude, and frequency domain according to the
processing requirements of the procedure. In Procedures I, Il, and Il it is assumed that the test item response
measurement data collected is representative of the true environment and not a function of the local materiel
configluration, e.g., local resonances which may not be controllable to the tolerances in paragraphs 4.2.1 through
4.2.4,

4.2.1 Direct reproduction of measured materiel response data.

a. Time domain. Ensure the duration of one pulse is within 2.5% of the duration obtained from the
measured gunfiring rate.

b. Amplitude domain. Ensure materiel time history major positive and negative response peaks are within
+10% of the measured gunfire time history peaks.

c. Frequency domain. Compute an average ESD estimate over the ensemble created from the materiel time
history response that is within + 3dB of the average ESD estimate computed over the ensemble created
from the measured gunfire time history over at least 90% of the frequency range. In casesin which an
ensemble from the data cannot be created, compute an ASD estimate of the time history records for
comparison provided the data is appropriately windowed to reduce spectral leakage. The tolerances for
the ASD analysis are + 3dB over at least 90% of the frequency range.

4.2.2 Statistically generated repetitive pulse — mean (deterministic) plusresidual pulse (stochastic).

a. Time domain. Ensure the duration of one pulse is within 2.5% of the duration obtained from the
measured gunfiring rate.

b. Amplitude domain. Ensure materiel time history major positive and negative response peaks are within
+10% of the measured gunfire time history peaks.

c. Frequency domain. Compute an average ESD estimate over the ensemble created from the materiel time
history response that is within + 3dB of the average ESD estimate computed over the ensemble created
from the measured gunfire time history over at least 90% of the frequency range.

4.2.3 Repetitive pulse shock response spectra.

a. Timedomain. Ensure the duration of one pulse is within 5% of the duration obtained from the measured
gunfiring rate.

1 Usetext fixturing that will ensure test item response in other axes does not exceed 25% of the test item responseiin
the test axis when measured in the time, amplitude, or frequency domain.
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b. Amplitude domain. Ensure materiel time history major positive and negative response peaks are within
+10% of the measured gunfire time history peaks.

c. Frequency domain. Ensure the shock response spectrum (SRS) computed over the materiel time history
response from one ssimulated gunfire pulse is within —1dB and +3dB from the mean SRS computed over
the ensemble of field measured gunfire materiel response data over at least 90% of the frequency range.
Use an SRS analysis of at least 1/6 octave frequency spacing.

4.2.4 High level random vibration/sine-on-random vibration/narrowband random-on-random vibration.

a. Timedomain. Ensure the root-mean-square (RMS) value of the amplitude measured at the control point
in the test axis is within = 5% of the preset RMS value. Likewise, ensure the maximum variation of the
RMS value at the fixing pointsin the test axisis + 10% of the preset RM S value.

b. Amplitude domain. Ensure the amplitude distribution of the instantaneous values of the random
vibration measured at the control point is hominally Gaussian. Use an amplitude distribution that
contains all occurrences up to 2.7 standard deviations. Keep occurrences greater than 3.5 standard
deviations to a minimum.

c. Frequency domain. Ensure an ASD analysis of the materiel time history response is within +3 dB of an
ASD analysis computed over the field measured gunfire data or the predicted gunfire environment.
Allow local exceedances up to + 6 dB above 500 Hz, but limit the accumulation of all local exceedances
to 5% of the overall test frequency range. Use a maximum analysis filter bandwidth of 5 Hz and attempt
to have the number of independent statistical degrees of freedom (DOF) for control greater than 100.

4.3 |Instrumentation.

In general, acceleration will be the quantity measured to meet specification with care taken to ensure acceleration
measurements can be made that provide meaningful data (reference @). Give special consideration to the
measurement instrumentation amplitude and frequency range specifications in order to satisfy the measurement and
analysis requirements. All measurement instrumentation must be calibrated to traceable national calibration
standards (see Part One, paragraph 5.3.2). In addition, instrumentation to measure test item function may be
required. In thiscase, obtain suitable calibration standards and adhere to them.

a  Accelerometer.
(1) Transverse sensitivity of less than or equal to 5%.

(2) Anamplitude linearity within 10% from 5% to 100% of the peak acceleration amplitude required for
testing.

(3) For all gunfire vibration procedures, a flat frequency response within £10% across the frequency
range 5 — 2 kHz. The measurement devices may be of the piezoelectric or piezoresistive type.

(4) For cases in which response below 2 Hz is desired, piezoresistive accelerometer measurements are
required with aflat frequency response within +10% across the frequency range DC-2 kHz.

(5) The measurement device and its mounting will be compatible with the requirements and guidelines
provided in reference a.

b. Other measurement devices. Any other measurement devices used to collect data must be demonstrated
to be consistent with the requirements of the test, in particular, the calibration and tolerances provided in

paragraph 4.2.

c. Signal conditioning. Use signal conditioning compatible with the instrumentation reguirements on the
materiel. In particular, filtering will be consistent with the response time history requirements. Use
signal conditioning requirements in accordance with the guidelines provided in reference a. Use extreme
carein filtering the acceleration signals at the amplifier output. Do not filter the signal into the amplifier
for fear of filtering bad measurement data and the inability to detect the bad measurement data. The
signal from the signal conditioning must be anti-alias filtered before digitizing.
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4.4 Data Analysis.
a. Ananaog anti-aliasfilter configuration will be used that will

(1) not alias more than a 5 percent measurement error into the frequency band of interest (1 Hz to 2
kHz).

(2) havelinear phase-shift characteristics in the data passband.
(3) have apasshand uniform to within one dB across the frequency band of interest (see paragraph 4.3).

b. In subseguent processing of the data, use any additional filtering that is compatible with the anti-alias
analog filtering. In particular, additional digital filtering must maintain phase linearity for processing
gunfire time histories for Procedures|, 11, and I11.

c. Itissuggested for Procedures |, 11 and 111 that the time history data be over-sampled by a factor of 10.
Ideally, for 2 kHz data, a sample rate of 20,480 (with alinear phase anti-aliasfilter set at 2.5 kHz) will be
suitable. A maximum 5 Hz analysis filter bandwidth is recommended.

d. Analysis procedures will be in accordance with those requirements and guidelines provided in reference
a. In particular the test item response acceleration time histories will be qualified according to the
procedures in reference a.  In severe cases of response acceleration it may be necessary that each time
history be integrated to detect any anomalies in the measurement system e.g., cable breakage, amplifier
dewrate exceedance, data clipped, unexplained accelerometer offset, etc. The integrated amplitude time
histories will be compared against criteria given in reference a.

45 Test Execution.
The following steps, alone or in combination, provide the basis for collecting necessary information concerning the
durability and function of atest item in a gunfire environment.

45.1 Preparation for test.

45.1.1 Preliminary guidelines.

Prior to initiating any testing, review the pretest information in the test plan to determine test details (e.g., procedure,
calibration load (if any), test item configuration, measurement configuration, gunfire level, gunfire duration, number
of repetitions of gunfire event to be applied). Note in particular al details of the test validation procedures. Use
fixturing that simulates actual in-service mounting attachments (including vibration isolators and fastener torque, if
appropriate). Install al the connections (cables, pipes, etc.) in away that they impose stresses and strains on the test
item similar to those encountered in service. In certain cases consider the suspension of the test item at low
frequency to avoid complex test fixture resonances that may coincide with measured materiel gunfire response
resonant frequencies.

45.1.2 Pretest checkout.

After appropriate compensation of the excitation input device and prior to conducting the test, perform a pretest
checkout of the test item at standard ambient conditions to provide baseline data. Conduct the checkout as follows:

Step 1. Conduct a complete visual examination of the test item with specia attention to stress areas or areas
identified as being particularly susceptible to damage and document the results.

Step 2. Install the test item in its test fixture.

Step 3. Conduct atest item operational check in accordance with the approved test plan along with simple
tests for ensuring the response measurement system is responding properly. Document the results
for compliance with information contained in Part One, paragraph 5.

Step 4. If the test item integrity has been verified, proceed to the first test. If not, resolve the problem and
restart at Step 1.
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45.1.3 Procedure overview.

Paragraphs 4.5.2 through 4.5.5 provide the basis for collecting the necessary information concerning the test item in
a gunfire vibration environment. For failure analysis purposes, in addition to the guidance provided in Part One,
paragraph 5.14, each procedure contains information to assist in the evaluation of the test results. Anayze any
failure of a test item to meet the requirements of the system specifications based on the guidelines in Part One,
paragraph 5.14.

45.1.4 Testitem considerations.

Test items can vary from individual materiel items to structural assemblies containing several items of materiel of
different types.

a  General. Unless otherwise specified in the individual test plan, attach the materiel to the vibration exciter
by means of arigid fixture capable of transmitting the vibration conditions specified. Ensure the fixture
inputs vibration to racks, panels, and/or vibration isolators to simulate as accurately as possible the
vibration transmitted to the materiel in service. When required, ensure materiel protected from vibration
by racks, panels and/or vibration isolators also passes the appropriate test requirements with the test item
hard-mounted to the fixture. (Refer to method 514.5 for further guidance relative to field/laboratory
impedance mismatches.)

b. Stores. Where practical, perform testing in three mutually perpendicular axes with the mounting lugs in
the normal carriage position. Suspend the store from a structural frame by means of its normal mounting
lugs, hooks, and sway braces, that simulate the operational mounting apparatus. Use a test setup such
that the rigid body modes (translation and rotation) of vibration for the store/frame/suspension system are
between 5 and 20 Hz. Apply compensated materiel response excitation to the store by means of arod or
other suitable mounting device running from a vibration exciter to a hard, structurally supported point on
the surface of the store. Alternatively, hard-mount the store directly to the exciter using its normal
mounting lugs and a suitable fixture. Ensure the stiffness of the mounting fixture is such that its induced
resonant frequencies are as high as possible and do not interfere with the store response. For both
configurations, use launcher rails as part of the test setup, where applicable. Refer to method 514.5 for
further guidance relative to field/laboratory impedance mismatches.

c. Subsystem testing. When identified in the test plan, subsystems of the materiel may be tested separately.
The subsystems can be subjected to different gunfire levels. In this case, ensure the test plan stipulates
the gunfire levels specific to each subsystem.

d. Test item operation. Refer to the test plan to determine whether the test item is or is not in operation.
Because continuous gunfire vibration testing can cause unredlistic damage of the test item (eg.,
unrealistic heating of vibration isolators), interrupt the excitations by periods of rest, defined by the test
plan. For additional details, refer to Annexes A, B, C, and D.

45.2 Procedurel - Direct reproduction of measured materiel response data.

45.2.1 Controls.

This procedure assumes that measured materiel response data are available in digital form and this response data will
be replicated in the laboratory on the test item.

45.2.2 Test tolerances.

Ensure test tolerances are in accordance with those specified in paragraph 4.2.

4.5.2.3 Procedure steps.
Step 1. Precondition in accordance with paragraphs 4.2 and 4.5.1.

Step 2. Choose control strategy and control and monitoring points in accordance with paragraph 2.5.
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Step 3. Perform operational checks in accordance with paragraph 4.5.1.

Step 4. Mount the test item on the vibration exciter or utilize some other means of suspension in accordance
with paragraph 4.5.1.

Step 5. Determine the time history representation of the vibration exciter drive signal required to provide the
desired gunfire materiel acceleration response on the test item. (Refer to Annex A).

Step 6. Apply the drive signal as an input voltage and measure the test item acceleration response at the
selected control/monitoring point.

Step 7. Verify that the test item response is within the allowabl e tolerances specified in paragraph 4.2.1.

Step 8. Apply gunfire simulation for on and off periods and total test duration in accordance with the test
plan. Perform operational and functional checksin accordance with the test plan.

Step 9. Repeat the previous steps along each of the other specified axes.
Step 10. Inal cases, record the information required.

45.2.4 Analysisof results.

Refer to the guidance in Part One, paragraph 5.14, to assist in the evaluation of the test results. In addition, a display
of the measured test item response time history and analysis called for in paragraph 4.2.1 to satisfy the test
tolerances.

45.3 Procedurell - Statistically generated repetitive pulse — mean (deterministic) plusresidual (stochastic)
pulse.

453.1 Controls.

This procedure assumes that measured response data is available in digital form, has been statistically modeled, and
the generated sample function response data will be replicated in the laboratory on the test item.

45.3.2 Test tolerances.

Ensure test tolerances are in accordance with those specified in paragraph 4.2.

4.5.3.3 Procedure steps.

Step 1. Generate a statistical representation of the field measured materiel response data. In general this will
involve an off-line procedure designed to generate an ensemble of pulses based on measured data for
input to the vibration exciter (refer to Annex B).

Step 2. Precondition in accordance with paragraphs 4.2 and 4.5.1.
Step 3. Choose control strategy and control and monitoring points in accordance with paragraph 2.5.
Step 4. Perform operational checks in accordance with paragraph 4.5.1.

Step 5. Mount the test item on the vibration exciter (or use some other means of suspension) in accordance
with paragraph 4.5.1.

Step 6. Determine the time history representation of the vibration exciter drive signal required to provide the
desired gunfire materiel acceleration response on thetest item. (Refer to Annex B).

Step 7. Apply the drive signa as an input voltage and measure the test item acceleration response at the
selected control/monitoring point.

Step 8. Verify that the test item response is within the allowabl e tolerances specified in paragraph 4.2.2.
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Step 9. Apply gunfire simulation for on and off periods and total test duration in accordance with the test
plan. Perform operational and functional checks of the test item in accordance with the test plan.

Step 10. Repeat the previous steps along each of the other specified axes.
Step 11. Inal cases, record the information required.

45.3.4 Analysisof results.

Refer to the guidance in Part One, paragraph 5.14, to assist in the evaluation of the test results. In addition, a display
of the measured test item response time history and analysis called for in paragraph 4.2.2 to satisfy the test
tolerances.

45.4 Procedurelll —Repetitive pulse shock response spectrum (SRS).

4541 Controls.

This procedure assumes that measured response data are available in the digital form of a pulse and an associated
SRS. Thetest pulseis generated as in the case of SRS shock synthesis testing and replicated at the firing rate of the
gun.

4542 Test tolerances.

Ensure test tolerances are in accordance with those specified in paragraph 4.2.

45.4.3 Procedure steps.

Step 1. Separate the measured field data into individual pulses and compute Shock Response Spectra over
the individual pulses using damping factors of 5%, 2%, 1%, and 0.5% (Q = 10, 25, 50, and 100).
(See Annex C.)

Step 2. Based upon the SRS estimates determined in Step 1, compare the mean shock spectra for each of the
damping factors to determine the predominant frequencies and to obtain an estimate of the duration
or half cycle content comprising the individual predominant frequencies. An individua selected
pulse may be used instead of utilizing the mean SRS for each of the damping factors. (Refer to
Annex C.)

Step 3. Characterize the SRS time history using the results of Step 2 for specification of the complex
transient duration, and choose a mean SRS or individual pulse from Step 2 for amplitude
characterization.

Step 4. Precondition in accordance with paragraphs 4.2 and 4.5.1.
Step 5. Choose control strategy and control and monitoring points in accordance with paragraph 2.5.
Step 6. Perform operational checks in accordance with paragraph 4.5.1.

Step 7. Mount the test item on the vibration exciter (or use some other means of suspension) in accordance
with paragraph 4.5.1.

Step 8. After proper vibration exciter drive signal compensation, input the SRS transient through the exciter
control system at the firing rate of the gun, and measure the test item acceleration response at the
selected control monitoring point.

Step 9. Verify that the test item response is within the allowabl e tolerances specified in paragraph 4.2.3.

Step 10. Apply gunfire simulation on and off periods and total test duration in accordance with the test plan.
Perform operational and functional checks of the test item in accordance with the test plan.

Step 11. Repeat the previous steps along each of the other specified axes.
Step 12. In all cases, record the information required.
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45.4.4 Analysisof results.

Refer to the guidance in Part One, paragraph 5.14, to assist in the evaluation of the test results. In addition, a display
of the measured test item response time history and SRS analysis called for in paragraph 4.2.3 to satisfy the test
tolerances.

455 ProcedurelV - High level random vibration/sine-on-random vibration/narrowband random-on-
random vibration.

455.1 Controls.

This procedure assumes that either the gunfire environment is to be predicted or measured response data is available
in the form of an ASD estimate. This response data will be replicated in the laboratory by way of vibration control
or specia software for gunfire vibration testing.

455.2 Test tolerances.

Ensure test tolerances are in accordance with those specified in paragraph 4.2.

45.5.3 Procedure steps.

Step 1. Compute an autospectral density analysis over the measured gunfire data using an analysis overall
bandwidth of at least 2 kHz at a suitable processing analysis bandwidth (not to exceed 5 Hz), or
compute a combination discrete sine component and 2 kHz autospectral density prediction (refer to
Annex D).

Step 2. Based upon the guidance to follow, generate time history corresponding to a (1) high level time
domain windowed random vibration test spectrum, (2) sine-on-random vibration test spectrum, or
(3) narrowband random-on-random vibration test spectrum.

a. if the ASD spectral estimate is computed from field measured materiel response data and appears
as a continuous spectra with no discrete components at harmonic frequencies then generate a high
level random vibration time history having the same spectral content and proceed to generate a
transient vibration time history by appropriate time domain windowing with a boxcar shaped
window. The window on/off durations being functions of the in-service gunfire schedule.

b. if the ASD spectral estimate is computed from field measured materiel response data and appears
as a continuous spectra with discrete components at harmonic frequencies then generate either a
sine-on-random or narrowband random-on-random vibration time history having the same
spectral content according to the knowledge of the in-service use. If the in-service use anticipates
a fixed firing rate gun then sine-on-random is the selected test method. If the in-service use
anticipates a variable firing rate gun or several guns with fixed firing (or variable firing) rate then
the narrowband random-on-random is the selected test method. Selection of the test parameters
for narrowband random-on-random (e.g., sweep rate and sweep bandwidth) is left to the
discretion of an experienced analyst for specification using the in-service gunfire schedule. The
testing should not be limited by the software test capability. The on/off gunfire durations are
selected as functions of the in-service gunfire schedule.

NOTE: It is important to realize for any ASD estimate with apparent discrete harmonic components the
amplitude of the discrete harmonic components is sensitive to the way in which the stationary
random time history is processed. The amplitude of the discrete harmonic componentsis sensitive to
(1) relationship between the “true” discrete frequency (gunfiring rate and harmonics) and the
resolution analysis bandwidth selected in the processing and (2) the form of windowing and overlap
used in the processing. Make every effort to process the time history data for the combined discrete
and continuous spectra estimate for the (1) measured field materiel response and (2) measured
laboratory test item response, in exactly the same way.
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c. if the ASD spectral estimate is predicted for materiel response as a continuous spectra with
discrete components at harmonic frequencies, then generate either a sine-on-random vibration or
narrow band random-on-random time history having the same spectral content according to the
knowledge of the in-service use and the experience of an analyst. In general, narrow band
random-on-random will be used for gun configurations other than a single gun with afixed firing
rate. The on/off gunfire durations are selected as functions of the in-service gunfire schedule.

Step 3. Precondition the test item in accordance with paragraphs 4.2 and 4.5.1.
Step 4. Choose control strategy and control and monitoring points in accordance with paragraph 2.5.
Step 5. Perform operational checks in accordance with paragraph 4.5.1.

Step 6. Mount the test item on the vibration exciter (or use some other means of suspension) in accordance
with paragraph 4.5.1.

Step 7. Input the vibration profile through the exciter control system, and measure the test item acceleration
response at the selected control monitoring point or points.

Step 8. Verify that the test item response is within the allowabl e tolerances specified in paragraph 4.2.4.

Step 9. Apply gunfire simulation on and off periods and total test duration in accordance with the test plan.
Perform operational and functional checks of the test item in accordance with the test plan.

Step 10. Repeat the previous steps along each of the other specified axes.
Step 11. Inal cases, record the information required.

4554 Analysisof results.

Refer to the guidance in Part One, paragraphs 5.14 and 5.17 and Part One, Appendix A, Tasks 405 and 406 to assist
in the evaluation of the test results. In addition a display of the measured test item response time history and analysis
as called for in paragraph 4.2.4 to satisfy the test tolerances.

5. REFERENCE/RELATED DOCUMENTS.

a. Handbook for Dynamic Data Acquisition and Analysis, IEST-RP-DTEOQ12.1, Institute of Environmental
Sciences and Technology, 940 East Northwest Highway, Mount Prospect, IL 60056.

b. Harris, C., and C. E. Crede, eds., Shock and Vibration Handbook, 2nd Edition, NY, McGraw-Hill, 1976.

c. Piersol, A.G., Analysis of Harpoon Missile Structural Response to Aircraft Launches, Landings and
Captive Flight and Gunfire. Naval Weapons Center Report #NWC TP 58890. January 1977.

d. Piersol, Allan G., Determination of Maximum Structural Responses From Predictions or Measurements
at Selected Points, Proceedings of the 65th Shock and Vibration Symposium, Volume |, SAVIAC, 1994.

e. Bendat, J. S. and A. G. Piersol, Random Data: Analysis and Measurement Procedures, John Wiley &
Sonsinc., NY, 1986.
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ANNEX A

DIRECT REPRODUCTION OF MEASURED MATERIEL RESPONSE DATA

1. SCOPE.

1.1 Purpose.

This Annex provides guidance and a basis for direct reproduction (in a laboratory test) of measured materiel
response data on a vibration exciter under waveform control in an open loop mode.

1.2 Application.

This technique is useful for the reproduction of single point materiel response that may be characterized as
nonstationary or as a transient vibration (see Part One, Appendix D). Acceleration is considered the variable of
measurement in the discussion to follow athough other variables could be used, provided the dynamic range of the
measured materiel response is consistent with the dynamic range of the electrodynamic exciter used as an input
device to reproduce the materiel response.

2. DEVELOPMENT.

2.1 Basic Considerationsfor Environment Deter mination.

It is assumed that an in-service test is performed with properly instrumented materiel where the measurements are
made at pre-selected points on the materiel. The measurement points exhibit minimum local resonances, yet the
measurement locations will allow the detection of significant overall materiel resonances. The measurement
locations may be determined prior to making an in-service test by examination of random vibration data on the
materiel using various accel erometer mounting locations and fixturing configurations (the same as those to be used in
laboratory testing). In processing, ensure the field measured datais DC coupled (not high pass filtered) and sampled
at ten times the highest frequency of interest with appropriate anti-alias filtering techniques. Examine the measured
data time history traces for any indication of clipping, or any accelerometer performance anomalies such as zero
shifting. If thereisindication of accelerometer measurement anomalies, examine a potentially corrupted acceleration
time history carefully according to the procedures used in qualifying pyrotechnic shock data, e.g., time history
integration to examine velocity and displacement characteristics, sample probability density function (PDF)
estimates computed. (For further details refer to method 517 or to reference a. in paragraph 5.) If there are no
indications of accelerometer anomalies, high pass filter the in-service measured data at a very low frequency, e.g., 1
Hz, and place it in a digital file for manipulation. An example of gunfire simulation using Procedure | is discussed
below. This procedure is performed with a personal computer (PC) with signal processing capability and analog-to-
digital and digital-to-analog interfaces.

2.2 Test Configuration.

A specialy instrumented test item is installed in a laboratory vibration fixture and mounted on an electrodynamic
exciter. The test item employed during the laboratory simulation is the same materiel configuration used to collect
the gunfire vibration materiel response data during an in-service test, including accelerometer response measurement
locations.

2.3 Creating a Digital File of the Gunfire Vibration M ateriel Response.

The first step in the environment replication process is to digitize the measured in-service data to obtain a materiel
response amplitude time history (figure 519.5A-1). Digital processing of the analog data is performed using a 2,000
Hz, 48dB/octave linear phase anti-alias filter and a sample rate of 20,480 samples per second for good time history
resolution.
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2.4 Characterization of Vibration Exciter Drive Signal/Test Item I nver se Frequency Response Function.

Definition of the inverse frequency response function between the exciter drive signal and the acceleration response
of the test item installed on the exciter is achieved by subjecting the test item to a low level burst of swept sine
excitation. The swept sine excitation is generated on the PC using a sample rate of 20,480 samples per second and a
block size of 2,048 points for a duration of approximately 0.1 second. The swept sine input utilizes a start frequency
of 10 Hz and a stop frequency of 2,000 Hz. The swept sine excitation is input through the vibration exciter power
amplifier using the digital-to-anal og interface of the PC. Figure 519.5A-2 presents the swept sine exciter input along
with the resulting test item response. Subsequently, the swept sine exciter input and the test item response are
digitized using the PC analog-to-digital interface with a sample rate of 20,480 samples per second and a block size of
2,048 points. The inverse frequency response function (IH (f)) is estimated as follows.

IH (f) = Eaa(f) / Eax(f)
where
Eqq = the input energy spectral density of the swept sine exciter drive signal, d(t) — units of (voltsz—sec)/ Hz

Eqx = the energy spectral density cross spectrum between the acceleration response of the test item, x(t) and the
swept sine exciter drive signal, d(t) — units of (volt-g-sec)/Hz

Figure 519.5A-3 presents the modulus and phase of the inverse frequency response function. To reduce the noise in
IH(f) three or more IH(f) estimates may be averaged. Under laboratory conditions, usually the signal-to-noise ratio
is so high that averaging to reduce noise levels in the estimate is unnecessary. (See references aand b in paragraph
2.10 below.)

2.5 Tapering theInverse Frequency Response Function.

Because the signal processing software computes the inverse frequency response function out to the Nyquist
frequency, which is far above the frequency range of interest, a tapering function is applied to the inverse frequency
response function. The tapering function removes the unwanted frequency content (noise) beyond the frequency
band of interest (10 - 2000 Hz). The modulus is reduced to zero from 2,000 Hz over a bandwidth of approximately
200 Hz; whereas, the phase remains constant beyond 2,000 Hz. The modulus and phase of the tapered inverse
frequency response function is presented on figure 519.5A-4. Some experimentation with the tapering configuration
may be needed at this point on behalf of the tester to optimize the information preserved in the 10 - 2000 Hz
frequency domain and reduce excessive noise.

2.6 Computing the Impulse Response Function.

The impulse response function is generated by computing the inverse Fourier transform of the tapered inverse
frequency response function, IH(f). Seefigure 519.5A-5.

2.7 Computing the Compensated Vibration Exciter Drive Signal.

The compensated vibration exciter voltage drive signal is generated by convolution of the impulse response function
(figure 519.5A-5) in units of volts/(g-sec) with the measured gunfire materiel response (figure 519.5A-1) in units of
(9). This may also be accomplished in the frequency domain by multiplying transforms i.e., IH(f) by the transform
of an unwindowed block of time history using either overlap-and-save or overlap and add procedures. The
compensated vibration exciter voltage drive signal is plotted in the top portion of figure 519.5A-6.

2.8 Reproducing the Gunfire M ateriel Response.

Using the digital-to-analog interface of the PC, the compensated vibration exciter voltage drive signal is input
through the vibration exciter power amplifier to obtain the desired gunfire materiel response from the test item. The
vibration exciter is under waveform control in an open-loop mode of operation. For the short duration of the
nonstationary record or transient vibration, this is an adequate mode of vibration exciter control. Figure 519.5A-6
presents the compensated exciter voltage drive signal aong with the resulting materiel response. Figure 519.5A-7
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provides a comparison of the overall in-service measured gunfire materiel response with the laboratory simulated
gunfire test item response.

2.9 Conclusion.

For single point materiel response measurements on comparatively simple dynamic materiel, the method of direct
reproduction of in-service measured materiel response is near “optimal.” The main advantage of this technique is
that it permits reproduction of materiel responses (nonstationary or transient vibration) that are difficult, if not
impossible, to completely specify and synthesize for input to a vibration exciter control system. The main
disadvantage of this technique is that there is no obvious way to statistically manipulate the measured materiel
response data to ensure a conservative test. However, conservativeness could be introduced into the testing by
performing the manipulation at a reduced level of vibration exciter power amplifier gain and then testing at the
higher gain. The assumption behind this scenario is that the test item response resulting from the vibration exciter
input is alinear function of the power amplifier gain.

2.10 Reference/Related Documents.

a.  Meritt, R.G. and S.R. Hertz, Aspects of Gunfire, Part 1- Analysis, Naval Weapons Center, China Lake,
CA 93555-6100, NWC TM 6648, Part 1, October 1990.

b. Meritt, R.G. and S.R. Hertz, Aspects of Gunfire, Part 2- Simulation, Naval Weapons Center, China
Lake, CA 93555-6100, NWC TM 6648, Part 2, September 1990.
3. RECOMMENDED PROCEDURES.

3.1 Recommended Procedure.

For single point materiel response measurements on comparatively simple dynamic materiel, this procedure is to be
used in cases in which laboratory replication of the response environment is absolutely essential to establish materiel
operational and structural integrity under gunfire environment.

3.2 Uncertainty Factors.

The only significant uncertainty in this procedure results in the degree to which the measured environment differs
from the actual in-service environment. It is usually not possible to obtain the measured environment under every
conceivable in-service condition.
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Typical Measured Gunfire Materiel Response
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FIGURE 519.5A-1. Digital flight data.
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FIGURE 519.5A-2. Swept sinevibration exciter input with resulting test item response.
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Impulse Response Function of Tapered Inverse Frequency Response Function
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FIGURE 519.5A-6. Compensated vibration exciter drive signal along with resulting test item response.
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ANNEX B

STATISTICALLY GENERATED REPETITIVE PULSE — MEAN (DETERMINISTIC)
PLUS RESIDUAL (STOCHASTIC) PULSE

1. SCOPE.

11 Purpose.

This annex provides an overview of a technique for simulation of a time-varying random process given a sample
function for the process that can be used to generate ensemble statistics describing the time-varying character of the

process.

1.2 Application.

Details for the technique are found in reference a, other aspects of the technique are found in references ¢ and d,
more recent developments are found in references f, g, and h of this annex. The stochastic simulation technique to
be described here is for a single unknown time-varying random process for which a single sample function from the
process is available. This single sample function is representative of a single gunfire physical configuration for
which extrapolation to other configurations is undetermined. This technique:

a
b.

is convenient to implement on a personal computer (PC) used to control a vibration exciter system;

has many features analogous to that of traditional stationary time history vibration exciter simulation
based on autospectral density estimate specification;

isvery flexible in terms of the length of statistically equivalent records it can generate for laboratory test
replication of an in-service measured response environment;

has statistics that are easy to interpret and that approximate the true statistical variation in the unknown
underlying random process,

can be generalized to other forms of time-varying random processes with ensembl e representation easily;

abandons a minimal number of higher order features of the measured response ensemble not considered
essential to conservative in-service measured response data replication by way of laboratory test item
response simulation testing.

The following paragraphs are directed toward an overview of this method of test item response simulation along with
its limitations.

2. DEVELOPMENT.

2.1 Nomenclaturefor Annex B.

ET]

N, Np
P(x, 1)
Rxx (1, t)
{x(®}
Xi(t)
X+(f)

Hx (O

expected value of the quantity within the brackets

number of pulsesin an ensemble

probability distribution function for a nonstationary random process
auto-correlation function for a non-stationary random process
random process

ith sample function for the random process

finite Fourier transform of x(t) over afiniteinterval of time, T

true time—varying mean
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Oy (1) time-varying mean estimate

oy (1) true time-varying standard deviation

Sy (1) time-varying standard deviation estimate

‘PXZ ()] true time-varying mean square

P2 (t) time-varying mean square estimate

Tp period in seconds of a stationary sample record

f1=1UT, fundamental frequency of a stationary sample record in Hertz
T sampling time interval

f=1/(2T) Nyquist cutoff frequency

2.2 Introduction.

In al that follows, the term "ensemble” is taken to mean a collection of sample time history records defined over a
specified time interval. In the case of a nonstationary environment, the only complete description of the
environment, is given through (1) statistical estimates of all the probabilistic moments of the process as a function of
amplitude and time from the specification of P(x,t), or (2) a statistical estimate of the time-varying autocorrelation
function, R(t,t). Generally, P(x,t) and R(z,t) are not available either directly in an analytic form or through accurate
estimates based on the limited in-service measured response data. For practical purposes, for an in-service measured
environment estimating the (1) time-varying mean, (2) time-varying standard deviation, (3) time-varying root mean
sguare, (4) overall average energy spectral density, and (5) time-varying autocorrelation, assist in characterizing the
nonstationary random process from which the sample ensemble is taken. Replication of at least (1) - (4) or al of
these measured ensembl e estimates in the simulation process will provide a satisfactory nonstationary test simulation
of the in-service environment.

2.3 Assumptions.

To assist in deciding if the procedures described in this annex are applicable to particular measurement/test
objectives, the following basic assumptions are made. (In what follows it is assumed that acceleration is the materiel
response measurement variable. However, other measurement variables, e.g., strain, may be just as useful, provided
they are capable of capturing the characteristic amplitude/frequency range of interest.)

a The in-service measured materiel response is obtained from measurements a "hard points' on the
materiel to be tested. The term “hard points’ implies that (@) local materiel response peculiar to the
location of the measurement instrumentation (including structural nonlinearity) is not dominant in the
materiel response measurement, and (b) measured materiel response at the selected point is
representative of the overall materiel response.

b. A sample time history trace of the measured in-service materiel response shows a distinct time-varying
quality that repeatsin atime interval correlated with the firing rate of the gun.

c. A sample time history of the measured in-service materiel response may be decomposed into an
ensemble of shorter time history records (or pulses) having similar time-varying characteristics at equal
time intervals from the beginning of each of the shorter time history records (the exact method of
decomposition of the sample time history record is left to the discretion of the analyst - this usually can
be accomplished by examining the measured “timing” or “firing” pulse for a repeated event or by way of
cross-correlation methods as applied to the sample time history).

d. For testing, configuration information for the test item similar to that configuration for which the
measured in-service materiel response datais available.
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e. Useof the procedures outlined in Annex A for Direct Reproduction of Measured Materiel Response Data
for determination of the test frequency response function for an electrodynamic or electrohydraulic
vibration exciter.

f. Application of the test frequency response function to the simulated amplitude time history may be
accomplished through (a) an energy spectral density function formulation whereby each short time
history or pulseisindividually compensated by way of the convolution of the pulse time history with the
system impul se response function, and the pulses concatenated into one long output voltage time history
for input to the digital-to-analog interface, or (b) a long time history convolution, whereby the
uncompensated long output time history is first generated and then convolved with the system impulse
response function to provide the compensated voltage drive signa for input to the digital-to-analog
interface. Both of these techniques assume generation of a long compensated voltage waveform to be
run in an open-loop mode on a vibration exciter system. For this open-loop run configuration, it is
suggested that the length of the compensated waveform not exceed five seconds and the appropriate abort
limits are active on the vibration exciter system. (As sophistication in vibration exciter control systems
increases, the energy spectral density formulation with waveform compensation on individual pulses and
closed loop control will become the norm for operation. At this time, practicality of this procedure is
limited by the speed of processors in input and output to the vibration exciter system. In addition, (1) a
rationale for quantitatively judging the “adequacy” of the simulation in “real time,” based on the time-
varying statistical estimates, and (2) a means of “real time” compensation of “inadequate” simulation in
real time has not been developed.)

0. Theadeguacy of the simulation in meeting the specification on the error between the measured in-service
meateriel response statistics and the measured test item response from the test simulation is based on
utilizing equivalent sample sizes or correcting the error measure based on sample size differences.

h. In summary, at the time of this writing, the test simulation of a measured in-service materiel response is
based on

(1) pretest generation of the uncompensated test sample time history;
(2) compensation of the test sample time history;
(3) open-loop waveform control for the vibration exciter system;
(4) off line processing of the test item response sample time history for direct comparison with the
measured in-service materiel response sample time history.
24 Modeling and Statisticsfor Description of a Materiel Response Time-varying Random Process.

A very general model for modeling time-varying random processes is the “product model,” which assumes that the
time-varying characteristics of a random process can be separated from the frequency characteristics of the random
process (see reference b). For materiel response to a gunfire environment, a form of product model can be used to
adequately describe this response. The procedures used in constructing the model require some experience.
Unfortunately, this modeling does not provide for parameterized predictions of materiel response in other measured
data configurations. The basic statistics to be used to characterize a measured response environment with an
ensemble representation are the following:

a. thetime-varying mean;
b. timevarying standard deviation;
c. time-varying root mean square;
d. average energy spectral density function (may be time dependent).
Error statistics for the simulation may be based on the error expressions for a. through d.

The following is a definition of the product model used in this development. Consideration is given to the time-
varying frequency character over discrete time intervals, which can be explored in more detail through the
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nonstationary autocorrelation function. References/Related Documents (paragraph 2.7) consider this issue in more
detail. Using the notation and terminology from reference b, for u(t) a sample time history from a stationary random
process, {u(t)}, and both a(t) and ay(t) deterministic time histories, then a general time-varying random process,
{x(®)}, can be modeled as

X(1) = a(t) + [ae(t) u®)ls (B-1)

ay(t) isadeterministic time history defined in terms of the in-service time-varying ensemble mean estimate. a(t) isa
deterministic time history defined in terms of the in-service time-varying ensemble standard deviation estimate. ay(t)
shapes (in the time domain) the root mean square level of the residuals from the in-service ensemble after & (t) has
been removed from the in-service ensemble. The “f” following the bracket indicates that the residual information is
afunction of frequency content and in the description below, f, represents the time-varying frequency content in four
discrete equal length time intervals. For this model ay(t) - the time-varying mean of the ensemble will be referred to
as the "signal" and [ay(t) u ()]s - the shaped residual or "noise." If the time-varying random process is heavily
dominated by the deterministic time-varying mean or "signa," i.e., the amplitude of ay(t) is large in comparison with
the residual [a(t) u(t)]s, then one should expect comparatively small time domain errors in the time-varying mean,
standard deviation, and root mean square. The frequency content should also be easily replicated. The residual
ensembl e constructed by subtracting the time-varying mean from each sample time history of the original ensembleis
defined in terms of the in-service measured ensemble as follows:

{r®} ={xO} - n 1) (B-2)

Thisresidual ensemble has the following two properties:

a time-varying mean of {r(t)} iszero

b. time-varying root mean square of {r(t)} isthe time-varying standard deviation of the ensemble { x(t)}
Time domain criterion for testing the validity of the simulation is given as the variance of the time domain estimators
of the time-varying mean, time-varying standard deviation and the time-varying root mean square. Expressions for
these estimators and their variance are provided in equations (B-3) through (B-8). The notation and terminology
from reference b is employed. The unbiased time-varying mean estimate for an ensemble {x(t)} of N time history
samples, each of duration Tp, is given by

R 1N (B-3)
Hy () =—2x;(t) 0<t<Tp
N iz
and the variance of this estimator is given as
. (B-4)
el 0-ue®)?]  0s<t<Te
where 1, (t) isthe true nonstationary time-varying mean of the process.
The unbiased time-varying standard deviation estimate for an ensemble {x(t)} is given by
N (B-5)
_Zl(xi (1) —fix (1)?
Gy (1) == 0<t<T
ox (1) N_1 <t<lp
and the variance of this estimator can be given in its theoretical form as
(B-6)

E[(ax(t) — oy (t))z] 0<t<Tp
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where o (t) isthe true nonstationary time-varying standard deviation of the process.
The unbiased time-varying mean square estimate for an ensemble {x(t)} is given by
(B-7)

~ N
wf(t):%;lxiz(t) 0<t<T,
=

and the variance of this estimator is given as
. B-8
E{(P)%(t) —\P)%(t)ﬂ 0<t<T, (B-8)

where ‘PXZ (t) isthe true nonstationary time-varying mean sguare of the process.

In the frequency domain, the average energy spectral density function for an ensemble {x(t)}

Bol)-2e|prp 0] o<r<. ®9

and the variance of this estimator is given in theoretical form as

VEa0]-gEnt)-en0f ]  o<ret (B-10)

The estimate EXX (f) will also contain a bias error related to the Fourier analysis bandwidth. 1t is assumed here that

total bias error can be minimized by proper selection of the Fourier analysis bandwidth. It isimportant to note that a
wider analysis resolution bandwidth was required for demonstration of the time-varying frequency characteristics of
the ensemble. The wider analysis resolution bandwidth will increase the bias error. In computing these estimates of
error (or just quantitatively measuring how “close” the test simulation test item response is to in-service materiel
response) the "true" quantities are unknown but can be taken as the processed in-service measured materiel response.

2.5 Specific Application of the Model to the M easured M ateriel Response.

This portion of the annex provides a brief overview of the actual processing necessary to perform a successful
stochastic test item response simulation to a measured in-service materiel response environment. Figures in this
annex have been graphically enhanced over those contained in reference a. The in-service measured materiel
response to be modeled is a fifty pulse (Ny=50) round 30 mm gunfire event depicted on figure 519.5B-1a. The
gunfiring rate is approximately 40 rounds per second and the event lasts for about 1.25 seconds. This record is
digitized at 20,480 samples per second with an anti-alias filter set at 2 kHz. It is clear just from visual inspection of
the amplitude time history that it has periodic time-varying characteristics. This record is carefully decomposed into
an ensemble of 50 pulses each of about 25 milliseconds length for which ensemble time-varying stetistical techniques
are applied. Figure 519.5B-2a contains the plot of a typical pulse of the ensemble (pulse 37) and figure 519.5B-3a
contains its residual. Figure 519.5B-4a contains a plot of the mean estimate for this ensemble defined in equation
(B-3). The standard deviation estimate of the ensemble of Np records defined in equation (B-5) is shown on figure
519.5B-5a. Thisisalso the root mean square of the residual ensemble. Figure 519.5B-6a contains a plot of the root
mean square for the ensemble. By subtracting the mean from each member of the ensemble as described in equation
(B-4) aresidual ensembleisobtained. Thisresidual ensemble has zero mean and a non-zero time-varying root mean
square the same as the standard deviation of the origina ensemble. It is very important to understand the
characteristics of thisresidual ensemble. It should be clear from the above figures that the measured ensemble has a
time-varying mean, a time-varying mean sgquare, and a time-varying frequency with higher frequencies in the initial
portion of the record. An energy spectral density computed on the original measured ensemble and the measured
residual ensemble reveals the effect of remova of the time varying mean from the original ensemble and the
differing frequency characteristics of the two ensembles. Figure 519.5B-7a provides a superposition of both of these
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ESD estimates. The Fourier analysis filter bandwidth for the ESD estimates is 5 Hz. An even more dramatic
depiction of the time-frequency character of the original ensemble is given on figure 519.5B-8a, T1 through T4. In
this analysis the pulse length is divided into four equal time segments of 6.25 milliseconds each and the average ESD
computed for each segment retaining a 20 Hz filter bandwidth. The estimates are averaged over the ensemble with
no time domain tapering applied. When all four spectra are superimposed upon one another, it is clear that the
variation of frequency with time is substantial both for the original ensemble and for the residual ensemble (figure
519.5B-9a). Theresidual ensemble is studied for its second order or correlation properties in references a, ¢ and d.

The actual steps used to perform the simulation according to the model outlined in equation (B-1) and to estimate the
error in the time-varying mean, standard deviation, root mean square, and the residual and overall energy spectrum
estimate are contained in reference a. Figures 519.5B-10a and 10b depict the estimated deterministic functions ay(t)
and ay(t), respectively. Figure 519.5B-11a displays the residual information before the residua is filtered, and figure
519.5B-11b the residual after filtering is applied. Using information from references a and b only, Fourier based
processing (FFT and inverse FFT) is used to determine the simulated test ensemble. Segmentation in time in order to
simulate the time-varying frequency characteristics of the ensemble did provide for some minor discontinuity at the
time interval boundaries in the simulation. From Reference c it can be noted that it is also possible to segment the
time-varying characteristics in the frequency domain which also results in some minor discontinuities in the
frequency domain. The results of the simulation are displayed on the figures below in order to note the general
fidelity in the simulation. Figure 519.5B-1b represents a simulated ensemble with Np pulses to give an overall
qualitative assessment of the simulation. Figure 519.5B-2b and figure 519.5B-3b provide plots of a typical pulse
(pulse number 37) and its residual from this simulated ensemble, respectively. Figure 519.5B-4b is the mean for the
ensemble with figure 519.5B-5b the standard deviation, and figure 519.5B-6b the root mean sguare. Figures
519.5B-7 through 519.5B-9 display measured information with corresponding simulated ESD information. Figure
519.5B-12 contains the maximum, the median time-varying root variance estimates for the time-varying mean for
sample sizes of 10, 25, and 50 pulses. This represents the error that might be expected at each time point as a result
of the simulation for the three sizes of ensembles. Corresponding information is provided on figure 519.5B-13 for
the time-varying standard deviation and on figure 519.5B-14 for the time-varying root mean square. In general for
an ensemble with Np = 50 sample time histories, the maximum root variance is less than 2.5 g's with the median
being, in general, below 0.75 g's.

2.6 Implementation.

The technique outlined above may be implemented by pre-processing the data and generating the simulated materiel
response ensemble on a mainframe computer or a PC. In either case the simulated digital waveform must be
appropriately compensated by the procedure described in Appendix A before the analog voltage signal to the
vibration exciter is output. This technique of stochastic simulation is quite elaborate in detail but does provide for a
true stochastic time-varying laboratory simulation of materiel response based on measured in-service materiel
response. The technique is flexible, in that it can produce an unlimited number of “pulses,” all dightly different,
with testing limited only by the length of time a vibration exciter controller can provide an adeguate simulation in an
open-loop waveform mode of control. If it is assumed that vibration exciter output scales linearly with vibration
exciter master gain, degrees of test conservativeness in the stochastic simulation may be introduced.

2.7 ReferencesRelated Documents.

a. R. G. Meritt, Simulation of Ensemble Oriented Nonstationary Processes, Part 2 Proceedings of 1994
IES 40™ Annual Technical Meeting, Chicago, IL, May 1994.

b. J. S. Bendat and A. G. Piersol, Random Data: Analysis and Measurement Procedures, 2nd edition, John
Wiley & SonsInc., New Y ork, 1986.

c. D. O. Smalwood, Gunfire Characterization and Simulation Using Temporal Moments, Proceedings of
the 65th Shock and Vibration Symposium, Volume 1, San Diego, CA, November 1994.

d. R. G. Merritt, An Example of the Analysis of a Sample Nonstationary Time History, Proceedings of
1994 1ES 40" Annua Technical Meseti ng, Chicago, IL, May 1994.
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e. C. Lanczos, Discourse on Fourier Series, Hafner Publishing Company, New Y ork, 1966.

f. D. O. Smalwood, Characterization and Simulation of Gunfire with Wavelets, Proceedings of the 69th
Shock and Vibration Symposium, Minneapolis, MN, October 1998.

g. R.G. Merritt, A Note on Prediction of Gunfire Environment using the Pulse Method, Proceedings of
1999 |EST 45" Annual Technical Meeting, Ontario, CA, May 1999.

h. D. O. Smalwood, Characterization and Simulation of Gunfire with Wavelets, Shock and Vibration,
Volume 6, November 2, 1998, 10S Press, The Netherlands.
3. RECOMMENDED PROCEDURES.

3.1 Recommended Procedure.

For single point materiel response measurements on comparatively simple dynamic materiel, use this procedure in
cases in which laboratory replication of the response environment with potential statistical variation is absolutely
essential to establish materiel operational and structural integrity in a gunfire environment.

3.2 Uncertainty Factors.

This procedure includes statistical uncertainty in addition to uncertainty in the degree to which the measured
environment compares with the in-service environment. Uncertainty relative to the variety of in-service environment
configurations is not accounted for in this procedure. This procedure cannot be used to determine gunfire
environment prediction errors.
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FIGURE 519.5B-1. Fifty round 30mm gunfire event.
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FIGURE 519.5B-3. Ensemble residual sampletime history pulse (pulse 37).
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FIGURE 519.5B-4. Ensemble time-varying mean estimate.
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ANNEX C

REPETITIVE PULSE SHOCK RESPONSE SPECTRUM (SRS)
1. SCOPE.

11 Purpose.

This annex provides guidance and a basis for a technique for laboratory simulation of a measured materiel response
of agunfire environment. Thistechniqueisaform of the “Pulse Method” previoudly identified in MIL-STD-810E.
1.2 Application.

This technique is for a single unknown time-varying random process for which a single sample function from the
process is available. This single sample function is representative of a single gunfire physical configuration for
which extrapolation to other configurations is undetermined. This technique:

a isconvenient to implement on avibration exciter control system with SRS capability;

b. has many features analogous to that of traditional SRS shock simulation based on SRS estimate
specification;

c. isvery flexible in terms of the length of statistically equivalent records it can generate for laboratory test
replication of an in-service measured response environment;

d. isnot restricted to one form of pulse, and

e. abandons a minimal number of higher order features of the measured response ensemble not considered
essential to conservative in-service measured response data replication by way of laboratory test item
response simulation testing.

The following paragraphs are directed toward an overview of this method of test item response simulation along with
its limitations.

2. DEVELOPMENT.

2.1 Introduction.

The SRS method assumes that the measured materiel response time history can be decomposed into an ensemble of
individual pulses. Maximax SRS are computed over the ensemble of pulses using various damping factors to assist
in characterizing the frequency content of the individual pulses. The SRS mean is aso computed over the ensemble
of pulses for each damping factor to further characterize the materiel response pulses. Using the information from
the SRS, an acceleration time history using amplitude modulated sine components or damped sinusoids is
synthesized. The SRS time history is then used as the characteristic gunfire materiel response pulse, and input to the
test item at the firing rate of the gun. (See referencesaand b in paragraph 2.8.)

2.1.1 Advantages of this procedureare:
a. it makes use of standard laboratory shock test equipment;

b. the method reproduces the frequency characteristics of the measured materiel response data;

c. the SRS can be easily specified in documents and reproduced at various test facilities.
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2.1.2 Disadvantages of thisprocedureare:

a. the character of the time history generated by the amplitude-modulated sine components or damped
sinusoids is not well controlled and may not appear similar in form to the measured materiel response
pulses;

b. little or no statistical variation can be easily introduced into the simulation;

c. reproducing the series of pulses at the firing rate of the gun may also present a problem for vibration
exciter control systems not designed for this mode of operation.

A particular example of gunfire materiel response simulation using the Repetitive Pulse Shock Response Spectrum
(SRYS) technique is discussed below. This procedure, described in the following paragraphs, was performed using a
digital vibration control system with SRS testing capability. (Seereference b in paragraph 2.8.)

2.2 Test Configuration.

An instrumented test item is installed in a laboratory vibration fixture and mounted to the armature of an
electrodynamic vibration exciter. The test item employed during the laboratory simulation is of the same
configuration as the materiel used to measure the materiel response data. A piezoelectric accelerometer is installed
internal to the test item for purposes of accel eration response measurement.

2.3 Creating a Digital File of the Gunfire Environment M ateriel Response Vibration.

The first step in this simulation process is to digitize the measured in-service materiel response data to obtain an
acceleration time history (figure 519.5C-1). Digital processing of the analog data is performed using a 2 kHz, 48
dB/octave low pass linear phase anti-alias filter (digital file was DC coupled and not high pass filtered) and a sample
rate of 20,480 samples per second for good time history resolution.

2.4 Computing the Shock Response Spectra.

If examination of the individual measured response pulses indicates similar character between the pulses, a
representative pulse is chosen for analysis. SRS are then computed over the representative pulse using a specified
analysis Q of 10, 25, 50, and 100. To increase the statistical confidence in the results the pulse sequence may be
ensemble averaged in time, the “mean” of the ensemble taken as the representative pulse, and the procedure above
applied. If pulse characteristics are very dissimilar, then it may be necessary to run severa tests from an analysis
depending upon the judgement of an experienced analyst.

2.5 Estimating Equivalent Half-Cycle Content of Representative Gunfire Environment M ateriel Response
Pulse.

Figure 519.5C-2 indicates that the representative gunfire environment materiel response pulse contains seven
predominant frequencies at near 80, 280, 440, 600, 760, 1,360, and 1,800 Hz. Because (2Q) half-cycles for a
constant amplitude sine wave provides approximately 95% of the maximum amplitude given Q, an estimate of the
equivalent half-cycle content that makes up the predominant frequencies contained in the measured gunfire materiel
response can be determined by identifying the Q at which the peak acceleration for a particular frequency of the SRS
beginsto level off. A Q of 10 on figure 519.5C-2 characterizes the half-cycle content of the 80 Hz component. The
half-cycle content of the other predominant frequencies, except at 1,800 Hz, is represented by a Q of 25. A Q of 50
guantifies the half-cycle content of the 1,800 Hz component.

2.6 Generating SRS Transient for Representative Gunfire Environment Materiel Response Pulse.

After estimating the frequency content of the representative gunfire environment materiel response pulse, an SRS
transient time history pulse is generated (from a proprietary wave synthesis algorithm) using a digital vibration
exciter control system. The SRS transient time history pulse is composed of 1/12-octave amplitude-modulated sine
components, with the majority of the 1/12-octave components limited to three half-cycles that is the minimum
alowed for the exciter control system. The seven predominant frequencies are restricted for half-cycle content by
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either the 25-millisecond duration of the gunfire response pulse (40 Hz gunfiring rate) or by the half-cycle estimation
technique discussed in Annex C, paragraph 2.5. A Q of 10 isidentified for the 80-Hz component; a Q of 25 for the
280-, 440-, 600-, 760-, and 1,360-Hz components; and a Q of 50 for the 1,800 Hz component. The SRS mean is
computed over the ensemble of pulses for each damping factor (Q= 10, 25, 50, and 100) to characterize the SRS
amplitudes. The mean SRS that is computed using an analysis Q of 50 is then selected to define the SRS amplitude
for each frequency component of the simulated materiel response pulse. Zero time delay is specified for each of the
1/12-octave amplitude modulated sine components. See table 519.5C-1 for the definition and figure 519.5C-3 for the
SRS gunfire materiel response transient produced by the amplitude modulated sine component definition.

2.7 Simulating the Gunfire M ateriel Response.

The final step in the gunfire materiel response simulation is to repeat the SRS response transient at the gunfiring rate
of 40 Hz. Because of output pulse rate limitations of the vibration exciter control system being used, the 40 Hz
firing rate could not be achieved. Figure 519.5C-4 is an acceleration time history that illustrates the repetitive
character of the SRS gunfire environment simulation method without vibration exciter controller output pulse rate
limitations. Note: Figure 519.5C-4 is generated for illustrative purposes by digitally appending the figure 519.5C-3
SRS materiel response transient pulse at the gunfiring rate. If the vibration exciter control system does not allow for
such rapid repetition, the waveform control procedure defined in Annex A could be used on a digitally simulated
and vibration exciter compensated series of materiel response pulses.

2.8 Reference/Related Documents.

a.  Meritt, R.G. and S.R. Hertz, Aspects of Gunfire, Part 1- Analysis, Naval Weapons Center, China Lake,
CA 93555-6100, NWC TM 6648, Part 1, October 1990.

b. Maerritt, R.G. and SR. Hertz, Aspects of Gunfire, Part 2- Simulation, Naval Weapons Center, China
Lake, CA 93555-6100, NWC TM 6648, Part 2, September 1990.
3. RECOMMENDED PROCEDURES.

3.1 Recommended Procedure.

For single point materiel response measurements on comparatively ssimple dynamic materiel, use this procedure.
This procedure is to be used in cases in which laboratory replication of the response environment is essential to
establish materiel operational and structural integrity under gunfire environment.

3.2 Uncertainty Factors.

This procedure includes no statistical uncertainty in addition to no uncertainty in the degree to which the measured
environment compares with the in-service environment.
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TABLE 519.5C-I. Amplitude modulated sinewave definition for SRS gunfire materiel response pulse.!

Frequency Amplitude (g's) | Half-cycles Frequency Amplitude Half-cycles
(H2) (H2) C)
78.75 11.995 3 445.45 34.995 21
83.43 11.803 3 471.94 26.455
88.39 11.628 3 500.00 19.999
93.64 11.455 3 529.73 21.232
99.21 11.285 3 561.23 22.568
105.11 11.117 3 594.60 23.988 29
111.36 10.952 3 629.96 18.323
117.98 10.777 3 667.42 13.996
125.00 10.617 3 707.11 20.448
132.43 10.459 3 749.15 29.992 37
140.31 10.304 3 793.70 31.225 3
148.65 10.151 3 840.90 32.509 3
157.49 10.000 3 890.90 33.845 3
166.86 10.814 3 943.87 35.237 3
176.78 11.708 3 1,000.00 36.728 3
187.29 12.662 3 1,059.46 38.238 3
198.43 13.709 3 1,122.46 39.811 3
210.22 14.825 3 1,189.21 41.448 3
222.72 16.051 3 1,259.91 43.152 3
235.97 17.358 3 1,334.84 44.975 49
250.00 18.793 3 1,414.21 37.325
264.87 20.324 3 1,498.31 31.010
280.62 22.004 13 1,587.40 50.003
297.30 18.275 3 1,681.79 80.631
314.98 16.901 3 1,781.80 130.017 89
333.71 14.825 3 124.882
353.55 13.002 3 1,887.75 119.950
374.58 16.653 3 2,000.00
396.85 21.330 3
420.45 27.321 3

! Definition is based on the form in proprietary software (see reference b).
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FIGURE 519.5C-1. Digitized flight data.
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ANNEX D

HIGH LEVEL RANDOM VIBRATION/SINE-ON-RANDOM VIBRATION/
NARROWBAND RANDOM-ON-RANDOM VIBRATION

1. SCOPE.

1.1 Purpose.

This Annex provides the option of utilizing predicted gunfire vibration data (when measured data is not available), to
ensure that materiel mounted in an aircraft with onboard guns can withstand the vibration levels caused by (1) pulse
overpressures emitting from the muzzle of the gun impinging upon materiel support structure, and (2) structure-borne
vibration. (This Annex congtitutes a reformatting of method 519.4, Gunfire Vibration, Aircraft, in MIL-STD-810E
with alimited number of enhancements.) This Annex also provides the option for using high level random vibration
(measured data are available) when the measured data spectrum displays no outstanding discrete harmonic
components.

1.2 Application.

This Annex is applicable only for aircraft gunfire and materiel mounted in an aircraft with onboard guns. Guidance
in this Annex is to be used only if in-service measured materiel response data is not available or will not be available
in the early stages of a development program. This Annex is not intended to justify the use of sine-on-random or
narrowband random-on-random for cases in which measured data displays a broadband spectra along with
components at discrete frequencies. Use the information in this Annex only if it is vital to the design of the materiel.
If thereis a possibility of obtaining early measurements of the materiel response mounted on the in-service platform,
supplant the severity’s developed using the information in this Annex with the severity’s estimated from the materiel
response under in-service measurements and one of the other procedures used for testing. In particular, if the
measured materiel response in-service environment has the character of high level broadband random vibration with
no characteristics conducive to application of Procedure |1 or Procedure I11, then

a.  apply Procedure | in the form of transient vibration, or

b. submit the materiel to a specified level of high level broadband random vibration (based on ASD
estimates of the measured in-service materiel response) over a period of time consistent with low cycle
fatigue assumptions in accelerated testing or as specified in the test plan (see method 514.5).

2. DEVELOPMENT.

2.1 Introduction.

This Annex is essentially a reorganized reproduction of the information contained in reference a. of paragraph 2.5.
with some additional guidance. Mention of the pulse method in paragraph 1-4.4.1 of reference a. has not been
included, but is covered in reference b. that provides insight into the use of the pulse method in conjunction with a
predictive rationale. Procedure 1V differs from the other three procedures in that it is a result of a prediction
procedure developed on the basis of an analysis of a comparatively small set of measured gunfire materiel response
data. The predicted spectrum therefore provides estimates of materiel vibration response that may be substantially
different from in-service measured vibration response of a particular materiel. For a particular materiel and
gun/materiel configuration, materiel response to gunfire is generally not amenable to accurate prediction. The
prediction methodology provided below is generally subject to a large degree of uncertainty with respect to test
level. This uncertainty is very apparent in gunfire configurations where the gun is less than a meter from the
meateriel.

METHOD 519.5
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2.2 Predicting Gunfire Vibration Spectra.

Gunfire vibration prediction spectra consist of a broadband spectrum representative of an ASD estimate from
stationary random vibration along with four harmonically related sine waves. Figure 519.5D-1 provides a
generalized vibration spectrum for gunfire-induced vibration that defines the predicted response of materiel to a
gunfire environment. It is characterized by four single frequency harmonically related (sine) vibration peaks
superimposed on a broadband random vibration spectrum. The vibration peaks are at frequencies that correspond to
the nomina gunfire rate and the first three harmonics of the gunfiring rate. The specific values for each of the
parameters shown on figure 519.5D-1 can be determined from table 519.5D-I, table 519.5D-I1, table 519.5D-111, and
figures 519.5-2 through 8. The suggested generalized parametric equation for the three levels of broadband random
vibration, T;, defining the spectrum on figure 519.5D-1 is given in dB for g?/Hz (reference to 1 g7/Hz) as

10l0gso (Tj) = 10log (NF, E) + H+M + W +J+B;-53dB  j=1,2,3 (D-1)

where the parameters are defined in table 519.5D-1. The suggested generalized parametric equation for the four
levels of single frequency (sine) vibration defining the spectrum on figure 519.5D-1 is given in dB for g%/Hz
(referenceto 1 g?/Hz) as

10logy (Pi) =10logyp (T3) +K;+17dB  i=1,2,34 (D-2)
where the parameters are defined in table 519.5D-.

The key geometrical relations used to determine the predicted vibration spectra are the following four geometrical
factors:

a. Vector distance (D). The vector distance from the muzzle of the gun to the mean distance between
materiel support points as shown on figure 519.5D-2. For configurations involving multiple guns, the
origin of vector D is determined from the centroidal point of the gun muzzle, as shown on figure 519.5D-
3. Figure 519.5D-7 and figure 519.5D-8 provide for spectra reduction factors related to D for the
random spectra and the discrete frequency spectra, respectively.

b. Gun standoff distance (h). The distance normal to the aircraft’s surface as shown on figure 519.5D-4.

c. Depth parameter (Rs). The distance normal to the aircraft's skin to the materiel location inside the
aircraft. If Rgis unknown, use Rs = 7.6 cm (see figure 519.5D-2). Figure 519.5D-6 provides spectra
reduction factors related to Rs.

d. Gun caliber (c). Table519.5D-111 defines the gun caliber parameter, ¢, in millimeters and inches.

For this procedure, base the vibration peak bandwidths consistent with windowed Fourier processing on in-service
measured materiel response data if available. When such in-service data are not available, the vibration peak
bandwidths can be calculated as:

BWagg = (1 F¥?)/4 (D-3)
for
BWS3gg = the bandwidth at alevel 3dB (factor of 2) below the peak ASD level
F = the fundamental frequency or one of the harmonics F1, F,, F3, or Fy4

For cases where the gunfiring rate changes during a development program or the gun may be fired at a sweep rate, it
is desirable to either (1) perform sinusoidal sweeps within the proposed bandwidth for the fundamental and each
harmonic or (2) apply narrowband random vibration levels provided the sweep frequency bandwidth is not too large.
This technique may over-predict those frequencies where the attachment structure or materiel responses become
significantly nonlinear. Likewise, for those cases in which the attachment structure or materiel resonances coincide
with the frequencies in the gunfire environment, the materiel vibration response could be under-predicted. The
practitioner should clearly understand the options available and inherent limitations in the vibration control system
software.

METHOD 519.5
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2.3 Duration of Test.

Use a duration for the gunfire vibration test in each of the three axes, equivalent to the expected total time the
materiel will experience the environment in in-service use. This duration may be conservatively estimated by
multiplying the expected number of aircraft sorties in which gunfiring will occur by the maximum amount of time
that gunfiring can occur in each sortie. The number of sorties in which gunfire will occur will be associated with
planned aircraft training and combat utilization rates, but will generally be in the vicinity of 200 to 300 sorties. The
maximum time of gunfire per sortie can be determined from table 519.5D-11 by dividing total rounds per aircraft by
the firing rate. When a gun has more than one firing rate, perform the test using both firing rates, with test time at
each firing rate based on the expected proportion of time at each firing rate for in-service use. The guns carried by
an aircraft are generally fired in short bursts that last afew seconds. Testing to a gunfire environment should reflect
aform of in-service use in compliance with the test plan. For example, vibration could be applied for two seconds
followed by an eight-second rest period during which no vibration is applied. This two-second-on/eight-second-off
cycle is repeated until the total vibration time equals that determined for the aircraft type and itsin-service use. This
cycling will prevent the occurrence of unrealistic failure modes due to vibration isolator overheating or buildup of
materiel response in continuous vibration. Intermittent vibration can be achieved by several means including (1) the
interruption of the exciter input signal, and (2) a waveform replication strategy for transient vibration discussed in
Annex A.

2.4 Spectrum Generation Techniques.

Gunfire materiel response vibration is characterized by broadband random vibration with four vibration peaks that
occur at the first three harmonics and the fundamental frequency of the firing rate of the onboard guns. Virtually all
modern vibration control system software packages contain a provision for performing a gunfire vibration test based
on this form of predicted sine-on-random spectra. The details of these software packages are in general proprietary,
but the practitioner is expected to have a clear understanding of the capabilities and limitations of the software. On
occasion it has been noted that the dynamic range required to produce and control a specified gunfire spectrum is
beyond the ability of some available vibration controllers. A way of solving this problem is to enter into the
vibration controller the desired broadband random spectrum with its strong vibration peaks. At those frequencies
that have the intense vibration peaks, sine waves may be electronically added to the input of the vibration exciter
amplifier. Ensure the amplitude of these sine waves is such that the vibration levels produced at those frequenciesis
dightly less than the desired spectrum level. The vibration controller can make the final adjustment to achieve the
needed test level. It isimportant to note that Py isin terms of g%Hz and not g's, (care must be exercised in specifying
the amplitude of the sine waves in g's or equivalently input voltage corresponding to a g level). This means of
environment replication alows the gunfire vibration test to be done closed loop with commonly available laboratory
test equipment and control system software.

2.5 Reference/Related Documents.
a. MIL-STD-810E Method 519.4, 14 July 1989.
b. Merritt, R. G., “A Note on Prediction of Gunfire Environment Using the Pulse Method”, IEST, 40"
ATM, Ontario, CA, May 1999.
3. RECOMMENDED PROCEDURES.

3.1 Recommended Procedure.

For aircraft vibration for materiel mounted in the aircraft with no available measured data, use this procedure with
the prediction methodology. For cases in which available measured data demonstrate only broadband high level
vibration with no “discrete” components, use this procedure.

METHOD 519.5
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3.2 Uncertainty Factors.

This procedure includes substantial uncertainty in general levels because of the sensitivity of the gunfire environment
to gun parameters and geometrical configuration. It may be appropriate to increase levels or durations in order to add
a degree of conservativeness to the testing. Change in levels, durations, or both for the sake of increasing test
conservativeness must be backed up with rationale and supporting assessment documentation. Since extreme spectra
prediction levels do not necessarily provide test inputs that correlate with measured data (for the same geometrical
configuration), the uncertainty in damage potential is increased substantially as the predicted spectra increase in
level, i.e, testing with this procedure may be quite unconservative.

TABLE 519.5D-I. Suggested generalized parametric equationsfor gunfire-induced vibration.

10|Oglo(Tj)::I.Ologlo(NFlE)+H+M +W+J+BJ-53dB

10 |Og10 (P| ) =10 Iog]_o ( T3 )+ Ki +17 dB

for

N Maximum number of closely spaced gunsfiring together. For guns that are dispersed on the host aircraft,
such as in wing roots and in gun pods, separate vibration gunfire test spectra are determined for each gun
location. The vibration levels, for test purposes, are selected for the gun that produces the maximum
vibration levels.

E Blast energy of gun (see table 519.5D-I11).

H Effect of gun standoff distance, h (see figure 519.5D-4).

M Effect of gun location M = 0 unless a plane normal to the axis of the gun barrel and located at the muzzle
of the gun does not intersect the aircraft structure, then M = -6 dB.

w Effect of weight of the equipment to be tested (use figure 519.5D-5). If the weight of the materiel is
unknown, use W = 4.5 kilograms (10 |bs).

J Effect of the materiel’ s location relative to air vehicle's skin (use figures 519.5D-2 and 519.5D-6).

Bj Effect of vector distance from the gun muzzle to the materiel location (see figure 519.5D-7).

F1 Gunfiring rate where F; = fundamental frequency from table 519.5D-11 (F, = 2F;, F; = 3F, F; = 4F))

T Test level in g?/Hz

P, Test level for frequency F; in g?/hz (wherei = 1 to 4)

Ki Effect of vector distance on each vibration peak, P, (see figure 519.5D-8).

Note: These equations arein metric units. The resultant dB values are relative to 1 g’/Hz.

METHOD 519.5
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TABLE 519.5D-I1. Typical gun configurations associated with aircraft classes.
Firing Rate
Aircraft/Pod Gun L ocation Rnds/Min Rnds/Sec Capacity
(Quantity)

A-4 MK12 (2) Wing roots 1000 16.6 100/Gun
A-7D M61A1 (1) Nose, |eft side 4000 & 6000 66.6 & 100 1020
A-10 GAU-8/A (1) Nose 2100 & 4200 35& 70 1175
A-37 GAU-2B/A (1) Nose 6000 100 1500

F-4 M61A1 (1) Nose 4000 & 6000 66.6 & 100 638
F-5E M39 (2) Nose 3000 50 300/Gun
F-5F M39 (1) Nose 3000 50 140
F-14 M61A1 (1) Left side of nose 4000 & 6000 66.6 & 100 676
F-15 M61A1 (1) Right wing root 4000 & 6000 66.6 & 100 940
F-16 M61A1 (1) Left wing root 6000 100 510
F-18 M61A1 (1) Top center of nose 4000 & 6000 66.6 & 100 570
F-111 M61A1 (1) Underside of fuselage 5000 83.3 2084

GEPOD 30 GE430 (1) POD 2400 40 350
(GAU-8/A)

SUU-11/A GAU-2B/A (1) POD 3000 & 6000 50 & 100 1500

SUU-12/A AN-M3 (1) POD 1200 19 750

SUU-16/A M61A1 (1) POD 6000 100 1200

SUU-23/A GAU-4/A (1) POD 6000 100 1200

519.5D-5
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TABLE 519.5D-111. Gun specifications.
Gun Caliber, c Blast Energy, E
Gun mm in (J)*

GAU-2B/A 7.62 .30 6,700
GAU-4/A 20 .79 74,600
GAU-8/A 30 1.18 307,500
AN-M3 12.7 50 26,000
M3 20 .79 83,000
M24 20 .79 80,500
M39 20 .79 74,600
M61A1 20 .79 74,600
MK11 20 .79 86,500
MK12 20 79 86,500

METHOD 519.5

* joules (J) x 0.7376 = foot-pounds
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FIGURE 519.5D-1. Generalized gunfireinduced vibration spectrum shape.
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FIGURE 519.5D-2. Thedistance parameter (D) and the depth parameter (Ry)
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FIGURE 519.5D-3. Multiple guns, closely grouped.
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FIGURE 519.5D-5. Test level reduction dueto materiel massloading.
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FIGURE 519.5D-6. Test level reduction dueto depth parameter.

METHOD 519.5
519.5D-9



MIL-STD-810F
1 January 2000
ANNEX D

f =600 Hz

_5—] f=300Hz

Decrease in Vibration Level, B (dB)

— f=30Hz, 2 kHz

Ti1Level @ 30 Hz & 2 kHz
ToLevel @ 300 Hz
Tz Level @ 600 Hz

TTIT T I T T[T T T T[T T IT [ TTTIT[TTTT]
A
9]

-5

-25

T T T T 1T [ T T T T [ T T T T [ T T T T [ T T T T .1
50 100 150 200 250 300

Distance Vector, D (cm)

FIGURE 519.5D-7. Decreasein vibration level with vector distance from gun muzzle.
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FIGURE 519.5D-8. Gunfire peak vibration reduction with distance.
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