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Satellites are subject to pyroshock events that come from the actuation of separation and
can be damaging events for satellites. The damage risk is mitigated by the fact that shock
intensity is attenuated by the spacecraft structure. NASA and MIL handbooks and
standards, which were developed from extensive tests performed in the 1960’s, provide
guidelines for estimating the attenuating effects of distance, joints, and other structural
features in the load path between the shock source and the shock sensitive component.
Anecdotal evidence suggests that these rules are not always conservative while sometimes
they are grossly over-conservative. The first part of the paper summarizes and interprets
the attenuation rules-of-thumb. The second part presents a case study in which attenuation
factors developed for a satellite are compared to attenuation factors measured in a pyro-
shock test of the satellite. The third part looks at the feasibility of using 21% century
computational tools to predict shock attenuation through a simple jointed structure. Such
tools have the potential to recreate satellite specific shock attenuation factors that could
provide greater confidence in the predicted loads on shock sensitive components by
reducing, and perhaps eliminating, the over-under conservatism issue; however they are
surprisingly difficult to use.

I. Introduction

ATELLITES are subject to pyroshock events during the launch phase that come from the actuation of separation

devices. The shocks are very short, high intensity events with high frequency content that can be damaging
events for satellites. Near the source, peak accelerations are on the order of a thousand G’s. The damage risk is
mitigated somewhat by the fact that the shock intensity is attenuated by the spacecraft structure. The attenuation of
pyroshocks is addressed in NASA and MIL handbooks and standards. These documents provide guidelines for
estimating the attenuating effects of distance, joints, and other structural features in the load path between the shock
source and the shock sensitive component. Anecdotal evidence suggests that these rules are not always conservative
while sometimes they are grossly over-conservative. Neither situation is good. In the first case, overestimating the
attenuation can lead to increased risk of a pyroshock induced failure; in the second case, it can lead to unnecessary
and expensive overdesign for a phantom risk.

The guidelines in the NASA and MIL standards™* were developed from extensive tests®®’ performed in the
1960’s. This was a long time ago and the origins of the guidelines have largely been forgotten or never passed on to
current spacecraft engineers. The materials used in satellites today are different than those used in the 1960’s. A
better understanding of the bases for the information in the NASA and MIL standards could improve systems
engineering and spacecraft designs.
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Computational analysis software is more sophisticated and capable than ever today. These simulation tools have
the potential to create satellite specific shock attenuation factors, which could provide greater confidence in the
predicted loads on shock sensitive components by reducing, and perhaps eliminating, the over-under conservatism
issue that comes from using general guidelines. In fact, NASA-HDBK-7005 anticipated this evolution in 2001:

“However, with the rapidly increasing capabilities of computer hardware and software, it is possible that finite element
method (FEM) models may be developed in the future that can successfully predict these local inputs with sufficient
accuracy for design applications.” — NASA HDBK-7005 Section 8.3 High Frequency Transient Responses, page 197,
2001.

The objectives of this paper are three. First, the NASA standards that address pyroshock for satellite systems are
summarized (MIL standards®®*° are largely the same) and the original studies are discussed. Pyroshocks on launch
vehicles (e.g., stage separation with mild detonating fuses (MDF)) are not discussed. Next, a case study is presented
in which attenuation factors developed for a satellite are compared to attenuation factors measured in a pyro-shock
test of the satellite. The attenuation factors were based on the NASA standards but tailored to the satellite specific
load path. The last section presents results from a numerical study of pyroshock through a simple jointed structure
using high-performance computing tools. The computational simulations are compared to laboratory tap tests
highlighting some of the promises and pitfalls of using 21% century computational tools to predict joint specific
shock attenuation.

1. Pyroshock Attenuation Guidelines

Pyroshock is one of the environments in which satellites and their subsystems and components must be tested
during environmental testing. A pyroshock test simulates the transient loads created when explosive devices, (e.g.,
squibs) release launch locks and clamping mechanisms for deployment of antennas, solar arrays, etc. Pyroshock
events are short duration (< 20 msec) high amplitude, high frequency transient excitations. However, long before a
satellite reaches the environmental testing phase, decisions must be made regarding loads on potentially shock
sensitive components so they can be designed. This requires an understanding not only of the pyroshock excitation,
but also of the loads the shock produces on the components of interest. The pyroshock loads experienced by a
component are very dependent on the proximity of the component to the source of the shock. Because of short
duration and high frequency nature of a pyroshock, it will be attenuated by the structural features in the load path
between the pyroshock source and the component. The attenuation effects have been handled empirically with
guidelines or rules in NASA handbooks™. Almost all the recommended attenuation factors in the NASA
handbooks come from a study performed by the Space System Dynamics Unit of Martin Marietta Corporation for
Goddard Space Flight Center between 1968 and 1970°°. The objective of that effort was to provide a single
reference for shock data compiled from pyroshock data from the aerospace industry.

The pyroshock environment is usually divided into three regions®: near-field, mid-field, and far-field. The near
field is roughly within 6 inches of the source and the shock effects are due to the propagation of stress waves™. The
peak acceleration levels can be greater than 10 kG and spectral bandwidth can extend beyond 10 kHz. In the mid-
field (shock path distance > 6 in) the responses to a shock are a combination of oscillatory response and wave
propagation effects. A widely accepted rule-of-thumb is that the peak accelerations and spectral bandwidth are
reduced by factors of 10 from near-field levels — i.e. peak acceleration < 1000G and spectral content between 3 kHz
and 10 kHz. In the far-field, the structure has transformed the stress waves into oscillatory responses dominated by
the structural resonances. Peak accelerations and spectral bandwidth are further attenuated.

Only the mid-field and far-field regions are of interest in this paper and generally in spacecraft design. This is
why pyroshock specifications are written in terms of the max-max absolute acceleration (MMAA) Shock Response
Spectrum (SRS), but extending up to 10 kHz - 50 kHz. A quality factor (Q) of 10, corresponding to a 5% damping
ratio, is used exclusively. A pyroshock SRS is characterized by a ramp portion with a slope of ~30 - 40 dB per
decade (9 — 12 dB/octave) and a flat portion above the knee frequency. The knee frequency is the 1% resonant
frequency in the SRS. The SRS does not contain a duration, but it is understood that the duration of the pyroshock
transient is on the order of 20 msec. Unlike other mechanical shock insults, pyroshocks do not introduce a velocity
change. A typical maximum predicted environment (MPE) SRS specification is shown in Figure 5. Note that an
SRS can be used to describe the near-field pyroshock to some extent but the knee frequency is greater than 10 kHz,
making it not very practical.

Understanding the pyroshock event is necessary but insufficient. The pyroshock environment must be evaluated
for shock sensitive parts. Because of the high-frequency character of a pyroshock, small parts, brittle parts and
circuit board elements are most at risk'. However, it is not possible to define a pyroshock environment at specific
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shock sensitive parts inside a component; they are simply too small. The pyroshock SRS are used primarily to
establish test environments for components (i.e., electric boxes) mounted on the spacecraft structure. These
environments are used to design tests to verify the component’s robustness to pyroshock transients, or to exempt a
component from shock testing requirements. For example, MIL-HDBK-340A° exempts units from shock
qualification testing if:

1)  The qualification random vibration test spectrum when converted to an equivalent shock response spectrum
(3-sigma response for Q = 10) exceeds the qualification shock spectrum requirement at all frequencies
below 2000 Hz.

2)  The maximum expected shock spectrum above 2000 Hz does not exceed G values equal to 0.8 times the
frequency in Hz at all frequencies above 2000 Hz, corresponding to a velocity of 1.27 meters/second (50
inches/second).

Both criteria must be satisfied, so understanding the attenuation of the pyroshock transient between the source and
the component containing shock sensitive parts is important.

The attenuation of the pyroshock event is affected by shock magnitude, materials and material changes, shock
load path distance, redundant shock load paths, changes in cross-sections, structural geometry discontinuities, and
joints in the shock load path. Probably the dominant contributor to shock attenuation is the structure geometry, but
this is design specific and therefore impossible to generalize. Only two structural attenuation features are
specifically addressed in NASA and MIL documents: distance (which means shock path distance) and joints.
Neither takes into account sensitivity to shock magnitude.

A. Attenuation with Distance

NASA-HBDK-7005 and NASA-STD-7003A provide guidance on shock attenuation as a function of shock path
distance from the source. Perhaps the most widely quoted shock attenuation curve in NASA-HBDK-7005 is Figure
5.7, shown in Figure 1. This figure shows the amount of attenuation for the SRS ramp and the SRS plateau. The
original source of this curve is Ref. 7, which described pyroshock test requirements for Viking lander capsule
components. This attenuation model was derived from Refs. 5 and 6, specifically for the Viking lander capsule. No
uncertainty data are provided nor is an explanation of how the curves were derived. Since these curves were
included in NASA HDBK-7005, they have been used for all kinds of vehicles, presumably successfully, but the fact
remains that they were derived for a specific vehicle so extrapolation to any other vehicle should be done with full
knowledge of its origin.

Reference 5 presented an exponential model of peak acceleration attenuation for truss and cylindrical shell
structures from 456 shock test measurements. The attenuation rates from the truss data are shown in Figure 2. The
overall mean attenuation coefficient, «, is 0.033 and the associated coefficient of variation is 27%. The attenuation
coefficients vary from 0.023 to 0.044. References 5 and 6 do not provide enough information to determine if there
are joints in the shock path or the truss materials.

There are other attenuation models in NASA-HBDK-7005 that one can evaluate for their specific application.
As a point of comparison, Eg. 5.78 in NASA-HBDK-7005 is evaluated at 2 kHz, a typical knee frequency in a
pyroshock specification, and compared to the mean
attenuation from the truss data in Ref. 5 (Figure 2), 100~
in Figure 3. The response at the knee frequency is
usually the peak response in the SRS, so this is the
best frequency at which to compare the SRS
attenuation with peak acceleration attenuation.
The difference is large, and it suggests that scaling
rules should be based on data sources and
structures similar to the spacecraft for which
environments are being developed. Furthermore, it
reinforces the point that environments and data in
NASA handbooks and MIL standards should only
be used when nothing better is available.

80—
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Percentage of Source Value Remaining

Note that shock test MMAA SRS amplitude % 0s 10 15 20 25
H 3.
tolerances are typlca”y . Shock Path Distance from Shock Source, m
a) +/- 6 dB at natural frequencies <= 3 kHz, FIGURE 5.7. Shock Response Spectrum Versus Distance from Pyroshock Source.

b) +9/-6 dB at natural frequencies > 3 kHz.
So if the attenuation is less than the test
tolerance it is likely to be swamped by the

Figure 1. SRS vs. Distance from Pyroshock Source
Excerpt from NASA-HDBK-7005"
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uncertainty in the shock test environment to which the component is exposed. Also, shock path distance may be
difficult to establish so that uncertainty should be taken into account.
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Figure 2. Attenuation Rates for a Truss Structure
from Ref. 5

B. Attenuation across Joints and Structural Discontinuities

NASA-HDBK-7005 provides guidance regarding the amount of attenuation across joints. The guidance comes
from a paragraph in Ref. 7 that describes pyroshock test requirements for the Viking lander. It reads:

“... to ensure adequate conservatism it was elected to use the following approach to joint attenuation: Assume a peak
attenuation7 of 40% for each joint, up to a maximum of three joints, with no attenuation applied to the ramp of the
spectrum.””.

This is the so-called “3-joint rule” that is specified in various other documents, such as Refs. 4 and 12. This 3-
joint rule essentially limits the amount of attenuation from joints in the shock path to 13 dB, regardless of the type of
joints, the shock amplitude or the number of joints if there are more than three. The 3-joint rule is not unreasonable
because some types of joints such as bolted joints lose their attenuating properties as excitation amplitudes decrease.
The 3-joint rule would be better interpreted as a “3-joint guideline” and applied with additional, design specific
information.

More nuanced information is provided in Ref. 6. In this reference, attenuation ranges are assigned to specific
interface types. Solid joints and riveted butt joints provide no attenuation. A matched angle joint reduces the shock
pulse by 30-60% and a solid joint with interface material provides a reduction of 0-30%. Load path bifurcations are
discussed briefly also. The amplitude of a shock may be reduced by 20% to 70% when there is a corner in the shock
path.

Shock attenuation effects across joints and structural features are complicated and not well understood. All
information in the MIL and NASA handbooks is quite crude and should be used as a guideline rather than as a rule.
Vehicle specific testing is still the best way to reduce uncertainty and avoid the risks associated with over- or under-
conservatism.

I11. Pyroshock Attenuation Case Study

This section describes a more nuanced approach to estimating and applying shock attenuation factors that simply
following the guidelines in the NASA and Mil standards. Shock attenuation factors were estimated for a satellite
payload during the preliminary design phase to provide loads on various components on the satellite. The payload
underwent a simulated pyroshock test during its environmental testing. The test provided data that permits a direct
assessment of the adequacy of the estimated shock attenuation factors that were assumed during preliminary design.

The satellite addressed herein is a secondary payload, attached to the spacecraft bus by seven struts in a tripod
configuration. Shocks are transmitted from the bases of the struts throughout the payload. The load path and the
amount of attenuation at shock sensitive components are shown in Figure 4. Shock attenuation factors for typical
structural components are tabulated in Table 1. The attenuation levels were computed by aggregating the effects of
structural features in the load path. These design factors should be conservative, but not excessively so.
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There are two primary load paths from a shock [+
applied at the base of a strut to subsystems and [ ] subsystem
components.  The attenuation across a strut was @_ O Component
estimated as 13 dB based on the design of the strut. @_ Oats Prassriod
The largest attenuation factor was 30 dB at subsystem
G, which is far down one of the load path

During the test, different shocks were specified for
the front feet and the back foot. The shock response
spectra specifications (SRS) are shown in Figure 5.
This specification is typical of a pyroshock. There is
little velocity change in a pyroshock so the SRS slope
will be effectively zero at low frequency. This
frequency range is not shown in Figure 5. In these
tests the velocity change was on the order of 10 ft./sec.
The slope of the SRS is approximately 2 in log-log
space. The SRS high frequency asymptote is the
amplitude of the shock™. The breakpoint natural
frequency is 2 kHz suggesting that the resonant
frequency content of the shock starts at that frequency.

The shocks were applied to the strut feet through a
resonant beam (Figure 6) impacted by a projectile fired
from a shock actuator air gun (Figure 7). The resonant
beam was bolted to a foot pad and an accelerometer
was mounted on the beam near the pad as shown in

Figure 8. This accelerometer response was taken as the
shock input. Figure 9 shows a typical time history

Figure 4. Load Path and Predicted Attenuation
Factors

Table 1. Typical Structural Attenuation Factors

measured with a pad accelerometer and its Structural Feature Attenuation
corresponding SRS. The acceleration depends on the Rotational Joint 3dB
speed of the projectile which was difficult to set with Distance 3dB
precision. This impact was above the specified level Right Angle 0dB
and somewhat out of tolerance. Bolted Joint 3dB

In this paper, shock attenuation is defined as the Bonded Joint 1dB
ratio of the response SRS to the input SRS. Due to the Flexure 0dB
complex load paths, and to avoid having to deal with Material 1dB

different coordinate frames, the input and response SRS
were each root sum squared (RSS’d) first. The
frequency region of primary interest is 2 kHz to 10 kHz. Attenuation factors for three components: struts,
component 18 and subsystem G in Figure 4 are presented.
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Figure 5. Input Shock Response Spectra Specifications
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Figure 6. Resonant Beam

Accelerometer

Resonant Beam

Figure 8. Resonant Beam Strut Interface
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Figure 9. Typical Input Shock at the Strut Fitting

C. Strut

Figure 10(a) shows the measured attenuation across a strut for an input applied to the left foot in the Y-axis. The
system has multiple struts and there were five accelerometers attached near the ends of the struts. The mean
attenuation (i.e., the average over the five sensor locations) of the shock applied at the base of the left struts is more
than the predicted attenuation of 13dB. Figure 10(b) shows the attenuation across one of the right struts. The mean
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attenuation also is greater than the predicted attenuation of 13dB. However, the attenuation measured at one sensor
(Z4) was less than expected for both shocks. If there had been a shock sensitive part near Z4, then it could have
been at risk. Ideally it would have been identified as a potential risk through modeling before the system was shock

tested.

Test: lefiFootYDwH1; Pat: STRUT Test nghtFootYCwH1; Par: STRUT

Part: STRUT,; Accel B1
Part: STRUT; Accel B4
Part STRUT, =
Part: STRUT;
Part: STRUT: el I
Part: STRUT; Mean

Part: STRUT; Accel B1
Par: STRUT, Accel B4
Part. STRUT, Accel D4/
Part: STRUT; Accel 21
Part: STRUT: Accel Z4
Part STRUT: Mean

SRS Attenuation (dB)
SRS Attenuation (dB}

@ Left Foot — Y axis input WAy “  Right Foot — Y axis input
ﬁio 15" 1Iu' 10" ﬁiu 15" 1:3 10°
Frequency iHz) Frequency [Hz)
(a) Y-axis Attenuation; Input at Left Foot (b) Y-axis Attenuation; Input at Right Foot

Figure 10. Attenuation across a Strut

D. Component 18
The shock attenuation factor for Component 18 was estimated as 20 dB. Two accelerometers measured the

response of the component. The 20 dB attenuation factor was conservative above 2 kHz as illustrated by the SRS
attenuations shown in Figure 11. There is a resonance at 4500 Hz that is excited by the shock applied to the right
foot. The magnitude of the shock had been sufficiently attenuated by the time it reached the component. However,
the resonances around 400 Hz could have been problematic; happily they were not.

Test: rightFootXCwH1; Pan: 18 Test: backFootYDwH1; Part: 18

Pan; 18; Accel E1|
Pan: 18; Accel E4
Pert. 18, Mean

SRS Attenuation (dB)

SRS Attenuation (dB}

Right Foot — Y axis input *| Back Foot — Y axis input
“1‘0' :Ic;‘ 10° 10 ﬁiu' 107 |Io= 10
Frecuency (Hz) Frequency (Hz)
(@) Y-axis Attenuation; Input at Right Foot (b) Y-axis Attenuation; Input at Back Foot

Figure 11. Attenuation at Component 18

E. Subsystem G
Subsystem G is far away from the shock input locations and the shock has to traverse many structural features to

get there as evidenced by the 30 dB attenuation factor. There were four accelerometers distributed on this
subsystem for the shock test. Figure 12 shows the attenuation to shocks applied in the x-axis at the left and right
feet. There is a clear resonant response around 2200 Hz that affects the amount of attenuation experienced locally at
sensor O1. A resonant response is also observable at 400 Hz, which is well below the corner frequency of the
environment. While the average attenuation is larger than the predicted attenuation factor, locally (at sensor O1) the
shock attenuation is only 20 dB. This illustrates both the benefits and risks of using relatively coarse design factors.
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The attenuation factor was conservative when compared to the mean of the measured locations above the knee
frequency. Since the attenuation factors were developed early in the program they cannot be expected to be precise
at specific locations on components that had not been designed or test accelerometer locations defined.

Test: leftFoctXDirH1; Part: G Test: nghFoctXDirH1; Pant: G

Pam: G; Accel 01 Fart G Accel 01
Parmt: G Accel O4) Fart G: Accel 04
Part. G, Acoel OF |
Part G Accel P1

Part G Mean

Farl. G, Accel OF
Fart G Accel P1 |
- G: Mean

SRS Attenuation (J8)
SRS Attenuation (dB)

-40

50 A 50+
Left Foot — X axis input ; Right Foot — X axis input
a:o‘ t:)" 1I0‘ 10" ﬂr;o' 1IU"' “‘)" 10°
Frequency (Hz) Frequency (Hz)
(a) X-axis Attenuation; Input at Left Foot (b) X-axis Attenuation; Input at Right Foot

Figure 12. Attenuation at Subsystem G

IV. Pyroshock Attenuation Modeling

Numerical analysis tools are much more capable today than they were in the 1960’s when NASA was studying
pyroshock and developing the empirical rules contained in the NASA handbooks and standards. Structural analysis
tools such as ABAQUS and Sandia National Laboratories’ Sierra Solid Mechanics Presto have the potential to
enable engineers to relatively easily create satellite specific joint models from which to estimate shock attenuation
factors. This could provide greater confidence in the predicted loads on shock sensitive components by reducing
and perhaps eliminating the over-/under-conservatism issue. Kolaini*® investigated the feasibility of using high-
fidelity wave propagation finite element codes to predict displacements in a complex component from a shock input.
One conclusion from the study was that it was a challenge both technically and computationally.

To assess the feasibility and level of difficulty of these tools for this application, a simple beam with a lap-joint
was studied both computationally and experimentally. The beam is a benchmark nonlinear beam structure,
commonly termed the Brake-Reuss Beam (BRB)*. The beam is a 28.25” long, 1 in? steel beam with a bolted lap
joint and three 5/16”-24 bolts as shown in Figure 13.

Figure 13. Sandia It Lap Joi

Beam

A. Numerical Results

For the numerical experiments, the beam was modeled in Sierra Solid Mechanics Presto and explicit solutions
for different loading cases were computed. Figure 14 shows the mesh used in the model. Prescribed axial (Z-axis)
force or acceleration boundary conditions were applied to the nodeset at the left end of the beam. The output
quantities were average cross sectional accelerations of nodesets at the left, left-mid, right-mid and right end. There
are 99 nodes in the output nodesets, shown in yellow in Figure 14.
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Figure 14. Sierra SolidMechanics Mesh of Brake-Reuss 3-bolt Lap Joint Beam

The bolts were preloaded prior to applying a load by creating three material block sections of each bolt: bolt
shaft, bolt head/nut, and washers. The bolt shaft was contiguously meshed to the upper bolt head, lower beam nut,
and washers (i.e., they shared the same nodes). These bolt shaft, head, nut, and washer assemblies were not
contiguously meshed with the lap joint bars and were allowed to contact through a constant coulomb friction
coefficient of 0.7 (Steel-Steel). The middle section of the bolt was artificially strained along the axis of the bolt,
causing the bolt head, nut, and washer assembly to compress against the beam, simulating tightening. The bolt
washer and beam contact surfaces were used to monitor the axial force which allows for calibration of the bolt
preload. The bolt torque was related to the bolt tension (preload force) with

T
=<7 (1)
where K is the nut factor, d is the tensile stress diameter of the bolt, and T is the bolt torque. For the present study,
K = 0.2 is used, which is standard for most bolts. The first 0.004 msec of simulation time were allocated to
achieving a stable bolt preload force, followed by the respective pulse width of input force or acceleration.
Simulation run times were on the order of 3 hours clock time for 20 msec of simulation. The time step used was
47.9 nanoseconds.

A near net zero velocity change 200 N impact (Figure 15) was applied to each node in the node set on the left
side of the beam, giving the beam effectively a 20 kN hit. Two cases, distinguished by bolt torque, were simulated.
Bolt torques of 11 ft-1b (14.9 N-m) and 27 ft-lb (36.6 N-m) were modeled. The bolt torques are typical for the bolt
sizes. The average axial acceleration at the
left-mid node set and the corresponding SRS
for the 11 ft-lb bolt torque case are shown in
Figure 16. The same data from the 27 ft-Ib
bolt torque case are shown in Figure 17. The
differences in the responses are larger than
expected. Some of the difference can be
attributed to the clamping force difference but
part of it may be numerical artifacts associated
with the bolt preloading.

F;

200 ¢ - - v T -

Force (N)

The SRS attenuation across the lap-joint is
shown in Figure 18 for each bolt preload case
The SRS of the average axial accelerations at
the left-mid and right-mid node sets are shown
in Figure 19,. The simulations show no e |
attenuation across the lap joint. The SRS are 3s 4 45 5 55 8 65

Cy . . Timé[sec] .!oj;
within  typical shock test MMAA SRS Figure 15. Applied Nodal Force at the Left End Node Set

9
American Institute of Aeronautics and Astronautics



amplitude tolerances. In fact the SRS amplitude on the right side of the joint is higher above 4 kHz than the left side
of the joint. This is counterintuitive and may be due to the specific axial location of the node sets and numerical
artifacts. There should be more dissipation at lower bolt torques, but at the torques used, the Brake-Reuss beam
essentially behaves as a solid, joint free bar.
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Figure 16. Axial Acceleration and SRS at Left-Mid Location (T = 11 ft-Ib)
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Figure 17. Axial Acceleration and SRS at Left-Mid Location (T = 27 ft-Ib)
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Figure 18. SRS Attenuation Across the Lap Joint
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Figure 19. SRS Before and After the Lap Joint

B. Experimental Results

The Brake-Reuss beam was suspended in a free-free configuration and axial impacts, shown in Figure 20, were
applied at the right end. The impact amplitudes were ~100X smaller than those in the simulations. The beam was
tested with two levels of bolt torque (Table 2), and a solid beam was used as a reference to verify the data-
processing MATLAB scripts. The solid beam was monolithic, so its modal properties differ from the bolted lap
joint beam; it would have been preferable to use a solid beam with the holes and bolts, but it was not available.
Accelerometers were placed on both sides of the joint, about 11” from each end, and about 4.75” from the end where
the force was applied as illustrated in Figure 21.

Table 2. Brake-Reuss Beam Test Configurations

Beam Type | Bolt Torque Fundamental Axial Free- Impact Force
Free Frequency (Hz) Range (N)
Monolithic N/A 3453 90 - 392
3 Bolts 11 ft-lb 2778 90 - 440
3 Bolts 27 ft-lb 2787 106 - 477
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Although the excitation was not

characteristic of pyroshock, and the impact
forces were small, the experimental data
provide some insight into attenuation
characteristics.  First, the amount of bolt
preload did not have an appreciable effect
on the attenuation across the joint. The low
level of the applied force was likely the
dominant reason that no difference was
observed; the joint likely did not experience
micro-slip or macro-slip from the impact.
However, the SRS attenuation magnitude
varied from -12 dB to +6 dB (Figure 22)
depending on the natural frequency. The
SRS suggest that the attenuation effects may
be within the wuncertainty due to 0
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V. Conclusion

From a system’s perspective, it is desirable to estimate attenuation factors for pyroshocks with conservative
accuracy. If the attenuation factor is too low, the structural design will be negatively affected; on the other hand if
high shock attenuation factors are used then shock sensitive parts may suffer damage during environmental testing
or in-service. The greatest challenge in predicting shock attenuation in a complex structure is the amount of
variability in the response to a pyroshock. Because pyroshocks have high frequency energy, the spatial and spectral
sensitivity can be significant.

The shock attenuation data compiled in the 1960°s — 1980°s were for specific spacecraft and launch vehicles of
the day. These data were included in NASA and MIL standards and handbooks. No uncertainty bounds were
calculated and are not generally known or used explicitly although the variability can be rather large, therefore the
attenuation models should be used with appropriate derating factors (i.e., factors of safety). These will be program
specific and no recommendations are made herein.

A case study was presented that compared predicted shock attenuation with test measured shock attenuation
levels. The predicted attenuation factors sought to take into account vehicle specific geometry and shock path
characteristics. The data showed that the predicted levels of attenuation were unconservative at natural frequencies
below the knee frequencies and generally conservative at natural frequencies above the knee frequency. However,
there was a large amount of variability in the measured data depending on the placement of the sensor. This
confirmed the sensitivity of shock attenuation to specific structural features that are often unknown early in a
program when component level environments are first established.

High-performance finite element software has the potential to improve shock attenuation models. A numerical
study of shock propagation through a lap joint in a beam was performed using Sandia National Laboratories Sierra
Solid Mechanics finite element code. The simulations showed no attenuation in the axial direction through the lap
joint. This study also showed that the modeling effort can be substantial and the computational run times quite long.
Finite element modeling tools are not ready for detailed shock response predictions of (small) shock sensitive
components. However, the tools may provide the capability to better understand the shock attenuation effects of
joint categories and structural interfaces. These can replace experiments and inform shock attenuation predictions.
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