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Abstract

Spacecraft and associated onboard equipment undergo substantial dynamic
loading during various mission phases. The activation of pyrotechnic devices in-
duces severe high-frequency shocks transmitted throughout the entire structure,
also known as "pyroshocks". These shocks could potentially lead to mission failure
and inflict safety-critical damages. Consequently, verification tests for aerospace
equipment are necessary to prove the resistance of the equipment to impulsive
loads.

Qualification requirements are typically expressed in terms of the shock re-
sponse spectrum acceleration, and they can easily vary since distinct launch vehi-
cles induce different shock response spectrum profiles. Laboratory tests thus aim to
replicate real conditions of a shock environment while ensuring repeatability and
safety. To achieve this, the majority of test facilities often exploit impacting objects
(e.g., hammers or projectiles) launched onto resonant plates, which in turn support
the component under examination.

Recent studies have increasingly focused on developing numerical analyses to
predict the shock responses of these structures. Currently, the calibration process
relies on empirical techniques causing substantial costs and downtime. This PhD
thesis delineates several objectives, aiming to introduce innovative approaches to
pyroshock testing from both theoretical and experimental perspectives. In addition
to an initial literature review that entirely describes the state of the art, the main
contributions of this work are outlined below.

Firstly, a novel approach developed in the frequency domain has been intro-
duced. On this basis, effective parametric models have been developed both for the
simulation of pyroshock tests and for the optimization of the design of test facilities.
These models demonstrate notable accuracy and flexibility, effortlessly and effi-
ciently satisfying the variable SRS requirements. This operational efficiency
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translates into reduced calibration times, entailing significant economic benefits.
The proposed models exhibit varying degrees of complexity and computation times.
They range from a multi-degree of freedom system model to the implementation of
an embedded computer-aided design modeler, integrated with a finite element
solver, and a genetic algorithm optimizer. Insights into contact mechanics for de-
fining impulses and various optimizations to enhance test performance are encom-
passed.

Secondly, an extensive dataset has been gathered to facilitate a comprehensive
exploration of parameters in shock tests employing a resonant plate. These data
were acquired at the Marcus Wallenberg Laboratory for Sound and Vibration Re-
search (MWL) in collaboration with the KTH Royal Institute of Technology. This
dataset has enabled an investigation into the influence of experimental configura-
tions on test outcomes, specifically in terms of the shock response spectrum. Fur-
thermore, these data have been crucial in validating predictive models employing a
digital twin. The research incorporates an in-depth analysis of shock physics, in-
volving a comparative assessment between simulated and measured force profiles.
This comparative study provides valuable insights into the complexities of shock
dynamics.

Finally, the last contribution concerns the design and development of the
Politecnico di Torino test facility. Taking advantage of the developed models and
acquired knowledge, a specialized test facility for conducting pyroshock tests with
resonant plates has been successfully designed. The key components of this test
facility include a structural portal frame to uphold the resonant plate and an excita-
tion apparatus, which can take the form of either a pneumatic gun or a pendulum.
This test facility stands as the application of the outcomes of the previous research,
allowing the controlled experimental simulation of pyroshock tests.
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Nomenclature

The following conventions for nomenclature are embraced, unless explicitly

stated otherwise:

Matrices and vectors are denoted in boldface.

Matrices are represented by capital letters, while vectors use lowercase
letters.

Signals in the time domain are indicated by lowercase letters, while
their frequency-domain equivalents are denoted by the corresponding
capital letters.

Specific symbols are defined within each chapter. Commonly adopted symbols:

Damping coefficient

d Diameter

dt Time resolution

df,dw Frequency resolution

e Coefficient of restitution
E Young’s modulus
f(t),F(w) Force

F*(w) Force with unitary momentum
fs Sampling frequency

G Shear modulus

h(t) Impulse response

H Mesh dimension

I Moment of inertia

k Stiffness

m Mass

n,N Number of elements

p Momentum

Q Damping ratio
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x(t), X(w)
x(t), X (w)
(), X(w)

Radius of curvature
Time

Transmissibility
Velocity

Energy

Displacement, position
Velocity

Acceleration
Receptance

Change of momentum
Time interval
Damping ratio
Angular position, velocity, and acceleration
Wavelength

Friction coefficient
Poisson’s ratio
Density

Yield stress

Pulse duration
Frequency

Excitation frequency
Natural frequency of the c-th SDOF in the SRS calculation

Subscript referring to the anvil plate (input)
Subscript indicating the minimum

Subscript indicating the maximum
Subscript referring to the resonant plate
Subscript referring to the impacting body
Subscript indicating the SRS

Subscript referring to percentage indicators



Chapter 1

Introduction

In the aerospace and defense fields, pyrotechnic devices, employing high-en-
ergy or explosive materials, play a pivotal role in executing crucial mechanical
functions. These devices are essential in initiating flight sequences during missions,
enabling the release of different spacecraft stages, boosters, cargo satellites, sepa-
ration of structural subsystems, and deployment of various attachments. However,
the activation of explosive charges or pyrotechnic devices in general induces a tran-
sient mechanical response in structural elements, especially in the proximity to the
energy release zone. This phenomenon, commonly referred to as pyrotechnic shock
or pyroshock, is distinguished by its impulsive nature and high-frequency response
content. These characteristic pyroshocks often lead to damages to electronic com-
ponents but infrequently result in structural failures. Indeed, crystalline and ceramic
materials, prevalent in optical and electronic systems, exhibit an high sensitivity to
excitations within the 2-4 kHz frequencies band [1]. Damages to these materials
can result in the failure of space missions. Hence, experimental simulations of py-
roshocks are fundamental for characterizing and verifying components in order to
ensure the reliability and functionality of aerospace and defense equipment.

The selection of methods and excitation structures for simulating shocks de-
pends on the specific type of shock to be replicated, on test requirements, and on
other influencing factors. Among these methods, resonant plates subjected to im-
pact from typically metallic objects, such as pendulum, hammer, dropping mass,
projectile, or actuator, stand out as the most widely adopted and efficient test rigs
for pyroshock simulation. This approach improves the effectiveness of more
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restrictive methods like electrodynamic shakers and even presents some advantages
with respect to pyrotechnic devices themselves. Resonant plates provide a flexible
solution, exposing the object under test to mid- and far-field shocks. The generation
of effects similar to the stresses induced by a pyroshock makes resonant plates a
superior choice for achieving realistic and comprehensive simulations.

1.1 Objectives

Despite the growing interest in the pyroshock topic, numerous aspects require
further investigation. A systematic analysis of the literature revealed a few studies
focusing on both numerical and experimental simulation of pyroshocks. Neverthe-
less, many techniques for simulating pyroshocks still require extensive trial-and-
error processes to achieve accurate test conditions and the desired Shock Response
Spectrum (SRS) profile [2,3]. In addition to the inherent technical challenges asso-
ciated with plate tuning, it is necessary to remember that test requirements may vary
based on the specific characteristics of the pyroshock to simulate. The combination
of these factors requires a significant effort in tuning and preparing the experimental
setup, consequently increasing downtime and costs.

In this context, standards provide guidelines and specifications for reliably and
repeatably conducting pyroshock tests. However, nowadays there is no standard-
ized procedure for executing the tests and predicting the effects caused by shocks.
Experimentally, most studies in the literature utilize a plate as a resonant fixture to
simulate the pyroshock environment. Nevertheless, numerous parameters influenc-
ing the test results remain complex and challenging to manage. These include the
geometry, dimensions, and material of the resonant fixture, impact and measure-
ment locations, excitation typology, mass, velocity, geometry, and material of the
impacting body. Concerning numerical simulation, the state-of-the-art appears less
defined compared to the experimental field. Indeed, various approaches exist, pri-
marily classified into Finite Element-based (FE) models and Statistical Energy
Analysis (SEA). Methods belonging to the former category are typically developed
in the time domain, extracting the transient response of the mechanical system to
the impulse. On the other hand, the latter category usually involves frequency do-
main approaches.

For all these reasons, this PhD thesis encompasses several objectives. In addi-
tion to providing an overview of the field of pyroshock simulation and analyzing
recent studies on this topic, this thesis aims to propose new approaches in both nu-
merical and experimental simulation. Numerical methods have been developed
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mainly in the frequency domain. The mechanical system was developed with pop-
ular computational models for structures, such as Multi-Degree of Freedom
(MDOF) or FE models. This approach allows for reaching accurate results while
maintaining short computation times. These numerical models prove to be essential
for setting up the experimental apparatus, eliminating the need for numerous trial-
and-error iterations and, consequently, reducing costs and downtime. Beyond pre-
dicting the SRS, these numerical methods have been adapted to address the so-
called inverse problem, i.e., the optimal design of the experimental test bench. The
results of this optimization process are highly beneficial for defining and designing
an experimental test facility. With these outcomes and the collection of a full fac-
torial dataset for an in-depth investigation of impact tests, it became feasible to de-
sign a test facility to be installed at the Politecnico di Torino.

In summary, the main objectives and original contributions of this thesis can be
grouped into:

e Novel numerical models for simulating pyroshock tests and for predict-
ing the SRS. These proposed approaches originally contribute to the ex-
isting literature, providing significant advantages in terms of accuracy,
shortened computation times, and cost reduction through efficient tun-
ing.

e Proposal of numerical models, currently absent in the literature, to op-
timally design test benches for experimental pyroshock simulation.

e Collection of a dataset containing impact tests in various experimental
configurations, allowing not only the validation of numerical models
but also the investigation of parameter effects.

e Proposal of a test facility for experimental pyroshock simulation, con-
tributing to the establishment of a specialized laboratory at the Politec-
nico di Torino.

1.2 Outline

The present thesis is structured as follows.

In Chapter 2 a general overview of pyroshocks is presented. The definition of
impulsive phenomena and the classification of shocks is introduced to the reader.
Furthermore, the SRS is presented: SRS is the most commonly used representation
to describe the frequency contents of shocks and the main tool that will be used in
this thesis to analyze the results.
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In Chapter 3 a state-of-the-art is proposed to survey the scientific literature. In
particular, studies inherent to simulation models and experimental setups are gath-
ered, given that this thesis deals with the pyroshock phenomenon both from an an-
alytical, numerical, and experimental point of view. Finally, a reference to the state
of the art in the field of contact theory is proposed.

In Chapter 4 a novel semi-analytical model to describe pyroshock tests entirely
in the frequency domain is proposed. Together with this first approach, useful for
subsequent numerical models, an in-depth analysis of the convolutional method is
also presented.

In Chapter 5 all the numerical models developed for the simulation of py-
roshock tests are reported, from the more straightforward MDOF model to the more
comprehensive FE-based model. In addition to the description of these models and
of their numerous parameters, their validation through a comparison with experi-
mental data is presented.

In Chapter 6 the developed pyroshock simulation methods are exploited to
solve the inverse problem, i.e. the design and optimization of the experimental
setup. In particular, optimization techniques by means of Genetic Algorithms (GA)
are proposed for the plate design together with investigations on the influence of
shape, dimensions, and measurement-impact positions on the results in terms of
SRS acceleration.

In Chapter 7 a large dataset is proposed to allow a full parameters exploration
of shock tests with a resonant plate. Data were acquired at the Marcus Wallenberg
Laboratory (MWL) for sound and vibration research of the KTH Royal Institute of
Technology, during a collaboration under the supervision of Prof. Gunnar Tibert.
In addition to a detailed description of this dataset, an analysis of the influence of
the experimental configurations, further validation of the predictive model, and an
in-depth analysis of the shock physics are presented.

In Chapter 8 the design of a system for the experimental simulation of py-
roshock proposed in the laboratories of the Politecnico di Torino is mentioned.

In Chapter 9 conclusions are drawn. The main contributions of this doctoral
thesis are also included, together with the directions for future developments.



Chapter 2

Pyroshock: A General Overview

Throughout their operational lifespan, space equipment is subjected to various
types of loads, including high-frequency shocks [4]. In particular, pyrotechnic de-
vices find common applications in aerospace, utilizing high-energy or explosive
materials, hence earning the name “pyroshock”. These devices play a crucial role
in executing essential mechanical functions, facilitating the initiation of flight se-
quences across different mission phases, such as launch, orbit, and return.

Pyrotechnic devices are also fundamental in tasks like releasing spacecraft
stages, boosters, cabins, satellites, and other structural subsystems. Their utilization
offers several advantages, ensuring satisfactory efficiency, high reliability, and the
proper connection of structures before separation. However, the activation of pyro-
technic devices induces a transient mechanical response in the structural elements
in proximity to the explosion or energy release area. This phenomenon is charac-
terized by its brief duration, high amplitude values of acceleration response, and
substantial high-frequency content [5]. Given these characteristics, coupled with
the strategies of launch vehicle manufacturers aiming to minimize spacecraft mass
and associated costs by reducing damping materials, pyroshocks can lead to defor-
mations and damage to the structure. Electronic components and precision equip-
ment, particularly those comprising crystalline and ceramic materials, are vulnera-
ble to these shocks. As safety-critical elements for space missions, these materials
are highly sensitive to both shocks and high-frequency excitations [1].
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For these reasons, it is necessary to subject space equipment to shock tests for
qualification, ensuring its resistance against induced stresses. Moreover, with the
rapid technological progress in the aerospace and defense industry and the contin-
uous evolution of spacecrafts, missions now incorporate an increasing array of di-
verse pyrotechnic devices. This amplifies the significance of validation testing,
making it an indispensable tool in the aerospace equipment qualification process.

The primary methodologies employed for characterizing and verifying compo-
nents involve experimental simulations of pyroshocks. Traditionally, these simula-
tions relied on explosive charges. However, present laboratory settings commonly
utilize bullets, pendulums, or hammers in impact testing machines to enhance re-
peatability and safety. Among the diverse excitation methods and structures, reso-
nant plates emerge as the most widely used and effective means of simulating py-
roshocks. These plates enable the exposure of the object under test to responses
similar to those generated by a real pyroshock.

The shocks, induced by the impact of a typically metallic object on the resonant
plate, necessitate the generation of a spectrum capable of satisfying the specified
test requirements. Numerous technical standards, such as Method 517 in MIL-STD-
810F [6] and the IEST RP Pyroshock Testing Technique [7], offer guidelines for
delineating these requirements. This study specifically complies with the 7003
standards presented by NASA [8].

Shocks are typically measured through a time-domain acceleration signal.
However, interpreting their time histories leads to challenges in trying to quantify,
classify, and compare various impulses. Consequently, the SRS [9] serves as the
prevalent tool for characterizing and comparing the frequency contents of py-
roshock tests. It also describes the specifications of impact tests within the aero-
space industry, although alternative methods have been proposed for component
shock qualification [10]. The maxi-max SRS is adopted in most cases, denoting the
absolute maximum response in terms of acceleration. This is measured according
to a standardized set of mass-spring-damper systems with a Single Degree Of Free-
dom (SDOF) each. These systems are synchronized at natural frequencies to
achieve a frequency resolution of 1/24 octave, accompanied by a damping coefti-
cient {sps = 0.05. Pertinent details on the SRS will be described in Subsection 2.2.

The previously mentioned guidelines generally facilitate the definition of re-
quirements for pyroshock simulations in terms of SRS with associated tolerance
limits. These requirements typically depend on the three most critical frequencies:
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the minimum and maximum frequencies (around 100 Hz and 10 kHz, respectively)
and the knee frequency (usually falling between 500-1500 Hz). Test specification
curves often exhibit amplitudes characterized by a positive slope at low frequencies,
followed by an approximately constant level at higher frequencies, as shown in Fi-
gure 1. The amplitude values are determined based on the structural characteristics
of the spacecraft and the nature of the explosions. These levels may vary even for
the same launch system by changing the mounting position of the equipment with
respect to the launcher. In the literature, there exist additional guidelines concerning
the definition of tolerances, such as the experimental standard ESA ECSS [11]. The
ECSS-E-ST-10-03C specifically limits the SRS within a tolerance range spanning
+6 dB to -3 dB relative to the nominal spectrum.

Typical pyroshock requirements
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Figure 1. Typical pyroshock requirements qualitatively defined according to the
guidelines depicted by the standards and taking into account the constitutive spacecraft
characteristics.

Nowadays, the predominant approach for achieving the correct test conditions
and the desired SRS profile in pyroshock simulation techniques primarily involves
defining the experimental setup through empirical methods, requiring a substantial
amount of trial-and-error iterations [2,3]. It is worth noting that the diverse experi-
mental configurations employing resonant plates vary significantly. Factors such as
dimensions, materials, orientation, and boundary conditions of the plate, together
with numerous parameters inherent to other elements in the experimental system
(including the impacting body and the object under test), contribute to this variation.
Introducing an anvil plate may also be considered to modify impact characteristics
and prevent plastic deformation of the resonant plate. The challenges in establishing
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qualification tests using trial-and-error techniques are further complicated by the
many combinations of involved parameters. In addition to these purely technical
complexities associated with test tuning, test requirements may vary based on
spacecraft construction characteristics and the specific pyroshock attributes to sim-
ulate. The combination of all these factors results in a substantial burden in terms
of downtime and costs for the preparing and tuning the test facility.

2.1 Pyroshock Definition

A shock is a localized, transient mechanical impact characterized by its brevity,
high frequency, and considerable amplitude, presenting a prominent initial slope.
The shock propagation is exhibited through tension-compression, flexural, or shear
waves, involving complex phenomena like reflection, dissipation, and diffraction
at boundary conditions or mechanical disjunctions. The rapid attenuation of high-
frequency waves, attributable to damping in materials and dissipation in joints,
makes these waves more noticeable at the origin of the shock measurement time
history and near the shock source. Waves are subjected to reflection at boundary
conditions and internal interfaces, generating a modal response within the system.
On the contrary, longer wavelength responses may propagate at various points
within the structure, even far from the origin of the shock.

Several factors characterize the peculiar nature of these acceleration transients:
(1) the nature of the pyrotechnic source, (2) the structure's geometry and properties,
and (3) the distance from the source. In this regard, several technical standards pro-
vide guidelines for determining test requirements. Method 517 in MIL-STD-810F
[6] and the IEST RP Pyroshock Testing Technique [7] are mentioned among the
best known and used standards. For instance, NASA-STD-7003 [8] classifies py-
roshocks in three categories based on the distance between the source and the point
of interest. These categories are characterized by different spectral contents and are
defined as follows:

e Near-field: characterized by a relevant spectral content reaching fre-
quencies higher than 10 kHz and peak accelerations above 10° g. For
good practice, sensitive hardware should ideally be situated at a consid-
erable distance from potential shock zones during the design phase.
Consequently, the requirements for simulation tests primarily empha-
size the mid- and far-field categories;

e Mid-field: the frequency band interested by the mid-field shocks is in-
cluded in the range 3-10 kHz with accelerations of the magnitude order
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of 10* g. The mid-field content is mainly caused by wave propagation
and structural resonances;

o Far-field: it regards frequencies below 3 kHz and accelerations with
peak values lower than 103 g, caused by structural resonances.

In accordance with the outlined guiding principles, simulations are conducted
to straightforwardly derive a three-point SRS alongside associated tolerance limits.
These three points are typically defined by the three most critical frequencies: the
minimum, maximum, and knee frequencies. As illustrated in Figure 1, test specifi-
cations typically exhibit amplitudes with a positive slope at low frequencies, suc-
ceeded by a constant level at higher frequencies. Amplitude values, in the range of
102 to 103 g, vary depending on spacecraft construction characteristics, explosion
types, and equipment positioning. The literature provides guidelines for tolerance
selection, often referring to the ESA ECSS experimental standard [11]. This stand-
ard restricts the SRS within a tolerance range of +6 dB to -3 dB relative to the
nominal spectrum.

2.2 Shock Response Spectrum

The way a system responds to a shock is often described as the time history of
a parameter that reflects the system's motion. Nevertheless, a shock measurement
presented as a time history is not immediately applicable for engineering purposes,
such as comparing shock severities, evaluating frequency contents, or understand-
ing its effect on components. In the case of a simple system, the magnitudes of
response peaks can be summarized as a function of its natural frequency at a par-
ticular level of damping. This specific representation is commonly known as SRS.

The SRS is employed to characterize a standardized dynamical system's re-
sponse to a shock. This computational tool proves to be fundamental in estimating
the severity or potential damage caused by a shock. Consequently, the SRS facili-
tates the comparison of diverse shocks and establishes equivalence criteria between
a measured transient environment and a laboratory-simulated counterpart. The
methodology involves applying a time history as a base excitation to an array of
SDOF systems. Subsequently, the temporal maximum response is calculated for
each SDOF, providing a comprehensive understanding of the shock's impact. It is
worth noting that the SRS can be defined for various input or response parameters,
such as displacement, velocity, or acceleration. In aerospace applications, the input
transient is typically defined in terms of acceleration. Each SDOF's natural fre-
quency (£).) is treated as an independent variable in the calculation, with a
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conventionally assumed consistent damping value (5%) for every SDOF. The ver-
satility of the shock response spectrum calculation allows for the use of any unique
set of natural frequencies, although a typical approach involves a bandwidth divi-
sion, such as 1/24 octave.

It is worth noting that the computation of the SRS exhibits nonlinearity and
non-bijectivity. Specifically, the SRS of the sum of time signals does not corre-
spond to the sum of the SRS computed on individual time signals, indicating a non-
linear relationship. Additionally, this non-bijective nature results in the definitive
loss of certain information, such as phase or effective duration details. These char-
acteristics highlight the limitations of the SRS tool. Moreover, real systems deviate
from the standardized system, introducing complexities. Damage manifestation
may be attributed to eigenmode amplification, further complicating the comprehen-
sive representation of the signal frequency content. These discrepancies highlight
the need for a correct interpretation of SRS outcomes and the weaknesses in de-
scribing completely the dynamics of real-world scenarios [12].

There exist different manners to compute the SRS. The standard ISO 18431
[13] describes methods for the digital calculation of a SRS, starting from an accel-
erometric signal and using digital filters. Indeed, several methods in the time do-
main can be employed to obtain the time response of a mechanical system to a
generic excitation, including the Duhamel integral, also known as the convolution
integral. This method is well-established in the literature but entails a high compu-
tational burden. However, the convolution integral can be employed to derive a
recursive algorithm, such as a digital filter, leading to a computationally convenient
solution.

Digital models of analog filters and other continuous systems are valuable in
situations aiming to duplicate or replace the continuous system with an equivalent
discrete system. The accuracy of the model is measured in terms of the error result-
ing from the discretization of the continuous signal. It is generally assumed that
Analog-to-Digital Converters (ADCs) produce impulse samples at synchronized
time points. Depending on the adopted model, discretization errors can vary under
the same specified input conditions. It is challenging to assert which model provides
maximum overall accuracy, as it depends on multiple factors such as the type of
input signal and the sampling frequency. In [14], some methods for simulating con-
tinuous transfer functions are compared to demonstrate their quality. The most well-
known models include the impulse invariant, step invariant, and ramp invariant
methods.
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Initially, most calculations to derive the SRS were based on the impulse invar-
iant digital filter. To mitigate the significant aliasing associated with this method,
David Smallwood [15] suggested the alternative use of a ramp-invariant digital fil-
ter in 1981. In several studies [16—18], Ahlin provided an overview of using digital
filters to simulate the forced response of mechanical systems, leading to the defini-
tion of the digital filter proposed by the ISO 18431 standard. The filter coefficients
for various types of shock-response spectra are provided, along with recommenda-
tions for an appropriate sampling frequency. The impulse invariant and ramp invar-
iant filters belong to a family of filters based on the convolution integral. The con-
volution integral of the response to a given acceleration X (t) of a set of independent
SDOF mass-damper-spring oscillators (representing the SRS definition, as schema-
tized in Figure 2), basing on their impulse response h(t). Considering that the ac-

celeration response of each SDOF system is X?RCS (t) in the definition of SRS calcu-
lation, the generic convolution integral may be expressed as:

t

Zoe(t) =f05c'(r)-h(t—r) dr (1)

%
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Figure 2. Representation of the array of independent SDOF mass-damper-spring sys-
tems defined for the SRS computation.

The convolution integral is subsequently converted into a series due to the dig-
itized nature of the data. Moreover, this series undergoes transformation into a dig-
ital recursive filtering relationship to enhance computational efficiency. The ISO
18431 standard initiates the process from the SDOF system transfer function G (s)
to derive the filter coefficients. The Laplace transfer function is expressed as fol-
lows:
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a(s) cs+k
a;(s) ms2+cs+k

G(s) = 2

where a;(s) and a,(s) are the given and the response accelerations, respec-
tively. The corresponding digital filter can be derived from this transfer function by
considering different sampling methods. These methods enable the transformation
of a continuous-time signal into a discrete-time signal. In general, approximating
continuous signals in a discrete domain can be understood as a convolution between
the signal and specific kernel functions. The most well-known methods and their
respective kernel functions are illustrated in Figure 3.

Impulse Invariant Sampling Impulse Invariant Convolution Kernel

1.2
Analog Signal 1t
1 O  Sampled Signal | 4
= 08t 2
&b
& £ o0s5)
0.6 =
041
0
0.2 0.4 0.6 0.8 -1 -0.5 0 0.5 1
Time Time
Step Invariant Sampling Step Invariant Convolution Kernel
1.2 " " " T T T T
Analog Signal 1L
1 O  Sampled Signal | 4
= g
S 0.8f i=
80 o
& g o5}
0.6 =
041
: : : : 0 )
0.2 0.4 0.6 0.8 -1 -0.5 0 0.5 1
Time Time
1o Ramp Invariant Sampling Ramp Invariant Convolution Kernel
Analog Signal 1L
1 O  Sampled Signal | 4
= g
< 0.8f =
&b =
n = 05¢F
0.6} =
041
i 0 .
0.2 0.4 0.6 0.8 -1 -0.5 0 0.5 1
Time Time

Figure 3. Different methods to approximate an analog signal in a sampling time step
and related convolution kernels for different digital filters.
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However, this method introduces frequency distortion, as the infinite frequency
interval of the continuous system is mapped onto the finite frequency interval of the
discrete system [19]. Indeed, despite the presence of anti-aliasing low-pass filters,
it is impossible to completely avoid aliasing, which is the phenomenon whereby
multiple analog signals can correspond to the same sampled signal, making them
indistinguishable. Hence, since a signal requires a sampling process to be discre-
tized, any sampled signal contains aliasing. However, the choice of a proper kernel
function for signal sampling might reduce, or rather, convert the aliasing error. Spe-
cifically, convolving the signal with kernel functions in the time domain corre-
sponds to multiplying their respective spectra in the frequency domain. The Fourier
transforms of the different kernel functions determine whether the obtained bias
and phase errors are more or less beneficial depending on the specific application.
For the case under analysis, namely the response of mechanical systems to shocks,
the approximation called the ramp invariant method [17,20] has been proved to be
the best way to mitigate the frequency distortion. This is the reason why the ISO
18431-4 Standard adopts the ramp invariant method. This method, initially pro-
posed by Smallwood [21] and re-elaborated by Ahlin, was preferred to the previous
Kelly-Richman method [22], which is impulse invariant. Thus, the digital filters
recommended by the ISO 18431-4 Standard to replace Eq. (2) adopt a second-order
Infinite Impulse Response (IIR) filter, expressed by the following general Z-trans-
form expression:

Bo+Bi-zt+ Py z7?
1+a,-z7 +a,-z72

H(z) = 3)

where the filter coefficients for absolute acceleration response are defined as:
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where w,, = \/% is the undamped natural frequency of a single SDOF system,

wg = wp+/ 1 — 2 is the damped natural frequency where  is the assigned damping

coefficient, At = %is the sampling time interval, and Q = 2—1{ is the damping ratio.
N



Chapter 3

Literature Analysis: The State of
the Art

In the aerospace field, pyrotechnic devices are classified as high-energy mate-
rials to generate a pyroshock, a transient oscillatory response of the structure with
distinct characteristics compared to other mechanical shocks. In-depth studies, em-
ploying simulation techniques and tests, are essential for understanding and man-
aging pyroshock in aerospace missions.

Pyroshock simulations are conducted to ensure that materials and electronic/op-
tical components can withstand the shock effects resulting from the detonation of
pyrotechnic devices. These simulations can be primarily categorized into experi-
mental and numerical approaches. The chosen approach depends on the type of es-
tablished pyroshock, equipment requirements, distance from the source, and struc-
tural configuration. For this reason, the literature review in this chapter is system-
atically conducted and subsequently classified based on the experimental-numerical
division. The combination of experimental and numerical techniques could be ben-
eficial for a comprehensive understanding of pyroshock behavior on real compo-
nents. Furthermore, considering the importance of impact physics in the context of
pyroshock simulation, additional insights into contact mechanics are presented.
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3.1 Systematic Literature Review

Although a few older studies on pyroshock date back several decades, the de-
velopment of this topic is relatively recent, and scholars' attention to this issue has
significantly increased over the last few years. In the literature, an already available
narrative review conducted by Lee et al. [1] in 2012 focuses on the measurement
and simulation of pyroshock. Since research on pyroshock has made substantial
progress in the last decade, this section proposes a systematic analysis of the litera-
ture, which has not been presented before.

The primary objective of this systematic literature review is to identify the ma-
jority of studies conducted on the experimental and numerical simulation of py-
roshock for aerospace applications. The analysis of the filtered articles allows the
identification of the major existing gaps, providing motivation for the objectives of
this thesis and highlighting its importance and novelty. The key elements for siev-
ing the articles can be summarized in the following list:

e Subject related to pyroshock tests, also known as pyrotechnic shock
tests;

e Application in the aerospace field for equipment qualification;

e Focus on techniques, methods, and simulation models, both experi-
mental and numerical.

Moreover, the following further filters have been included:

e Year of publication between 1990 and 2024;
e Engineering as subject area;
e Only documents written in English.

For these reasons, an advanced search was performed on the Scopus database
using the following search string:

( (TITLE-ABS-KEY ( "pyroshock test*" OR "shock test*" OR "shock response*"
OR "shock environment*" OR "pyrotechnic" ) AND TITLE-ABS-KEY ( "space"
OR "aerospace" OR "equipment" OR "qualification" ) AND TITLE-ABS-KEY (
"experiment*" OR "test*" OR "numerical" OR "model*" OR "technique*" OR
"method*" ) AND TITLE-ABS-KEY ( "simulat*" ) ) OR ( TITLE-ABS-KEY (
"pyroshock" OR "pyrotechnic shock" ) ) ) AND PUBYEAR > 1989 AND
PUBYEAR <2025 AND ( LIMIT-TO ( SUBJAREA , "ENGI" ) ) AND ( LIMIT-
TO (LANGUAGE , "English" ) )
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Despite efforts to filter the studies as accurately as possible, the search con-
ducted on 28/12/2023 produced 467 results, but the search string was not made
more stringent not to exclude pertinent articles related to pyroshock simulation.
Therefore, the initial 467 articles were manually selected by applying exclusion
criteria. Specifically, studies were excluded if they were considered: (1) irrelevant
in terms of the topic area, scope, application field, etc., (2) not significant, (3) re-
views as document typology, or (4) co-authored by the undersigned [23-27]. This
phase of manual filtering resulted in the selection of 28 articles, summarized in
Table 1. For each article, the main contribution was reported in terms of experi-
mental or numerical methods. Additionally, if available, characteristic information
about the studies was provided. Specifically, numerical methods were classified
based on the domain (methods developed in the time or frequency domain) and the
numerical technique adopted (primarily categorized as FEM, SEA, and hybrid
methods). Articles addressing experimental techniques or utilizing experimental
data to validate proposed numerical models were classified based on the type of
adopted resonant fixture (e.g., resonant plate, beam, or bar) and the excitation
source (pendulum/hammer, air gun, explosive charges, laser, etc.). A preliminary
analysis reveals that more than 2/3 of the articles were published in the last 10 years,
indicating a growing interest in the subject.

Table 1. Results of the literature review after manual selection on the simulation of
pyroshock tests for acrospace equipment qualification.

Physical Num. Resonant Excitation

Authors Year Aim Domain Method  Fixture Method
Abbas et al. Mechanical
28] 2016 Exp. - - Plate Gun
Choi [29] 2013 Exp. - - Plate Laser
Dilhan et al. Explosive
[30] 2005 Exp. - - Plate charges
Garcia-Perez et .

al. [31] 2020 Num. Time FEM Plate Pendulum
gl;?rlone ctal 2004 Num. Frequency Hybrid - -
Houshmand et Electro-
al. [33] 2015 Exp. i ) Plate magnetic
Hwang et al. 2016  Hybrid Time Hybrid Plate -

[34]
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ladevaiaetal. 5505 Num. Time  SEA  Plae  _iccto-
[35] dynamic
Evéa]sa ctal. 2008 Num. Frequency Hybrid Plate Hammer
Jeong et al. 2017 E Bar + Plate Pneumatic
[37] xp- ) ) Gun
Kimetal. [38] 2022  Exp. i ] Plate Pne&‘ﬁfnc
Kiryenko et al. 2005 Num. + Time FEM Plate Pendulum
[39] Exp.
Lacher et al. Semi- .
[40] 2012 analytical Time - Plate Pendulum
Explosive
Lee et al. [41] 2015 Exp. - - Plate charges +
Laser
Li et al. [42] 2016 Num. Time FEM Beam -
Explosive
Lu et al. [43] 2022 Exp. - - - charges +
Piston
Mitaletal. 559 Num+pie FEM Plate  Pendulum
[44] Exp.
Montietal. 5517 Nym, Time  Hybrid i i
[45]
Moraisetal. )6 Num-+pie FEM Plate  Pendulum
[46] Exp.
E‘;‘?edla tal 2017 Num. Time  FEM i Shaker
Sadkin [48] 2004 Exp. - - - Shaker
Scefeldt et al. 2018 Exp. - - Plate Nail gun
[49]
Num. + .
Sutra et al. [S0] 2005 Exp Time FEM Beam Pendulum
Wang et al. . . Pneumatic
51] 2021 Num. Hybrid Hybrid Plate Gun
Wang et al. Num. + Pneumatic
52] 2022 Exp. Frequency SEA Plate Gun
Wattiaux et al. Pneumatic
53] 2008 Num. Frequency n FEM Plate Actuator +
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Yalcinkaya et
al. [54]

Zhao et al. [55]

2022

2019

Num. +
Exp

Exp.

Time

FEM

Explosive
charges

Pneumatic

Plate Gun

Explosive

Plate charges

Since some studies were excluded from this search as they were not indexed
(e.g., theses or company reports) or did not entirely meet search filters, 14 works
considered relevant and interesting for the subject under investigation are addition-

ally reported in Table 2.

Table 2. Additional relevant contributions.

. Physical Num. Resonant Excitation
Authors Year Aim Domain Method  Fixture Method
Davicetal.[2] 1992  Exp. i ; Beam  Mechanical
Sled
. Mechanical
Davieetal. [3] 1997 Exp. - - Bar Sled
Spletzeretal. — »517 gy i ] Plate  Gas Gun
[56]
McGlaun et al. . . Mechanical
[57] 1990 Num. Time Hybrid Block (Projectile)
Jonsson [58] 2012 Exp. - - Plate Pendulum
. Beam +
Cheng [59] 2021 Num. Time FEM Plate -
Kucukbayram 5 Num-+py0 FEM Plate  Hammer
[60] Exp.
Siam [61] 2010 MU e FEM Plate  Lendulum +
Exp. Falling mass
Gomez [62] 2005 Num. Hybrid Hybrid Plate -
Dalton et al. 1995 Num. Frequency SEA - -
[63]
Troclet et al. 2009 Num. Hybrid Hybrid Plate -

[64]
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Ullio et al. [65] 2001 Num. Frequency SEA - -

Leeetal. [66] 2010 Num. Frequency = SEA - -

Liuetal. [67] 2019 N‘Elxmp'+ Time  Hybrid ; Shaker

To summarize the whole article selection process, Figure 4 illustrates the
flowchart leading to the final selection of the 28 articles identified in the database
and the additional 14 works. The content analysis of these 42 contributions is de-
veloped in the following sections, with a focus on both experimental and numerical

approaches.
Z
Q
=
-
E Search String
E n=467
=
z n=439 Filtering:
= Additional Works: - not pertinent
= - not indexed - not relevant
E - excluded - N0 TeVIEWS
2 - not authored
n=42

ELIGIBILITY

Selected Confributions

Figure 4. Flowchart describing the selection process for the systematic literature
analysis.
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3.2 Pyroshock Numerical Simulation Models

Numerical simulation employs mathematical methods to describe the behavior
of real systems. This approach can be utilized both for comprehensive pyroshock
test simulation and to predict the response of the experimental test setup. Since the
current state-of-the-art inherent to the analytical characterization of collisions has
not reached a sufficient level of detail to study the structural behavior resulting from
impulsive loads, numerical models become essential. They permit to obtain re-
sponses to impact tests in the aerospace field to verify the resistance of the compo-
nents. Various approaches exist in the literature, often complex and employing mul-
tiple techniques synergistically. In general, these approaches can be classified into
several macro-categories, where Finite Element Method (FEM) and Statistical En-
ergy Analysis (SEA) are prominent. These methods allow the analysis of wave
propagation, thereby predicting and estimating the dynamic response of the me-
chanical system.

From the systematic analysis of the literature, it is evident that the majority of
the selected works use a FE-based method for the numerical simulation of py-
roshock tests. Specifically, 12 (46%) out of 26 works containing information on
numerical methods propose an FE-based model. As depicted in Figure 5, the re-
maining works are distributed among SEA-based methods or hybrid models, incor-
porating multiple approaches simultaneously. Similarly, it can be observed that
most of these methods operate in the time domain (16 out of 26). This correlation
between the typology of methods and their domain can be explained by the fact that
FEM typically employs transient analysis, a numerical simulation technique used
to study the dynamic response of a structure subjected to time-varying excitations.
The same is valid for SEA methods that typically operate in the frequency domain.
Few selected studies exploit Transient Statistical Energy Analysis (TSEA), a tech-
nique that combines SEA with transient time-domain analysis, or FEM to directly
derive the Frequency Response Function (FRF) of the dynamic system.

A brief overview of the methods selected in the literature follows, highlighting
their strengths and limitations. Generally speaking, FEM, exploiting transient anal-
yses and working in the time domain, requires long computational times and pro-
duces a large amount of data. On the other hand, SEA methods have lower accuracy
at low frequencies and do not allow predictions of responses at specific frequencies
and individual points, as they are statistical methods. Based on these considerations,
this thesis aims to propose numerical methods for simulating pyroshock tests that
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provide accurate results without excessively increasing the computational burden.
For this reason, the proposed methods have a common approach based on the FRF
computation of the resonant fixture (e.g., resonant plate, beam) through spatial dis-
cretization using MDOF or FE-based methods. Therefore, it can be stated that the
proposed work would be positioned in the literature among FE-based methods (used
in most cases for their advantages) and approaches working in the frequency do-
main (novelty contribution, as almost all the FEM-based works use the transient
temporal analysis). As described later in the thesis, this combination allows for ob-
taining precise SRS predictions typical of FEM, significantly reducing computa-
tional times through the development of methods in the frequency domain.

Numerical Method Typology Physical Domain
12 + ] 16 +

10 +

Number of papers
[=2}

Number of papers
oo

FEM SEA Hybrid Time Frequency Hybrid

Figure 5. On the left, histogram of the method typologies of the selected papers de-
scribing numerical methods for pyroshock simulation. On the right, histogram of their do-
main.

3.2.1 Statistical Energy Analysis

The proposed general approach, known as Statistical Energy Analysis (SEA),
i1s a methodology developed to address high-frequency vibroacoustic problems.
Since pyroshocks are characterized by high-frequency content, this approach has
been successfully extended to predict pyroshock responses using steady-state
power balance equations. In the context of SEA, the entire analyzed system is di-
vided into a series of coupled subsystems, each representing a group of modes with
similar characteristics.

This technique heavily relies on accurate estimation of input power, modal den-
sities, damping loss factors, and coupling loss factors. The magnitude of the ob-
tained average FRF using the SEA can be employed with Virtual Mode Synthesis
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and Simulation (VMSS) to predict transient responses. Many works, both old and
recent, utilize the combination of these techniques, as in [52,63,66]. In the case of
transient and shock loading, reference is made to Transient Statistical Energy Anal-
ysis (TSEA) [68,69]. ladevaia et al. [35] proposed a TSEA procedure, applying
SEA to study transient phenomena like the response of plate-like structures excited
by shocks. SEA has attracted considerable attention in researching high-frequency
structural response prediction. Compared to FEM, SEA is considered more suitable
for high-frequency dynamic problems, as it is simpler to apply and often produces
more accurate predictions at lower computational costs. Ullio et al. in [65] suggest
using SEA in favor of or in combination with FEM. However, it is important to note
that SEA is limited to high frequencies and provides averages over spatial positions
and frequency bands, not allowing predictions of responses at specific points and
frequencies. The formulation of the basic SEA equation incorporates concepts from
statistical mechanics, acoustics, wave propagation, and modal analysis, making the
choice of subsystems and parameter evaluation complex and challenging.

3.2.2 Finite Element Method

The Finite Element Method (FEM) is a fundamental approach employed to
model, simulate, and predict shock response, both in the time and frequency do-
mains. It is a deterministic method that requires accurate knowledge of all structure
parameters. The procedure involves discretizing complex structures into sub-ele-
ments, then solving a series of differential equations describing their behavior. FEM
proves particularly effective in the precise simulation of a structure's response to
static and dynamic loads at mid and low frequencies. In the context of pyroshocks,
FEM allows the application of well-characterized shock and vibration excitations
to predict structural responses. Indeed, FEM enables accurate calculation of struc-
tural and acoustic modes over a wide frequency range for complex dynamic sys-
tems.

For these reasons, several studies exploit Finite Element Analysis (FEA), which
is one of the most used methods nowadays in the industrial field for static and dy-
namic structural analyses. Yalginkaya et al. [54] demonstrate the potential of an
explicit finite element solver for predicting experimental SRS curves. Remedia et
al. [47] propose virtual testing modeled through FE. Perez et al. [31] introduce FEM
transient analysis to verify the structural design of a Supra Thermal Electrons and
Protons (STEP) unit. The same authors in [70] provide an overview of the numeri-
cal analyses that can be used for shock test qualification by exploiting the FEM. In
particular, they demonstrate that FEM can be adequate for analyzing small
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structures subject to shock loads, as the need for a sufficiently fine mesh is not a
critical issue, and simultaneously, it is possible to obtain appropriate accuracy for
the simulations. In this study, an overview of analysis options using FEM to simu-
late shock loads is provided. The methodologies include:

e Transient analysis is the most general and calculates the behavior of a
structure subjected to time-varying loads. It offers the advantage of ob-
taining temporal functions for various outputs but requires high compu-
tation times and produces a large amount of data.

e Response spectrum analysis estimates peak responses using modal anal-
ysis of the structure and applying the SRS to the base, but it has limited
precision.

o Sine transmissibility method calculates SRS curves of the response ac-
celeration by multiplying the input SRS by the shock transmissibility.
However, it cannot determine peak values or time domain functions.

o FEquivalent quasi-static load method provides an approximation of the
total interface force of the shock load.

However, the FEM has some limitations. For instance, when dealing with high
modal densities, the method becomes remarkably computationally expensive, lim-
iting mesh size and allowing accurate modeling only for relatively simple structural
configurations. Despite these limitations, simulating shock on simplified models
provides SRS predictions consistent with measured tests at low frequencies.
Demonstrations that FEA methods for simulating pyroshock responses are valid for
simplified systems such as beams and plates are respectively proposed in [59] and
[46]. It is worth emphasizing that, despite the versatility of FEM, it may be less
suitable for simulating pyroshock tests characterized by high nonlinearities and
high frequencies.

3.2.3 Other Methods

Researchers have suggested the use of a hybrid model for simulation at mid
frequencies, given that methods based on FEM and SEA exhibit limitations at high
and low frequencies, respectively. The mid-frequency system could result in too
intricate for FEM and not random enough for SEA. The hybrid model divides the
system's response into subsystems managed by FEM or SEA based on modal den-
sity, allowing for a more effective approach at medium frequencies. Troclet et al.
[64] propose such an approach, combining FEM and SEA to predict mid and high
frequencies. Another example of the combination of these techniques is utilized by
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Wang et al. [52]. However, a comparison of their method with the related experi-
mental outcomes reveals a considerably high error in the calculated results. Indeed,
integrating a deterministic method like FEM and a statistical one like SEA into a
unified model is complex due to their inherent substantial differences.

Finally, some methods belong to the category of hydrocodes. Hydrocodes are
computational methods based on differential equations for unstable dynamic mo-
tion. These methods address the simulation of pyroshock with coupled or decoupled
approaches, conducting comprehensive or separate analyses for initiation-explosion
and structural response. This temporal method allows the simulation of the dynamic
response following typical pyroshock explosions. By coupling complex material
models with structural fluid dynamics, this method proves to be effective in highly
dynamic situations, especially with shock waves. Although they are efficient for
simple structures, hydrocodes become costly and require extended computation
times for complex structures, making them powerful but demanding on resources
with limited predictive accuracy.

3.3 Pyroshock Experimental Techniques

The experimental simulation of pyroshock tests aims to reproduce the propaga-
tion of shock waves generated by the real system. Various typologies of experi-
mental simulation can be grouped into three main categories: (1) exciters using ex-
plosive charges or pyrotechnics, (2) mechanical exciters, and (3) optical exciters.
Mechanical exciters encompass a wide range of impact generators, ranging from
pendulums and hammers to pneumatic guns and nail guns. The use of lasers to sim-
ulate shock wave propagation is a less established and less well-known methodol-
ogy in the literature. Analyzing systematically selected studies from the literature
reveals that the majority of test benches (66%) utilize a mechanical exciter, while
few studies describe pyrotechnic or laser excitation systems. Figure 6 shows a con-
siderable number of other types of excitations, primarily electrodynamic excitations
by means of shakers.
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Figure 6. On the left, histogram of the excitation techniques of the selected papers
describing experimental test benches for pyroshock simulation. On the right, histogram of
the adopted resonators.

From the systematic analysis of the literature, it can also be understood that the
resonant plate is the most widely used resonant fixture for simulating pyroshock
tests. Indeed, after generating an impact using any technique, an interposing ele-
ment is needed to allow proper calibration of the test bench and transmit the shock
wave to the component under test. Resonant plates are the most well-known and
commonly used technique in the field of pyroshock. However, it is worth noting
that some studies (15%) use beams and bars as an alternative to the resonant plate.

Some experimental setups used in the literature are described and illustrated in
the following. In the subsequent chapters of this thesis, a test bench designed to
experimentally simulate pyroshock tests at the Politecnico di Torino is proposed.
The choice of the experimental configuration was based on the use of an inter-
changeable resonant plate, as it proved to be the most performant and effective
method given its widespread use in the literature. Two mechanical excitation tech-
niques are also proposed: a pneumatic gun and a pendulum. These techniques have
been selected as mechanical excitations since they are efficient, accurate, and re-
peatable. The design of two excitation systems is motivated by the need to generate
different impulses. Indeed, with the same generated momentum, the air gun allows
the launch of projectiles with lower masses at high speeds. On the contrary, the
pendulum has the advantage of using impacting bodies with higher masses but with
a limit on the maximum achievable speed.
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3.3.1 Resonant Fixtures

Resonant fixtures are the most widely adopted technique for experimental sim-
ulation of pyroshock, as they enable the reduction of trial-and-error iterations in
testing. These resonant fixtures are designed with a fixed knee frequency, determin-
ing the correspondence between their dominant resonant frequency and the SRS
knee frequency. Adapters are required to connect the test object and allow acceler-
ation measurements on all three axes. Resonant fixtures provide good tuning and
repeatability of the SRS, although the test object influences the frequency content.
Some typologies of resonant fixtures are shown in Figure 7 as an example.

Support «+———— Resonant Plate

|

|

Resonant Bar/Beam

Test Item

l

Test Item

(a) (b)

Figure 7. Different typologies of resonant fixtures: (a) resonant bar/beam, and (b)
resonant plate.

The resonant plate is the most commonly used fixture to simulate pyroshock
tests. The test object is mounted on the metallic resonant plate, which is in turn
either suspended to simulate free-free boundary conditions or fixed to the support
structure of the test bench. The mechanical impact, typically applied to an inter-
posed anvil plate, induces vibrations in the plate. The dominant resonance fre-
quency must be appropriately tuned to match the knee frequency of the test require-
ment. The plate configuration can be modified to change the resonance frequency
and, consequently, tune the experimental setup according to variable requirements.
The calibration adjustments primarily involve variations in the impact position, the
use of interposed plates named anvil plates, damping insulators through polymeric
layers, and changes in the arrangement of the test object.



28 Literature Analysis: The State of the Art

Experimental configurations using bars or beams are alternatives to the reso-
nant plate. The main difference between these two resonant objects lies in the wave
propagation. Bars transmit longitudinal waves, while beams exploit flexural modes.
In configurations with a resonant bar, the test object is fixed at one end, and the
mechanical impact is applied at the opposite end, inducing resonance in the bar's
longitudinal modes. These can be tuned by adding weights at specific positions
along the bar. On the other hand, the resonant beam is fixed to a massive base to
simulate a cantilever beam. The mechanical impact is applied in order to excite its
flexural modes. Davie et al. have proposed two tunable configurations for py-
roshock simulation in [2] and [3], using a beam and a bar as resonant fixtures, re-
spectively.

3.3.2 Mechanical Excitation

There exist numerous typologies of simulations for mid- and far-field shocks
using mechanical excitations. These range from dropping masses to pendulums or
hammers, from actuators to projectiles launched by gas guns, nail guns, or sleds.
Each of these methods has specific advantages, and the choice depends on the test
requirements and specifications, and the characteristics of the specimen.

In test benches exploiting falling masses, the impact is generated by dropping
a table onto the test object using an appropriate device and spring connections, as
depicted in Figure 8. This typology of test bench is the least suitable for simulating
pyroshock because such impacts generate a transient response that highly differs
from the real behavior of explosive charges. Drop tables can lead to severe
overtesting at low frequencies, causing structural failures that would not have been
produced by real pyroshocks. The low performance of this test bench is further
demonstrated by the fact that there are very few studies in the literature exploiting
drop tables.
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Figure 8. Examples of drop tables for pyroshock testing.

Test benches using pendulums or hammers to generate the shock are much
more common. In general, a representative illustration can be referred to the struc-
tures shown in Figure 9. This technique consists of a pendulum with mass m
dropped from a height h to hit the resonant fixture. The magnitude, duration, and
frequency range of the shock depend on numerous factors, including the geometry
and material of the impacting bodies, the mass and velocity of the pendulum/ham-
mer, and the impact and test object positions. This method provides repeatable re-
sults and generates high momentum. However, the main limitation lies in the max-
imum speed achievable for the impact. Indeed, the maximum speed of the pendu-
lum is reached at the lowest point of its trajectory and strictly depends on the initial

height according to the formula w4,y = \/ZJTh In the case of impact on a resonant
plate, the pendulum can assume two main configurations based on the direction of
the applied impact: Out-Of-Plane (OOP) and In-Plane (IP) configurations. In the
OOP configuration, the impact is applied perpendicular to the resonant plate, pri-
marily exciting its flexural modes. On the contrary, in the IP configuration, the im-
pact is applied parallel to the plate plane. Morais et al. [46] propose an experimental
setup that utilizes the response of a resonant plate excited by a pendulum in the IP
configuration to simulate a shock environment. Similar proposals are made by Jons-
son [58], Mittal et al. [44], and Kiryenko et al. [39], although they consider both IP
and OOP configurations.
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Hammer/Pendulum

17 Pneumatic Exciter

Resonant Plate Resonant Plate

Test Specimen Test Specimen

Figure 9. Examples of pyroshock simulator exploiting mechanical excitation tech-
niques (pneumatic exciter and hammer or pendulum, respectively).

Very similar and equally widespread are projectile launchers, which typically
utilize pneumatic systems to shoot a projectile against the resonant fixture. In some
specific cases, the projectile is replaced by a piston or an actuator. Unlike pendula,
pneumatic guns achieve impacts characterized by high velocities, but they limit the
mass of the impacting bodies. The velocity and the mass of the colliding body ena-
ble the generation of different impacts and, consequently, tuning the test bench to
varying frequency content requirements. Among the numerous studies in the liter-
ature proposing test benches for simulating pyroshock using pneumatic guns, nota-
ble ones include Yalcinkaya et al. [54], Wang et al. [52], and Jeong et al. [37]. More
original is the work proposed by Kim et al. [38], suggesting a resonant device in-
terposed between the plate and the air gun.

3.3.3 Pyrotechnic Excitation

Excitation with explosive charges is used to test structural integrity and design
functions by generating high accelerations and frequencies. Pyroshock is produced
by charges on the resonant plate. The configuration requires numerous trial-and-
error attempts, making the method expensive and time-consuming. During the cal-
ibration phase, a dummy object is adopted. In addition to the drawbacks in terms of
time and cost, this methodology presents other critical issues, such as the risk asso-
ciated with handling and detonating explosive charges, as well as potential damage
to the structure during each test. For these reasons, a qualified structure and related
safety procedures are necessary to handle explosives. Moreover, the use of real
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explosives can cause significant variations in impacts, reducing the repeatability of
shock spectra guaranteed by mechanical exciters. As an example, some test benches
to simulate the effects of pyroshock using explosive charges are shown in Figure
10.

Test Specimen

Bungee Cord ———

Explosive Charges

+————— Resonant Plate

Accelerometer

Figure 10. Example of a pyroshock simulator through explosive charges.

Dilhan et al. [30] proposed a characterization of eleven different typologies of
pyrotechnic devices with various operating principles, materials, and amounts of
explosive charge. Zhao et al. [55] suggest a test bench that generates excitation
through an explosive charge appropriately positioned in a protective cover with a
suitable exhaust hole to facilitate gas release.

3.3.4 Other Techniques

In addition to the well-known mechanical and explosive excitations, optical and
electrodynamic techniques are also adopted in some cases, such as laser and shaker
excitations.

Laser excitation utilizes an optical pulse to generate transient localized heating
in the proximity of the material surface, producing thermoelastic stresses and de-
formations that act as a wave source. The main limitation consists in its inability to
achieve high-magnitude excitations. An experimental simulation of pyroshock with
laser excitation is proposed by Choi in [29]. In this work, a Q-switched Nd:YAG
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diode-pumped solid-state laser was adopted. An alternative setup using laser-in-
duced shock is described by Lee et al. [41].

Transient responses to pyroshock can also be simulated using an electrody-
namic shaker. The limitations of this technique primarily involve frequency ranges
and maximum accelerations. Despite the typical precision of shakers, this method
can be considered suitable only for simulating low-energy pyroshock. Liu et al. [67]
verified the effectiveness of their proposed method by experimentally simulating
pyroshock tests using shakers. Remedia et al. [47] utilize the Hydra shaker capable
of generating excitations along all six degrees of freedom. Finally, Houshmand et
al. [33] propose an alternative experimental setup to overcome the limitations of
shakers in terms of bandwidth. To propagate the wave on the plate, they use an
electronic pulse generator and a coil, which produces a magnetic field and induces
currents on the plate.

3.4 Contact Mechanics Insights

The field of contact mechanics is so vast and abundant that a thesis would still
be insufficient for an exhaustive exploration. This Section does not aim to system-
atically study the state of the art on this subject, as done for pyroshock simulation
methods. Instead, it briefly examines some key concepts that will be useful in the
following chapters. Specifically, attention is focused on certain contact dynamics
methods, starting from those describing perfectly elastic contacts (thus based on
Hertzian contact theory) to some non-Hertzian viscoelastic and elastoplastic mod-
els. Finally, the coefficient of restitution, often used in contact mechanics to de-
scribe the energy dissipated during an impact, is explored.

In general, many approaches can be considered to describe contact mechanics.
The first main group includes elastoplastic static contact models, which divide the
contact process into three phases: elastic, elastoplastic, and fully plastic. The elastic
phase is usually studied using Hertzian contact theory. Once the contact defor-
mation exceeds the critical elastic deformation, the contact is no longer perfectly
elastic, and the behavior is no longer governed by Hertz's theory. The beginning of
plastic deformation can be analytically defined through a specific yielding criterion.
Consequently, the fully plastic phase can be governed, for instance, by von Mises
yielding theory.

A second major group of approaches to contact mechanics consists of continu-
ous contact models. These consider energy dissipation through hysteresis cycles,
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based on the concept that interaction forces act continuously during impact. Again,
the starting theory is Hertz's one, which describes contact between two perfectly
elastic bodies. However, it does not include any energy dissipation. Over the years,
several approaches have been proposed to overcome this limitation. Among the
most well-known are the Kelvin-Voigt and Hunt-Crossley models. The Kelvin-
Voigt model adopts a linear spring-damper system that takes into account energy
dissipation during contact, thanks to the damping term. Hunt and Crossley imple-
mented the Kelvin-Voigt model by introducing a damping coefficient as a function
of contact deformation.

Finally, some approaches assume a very rapid interaction between bodies and
neglect variations in their configuration during impact. These approaches divide
contact dynamics into two main phases: before and after impact. In this case, energy
dissipation is modeled using coefficients, such as the coefficient of restitution.

3.4.1 Hertzian Contact Theory

The Hertzian contact theory represents a fundamental contribution to under-
stand elastic deformation and contact mechanics between solid bodies. The theory
deals with interactions that occur when two elastic spheres come into contact under
quasi-static normal force. Hertz's model provides valuable insights into the distri-
bution of stresses and deformations at the contact interface, offering a mathematical
framework to analyze and predict the behavior of materials under compression. In
particular, Hertz's theory focuses on determining the size and shape of the contact
area, as well as the distribution of pressures and deformations within that area. The
theory assumes that the involved materials are linearly elastic, isotropic, and homo-
geneous and that the deformation is small enough to maintain elastic behavior.

The most renowned treatises presenting the mathematics of elasticity theory are
those by Love [71] and Landau-Lifshitz [72]. A qualitative approach has been pro-
posed by Leroy [73]. The Hertzian theory describing elastic contact between two
spheres can be generalized and applied to the case of contact between a sphere and
a flat surface, according to Gugan [74]. In particular, this study demonstrates how
the Hertzian theory accurately describes even the case of inelastic contacts where
40% of kinetic energy is lost during the collision. The author explains this result by
noting that the estimates of the contact area and time primarily depend on the com-
pression phase, where there is not a high loss of energy, suitably described by elastic
theory.
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3.4.2 Viscoelastic and Elastoplastic Models

Viscoelastic and elastoplastic theories describe contact mechanics by attempt-
ing to overcome the limitations of the Hertzian contact theory, including energy
dissipation and material plasticity. While the Hertzian theory assumes purely elastic
behavior, elastoplastic contact theories deal with situations in which materials with-
stand both elastic and plastic deformations during contact. In elastoplastic contact,
solid bodies undergo irreversible deformations, allowing for a more realistic repre-
sentation of the mechanical behavior of materials in contact. This is particularly
relevant in situations where applied loads exceed the elastic limits of the involved
materials. Figure 11 shows some contact mechanics models identified by the de-
scribed force-indentation curve.

Elastic Model Viscoelastic Model Elastoplastic Model Viscoplastic Model
(Nonlinear) (Nonlinear) (Linear) (Nonlinear)
= = = =

Indentation Indentation Indentation Indentation

Figure 11. Example of contact mechanics models classified by the force-indentation
curve. The hysteresis cycle is composed by the compression (black curve) and restitution
(red curve) phases.

Numerous viscoelastic and elastoplastic models exist in the literature, and many
scholars have provided overviews of the state of the art in impact physics. Ghaednia
et al. [75] classify models for describing single asperity elastoplastic contacts based
on the geometry of the impacting bodies. For example, in the case of contact be-
tween a sphere and a flat surface, they categorize models into three groups: those
considering the flat surface as rigid and deformations concentrated on the sphere
(flattening models), models conversely considering the sphere as stiff and the plate
as deformable (indentation models), and finally, more comprehensive models that
generalize the impact considering both deformable bodies. Then there are studies
by Kerr [76] and Younesian et al. [77], which provide reviews on elastic and visco-
elastic models of foundations. Foundation models are typically used to describe
static contacts in structural mechanics. However, they could be adapted to impact
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mechanics and it is also interesting to observe how approaches have evolved, grad-
ually incorporating viscoelastic and nonlinear effects of materials.

The earliest foundation model is a simple linear elastic model introduced by
Winkler [78]. In this approach, the foundation is assumed to consist of independent
linear springs. Springs linearly relate pressure and deformation according to a ma-
terial-specific elastic constant k. This model has been gradually developed, firstly
by Filonenko-Borodich [79], who introduced an elastic membrane making the elas-
tic elements interact, and later by Hetényi [80], who assumed that the beam or plate
deforms only in bending. Finally, Pasternak [81] introduced shear interactions be-
tween the elastic elements. To overcome the limitation of elastic behavior, research-
ers have extended Winkler's foundation models by incorporating a viscoelastic el-
ement, as in the Kelvin-Voigt one [82]. The foundation is then modeled as a series
of spring-damper systems in parallel. An alternative model is known as Maxwell
model [82], in which dampers are assumed in series with the springs. The founda-
tion models have been defined in many variations, depending on the number of
springs and dampers considered, their arrangement in series or parallel, and the
number of layers in the model. However, the Kelvin-Voigt model still has some
drawbacks. In particular, the hysteresis cycle, reconstructed thanks to the viscoe-
lastic factors, appears as a semi-ellipse with a discontinuity at the origin. This dis-
continuity loses physical meaning as it introduces a traction force on the impacting
body in the separation phase. For this reason, Hunt and Crossley [83] proposed a
viscoelastic contact model that describes a closed hysteresis cycle converging at the
origin. This result was achieved by introducing a damping coefficient as a function
of the contact deformation. The foundation models described so far have been il-
lustrated in Figure 12.
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Figure 12. Main foundation models.

3.4.3 Coefficient of Restitution

Impact, defined as the collision between two bodies in a short time frame, is a
highly complex physical phenomenon. Continuous impact models can be very in-
tricate and depend on numerous parameters, as briefly summarized in the previous
sections. To simplify impact modeling, studies have introduced the Coefficient Of
Restitution (COR). The development of these models aims to derive the behavior
of bodies in the post-impact phase based on the known behavior in the pre-impact
phase. Given that the involved bodies experience a high level of force for a very
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short duration, it is possible to divide the impact into two phases. The first phase,
known as the compression phase, encompasses everything from the moment in
which the bodies come into contact until their maximum compression. The second
restitution phase takes place when the bodies begin to separate and ends when the
bodies are completely detached.

In this context, the COR is a parameter aiming to determine the energy loss
during impact. The COR value typically ranges between 0 and 1, where 0 represents
a completely plastic collision as all energy is dissipated, while 1 means a perfectly
elastic collision with energy conservation. The COR is influenced by various pa-
rameters such as the geometry of the bodies, the initial velocity, the material prop-
erties, and the contact duration. The initial kinetic energy is partially dissipated due
to material damping, plastic deformations, wave propagation, and in the form of
thermal and acoustic energy. The COR can exceed 1 only if, during the collision,
there is an increase in energy due to factors such as a chemical reaction. However,
it is worth noting that values greater than 1 are atypical and often indicate specific
circumstances or singular conditions.

Newton was the first scientist to study the impact between two rigid bodies,
defining the COR as a kinematic quantity that relates the perpendicular velocities
before and after the impact at the contact point. According to this model, the COR
(usually denoted by the letter e) is calculated using the following formula:

oo Y ©)

where ur and u; are the relative post-impact and pre-impact velocities respec-
tively. Subsequently, Poisson's model proposed a similar concept, defining the
COR as a kinetic quantity that correlates the perpendicular impulses during the
compression and restitution phases:

o=l (10)
Pc

where p,- and p, are the normal impulse for restitution and compression respec-
tively. Nevertheless, Stronge [84] identified energetic discrepancies in specific
cases analyzed by using Poisson model. To solve this issue, Stronge suggested
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defining the COR as the square root of the ratio between the energy released during
restitution and the energy absorbed by deformation during compression:

[ (11)
T Tw

where W, and W, are the energy released during the restitution and compression
phases, respectively.

In the literature, many studies propose the COR estimation, considering varia-
tions in impact configuration, such as changes in the geometries of impacting bod-
ies, impact velocities, material properties, etc. Zener [85] and Weir-Tallon [86]
studies are particularly relevant and well-known in this field.



Chapter 4

Frequency Domain Approach

As evidenced by the literature review, the resonant plate emerges as a widely
adopted experimental setup in the context of pyroshock testing [87]. In these testing
configurations, a specifically designed plate is employed to generate an established
frequency response. A test component, typically connected using a fixture, is posi-
tioned on one side of the plate. The opposite side of the plate is impacted by a
projectile, while a damping material may be strategically placed at the impact po-
sition to regulate impulse duration and magnitude. A uniaxial accelerometer is con-
ventionally placed close to the object under test to measure acceleration along an
axis aligned with the impact direction. Subsequently, the SRS is computed from the
recorded time signal, assumed to accurately represent the experienced shock.

The SRS serves as a metric to quantify the severity of the transmitted shock and
is derived by employing a peak-and-hold type measurement, simulating the re-
sponse of an equivalent and calibrated SDOF system to the same shock. The pri-
mary objective of the modeling effort is to identify the maximum absolute acceler-
ation of the equivalent SDOF system in response to the impulsive force generated
by the bullet impacting the designated pad.

This chapter introduces innovative methods for calculating the acceleration of
the pyroshock testing system in SRS terms, exclusively in the frequency domain.
Starting from the description of a semi-analytical approach laying the foundations
for subsequent numerical models, the analysis focuses on the convolutional method
and presents an alternative approach to computing the SRS.
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4.1 A Semi-Analytical Approach

The proposed semi-analytical model relies upon the mechanical system de-
picted in Figure 13, generically illustrating a simplified pyroshock testing and es-
pecially elucidating the development of the SRS calculation. It serves as a qualita-
tive graphical representation of the SRS generation process. The transient acceler-
ation responses of individual SDOF oscillators are presented, and their respective
maximum values are graphically illustrated based on their natural frequencies, col-
lectively establishing the SRS. This description is an initial, simplified model of the
bullet-plate-SRS mass system, where mg is the impacting mass, m represents the
whole plate, and all the different mggs stand for the SDOF systems tuned at the c-
th frequency {2.. The impact resulting from the collision of the two bodies induces
vibrations that propagate initially through the plate and subsequently through the
hypothetical SDOF systems independently. This semi-analytical model aims to de-
scribe the transmission of vibrations by exploiting the behavior of the mechanical
subsystems.

Typical pyroshock requirements
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Figure 13. Simplified modelling of a generic pyroshock testing and development of the
shock response spectrum.

Considering the frequency response of a unitary impulse, interpreted as a pulse
with unitary momentum or equivalently unitary area under the curve, the SRS of
the resonant plate system, under specific conditions, can be determined by exploit-
ing the transmissibility T of a mass-spring-damper system. The latter system is
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characterized by a damping ratio {sgs = 0.05 and a natural frequency {2.. To study
the entire frequency band, the different SDOF systems must be tuned to achieve a
frequency resolution of 1/24 octave for the same definition of SRS. The entire anal-
ysis is conducted exclusively in the frequency domain.

This approach offers several advantages during the modeling phase, enhancing
algorithmic efficiency and result accuracy. Notably, it minimizes the use of com-
putations as direct and inverse Fourier Transforms (FT), resorting to their use only
when strictly necessary. For example, the Inverse Fast Fourier Transform (IFFT) is
employed exclusively in calculating the SRS, given the need due to the same defi-
nition of SRS, i.e. maximum absolute value of the signal in the time domain. The
mathematical steps governing the computation of SRS acceleration, incorporating
known parameters and addressing both the direct and inverse problems, are briefly
summarized in the following equation, where the SRS acceleration Xgg(w) has
been decomposed into the following product:

X(®) Xsps(®) Xsps(w)

. . (12)
Flw) X(w) Xsgps(w)

Xsrs(@) = F(w) -

where F(w) is the spectrum of the applied pulse, X (w) is the displacement of
the plate, Xsgs(w) is the displacement of the SRS mass, Xgs(w) its acceleration,
and w is the frequency. It can be observed that the ratios composing the product
represent well-known physical quantities, such as specific frequency response func-

tions. Indeed, % is precisely the definition of receptance. Several works in the

literature present analytical solutions for the frequency response of generic rectan-
gular plates [88]. However, solutions for plates with free-free boundary conditions
are not known or easily obtainable. Therefore, this frequency response function will

be solved in the subsequent sections of the thesis using numerical methods, making

the present method semi-analytical. Similarly, the ratio X";%af;)) is known and coin-

cides with the transmissibility of a mechanical system. Indeed, the numerator and
denominator of this ratio represent, respectively, the excitation and response of the
hypothetical SDOF system for SRS calculation. Finally, the ratio of acceleration to

Xsrs(@) is, by definition, equal to —w?. Consid-
Xsrs(w)

ering that the spectrum of the applied pulse F (w) can be decomposed to explicitly
express the momentum corresponding to the body generating the force, Eq. (12)
can be reformulated as:

displacement of an SDOF system



42 Frequency Domain Approach

Rsps(@) = By F'(@) +  a@) - -0’ T() 13)

Pulse definition Plate dynamics SRS computation

where F*(w) is the spectrum of a pulse with unitary momentum (the force value
mainly depends on the duration T of the pulse), a(w) is the receptance obtained
considering the specific location of the input force and the output measurement,
Ap; is the momentum demanded to reach the level of the SRS requirements, and
T'(w) is the transmissibility of each SRS system. More detailed explanations of the
origin of this formulation and the physics it describes will be provided in Subsection
4.2.1.

Eq. (13) may alternatively be represented by the block diagram shown in Figure
14. By defining a potential impact force profile f*(t) in the time domain, pos-
sessing unitary momentum, and considering a momentum Apg, the actual force ap-
plied in a generic node j can be derived. The spectrum of the real force is the input
of an ordinary differential equation problem solved by the FEM. Subsequently, the
receptance of the plate can be calculated, taking into account the application of the
force in a generic node j and the response of the plate in another generic node k.
Given the response of the plate X (w), the computation of the SRS acceleration
involves iterative applications of the steps within the SRS block for each hypothet-
ical SDOF system, as defined by the SRS concept. These steps include evaluating

transmissibility, i.e., the displacement X 3{5 (w) of each SDOF system tuned at fre-

quency Q. given the input X (w), and computing the maximum absolute time value
associated with the c-th SDOF system.
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FFT max(.)
|
F*(w) Fi(w) Xie(w) X;{;(w) )?_3{5(@) IXSRS( )
— | 4P (@) % (w) [ —w?
Xi(@) o —
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Q
Xie(w) XSRCS((;))

Figure 14. Block diagram describing the novel frequency domain approach laying the
foundations of the proposed numerical simulation models.
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4.2 Computation of the Shock Response Spectrum in the
Frequency Domain

4.2.1 Convolutional Method

In this subsection, the model is investigated from a numerical point of view.
The whole model is deconstructed into more manageable sub-models, each charac-
terized by well-established equations. Specifically, the displacement of a point on
a plate induced by an impulse can be delineated using convolutional equations anal-
ogous to those employed in seismic data analysis [89], assuming a given Impulse
Response Function (IRF). Defining * as convolution, the displacement x; (t) can
be expressed as:

xk () = f3 () * hy (t) (14)

where f;(t) is the force signal due to the impacting mass at point j, x; (t) is the
displacement of the plate at point k and hy (t) is the j to k IRF. In general, it is
well known that IRF and FRF form a transform pair for the Fourier transform
[90,91]. Hence, exploiting the convolution theorem of the FT, Eq. (14) can be easily
transformed into Eq. (15), which holds in the frequency domain:

Xi(w) = Fj(@) - aj(w) (15)

where F;(w) is the FT of the force signal at point j, X;(w) is the FT of the
displacement at point k and a; (w) is the FRF, commonly named receptance.

The frequency domain provides the advantage of transforming the convolution
operation, inherently complex in the time domain, into a significantly simpler prod-
uct. This forms the essence of the frequency domain model proposed here, which
proves to be more efficient and immediate compared to its time domain counterpart
[92]. Moreover, any FRF expressed in terms of receptance within the context of
linear MDOF systems follows a well-established formulation [90,93]:

2M

ajk(w) — Xk(w) _ Z Ar (16)

Fi(w) B iw— S,

r=1
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where A, are the modal constants and s, are the complex poles. In this PhD
thesis, many numerical methods for calculating the receptance of the plate will be
introduced. The initial and simplest approach directly aligns with this formulation,
as it employs a MDOF model in numerical computation for SRS prediction. Sub-
sequently, the evolution of the model has led to the development of a more com-
prehensive method that computes the plate receptance by exploiting a FE solver.

Focusing back on the SRS computation, the acceleration of the equivalent, cal-
ibrated SDOF system, necessary for determining the SRS, can be acquired using a
widely recognized FRF known as Transmissibility [94]. The relationship can be
expressed as follows:

KXsis(@) = X (@) * Topis(@) (17)

where Xﬁ{s(w) is the displacement of the equivalent SDOF system mass,
Xy (w) is the previously obtained FT of the plate displacement at point k and
T;;fg(w) is the transmissibility of a SDOF system with sz = 0.05 and a natural
frequency (2. This transmissibility is a fundamental FRF, whose expression can be
found in the literature [94] or can be straightforwardly derived and validated to
correspond to:

1+ 2r{spsi
- Tz + Zr{SRS'i

(18)

o)
Togs(w) = 1
where 7 is the dimensionless normalized frequency Qﬂ Since the requirements
[
are usually expressed as a maximax SRS acceleration at 5% of damping, the dis-

placement xfgs(t) in the time domain should be differentiated twice to obtain the

corresponding acceleration 5&5[2;5 (t). Nevertheless, in the frequency domain the dual
operation is a simple product by —w?, which can be then added to the computation
to derive the final equation:

Xsiis(@) = =F(@) - @i (@) - Ty () - (19)
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Then, given the spectrum of the input impact force F;(w), it is possible to di-

rectly find the corresponding SRS(€1.) as max (abs (9’(’501;5 (t))), obtaining the time

acceleration via IFT.

Such an input signal cannot be known a priori, necessitating some assumptions.
According to the impulse-momentum theorem, a generic impact force f;(t) corre-

sponds to a specific change in momentum Apy, represented by the area under its
curve. Therefore, the impact force fj(t) can be considered as the product of the

normalized force function f*(t), such that it corresponds to a unitary change in
momentum, and its actual change in momentum Apy. In this study, the function of
an elementary force f*(t) will be defined using parameters characterizing the im-
pulse according to the principles of contact mechanics, such as the duration of con-
tact and the coefficient of restitution. This aspect will be explored in greater detail
in the subsequent sections of the thesis, as in Subsection 5.2.2. Now it can be gen-
eralized that the final frequency domain model can be written in the following form,
where the decomposition of F;(w) leads to the following Eq. (20).

Xge () = —Aps - F (0) - (@) - Ty (@) - w? (20)

In numerical analysis, direct employment of the FT is unfeasible, necessitating
its substitution by the Discrete Fourier Transform (DFT), the corresponding algo-
rithm for discrete, finite signals. The DFT can be efficiently evaluated using the
FFT algorithm. According to the convolution theorem, calculating convolution in
the frequency domain involves straightforwardly multiplying the FT results of the
input signals. As demonstrated in several studies [95,96], this procedure is particu-
larly advantageous, especially for long signals, as it typically lowers computational
burden and processing time.

4.2.2 Comparison of Time and Frequency Domain Models

The proposed semi-analytical model potentially allows for obtaining an analyt-
ical formulation of X¢rg. However, in practice, the analysis to derive Xggg will in-
volve mathematical operations on digitized data. Predictive models estimate Xqgg
through numerical techniques, while from an experimental perspective, digital sig-
nals are acquired using computerized equipment for data processing. Regarding
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regulatory standards, methods for digitally calculating the shock response spectrum
are addressed in ISO 18431 [13].

Since shocks are typically defined as sudden and short-duration events, the
standard provides an example of calculating the SRS on a signal identified as a
reference. Indeed, SRS calculation methods can be applied to any signal. The ref-
erence signal consists of a semi-sinusoidal impulse with a duration of 11 ms and an
amplitude of 10 g, as illustrated in Figure 15.

Half-sine pulse

0 5 10 15 20 25 30 35 40
Time (ms)

Figure 15. Semi-sinusoidal signal (with duration of 11 ms and magnitude of 10 g)
considered as the input to compare the SRS computation methods.

The method for calculating the SRS proposed in this thesis, developed in the
frequency domain, has been empirically validated by comparing the results ob-
tained with those proposed by the standard, addressed in Subsection 2.2. In both
cases, the acceleration signal to be analyzed is applied to the base of a set of SDOF
systems characterized by their natural frequencies and Q values. For this compari-
son, the semi-sinusoidal signal is again considered as the input of the calculation
method. According to the standard, all SDOF systems are assumed to have the same
Q value of 10, corresponding to a damping coefficient of 5%.

The Xgrs values obtained with the two methods are depicted in Figure 16. It
can be observed that, by appropriately defining the sampling frequency f; and the
duration of the input signal T, the curve obtained with the proposed method per-
fectly reproduces the curve defined by ISO 18431. Calculating the Root Mean
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Square Error (RMSE) between the two curves, an error on the order of 10™% g is
generated. Please remember that the ramp invariant algorithm adopted in the refer-
ence standard contains a bias error, dependent on the sampling frequency f;. There-
fore, the SRS calculation method utilized in this thesis can be considered verified

and equivalent to the standard procedure.

SRS comparison
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Figure 16. Comparison of the SRS calculation method proposed in this thesis (dashed red
curve) with the one defined by the ISO 18431 standard (blue curve).
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Chapter 5

Pyroshock Simulation Models

The proposed simulation models primarily consist of three phases: (1) a numer-
ical analysis to derive the receptance of the plate, (2) the formulation of the impulse,
and finally, (3) the computation of the SRS. The numerical analysis for obtaining
the plate receptance was initially developed using a MDOF model. Subsequently, a
novel implementation of an embedded Computer-Aided Design (CAD) modeler,
integrated with a FE solver, was introduced to enhance both accuracy and flexibil-
ity. Both models facilitate the efficient fulfillment of varying SRS requirements,
thereby reducing calibration times and yielding significant economic benefits.
These models are exclusively formulated in the frequency domain, making them
precise and computationally efficient. In this chapter, the models have been vali-
dated through reference to relevant literature. Moving forward in the thesis, anal-
yses predominantly rely on the FE model, given its superior precision and integra-
tion of a greater number of parameters.

This chapter aims to introduce several methodologies for simulating an exper-
imental configuration designed for pyroshock tests utilizing a resonant plate. The
primary focus is on achieving accuracy, simplicity, and efficiency in developing
each test. A detailed parametric model will serve as the reference model, playing a
pivotal role in addressing the inverse problem discussed in Chapter 6. It is germane
to highlight that the terms "direct" and "inverse" problem denote, respectively, the
tuning of the experimental setup through the calculation of the required momentum
p, and the optimal design of the test facility itself, exploiting geometry and material
properties of the plate.
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5.1 Multi-Degree of Freedom Model

The MDOF model was formulated to replicate the transverse dynamic charac-
teristics of rectangular plates with varying geometries. As a two-dimensional (2D)
model, it adapts to the base and height dimensions of the plate. On the contrary, the
thickness exclusively influences the plate mass. Alongside these geometric param-
eters, the model facilitates the specification of the plate material composition (e.g.,
aluminum alloys, iron alloys), enabling the assignment of appropriate density val-
ues and assuming a frequency-independent constant damping coefficient ¢.

Given its nature, the model enables customization of the number of degrees of
freedom by defining the number of nodes (ND,, and ND;,) along each side of the
plate, as represented in Figure 17. Furthermore, the proposed model allows for the
designation of the impulse generation and SRS measurement locations in terms of
nodes. It also includes the test object, permitting the configuration of its dimensions,
mass, and position.
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Figure 17. Scheme representing the MDOF model used to reproduce the plate behav-
ior, considering a force F; and the related displacement X}, in j-th and k-th node, respec-
tively. The mass m; represents the i-th sub-plate linked by a spring-damper system with

the adjacent ones.

As explained in [97], the lumped parameter method utilizes flexibility influence
coefficients. Hence, it exploits the mass concentration at discrete points, while stiff-
ness is described using influence coefficients. This method applies to one-
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dimensional and two-dimensional problems. However, it may not be feasible to de-
rive flexibility influence coefficients for the latter, and consequently, for the spe-
cific case of the resonant plate. Given the inability to make assumptions or approx-
imations regarding the stiffness k, a FEA has initially been conducted using dedi-
cated software such as Autodesk Inventor or SolidWorks. This analysis aims to de-
lineate the resonance frequencies of the pertinent modes of interest. Subsequently,
the stiffness k of the MDOF model has been calibrated based on these frequencies.

The plate is partitioned into ND;,, X ND,, sub-plates of uniform thickness, each

. . 1 . .
contributing g o the total mass. By constructing a model wherein each sub-
b h

plate interacts with adjacent ones via a spring-damper system (characterized by
stiffness k and damping ¢ to impose a constant damping coefficient ), matrices
representing stiffness K, damping C, and mass M are derived. The latter matrix
considers both the total mass of the plate and that of the additional component under
test, which has established specifications in terms of position, dimensions and mass.

Exploiting the aforementioned matrices, a modal analysis is conducted to cal-
culate the receptance a;; with the first n modes, where j and k respectively indicate
the nodes where the impulse and the measurement are defined. To simulate the test
configuration used by Sandia National Laboratories in [56], free boundary condi-
tions on all four edges have been initially employed.

To validate this first proposed model, a simplified definition of the impulse
described by a rectangular window may be adequate. Considering a collision ac-
companied by deformation and using the Hertzian contact theory, an estimation of
the collision time 7 can be derived as proposed in [73]:

1
2 mz 5
=329 (1—v?)s s 21)
T=3.29-(1-v%) <RE2uS>

where v and E are respectively the Poisson’s ratio and the Young’s modulus of
the material, mg, R and ug are respectively the mass, the radius and the velocity of
the impacting object.

The validation of the proposed method is demonstrated through comparison
with experimental results conducted by Sandia National Lab [56]. Table 3 provides
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a summary of the plate characteristics and configuration parameters of the model
(in the specific validation case M = 51 X 51 = 2601 DOFs have been adopted).

Table 3. Characteristics of the resonant plate and associated parameters configurat-

ing the MDOF model.
Quantity Value Notes
Base 500 mm divided in 51 nodes
Height 500 mm divided in 51 nodes
Thickness 38.1 mm
Material aluminum p=2700 kg/m?; {=0.05
Plate mass 25.72 kg
Pulse position central
Measuring position central
Mass under test 0 kg

Figure 18 demonstrates how the MDOF model, suitably calibrated to match the
FEM plate, reproduces the experimental outcomes in a partial accurate manner. In
fact, the slope of the simulated and experimental curves differs at low frequencies,
while the prediction is accurate above 500 Hz. However, the quality of the obtained
results allows to faithfully estimate the variation of momentum Ap,, determined
minimizing the Root Mean Square Error (RMSE) between the experimental and
simulated curves. Furthermore, Figure 19 shows the obtained modal shapes of the
first 13 modes of the resonant plate. Given the imposed free boundary conditions,
the first mode concerns the plate rigid translation and, consequently, has not been
reported as not relevant. It is evident that only certain modes give an effective con-
tribution, considering the position of the test object and the impact.
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Numerical-experimental SRS comparison
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Figure 18. Comparison between the simulated plate SRS and the experimental results
obtained with the Sandia reference plate.
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Figure 19. Modal shapes of the first 13 modes of the reference resonant plate.
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Given that some parameters have been assumed due to lack of information, the
proposed comparison allowed the verification of the tuning in terms of the determi-
nation of measurement and impact positions, the mass and velocity of the impacting
body. In particular, assuming to apply the impulse through a projectile generating
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a totally elastic impact, the mass and velocity of the impacting object to reach the
SRS requirements are estimated equal to mg = 0.53 kg and ug, = 3 m/s.

To enable a more comprehensive simulation of a pyroshock test, it is possible
to implement the simulation of the system behavior during a component qualifica-
tion test. By setting the mass and dimensions of the test object, its optimal position
and the updated specifications for generating the impact can be determined. Figure
20 illustrates the discretization of the resonant plate, with nodes highlighted in blue
indicating areas where the test object contributes as a massive element. Figure 21
presents the outcomes obtained by incorporating a 7.5 kg object (divided into a
13 x 13 node grid) positioned at the center of the plate.

Plate and mass under test geometry

0 10 20 30 40 50
ND,

Figure 20. White represents the discretization of the resonant plate, blue indicates the
position of the test object with discrete geometry.
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Plate with added mass SRS simulation
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Figure 21. Numerically simulated SRS of the resonant plate with the additional mass
of the test component.

To conclude, this first approach through the present parametric MDOF model
allows to numerically simulate a pyroshock test with good approximation. This
model facilitates the calibration process under varying experimental conditions and
requirements, offering a first satisfactory SRS prediction. The SRS profile derived
from simulation exhibits a trend similar to experimental observations, thereby val-
idating the usefulness of the proposed model. Moreover, the computational burden
of this model is moderate, resulting in expedited algorithm processing. This model
anticipates the following enhancements to further improve the accuracy by consid-
ering a more comprehensive number of factors and exploiting a FE solver.

5.2 A Comprehensive Parametric Model

To address the limitations of the MDOF model and enhance simulation out-
comes, a comprehensive parametric model was developed. While the MDOF model
produced satisfactory results in terms of simulated SRS within a short processing
time, it entails simplifications that may compromise result accuracy favoring com-
putational efficiency. Therefore, exploiting a similar conceptual framework and op-
erating entirely within the frequency domain, the improved comprehensive para-
metric model introduces an innovative integration of a CAD modeler into the
MATLAB environment. This integration enables the derivation of the FRF of the
plate via a FEM solver. This second proposed model facilitates the simulation of
the dynamic behavior along all three plate dimensions, fulfilling variable and
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potentially intricate geometries. Additionally, certain aspects previously subject to
approximation, such as impulse definition and geometric complexity, are further
analyzed. From now on the simulation results will refer to the following compre-
hensive parametric model, as it is considered as a reference given its superior per-
formance.

To provide a general overview, the whole simulation model is composed of the
three macro-phases depicted in Figure 22: (1) the FEM analysis, (2) the pulse defi-
nition, and (3) the SRS computation. Block diagrams in Figure 23 expand each
macro-phase to entirely describe the simulation model, highlighting the numerous
parameters involved in each subphase. These parameters are described in detail in
Table 4. It is worth noting that the block diagram represents the same mathematical
steps formulated in Eq. (13). For the sake of completeness, the optimization flows
that are described in the continuation of this Ph.D. thesis have also been included
in the chart.

FEM Analysis —— Pulse Definition ——{ SRS computation

Figure 22. Block diagram summarizing the macro-phases constituting the structure of
the numerical model.

5.2.1 Finite Element Method Analysis

The objective of the FE-based model is to compute the FRF of the resonant
plate. The geometry of the resonant plate, along with the anvil plate and the speci-
men, can be parametrically defined by the CAD software, which is OpenSCAD
[98]. This CAD tool facilitates the generation of complex geometries while preserv-
ing parametric flexibility, a crucial aspect particularly relevant to facing the inverse
problem (i.e., plate design). The 3D problem is figured out by means of a frequency
response analysis.
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Figure 23. Block diagrams expanding the description of the model for the simulation
of pyroshock tests. The parameters (which can be defined or unknown) involved in each
macro-phase are highlighted.

The first step to obtain the FRF of the plate consists in setting the geometry.
This aspect is highly flexible as it is possible to generate plates with simple (e.g.,
cuboid) and complex shapes (e.g., irregular shapes with geometric discontinuities,
and holes). In general, according to the case under analysis, the parameters in ques-
tion can describe the dimensions of a cuboid rather than the Cartesian coordinates
of the vertices of an irregular solid. Furthermore, the flexibility of this generated
CAD model allows including one or more components in the analysis. Hence, for
example, only the resonant plate can be studied for a comparison with the experi-
mental data or its correct tuning, otherwise the anvil plate and the specimen can
also be included to predict the SRS obtainable under specific conditions. Please
note that these last two elements can be placed in any position with respect to the
main plate by varying the parameters {u;}, {u,}. The latter also determine the posi-
tions that define the impulse application and the output acceleration measurement.
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Table 4. List and description of the parameters present in the proposed model.

Parameter  Description

Components dimensions (in case they are assumed to be cu-
boids).

XV, z Alternatively, to evaluate more complex geometries, these di-
mensions can be replaced with vectors of Cartesian coordi-
nates representing the vertices of components.

Coordinate vector to establish the position of the elements
{u;}, {u,} (i.e., anvil plate and specimen) with respect to the plate and,
consequently, the impact and the measurement positions.

H,in — Hyax Minimum and maximum dimensions for the mesh generation.

p Density.
E Young’s modulus.
v Poisson’s ratio.
G Shear modulus.
o Yield stress.
BCs Boundary conditions of the resonant plate (e.g., free-free,

clamped-free, clamped-clamped, etc.).

w) Vector establishing the direction of the applied impulse. The
magnitude must necessarily be unitary.

Minimum and maximum frequency to define the range of in-

Fmin = Fmax ereq for the (modal and frequency) analyses.

Frequency resolution.

Damping coefficient (depending on the materials properties).
Mass.

Velocity.

Momentum.

Radius of curvature.

Pulse duration.

® 4 IV | 3 AF

Coefficient of restitution.

Shape of the impulse force profile (e.g., rectangular, half-sine,
raised cosine = Hann, etc.).

Natural frequencies and damping coefficients of the c-th
SDOF systems defined by the SRS. Typically, Q¢g is tuned
to obtain a minimum frequency resolution of 1/24 of octave
and (¢ = 0.05.

C C
QSRS ’ zSRS
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After establishing the geometry of the system under analysis, it is necessary to
generate a suitable mesh. The parameters H,,,;,, and Hy;4x control the minimum and
maximum size of the elements. Their choice is decisive for finding the best trade-
off between the accuracy of results and calculation time. In this regard, ESA pro-
vides some rules to increase the FE model fidelity at high-frequency.

The minimum and maximum sizes of the mesh elements are recommended in
[12] to limit the CPU time and avoid numerical errors. Specifically, the maximum
mesh size depends on the minimum wavelength associated with the propagation of
compression, shear, and flexural waves. It is suggested to employ at least 8 elements
per wavelength to mitigate wave reflection or numerical filtering. Conversely, the
minimum mesh size should not exceed 16 elements per wavelength, as doing so
would escalate computation time without a corresponding improvement in results.

Formulas for calculating the aforementioned wavelengths are delineated in Eq.
(22)-(24).

E
/p (22)
Acompression = Friax
G/
p
Ashear = m (23)
fnwa = () (C2) e
flexural — Frax 12p

Before proceeding with the analysis, materials need to be assigned to the vari-
ous generated components. This entails associating mechanical properties corre-
sponding to each material (e.g., iron alloys, aluminum alloys) with all individual
components. The masses of these components will vary depending on the desig-
nated material and the dimensions specified in the geometry. Note that the optimi-
zation of this aspect, in the context of an inverse problem, results in the best choice
among the different considered materials.

Boundary Conditions (BCs) can also be set in the present model. Experimental
setups for pyroshock tests usually operate free-free conditions. However, it is also
possible to constrain some portions, faces or edges of the plate thanks to the BCs
parameter.
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Before conducting the frequency analysis, it is necessary to define the load ap-
plied on the system under examination. Following the mathematical procedures
outlined in Eq. (13), an ideal unitary pulse is employed in this stage. This facilitates
the study of plate behavior ignoring the applied pulse, thereby allowing for the in-
dependent development of insights into pulse characterization at a later stage. Sub-
sequently, the optimal momentum p can be derived to fulfill the requirements of
each test. The only parameter that can be set in this phase is the vector {w} which
establishes the direction of the applied impulse. Typically, this vector is perpendic-
ular to one face of the plate.

The analysis of the system described so far can be confined to a frequency range
delimited by f,i, and fyax. Determining these two parameters, along with H,,;,
and Hy;4x, 1s essential to achieve an optimal balance between accuracy and compu-
tational efficiency. Typically, the frequency range of 10?> — 10* Hz is employed,
as the test requirements (as well as the guidelines initially introduced) are estab-
lished in this frequency band. The results obtained from this modal analysis are also
interesting for understanding the contribution of each mode as the input and output
positions vary (respectively, the pulse application and the signal measurement).

To conclude this first macro-phase of the model, the FEM analysis ends with
the solution for the frequency analysis of the plate. In addition to the already estab-
lished frequency range fin — fumax, it is possible to set the frequency resolution
df and the damping coefficient function { (w). The latter depends on the previously
defined materials and can usually be assumed constant in frequency. On the other
hand, the df parameter also influences the accuracy of the results and the calcula-
tion times of the algorithm, necessitating careful calibration to achieve a balance
between these aspects. The integration of all these steps and the combination of all
these parameters facilitate the derivation of the receptance a(w) of the plate, crucial
for the final SRS calculation.

5.2.2 Pulse Definition

The definition of the pulse represents a crucial aspect in obtaining the SRS ac-
celeration. The spectrum F(Q) of the pulse can significantly affect the plate re-
sponse due to its inherent nature. Indeed, as an impulse is characterized by a very
short duration, its spectrum is distinguished by being broad in frequency. However,
when considering very wide frequency ranges, it generally behaves similarly to a
low-pass filter, with the cutoff frequency predominantly determined by the duration
of the impulse itself. Apart from influencing the SRS profile results, this phase is
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instrumental in delineating parameters inherent to the impacting object (e.g., bullet,
hammer, pendulum). These parameters enable the solution of the direct problem,
entailing the simulation of the behavior of the experimental setup under specific
conditions to obtain the momentum p, necessary to satisfy the specific require-
ments.

The initial phase of the impulse definition involves the declaration of the char-
acteristics (mass my, velocity ug, and radius R) and the materials of the impacting
body, thereby setting its mechanical properties. Since the solution of the direct
problem entails identifying parameters to properly tune the test facility, the impact
body characteristics might constitute the unknown quantities to determine. Typi-
cally, parameters such as mass, velocity, and projectile radius are adjusted itera-
tively to meet test requirements efficiently. However, since these values are essen-
tial for subsequent impulse definition, initial plausible estimates can be set. Through
iterative refinement of the impulse generation process, the characteristics of the im-
pacting body converge to numerical values consistent with the physics of the prob-
lem.

After setting the properties of the impacting body, it is possible to define the
force-time pulse curve by establishing three main characteristics: the impact dura-
tion, the coefficient of restitution and the function describing the curve. For the
estimation of the impact duration, reference is made initially to the Hertz contact
theory, considering the collision accompanied by a deformation. Indeed, this theory
establishes a relationship between the force applied at the contact area between two
bodies and the displacements (specifically, compression on two surfaces), as well
as the material properties of the bodies involved. Particularly, Hertz's theory ena-
bles the calculation of this relationship by treating bodies as spherical, homogene-
ous, and isotropic [71-73]. However, the scenario under consideration deals with a
collision between the impacting body (which can be approximated as a sphere with
radius Rg) and a plate (having a flat surface). For this reason, the collision time 1 is
obtained with Eq. (25) as in [74]:
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T =2.9432. (25)
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It can be observed that the impact duration T depends on various parameters
related to the mechanical properties of the bodies (E and v, both of the plate and
projectile), to the physical and geometric properties of the sphere (Rs and my) and
to the characteristics of the impact itself (ug). In particular, the total duration of the
contact T assumes an elastic collision and, consequently, is twice the time necessary
to reach the maximum compression. The dimensionless numerical value in Eq. (25)
takes it into account and is obtained from the elliptic integral over the compression.
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Figure 24. Diagram of the collision between the impacting body (represented as a
spherical object) and the resonant plate, highlighting the related mass and speed proper-
ties before and after collision.

Hertz's contact theory, with its assumption of perfect elasticity of the involved
bodies, limits the obtained results since a real impact - as inelastic - causes an en-
ergy loss. For this reason, the coefficient of restitution e is further introduced, de-
fined as the ratio between the relative speeds after and before the collision (i.e.,
separation and approach). Considering that all the kinetic energy of the system is
originally contained in the sphere since the plate is initially at rest, it is possible to
apply the conservation of momentum to the system shown in Figure 24:

Aﬁp = Ap, = msasf - msasi (26)
|Aﬁs| = msus]c + msus; = msusi(l +e) 27)

where the second subscripts i and f respectively indicate the sphere speed be-
fore and after the impact. Thanks to the application of the coefficient of restitution
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in Eq. (27), it is possible to consider part of the aspects shown in the energy balance
in Figure 25. Indeed, it can be considered that, after the impact, the initial kinetic
energy of the sphere K is distributed: partly reflected within the sphere as post-
contact (restitution) kinetic energy K., partly transmitted to the plate in the form
of kinetic energy due to its rigid translation K, (applicable in free-free conditions)
and vibrational energy E, . (useful component for pyroshock tests) and, finally,
partially dissipated due to some physical phenomena E ;¢ (including the inelastic
collision itself). While these aspects are currently simplified and summarized in the
coefficient of restitution, further investigation could provide deeper insights. For
instance, the coefficient may vary with the impact position relative to the plate,
although such influence is assumed to be minor and therefore negligible in the pre-
sent context.
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Figure 25. Energy balance diagram of impacts simulating pyroshocks. The provided
kinetic energy K, of the impacting body transforms into post-contact kinetic energy K,
of the same impacting body, dissipated energy E;;ss, vibrational energy Epm,br, and ki-

netic energy K,, of the resonant plate.

From Eq. (27) it can be further deduced that the impact force profile can never
be assumed to be symmetrical, precisely because of the coefficient e. Indeed, by
considering the area under the force curve as a function of time during the sphere-
plate contact, it is possible to deduce the depiction illustrated in Figure 26 and Eq.
(28), where 7 indicates the duration of the impulse.

JTF(t)dt = mgu, (1 +e) (28)
0
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Generic Force Profile

Force

Time

Figure 26. Representation of a generic impulsive force profile to highlight the effect
of the coefficient of restitution e on the area under the curve. The force and time values
have been normalized respectively with respect to the maximum value and the pulse dura-
tion .

The estimation of this crucial coefficient, which regulates the energy dissipa-
tion in the proposed model, is evaluated by referring to a couple of the best-known
analytical formulations to consider the impact between a sphere and a plate. Among
the many dissertations for estimating the COR, Zener's theory [85] is highlighted
since it better assesses the e value when the plate has a thickness much smaller than
the sphere diameter. On the contrary, Weir-Tallon's theory [86] gives better esti-
mates if the plate has dimensions of the order of magnitude or greater than the di-
ameter of the impacting object (as demonstrated experimentally in [99]). Since the
plate does not have a totally negligible thickness in most cases, Eq. (29) reports
Weir-Tallon’s formula to estimate e:

1

3.1 min (O'S, ap)s 8
1° u2

1/8 (1 —v? + 1 —1/5)_5
s Eg E,

(29)

where E; ,,, v, ,, and o5 ,, are the mechanical properties of the materials consti-
tuting the bodies involved in the impact. Finally, the impulse is also defined by the
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shape of the force profile through the sh parameter (which does not have a numer-
ical value, but qualitatively defines the shape typology). This aspect had been ini-
tially simplified in the MDOF model by assuming the impulse with a rectangular
force profile in the time domain. Given that some studies in the literature investigate
the force profiles generated by impact tests [ 100—102], alternative profiles are pro-
posed in this phase to ensure that the impulse reflects more faithfully the actual
physical phenomenon. For this reason, functions such as the (half-)sine or the raised
cosine (i.e., Hann window) can be used to define the impulse force profiles. It
should be remembered that these curves have been deformed — according to the
principle shown in Figure 26 — in order to obtain an asymmetrical shape (as a con-
sequence of the coefficient of restitution) and their duration is determined by the t
parameter. Furthermore, these pulses are generated in the time domain and subse-
quently transformed into the frequency domain. Therefore, the previously defined
parameters df and fy4x also affect this pulse generation in the time domain, as

' and the duration T = é. The df

they set the temporal discretization dt =
MAX

and fy4x choice is relevant since it must also consider the possibility of defining
the impulse force profile with good precision. In addition to these analytical func-
tions, experimental signals acquired with impact tests could be used. For instance,
a high-frequency shock load signal was recorded in [52] during pyroshock simula-
tion tests. Figure 27 shows some qualitative shapes of impact force profiles, both in
the time and frequency domain. It is worth noting how the pulse definition affect
the final SRS since the related spectra of the pulses could significantly differ. These
aspects might be further investigated to reproduce the load behavior during an im-
pulse in a more precise manner and, therefore, to improve its characterization.
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Figure 27. Qualitative representation of the force profiles adopted in the pulse defini-
tion phase. It is worth noting that the half-sine and Hann curves have been modified ac-
cording to the effect of the coefficient of restitution e, which makes the profiles asymmet-
rical. The first row represents the time signals, normalized with respect to the maximum
value and the effective pulse duration 7. The second row shows the related spectra, nor-
malized with respect to the sampling frequency f;.

5.2.3 SRS Computation and Score Functions

Once the plate FRF and the impulse spectrum have been computed, the deriva-
tion of the SRS acceleration becomes necessary to simulate the behavior of the ex-
perimental pyroshock test facility and compare it versus specific requirements, as
depicted by the product in Eq. (13). It is important to recall that the SRS serves as
a representation of how a theoretically infinite number of SDOF system with dif-
ferent natural frequencies responds to a shock input, which is an arbitrary transient
acceleration. As already mentioned, if no SRS information is specified, reference is
made to the maxi-max SRS. This represents the maximum absolute recorded re-
sponse of a series of SDOF systems, having natural frequencies Qzs tuned to
achieve a minimum frequency resolution (set to 1/24 octave) and damping coeffi-
cient {Sgs = 0,05. It is thus possible to obtain the desired SRS by exploiting the
transmissibility T of a mass-spring-damper system with these characteristics. This
calculation necessitates repetition for each SDOF system delineated by the SRS. To
provide an alternative perspective, the different tuned SDOF systems filter the sig-
nal with respect to their transmissibility and provide information on the maximum
acceleration that can be reached.



5.2 A Comprehensive Parametric Model 67

To compare the numerical results with the requirements of the pyroshock sim-
ulation tests and determine the necessary momentum pg to minimize deviation from
these requirements, a score function is introduced for this minimization task. Cur-
rently, there is no standardized recommendation or unified evaluation metric for
such purposes, despite the prevalent use of score functions in the Machine Learning
(ML) field. Commonly utilized evaluation criteria include the Mean Square Error
(MSE) and its variant Root Mean Square Error (RMSE), the Mean Absolute Error
(MAE) along with its variants such as Mean Absolute Percentage Error (MAPE)
and Symmetric Mean Absolute Percentage Error (SMAPE), and the coefficient of
determination R?, which quantifies the ratio of the variance of the dependent to the
independent variables [103]. Given that the RMSE is the most widely used criterion
for evaluating the models, while MAE may offer greater statistical robustness in
certain scenarios [ 104], these two metrics are primarily employed as score functions
in this context. Nevertheless, there is nothing to prevent the use of other criteria,
such as those aforementioned, based on their suitability for the specific application.
The equations representing potential score functions are:

fmax

RMSE = %QC;M (XSRS(QC) - )'('T(QC))Z (30)

fmax

1 .. ..
MAE ==~ ' |Rsps(20) = X,(00)] G1)
Qc=fmin

where Xps(Qc) is the calculated value of the acceleration expressed in g re-
ferred to the c-th SDOF system on n total (synchronized to the resonant frequency
Q) for the SRS calculation, X, (€.) is the test requirement (or the generic reference
curve) in terms of SRS acceleration. Furthermore, it is specified that the related
variants adapted in a logarithmic scale could also be used to balance the error over
the whole considered spectrum, as in Eq. (32)-(33). These logarithmic variants are
commonly known as Root Mean Squared Logarithmic Error (RMSLE) and Mean
Absolute Logarithmic Error (MALE).
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1 fmax
RMSLE = |~ 3" (n|¥ss(00)] - In|%(@0))’ (32)
Qc=fmin

fmax
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Recalling Eq. (13), it is possible to obtain the momentum Ap; — and conse-
quently the pair of values mg and ug — necessary to minimize the generic score
function (whose evaluation parameter is hereafter called score = RMSE, MAE,
RMSLE, MALE or any other possible variants).

5.3 Validation of the FE-based Model

This section presents the outcomes obtained through the complete simulation
(direct problem), exploiting the FE model to compute the receptance (or equiva-
lently, the inertance) of the resonant plate. Specifically, the simulation results are
compared with the experimental findings documented in [58] for the purpose of
model validation. This particular reference was selected due to its comprehensive
detailing of the test bench setup, which proves indispensable for configuring the
model parameters. Additionally, exhaustive datasets encompassing pyroshock
qualification tests are currently limited in the literature. Jonsson's development of a
test bench for pyroshock tests, as depicted in Figure 28, serves as a reference, con-
sidering the complete list of parameters documented during the tests. This level of
detail assists in configuring the model as accurately as possible. However, given
that not all necessary information is available, the remaining parameters are as-
sumed based on the presumed execution of the tests. Consequently, any discrepan-
cies between numerical and experimental results may be partly attributed to these
approximations/assumptions. Model validation includes various experimental con-
figurations to verify the accuracy of the results under differing operating parame-
ters.
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Resonant Anvil Plate
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Figure 28. Test facility designed in [58] and used for validating the proposed numeri-
cal model, by comparing the experimental and predicted SRS curves.

Figure 29. On the left, the CAD model of the reference test facility proposed in [58].
On the right, the integrated CAD model and its reference system generated by adopting
the present methodology. Specifically, this configuration is specific to Test #2 in Table 5.

The model underwent validation through a comparison of the experimental and
simulated SRS. To ensure the robustness and versatility of the model across varying
operating parameters, two distinct configurations were chosen for validation. These
configurations were selected to prove the efficacy of the model under different con-
ditions and to provide a comprehensive validation process. The simulations were
performed by considering a resonant plate with the characteristics summarized in
Table 5, and the related results are shown respectively in Figure 30 and Figure 32.
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In both cases, a mesh with quadratic tetrahedral elements was adopted, while the
refinement of the mesh was determined using Eq. (22)-(24). In particular, the target
minimum and maximum mesh edge lengths were set equal to H,,,;;, = 18.6 mm and
Hyax = 37.3 mm. Figure 29 represents the geometry defined in the present model
with reference to Test #2 in Table 5. Furthermore, it has the purpose of showing the
reference system adopted in the analyzed cases.

Table 5. Characteristics of the resonant plate used during the experimental reference
tests. The superscript * indicates the parameters estimated on the basis of the data pro-

vided in [58].
Parameter Test 1 Test 2
Plate dimensions 1x1x0.03m? 1x1x0.03m?
Plate material Al6082 Al6082
Impact location (-0.15 m; -0.15 m)* (0 m; 0 m)
Measurement location (-0.15m; 0.15 m)* (0 m; 0.325 m)*
Impact velocity ~3.7 m/s* ~1.7 m/s
Anvil plate material Al7075 Al7075
Anvil plate dimensions 7x7x1cm? 7x7x1cm?
Boundary conditions Free Free
Hammerhead material SS303 SS303
Hammerhead curvature 0.2 m* 0.2 m*
Hammer mass 3.5 kg* 3.5 kg*
Hammerhead add-on mass 0 kg 2 kg
Specimen size No specimen 0.4x0.2x0.025 m*
Specimen mass 0 kg 6.3 kg
Force profile shape Step Hann

In the first configuration, no object under test was included to eliminate poten-
tial confounding factors. The results presented in Figure 30 indicate that the devel-
oped model faithfully reproduces the physical behavior of the test facility, as evi-
denced by the comparison with experimental data. Notably, there is a satisfactory
agreement between the frequencies of SRS peaks, their amplitudes, and the overall
curve trend. The major inaccuracies can be observed at low and high frequencies.
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As mentioned above, these discrepancies may be partly due to the estimation and
assumption of unknown parameters, despite efforts to derive them accurately from
available data in [58]. Parameters such as impact and measurement locations, ham-
merhead curvature, and specimen size were derived from graphical representations,
figures, and indirect measurements. For instance, the impact velocity was deter-
mined as a linear interpolation of the known velocities as a function of the charge
angle of the pendulum. Similarly, the hammerhead mass was derived from an esti-
mation of its geometric dimensions (approximately equal to 0.07 X 0.07 X 0.09
m?), considering a steel composition. The resulting inaccuracies may also be due to
the choice of the impulse force profile, as well as the definition of the damping
coefficient {. In fact, these aspects are very complex and could require further in-
vestigations to obtain even more accurate results. For instance, the fact that the first
peak of the measured curve is less prominent than the simulated one can depend on
the frequency-dependent damping of the system and on the boundary conditions.

SRS Prediction

104

Acceleration (g)

Predicted SRS p=13 kg m/s
Reference SRS

101 I
102 10° 10*
Frequency (Hz)

Figure 30. Comparison of the SRS simulated by the present model (in blue) with the
experimental one (in red) obtained in [58]. The model parameters were set as reported in
the Test #1 column of Table 5.

A transient analysis was conducted using the commercial software SolidWorks
2022 to compare its results with the proposed model. The same system configura-
tion and parameters were employed to compute the system response in the time
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domain. As depicted in Figure 31, the responses obtained from both models exhibit
a high degree of coherence over time. Moreover, Figure 31 includes the frequency
responses to facilitate a deeper understanding of the differences between the two
results. While both models effectively describe the modes up to approximately 2
kHz with noteworthy precision, it is evident that only the proposed model provides
accurate results over the entire frequency spectrum.
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Figure 31. Comparison of the results obtained with the time model (Transient Analy-
sis in SolidWorks 2022) and the proposed frequency model (which exploits the FEM
solver integrated into MATLAB 2021b). Above, the comparison of the time signals; be-

low, the related frequency responses.
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Table 6. Running times necessary to solve the FEM analysis in the time (Transient
Analysis in SolidWorks 2022) and frequency domain (MATLAB 2021b) and related per-
formance improvement generated by the proposed method.

SolidWorks 2022 MATLAB 2021b Aty
Running time ~890 s ~ 100 s 790%

Furthermore, the developed model offers a substantial reduction in computa-
tional time, leading to an overall decrease in simulation costs. This reduction in
downtime is particularly advantageous for the tuning of the plate to execute shock
qualification tests efficiently. Specifically, the transient analysis obtained using the
FEM commercial software took nearly 9 times longer than the proposed frequency
model, as illustrated in Table 6. Unlike the time model, which necessitates the anal-
ysis of the entire plate behavior at each time step, the frequency model enables the
calculation of the response at a single point of interest. This results in a significant
reduction in dimensionality and computational complexity.

The result of a second test is proposed in Figure 32 to validate the model under
different operating parameters. This configuration includes differences in impact
and measurement locations, impact velocity, hammerhead add-on mass, and the
presence of a specimen. Additionally, a non-symmetric raised cosine force profile
(a modified Hann window) is adopted to better approximate real-world scenarios.
Despite these variations, the simulated curve closely follows the experimental one,
demonstrating the accuracy of the model. Similar to Test #1, limitations depending
on the assumptions are evident, particularly at low and high frequencies. Inaccura-
cies at low frequencies may be attributed to approximations in the damping coefti-
cient and nonlinearities resulting from boundary conditions. Conversely, deviations
at high frequencies may be due to the pulse duration estimation and the properties
of the impacting bodies.
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Figure 32. Comparison of the SRS simulated by the proposed model (in blue) with
the experimental one (in red) obtained in [58]. The model parameters were set as reported
in the Test #2 column of Table 5.

Furthermore, a comparison between the simulated pulse and a real force profile
obtained from an impact characterization is presented. To analyze the influence of
the force profile in greater detail, Figure 33 illustrates the results in terms of SRS
obtained with four different impulses under Test #2 conditions. Specifically, Figure
33 shows the four different adopted functions: (1) the rectangular, (2) the half-sine,
(3) Hann window and (4) a real pulse. All curves are normalized to have equal
duration T and unitary momentum to prevent confounding factors. The real profile
was experimentally acquired using a test bench for impacts characterization, repli-
cating the experimental conditions as accurately as possible. The impact was gen-
erated using the PCB 086C03 impact hammer (shown in Figure 34) equipped with
a hammerhead with an established constant curvature, hitting a pendulum with a
flat contact surface. The results indicate that the non-symmetric raised cosine (mod-
ified Hann window) is the force profile that best approximates the real case, with
the SRS obtained from this function closely reproducing the reference curve. Addi-
tionally, Figure 33 demonstrates that the force profile effect predominantly influ-
ences the high frequencies, acting as a low-pass filter with variable cutoff frequency
and slope (i.e., filter order).
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Figure 33. Above, force profiles in the proposed model. Below, comparison of the
predicted SRS as the assumed pulse functions vary.
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Figure 34. Impact hammer adopted to characterize the force profile.

To sum up, this chapter described numerical models developed for the simula-
tion of pyroshock tests with resonant plates. The comprehensive parametric model
introduced offers a novel approach to accurately simulate the SRS acceleration of
the plate with minimal computational burden, achieved through a development in
the frequency domain. Its short computation times and adaptability make it suitable
for various applications, particularly in tuning test facilities to meet specific test
requirements. This capability translates to significant reductions in downtime and
costs associated with setting up experimental systems. Notably, these improve-
ments address the iterative nature of many existing pyroshock simulation tech-
niques, considerably simplifying the process. The comprehensive parametric model
underwent validation across different experimental setups and was compared
against time-frequency models, together with the pulse characterization. These de-
tailed analyses have been employed to validate the proposed model and highlight
its advantages, including its flexibility and computational efficiency.



Chapter 6

Inverse Problem: Design Optimiza-
tion

After describing the numerical simulation models of pyroshock tests, this chap-
ter proposes some methods for solving the inverse problems. It is worth noting that
direct problem refers to the fine-tuning of the experimental setup thanks to the cal-
culation of the required momentum p, while the inverse problem focuses on the
optimal design of the test facility itself. The optimal design refines several param-
eters, such as the geometry and the material of the resonant plate. The reference
model adopted for all the reported optimization techniques is the comprehensive
parametric model described in Subsection 5.2. The three macro-categories, com-
posing the present model and analyzed in Figure 23, are further expanded with an
optimization algorithm to effectively solve the problem of designing a shock test
facility, as shown in Figure 35. These results - which would not be achievable with
the existing techniques - are thus obtained in a straightforward, novel, and innova-
tive way. Initially, a generic optimization process using GA [105] is proposed. Sub-
sequently, more specific investigations are described.



78

Inverse Problem: Design Optimization

Parameters

X0 ¥orZo

KprVprZp
Ve Zp {uh{ug}

Hpnin — Hyax

Pp EpiVp, 0y
P By vy 0y
Por Egi Vo, 0,

ECs

Finin = farax

{w}
af

Fimin = Fuax

{(Ppl EpJ vp)

Mg, Ve,

RS

Psr Egy Vs, 05

(Mg Ve R B Ve s Ep )
e(vs, ps, Es Vs, 05, Ep; Vp)

sh

c C
g5 . {Srs

FEM Analysis

Block Diagram

Parameters optimization

-

v

L

S

-

L

Ceo:metw
(Resonant plate, anvil plate and
specimen)

Mesh

i

Materials

v

Boundary Conditions

!

Modal Analysis

i

Loads definition

!

1
|
|
|
|
|
|

Frequency Analysis

]
]
]
]
]
]

Pulse Definition

]

|

]

]

]

k.

[

Properties
(Impacting body)

)

[

Materials

]

P convergence

¥

Pulse Time Duration

!

Coeff. of Restitution

!

[
[
[

Force Profile Shape

¥

[

Unit conversion

]
]
]
]

SRS computation

)

b[ Transmissibility evaluation ]

!

Max. response

]

v

p.s Score tunction

_______________ I

GA's Score function

Acceleration (g)

Acceleration (g)

Phase

Output

FRF

'2 "‘V A N~
- y
o 2000 4000 6000 8000 10000
Freq. (Hz)
_ Pulse
10°
o,
0 il M\{M‘M‘\ 1
'qW‘
102
2000 4000 6000 2000 10000
Frequency (11z)
SRS
10*
A
el
2 .
0 S
A
.."'\\ /
2 e
102y /
;'/
10!
10° 10° 10*
Frequency (117)

Figure 35. Block diagram describing the model for the simulation of pyroshock tests,
implemented for the design of the experimental setup. The involved parameters and the
graphs showing the results of each macro-phase are highlighted. The dotted lines repre-

sent the implementation characteristic of the design phase.
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6.1 Genetic Algorithm Optimization

The proposed comprehensive parametric method simulates the SRS of the en-
tire system starting from the definition of the experimental setup. The model can
thus be used to simulate the plate behavior and, consequently, to tune the different
parameters as the test requirements vary, constituting the direct problem. Moreover,
the model can be further exploited to address the inverse problem, namely, the de-
sign of the experimental setup or its components given specific requirements and
conditions. The distinction between these two problems basically lies in the typol-
ogy of unknown parameters, such as the momentum p, rather than geometric pa-
rameters of the plate x,,, ¥, zy,.

To achieve an optimized system design, the simulation model serves as the
score function of a heuristic optimization framework such as GA. Hence, the score
functions outlined in Eq. (30)-(33) could be the reference cost used by GA to derive
the unknown parameters. Specifically, in this application, the score functions are
customized to evaluate the error only when the SRS falls outside the tolerance re-
gion. Consequently, any value within this range is evaluated as zero error, while
those exceeding these limits contribute to the error in proportion to their deviation
from the tolerances. This modification of the score function is delineated in Eq.
(34).

0 if X000 — Ko < Xsrs(Q) < X, (Q0) + X7,
scoregy = , L ) , (34)
score if  Xsps(Qc) < X (Q) — Xt V Xsrs(Qc) = X, (Q) + X;;;z

where X;,; and X}, are respectively the values of the lower and upper toler-
ances, score is a generic cost function, such as the cost functions described in Eq.
(30)-(33), and scoreg, 1s the modified cost function for the application of the opti-
mizer. Indeed, prioritizing the inclusion of the SRS within the tolerances during the
design process is of prime importance, rather than solely focusing on minimizing
the error according to the required curve.

This simulation algorithm facilitates the derivation of the design parameters of
the test facility by employing a GA optimizer and specifying the required SRS pro-
file along with related tolerances. Since SRS requirements are highly variable and
depend on many factors, such as the launcher typology and the equipment location,
a typical SRS profile is adopted as defined by the guidelines outlined in the NASA-
STD-7003A standard [8]. However, the three-point SRS selected as reference,
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along with its tolerance range, proves to be consistent with previous studies such as
those conducted by Sandia National Laboratories [10]. Figure 36 illustrates a po-
tential outcome achieved through this optimizer. All parameters except for the plate
dimensions (e.g., the material of the resonant plate, mass and speed of the impacting
object) are assumed to be average conditions for the pyroshock tests to be conducted
with the plate under design. The GA optimizer iterates to minimize the score func-
tion, representing the deviation of the simulated SRS from the desired tolerances,
within predefined maximum and minimum values for each parameter. Table 7 pre-
sents the optimal dimensions of the resonant plate obtained through GA optimiza-
tion, resulting in an SRS response that satisfactorily meets test requirements and
tolerances. The reported result was obtained by setting GA with a population size
of 15 and the number of iterations equal to 10. The lower and upper bounds were
set to optimize the resonant plate in a dimensions range. The minimum and maxi-
mum sizes were respectively established as equal to 0.2 X 0.2 X 0.02 m® and
2 X 2 X 0.05 m®. Additionally, this model enables the determination of the required
momentum, given the optimal test facility obtained under the specified design con-
ditions.
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Figure 36. Comparison of the GA-optimized SRS (in blue) with the reference curves rep-
resenting the typical requirements and related tolerances of pyroshock tests. The simu-
lated behavior falls quite faithfully within the tolerances, minimizing the error and addi-
tionally allowing the estimation of the necessary momentum.
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Table 7. Inverse problem results in terms of resonant plate dimensions optimized by
means of GA.

Plate Dimension Optimized Result
Length (x) 500 mm
Width (y) 400 mm
Thickness (2) 40 mm

The SRS obtained using the optimized plate indicates a slight overtesting, a
condition judged more acceptable than undertesting in qualification tests. To draw
further considerations on the optimized result, it is worth noting the complexity
level to obtain a real experimental SRS within the required tolerances. Figure 37
shows an experimental SRS acquired in a real industrial context, with the amplitude
normalized with respect to the required knee-frequency acceleration. This represen-
tation elucidates the disparities between the behavior of the real system and the
specified requirements. Tuning the resonant plate often entails compromises about
qualification test requirements, such as accepting overtesting or undertesting. This
perspective highlights the important role of a simulation model in the calibration
and realization of a test facility for pyroshock qualification tests.
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Figure 37. Experimental SRS used in a real industrial context, normalized with respect to
the required knee-frequency acceleration.
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6.2 Shape and Size Optimization

This section exploits the reference numerical model to simulate a pyroshock
test and optimize the test facility configuration. A heuristic optimization algorithm
is introduced to optimize the shape and size of a resonant plate to match the required
SRS. The digital twin adopted in this process evaluates the efficiency of both regu-
lar polygonal and irregular quadrilateral shapes and sizes. The development of the
proposed model in the frequency domain offers notable advantages, including the
reduction of calculation times. Optimizing pyroshock test facilities is promising for
enhancing both the accuracy of SRS outcomes and the efficiency, in terms of time
and cost associated with test facility tuning.

6.2.1 Regular Polygonal Geometry Optimization

Initially, the emphasis is on geometric parameters, using a reverse engineering
approach. Specifically, the investigation deeply analyzes the optimal shape of a res-
onant plate to satisfy standardized requirements: firstly regular and subsequently
irregular, along with their respective dimensions, plates are tested. In the direct
problem, these geometric parameters are typically fixed, given that the plate geom-
etry usually remains constant, and the primary objective of the simulation is the
determination of the necessary momentum to satisfy the shock test criteria.

Most test facilities for shock tests in the literature use a square or rectangular
resonant plate. For instance, [58] and [38] use square aluminum alloy plates with
dimensions of 1 X 1 X 0.03 m® and 1 x 1 x 0.05 m?, respectively. Instead, [46]
analyzes a rectangular plate with dimensions of 1.2 X 0.5 X 0.03 m°.

A genetic algorithm is used to search for the optimal plate. The integration of
an embedded CAD modeler and a FE solver enables the accurate prediction of the
dynamic behavior of a resonant plate with complex and variable shapes.

The model is configured with three key parameters defining the plate geometry:
the circumscribed radius 7, for regular plate geometries, the number of sides n,, for
polygonal configurations, and the plate thickness z,. These parameters enable the
exploration of the dynamic characteristics of plates with varying shapes and sizes.
Moreover, the mass mg and velocity ug of the impacting object are also optimized,
considering that the mass of the plate is proportional to its size. Consequently, larger
plates necessitate higher momentum, and vice versa. This approach improves the
optimization of the SRS profile, making it independent of other potential
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confounding factors. To mitigate the risk of encountering local minima, typical of
heuristic optimizers, all parameters are discretized within specific ranges.

The formulation of a score function is fundamental to deal with the minimiza-
tion task effectively. While conventional metrics like RMSE and MAE are widely
employed, a specific score function is conceived for the present application. Given
that pyroshock requirements are typically provided with associated tolerances, the
score function is designed to evaluate errors only when the SRS falls outside the
tolerance regions. This adjustment has been integrated into the score function pre-
sented in Eq. (34). Nevertheless, modifications based on the particular application
or further ameliorations of this metric are evaluable. Specifically, the score function
should reflect the higher level of criticality for undertesting over overtesting condi-
tions. Hence, the revised score function adopted from now on is defined as follows:

rlng(XSRs) - 10g1o(Xr) _
10810(Xt+ol) - loglo(Xr)

1 if Xors > X

scorega =1 if Xo < Xsps<XY, (35)

lOglo(XSRS) - IOglo(Xr) _
Ulogyo(Xio) — logio ()

where Xszs(Q,) is the calculated value of the acceleration synchronized to the
resonant frequency £, of the c-th SDOF system for the SRS calculation, X,.(Q.) is
the test requirement (or the generic reference curve) in terms of SRS acceleration,
X1 and X[t are respectively the values of the lower and upper tolerances. For the
sake of clarity, Figure 38 shows the colormap representing the score applied to the
SRS predictions, considering a standard requirement.

The minimization of the cost function in a discrete multidimensional space led
to the outcomes in terms of regular shape and size optimization of the resonant
plate. This multivariate space is generated by the five parameters, identified as cru-
cial for the present investigation and summarized in Table 8. The upper and lower
bounds were established based on typical applications, ensuring consistency be-
tween parameters. Similarly, discretization was determined considering the best
trade-off between the total number of combinations and the computational burden.
The number of sides n,, of the polygon has been set to consider all the regular shapes
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from n,, = 3 (triangular case) up to n,, = 8 (octagonal case) and, in addition, n,, =

100 to simulate a circular plate.

Acceleration (g)

Score function

4
10@

e s
=]
(2]

-
=]
3]

10"
102 10° 10*

Frequency (Hz)

Figure 38: Colormap describing the adopted score function according to a generic re-

quirement with related tolerances.

Table 8. Discretization of the parameters optimized by GA for the regular polygonal

case.
Parameter Lower Bound Discretization Upper Bound
Tp 045m 0.05m 0.60 m
Z, 0.02 m 0.01 m 0.05m
n, 3 sides 1 side 8 sides + circle
mg 1 kg 1 kg 10 kg
ug 1 m/s 1 m/s 10 m/s

With a total of 11200 possible combinations, a population size of 50 was chosen
to initialize the genetic algorithm, considered the best trade-off between the density
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of analyzed cases in the multidimensional space and calculation times. Addition-
ally, to ensure algorithm convergence while minimizing runtime, the number of
iterations was set to 10.

Considering the specific requirements used in this analysis, GA found the best
configuration as a triangular plate (n,, = 3) inscribed in a circle with radius r, =
0.6 m and thickness z, = 0.04 m, hit by an impacting object with mass m; =
9 kg and velocity u; = 1 m/s. Table 9 reports both the assumed and the optimized
parameters established to define the design decisions in the model. Figure 39 shows
the optimized plate geometry with arrows indicating the input and output directions
fixed in the model.

Table 9. Fixed and optimized (indicated by the superscript *) parameters adopted to
numerically simulate the configuration with the optimized regular shape.

Parameter Value

rp* 0.60 m

z,* 0.04 m

n,* 3 sides

mg* 9kg

ug* 1 m/s

Plate material Al6082

Impact location Center of mass (0 m; 0 m)
Measurement location Center of mass (0 m; 0 m)
Boundary conditions Free

Impacting object material SS303

Impacting object curvature 0.2m

Force profile shape von Hann window




86 Inverse Problem: Design Optimization

Figure 39. Optimized geometry of the regular polygon resonant plate.

Figure 40 shows the SRS prediction of the optimized resonant plate in the de-
scribed operating conditions. The optimized design led to satisfactory results since
the required tolerances are almost totally accomplished.
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Figure 40. Simulated SRS inherent to the GA-optimized resonant plate with regular
triangular shape.
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6.2.2 Irregular Quadrilateral Geometry Optimization

The previous optimization focused on exploring various geometries with the
constraint of regular polygonal shapes. To further expand the analysis and poten-
tially identify shapes that better fulfill the requirements, a second method was de-
veloped. This method extends the investigation to include irregular shapes. Due to
the vast number of possible irregular shapes, the analysis is restricted to irregular
quadrilateral shapes. These geometries generate a notable range of configurations
while also limiting the overall population and the parameters to be optimized.

The proposed simulation model offers flexibility in defining irregular quadri-
lateral plates by specifying the coordinates (xy; yy) of their vertices V = 1,2,3,4,
as shown in Figure 41. To prevent redundancies arising from geometric symmetries,
one vertex (V;) is fixed at the origin of the reference system. The remaining vertices
are confined to predefined regions of space, which also determine the maximum
and minimum dimensions of the plate (1 X 2 X 0.05 m® and 0.5 X 1 X 0.01 m? re-
spectively). Moreover, this definition of regions allows to consider irregular trian-
gular shapes, corresponding to degenerate quadrilateral cases. Table 10 presents the
parameters optimized by GA and their established discretization. In addition to the
coordinates of the vertices, GA also optimizes the thickness z,, of the plate, the mass
mg, and the velocity ug of the impacting object, driven by the same considerations
as in the case of regular shapes.

Table 10. Discretization of the parameters optimized by GA for the irregular quadri-
lateral case.

Parameter Lower Bound Discretization Upper Bound
X 0Om 0.1m 0.5m
Vs I m 0.1 m 2m
X3 0.5m 0.1m I m
V3 I m 0.1m 2m
X4 0.5m 0.1 m I m
Vs 0m 0.1 m l m
Z, 0.01 m 0.01 m 0.05m
mg 1 kg 2 kg 9kg

Ug 1 m/s 2 m/s 9 m/s
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Figure 41: Discretization grid of the parameters for the optimization of the irregular
geometry of the resonant plate.

The other parameters were set as in the previous optimization, including the
plate material (in the specific case, an aluminum alloy), the impact and measure-
ment points (both established in the center of gravity of the plate). Since the multi-
variate space generated by the parameters to be optimized contains a higher number
of possible combinations, the GA optimizer settings were consequently modified
by increasing the size of the population up to 200, while maintaining the number of
iterations equal to 10. The score function that regulates the optimization is reported
in Eq. (35) and shown in Figure 38.

The resulting geometry of the GA-optimized irregular quadrilateral plate is
shown in Figure 42, while Table 11 lists both the optimized and assumed parame-
ters adopted in the simulation. It can be observed that the resulting shape is rather
complex and difficult to extract using other methodologies. It is worth noting that
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the specific imposed conditions, such as the required SRS profile, may influence
the result and lead to this precise geometry.

Table 11. Parameters adopted to simulate the configuration with the optimized irreg-
ular shape. Optimized parameters are indicated by the superscript *.

Parameter Value

Vy (0 m; 0 m)

V,* (0.3 m; 1.6 m)

V3* (0.8 m; 1.5 m)

Vy* (0.8 m; 1 m)

z,* 0.03 m

mg* 9kg

ug* 1 m/s

Plate material Al6082

Impact location Center of mass (0.475 m; 1.025 m)
Measurement location Center of mass (0.475 m; 1.025 m)
Boundary conditions Free

Impacting object material SS303

Impacting object curvature 0.2m

Force profile shape von Hann window

Figure 43 shows the simulated SRS with the new optimized plate. It is worth
noting that the curve falls perfectly within the tolerance ranges, flawlessly satisfy-
ing the imposed requirements. It cannot be excluded that other equivalent solutions
exist within the population of considered plates (i.e., plates with irregular quadri-
lateral geometry and dimensions within the set range).
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Figure 42. Resulting optimization of the irregular quadrilateral shaped and sized res-
onant plate.
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Figure 43. Simulated SRS inherent to the GA-optimized resonant plate with the trap-
ezoidal scalene shape.
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6.3 Optimization of the Energy Input and OQutput Param-
eters

This section focuses on investigating the effect of energy input and output pa-
rameters within a test facility, including factors like impact location, anvil material,
and object mounting position. These parameters have significant influence, and
their interactions are complex, making a comprehensive exploration necessary.
Such an exploration can notably reduce calibration times and offer economic ben-
efits by circumventing costly trial-and-error iterations. This optimization exploits
the simulation methodology aiming at optimizing test configurations. An exem-
plary application is demonstrated based on the outcomes derived from the optimi-
zation of regular shape and size. Furthermore, given that the test object influences
the dynamics of the entire system, the appropriate setting of these variables allows
the correction and compensation of the effects of the specimen on the SRS.

While the previous geometry optimizations aimed to tune the resonant plate
according to specific requirements, this optimization focuses on better matching the
SRS requirement by adjusting the so-called energy input and output parameters. In
this context, the energetic parameters are defined as: (1) the impact pad (or anvil)
material, (2) the impact location, and (3) the testing object mounting location (i.e.,
the measurement location) in proximity to their design values. This optimization is
applicable to any plate typology and geometry. The following results concern the
optimized plate with regular geometry, since it is still possible to compensate for
the residual error. It is worth noting that the geometrically optimized plates were
automatically designed by GA without neither anvil nor testing object, whose in-
fluences were neglected. Furthermore, the excitation and the measurement point
were considered coincident to the center of the plate. To simulate a real impulse,
the impact force f(t) is modelled by two half non-symmetrical windows (left and
right) whose shape is defined as half a raised cosine (i.e., the von Hann window).
The described optimization of the input and output parameters has been investigated
to cope with the effects of variable operating conditions.

To investigate the effects of variable anvil material and input pulse location on
the contact time computation, the numerical model was implemented including a
fixed-size (0.07 X 0.07 X 0.01 m3) anvil with variable material. Furthermore, a
NASA CubeSat 1U was chosen as the sample testing object, characterized by an
equivalent density of p,, and a characteristic dimension of 0.1 m [106]. The input
pulse location and the mounting location coordinates of the space equipment were
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varied over a discrete range around the plate center (0.1 m), as shown in Figure
44. This approach simulated various scenarios for mounting the CubeSat and the
anvil plate on the resonant plate. Hence, a total of 162 combinations consisting of
9 input positions, 9 output positions, and 2 anvil plate materials were analyzed. It
is worth noting that some of these combinations may be redundant because of pos-
sible symmetries of the test facility. However, for the sake of proposing a generic
method applicable across various scenarios, all potential configurations were thor-
oughly examined in this study.
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Figure 44: Scheme of the input/output grid including 9 different positions for the an-
vil plate (green) and the specimen (orange), respectively.

The starting point for energy input and output optimization is the optimized
resonant plate depicted in Figure 39. This plate is an equilateral triangle with side
dimensions of 1.04 m (inscribed in a circumference of 0.6 m) and a thickness of
0.04 m, composed of aluminum alloy. For clarity and completeness, Figure 45 il-
lustrates the FE modal analysis of the bare triangular plate.

The SRS depicted in Figure 40 exhibits its first peak corresponding to the nat-
ural frequency of mode #1 and its second peak coincides with mode #7. This align-
ment is evident from Figure 45, where modes #1 and #7 manifest significant dis-
placements at the center of gravity, which corresponds with the established excita-
tion and measurement points from the regular shape optimization.
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Figure 45: Modal analysis of the bare regular triangular plate.

To analyze the impact of input and output parameters, a brute force approach
is employed, considering the full factorial combinations. Figure 46 illustrates the
input/output grids applied to the regular triangular plate following the GA optimi-
zation. Consequently, numerical simulations of the SRS are conducted for each of
the 162 combinations, evaluating the optimal tuning parameters under new operat-
ing conditions. This assessment exploits the score function defined in Eq. (35) and
depicted in Figure 38, which considers tolerance regions and penalizes undertesting
more severely than overtesting conditions. Table 12 provides a summary of the per-
tinent parameters and their corresponding values.
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Table 12. Description of parameters defined in the model to optimize energy input
and output.

Parameter Parameter Value / Parameter Description
Name Range
{u;}, {uo} (1;?;?;; 14_2) Impact and object location coordinates
pi 2700 or 7870 kg/m®  Density of the anvil material
E; 69 or 205 GPa Young’s modulus of the anvil material
V; 0.33 or 0.29 Poisson’s ratio of the anvil material
o; 80 or 350 MPa Yield stress of the anvil material
Po 2000 kg/m? Equivalent object density
I 01lm Object characteristic dimension (side
of the cube)
Tp 0.6 m Radius of the circumscribed circle
n, 3 Number of sides of the polygon
z, 0.04 m Thickness of the plate
H,in — Hpaxe  0.0186-0.0373m  Mesh size - range
Py 2700 kg/m? Density of the plate material
E, 69 GPa Young’s modulus of the plate material
v, 0.33 Poisson’s ratio of the plate material
BCs Free Type of Boundary conditions
fmin — [max 100-10000 Hz Range of frequency for the study
{w} [0,0,1] (orthogonal)  Input Force intensity and direction
df 10 Hz Frequency resolution for the Inertance
¢ 0.02 Modal damping factor of the plate
mg 9kg Bullet mass
U 1 m/s Bullet speed
R 0.2m Bullet contact radius
Ps 7870 kg/m? Density of the plate material
Eg 205 GPa Young’s modulus of the bullet
Vg 0.29 Poisson’s ratio of the bullet
sh Raised-cosine Window shape

(von Hann window)
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Figure 46: Scheme of the optimized resonant plate (grey), specimen (yellow), and the
blue grid with the 9 different positions of input and output under analysis.

The scores corresponding to each of the 162 conditions are shown in Figure 47.
It is worth noting that the steel anvil plate demonstrates superior performance com-
pared to its aluminum counterpart. This discrepancy arises due to the restitution
coefficient (e) and the pulse duration (7), both dependent on the mechanical prop-
erties of the impacting bodies, thereby influencing contact mechanics. Setting #41,
which denotes the operating conditions utilized for optimizing the bare plate design,
remains optimal among the aluminum anvil plates. The equivalent scenario with
the steel anvil plate corresponds to setting #122. Ultimately, the overall optimal
case is denoted by #131, characterized by input coordinates at (0 m; 0 m) and the
specimen positioned at point 6 (0.1 m; 0 m).

Figure 48 illustrates the comparison of the predicted SRS in the operating con-
ditions #41, #122, and #131, which are considered the three most relevant cases.
The best condition #131 leads to faithfully satisfy the requirements. Furthermore,
the peak around 308 Hz (visible in Figure 45 and referred to the bare plate SRS
simulation) is missing due to the implementation of the anvil plate and the testing
object.
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Figure 47: Scores computed for each of the 162 analyzed setting conditions.
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In conclusion, this chapter deepened various optimization strategies for im-
proving the performances of a pyroshock test facility, dealing with both general,
geometrical, and energetic considerations. The use of a robust numerical model
equipped with an embedded CAD modeler and FE solver enabled comprehensive
simulations of pyroshock tests. The model adaptability and precision facilitated a
GA-based optimization of resonant plate shape and size to align with specified SRS
requirements.

Initially, a wide-range optimization process was outlined, followed by a de-
tailed exploration of specific optimization facets. One of these optimizations fo-
cused on regular geometries, obtaining solutions that effectively satisfy tolerance
requirements. Another investigation concerned irregular quadrilateral shapes, re-
sulting in a resonant plate design that further optimized SRS outcomes by fully
respecting tolerance ranges. The final optimization strategy pertained to energy in-
put and output parameters, diverging from previous reverse engineering ap-
proaches. This method focused attention on the dynamic nature of operating condi-
tions, incorporating elements like the anvil plate and specimen. The results demon-
strated the possibility of achieving configurations better aligned with requirements
through energetic parameter optimization.

Given the intricate nature of pyroshock test facilities and the significant influ-
ence of their parameters on SRS, the findings exhibited improvements in SRS ac-
curacy. Notably, these advancements could offer substantial improvements in terms
of reduced calibration times during tuning processes and the avoidance of costly
trial-and-error iterations.
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Chapter 7

Datasets for Shock Testing

In addition to developing predictive models, understanding shock physics is
crucial for advancing equipment qualification techniques in aerospace. Experi-
mental datasets from pyroshock tests play an essential role for this purpose. Jonsson
developed a shock test facility in [58] and presented some results in terms of SRS.
However, these tests analyzed a limited set of parameters and configurations, re-
stricting a comprehensive understanding of their interactions. Similarly, Castro pre-
sented impact test data on a resonant plate in [107], but the limited configurations
and plate geometry did not fully align with typical pyroshock test setups, limiting
their applicability.

Currently, the literature lacks exhaustive open-access datasets focused specifi-
cally on pyroshock qualification tests. To fill this gap, some experimental cam-
paigns have been developed to better investigate and understand the physics of py-
roshock tests.

This chapter aims to achieve several objectives. Firstly, it seeks to propose ex-
perimental datasets that can serve as valuable resources for studying pyroshock
phenomena. Furthermore, these datasets will be utilized to investigate the influence
of different parameters on SRS behavior. Finally, the data will be exploited to val-
idate the comprehensive simulation model in different experimental configurations.
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7.1 A Full Factorial Dataset

Shock test data involving a resonant plate were collected at the Marcus Wal-
lenberg Laboratory for Sound and Vibration Research (MWL) of the KTH Royal
Institute of Technology. This extensive dataset was systematically generated using
Design Of Experiments (DOE) methodologies, enabling a comprehensive explora-
tion of various parameters. It has been made openly accessible to the scientific com-
munity and can be accessed via the link https://zenodo.org/doi/10.5281/ze-
nodo.10371545 [108]. This dataset serves as a valuable resource. In addition to

providing a detailed description of the dataset and its experimental setup, the dataset
allows the examination of parameter influences on SRS acceleration results. This
analysis is crucial for accurately calibrating qualification tests. Furthermore, the
proposed predictive model, exploiting a digital twin approach, is applied to the da-
taset and subjected to further validation.

Given that the dataset includes force profiles corresponding to each impulse,
there is an opportunity for an in-depth exploration of shock physics. This involves
comparing real force profiles with those simulated by the model to gain deeper in-
sights into the dynamics of the system.

7.1.1 Experimental Setup

The test rig at the MWL Lab of the KTH Royal Institute of Technology in
Stockholm used for the dataset acquisition consists mainly of a resonant plate made
of aluminum alloy (A16061). The mechanical properties of the latter aluminum al-
loy have been considered equal to E, = 69 GPa, v, = 0.33, p, = 2700 kg/m?.
Figure 49 shows the bare resonant plate in a specific configuration with fixed
boundary conditions. Indeed, the tests include different arrangements. The plate
was both suspended (to simulate the free boundary conditions) and fixed to a mixed
concrete and steel base by means of viscoelastic supports (to simulate fixed bound-
ary conditions in three points avoiding the dynamic influence of the external ele-
ments).

The resonant plate has an irregular quadrilateral geometry and a constant thick-
ness equal to 20 mm. The plate dimensions are shown in Figure 50. A Cartesian
coordinate system (X-Y-Z) with the origin fixed in a corner of the plate and the XY
plane lying on the surface of the plate has been used as a reference in the present
section.


https://zenodo.org/doi/10.5281/zenodo.10371545
https://zenodo.org/doi/10.5281/zenodo.10371545
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Fixing Resonant
points plate

Figure 49. Bare resonant plate in a fixed configuration. In addition to the plate, the base,
the anvil plate, and the three fixing points interposed by polymeric layers to avoid micro-
impacts due to metal-metal contact are shown.
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Figure 50. Geometry and dimensions (expressed in mm) of the plate. The resonant
plate has a thickness equal to 20 mm.
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In addition to the resonant plate, the test facility includes many other compo-
nents and can be set in several configurations. The latter are described in detail in
Subsection 7.1.3. In general, the resonant plate was excited with impacts by means
of an impact hammer. Each test lasts 61 s and contains 10 impacts at approximately
regular intervals. The first impact is applied after 1 s of recording, while the subse-
quent ones have a regular cadence about every 6 seconds. The free response of the
plate has a duration of about 4-5 seconds as the oscillation of the plate was manually
damped before each new impact to avoid overlapping effects of the responses.

7.1.2 Sensors and Acquisition

The primary objectives of the provided dataset are dual: to elucidate the re-
sponse of the plate to impulsive excitations and to comprehend the underlying im-
pact physics, particularly with regard to the applied force profiles. To achieve these
goals, seven accelerometers were strategically positioned to capture the plate re-
sponse at various locations. Additionally, an impact hammer, equipped with a load
cell for recording applied force, was utilized. An additional accelerometer was in-
corporated on the hammer for indirect measurements, such as estimating impact
velocity. All the accelerometers mounted on the plate (B&K 4394) are single axis
Integrated Electronics Piezo-Electric (IEPE), with frequency range 1-25.000 Hz
(amplitude £10%, phase +5°), nominal resonance frequency of 52 kHz, and nomi-
nal sensitivity of 10 mV/g. The impact hammer is the Dytran Dynapulse 5800B4
with sensitivity of 2.2 mV/N, and interchangeable impact tips. Finally, the accel-
erometer mounted on the impact hammer is a B&K 8309 charge accelerometer with
a measuring range of up to 15000 g peak. The latter sensor was suitably calibrated,
and its signal was converted using a B&K 2635 charge amplifier. The masses of the
individual accelerometer and of the impact hammer were measured respectively
equal to 4 grams and 186 grams. Figure 51 shows the impact hammer adopted with
the related accelerometer.

The accelerometers were fixed on the resonant plate as depicted in Figure 52.
Table 13 lists the coordinates of each measurement point and the technical infor-
mation related to the acquisition channels. The specific sensitivities of the accel-
erometers have been set to record the time histories of the acceleration in g. The
point named G has a threaded connection to the accelerometer, while all the others
have been fixed using a cyanoacrylate glue. Point C coincides with the intersection
of the diagonals of the trapezoidal plate.
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Figure 52. On the left, picture of the resonant plate with mounted accelerometers. On
the right, scheme inherent to the positioning of the accelerometers (letters in red) and im-
pact positions (numbers in green).
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Table 13. Coordinates of the measuring points for each accelerometer and related
technical data.

Position X (mm) Y (mm) Model S/N Sensitivity

A 498 420  B&K 4394 30524 9.738 mV/g

B 502 169  B&K 4394 30519  9.999 mV/g

C 348 292 B&K 4394 30791 9.934 mV/g

D 190 420  B&K 4394 30522 9.835mVig

E 190 286  B&K 4394 30525 9.836 mV/g

F 190 169  B&K4394 30521 9.816 mV/g

G 374 319  B&K 4394 30520 9.992 mV/g

( Ag*e‘;:;:firon) ; B&K 8309 31217 0.04412 pClg
fgg;‘c“e‘;r i . Dyn.5800B4 4083 22 mV/N

The acquisition system is composed of a cDAQ-9178 chassis equipped with
three 4-channels NI-9234 modules with sampling frequency f; = 51.2 kHz/chan-
nel. The input signal on each channel is sampled by a 24-bit Delta-Sigma Analog
to Digital Converter (ADC) and all the modules are synchronized by sharing a sin-
gle master timebase source.

7.1.3 Parameters and Design of Experiments

The proposed dataset was meticulously curated to allow a comprehensive ex-
ploration of shock tests, aiming to identify key parameters influencing contact me-
chanics and subsequent test outcomes, particularly regarding SRS acceleration. To
achieve this, the different configurations to be measured were defined by a DOE
[109,110] based on a full factorials model as applied, for example, in [111]. Unlike
the One-Factor-at-A-Time (OFAT) methods [112], the full factorials ones allow to
find the best trade-off between the amount of tests and the analysis of the effects of
the parameters, including also their interactions.

The number of necessary tests defined by the full factorials DOE is equal to the
product of the levels considered for each factor. Therefore, the selection of the pa-
rameters and their levels was made to consider as many significant configurations
as possible while maintaining an adequate total number of tests. Based on this, six
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parameters were selected: (1) impact position, (2) hammer speed, (3) hammer head
tip, (4) anvil plate material, (5) anvil insulator, and (6) plate boundary conditions.
Two or three levels have been established for each parameter, as outlined in Table
14. Since the factors can be both quantitative and qualitative, the levels (low, high,
and sometimes middle) have been assigned in a purely arbitrary way in the second
case.

Finally, it is important to note that certain parameters are interdependent, ne-
cessitating consideration of their mutual constraints. For example, the application
of a polymer anvil insulator presupposes the presence of an anvil plate. Conse-
quently, the total number of acquisitions conducted amounts to 32 - (2% + 22) =
180 tests, where each test contains 10 impulses along with the corresponding plate
responses.

Table 14. Test factors and related levels considered for the full factorial DOE.

Factor Name Low-level Mid-level High-level
Impact position (input) #1 #2 #3
Hammer speed Low - High
Hammer head material Aluminum Delrin Polyurethane
(Curvature radius) (30 mm) (30 mm) (15 mm)
Anvil plate material None Aluminum Steel
Anvil insulator None - Polymeric
Plate boundary conditions Free - Fixed

Table 15. Coordinates of the impact positions.

Impact position X (mm) Y (mm)
#1 595 434
#2 565 404

#3 595 374
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The following list provides a more detailed description of the parameters and
their levels:

The impact position was strategically delineated in 3 distinct points within
a delimited region of the plate. This selection was made to ensure con-
sistency in impact application across conditions, including those involving
an anvil plate. Figure 52 illustrates the designated points, while their corre-
sponding coordinates are detailed in Table 15.

The hammer speed (as well as a generic impacting body) was defined on
two generic levels: high and low. The speed is determined empirically by
the operator and can be computed in the post-processing phase thanks to the
accelerometer mounted on the impact hammer itself.

To analyze in depth the effects of material composition and curvature radius
of the impacting body on the pulse force profile, three diverse impact tips
were employed: aluminum, polyurethane, and Delrin (also referred to as
Polyoxymethylene). These tips, depicted in Figure 53, were selected to offer
insight into how variations in material and curvature radius influence the
pulse force profile. The respective curvature radii were estimated at 30 mm
for aluminum and Delrin tips, and 15 mm for the polyurethane tip.

Figure 53. From left to right: impact tips adopted during the tests; side views with a
focus on the curvature radius of the impact tips in aluminum, Delrin, and Polyurethane.

The investigation into the effect of the anvil plate on shock tests involved
three distinct conditions: (1) the baseline scenario consisting of the bare res-
onant plate, without any anvil plate; (2) the inclusion of an aluminum anvil
plate, characterized by a circular shape with a radius measuring 50 mm and
a thickness of 18 mm; and (3) the integration of a steel anvil plate, which
exhibits a square shape with each side measuring 100 mm and a thickness
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of 10 mm. The visual representation of these anvil plates is illustrated in
Figure 54.

:ns%

Figure 54. Anvil plate made of aluminum alloy (on the left) and steel (on the right).

e The investigation also dealt with the potential effect of damping materials
or polymeric layers to mitigate metal-to-metal contacts and tune the SRS
acceleration. This analysis includes scenarios both with and without the
presence of an anvil insulator. It is worth noting that the introduction of an
anvil insulator is dependent on the presence of an anvil plate. The anvil in-
sulator, depicted in Figure 55, comprises a polymeric disk characterized by
a radius measuring 50 mm and a thickness of 13 mm.
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Figure 55. Anvil insulator consisting in a green polymeric disk placed between the
resonant and the anvil plates (in this specific case, the aluminum anvil plate).

¢ Finally, the boundary conditions of the resonant plate have been named as
free and fixed. The former BCs were simulated by hanging the plate through
cables and springs in order to isolate the plate system and avoid any external
interaction. The alternative condition consists of fixing the plate in 3 points
on a mixed concrete and steel base. The fixing was achieved by means of
threaded connections on 3 cylindrical supports made of viscoelastic compo-
site material. These supports can be modeled as cylinders with a diameter
of 50 mm and a height of 48 mm. These two configurations are shown in
Figure 56.
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Figure 56. Configurations with free (on the left) and fixed (on the right) boundary
conditions.

The reader is referred to Appendix A for the complete test list with the related
filenames and operating conditions.

7.2 Investigation on Parameters Effect

This section presents an initial analysis aimed at examining the influence of
each parameter on the SRS acceleration. A similar investigation was conducted in
[58], where variations in some SRS curves were depicted relative to specific pa-
rameters. However, the former study exhibits several limitations, including the ab-
sence of repeated tests to ensure statistical significance, the consideration of spe-
cific and limited configurations (resulting in the absence of a full factorials dataset),
and an incomplete description of all experimental conditions necessary for a com-
prehensive numerical simulation of the outcomes. The present dataset addresses
these limitations. Figure 57 illustrates the graphical outcomes, highlighting the be-
havior of the SRS curves as each parameter encounters variation.

The presented results were derived from processing the measured experimental
data. Specifically, responses to the 10 impulses were extracted from each recording,
uniquely identified through the force signal. Subsequently, the mean value of each
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accelerometric signal over time was subtracted, and the SRS accelerations were
computed using the standardized method proposed by Smallwood [13,21]. Conse-
quently, 10 SRS curves were generated for each sensor, and their distributions were
recreated by calculating the mean value Xsps and standard deviation oggrg. The re-
gion of the graph bounded by 0oz thus signifies the range where the SRS curves
exhibits the highest density. The more the region is restricted, the more the tests are
repeatable and not influenced by external or random factors. Consequently, the ev-
ident differences between distributions reflect the actual influence of the observed
parameter. The effect of each parameter is considered as the difference between the
means of the results (Xsgs and ggzg) among its two or three levels. Figure 57 shows
the graphical results of the effect analysis per each parameter with reference to the
response in point C.

Some interesting observations can be drawn from these preliminary results. In
general, the distributions are on average wider at high frequencies. This may be due
to the inherent challenge of perfectly replicating the same experimental conditions
when considering responses at high frequencies. Indeed, minor variations in the
impact can result in significant differences in the plate response at high frequencies.
Minor variations in the impact refer to, for example, inaccuracies in the excitation
point, and direction and magnitude of the applied force. Specifically, the effects of
each parameter are analyzed in the following list:

a) The impact position plays a visible influence on the SRS, particularly for
some specific modes of vibration. In fact, a different point of impact excites
the system with different modal participation factors. Consequently, while
the general trend of the distributions remains consistent, the effects become
statistically significant in alignment with specific modes. For a comprehen-
sive examination, Figure 58 illustrates the outcomes of the modal analysis
up to approximately 1 kHz, considering the free resonant plate. It is worth
noting both the asymmetry of the mode shapes depending on the plate ge-
ometry, and the position of the nodes and the relevant modal contributions
as the excitation and measurement positions vary.

b) The velocity of the impacting body does not significantly affect the shape
of the distribution but primarily influences the magnitude of the resulting
accelerations. This is shown by the shift in the magnitude of the distribu-
tions.

c) The choice of impact hammer tips significantly influences the trends ob-
served in the SRS. In fact, the stiffer the material, the shorter the pulse du-
ration, according to the Hertzian contact theory. Consequently, impacts
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d)

characterized by shorter durations in the time domain tend to excite higher
frequencies. Conversely, less stiff materials produce pulses with longer du-
rations, leading to a narrower excited frequency band. Specifically, the alu-
minum tip exhibits a higher cutoff frequency compared to Delrin, which, in
turn, surpasses polyurethane. The variations in amplitude, on the other hand,
likely derive from the necessity of maintaining energy balance, accounting
for losses. Thus, the energy contained in the high frequencies of the alumi-
num case is redistributed to the low frequencies, characteristic of the poly-
meric cases.

The analysis of the anvil plate reveals no significant differences. When uti-
lizing an aluminum alloy, impacts tend to cut off at lower frequencies,
whereas those with a steel anvil plate appear to reach slightly higher fre-
quencies. Notably, the configuration labeled "None" corresponds to direct
impacts on the resonant plate, which is composed of an aluminum alloy.
Interestingly, its behavior is similar to the configuration with the aluminum
anvil plate, as depicted in Figure 57. However, the distinctions among the
three analyzed cases lack statistical significance, as the distributions do not
exhibit clear differences but rather overlap. This lack of differentiation may
depend on the high elasticity values present in both materials.

The presence of the anvil insulator introduces a low-pass filter. Indeed, the
distribution has the same shape from 2 kHz upwards but reaches smaller
amplitudes.

Finally, it is worth noting that the behavior of the two setups in terms of
boundary conditions may be similar. Indeed, the fixed boundary condition
is equivalent to the free-free condition, since the two distributions are almost
perfectly superimposable and do not show significant differences.
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Figure 58. Modal analysis of the free resonant plate considering the modes up to 1
kHz.

7.3 Dataset Analysis

After detailing the proposed dataset and examining the individual effects of the
considered parameters, this section proceeds with the validation of the shock test
simulation model. Furthermore, an extensive analysis of the shock physics and its
definition in the same predictive model are introduced. Given that the resonant plate
used for data collection is defined, the validation outlined in this phase utilizes the
model to solve the direct problem, i.e., to predict the momentum. Consequently, the
results are shown as percentage errors with respect to the momentum which mini-
mizes the established cost function (specifically, the RMSLE). On the other hand,
the accuracy associated to the definition of the impulse force profile is evaluated by
analyzing the percentage error of the impulse duration 7,; and of the restitution

coefficient e. These two parameters are crucial in recreating the impulse force pro-
file.
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7.3.1 Numerical Model Validation

Using the aforementioned predictive model, it becomes feasible to derive the
predicted SRS acceleration for each measurement point, assuming the mass of the
impacting body my equal to that of the impact hammer plus the added accelerome-
ter. The velocity v, of the impacting body is estimated by identifying the portion of
the signal associated with the impact and integrating the signal from the accelerom-
eter positioned on the hammerhead after appropriate processing. Evaluating the nu-
merical model through a simple cost function, such as RMSE, would not allow the
outline of absolute conclusions about the goodness of the predictive model, except
in relative terms through a comparison between different experimental conditions.
Therefore, a different criterion was chosen for this evaluation. Specifically, since
the main objective of the model for simulating pyroshock tests is to predict the mo-
mentum required to calibrate the test bench and meet the SRS requirements, the
chosen cost function is the percentage error on this prediction, Apq,. This score is
calculated based on the measured momentum (used to obtain the simulated curve)
and the optimal momentum (i.e., the one that minimizes the error between the sim-
ulated and experimental curves). Consequently, the percentage errors of the mo-
mentum for each individual impact can be calculated, with the optimal momentum
Aps op: serving as a reference. This optimal momentum can be obtained by mini-
mizing the selected cost function RMSLE. Figure 59 shows two exemplary com-
parisons of the SRS obtained: experimental, predicted, and optimized. In the left
graph (impact #1 of test #1, measured at point C) the percentage error of the model
1s 1.5%. In fact, the obtained curve is almost coincident with the optimal one and
satisfactorily follows the experimental curve. In the right graph (impact #5 of test
#1, measured at point C), the error is -16.1%. Indeed, the predicted SRS still faith-
fully follows the experimental curve but slightly underestimates it. It is worth not-
ing that the tolerances on pyroshock test requirements defined by standards are usu-
ally defined in the range of +6 dB and -3 dB with respect to the nominal spectrum.
In percentage terms, this could translate into the range of +100% and -50% of the
nominal curve. This observation leads to consider the prediction with an error of -
16.1% quite satisfactorily.
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Figure 59. Comparison of the experimental, predicted and optimized SRS inherent to
the measurement in point C. The percentage errors are respectively equal to 1.5% for the
chart above and -16.1% for the one below.

The matrix in Figure 60 contains the absolute values of the percentage errors
averaged for each recording and helps evaluate the average accuracy of the
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predictive numerical model. It is thus possible to observe the accuracy as the meas-
urement position and the experimental conditions vary. The simulations have satis-
factory values lower than 27% on average.
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Figure 60. Percentage error matrix as the measurement position (sensors) and experi-
mental conditions (# test) vary.

The highest errors seem to concentrate at positions A and E of the sensors. Ad-
ditionally, periodicity in the error peaks becomes evident under the experimental
conditions, indicating that the error (and consequently, the model accuracy) is par-
ticularly influenced by specific parameters. The periodicity concerning the number
of tests becomes even more apparent when observing the experimental conditions
of each test, as highlighted in Appendix A. In this instance, the critical parameter is
identified as the hammerhead tip (Polyurethane), and the subsequent subsection of-
fers insight into the causes of this error. By calculating the average percentage error
while filtering the tests based on the critical parameter, values equal to 24% (alu-
minum tip), 18% (Delrin tip), and 39% (Polyurethane tip) are obtained. Figure 61
further validates this observation. Indeed, the optimized momentum values notably
deviate from those applied, particularly for tests with the Polyurethane tip at high
impact velocities.
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Figure 61. Applied (above) and optimized (below) momentum per each test by dis-
tinguishing the hammerhead tip.
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It is further interesting to notice that the simulation error increases as the fre-
quency increases, as is assumable in the case of numerical models such as the FEM.
Indeed, by defining three frequency bands as low (100-500 Hz), middle (500-2000
Hz), and high (2000-10000 Hz), the average percentage errors may be respectively
computed equal to 18%, 29%, and 38%. In fact, the accuracy of FEM is influenced
by the mesh density. FEM tends to provide more accurate approximations at lower
frequencies, as a relatively coarse mesh might be sufficient [113]. Please remember
that the FE mesh is chosen in order to optimize the accuracy-computation times
trade-off. This approach aims to cover a broader spectrum of frequencies of interest
and their corresponding mode shapes.

7.3.2 Shock Physics Insight

The impulse serves a crucial role in pyroshock tests, and thus, its precise defi-
nition within the simulation model is fundamental for achieving accurate results.
The provided dataset, comprising force signals from 1800 pulses, facilitates an in-
vestigation into the parameter influence on the resultant force profile. In the predic-
tive model, the impulse is formulated as a signal in the time domain, and the func-
tion F(w) is subsequently obtained in the frequency domain. Given its impulsive
origin, the function F(w) can behave approximately like a low-pass filter. Conse-
quently, the shape and duration of the force profile greatly influence the results of
the pyroshock tests. As previously described, the force-over-time signal is gener-
ated using three main parameters: (a) the impact duration, (b) the coefficient of
restitution, and (c) the mathematical function describing the curve shape. It has been
demonstrated that the von Hann window function, also known as the raised cosine
function, faithfully follows the force signal generated during a real impact.

The predictive model exploits the Hertzian contact theory to estimate the dura-
tion of the collision. This theory considers an impact accompanied by a deformation
and, consequently, the displacements of the bodies can be calculated as a function
ofthe applied force. Hertz's theory lays its foundations on several assumptions, such
as quasistatic and elastic contacts, spherical, isotropic, and homogeneous bodies
[71-73]. Gugan proposes in [74] a simplified formulation of the Hertz contact the-
ory, considering one of the two bodies with a flat surface (alternatively, the curva-
ture radius of the plate tending to infinity). For a perfectly elastic collision, the total
contact duration T can be estimated as twice the time necessary to reach the maxi-
mum compression, as reported in Eq. (25). All these parameters involved in Eq.
(25) have been considered in the acquired dataset, leading to a good level of inves-
tigation on the pulse definition.
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Given the challenge of achieving a perfectly elastic collision in real-world sce-
narios, it becomes necessary to modify the estimation of the total contact duration,
7. In practice, real impacts are often characterized by inelastic behavior, resulting
in a partial loss of energy. Therefore, the decision to divide the force profile into
two phases was made, as shown in Figure 62. The behavior in the first compression
phase can be considered as perfectly elastic, and its duration 7,; = 7/2 can be esti-
mated using Eq. (25). Subsequently, the material plasticization is considered during
the second phase of impact, with a duration, 7,,, dependent on the Coefficient Of
Restitution, e. This coefficient, defined as the ratio between the relative speed of
separation and approach (i.e., post- and pre-collision) of the bodies, serves as a
measure of inelasticity [114]. Furthermore, the COR is used to adjust the momen-
tum applied in the simulation model in accordance with the law of conservation of
momentum, as described in (27).

Generic pulse definition
1 . 2 T T T T T T T T T
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Figure 62. Generic pulse definition through its three main characteristics: shape of
the curve, duration, and coefficient of restitution. The pulse is divided into a first elastic
and a second inelastic phase, and the axes have been normalized.

In the literature, various models exist for estimating the COR. Among these,
the theories proposed by Zener [85] and Weir-Tallon [86] are commonly cited, par-
ticularly for impacts between a sphere and a plate. A comparative analysis of these
theories is presented in [99]. In particular, the COR calculated according to Zener's
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theory varies with the ratio between the plate thickness and the sphere diameter (or
equivalently, the curvature radius R;). On the contrary, the latter ratio does not in-
fluence the value of e according to Weir-Tallon's formulation. Furthermore, Zener's
theory constrains the COR in the range between 0 and 1, where 0 signifies a com-
pletely inelastic collision and 1 denotes a perfectly elastic collision. In fact, a value
of e minor than 1 represents a loss of the initial kinetic energy. Only in the presence
of an energy gain (e.g., due to chemical reaction during the collision) the COR may
be exceed 1. Considering the nature of tests contained in the dataset, where e must
lie within the range of 0 < e < 1, the estimation of the COR based on Zener's the-
ory was deemed appropriate for this specific scenario, as outlined in Egs. (36)-(37).

e =exp (—1.7191- 4) (36)

3 1 2
— 2 — —_—
- 1 (nps>5 <2RS> Iuﬁpp(l — vﬁ)llo ll N E,(1- vf) 5 (37)
43\ pp Z, E, Es(1—vp)
where pg and p,, are respectively the density of the materials constituting the
impacting body and the plate, while z, is the plate thickness. In cases where the
anvil plate and anvil insulator were used, the value of z, was adapted to take into

account the total thickness of the system during impacts.

As observed so far, the contact characterization is based on the extracted fea-
tures from the time histories of the force signals. Consequently, three specific in-
stants in the time signal for each pulse were identified to obtain the values of 7,
and e (and, by extension, 7., and 7). These characteristic instances are the initial
contact time, denoted as t;, the time of peak force occurrence, referred to as ty4x,
and the final contact time, designated as t¢. Figure 63 illustrates the identification

of these three temporal points with reference to the first impact of test #1. The cal-

culation of the elastic collision time 7,; = ty4x — t; 1s straightforward. Further-

. tr—tmMax _ T
more, it can be proved that e = tf—t = % and, consequently, 7., = €+ T,.
MAX—Li el
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Figure 63. Time history of the force signal measured during impact #1 of test #1,
highlighting the identification of t;, ty4x and ¢f.

After acquiring all the experimental values of 7,; and e from each impact, the
percentage errors of the same estimated values (during the momentum definition
phase of the numerical model) were computed. Figure 64 illustrates the errors ob-
tained, with a focus on the critical parameter for impact modeling, the hammerhead
tip. While the error on the COR is approximately constant for all the impact tips
and is underestimated on average by -25%, the error in estimating the contact dura-
tion varies depending on the impact tips parameter. Specifically, the average error
for the aluminum tip is equal to 8%, rising to 15% for the Delrin tip, and reaching
33% for the Polyurethane tip.

The underestimation on the COR obtained by the model can be attributed to the
fact that the experimental values exceed the maximum value of 1 in several circum-
stances. This discrepancy is evident in the comparison between experimental and
estimated values depicted in Figure 65. The phenomenon of experimental values
exceeding the threshold of 1 may partially depend on a low time resolution of the
recorded signal. Although the sampling frequency f; = 51.2 kHz is decisively high,
the total pulse duration is in the order of magnitude of 10 s (as can be seen in
Figure 63). This leads to errors in the recognition of ¢;, tyax and ¢t which accumu-

late in the estimates of 7,; and e. Moreover, experimental values of e exceeding 1
could result from actual energy release due to operator influence. Despite efforts to
minimize grip influence during testing, its leverage may not be negligible and could
affect the impulse force profile. Given the significant relevance of the pulse defini-
tion phase on the numerical model for simulating pyroshock tests, it is plausible
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that the inaccuracies related to Ap, obtained in Section 4.1 could be partially influ-
enced by these errors.
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Figure 64. Percentage errors of the elastic collision duration 7,; (above) and of the
coefficient of restitution e (below).
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Figure 65. COR values obtained from the experimental tests (above) and estimated
through the pulse definition of the predictive model (below).
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In conclusion, this chapter introduced a comprehensive full factorials dataset
for an exhaustive exploration of shock tests involving resonant plates. Alongside
detailed descriptions of the experimental setup and data acquisitions, the analysis
focused on investigating how experimental configurations influence test outcomes
in terms of SRS. This examination sheds light on the physics and behavior of shock
test facilities, offering valuable insights for enhancing empirical tuning techniques.
Additionally, a validation of the numerical model for simulating pyroshock tests
was presented, focusing on its strengths and limitations.

The predictive model exhibited particular sensitivity to the typology of ham-
merhead tip, demonstrating less accuracy with less stiff materials such as polyure-
thane. Notably, percentage errors in momentum were generally satisfactory when
the contact involved materials with a high Young's modulus. However, errors in-
creased up to 39% in cases involving the polyurethane tip. Furthermore, the analysis
deepened contact mechanics, comparing measured and simulated force-time sig-
nals. It revealed higher errors in estimating contact duration and COR for tests in-
volving the polyurethane tip. These errors in the impulse definition phase could
potentially influence the overall accuracy of the model.



Chapter 8

Design of the Politecnico di Torino
Test Facility

In this final chapter, a test bench design for the experimental simulation of py-
roshock is proposed. Exploiting the acquired knowledge, predictive models, and
experimental campaigns on impact tests, it has been possible to design a test bench
capable of controlling all the significant parameters. In addition to the proposed
design, calculations and decisions made to reach the final project are briefly pre-
sented.

The systematic literature analysis revealed that most test benches use a plate as
a resonant fixture to reproduce pyroshock responses. However, within this broad
set, numerous differences characterize the usage of adopted plates. These configu-
rations vary, for example, based on the direction of the applied impulse with respect
to the plate (IP or OOP), the type of plate connection or boundary conditions (e.g.,
fixed through threaded connections or free using chains or wires), the orientation
of the plate (vertical or horizontal), and the presence of insulating materials to de-
couple the system from the supporting structure. While the theme concerning the
geometry and dimensions of the resonant plate has already been addressed through
optimization models described in Chapter 6, these other design choices are ad-
dressed and described in this chapter. Furthermore, despite these optimization mod-
els facilitate the definition of the plate design and provide some results, the design
of the structure supporting the plate was carried out with the aim of ensuring
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maximum flexibility and thus anticipating plate changes. For this reason, extreme
cases were considered to define the project requirements.

While most works in the literature have adopted a resonant plate, no clear pref-
erence regarding the exciter typology has been observed. To be more precise, a
large portion of studies uses mechanical exciters, but within this category, variabil-
ity is high. The exciter described in this thesis consists of a pneumatic gun, consid-
ered more effective for pyroshock simulation and allowing the adjustment of many
parameters for calibration. Alternatively, the implementation of a pendulum to ex-
cite the resonant plate has also been considered and may be part of future develop-
ments of this work, as it would allow for further investigation into impact mechan-
ics. For this reason, the test bench, in its entirety, has been designed primarily with
two elements: a structure to support the plate and an air gun. The two systems are
decoupled to ensure possible future installation of different excitation systems (such
as a pendulum) and, consequently, ensure higher flexibility.

8.1 Resonant Plate Structure

The structure serves primarily to support the plate. Indeed, in addition to the
space constraints imposed by the laboratory dimensions, the main requirement con-
cerns the structural resistance during shock tests. The design choices have also been
made to facilitate the calibration and assembly of the plate as much as possible,
with an easy access for an operator to mount the test object and sensors. For these
reasons, it was decided to utilize a resonant plate suspended by chains or cables to
simulate the free-free conditions of the plate as accurately as possible, arranged
vertically and excited out-of-plane (OOP).

8.1.1 Structural Loads

Before presenting the final portal frame design, a brief overview of the calcu-
lations for defining the loads based on the extreme operating conditions is provided.
For this purpose, two plates were considered as borderline cases in terms of dimen-
sions. The two types of plates considered are an aluminum alloy plate with dimen-
sions of 0.5x0.5x0.02 m* and a mass of approximately 15 kg, and a steel plate with
dimensions of 2x1x0.05 m?® and a mass of approximately 800 kg.

Since the plates are suspended from the structure using chains or ropes, the
mechanical system can be modeled as a pendulum, with its initial conditions de-
fined by the generated impact. Figure 66 depicts a simple representation of a generic
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plate left free to oscillate after an impulsive excitation. The geometric parameters
a and L represent, respectively, the distance from the center of gravity of the plate
and the impact point to the hinge O around which the oscillation occurs.

0,0,0

Lyax

Q0

THP

Figure 66. Diagram of a generic resonant plate left free to oscillate as it is suspended
from hinge O.

The requirements expressed in terms of the projectile momentum are translated
into initial conditions of the hanging plate, considering a perfectly elastic collision.
Therefore, the angular velocity of the plate 8; and the projectile velocity u, right
after the impact can be calculated by applying the conservation of energy and an-
gular momentum:

1 1 .
Emsug = 510612 + Emsu%

mSuOL = 1091 - msulL

(3%)

where m represents the projectile mass, uy and u, are respectively the velocity
of the projectile right before and after the impact, I, = I; + mpa2 1s the moment
of inertia of the plate with respect to the hinge O, considering the barycentric mo-
ment of inertia I; and its mass m,. The initial conditions of the oscillating plate
may be calculated as:
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Iy — mgL?

T, + m,L2
2mglL

T I, + ml2

Uq Uy

(39)

1 Uy

The plate is considered to be in equilibrium before impact and, therefore, the
initial angular position is set equal to 8; = 0 rad.

In specific conditions, such as when a plate with reduced masses and dimen-
sions is excited by significant impulsive forces, the plate may oscillate with large
angular displacements. To limit the maximum oscillation of the plate, additional
connections of the plate to the supporting structure can be contemplated using
ropes, springs, or shock absorbers. For this reason, the dynamic model of the plate
could be generalized by including a connection with generic tension springs with
an equivalent stiffness k4, as shown in Figure 67. The definition of the stiffness

k.q allows for describing different applicable operating conditions.

Figure 67. Free body diagram of a generic oscillating plate.
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The equations that define the mechanical equilibrium of vertical and horizontal
forces and moments with respect to O can be written as:

V—myg— mpaé sinf — mpa@'2 cos@ —F,cosa=0
H + myaf cos 6 — mpaﬁ'2 sinf + F,sina = 0 (40)
1,6 + Mgasin® + F, cos(a + 8) L = 0

Where the restoring force F, = kqq(x(8) — xo) is defined by using the equiv-
alent stiffness k.4, and the elongation of the generic spring is interpreted as the
difference between x(0) and the relaxed length x,. When adopting pre-loaded
springs or tensioned ropes was necessary, it would be enough to consider x(0°) >
X in the computation of the force F,. Furthermore, by defining L, ,x as the farthest
point from the hinge O to hit the plate (and also the point at which the equivalent
spring is hinged) and h; as the total height of the portal frame supporting the plate
(crossbeam-base distance), then it is possible to determine x(8) with the following
geometric relationship (law of cosines):

x(e) = \/L%VIAX + hg - ZLMAthCOSH (41)

Finally, the angle a, which is the angle necessary to describe the direction of
application of the force F,, is defined by exploiting the geometry of the system (law
of sines) and, therefore, as a function of the solely independent variable 6:

LMAX
)

(0 sin 9) (42)

a= arcsin(

Unable to adopt the small oscillation assumption, the equilibrium differential
equations are numerically solved (e.g., explicit Runge-Kutta), and the values of the
constraint reaction forces V and H applied at hinge O are determined. For instance,
Figure 68 illustrates the numerical solutions obtained in an experimental condition
with a steel plate of dimensions 2x1x0.05 m* and mass approximately 800 kg. By
hitting the plate at its center of mass located at a = L = 1.5 m from the hinge O
with a projectile of mass my = 1 kg and velocity ug = 80 m/s and leaving it free
to oscillate (kg = 0 N/m), it is observed that the maximum excursions of the plate
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oscillations fall within about 8,4,y < 3°, and the constraint reactions reach maxi-
mum values of approximately V = 7800 N and H = 350 N.
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Figure 68. Numerical solutions regarding the dynamics of the borderline steel plate
caused by the impact of the projectile. Specifically, the top graph illustrates the kinematic
solutions. The other two graphs below depict the behavior of the constraint reaction
forces in the time domain (on the left) and in the angular position domain (on the right).

This load distribution on the structure and the resulting reduced oscillations,
despite the high momentum of the projectile, strongly depend on the inertia of the
plate. Indeed, although the extreme case of the aluminum plate generates much
lower static loads compared to the steel plate, the use of springs, ropes, or shock
absorbers would be necessary to limit the angular excursions of the oscillations. To
reduce these excursions, it is necessary to include the action of the force F,, through
an equivalent stiffness k,,. This leads to the reduction of the maximum oscillation
Onax and the reduction of the horizontal load H, but significantly affects the vertical
load V. For example, considering the impact between a typical projectile with mass
m; = 0.5 kg and velocity ug = 80 m/s and an aluminum plate with dimensions of
approximately 0.5x0.5x0.02 m® and mass about 15 kg, if the impact occurs at the
center of mass of the plate located at a = L = 1.5 m from the hinge O, a system
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with an equivalent stiffness of k., = 123 N/mm is required to limit the maximum

oscillation By, < 9°. In this case, the dynamic loads acting on the structure are
shown in Figure 69 and reach maximum values of approximately V =~ 7000 N, H =
700 N and F, = 7400 N.
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Figure 69. Trend of the constraint reaction forces as a function of the angular posi-
tion of the plate in the borderline case employing a plate made of aluminum alloy.

Since ensuring maximum flexibility is desired and the feasible configurations
would be too numerous to be fully analyzed, it was decided to apply a multiplicative
correction coefficient for the simulated extreme cases, approximately C; = 2 for V
and F,, and C; = 6 for H to potentially consider cases with greater angular excur-
sions of the plate. Thus, maximum reference loads were considered as V = 15000
N, H = 4000 N and F, = 15000 N. These loads allow for tests with plates of sig-
nificant mass, lightweight plates with wide oscillations, and plates constrained with
rather rigid connections. Additionally, it is noted that the applied loads are dynamic
rather than static, causing the structure to experience alternating fatigue. Therefore,
as reported in [115], the admissible tension g, was considered to be one-third of
the material yield stress R,,,, ensuring a safety factor SF > 3. Generally, the struc-
ture may have been somewhat oversized for caution and to account for aspects that
may have been overlooked in this analysis. However, it is possible to verify the
feasibility of executing a considered critical test, given its specific operational char-
acteristics.
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8.1.2 Design Proposal

The different phases of the design process have led to the definition of the de-
sign shown in Figure 70. The portal frame has been entirely designed using standard
steel section bars in structural steel S355 (ultimate tensile strength R,,, = 510 MPa
and yield strength R,,o, = 355 MPa). Specifically, rectangular hollow section bars
(UNI 7813) have been adopted for the bases and columns, and IPE/HEA beams
with parallel flanges (UNI 5398 and UNI 5397) for the upper and lower crossbars.
M20 threaded connections have been provided to join the different profiles to-
gether, and M20 chemical anchors to secure the structure to the laboratory floor.
Some ribs welded in intervals have been arranged on the structure to increase its
structural strength.

2897

Figure 70. Isometric view of the portal frame designed to support the resonant plate
composed of: (1) base rect.150x100, (2) column rect.180x100, (3) lower crossbar IPE180,
and (4) upper crossbar HEA180 (dimensions in mm).
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The structure provides a usable area for positioning plates up to maximum sur-
face dimensions of 2x1 m?, suspended by ropes or chains. The anchoring of these
elements is made possible by a suitably perforated bar welded to the upper crossbar,
illustrated in detail in Figure 71. The positioning of the plate can be adjusted by
modifying the length and anchoring point of the chains themselves.

AN AN

Figure 71. Detail of the perforated bar welded on the upper crossbar for mounting the
resonant plate.

Table 16 lists the dimensions and the typology of each beam employed in the
design, making reference to Figure 72 for the specific nomenclature. The total di-
mensions of the portal frame are approximately 2x2x3 m® and it is necessary to
consider additional adjacent space to guarantee access to operators in the prepara-
tory phases of the tests.

X —-—-—H - —— - = = S

Figure 72. Nomenclature of the characteristic dimensions of the adopted section bars.
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Table 16. Characteristic dimensions of the section bars adopted in the design.

HEA180 IPE180 Rect. 180x100 Rect. 150x100
Marking 3 2 1 4
Length 1600 mm 1600 mm 2800 mm 2000 mm
h 171 mm 180 mm 180 mm 150 mm
b 180 mm 91 mm 100 mm 100 mm
e 9.5 mm 8 mm 8 mm 8 mm
a 6 mm 5.3 mm - -
| 2510 cm* 1317 cm* 1598 cm* 1008 cm*
Iy 925 cm* 101 cm* 638 cm* 536 cm?
I, 12 cm? 12 cm* - -

8.1.3 Structural Analysis

The structural design followed the guidelines of reference standards, such as
the former CNR-UNI 10011 [116] and Eurocode 3 UNI EN 1993 [117,118]. These
standards regulate the design, construction, testing, and maintenance of steel struc-
tures and their connections. The entire design process primarily focused on struc-
tural certification, verification of various connections (welded joints and threaded
connections), and the bearing capacity check of the perforated bar on which the
plate is suspended.

Structural analysis and reaction forces

The structural strength was verified both analytically, following the principles
of structural mechanics, and numerically, through FEM analysis. In both cases, the
loads V, H and F, estimated in Subsection 8.1.1 were applied and distributed on
two points, as shown in Figure 73. This approach aims to better reflect the opera-
tional conditions in which the plate will be suspended with at least two chains.
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Figure 73. Definition of the reference system and connection points between the sec-
tion bars.

Given these loading conditions, each element of the structure was modeled as
a beam with its respective geometric and material characteristics. The connections
between the beams were modeled as fixed joints, as a precautionary assumption.
All critical sections were verified according to the von Mises criterion to ensure a
safety factor CS > 3, as recommended in [115]. The analytical verification of the
structure strength also allowed for the calculation of the reaction forces at each
beam extremity, which is useful for subsequently verifying the size of the connec-
tions. Table 17 reports the obtained reaction forces. Table 18 presents the equivalent
stresses obtained at the critical point, i.e., the most stressed point, of each beam. It
can be observed that all safety factors meet the predetermined requirements. The
reader can refer to Figure 73 for the nomenclature of the constraints and the identi-
fication of the global reference system.
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Table 17. Absolute value of the reaction forces generated at each joint of the struc-

ture.
Joint Reaction Force Value Joint Reaction Force Value
A,B R, 7780 N G H R, 990 N
R, 2000 N R, 3460 N
M, 500 Nm R, 1970 N
M, 800 Nm M, 1000 Nm
M, 3110 Nm M, 310 Nm
¢, D R, 6980 N M, 130 Nm
R, 1940 N I,J Ry 990 N
M, 370 Nm R, 4560 N
M, 780 Nm R, 1970 N
M, 2890 Nm M, 1520 Nm
E,F R, 1620 N M, 310 Nm
R, 3940 N M, 130 Nm
M, 5260 Nm
M,, 1300 Nm
M 280 Nm

N

Table 18. Summary of the structural verifications of each beam with identification of
the critical point and the related equivalent tension values and Factor Of Safety (FOS).

Beam Critical Section Ooym FOS
HEA180 A, B 97 MPa 3.6
IPE180 C,D 56 MPa 6.4
Rect. 180%x100 C,D 81 MPa 4.4

Rect. 150x100 E, F 24 MPa 14.9
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Figure 74. Results of the FEM structural analysis in terms of: (a) factor of safety; (b)
equivalent stresses; (c) displacements.

In addition to this initial analytical verification, a further numerical check was
conducted by setting up a FEM using the commercial software SolidWorks© 2022.
Figure 74 depicts the analysis settings in the software and the numerical results
obtained in terms of equivalent stresses, safety factors, and displacements. Once
again, the structure was found to meet the criteria for SF = 3, satisfying the re-
quirements in terms of allowable deformation. Indeed, the minimum FOS value
equals 3.2 in correspondence with the hole prepared for fixing the chemical anchor.
Therefore, the result could be particularly subject to the constraint conditions set in
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the analysis. Regarding the displacements, the maximum value of just over 2 mm,
considered acceptable, was obtained on the upper end of the column.

Welds verification

After verifying the structural strength of the section bars constituting the portal
frame, the joints were checked, starting from the welds. The most critical weld is
between the perforated bar and the upper beam (HEA 180). In addition to this, other
welds were prepared to fix the connecting flanges to each beam and a double rib to
reinforce the column at the base, where the bending moment stress is maximum.
The verification was performed according to standards, thus deriving the minimum
length of the welding bead. Indeed, according to EN1993-1-8, the strength of the
weld must comply with both the following limitations:

{\/o—f+3(ti+‘r"2) S[)’]:L/L
02 <09—=
Ym2

where g, 7, and 7 are the normal and shear stresses parallel/perpendicular to
the axis of the weld as shown in Figure 75, f,, = 510 MPa is the nominal ultimate
tensile strength of the material, y,, = 1.25 is a safety factor, and S, = 0.9 is an
appropriate correlation factor dependent on the material.

Figure 75. Definition of the stresses on the throat section of a fillet weld.

All weld fillets have been verified according to the required limitations. How-
ever, the minimum length required for the verification of the weld beads has been
increased as a precaution, considering the impulsive nature of the loads and the
possible simplifications adopted. At the same time, it was necessary to remain
within reasonable values to avoid excessive distortions of the beam during the
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welding process (which generates heat and therefore thermal stresses). For this rea-
son as well, intermittent fillet welding has been provided.

Threaded connections verification

The typology of threaded connections shown in Figure 76 have been provided
to connect the different elements of the portal frame. The threaded connections in-
clude anti-loosening washers and lock nuts to ensure correct operation even under
dynamic load conditions.

M20 screw
\’@1/ Split washer
Flat washer
Nut
Lock nut

Figure 76. Section view of a bolted connection prepared with split washers and lock
nuts to prevent loosening.

Although the analytical calculation of the forces and moments transmitted
through the joints may be complex, making it difficult to determine the rotational
stiffness of the connections, a straightforward but conservative way to verify bolted
connections is to assume them as ideal fixed connections. Firstly, the position of
the neutral axis was assumed at the center of the connection. In this manner, the
maximum tensile force on the most stressed bolt was determined to verify the sizing
of the M20 bolts according to regulations. Taking the connection between the
HEA180 upper beam and one of the two uprights as an example, the reaction forces
acting on the connection can be illustrated in Figure 77. By distributing the loads
on each bolt, as shown in Figure 78, it was possible to identify the bolt subjected to
the highest load, as well as the magnitude of this combined load. By combined load,
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it is meant that all bolts are subjected to shear stresses and bending moments, which
generate tensile stresses.
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Figure 77. Loads generated on the connection between the upper crossbar and the
column.
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Figure 78. Distribution of loads on the bolts due to different stresses.
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Since the bolts are subjected to shear and traction forces, a combined check of
the two stresses present must be carried out. According to the regulations, it is per-
formed by applying the following formula:

F, gq Figa
Fd  _LEd g 44
Fyra | 14 Fong “44)

where F, g4 and F; 4 are respectively the shear and traction forces on the bolt
under project conditions, while F), p4 and F; 4 are respectively the shear and trac-
tion strength of the bolt, calculated as:

a A
Fyra = M (45)
Ym2
k A
Firg = M (46)
Ym2

where a,, = 0.6 is a coefficient dependent on the class 8.8 of the screw, f,,;, =
800 MPa is the ultimate tensile strength of the material, A; = 245 mm? is the area
of the resistant section of the screw M20, y,, = 1.25 is the safety factor for bolts
and, finally, k, = 0.9 is a coefficient established in the standard.

Bearing verification

Finally, the last verification concerns the bearing of the perforated bar for sup-
porting the resonant plate. In case of abnormal operation, the pressure on the hole
contour could lead to an increase in stresses at the contact surface between the bolt
shank and the hole. Therefore, it is necessary to verify that the pressure generated
by the force V on the contact area, assumed to be equal to the hole diameter D times
the plate thickness t, is less than the allowable stress. This verification can be per-
formed by adhering to the following condition:

|4
Op = D < Opams = XO0gms (47)
where @ = min(% ; 2.5) with % equal to the ratio between the distance of the

hole from the edge and the hole diameter. Alternatively, a more conservative
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condition can be assumed, i.e. that the behavior of the connection with the chain is
similar to a bolt inserted into a larger hole. The resistance can then be calculated
following EN 1993-1-8 Table 3.4 as:

kia,f., Dt
Fyra = o.sl (48)

Ym2

where k; = 2.5 and a;, = 0.67 are coefficient defined in the standard, D = 22
mm is the hole diameter, t = 20 mm is the thickness of the bar, f,, = 510 MPa is
the ultimate tensile strength, and y,, = 1.25 is a safety factor. In both cases, the
bearing verification of the bar supporting the plate is valid.

Chemical anchors verification

Once the final design of the portal was reached, the assembly and fixation pro-
cess to the laboratory floor was verified and envisaged through M20 chemical an-
chors. For the sizing of the chemical anchors, the most stressed one was considered,
corresponding to points [ and J in Figure 73. The resulting load can be divided into
a tensile and a shear component, estimated about R, = 6 kN, R; = 3 kN. From
commercial catalogs, such as the one proposed by Wiirth-Gruppe [119], it can be
observed that an anchor with M20 threaded bars in zinc-coated steel class 8.8 can
ensure an admissible tensile strength of R, 4;ns = 38.1 kN and a shear strength of
R; ams = 67.2 kN. In addition to this, further checks were necessary, such as the
design tensile resistance for anchor pullout and the design tensile resistance for con-
ical concrete breakage. The allowable values obtained mainly depend on the refer-
ence strength of the type of concrete, corrected by coefficients. These coefficients
take into account the presence of other anchors placed nearby, rather than the an-
choring depth. The correction of the admissible resistances with coefficients de-
rived from the project conditions has enabled the validation of the combined
shear/tensile strength verification for the selected chemical anchors.

8.2 Pneumatic Gun

This section aims to investigate a projectile launcher taking advantage of com-
pressed air for pyroshock tests with resonant plates. This type of excitation may
offer several advantages over other techniques as it could help avoid issues such as
secondary impacts. The first part describes the model used to determine the velocity
of the projectile right before the impact, while the second part focuses on the design
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of the launcher structure to withstand the stresses generated during the projectile
launch.

The design of the air cannon aims at launching a projectile with a mass up to 2
kg and a maximum velocity of 70 m/s. In addition to these requirements, the cannon
must be capable of generating impacts at different points on the surface of the ver-
tical metal plate, allowing for vertical excursions of approximately 1 m and a hori-
zontal movement of about 0.5 m. Since the launcher must be installed in a specific
laboratory, some dimensional limits are also imposed. Specifically, the maximum
length is limited to 5 m, and the width is approximately 1 m, ensuring adequate
space for operators to work on the test bench (test preparation, experimental setup
calibration, and equipment assembly). The projectile, on the other hand, is assumed
to be cylindrical with a diameter of 30-50 mm and with an interchangeable head to
allow variation of parameters for calibration purposes.

To meet these requirements, the projectile velocity will be determined by stud-
ying the expansion of a compressed ideal gas in a chamber. Consequently, the main
parameters considered in the analysis are the volume of the tank, the gas pressure,
the dimensions of the cannon, and the dimensions of the projectile. After establish-
ing the optimal parameters, the mechanical structure of the launcher is designed,
and the structural integrity of each component is verified under the forces caused
by the launch. Also in this case, the analyses are based on the guidelines of Euro-
code 3 for the design of steel structures and FEM numerical simulations.

8.2.1 Exit Velocity Predictive Model

In this section, the entire system is modeled to understand the internal dynamics
of the compressed air cannon and consequently predict the exit velocity of the pro-
jectile. This model, integrated with the prediction of dynamic loads and the simu-
lation of the behavior of the resonant plate, allows for the accurate calibration of
the pyroshock test bench. The automation of these processes and the precision of
predictive models could lead to significant improvements in terms of reducing cal-
ibration times and costs.

The compressed air launcher system primarily consists of the components de-
picted in Figure 79: (1) a tank with a volume V; containing compressed air at pres-
sure p;; (2) a pneumatic or solenoid-activated valve with a flow section diameter
d,; (3) abarrel with internal diameter d and length L; and (4) a cylindrical projectile
with diameter d equal to that of the barrel, length [, and mass m. The tubes
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connecting all these components must ensure the necessary flow rate. This concep-
tualization of the launcher may include additional elements, such as a pre-chamber
directly connected to the valve. This pre-chamber would eliminate the pressure loss
due to the connecting tubes and would replace the tank in the simulation model.

By combining the equations that model each of the components constituting the
launcher system, it is possible to estimate the projectile exit velocity given the de-
sign variables, such as the volume and pressure of the tank, the size and type of the
valve, and the length of the barrel. In the literature, some studies show calculations
related to the ballistics of an air cannon [120,121]. However, a specific model has
been developed to simulate the designed system since the cited studies neglect some
components.

= 7 L
.. ) ) I Cannon
Valve

Compressor/
Air Tank

Figure 79. Scheme of the system constituting the launcher, mainly composed of a
tank, a valve, and a cannon.

Starting from the dynamics of the projectile, its motion is regulated by the ex-
pansion of the gas inside the barrel. The expansion of pressurized gas inside the
cannon thus generates a force on the projectile along the entire length L of the bar-
rel, 1.e., until the projectile exits the barrel itself. Since the open end of the barrel
interfaces with the environment, the atmospheric pressure is acting on the other face
of the projectile, negligible with calculations set in terms of relative pressures. The
equation of motion of the projectile is therefore:

d?x
mg F = Apz(t) — UgMsg (49)

2
where x(t) represents the position of the projectile along the barrel, A = % is

the surface of the projectile face, p, (t) is the relative upstream pressure of the valve,
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coincident with the internal pressure of the cannon, and finally p  is the dynamic
friction coefficient. Initially, the friction between the projectile and the barrel can
be neglected, especially if it is assumed that any leakage allows the projectile to
behave like an aerostatic bearing [122]. Describing the internal dynamics of the
cannon can be challenging due to the modeling of the expansion of the compressed
gas. This expansion could be described as either adiabatic or isothermal. Assuming
an initial isothermal expansion of air, considered a perfect diatomic gas, it is possi-
ble to derive the formula describing this expansion from the perfect gas law:

dp,(t) dx(t) _ ;
o Ax(t) + TApz(t) = G()R'T (50)

where G (t) is the mass flow rate of air regulated by the valve, R* is the univer-

sal gas constant expressed in kg;«, and T is the ambient temperature assumed to be

equal to 20 °C. In particular, the mass flow rate of air depends on the valve charac-
teristics, whose activation accelerates the projectile. A valve with a non-adjustable
flow can be modeled as a nozzle, and its theoretical mass flow rate of air can be
calculated according to ISO 6358 [123]. The formula for calculating the flow rate
varies based on the ratio of downstream p, and upstream p, pressures of the valve.

When the Z—Z > b, where b is the critical ratio, the efflux curve enters the sonic
1

region, and the flow rate no longer increases. Defining K as:

nd?  [293
K:0868ch ﬁ
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where T is the temperature upstream of the nozzle, equal to the ambient tem-
perature (and, for the assumption of isothermal expansion, equal to the temperature
downstream of the nozzle), and ¢, is the conductance of the valve, experimentally
determined. Then, the mass flow rates under sonic and subsonic conditions can be
derived as follows:
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G(t) =K -pi(0) if L2<p
b1
2
%—b R
6O =K-p(®- |1-(B— T oy~

Finally, it is necessary to consider that the tank does not have infinite capacity
and, therefore, cannot guarantee a constant flow rate. For this reason, starting again
from the ideal gas law, there will be a decrease in pressure in the tank due to the
flow rate G (t) regulated by the following formula:

dp, () G(t)-nR*T_ G(t)
ac A TG

(33)

where n is the exponent of the polytropic process (n = 1 for an isothermal pro-
cess, n = 1.4 in the case of an adiabatic process), and C; represents the thermal
capacity of the tank. To solve the differential equation system composed by Egs.
(49), (50), (52), and (53), a forward Euler numerical method has been applied. For
the sake of completeness, the same system of equations discretized for the applica-
tion of the aforementioned calculation method is written below:

( G(ti—1) = K -p1(tim1) if ngz 3 <b
! P(tic) \* p ) (54
Gt =Koprey - [1- (2= ) Ty~
\
G(t;
Pt = pa(tios) — ) 59)
t
G i R*T — i Ax(ti)_x(ti—l)
pa(t) = palt) + T Pt A At (36)

Ax(t;—q)
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At? (57)

DA
(t1) = 25(0) = x(trp) + 20

where t; represents the i-th instant with i > 1, and At = 1- 1077 s the time
step set for the application of the forward Euler method. To numerically solve these
equations, it is necessary to define the following initial conditions: initial position
of the projectile x(t;) < 1 m (not exactly equal to 0, otherwise Eq. (56) would not
be solvable with a zero denominator division); initial velocity of the projectile
u(ty) =0 m/s; initial relative pressure of the tank p;(t,), and initial relative pres-
sure of the air in the barrel p,(t,) = 0 bar. At this point, it is possible to study the

. . L d o .
exit velocity of the projectile u = d—}tc when the projectile has traveled a distance x =

L, coincident with the length of the cannon. With this model, it is possible both to
study how different design parameters influence the exit velocity of the projectile
for an appropriate sizing of the system, and to predict the same velocity to adjust
the tank pressure and calibrate the test bench during pyroshock tests.

Charts in Figure 80 show the velocity trends as the barrel length, and initial
pressure of the tank vary. These curves were obtained by iterating simulations and
varying one parameter at a time to understand its influence on the final velocity. A
cylindrical projectile with a diameter d = 50 mm, length [ = 200 mm made of
aluminum was assumed, thus having a mass mg = 1 kg.

Exit velocity tuning

90

Exit velocity (m/s)

Tank pressure (bar)

Barrel length (m)

Figure 80. Trend of the exit velocity of the projectile as a function of the initial pres-
sure of the tank and the barrel length.
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Based on the results obtained from this analysis, with a simple pressure tank
excluded from compliance for commissioning and utilization (for example, initial
pressure and initial volume of the tank equal to p; = 12 bar and V; = 50 1, respec-
tively), it is conceivable to achieve an exit velocity v = 60 m/s with a barrel length
L = 4 m. Figure 81 depicts the trend of the velocity estimated by the numerical
model under the specified conditions. It is worth noting that the increase in velocity
due to the barrel length becomes less significant for higher length values. This is
also the reason why a barrel length of L = 4 m was chosen.

If the accuracy of the model will prove inadequate for the application, some
aspects, previously neglected, could be included in the analysis, such as potential
leaks, pressure drops, and friction. Additionally, alternative thermodynamic trans-
formations could be evaluated, such as replacing isothermal transformations with
adiabatic ones.

60 Exit velocity estimation

Exit velocity (m/s)

1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Barrel length (m)

Figure 81. Exit velocity trend with respect to the barrel length.

8.2.2 Design Proposal

Thanks to the estimation of the exit velocity of the projectile, it was possible to
define the excitation system of the resonant plate as composed of a 50-liter com-
pressed air tank at 12 bar, connected to the barrel with a removable cover to facili-
tate reloading in multiple launch tests. As depicted in Figure 82, a 3-way, 2-position
valve is interposed between the tank and the barrel to regulate the air flow. In addi-
tion to accelerating the projectile, this valve must allow the barrel to be discharged
once the projectile has exited (approximately at the time of impact). This is achiev-
able with a valve that connects the barrel to the environment when normally closed
and connects the tank to the barrel when activated (pneumatically or electrically).
The valve can be activated through a system controlled by a pair of photocells that
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detect the passage of the projectile near the barrel exit. This process prevents the
projectile from oscillating around the end of the barrel and generating multiple im-
pacts on the plate. Additionally, the photocells allow the projectile exit velocity to
be determined.

3/2 solenoid valve

% Barrel
Pressure regulator
Air Tank %’ -
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Figure 82. Pneumatic scheme foreseen for the pneumatic gun launcher.

Figure 83 illustrates the conceptualization of the barrel system with its corre-
sponding support structure. The structure supporting the barrel was initially de-
signed with equidistant vertical supports to ensure the most linear possible path for
the projectile. The barrel, with an inner diameter of 50 mm and a wall thickness of
2.5 mm, is made of seamless steel tubes regulated by the ISO EN 10305-4 [124]
standard. These tubes, manufactured without welding and cold drawn, are specifi-
cally designed for hydraulic and pneumatic systems, offering low roughness values
and precise tolerances on diameter and straightness. The barrel is connected to the
vertical supports via semi-circular clamps, allowing for interchangeability and
providing the flexibility required for pyroshock tests. The vertical supports are L-
shaped brackets made of 10 mm thick steel sheet, reinforced with ribs for increased
lateral rigidity. Each support provides holes for discrete height adjustment of the
barrel and, consequently, the impact application position. The base of the brackets
is designed to couple with the lower part of the structure and allow lateral move-
ment of the barrel using linear guides. Alternatively, this design of vertical supports
can be replaced with pantograph lifting platforms. With its interconnected arms,
this system would allow continuous lifting of the barrel, enabling better adjustment
of the force application position.
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Figure 83. Design of the structure constituting the launcher.

In addition to the barrel weight, the structure is subjected to the force exerted
by the expanding gas during the projectile launch. To conservatively verify the
structure, the maximum pressure achievable in the barrel has been assumed to be
equal to the maximum pressure reachable in the tank, p, = 12 bar. The maximum

force that can be generated is therefore equal to the pressure that the expanding gas

2
applies to the closed end of the barrel, with an area 4 = % = 1963 mm?. Conse-

quently, the force that the barrel horizontally exerts on the supports can be estimated
as F = Ap, = 2160 N. The entire structure has been verified again following the
guidelines outlined in Eurocode 3 [117,118], concerning the design of steel struc-
tures. Specifically, the barrel was first verified in terms of guaranteed straightness
and resistance to internal pressure. Subsequently, all components of the support
structure and their respective connections (threaded and welded) were verified.
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The current state of the experimental test bench design for pyroshock testing
has reached a sufficient level of development to realize experimental tests. How-
ever, this part of the work foresees further future developments and applicable im-
provements. Once the entire experimental setup is realized, it will be possible to
characterize the actual installed components, deriving, for example, the specific
values of ¢4 and b related to the pneumatic valve. Therefore, measuring the actual
projectile exit velocities will allow validating or correcting the developed model, as
well as enabling appropriate design of the pressure control system. The final exper-
imental system envisages complete integration of the developed numerical models
for the setup and calibration of the test bench and the control of all involved param-
eters.
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Chapter 9

Conclusions

This PhD thesis aims to advance the field of pyroshock tests by filling the gaps
in both numerical and experimental simulations. The novel contributions of the pre-
sent work may be grouped into four macro-categories: (1) numerical models for
simulating pyroshock tests and (2) for optimizing the design of pyroshock test fa-
cilities; (3) investigation of impact tests thanks to the collection of a comprehensive
experimental dataset; and (4) the proposal of a test bench for experimental py-
roshock simulation.

The developed numerical models, operating in the frequency domain, have
demonstrated promising results in accurately predicting experimental SRS. Their
computational efficiency allows for rapid adjustments of test parameters, thereby
reducing downtime and costs associated with experimental setup. Emphasis on fac-
ing the inverse problem alongside the development of simulation models for py-
roshock tests involving resonant plates represent significant advancements in the
field. This progress offers practical solutions for the design, calibration, and opti-
mization of test benches, enhancing efficiency and effectiveness in pyroshock test-
ing procedures.

9.1 Conclusions

In summary, the main objectives and original contributions of this doctoral the-
sis have been faced independently in each chapter.
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After an initial overview of pyroshock tests, Chapter 3 presented a systematic
analysis of the literature to identify key studies on experimental and numerical sim-
ulations of pyroshock in aerospace applications. This comprehensive review high-
lights existing gaps and sets the stage for the thesis objectives. The same systematic
review integrated the narrative reviews present in the literature, providing a detailed
analysis of the current state of the art.

A novel semi-analytical approach to describe pyroshock tests entirely in the
frequency domain was proposed in Chapter 4, while Chapter 5 presented the nu-
merical models developed for the simulation of pyroshock tests. In general, these
models provided novel solutions to simulate the SRS acceleration of the resonant
plate with a high degree of precision without requiring considerable computational
effort. Their prompt calculation times and flexibility led to on-demand applications
consisting in the tuning of the test facility as the requirements of each test may vary.
This translates to a noteworthy reduction in downtime and costs for setting up the
experimental system.

Chapter 6 presented an in-depth analysis germane to the design and optimiza-
tion of the experimental setup, which could be considered as the inverse problem
addressed by the pyroshock simulation methods. In particular, techniques to opti-
mize the plate design, its shape and dimensions, and the measurement-impact posi-
tions are presented. Given the complexity of a pyroshock test facility, the results
obtained in this chapter showed improvements in the SRS accuracy, providing the
configuration that better meets the requirements.

A large dataset fully exploring shock tests with a resonant plate was described
in Chapter 7. Data were acquired on an operating pyroshock test bench located at
the sound and vibration research laboratory of the KTH Royal Institute of Technol-
ogy. This dataset allowed the investigation on the influence of the experimental
configurations, a further and general validation of the predictive model, and an in-
depth analysis of the contact mechanics inherent to the shock tests.

Finally, the acquired knowledge and the proposed models led to the design of
a test bench to perform pyroshock tests at Politecnico di Torino, described in Chap-
ter 8. The project mainly includes a structure to support the resonant plate and a
pneumatic gun to launch projectiles. The combination of these systems could allow
an easy adjustment of the numerous parameters involved in the impact mechanics.
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9.2 Future Perspectives

The potential advancements in the field of pyroshock test simulation are so ex-
tensive that the current state of research represents an early stage of its development.
The existing literature highlights several gaps that pose challenges for future re-
search. Some of these have been addressed in this thesis, trying to propose new
solutions. Despite the advances obtained, certain aspects presented require further
investigation.

In particular, despite significant progress in simulation methods, there remains
room for improvement in certain areas to enhance result accuracy. One such area is
the definition of the impulse, which deserves more detailed exploration to charac-
terize the physical phenomenon with greater precision. Errors in the impulse defi-
nition phase can have a substantial impact on the overall accuracy of the model, as
proved by the analysis of the dataset presented in this thesis.

Therefore, future research efforts could focus on refining the estimation of pa-
rameters for impulse definition and conducting new acquisitions using different ex-
citation techniques for the resonant plate, such as the pneumatic gun designed for
the proposed test bench. This approach would provide valuable insights and con-
tribute to advancing the state of the art in pyroshock test simulation.

Another area of interest is the damping coefficient utilized in the frequency
analysis of the resonant plate. Currently, this coefficient is typically assumed to be
constant across frequencies and derived from material properties available in the
literature. However, a more detailed understanding of how damping varies with
frequency could enhance the accuracy of simulations.

Additionally, the analytical definition of stiffness within the MDOF model de-
serves careful examination. At the moment, stiffness values are often determined
through tuning with an equivalent FEM model. While effective, this approach
somewhat diminishes the advantages and flexibility inherent in the MDOF model.
Exploring alternative methods for analytically defining stiffness could lead to more
robust and efficient simulations.

Many advancements can be sought on the experimental front. In fact, the im-
plementation of the test rig could lead to a deeper understanding of the physics
behind pyroshock tests and potentially study corrections and improvements to the
experimental setup. The tests themselves will be beneficial to further investigate
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the impact mechanics, and the system behavior, as well as validate or provide in-
sights for improving current predictive models.

Looking ahead to the future, one of the long-term goals is to establish a com-
prehensive framework for pyroshock tests, aiming to define a standardized ap-
proach for simulating pyroshocks. This framework would encompass both optimal
experimental test bench setups and reliable, efficient numerical simulation models.
Such advancements would enable aerospace equipment to undergo qualification
rapidly and with a high degree of precision.

By standardizing the testing process, reducing both time and costs, and enhanc-
ing performance, the aerospace sector might benefit significantly. Accelerating the
development of aerospace technologies would not only drive innovation but also
produce economic advantages for industries associated with this sector.

Further developments concern calibration techniques for the test rig. For the
sake of completeness, it would be interesting to investigate even more the dynamics
of the resonant plate, including the analysis of potential non-isotropic properties.
For instance, including the adoption of local stiffeners or ribs to compensate for the
presence of the test object could be effective.

Lastly, acquiring real measurements from pyroshock tests could lead to under-
standing whether the SRS reliably represents reality with sufficient precision. If this
is not the case, potential development could involve the exploration and definition
of a novel substituting method for calculating shock effects.
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Dataset Description

This Appendix fully reports the parameters combinations per each test and the
associated filename. It is worth noting that the run order does not totally match the
standard order used to name the files. Indeed, the tests have been partially random-
ized to reduce the effects associated with time-dependent variables, potentially af-
fecting the test results. Filenames consist of the first three digits of the standard
order identification number followed by an underscore. The following part corre-
sponds to the typical file logging generated by the NI FlexLogger software, in
which the acquisition date-time is inserted. For example, the file named "001 Log-
File 2023-03-02-15-33-14.tdms" refers to the test identified with standard order #1
and was acquired on 15/02/2023 at 15.33. The reference conditions can be obtained
from Table Al. All experimental files have TDMS extension, a standard used by
National Instruments which contains both raw data and metadata. These files can
be opened with special software or converted into alternative formats (for instance,
they have been converted into MAT files in the present work).

An automatic data quality check was performed to verify the acquisition valid-
ity and exclude any accidental errors. In particular, the following conditions were
verified:
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e Correct acquisition of all channels for each test (no overload, no corrupted
data, channel synchronism, acquisition duration);

e Recording of 10 impulses per file at regular intervals of about 6 seconds;

e Lack of double-peaked pulses (i.e., force profiles with multiple peaks) due
to the impact of the excited plate on the hammer.

Table Al. File names and related configurations.
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1 #1 Low  Aluminium None None liice
2 #2 Low  Aluminium None None Free
3 #3 Low  Aluminium None None Free
4 #1 High  Aluminium None None Free
5 #2 High  Aluminium None None Free
6 #3 High  Aluminium None None Free
7 #1 Low Delrin None None Free
8 #2 Low Delrin None None Free
9 #3 Low Delrin None None Free
10 #1 High Delrin None None Free
11 #2 High Delrin None None Free
12 #3 High Delrin None None Free
13 #1 Low Polyurethane =~ None None Free
14 #2 Low Polyurethane None None Free
15 #3 Low Polyurethane None None Free
16 #1 High Polyurethane None None Free
17 #2 High Polyurethane = None None Free
18 #3 High Polyurethane None None Free
19 #1 Low  Aluminium Aluminium  None Free
20 #2 Low  Aluminium Aluminium  None Free
21 #3 Low  Aluminium Aluminium  None Free



Dataset Description

159

% 2 . e = = = e 2
SE TE ET  E-. 7g  TE g2
ts Ez EF :EF 22 2% 5%
T - L - I
s < o
P

22 #1 High  Aluminium Aluminium  None Free
23 #2 High  Aluminium Aluminium  None Free
24 #3 High  Aluminium Aluminium  None Free
25 #1 Low Delrin Aluminium  None Free
26 #2 Low Delrin Aluminium  None Free
27 #3 Low Delrin Aluminium  None Free
28 #1 High Delrin Aluminium  None Free
29 #2 High Delrin Aluminium  None Free
30 #3 High Delrin Aluminium  None Free
31 #1 Low Polyurethane Aluminium  None Free
32 #2 Low Polyurethane Aluminium  None Free
33 #3 Low Polyurethane Aluminium  None Free
34 #1 High Polyurethane Aluminium  None Free
35 #2 High Polyurethane Aluminium  None Free
36 #3 High Polyurethane Aluminium  None Free
37 #1 Low  Aluminium Steel None Free
38 #2 Low  Aluminium Steel None Free
39 #3 Low  Aluminium Steel None Free
40 #1 High  Aluminium Steel None Free
41 #2 High  Aluminium Steel None Free
42 #3 High  Aluminium Steel None Free
43 #1 Low Delrin Steel None Free
44 #2 Low Delrin Steel None Free
45 #3 Low Delrin Steel None Free
46 #1 High Delrin Steel None Free
47 #2 High Delrin Steel None Free
48 #3 High Delrin Steel None Free
49 #1 Low Polyurethane Steel None Free
50 #2 Low Polyurethane Steel None Free
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51 #3 Low Polyurethane Steel None Free
52 #1 High Polyurethane Steel None Free
53 #2 High Polyurethane Steel None Free
54 #3 High Polyurethane Steel None Free
55 #1 Low  Aluminium Aluminium Polymeric  Free
56 #2 Low  Aluminium Aluminium Polymeric  Free
57 #3 Low  Aluminium Aluminium Polymeric  Free
58 #1 High  Aluminium Aluminium Polymeric  Free
59 #2 High  Aluminium Aluminium Polymeric  Free
60 #3 High  Aluminium Aluminium Polymeric  Free
61 #1 Low Delrin Aluminium Polymeric  Free
62 #2 Low Delrin Aluminium Polymeric  Free
63 #3 Low Delrin Aluminium Polymeric  Free
64 #1 High Delrin Aluminium Polymeric  Free
65 #2 High Delrin Aluminium Polymeric  Free
66 #3 High Delrin Aluminium Polymeric  Free
67 #1 Low Polyurethane Aluminium Polymeric  Free
68 #2 Low Polyurethane Aluminium Polymeric  Free
69 #3 Low Polyurethane Aluminium Polymeric  Free
70 #1 High Polyurethane Aluminium Polymeric  Free
71 #2 High Polyurethane Aluminium Polymeric  Free
72 #3 High Polyurethane Aluminium Polymeric  Free
73 #1 Low  Aluminium Steel Polymeric ~ Free
74 #2 Low  Aluminium Steel Polymeric ~ Free
75 #3 Low  Aluminium Steel Polymeric ~ Free
76 #1 High  Aluminium Steel Polymeric ~ Free
77 #2 High  Aluminium Steel Polymeric ~ Free
78 #3 High  Aluminium Steel Polymeric  Free
79 #1 Low Delrin Steel Polymeric ~ Free



Dataset Description

161

5 ~ »
g g o] g 3 = 3 = o ] § E .g
tf2 £2 E2 E& EF Ef i3
52 EE F & F T <2 <% 2%
5= - B
P

80 #2 Low Delrin Steel Polymeric ~ Free
81 #3 Low Delrin Steel Polymeric ~ Free
82 #1 High Delrin Steel Polymeric ~ Free
83 #2 High Delrin Steel Polymeric ~ Free
84 #3 High Delrin Steel Polymeric ~ Free
85 #1 Low Polyurethane Steel Polymeric ~ Free
86 #2 Low Polyurethane Steel Polymeric ~ Free
87 #3 Low Polyurethane Steel Polymeric ~ Free
88 #1 High Polyurethane Steel Polymeric ~ Free
89 #2 High Polyurethane Steel Polymeric ~ Free
90 #3 High Polyurethane Steel Polymeric ~ Free
91 #1 Low  Aluminium None None Fixed
92 #2 Low  Aluminium None None Fixed
93 #3 Low  Aluminium None None Fixed
94 #1 High  Aluminium None None Fixed
95 #2 High  Aluminium None None Fixed
96 #3 High  Aluminium None None Fixed
97 #1 Low Delrin None None Fixed
98 #2 Low Delrin None None Fixed
99 #3 Low Delrin None None Fixed
100 #1 High Delrin None None Fixed
101 #2 High Delrin None None Fixed
102 #3 High Delrin None None Fixed
103 #1 Low Polyurethane None None Fixed
104 #2 Low Polyurethane =~ None None Fixed
105 #3 Low Polyurethane =~ None None Fixed
106 #1 High Polyurethane None None Fixed
107 #2 High Polyurethane =~ None None Fixed
108 #3 High Polyurethane =~ None None Fixed
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109 #1 Low  Aluminium Aluminium  None Fixed
110 #2 Low  Aluminium Aluminium  None Fixed
111 #3 Low  Aluminium Aluminium  None Fixed
112 #1 High  Aluminium Aluminium  None Fixed
113 #2 High  Aluminium Aluminium  None Fixed
114 #3 High  Aluminium Aluminium  None Fixed
115 #1 Low Delrin Aluminium  None Fixed
116 #2 Low Delrin Aluminium  None Fixed
117 #3 Low Delrin Aluminium  None Fixed
118 #1 High Delrin Aluminium  None Fixed
119 #2 High Delrin Aluminium  None Fixed
120 #3 High Delrin Aluminium  None Fixed
121 #1 Low Polyurethane Aluminium  None Fixed
122 #2 Low Polyurethane Aluminium  None Fixed
123 #3 Low Polyurethane Aluminium  None Fixed
124 #1 High Polyurethane Aluminium  None Fixed
125 #2 High Polyurethane Aluminium  None Fixed
126 #3 High Polyurethane Aluminium  None Fixed
127 #1 Low  Aluminium Steel None Fixed
128 #2 Low  Aluminium Steel None Fixed
129 #3 Low  Aluminium Steel None Fixed
130 #1 High  Aluminium Steel None Fixed
131 #2 High  Aluminium Steel None Fixed
132 #3 High  Aluminium Steel None Fixed
133 #1 Low Delrin Steel None Fixed
134 #2 Low Delrin Steel None Fixed
135 #3 Low Delrin Steel None Fixed
136 #1 High Delrin Steel None Fixed
137 #2 High Delrin Steel None Fixed
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138 #3 High Delrin Steel None Fixed
139 #1 Low  Polyurethane Steel None Fixed
140 #2 Low  Polyurethane Steel None Fixed
141 #3 Low Polyurethane Steel None Fixed
142 #1 High Polyurethane Steel None Fixed
143 #2 High Polyurethane Steel None Fixed
144 #3 High Polyurethane Steel None Fixed
145 #1 Low  Aluminium Aluminium Polymeric  Fixed
146 #2 Low  Aluminium Aluminium Polymeric  Fixed
147 #3 Low  Aluminium Aluminium Polymeric  Fixed
148 #1 High  Aluminium Aluminium Polymeric  Fixed
149 #2 High  Aluminium Aluminium Polymeric  Fixed
150 #3 High  Aluminium Aluminium Polymeric  Fixed
151 #1 Low Delrin Aluminium Polymeric  Fixed
152 #2 Low Delrin Aluminium Polymeric  Fixed
153 #3 Low Delrin Aluminium Polymeric  Fixed
154 #1 High Delrin Aluminium Polymeric  Fixed
155 #2 High Delrin Aluminium Polymeric  Fixed
156 #3 High Delrin Aluminium Polymeric  Fixed
157 #1 Low Polyurethane Aluminium Polymeric  Fixed
158 #2 Low Polyurethane Aluminium Polymeric  Fixed
159 #3 Low Polyurethane Aluminium Polymeric  Fixed
160 #1 High Polyurethane Aluminium Polymeric  Fixed
161 #2 High Polyurethane Aluminium Polymeric  Fixed
162 #3 High Polyurethane Aluminium Polymeric  Fixed
163 #1 Low  Aluminium Steel Polymeric  Fixed
164 #2 Low  Aluminium Steel Polymeric  Fixed
165 #3 Low  Aluminium Steel Polymeric  Fixed
166 #1 High  Aluminium Steel Polymeric  Fixed
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167 #2 High  Aluminium Steel Polymeric  Fixed
168 #3 High  Aluminium Steel Polymeric  Fixed
169 #1 Low Delrin Steel Polymeric  Fixed
170 #2 Low Delrin Steel Polymeric  Fixed
171 #3 Low Delrin Steel Polymeric  Fixed
172 #1 High Delrin Steel Polymeric  Fixed
173 #2 High Delrin Steel Polymeric  Fixed
174 #3 High Delrin Steel Polymeric  Fixed
175 #1 Low  Polyurethane Steel Polymeric ~ Fixed
176 #2 Low Polyurethane Steel Polymeric  Fixed
177 #3 Low Polyurethane Steel Polymeric  Fixed
178 #1 High Polyurethane Steel Polymeric  Fixed
179 #2 High Polyurethane Steel Polymeric  Fixed
180 #3 High Polyurethane Steel Polymeric  Fixed
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