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Abstract: The main failures that could deteriorate the reliable operation of solid rocket motors (SRMs)
and lead to catastrophic events are related to bore cracks and delamination. Current SRMs’ predic-
tive assessment and damage identification practices include time-consuming and cost-demanding
destructive inspection techniques. By considering state-of-the-art optical strain sensors based on fiber
Bragg gratings, a theoretical study on the use of such sensors embedded in the circumference of the
composite propellant grain for damage detection is presented. Deep neural networks were considered
for the accurate prediction of the presence and extent of the defects, trained using synthetic datasets
derived through finite element analysis method. The evaluation of this combined approach proved
highly efficient in discriminating between the healthy and the damaged condition, with an accuracy
higher than 98%, and in predicting the extent of the defect with an error of 2.3 mm for the bore crack
depth and 1.6° for the delamination angle (for a typical ~406 mm diameter grain) in the worst case
of coexistent defects. This work suggests the basis for complete diagnosis of solid rocket motors
by overcoming certain integration and performance limitations of currently employed dual bond
stress and temperature sensors via the more scalable, safe, sensitive, and robust solution of fiber optic
strain sensors.

Keywords: solid rocket motors; fiber Bragg gratings; optical strain sensors; finite element analysis;
structural health monitoring; strain sensing; neural networks; crack; delamination

1. Introduction

Solid rocket motors (SRMs) stand as pivotal components across aerospace and defense
applications, powering satellite launches, missile systems, and space exploration missions
as solid rocket boosters (SRB). A typical schematic of an SRM structure is illustrated in
Figure 1a. Despite their widespread use, SRMs face inherent vulnerabilities such as internal
bore cracks and delamination, which can pose threats to their performance, reliability, and
safety [1]. Timely detection of these defects is paramount to averting catastrophic failures
and ensuring mission success [2].

Conventional inspection methods for SRMs typically involve visual scrutiny and
labor-intensive experimental procedures on the mechanical properties of the propellant
grain [3] or X-ray imaging, which can be time-consuming, expensive, and, most importantly,
often destructive for the SRMs. Additionally, these testing protocols are impractical for
implementation on user premises such as air bases, thus necessitating logistic efforts
associated with high financial costs and equally important time delay costs. In recent
years, there has been a surge in the development of structural health monitoring (SHM)
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systems to support condition-based maintenance (CBM) strategies for efficient inspection
and monitoring of SRMs [4]. These systems particularly employ piezoelectric or dual bond
stress and temperature (DBST) sensors [4-7], placed on the interface between the propellant
and the casing of the SRM, as can be seen in Figure 1b, or more recently, optical fiber
strain sensors [8] embedded in the grain. These sensors can detect changes in the motor’s
mechanical behavior, which can be indicative of the presence of internal defects [9].

(a) (b)

Figure 1. (a) Schematic of a typical SRM illustrating the main components. (b) Figure of SRMs with
embedded DBST sensors on the casing, together with the external electric wiring.

Recently, there has also been a strong interest in developing automated defect detec-
tion systems for SRMs using machine learning (ML) techniques such as neural networks
(NN) [10-13] that can be trained to recognize patterns in large amounts of data. These have
been successfully applied to a variety of image, signal, and feature processing applications.
Particularly, concerning the SHM and diagnosing of the SRMs, there have been a few ap-
proaches evaluating the performance of the several NN-based systems in the identification
of bore cracks, delamination, or both [11]. However, these approaches cover specific areas
of the problem, without reporting on the potential to discriminate the healthy from the
damaged state or perform complete diagnoses by predicting the type of defect and the
extent of it. Moreover, the majority of the reported projects and research on the issue of
SHM of SRMs refer to the use of DBST sensors [14]. To our knowledge, there is no reported
work on the performance of optical fiber strain sensors [15-17], such as fiber Bragg grating
(FBG)-based sensors, along with the employment of machine learning techniques for the
detection of defects in SRMs. This type of optical sensor was introduced to reduce the
minimum detectable defect extent to much lower values without implementing electrical
wiring into the motor, as was reported in several studies [18-20]. Furthermore, optical
sensors have some uniquely favorable characteristics, such as their low weight, inherent
electromagnetic interference immunity, and inherent safety characteristics in explosive or
flammable environments. Additionally, optical fibers can have quasi-distributed sensing
capabilities by introducing multiple FBGs into a single optical fiber, while they can be
interrogated remotely, from a distance through a low loss optical fiber [16,17,21] through
optical transmission, meaning that the electronic-based interrogation unit and any electric
power supply system can be positioned far away from the SRM. The incorporation of
an optical fiber with a nominal typical diameter of 125 um or even down to 50 um is
possible without mechanical disturbance of the propellant or degradation of the mechanical
properties of the SRM system, as could be the case with DBST sensors, where invasive
physical openings on the external casing surface are needed for embedding the sensors.
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Another important characteristic of the fiber optic-based strain sensors is their ability to be
embedded anywhere in the propellant by following proper procedures during the propel-
lant casting process, thus providing the potential for monitoring higher deformations and
higher strain changes in comparison to DBST sensors that are fixed close to the casing with
limited monitored deformations.

While the capabilities of the FBG-based strain sensors appear promising in monitoring
the structural integrity of the SRM [21], a diagnostic tool targeting to the detection of local-
ized defects, such as bore cracks or delamination, based on the strain field distribution has to
be re-developed to compare its performance with previously studied works that are based
on stress sensors. The performance of ML, or specifically, NN-based techniques [22,23]
using optical strain sensors, has been evaluated as a SHM tool in several generic diagnostic
applications [23-28]. However, the field remains open to further investigation, particularly
in the case of challenging SRM-related studies concerning the detection of defects or ageing
and degradation of the propellant. The specific issues that need to be studied are as fol-
lows: (a) the comparison of the hoop strain field distribution, monitored using FBG-based
strain sensors, with the radial stress field distribution, monitored by the currently used
DBST sensors; (b) the feasible location of the recently introduced FBG-based strain sensors
in the SRM and the way this location affects the performance and accuracy of detection
of localized defects; and (c) the theoretically expected performance of a NN-based SRM
diagnostic tool, finely tuned for the specific application and the use of optical-based strain
sensors, to investigate the potential of these sensors for achieving higher accuracies in SRM
health monitoring.

In this paper, we focus on the above fields of interest, and we particularly explore
the feasibility of an NN-based diagnostic tool for the identification of defects in an SRM
by assessing its trainability and performance. Due to the lack of experimental data, we
use two-dimensional (2D) simulations of the cross section of the SRM to build a dataset
of strain data in specific positions of the circular section of the motor in order to feed a
two-stage deep NN-based system and to perform structural health diagnosis of the SRM.
We evaluate the performance of the networks to accurately discriminate healthy from
damaged states of the SRM, to identify the type of the present defect in the case of the
damaged state, and to predict the spatial extent of the defects. In our analysis, we also
investigate the impact of critical factors on the prediction error. These factors are defined
at the simulation level and concern the angular position of the defect, the coexistence of
two different defects—bore crack and delamination—and the relative angular distance
between them. Our results show that deep neural networks can achieve a high accuracy
in identifying both bore cracks and delamination in solid rocket motors, with an overall
accuracy of over 98% on our dataset and a maximum root mean square error (RMSE) of
2.3 mm for bore cracks and 1.57°. These results were obtained using only four strain sensors
in a typical SRM case with grain diameter of 406 mm. We discuss the implications of these
results for the development of automated inspection systems for SRMs, and we identify
several areas for future research. Overall, our work demonstrates the potential of machine
learning techniques in conjunction to recently introduced optical fiber-based strain sensing
capabilities in improving the safety and reliability of critical propulsion systems.

2. SRM Physical Model and Finite Element Analysis
2.1. SRM Model and Defect Definition

A typical SRM geometry is considered in this study. It mainly consists of a metallic
case, an insulation layer, and the contained solid elastomeric composite material (propellant
grain) itself. In general, the SRMs are structured in a cylindrical arrangement with various
possible bore shapes depending on the specific SRM functional characteristics such as
acceleration and thrust. Here, the simplified case of a cylindrical bore is assumed.

The entire propellant structure considered here is axisymmetric, with the bore di-
ameter (inner diameter) being 203.2 mm and the outer diameter being 406.4 mm. The
propellant material is a typical composite grain of hydroxyl-terminated polybutadiene
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(HTPB)/ammonium perchlorate (HTPB/AP). The insulation is modeled as a thin layer
attached to the propellant domain, with a thickness of 2.54 mm, whose material properties
correspond to an ethylene propylene diene monomer (EPDM). The insulation layer is at-
tached to a thin stainless-steel casing with a thickness of 3.125 mm. The material properties
participating in the model are given in Table 1, along with the information of the inner and
outer radius of the designed domains (Figure 2). They were treated as isotropic linear elastic
materials. This assumption is a simplification that is not expected to affect the final results
of the simulation, as the model is subjected to a stationary regime, simulating the stress and
strain fields due to the transition from the initial curing and stress-free temperature, which
here is set to 71 °C (or more usually in the range 50—60 °C), down to extreme conditions
of =51 °C.

Table 1. Material and geometry design parameters used in the simulations.

Material Domains

Material Properties Propellant Insulation Casing
Young’s modulus 14.2 MPa 33.5 MPa 55.9 GPa
Coefficient of thermal expansion ~ 9.56 x 107°1/K = 875x107°1/K 216 x 1076 1/K
Poisson’s ratio 0.499 0.499 0.3
Inner radius 101.6 mm 203.2 mm 205.74 mm
Outer radius 203.2 mm 205.74 mm 208.915 mm
mm : i ce;sing : I I I case I l
1 insulation thick s3.175 L
200 i ickenes mm
insulation
thickness 2.54 mm
1507 r
1007 r
50] r
o L
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Figure 2. Plan view /cross section of the SRM for 2D analysis, together with a simplified explanatory
schematic of the SRM layers (inset).

In this work, a finite element analysis (FEA), particularly the Structural Mechanics
module of the COMSOL Multiphysics software (COMSOL, Inc., Burlington, MA 01803,
USA), is used to study and analyze the strain distribution in the presence of thermal loads
and various defects and to identify also the response of the strain sensors in the SRM under
various conditions. The time and computational requirements of the study of SRM are
reduced without a loss of information in a simplified two-dimensional (2D) structure of the
cross-section of a center-perforated SRM, simulated using the plane strain approximation
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method. In Figure 2, the modeled grain structure is illustrated. For the specific case
illustrated in Figure 3, we used an example of a bore crack of depth a = 22.54 mm located at
3.271° and a delamination of angle ¢ = 14.97° located at 117.55°. The strain field distribution
in pe is illustrated on the slice of the simulated cylindrical geometry of the SRM. The strain
sensor locations are also depicted at 0°, 90°, 180° and 270°. The strain field distribution
and the corresponding deformation is illustrated in the regions of both the bore crack and
the delamination, with the deformation scale factor being set to 1.
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Figure 3. (A) Solid rocket motor geometry design, along with a bore crack and a delamination.
(B) The strain field distribution and the simulated deformation of the grain in the region close to
(Ba) the bore crack and (Bb) the delamination. (C) The mesh close to the delamination (Ca) and the
bore crack (Cb).

In the conducted simulations, we assumed two types of possible flaws in the SRM:
bore cracks and delamination. The designs of these flaws are depicted in Figure 3. In the
case of the bore crack, the defect has a depth a within the range of (0.1 mm, 40 mm) with the
corresponding gap width being equal to a/200. The delamination corresponds to an arc in
the range ¢ (1°, 19°), with the gap appearing between the curved insulation boundary and
a line segment between the limit points of the debonded region, which corresponds to the
propellant domain boundary. Outside the debonded region, the two neighboring material
domains—the insulation and the propellant—share a common interface corresponding to a
curved arc with a radius equal to the outer radius of the propellant and an arc angle equal
to 360° — . Based on the conducted calculations, the gap between the two domains after
the thermal expansion is not expected to exceed 3 mm in the case of the largest debonding
region angle examined. Provided that the simulations assume a homogeneously distributed
temperature during the examined thermal cycle, this design can be considered accurate.

The study assumes the use of four strain sensors that are evenly distributed in the
circular perimeter of the SRM, thus having an angular distance of 90° from each other and a
45° maximum angular distance from any defect in the worst-case scenario. The sensors are
considered to be placed in the grain close to the interface between the propellant and the
insulation, particularly with a distance of 3 mm from this interface. Such individual strain
sensors are essentially multiple discrete FBGs integrated into a single optical fiber with a
typical diameter of 125 um or less. The study of the optimal number of sensors that should
be placed per circular perimeter of the SRM is considered to be beyond the scope of this
study; however, a short comparison with the preliminary study in the case of eight sensors
and its impact on the diagnosis improvement is addressed in the Discussion section.

2.2. Hoop Strain Distribution vs. Radial Stress Distribution

Following the previously described SRM study formulation based on newly proposed
strain distribution monitoring, it would be important to provide a direct comparison be-
tween the details and capabilities of strain and stress sensing, where the latter corresponds
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to the approach currently used in industry by DBST devices. It is expected that this compar-
ison will highlight and demonstrate the differences and identify the advantages of strain
monitoring employing optical strain sensors such as FBGs.

The key element of the present work is the use of optical-based strain sensors for the
detection of defects in SRMs. Comparable studies in literature targeting SRM diagnosis and
defect prediction focus on the use of stress sensors, particularly DBSTs. The transition to
the recently introduced FBG-based strain sensors emerges with open questions regarding:
(a) the differences between the strain field distribution and the stress field variations when
a defect is present in the SRM, and (b) the consequent capabilities of the strain sensors to
accurately detect the presence of a defect. Particularly, when a defect occurs in the SRM, it
typically induces localized stress concentrations in the vicinity of the defect. These stress
concentrations can lead to variations in the radial stress field, which DBST sensors are
primarily designed to detect. However, since stress concentrations tend to dissipate more
rapidly in the radial direction compared to the circumferential direction, the changes in
the radial stress field may be more localized around the defect site. On the other hand,
an equivalent defect can also cause significant changes in the hoop strain field along the
circumference of the motor.

Hoop strain, which FBGs can measure, provides information about the circumferential
deformation of the grain. The occurring defects can introduce disruptions in the struc-
tural integrity of both the casing and the grain, leading to alterations in the hoop strain
distribution over a broader area compared to the localized changes in the radial stress
field. However, the practical issues related to the sensor placements—specifically, the DBST
sensors are placed in the insulation—casing interface, while FBGs should be placed within
the propellant material—reduce the above-described effect, since the propellant is typically
composed of a more homogeneous material compared to the casing material. Therefore,
its structural integrity is less affected by localized defects. Figure 4 illustrates the radial
stress and hoop strain field distribution in the typical radial position of the corresponding
sensors. Particularly, Figure 4a depicts the residual strain in the grain 3 mm away from the
insulation layer, and Figure 4b presents the residual stress in the middle of the insulation
layer for three typical defects in the bore region (bore cracks) at depths of 5 mm, 10 mm,
and 20 mm, respectively. In Figure 4c, we present the strain and stress field variation
when studied at the same radial distance of the SRM, particularly in the middle of the
insulation layer.
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—_—h
|at 45'deg mm

—10 mm

500 - 20 mm

400 -
300
200 -

100 -
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-100 |-

-200 -
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Figure 4. Cont.
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Figure 4. (a) Residual hoop strain field distribution across the SRM circumference, extracted from
a simulation of a circle inside the grain, with a distance of 3 mm from the propellant-insulation
circular interface for 3 typical bore cracks with depths of 5 mm, 10 mm, and 20 mm located at 45°.
(b) Residual radial stress field distribution across the SRM circumference, extracted from a simulation
of a circle located in the middle of the insulation layer for the same bore cracks. (¢) Comparison of
the strain and stress field variations produced by the same defects (bore cracks of 5 mm, 10 mm, and
20 mm located at 45°) measured at the same radial distance in the middle of the insulation layer.

Based on the study of the above graphs (Figure 4), we can conclude that: (a) a crack of
double depth (10 mm compared to 5 mm) provokes a ~3.5 times higher maximum value
in both the strain and the stress fields, irrespective of the location of the maxima; (b) the
same happens for a bore crack depth that is four times deeper than the initial depth (20 mm
compared to 5 mm crack), which provokes an ~11.5 times higher maximum value in both
the stress and strain fields; (c) the variations in the hoop strain field are extended over
a larger area compared to the variations in the stress field for the same crack, and they
are likely to be detected even from sensors located even 90° away from the crack. This
observation is further enhanced by the comparison of the absolute residual strain and stress
values with the corresponding sensor resolutions, being ~4yie for the FBGs and 10 KPa for
the DBSTs. Particularly, the maximum change in the residual stress due to the presence of a
bore crack at a 20 mm depth is 4 times the corresponding DBSTs stress resolution, while the
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maximum change in the residual strain exceeds 130 times the corresponding FBG strain
resolution. Similar results are extracted based on the study shown in Figure 4c, where it
can be seen that strain field variations are expected to be larger compared to stress field
variations when measured using sensors located in the middle of the insulation layer. The
strain fields tend to show more widespread variations due to the overall deformation of
the material around the crack, while the stress field variations are highly localized around
the crack tips. Therefore, strain measurements provide a broader indication of the defect’s
presence and impact.

Similarly, a delamination present in the interface between the propellant and the
insulation layer produces a stress and strain field distribution shown in the following
graphs based on simulation results (Figure 5). Particularly, in Figure 5a, we present the
residual stress in the middle of the insulation layer, while in Figure 5b, we present the
residual strain in the grain, 3 mm away from the propellant-insulation interface, provided
the presence of 2°, 4°, and 8° delamination. The study of the provided data shows that the
stress field variation due to the presence of a delamination of 4° is detectable by the stress
sensors placed in the middle of the insulation layer only 10° away from the position of the
defect (delamination position at 45°, sensor position for accurate detection at 35°). The
corresponding strain field distribution presents a detectable change more than 37° away
from the location of the defect (delamination position at 45°, sensor position for accurate
detection at 7.5°). It is also proven that a delamination of 8° produces a maximum change
in the strain field approximately 8500 times the expected strain resolution of the optical
fiber strain sensors (expected to be at least 4 .¢), while the same delamination produces
a maximum stress field change that is only110 times higher than the stress resolution of
DBSTs (expected to be 10 kPa).

Based on the above observations, it was necessary to study the capabilities of SRM
diagnosis and defect detection using FBG-based strain sensors, aiming at determining:
(a) the minimum defect that can be detected, (b) the accuracy of defect size prediction, and
(c) the corresponding accuracy of diagnosis when two types of defects are present (bore
cracks and delamination). The following sections focus on these emerging issues, which
comprise the main contribution of this work.
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Figure 5. (a) Stress field distribution produced by 3 delamination cases of 2°, 4°, and 8° in the
circumference of the SRM in the middle of the insulation layer, where DBST sensors are designed to
be placed. (b) Corresponding strain field distribution produced by the same delamination cases in
the grain, 3 mm away from the insulation—propellant interface, which is the assumed location of the
optical-based strain sensors.

2.3. Healthy State and Damaged State of SRM

Discrimination between the healthy and the damaged state (Level I SHM) of the
SRM is a typical problem that may be addressed using classification neural networks. The
threshold values of all participating parameters, related to the extent and location of defects,
correspond to the discrimination between the healthy state and the damaged state of the
SRM. These are selected according to the minimum detectable flaws based on the employed
optical strain sensors. Thus, all cases with a bore crack depth larger than the corresponding
threshold of the minimum detectable bore crack depth belong to the damaged state, while
the cases with smaller crack depths belong to the healthy state. The same applies for the
delamination angle. For the determination of the minimum detectable defect extent, it is
assumed in a conservative scenario that the resolution of these sensors is 4 pe (which is
achievable using current FBG technology), and the worst-case scenario for the position of
the defect with respect to the sensing element is set to its maximum, equal to 45°, provided
the use of four sensors that are evenly distributed on the SRM perimeter.

In order to define the minimum detectable bore crack, a simulation with variable
bore crack depth a in the range of [0.1 mm, 15 mm] with a step of 0.1 mm for the range of
[0.1 mm, 3 mm] and a step of 1 mm for the range of (3 mm, 15 mm] was performed for
a bore crack located at 45°. The detection of the bore crack is assured when the absolute
difference between the strain value of the sensor closest to the flaw and the most distant
sensor is higher than 4 e, provided that the location of the flaw at 45°, the nearest sensor
is at 0° (or equally 90°), and the most distant sensor is located at 180° (or equally 270°).
Figure 6 illustrates this strain difference, where each plot is presented with reference to the
corresponding strain value of the sensor located at 180°. Particularly, Figure 6 illustrates
the strain field across the circular path with a radius equal to the radius of the strain sensor
locations, 3 mm away from the interface between the insulation and the propellant inside
the grain, which is the circular path of interest in this study. Based on the zoomed-in region
illustrated in Figure 6Aa, it is depicted that a minimum depth of 2.2 mm can be detected
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using a sensor located at an angular distance of 45°. The same process was repeated for the
delamination case, with the parameter of the delamination angle varying in the range of
[1°,10°] with a step of 1°. The minimum detectable delamination extends in a region with
an angular size equal to 7°. This process is based on a rather pragmatic consideration of
the healthy state depending on the accuracy of the employed sensing technology.
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Figure 6. Strain field across the circular path of interest for different bore crack depths (Aa) and
delamination (Ba) located at 45° (worst-case scenario). Zoomed regions for each of the above cases,
for the bore crack (Ab), and for the delamination (Bb).

2.4. Strain Data Generation Using FEA Models

To produce an adequately large dataset for the analysis and NN training, we divided
the simulations into three (3) separate cases. The first case corresponds to the presence
of a bore crack only; the second case corresponds to the presence of a delamination only;
and the third case corresponds to the presence of both. The presence of more than two
flaws of the same or different type is considered rare and is excluded from the produced
dataset. For each of the above cases, a subset of 1000 data points was produced for: (a) the
“healthy condition”, which corresponds to defect extent values below the threshold of the
minimum detectable flaw, and (b) the “damaged condition”, corresponding to defect extent
values above the threshold of the minimum detectable flaw. Thus, a total of 6000 cases of
different bore crack depths and delamination angles were examined. The bore crack depth
and delamination values are randomly selected within the appropriate range each time.

For the above-described simulations, the position of the defects is always selected
using a set of random numbers that are uniformly distributed to the appropriate range.
In the case of a single bore crack, the angular position is restricted for the simulations
in the range of [0°, 90°]. Using the extracted values of the strain field in the exact point
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location of the four sensors, and based on the circular symmetry of the SRM geometry, we
extended the dataset in the remaining three quarters of the cylinder. This was performed
via mutual interchange of the location of the sensors, as shown in Figure 7. Particularly,
provided a bore crack at a depth located in the first quarter of the cylinder, we can extract
the strain values for a bore crack of an equal depth a located in the second quarter of the
cylinder (angular position range: [90°, 180°]) by mutually interchanging the location of
sensors 1 and 3. The corresponding position of the bore crack is given by the appropriate
shift, [180°—0], where 0 is the angular position of the initial bore crack in the range of
[0°,90°]. Respectively, by mutually interchanging the location of strain sensors 2 and 4, we
can result with a bore crack of the same depth located at the fourth quarter of the cylinder;
i.e., in the range of [270°, 360°]. Finally, if we interchange the sensors in locations 2 and
3 while at the same time interchanging the location of sensors 1 and 4, we extract the
sensors values as if the bore crack was located in the third quarter of the cylinder;i.e., in
the range of [180°, 270°). Provided that the simulations are performed for 2000 cases of
bore cracks located only in the first quarter, we followed this simple strategy to multiply
the dataset by a factor of four while at the same time covering the entire cylinder. The same
strategy is followed for the case of delamination. In the case of coexistent bore cracks and
delamination, in the simulated cases, the angular position of the bore crack is restricted in
the range of [0°, 90°], corresponding to the first quarter of the cylinder, while the relative
angle between the two defects is a number randomly selected in the range of [0°, 360°). In
this way, it is assured that the relative angular distance between the defects can take any
value in the entire cylinder. This strategy results in multiplication of the data by a factor
of 4. Therefore, the final dataset used for training and validating the developed neural
network-based diagnostic system consists of 24,000 cases. Moreover, this approach was
proven to be equivalent to the raw data production by FEA; i.e., the process was verified by
comparing the results with the strain values in the particular positions of the strain sensors
when the defect is initially located in the sifted angular position. The error is negligible,
lower than 0.1 pe, and it is attributed to the selected mesh size of the FEA. Thus, it could be
further reduced through the application of a denser mesh.

200

[ 1507

[ 1007

[-1007

[-150

[-2007
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300

Figure 7. Description of the followed strategy of mutual interchange of sensor locations for dataset
multiplication and coverage of all possible angular positions of the bore crack or delamination.
In the case illustrated here, a bore crack depth initially located at an angle of 0 in the range of
[0°,90°] is transferred in the second quarter of the cylinder by mutually interchanging the location of
sensors 1 and 3.

3. Defect Diagnosis Using Machine Learning Techniques
3.1. Deep Neural Networks
Deep neural networks are a subcategory of machine learning techniques that can be

employed to develop system diagnosis and structural health monitoring tools, provided
the use of sensors readings. Deep fully connected neural networks are neural networks
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with multiple hidden layers between the input nodes and the output layer, which consist
of fully connected (FC) layers. In FC layers, each neuron applies a linear transformation
to the input vector through a weight matrix and a bias matrix. Thus, an FC layer consists
of the weights and biases, along with the neurons, and it is used to connect the neurons
between two different layers. In the FC layers, all the input nodes are connected to all
the output nodes, meaning that a change in one input node affects all output nodes. In
the following section, we present the two parts of the developed diagnostic tool, both
consisting deep FC networks with the appropriate selection of the corresponding weights
and bias initialization, suitable for the purposes of classification (first step of health state
extraction), and regression (second step of defect extent prediction).

3.2. Classification of Health State Classes Using Deep Neural Networks

The first step of the diagnosis comprises the classification of the health state of the
SRM (level I SHM) in one of the following classes: (a) healthy state in which the present
flaw, either a bore crack or a delamination, is below the threshold limit, (b) damaged
case with the presence of a single bore crack, (c) damaged case with the presence of a
single delamination, and (d) damaged case with the presence of both a bore crack and a
delamination. Figure 8 provides a high-level flowchart to illustrate the process of health
state identification and defect detection. The neural network architecture is illustrated in
Figure 9, while Table 2 provides a detailed description of all the layers participating in
the network.

= NN based classification YES
START  ——/DRtasensors | < i, 4 health state classes —— < healthy SRM ™ 2y END
readings (Level 1 SHM) _class 1 :
[NO
single ™ single Bothibore
bore crack delamination craclf a”‘}'
class 2 “_class 3 . delamination .
n class 4
regression NN regression NN regression NN bore crack
bore crack delamination angle depth and delamination
depth prediction prediction angle prediction
(Level 3 SHM) {Level 3 SHM) (Level 3 SHM)
END END END

Figure 8. Flow chart depicting the 2 steps of SHM diagnosis: step 1 (Level 1 SHM), providing
the classification in the four (4) classes of health state, and step 2 (Level 3 SHM), providing the
quantification of defects in each of the 3 damaged classes.



Photonics 2024, 11, 799

13 of 28

Y

e, /U >

Figure 9. Architecture of the developed classification layer.

Table 2. Classification network analysis parameters.

Name Type Activations Learnables Total Learnables
1 In Feature input 4 - 0
Weights 1024 x 4
2 fcl Fully connected layer 1024 Bias 1024 x 1 5120
3 relul ReLU 1024 - 0
Weights 1024 x 1024
4 fc2 Fully connected layer 1024 Bias 1024 x 1 1,049,600
5 relu2 ReLU 1024 - 0
Weights 1024 x 1024
6 fc3 Fully connected layer 1024 Bias 1024 x 1 1,049,600
7 relu3 ReLU 1024 - 0
Weights 512 x 1024
8 fcd Fully connected layer 512 Bias 512 x 1 5,248,000
9 relud ReLU 512 - 0
Weights 256 x 512
10 fc5 Fully connected layer 256 Bias 256 x 1 131,328
11 relub ReLU 256 - 0
Weights 128 x 256
12 fc6 Fully connected layer 128 Bias 128 x 1 32,896
13 relu6 ReLU 128 - 0
Weights 64 x 128
14 fc7 Fully Connected Layer 64 Bias 64 x 1 8256
15 relu?7 ReLU 64 - 0
Weights 64 x 4
16 fcl1 Fully connected layer 64 Bias 64 x 1 320
17 relul0 ReLU 64 - 0
18 add1 Addition layer 64 - 0
Weights 32 x 64
19 fc8 Fully connected layer 32 Bins 32 x 1 2080
20 relu8 ReLU 32 - 0
Weights 16 x 32
21 fc9 Fully connected layer 16 Bins 16 x 1 528
22 relu9 ReLU 16 - 0
23 catl Concatenation layer 20 - 0
Weights 4 x 20
24 fc10 Fully connected layer 4 Bins 4 x 1 84
25 sml Softmax 4 - 0
26 cl Classification layer - - 0

The selected architecture of the deep neural network contains 11 fully connected (FC)
layers—denoted with the prefix ‘fc’—in which all input nodes of the layer are connected to
all output nodes of this specific layer. Among the 11 FC (fc) layers, 10 layers are used in
a sequential structure, followed by a rectified linear unit (ReLU) layer denoted with the
prefix ‘ReLU’. The selected weights initializer is set to ‘orthogonal’, while the bias initializer
is set to ‘narrow—normal’. The prefixes ‘add” and ‘cat” are used to denote addition and
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concatenation layers, which are both used to connect the main branch of the neural network
with the two additional branches. All the developed NNs and corresponding data handling
are performed in a MATLAB environment.

The parameters significantly affecting the training process are: (a) the selected op-
timizer algorithm, set to ADAM (adaptive movement estimation method), which is an
extended version of stochastic gradient descent (SGD) that is particularly suitable for clas-
sification purposes, (b) the batch size, which is set to 2048, resulting in 10 iterations per
epoch, provided the use of 90% of the total amount of available data for the training set and
10% of the remainder for the validation set. The training is performed using a “piecewise’
learning rate schedule, which means that the learning rate starting from an initial value
of 0.001 drops with a factor of 1%. every epoch during the entire training procedure. The
maximum number of epochs is set to 10,000, with a validation patience of 500 epochs to
avoid overfitting. Thus, the training is stopped after 5310 epochs, reaching a validation
accuracy of 98.38%. The required training time does not exceed 41 min when running on a
single Intel® Core i7-10750H CPU (16 Gb RAM) on a 64-bit operating system. The plots
describing the accuracy increase and loss reduction during the entire training process are
given in Figure 10, showing an adequate convergence after approximately 5000 iterations.

Training Progress

Final

Accuracy (%)

‘1000 2000 3000 “KJOO ‘5000

. 3 1
Iteration *10

Loss

:
Iteration 10

Figure 10. Accuracy and loss during the entire training process for the classifier corresponding to
the prediction of the health state of the SRM. Blue and red lines indicate the training accuracy and
loss respectively in a batch level, while black dots indicate the corresponding values at the end of
each iteration.

The validation accuracy is presented in Table 3 per class, along with the corresponding
confusion matrix (Figure 11). In the confusion matrix, the numbers in each box represent
the examined cases, with the percentage over the total sum of all examined cases given
below the absolute number.

The last column of the confusion matrix gives the recall, defined as the ability of
a model to find all the relevant cases within a data set, mathematically given by the
following formula:

True positive

recall = — —,
True positive + False negative

1)
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The last line of the confusion matrix gives the precision of the model per class, defined
as the ability of the classification model to identify only the relevant cases. It is described
mathematically by the formula:

True positive
True positive + False positive’

(2)

Precission =

It is proven that the false positive and false negative results are limited, with higher
values given between the ‘bore crack and delamination’ class and the ‘delamination’ class.
Twelve cases of ‘bore crack and delamination” were falsely classified as ‘delamination’.
Further analysis of these false results proved that these false classification cases mainly
corresponded to rather small bore cracks (bore crack depths below 12 mm and ~75% of
them below 5 mm) combined with a delamination.

The accuracy of the model is mathematically calculated as follows and it is proven to
be remarkably high, reaching 98.38%:

True positive + True negative
True positive + True negative + False positive + False negative’

®)

accuracy =

We additionally provide the f1 score per class, which is a metric of how strong
a classifier is. It is given as a harmonic mean between the two other provided metrics,
precision and recall, per class:

2 x Precision x Recall

1 score = — ’ 4
f Precision + Recall )
Confusion Matrix
3 1191 1 1 6 99.3%
49.6% 0.0% 0.0% 0.3% 0.7%
5 2 384 8 0 97 5%
0.1% 16.0% 0.3% 0.0% 2 5%
0N
n
=
i 0 2 392 1 99.2%
3 0.0% 0.1% 16.3% 0.0% 0.8%
2
=
@)
4 6 0 12 394 95.6%
0.3% 0.0% 0.5% 16.4% 4.4%
1: Healthy state
2: Bore Crack
99.3% 99.2% 94.9% 98.3% 98.4% 3: Bore Crack
0.7% 0.8% 5.1% 1.7% 1.69 o
4 i and Delamination
4: Delamination
N 2 n ™

Target Class

Figure 11. Confusion matrix based on the dataset used to validate the developed deep neural network.
True indications appear in green color and false indications appear in red color. The same color rule
applies in the boxes.
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Table 3. Validation accuracy factors per health state class provided by the developed deep neu-
ral network.

Bore Crack

Healthy State Bore Crack and Delamination Delamination
Accuracy 0.9838
Precision 0.9933 0.9922 0.9492 0.9825
Recall 0.9933 0.9746 0.9924 0.9563
f1 score 0.9933 0.9834 0.9903 0.9692

3.3. Defect Extent Prediction Using Regression Deep Networks

The second step of the SRM diagnosis comprises a regression network built using
the same architecture for each one of the above three classes of damaged states of the
SRM and trained individually for each case to accurately predict the extent of the defect.
The structure of the neural network follows the basic principles of the deep networks’
architecture developed for classification in the previous step. The network contains a main
branch with sequential use of FC layers and ReLU layers. These are combined with the raw
strain sensors’ data and the output of a single FC layer, along with a ReLU activation layer,
using a concatenation layer and an addition layer, respectively. The analytical description
of the network architecture is depicted in Figure 12, with the participating parameters
being given in Table 4.

Figure 12. The architecture of the regression deep neural network developed for the prediction of the
present defect in each of the damaged health state cases/classes.

In the case of the regression deep neural network, the weights initializer is set to ‘He’
for all FC layers. The He initialization is an initialization method used in NNs which takes
into account the non-linearity of activation functions [29]. Additional batch normalization
and dropout layers (20%) are used once in the entire neural network to reduce overfitting.
The initial learning rate is set to 0.0005, again following a piecewise learning rate schedule
with a 1%. drop factor in every epoch. The batch size is set to a much lower value than
the one in the classification due to the remarkably smaller dataset used to feed the neural
network this time. The dataset for the regression network is 1/6 of the entire developed
dataset, corresponding to one of the 3 cases/classes of the damaged state of the SRM. Thus,
the batch size is set to 64, and the resulting number of iterations per epoch is 56. A validation
patience strategy is again followed to avoid overfitting, with the corresponding parameter
set to 100 epochs. Finally, the optimizer algorithm selected for the regression network is the
root mean square propagation (RMSprop), which best fits regression networks, rather than
the ADAM optimizer selected for the classification deep neural network. The developed
network was trained individually for each case of the damaged state of the SRM; thus, all
parameters related to the training process were analyzed separately for each case in the
following analysis.
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Table 4. Regression network analysis parameters.

Name Type Activations Learnables Total Learnables
1 in Feature input 4 - 0
Weights 1024 x 4
2 fcl Fully connected layer 1024 Bias 1024 x 1 5120
3 relul ReLU 1024 - 0
Weights 1024 x 1024
4 fc2 Fully connected layer 1024 Bias 1024 x 1 1,049,600
5 relu2 ReLU 1024 - 0
Weights 1024 x 1024
6 fc3 Fully connected layer 1024 Bias 1024 x 1 1,049,600
7 relu3 ReLU 1024 - 0
Weights 512 x 1024
8 fcd Fully connected layer 512 Bias 512 x 1 5,248,000
9 relud ReLU 512 - 0
Weights 256 x 512
10 fc5 Fully connected layer 256 Bias 256 x 1 131,328
o Offset 256 x 1
11 bn Batch normalization layer 256 Scale 256 x 1 512
12 relub ReLU 256 - 0
13 dp5 Dropout 256 - 0
Weights 32 x 256
14 fc6 Fully connected layer 32 Bias 32 x 1 8224
15 relu6 ReLU 32 - 0
Weights 32 x 4
16 fc9 Fully connected layer 4 Bias 32 x 1 160
17 relu9 ReLU 32 - 0
18 add1 Addition layer 32 - 0
Weights 16 x 32
19 fc7 Fully connected layer 16 Bins 16 x 1 528
20 relu?7 ReLU 16 - 0
21 catl Concatenation layer 20 - 0
Weights 1 or 2 x 20
22 fc8 Fully connected layer lor2 Bins 1or2 x 1 42
23 relu8 ReLU lor2 - 0
24 output Regression layer - - 0

3.3.1. Bore Crack Prediction

For the case of a single bore crack, the regression deep neural network is trained using
90% of the damaged cases containing a bore crack in the range of (2.2 mm, 40 mm)]. The
validation root mean square error (RMSE) is 0.2320 mm. A total of 428 epochs are needed to
accomplish the entire training process, which corresponds to a time duration of 13 min and
50 s. In Figure 13a, the predicted values of the bore crack depth are given with respect to the
true values. The fitted curve is y = p1-x 4 pp, with the coefficients being p; = 0.9996 (95%
confidence bounds: (0.9976, 1.002)) and p, = 0.07051 (95% confidence bounds: (0.02222,
0.1188)). For the representation of the provided results, we opted for the additional use
of Bland-Altman plots, giving the distribution of the error of prediction in the entire
range of the targeted defect extent values to extract any dependency of the accuracy of the
developed regression model on the bore crack depth. This type of plot demonstrates the
error of prediction, defined as the difference asue — apredictes OVer the mean of the true and

predicted values of the bore crack depth, (um,e + ﬂpredicted) /2. The corresponding Bland—

Altman plot given in Figure 13b proves a negligible correlation between the prediction
error and the depth of the bore crack. Finally, we present the distribution of the RMSE over
the angular position of the bore cracks by dividing the entire angular position range (360°)
into 20 bins.
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Figure 13. Validation results of the regression deep neural network trained with damaged health

state cases containing a single bore crack with a depth in the range of (2.2 mm, 40 mm]. (a) Plot of

the predicted bore crack depth with respect to the real values of the bore crack depth along with the
fitting curve. (b) Bland—Altman plot of the same validation data. (c) Plot of the RMSE (right axis)
with respect to the angular position of the bore crack, separated into 20 bins.

The corresponding plot given in Figure 13c shows: (a) that the number of randomly
selected validation cases is uniformly distributed in the entire circular SRM cross section,
given by the number of cases per bin (left axis), and (b) that the distance from the sensors



Photonics 2024, 11, 799

19 of 28

does not seem to affect the prediction accuracy in the selected range of bore crack depths
corresponding to the damaged health state of the SRM.

3.3.2. Delamination Prediction

In the class of a damaged health state with a single delamination, the network is
trained again using the same percentage of the available data (90%), which corresponds to
3600 cases. The remaining 400 cases are used for the validation of the network. The required
time for training, provided that the use of validation patience is equal to 100 epochs, does
not exceed 15 min, and the provided validation RMSE is 1.2897°. In Figure 14a, the
predicted values of the delamination extent are given with respect to their true values in
the validation dataset. The curve fitting the combination of the predicted and true data
for the angle of delamination is y = p;-x + pp, with the coefficients being p; = 0.9011
(95% confidence bounds: (0.8696, 0.9325)) and p, = 1.267 (95% confidence bounds: (0.7968,
1.737)). The Bland-Altman plot corresponding to this case and provided in Figure 14b also
proves a negligible dependence of the prediction error on the angular size of the debonded
region for the specified range of (7°, 19°]. iIn other words, the developed model can predict
a small or a large delaminated region with approximately the same accuracy. Finally, the
plot in Figure 14c gives the distribution of the RMSE over the randomly selected angular
position of the delamination for all cases participating in the validation dataset, as well
as the distribution of the number of examined cases over the entire SRM circular cross
section. The prediction error does not seem to be strongly affected by the position of the
delamination with respect to the sensors’ positions, with the RMSE being held below 2° for
most cases, apart from the bin (126°,144°], in which the mean RMSE reaches the highest
value of approximately 4°. The plot also proves that the validation dataset comprises cases
that are evenly distributed in the SRM circle and that there is no correlation between the
number of cases per bin (left axis of the plot) and the mean RMSE of each bin (right axis of
the plot).
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Figure 14. Cont.
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Figure 14. Validation results of the regression deep neural network trained using damaged health
state cases containing a single delamination with an angular size in the range of (7°, 19°]. (a) Plot of
the predicted delamination angle with respect to the real values of the delamination angle along with
the fitting curve. (b) Bland-Altman plot of the same validation data. (c) Plot of the RMSE (right axis)
with respect to the angular position of the delamination, separated into 20 bins.

3.3.3. Combined Cracks and Delamination Detection

The class of the damaged state of the SRM that corresponds to the coexistence of a bore
crack and a delamination is the most demanding, as two different values of the extent of the
defect are to be predicted. The training process stops after 1000 epochs, with the required
time reaching approximately 30 min. The provided RMSE for the case of the bore crack is
2.3 mm, and for the case of the delamination, it is 1.5678°. In Figures 15a and 16a, we present
the predicted values along with the true values of the bore crack depth and the delamination
angle, respectively. The curve fitting the data in the predicted vs. true values plot for the
bore crack is y = p1-x + p2, with the coefficients being p; = 0.9573 (95% confidence bounds:
(0.9372, 0.9773)) and p, = 0.0009858 (95% confidence bounds: (0.000507, 0.001465)). The
corresponding fitting curve process for the case of the delamination results in the curve
Yy = p1-x + pa, with the coefficients being p; = 0.8028 (95% confidence bounds: (0.7647,
0.8409)) and pp = 2.612 (95% confidence bounds: (2.103, 3.122)). We also represent the
corresponding Bland—-Altman plots, revealing any dependency of the prediction accuracy
on the extent of each defect in Figure 15 plot (b) and Figure 16 plot (b). Both Bland—Altman
plots prove the negligible dependence of the prediction error on the size/extent of the
defect. In this health state, we opted for presenting the variation in the RMSE with respect
to the relative angle between the defects by dividing the entire range of the relative angle
(180°) into 20 equally wide bins. The corresponding plots are given in Figures 15c and 16¢
for the case of the bore crack and the delamination, respectively. It is proven that there
is no correlation between the prediction error of the bore crack depth and the relative
angle between the defects, with the mean RMSE per bin reaching a maximum value of
approx. 3.5 mm. In the case of the delamination, the mean RMSE per bin is held below
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3°; however, it reaches its maximum value for the most distant defects, corresponding to
the bin (171°,180°]; i.e., the relative angle between them is approximately equal to 180°.
Additionally, we observed an increased distribution of the number of cases participating in
the validation dataset that belong to the bins with narrow angular distances between the
two defects. This is expected to be the case for the training dataset, and it is attributed to
the fact that the angular position of both defects is uniformly distributed in the entire circle.
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Figure 15. Validation results of the regression deep NN trained with damaged state cases containing
both a bore crack and a delamination, particularly related to the prediction of the bore crack defect.
(a) The predicted bore crack depth with respect to its real value, along with the fitting curve. (b) Bland—
Altman plot of the same validation data; (c) Plot of the RMSE (right axis) and the number of cases
(left axis) with respect to the relative angle between the coexisting defects, separated into 20 bins.



Photonics 2024, 11, 799

22 of 28

—y=0.8028x+2.612 ¢ 2 _&"
s X% g

J %

predicted debonding angle

8 10 12 14 16 18
true debonding angle

Py (deQ)

(a)
10
- o
=] oo
1S 5F . . -
£ . méan+1.96std=2.999 deg
= — — o oy -
5 & . L ., .'~2 ._.-r:‘ "n.:.‘. * -."h
R .ﬁ:.?..h!". X .3-..{43_‘{‘. o .z,;_...s??: .a:—..o...;.-x.?.:-‘\.\:' -
lm o e O '.' ° o . L Sat 2
£ 5h . « & mean-1.96std=-3.1474 deg
-10 L L L L L L
8 10 12 14 16 18
((ptrue + (Ppred)/z (mm)
(b)
50 3 g
=)
o
e D
” 40+ 25 c
@ ”, 2
830t -
; 15 uclj
o20F =
E 11 ©
; %
10 105 =
T
0 o §
0 20 40 60 80 100 120 140 160 180 E

relative angle between defects (deg)

(©)

Figure 16. Validation results of the regression deep NN trained with damaged state cases containing
both a bore crack and a delamination, particularly related to the prediction of the delamination.
(a) The predicted delamination angle with respect to its real values, along with the fitting curve.
(b) Bland—Altman plot of the same validation data. (c) Plot of the RMSE (right axis) and the number of
cases (left axis) with respect to the relative angle between the coexisting defects, separated into 20 bins.

4. Discussion and Future Perspectives

The presented results provided a systematic study on the investigation of the com-
bined performance of both the health state classifications, particularly in predicting the
types of defects that are present in the SRM and the defect extent prediction through the
corresponding regression neural network. Previous research studies have reported on some
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of related issues [11], but none have opted for the combination of these steps, which can
lead to a complete diagnosis of the SRM health state. Particularly, Liu et al. reported on
the defect extent prediction error only for the case of a coexistent bore crack and delamina-
tion [11] using an architecture of deep convolutional neural networks (CNNs) similar to
the one reported here. This architecture was able to predict the delamination angle and
bore crack depth in the case of coexistent defects and provided the use of DBST sensors. In
this work, we introduced a NN with fully connected layers instead of a CNN; the single
use of four sensors readings instead of a temperature-dependent data series as the input
given to the network; and the incorporation of cases of single defect prediction along with
the case of combined cracks and delamination for accurate SRM diagnosis across a wider
range of defects. Particularly, in the case of coexistent bore cracks and delamination, our
findings are in full compliance with previous reported works [11], additionally providing a
reduced prediction error as well as a broader range of defect extent detection.

The broadening of the defect extent range, with the inclusion of smaller defects, is
attributed to the employment of optical fiber strain sensors that, due to their achievable
resolution, are capable of detecting smaller defects compared to well-established DBST
deformation sensors. Although very limited previous work is available on optical fiber
integration in composite propellants, in principle, optical fibers provide the flexibility to
be incorporated anywhere in the propellant at various geometries during the propellant
casting process by providing suitable bonding and glueing process with specific primers [8].
However, further investigation is required depending on the fiber material (silica, polymers)
and coating. In contrast, DBST sensors can be only embedded in SRMs through the metal
casing in order to reach the upper layer of insulation. Therefore, optical fiber sensors are
exposed to regions of larger deformations and higher variations of the strain field, which
consequently leads to the detection of smaller defects. This is proven by the comparison of
the calculated threshold between the healthy and the damaged state for both the bore crack
case and the delamination case, which are both much smaller than previously targeted
defects [11]. We opted for assuming the use of optical strain sensors profiting from their
capacity to detect much smaller defects—both bore cracks and delamination—and the
performance of the developed network is also evaluated in these cases. Furthermore,
optical strain sensors based on Bragg gratings on optical fibers is a dynamic research area
that provides continuously enhanced sensors in terms of functionality and resolution. FBGs
can be concatenated in reasonably high numbers, enabling a multipoint quasi-distributed
sensor operation via monitoring without deteriorating the mechanical properties of SRMs.
This is accomplished through the seamless incorporation process of FBGs within the core
of a fiber with a typical diameter of 125 um or less. Furthermore, new advances have
enabled the inscription of FBGs in polymer optical fibers of a higher elasticity than typical
silica fibers, thus providing higher strain range capabilities [30,31]. Based on the presented
results, we demonstrated the potential of neural networks combined with optical strain
sensors to perform complete SRM health state diagnoses with a high accuracy and to
identify the extent of the present defect.

Our approach is limited by the use of a dataset generated through simulations of the
SRM behavior in specific thermal cycles due to a lack of real data recordings. There are
several assumptions related to the simulated models that are made in favor of simplification
and required time compensation. These assumptions impose the main restrictions of the
applications of our work. Particularly, in our finite element models (FEMs), we assume
homogeneous thermal change of the entire SRM body, and all materials are treated as linear
elastic. We also excluded the temperature dependence of several material parameters such
as the Young’s modulus to further simplify the simulation process and generate a large
amount of data within a restricted time duration and a reduced computational capacity.
We did not include any investigation of the material degradation that is frequent in real
practice, reflecting material property changes that could result in different strain field
distributions. All of above aspects are considered beyond the purposes of this work. They
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are treated separately in other previously published works by taking into account various
material uncertainties [32], remaining open to further investigation in future works.

The present study is based on a stationary regime approach, considering only the
thermal loading effect where the SRM model is subjected. Here, the transition from
the initial curing and stress-free temperature of 71 °C, down to extreme conditions of
—51 °C is considered. However, in realistic dynamic conditions, in addition to various
environmental factors, vibrations could significantly affect the signal quality obtained
by FBGs by introducing additional noise due to captured vibrations, mostly during the
SRMs’ transportation or pre-operation stages. Although the detailed discussion of possible
vibration issues is out of the scope of the present paper, efficient solutions for vibration
noise elimination are easily identifiable. One solution could be the partial cancelation
of noise due to vibrations by deploying an individual FBG sensor decoupled from the
propellant material itself and the resulting stress and strain effects in order to monitor
only the mechanical vibrations on the SRM casing. Feeding such individual vibration
information into the machine learning (ML) algorithm could significantly improve the
performance of such ML-based structural diagnosis in dynamic realistic environments with
the presence of vibrations.

Additional factors that need to be further investigated concern the number of sensors
per circumference that achieve optimum compensation between the cost and the accuracy
of the developed diagnostic system. The neural networks developed for the presented
approach were also evaluated in a preliminary study with the use of eight (8) sensors,
giving no noticeable increase in the provided classification accuracy or further reduction in
the RMS error in the case of the regression networks. Moreover, the use of eight sensors
was related to the occurrence of overfitting earlier in the training process, resulting in a final
classification accuracy of 97.17% and an RMSE of 4.1 mm in bore crack depth prediction
and 2.9552° for the delamination angle in the most demanding case of coexisting defects.
Thus, additional techniques for overfitting reduction, such as batch normalization and
dropout [33], regularization [34], and likely the reduction of the batch size, should be
employed to further investigate the ways to reach higher accuracies via the increase in
available strain sensors. However, it is important to note that the existence of four sensors
in the circumference of the SRM possibly imposes a reasonable limit, given that in practical
real monitoring applications, the entire SRM length should be covered, thus leading to
issues related to the cost of the sensors and the associated interrogation complexity with the
increasing number of sensing points. Thus, most studies follow the same regime concerning
the number of sensors [11,18]. However, the cost and interrogation complexity of using
arrays of FBG sensors compared to multiple DBST sensors would be drastically lower.
Optimal numbers of sensors in a 3D structure of the SRM as well as the optimal sensors
placement issue [35] that inevitably emerges are subjects to being separately investigated
in future studies.

The present study is a theoretical investigation on the applicability of FBGs in SRM
structural diagnosis, and a detailed study on operational scenarios as the diagnostic ap-
proaches operated in the frame of condition-based maintenance (CBM) strategies was
not included. These studies are still in an initial exploratory stage in the SRM industry.
However, the monitoring of propellants in SRMs needs to take place during the propel-
lants’ curing process at the manufacturing, storage, and transportation stages, as well as
possibly during SRM loading before ignition and operation. During the curing process
and storage, the environmental conditions change relatively slowly or remain mostly con-
stant, respectively. Therefore, depending on the monitoring requirements, a sample rate
for data acquisition could be one sample per hour, up to one sample per minute at most.
During transportation and operation, the situation is significantly different for distinct
application areas such as SRMs integrated in guided missiles for tactical applications or
SRMs as boosters (SRBs) mainly for space exploration applications. SRM-based missiles
can be loaded on aircrafts, thus leading to extreme temperature variations larger than
100 °C and also extreme accelerations >8 g during flights. For the monitoring of the impact
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of such fast-occurring environmental changes, a sample rate of >1 sample per second
or even in the KHz range would be required. Additionally, continuous monitoring of
SRBs in space applications could be required in order to confirm the structural integrity
of propellants even just before the ignition stage. Widely commercially available FBG
interrogators can provide sampling ratios of up to tens of KHz, which is perfectly adequate
for the aforementioned applications.

The developed regression deep neural network was additionally evaluated for pre-
dicting the location of the defects present in each case. In this case, the position error was
calculated, taking into account the circular geometry of the SRM cross section given by the
following formula:

Y (360°m0d (Yvalidation - predicif0"> )2

N , (5)

position error =

where Yi,1idation TEPresents the true values of the target angular position, Yprediction T€PTE-
sents the predicted values of this variable, and N is the total number of cases participating
in the validation dataset. The provided RMSE was acceptable in the case of a single bore
crack (RMSE 7.48°). It was severely increased in the case of a single delamination (RMSE
36.99°), while the network failed to accurately predict the position of the defects when
more than one defect was present in the SRM, as the obtained RMSE was larger than 50°
for both bore cracks and delamination in case of coexisting defects.

5. Conclusions

This work presented for the first time the theoretical design of a deep learning-based
diagnosis system for SRMs by employing a scenario using fiber Bragg gratings-based
strain sensors. The demonstrated performance exceeded the current capabilities of systems
using traditional and widely employed DBST. More specifically, the use of efficient neural
networks was introduced with fully connected layers, assuming a rather moderate strain
resolution performance of 4 pe, which is achievable using FBG-based strain sensors. This
approach proves promising in providing accurate diagnosis of the SRM for the detection of
defects and the extent of bore cracks and/or delamination by demonstrating an accuracy of
more than 98% and predicting the extent of the defect with an error of 2.3 mm for the bore
crack depth and 1.6° for the delamination angle in the worst case of coexistent defects. The
higher prediction accuracy compared to previously published results, together with the
unique characteristics of the optical fiber-based sensors, suggests a viable direction for a
robust and reliable physical implementation for SHM systems in SRMs via the use of FBGs.

Focusing on the use of optical FBG strain sensors as a new approach as strain sensors
for SRM monitoring, the following advantages can be identified and summarized:

1.  The hoop strain monitoring approach is proven to be more efficient compared to
radial stress monitoring, as the change range ratio to the FBG strain resolution for a
given defect is at least one order of magnitude larger than the corresponding ratio in
current DBST solutions.

2. Cracks or delamination defects induce a much wider spatial effect on hoop strain
compared to the corresponding effect on axial/radial stress, thus easing their detection
by strain point sensors compared to DBST /stress point sensors.

3. Optical fibers provide the flexibility to be integrated in various geometries and at
optimal positions in the propellant grain even close to the bore, in contrast to DBSTs,
which can be placed only through the metal casing and close to the insulation area,
thus providing better sensitivity.

4. Optical FBG strain sensors can be seamlessly integrated in SRMs, not affecting their
handling, transportation, storage, or operation, in contrast to DBSTs, where such
external sensors are placed in the metal casing with external electric wiring, making
monitoring difficult during the SRM life cycle.
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5. FBG strain sensors are passive and can provide continuous monitoring of SRMs due to
their seamless integration capability inside the SRM body, in contrast to DBSTs, which
are placed outside the metal casing, limiting their monitoring to only controllable
laboratory conditions.

6.  AsSRMs can experience drastic environmental changes during transportation, storage,
or operation, in terms of acceleration, temperature, and humidity, their structural
integrity needs to be continuously monitored. However, an event of a sudden defect
under extreme conditions can be securely logged and registered as a permanent Bragg
Grating wavelength shift even if the continuous real-time monitoring was offline.
This is in contrast to DBSTs, where electric power is required to interrogate the SRM
and register a measurable defect.

7. FBGs and optical solutions provide unique characteristics such as intrinsically electric
safety and immunity to electromagnetic interference, which are crucial in a highly
explosive propellant material system.

8.  The optical fiber monitoring approach provides the capability of easy interconnection
to the FBG interrogation unit using a single optical fiber output, also providing the
capability of remote monitoring through a fiber optic channel or network.

Overall, it is anticipated that fiber optic strain sensors will become the preferred
solution to SRM continuous monitoring, thus providing real-time data for feeding machine
learning-based diagnostic approaches operating in the framework of modern condition-
based maintenance (CBM) strategies.
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