Analytical assessment of the reliability of the FBG multi-
sensor network for monitoring CFRP structures based
on the k-out-of-n model

Gulbakhar Yussupova', Nurzhigit Smailov?, Manapova Akmaral’, Nagima Bakirova®,
Ermanova Dina’, Yegemberdyeva Zaure Myktybekkyzy®, Meiirkhan Satylgan’,
Nurbol Onalbekov®

1,3,4,6.7.8Department of Radio Engineering and Telecommunications ALT University,

Shevchenko str., 97, Almaty, 050010, Republic of Kazakhstan

’Department of Electronics, Telecommunications and Space Technologies, Satbayev University,
Almaty, 050013, Republic of Kazakhstan

3Central Asian Innovation University, Department of Mathematics, Physics, and Computer Science,
Almaty, Republic of Kazakhstan

3Corresponding author

E-mail: 'gulbahar68@mail.ru, *n.smailov@satbayev.university, 3akmaralmanapova777@gmail.com,
“bakirovanagima812@gmail.com, ermanova.dina@mail.ru, °z.egemberdieva@alt.edu.kz,
"meirhan-2002@mail.ru, Snurbolonalbekov@gmail.com

Received 17 April 2026, accepted 4 June 2026, published online 16 July 2026 W) Check for updates
DOI https://doi.org/10.21595/vp.2026.26565

77th International Conference on Vibroengineering in Almaty, Kazakhstan, June 11-12, 2026

Copyright © 2026 Gulbakhar Yussupova, et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. In this paper, an analytical assessment of the long-term operability of the FBG multi-
sensor network used for monitoring defects in CFRP structures was carried out. The main focus
of the article is devoted to assessing the reliability level of a generalized FBG sensor network, and
not the effectiveness of experimental detection of a defect in a specific CFRP sample. For this
reason, the study does not consider the diagnostic sensitivity of the structural health monitoring
system or the probability of detecting a defect, but the functional stability of the network in the
event of sensor failure. The system reliability was calculated using the k-out-of-n model, and the
time-dependent reliability of an individual sensor was characterized by an exponential law. The
configuration n =120 and k =100 was chosen as the main calculation scenario. This
configuration was considered a representative redundancy model that characterized the system’s
operability even in the event of a failure of about 16.7 % of the sensors. Calculations were carried
out for 0-60 months for failure intensities A = 0.005, 0.01, 0.02 and 0.05 months™'. The results
showed that as the degradation intensity of an individual sensor increases, system reliability
decreases dramatically. At the same time, a sensitivity analysis of k/n configurations was
performed, demonstrating an engineering trade-off between redundancy and the minimum number
of operating sensors. The results obtained enable the selection of the maintenance interval, sensor
replacement strategy, and level of redundancy on a scientific basis when designing SHM systems
based on FBG.

Keywords: CFRP, FBG sensors, multi-sensor network, k-out-of-n model, reliability, failure
intensity, structural health monitoring.

1. Introduction

Structures made of polymer composites reinforced with carbon fiber, i.e., carbon fiber
reinforced polymer (CFRP) elements, are widely used in aviation, transportation technology,
energy, and other critical engineering industries due to their high specific strength, low weight,
and corrosion resistance. However, in such composites, shock loads, inter-layer detachment,
microcracks, and internal damage that is not clearly noticeable to the eye can occur. The danger
of these damages is due to the fact that they are not immediately detectable by external visual
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observation. Therefore, the importance of structural health monitoring systems is growing, which
allows real-time monitoring of the technical condition of CFRP structures.

Optical fiber Bragg grating, i.e., FBG sensors, are one of the most widely considered sensor
technologies in such monitoring systems. Their main advantages include high sensitivity, small
geometric size, resistance to electromagnetic interference, and the ability to multiplex multiple
sensors along a single optical fiber [1]. These properties make FBG sensors suitable for monitoring
the deformation state of CFRP structures and recording post-impact changes. Recent studies have
shown that FBG sensors can provide useful information when detecting barely noticeable impact
damage to the eyes in CFRP elements [2]. At the same time, the depth of location of the sensor
inside the structure, the quality of fixation, and mutual mechanical contact with the material have
a significant impact on the measurement result [3]. For FBG sensors coated with CFRP or
embedded in the structure, the reliability issue should also be considered individually, as sensor
damage, signal destabilization, or poor communication quality can affect the outcome of the entire
monitoring system [4].

In Multi-Sensor Systems, a failure of one sensor does not necessarily lead to a complete
shutdown of the entire system. If a sufficient number of working sensors are stored in the network,
the system can continue the structural monitoring function to a certain extent. To evaluate systems
based on such redundancy, the k-out-of-n model is used. This model assumes that a system
consisting of n elements will remain functional if at least k elements work [5]. Therefore, this
approach is methodologically appropriate for assessing the long-term operability of FBG Multi-
Sensor Networks.

The novelty of this work lies in the fact that the reliability of the FBG multi — sensor network
for monitoring CFRP structures is considered not as a result of direct detection of a defect, but as
a problem of system operability. That is, the article does not analyze the probability of detecting
a defect in a specific CFRP sample, the accuracy of localization, or experimental signals. On the
contrary, it analytically shows how the intensity and redundancy level of sensor failure affect the
stability of a long-term SHM system. Such refinement is important from a peer-reviewed point of
view, because reliability curves are not a direct indicator of the quality of finding a defect, but
describe the probability that the monitoring network will remain operational for a certain period
of time.

The study aims to evaluate the reliability of the FBG multi — sensor network based on the
k-out-of-n model and determine the effect of the failure intensity of individual sensors on system
reliability. In accordance with this goal, the reliability of an individual sensor was characterized
by an exponential law, and a basic calculation was made for the configuration n = 120 and
k =100. Additionally, sensitivity analysis has been proposed on how changes in the k/n ratio
affect system reliability.

2. Methodology
2.1. Object of study and main limitations

This study was performed not as an experimental test, but as an analytical-scenario work. The
object of the study was considered a generalized FBG multi-sensor network for monitoring CFRP
structures. In such networks, sensors can be attached to the surface of the structure or embedded
inside the composite material [6], [7]. However, this article does not calculate the amplitude,
frequency composition, localization accuracy, or probability of detecting a defect of specific fault
signals. The main evaluation magnitude of the work is systematic reliability. It describes the
probability that the FBG network will retain its monitoring function if a certain part of the sensors
fails. Therefore, the results obtained should not be considered as an indicator of the accuracy of
detecting a defect in a particular CFRP model, but as an initial analytical basis for designing a
SHM system in terms of reliability. In the model, several compactness assumptions were adopted:
all sensors were considered as elements of the same type. The intensity of their failure was taken
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as the same and mutually independent, the cross-sensitivity of temperature and deformation was
not included in the main report. This effect was assumed to be at a compensated or constant level,
and the temperature-strain cross-sensitivity in FBG sensors is an important factor that needs to be
studied separately [8].

FBG Sensors
Installed in CFRP Structures

R(t) =M

k-out- of -n Model
(n =120, k = 100)

1

MATLAB Evaluation

[ J
[ Single- Sensor Reliability J
[ )
( )

System Reliability
Rsys (1)

Fig. 1. Algorithm for analytical assessment of the reliability of the FBG multi-sensor network
2.2. Individual sensor reliability model

The exponential reliability law was used to describe the time-dependent operability of an
individual FBG sensor. This model is used as a common initial approximation in engineering
reliability analysis under conditions of constant failure Intensity [4]. Individual sensor reliability
is written as:

R(®) =e™, ()

where R(t) is the reliability of the individual sensor at time t; A is the intensity of sensor failure,
month™'; ¢ is the time of use, month. According to this expression, as the A value increases, the
probability that the sensor will remain operational decreases rapidly. The parameter A may depend
on the specific sensor batch, its installation technology, environment, mechanical load, and mode
of use.

2.3. k-out-of-n system reliability model

The multi-sensor FBG network was evaluated on the k-out-of-n principle. According to this
principle, the system is assumed to be functional in the event that at least k sensors of n are
working [5]. If the individual sensors have the same reliability and are mutually independent, then
the system reliability is determined by the following binomial sum:

Rays(®) = ) COuD [R(@)]'[1 = RO, @
i=k

where Ry (t) is the reliability of the multi — sensor system at ¢t time; n is the total number of
sensors; k is the minimum number of sensors required for the system to be operational; i is the
number of sensors in Operation; and C(n, i) is the binomial coefficient. Although this model does
not fully cover all physical degradation mechanisms, it provides a clear and computationally
convenient approach for assessing the system-level operability of a redundancy-based sensor
network.
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2.4. Justification for choosing the configuration n = 120 and k =100

The basic calculation scenario used the configuration n = 120 and k = 100. These values were
chosen not as the number of sensors necessarily installed in a specific single CFRP model, but as
a representative multi-sensor network model for monitoring a complex or large CFRP structure.
FBG technology has the ability to combine several sensors along a single optical fiber and multi-
point monitoring of different areas [1, 6, 7]. Therefore, a large number of sensors in large
structures can be considered as a possible scenario from an engineering point of view.

A value of k = 100 means that the system is considered fully functional only if about 83.3 %
of the sensors are working. In other words, the system can bear the failure of 20 sensors, which
indicates the presence of a reserve of 16.7 % redundancy. Such a choice is explained by the need
to localize the defect or maintain the spatial distribution of sensors for regional control. If k is
chosen too low, the system reliability may appear mathematically high, but the adequacy of
measurement points across the structure is likely to deteriorate. And if k is too high, the system
will be assessed as not functional when only a small number of sensors fail. Therefore, the
n =120 and k =100 configurations were used to show a balance between redundancy and
diagnostic coverage.

This configuration is not recommended as the only correct solution. In a practical project, the
values of n and k must be re-selected depending on the size of the structure, the number of control
zones, the layout scheme of the sensors, the level of permissible risk, and the maintenance policy.
For this reason, additional sensitivity analysis was introduced in the work, and it was shown how
changes in the k/n ratio affect system reliability.

2.5. Scenario rationale for failure intensities

The calculations used the values A = 0.005, 0.01, 0.02, and 0.05 months™'. These values were
taken as scenario parameters for comparing the behavior of the FBG system in low, medium, high,
and very high degradation conditions, and not measured parameters applied to a specific
manufacturer’s sensor. In reliability theory, the value A is associated with the average failure time
MTTF = 1/A. From this point of view, A = 0.005 months™! corresponds to the average failure time
of about 200 months, 4 = 0.01 months™! 100 months, A = 0.02 months™' 50 months, and
A =0.05 months™' 20 months. Such a range allows you to compare possible operational scenarios,
ranging from stable environments with high sensor quality to situations with low installation
quality or severe load impact. In a specific application, these parameters must be clarified by
FMEA/FTA analysis, long-term testing, manufacturer data, or field monitoring statistics [4].

Table 1. Scenario explanation of A values

A, months™! MTTF = 1/A, months Script commentary
0,005 200 Low degradation, stable working condition
0,01 100 Moderate degradation, normal risk of use

High degradation, a situation in which the load or medium
effect is enhanced
Scenario with very high degradation, heavy use or low
installation quality

0,02 50

0,05 20

3. Results and discussion
3.1. Reliability results on the basic configuration

Calculations carried out in the MATLAB environment have shown that in the FBG multi-
sensor network withn = 120 and k = 100 configurations, the intensity of individual sensor failure
has a decisive effect on system reliability. Fig. 2 shows the confidence curves obtained for the
values 1 = 0.005, 0.01, 0.02, and 0.05 months™. To improve the readability of the graph, an
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additional logarithmic view was introduced, which allowed for distinguishing low reliability
values along with the main linear scale.

In the case of 2 = 0.005 months™!, the system maintains a high level of reliability for the first
two years. In this scenario, after 24 months, it was Rgys(t) = 0.97189. And at 36 months, system
reliability drops to 0.58192, because the expected number of working sensors approaches the
k =100 limit. At A = 0.01 months™!, Confidence drops sharply to a value of 0.12608 at 24 months,
although it is still high at 12 months. This suggests that doubling individual sensor degradation
significantly weakens the long-term stability of a multi-sensor system.

The 2 = 0.02 and 0.05 months™! scenarios describe high degradation conditions. In such a
situation, the reserve of redundancy will not be enough to maintain long-term employability. For
example, at 1 = 0.02 months™, the system confidence for 24 months decreased to the level of
2.5685x107. And at A = 0.05 months™!, the system confidence even in 12 months was
4.1303x10'!. These results prove that the initial quality and operational stability of sensors are no
less important than redundancy.

k-out-of-n reliability model: n = 120, k = 100
T T T

0 = & © y y 3
0 10 20 30 40 50
Time, t (months)

Fig. 2. System reliability curves at different values of 4 for configurations n = 120 and k = 100

Table 2. System reliability values for configuration n = 120 and k = 100

Time, t (months) | A =0.005 months™! | 2 = 0.01 months! | 2 = 0.02 months™ | A = 0.05 months"!
12 0.99999 0.97189 0.12608 4.1303x10!!
24 0.97189 0.12608 2.5685%107 1.9036x103
36 0.58192 0.00049432 3.1305x10°13 5.5489x10-8
60 0.01103 4130310 1.9036x10-33 5.5191x10-1%

3.2. k/n configuration sensitivity analysis

Taking into account the peer-review requirement, the study considered not only the scenario
n =120 and k =100, but also the change in the k/n ratio. This analysis shows that system
reliability is very sensitive to the minimum number of operating sensors. Selecting the value of k
at the levels of 90, 100, and 110 in the case of the same n = 120 changes the engineering
interpretation of the system. The k =90 configuration gives high redundancy, but spatial
diagnostic coverage may not be sufficient in the actual structure. The k = 110 configuration
requires maintaining most of the measurement points, but evaluates the system much more
rigorously in terms of reliability. Table 3 presents the comparative results of three k/n
configurations for a 24-month time point. at 1 = 0.01 months!, when k =90, the system
confidence decreases to 0.86166, at k = 100 to 0.12608, and at k = 110 to 0.00011378. This
difference indicates that the value of k cannot be chosen without justifying it according to
engineering requirements.
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Table 3. Effect of K/n configuration on system reliability, t = 24 months

Configuration kin,% | A =0,005 months' | A =0,01 months | 2 =0,02 months"!
n =120,k =90 75.0 0.99999 0.86166 0.00164
n =120,k =100 83.3 0.97189 0.12608 2.5685%x1077
n=120,k=110 91.7 0.19011 0.00011 1.0305x10°13

3.3. Discussion from the point of view of practical SHM design

The resulting reliability curves can be used in several ways when designing a practical SHM
system. First, they will help you choose the maintenance interval. If the minimum acceptable
confidence threshold for the project is set at R,,;, = 0.95, for the configuration n = 120 and
k =100, this limit decreases to about 25.6 months at A = 0.005 months™', 12.8 months at
A= 0.01 months™, 6.4 months at A = 0.02 months™', and 2.6 months at A = 0.05 months™.
Therefore, the higher the sensor degradation rate, the more frequent the technical inspections and
recalibrations.

Secondly, the results will allow you to plan a sensor replacement strategy. For example, the
n =120 and k = 100 system has a failure reserve of up to 20 sensors. At A = 0.005 months™ and
t =24 months, the individual sensor reliability will be R(t) = 0.887, meaning that, on average,
106 sensors will be operational. This is above the limit of k = 100. But at t = 36 months, the
expected number of working sensors approaches about 100, so the system reaches the limit state.
Such information is useful for choosing a preventive replacement period.

Third, k/n sensitivity analysis allows you to optimize redundancy. If the value of k is taken
too low in the system, the actual diagnostic coverage may deteriorate, although the mathematical
reliability is high. If the k value is set too high, the system will be too sensitive to slight sensor
degradation. Therefore, when designing an FBG network, the reliability calculation must be
considered together with the requirements of sensor location, hazardous areas in the structure,
measurement accuracy, and fault localization [2, 3, 9, 10].

Fourth, the results obtained indicate the importance of sensor quality. Although increasing the
number of sensors increases system reliability to a certain extent, if the degradation intensity of
individual sensors is high, this redundancy cannot fully ensure long-term monitoring stability.
Therefore, in a practical system, the quality of sensor installation, protective layer, fiber guidance,
temperature compensation, and the stability of the interrogator system also need to be considered
together.

3.4. Limitations of the study

The presented model has several limitations. First, this work does not include experimental
validation carried out on a specific CFRP sample. Therefore, the resulting curves are not a direct
indicator of the probability of detecting a real defect or the accuracy of localization. Secondly, the
failure of the sensors was perceived as independent and equally widespread. In a specific structure,
common mechanical impacts, temperature cycles, moisture, cable damage, or interrogator failure
can cause dependent degradation between sensors. Third, A values are taken as scenario
parameters; they must be clarified with experimental data for a specific system or reliability
statistics provided by the manufacturer. Despite these limitations, the model can be a useful tool
in the initial reliability-oriented design phase of a multi-sensor FBG network. It allows you to
quantify the relationship between the number of sensors, the minimum operating sensor limit, the
maintenance interval, and the sensor quality requirements.

4. Conclusions

In this article, the reliability of the FBG multi-sensor network for monitoring CFRP structures
was analytically evaluated based on the k-out-of-n model. The work considered the long-term
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operability of a generalized sensor network, and not the experimental detection of a defect in a
specific CFRP sample. Thus, it was shown that the scope of the article should be clearly defined,
and the reliability results should not be interpreted as a direct indicator of the effectiveness of
detecting a defect. The results obtained for configurations n = 120 and k = 100 showed that the
intensity of failure of an individual sensor has a very strong effect on system reliability. At
A = 0.005 months™!, the system maintained a high level of reliability for the first 24 months, while
at values 1 = 0.01 months™ and higher, reliability decreased much faster. The scenarios A = 0.02
and 0.05 months™ proved that the redundancy alone may not be sufficient to provide long-term
functional stability under high degradation conditions.

Additional k/n sensitivity analysis showed that the number of sensors operating at a minimum
has a significant impact on the reliability of the system. Therefore, when designing an FBG multi-
sensor network, not only the number of sensors, but also the k limit, the spatial location of the
sensors, the maintenance interval, and the sensor replacement strategy must be justified together.
In practical SHM systems, it is necessary to determine the acceptable reliability limit in advance
and plan the timing of verification, recalibration, and preventive replacement accordingly.

In future studies, it is important to test the proposed model with experimental data on specific
CFRP samples, determine the A parameter from actual use conditions, take into account
temperature-deformation cross-sensitivity, and consider dependent failure mechanisms between
sensors. These areas allow for a more complete design of FBG-based structured health monitoring
systems in terms of reliability.
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