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ABSTRACT

In critical sectors such as oil and gas, more than 90% of bolted joint failures result from improper preload during
installation. Loss of bolt tension can cause flange leakage, leading to environmental damage or fire hazards. This
study aims to improve the performance of a modified M18 stud bolt integrated with Fiber Bragg Grating (FBG)
sensors to reduce structural damage while enabling accurate real-time stress—strain monitoring. Finite Element
Analysis (FEA) was conducted using ANSYS. Five bolt designs were evaluated under an applied torque of 70 Nm. The
models varied in groove position to accommodate FBG sensor placement. Stress and strain responses were analyzed
using a mesh size of 0.15 mm. The top groove extending to the flange end produced 2877.90 ue strain but generated a
maximum von mises stress of 582 MPa, approaching nearly the 640 MPa yield strength of Grade 8.8 steel. The centre
groove extending to the flange end exceeded both 3000 ue strain and the yield limit, indicating structural instability.
In contrast, the top groove extending to the bolt end achieved 1639.5 ue strain while maintaining a lower maximum
stress of 323.04 MPa, well within the elastic range. Based on mechanical response and manufacturability
considerations, the top groove till end configuration provides the most consistent balance between strain response
and structural safety. The numerical results demonstrate that controlled groove placement enables strain sensing
while preserving elastic behavior in bolted flange systems. The simulation confirms that this approach improves the
safety of bolted flange systems and enables reliable real-time monitoring.

Keywords: FBG sensors, stud bolts health monitoring; strain transfer efficiency; sustainable flange joint integrity,
bolt pre-load monitoring

INTRODUCTION can cause environmental damage or fire hazards
(Cloostermans et al. 2025).

Strain gauges and ultrasonic sensors are commonly
used to detect bolt preload but have practical limitations
(Mayer et al. 2023). They require human intervention, are
sensitive to temperature variation, and do not support
continuous monitoring (Guo et al. 2022). In contrast, Fiber
Bragg Grating (FBG) sensors provide a robust alternative.
These optical sensors measure strain accurately and remain
functional under severe thermal and environmental
conditions (Yang et al. 2023). Their immunity to
electromagnetic interference makes them well suited for

Bolted flange joints are essential in pipelines, chemical
processing plants, power generation systems, and high-
pressure vessels. Minor variations in bolt assembly can
significantly affect operational safety and efficiency (Lu
et al. 2024). These joints operate under cyclic pressure,
thermal variation, and vibration (Mourya et al. 2015).
Preload loss is the primary cause of joint failure. Most
bolted joint failures result from incorrect tightening torque
or joint separation during service (Michael 2021).
Maintaining bolt integrity is therefore critical, as leakage
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flange environments with high industrial noise (Zhao et al.
2024).

Effective strain transmission depends on embedding
FBG sensors within the bolt. Surface-mounted sensors
often fail due to uneven stress distribution or adhesive
degradation over time (Iwashita et al. 2024). Machining a
groove in the bolt body to embed the sensor provides a
direct and stable coupling to axial tension. This approach
ensures accurate data acquisition and long-term stability
(Rajabzadeh et al. 2018).

Groove design and placement strongly influence both
the bolt stress field and the quality of strain transfer to the
sensor. Central grooves disrupt load transmission and create
stress concentrations that reduce bolt structural integrity
(G. Guo et al. 2022). Prior studies show that off-axis
channels near the bolt head preserve axial load paths and
allow sensor integration without compromising structural
performance (Iwashita et al. 2023).

Multiple real-world applications support this approach.
In high-energy physics experiments, FBG sensors have
been embedded in fragile mechanical components using
shallow channels (Abdullah et al. 2025; Esposito, 2014).
Experimental studies confirm that bolts with groove-
embedded FBG sensors remain structurally robust while
accurately measuring stress (Fan et al. 2023). Zhao et al.
(2018) used finite element modeling to show that optimized
groove geometry enables reliable stress monitoring without
compromising mechanical strength.

FBG sensors are widely used for structural monitoring
because they tolerate harsh environments and
electromagnetic interference (EMI). They detect strain
through shifts in the reflected light wavelength (Bhatti et
al. 2024). In order to monitor structural components in real
time, FBGs are implemented in the energy, aerospace, civil,
and other multiple industries as well. (Hamza Siddique
Bhatti et al. 2025).

Stress and preload loss are the primary causes of bolted
joint failure. Conventional methods, such as strain gauges
and torque-based monitoring, are intrusive and do not
support continuous measurement (Samantaray et al. 2018).
Embedding FBG sensors in bolts provides a compact,
high-fidelity solution for continuous stress and strain
monitoring in such applications (Chen et al. 2018).

The integration method of an FBG sensor strongly
affects its performance. Surface-mounted FBG suffer from
adhesion failure, thermal expansion mismatch, and
delamination sensitivity (Guo et al. 2016). Studies show
that embedding FBGs in short machined grooves improves
adhesion and yields more accurate and reliable strain
measurements (Iwashita et al. 2024).

(Zhao et al. 2018) demonstrated that selecting the
groove strategically enhances stress distribution while
maintaining structural integrity. Benussi et al. integrate

FBGs into carbon fiber structures using machined space.
They developed a design that maintained its stability over
time and accurately measured strain as loads altered
direction. This demonstrates that the groove method is
effective for metal parts and bolts. (Benussi et al. 2015).
Bhatti et al. discussed the long-term sustainability of FBGs
in challenging environments, including areas with high
levels of electromagnetic waves. (H. S. Bhatti et al. 2025).

Prabhugoud and Peters et al. use finite element models
to examine bolts that were equipped with sensors. Their
research showed that the structure remains durable and
generates substantial strain differences that are advantageous
for FBG interrogation due to the shallow, uneven grooves.
This method is effective in accordance with the current
practices in the design of SHM in aircraft and civil
structures. (Prabhugoud & Peters 2006).
Preciado et al. employed interferometers that were
constructed with Bragg gratings to detect structural failures.
Even when the stress was not evenly distributed, this
method was effective. Embedded Bragg structures are
suitable for use in fast-response tension systems due to
their design concept. (Preciado et al. 2016).

To address this gap, this study numerically investigates
multiple groove configurations machined into an M 18 stud
bolt using finite element analysis. The objective is to
identify a groove location that enables effective strain
transfer to an embedded FBG sensor while keeping induced
stresses within allowable material limits under applied
preload. The results support the rational design of FBG-
embedded stud bolts for reliable preload monitoring in
flange joint applications.

AXIAL PRELOAD-STRAIN RELATIONSHIP IN
STUD BOLTS

Under elastic tightening, the applied torque T generates an
axial preload F, which can be estimated using the torque—
preload relationship. Here, D is the nominal bolt diameter
(in mm), and K is the nut factor that accounts for the
combined frictional resistance at the threads and under the
bolt head. In this study, K is taken as 0.2 (Wu et al. 2020).

T

F KD

For the applied torque of 70 Nm, using eq 1 the
resulting axial preload is 19,444.44N~ 19.44 kN This axial
force was applied as the boundary load in the finite element
simulations. The induced preload produces a uniform axial
stress in the bolt shank given by:
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where £ is Young’s modulus of the bolt material.

For a homogeneous bolt without geometric
discontinuities, the axial strain is uniform along the shank,
enabling direct inference of preload from strain. However,
introducing a groove modifies the local stiffness and
effective area, producing non-uniform strain distributions.
From a measurement perspective, this geometric
perturbation must be carefully controlled to enhance strain
sensitivity without violating elastic assumptions.

METHODOLOGY

A finite element—based numerical methodology was
employed to evaluate the mechanical response of an FBG-
integrated M 18 stud bolt with different groove configurations
under tightening preload. Five groove designs with varying
axial locations along the bolt shank were modeled. The
applied tightening torque was converted into axial preload
and imposed on the bolt and flange assembly. Stress and
strain responses were extracted from the groove regions
to assess strain transfer suitability for FBG sensing while
ensuring structural safety of the bolt.

A standard M 18 stud bolt was selected because of its
widespread use in industrial flange joints. The bolt was
numerically modeled using carbon steel Grade 8.8, with
an elastic modulus of 210 GPa and a yield strength of 640
MPa. The nominal diameter was 18 mm, and the total
length was 125 mm (Kodur et al. 2017). Five bolt
configurations were analyzed. The baseline model had no
groove. The remaining four models included grooves
located either along the top or the central axis. Two groove
configurations extended along the full bolt length, while
the other two terminated at the flange end.
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The groove width could not be expanded beyond its
current dimensions due to sensor and machining limitations.
The groove’s dimensions were 4 mm in width, while
the depth was 3.5 mm. They were directed by the
sensor implantation guidelines established by prior
experimental and simulation studies . (Zhao et al. 2018)
demonstrated that the sensor is not subjected to excessive
strain and that strong bonding is facilitated by the
presence of inverted grooves of the same dimension.

TABLE 1. Summary of groove configurations evaluated in the

study.

Configuration  Groove .

D Location Groove Configuration
GO No groove Without any groove

Gl Centre groove Centre Groove till end
G2 Top groove Top Groove till end

G3 Centre groove Centre Groove till flange

end
G4 Top groove Zr?g Groove till flange

The bolts were modeled in 3D modeling software and
then imported into ANSY'S Workbench. The structure was
generated using tetrahedral elements (SOLID187) and a
uniform element size of 0.15 mm. Each model generated
approximately 35000 to 41000 nodes and more than 72,000
elements. A uniform element size was used throughout the
model. The groove tips and groove boundaries were
inspected to confirm that the mesh adequately resolved the
stress/strain gradients in that region. The goal of this
simulation was to address stress accumulation at groove
corners and ensure that the designs maintained a consistent
level of precision.

Boundary conditions replicate a stud bolt on flange
joint loading. The boundary conditions of the bonded bolt
were as follows: the x and z displacements were restrained;
a fully fixed bottom surface; and the groove and top
surfaces were free. A tightening torque of 70 Nm was
converted to an axial preload (19.44 kN) and applied as
the axial load in the FEA. Axial preload was applied to the
opposite end (Zhao et al. 2018). The torque measurements
had been converted into axial force by using equation 1.

Figure 1 illustrates the boundary conditions used in
the FEA simulation. The bolt—flange assembly is
constrained to eliminate rigid body motion, and the applied
tightening torque is converted into an equivalent axial
preload along the bolt axis. This setup represents typical
flange tightening conditions and allows consistent
comparison across groove configurations.
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FIGURE 1. Boundary conditions in the FEA simulation

The simulations provided mainly two primary outputs,
which are Equivalent von-mises Stress (MPa), Equivalent
Elastic Strain (pe), which basically provide the von mises
stress distribution and the equivalent elastic strain across
the bolt. The stress field enabled the assessment of
structural stability (Wang et al. 2021). The quality of the
sensor signal anticipated at various groove locations was
indicated by the strain data. The simulation also assessed
the uniformity of stress at the groove boundaries. This
parameter was crucial, as the probability of fatigue failure
is elevated by unexpected gradients. This method is
consistent with the technique outlined by (Zhao et al. 2018),
who optimized groove bonding for FBG sensor placement
by simulating similar bolts under static axial load.

1

Bolt with Centre

The models were compared to determine which groove
design achieved the highest strain transmission without
exceeding the bolt material’s yield strength limit. Utilizing
the modeling methodology and analysis techniques, the
structural feasibility of sensor-embedded bolt designs was
evaluated with great precision and consistency.

Figure 2 shows the three-dimensional finite element
model of the M 18 stud bolts, and Table 1 summarizes the
positioning of the five groove configurations evaluated in
this study. The model includes the threaded region, shank,
and groove locations along the bolt axis. These
configurations form the basis for assessing the effect of
groove position on stress and strain distributions under
tightening preload.

=7

Bolt with Centre Groove till Flange

Groove
(Full bolt length)
Bolt Bolt with Bolt with
without Groove Groove
Groove on Top (Full on Top (Till
boltlength)  Flange end)

FIGURE 2. Configurations of all groove designs placement on bolts

The present study is based exclusively on numerical
simulations. No physical fabrication or experimental
testing of the stud bolts was performed. The numerical
results are evaluated by comparison with established trends
and benchmark values reported in the literature for carbon
steel Grade 8.8 bolts under preload conditions

SIMULATION AND ANALYSIS

The simulations were conducted on five different
configurations of M 18 stud bolts to determine the impact
of various grooves on the structural health of the M 18 stud
bolt. These models were subjected to axial loading that
simulated a variety of real-world flange joint configurations.



The goal was to comprehend the impact of groove location
and length on internal stress distribution and strain transfer,
which are essential for the performance of sensors and the
integrity of bolts. The simulations offered a precise
understanding of the manner in which each groove variant
interacts with preload forces throughout the length of the
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bolt, as opposed to relying on assumptions. This method
facilitated a systematic comparison that was based on actual
mechanical behavior rather than theoretical approximation.
The following figures below present the finite element
contour results for each bolt configuration under a
tightening torque of 70 Nm

A: Static Structural
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Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
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FIGURE 3. (a) Equivalent elastic strain (pe) and (b) von mises stress (MPa) distributions in the GO configuration.
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FIGURE 4. (a) Equivalent elastic strain (pe) and (b) von mises stress (MPa) distributions in the G1 configuration.
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FIGURE 5. (a) Equivalent elastic strain (pe) and (b) von mises stress (MPa) distributions in the G2 configuration
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FIGURE 6. (a) Equivalent elastic strain (pg) and (b) von mises stress (MPa) distributions in the G3 configuration
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FIGURE 7. (a) Equivalent elastic strain (pg) and (b) von mises stress (MPa) distributions in the G4 configuration



Figures 3—7 present the finite element contour
distributions of equivalent elastic strain and von mises
stress for five bolt configurations under 70 Nm torque.
Each figure presents the three-dimensional stress and strain
contours, with the corresponding maximum and minimum
values clearly marked. The contours display axial strain in
the groove region and stress distribution along the bolt
shank under identical preload conditions. All configurations
use the same material properties, boundary conditions, and
loading parameters to enable consistent comparative
evaluation of the results.

The simulated stress and strain distributions for
grooved stud bolts are consistent with established findings
in bolted joint mechanics and sensor integration studies.
Finite element modelling of preloaded bolted connections
has been shown to accurately predict stress—strain behavior
when 3D solid models are used (Kim et al. 2007), and stress
concentrations arising from geometric discontinuities such
as grooves align with documented optimization trends in
bolted joints (Croccolo et al. 2023). The observed increase
in localized strain with extended groove length is supported
by published analyses of strain transfer mechanisms in
embedded FBG sensors, which demonstrate that sensor
location and structural modification significantly influence
strain capture (Kerrouche et al. 2009). Experimental work
on M18 studs instrumented with FBG sensors further
confirms the direct relationship between preload and
measured strain response(Abdullah et al. 2025) (Adhreena
& Hafizi, 2023). Additionally, finite element studies of
pre-tightening processes show that torque—preload
relationships produce stress distributions consistent with
those predicted in this work (Yu & Zhou, 2015). These
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literature-supported trends validate the interpretation of
simulation results in the present study.

DISCUSSION

From an instrumentation and measurement standpoint, the
objective of an FBG-embedded bolt is stable and repeatable
strain transfer within the elastic regime of the host structure.
Exceeding yield introduces nonlinear deformation, residual
strain, and hysteresis, which degrade the wavelength-based
strain interpretation fundamental to FBG sensing.

The findings derived from numerical simulations were
validated by the examination of stress and strain contours.
The positioning of the top groove led to smoother
deformation, which in turn reduced the sharpness of stress
differences. These smoother profiles are well-established
research that underscores the advantages of off-axis groove
placements in terms of preserving axial rigidity while
simultaneously facilitating strain capture (Zhang et al.
2024). The simulation analysis demonstrated the impact
ofthe groove design on the structural health of the bolt and
the accuracy of the sensor.

The smoother stress and strain distributions are
important for long-term sensing stability. Reduced stress
gradients reduce the risk of sensor detachment and improve
the consistency of strain measurements under load
variation. This improves the correlation between FBG
strain readings and bolt preload, supporting dependable
long-term monitoring of flange joints. These outcomes
indicate that groove optimization should be treated as a
core measurement-system design step rather than a purely
mechanical modification. Maximizing strain output alone
is insufficient; safe and linear elastic operation is essential
for accurate and repeatable preload measurement.

TABLE 2. Comparison Study of the results of parameters under 70Nm Torque

Bolt Configuration Bolt Design

Equivalent von-mises Equivalent Elastic

Stress (MPa) Strain (pe)
(Max) (Max)
GO Bolt Without Groove 363.59 1738.2
Gl Bolt with Centre Groove till End 344.69 1780.5
G2 Bolt with Top Groove till End 323.04 1639.5
G3 Bolt with Centre Groove till Flange End 669.77 3258.6
G4 Bolt with Top Groove till Flange End 582.23 2877.9
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According to Table 2, stable mechanical behavior was
demonstrated by the standard bolt (G0) model without any
groove. It had a strain output of 1738.2 pe and the lowest
von mises stress of 363.59 MPa. The ungrooved design
served as the structural benchmark. However, it cannot
accommodate an embedded sensor, limiting its applicability
for real-time monitoring.

The introduction of top groove extending along the
full bolt length (G2) produced a strain of 1639.5 pe. The
corresponding von mises stress reached 323.04 MPa, which
remains well below the 640 MPa yield strength of carbon
steel Grade 8.8. Although this configuration does not
violate the elastic limit, the increase in localized stress
relative to the ungrooved bolt indicates reduced stress
margin under preload. The design enhances strain response
while maintaining elastic behavior; however, stress
concentration near the groove boundaries warrants
consideration under cyclic or variable loading conditions.

The top groove extending to the flange end (G4)
produced a peak strain of 2877 pe, indicating high-strain
sensitivity. The corresponding maximum von mises stress
reached 582.23 MPa, remaining below but approaching
the yield strength of carbon steel Grade 8.8.

Top-grooved configurations (G2 & G4) preserve the
primary axial load bearing core by shifting the groove away
from the maximum axial stress region. The full-length top
groove produced relatively low peak stress with measurable
strain, suggesting improved mechanical robustness.

The structural response was changed when
a centre groove till end (G1) was introduced. The strain
reached 1780.5 pe, and the stress values increased to 344.69
MPa. The central groove disrupted the load path along the
bolt’s neutral axis, even though these values were within
acceptable limits. The G1 configuration increases axial
strain relative to the ungrooved bolt while keeping von
mises stress below the 640 MPa yield strength of Grade
8.8 steel. The groove reduces effective load-bearing area
along the primary load path, increasing local stress
concentration and modifying axial stiffness.

The centre groove till flange end (G3) configuration
produced the highest strain, 3258.60 pe, indicating
increased local compliance. It also generated the highest
von mises stress, 669.77 MPa, exceeding the 640 MPa
yield strength of carbon steel Grade 8.8.

Grooves till flange end designs (G3 & G4) increase
the measured strain (higher sensitivity), they also introduce

pronounced stress concentrations near the groove
termination and flange interface. In particular, the centre-
groove till flange end configuration exceeds the yield limit.
This stress increase results from reduced effective cross-
sectional area and the abrupt geometric transition at the
groove termination, which intensifies stress concentration
under preload. Exceeding the yield limit induces localized
plastic deformation and permanent strain, eliminating
elastic behavior. The resulting plastic zones reduce load-
carrying capacity and safety margin, thereby making the
design structurally unstable for practical application
because it violates the linear strain-wavelength assumption
and reduces long-term structural reliability despite its high
strain response.

The centre groove till end and top groove till end (G1
& G2) configurations produce comparable strain; however,
the top groove (G2) generates lower peak von mises stress
under identical preload. From a manufacturing standpoint,
a surface top groove is simpler and more controllable than
drilling an internal axial bore, which requires additional
operations and tighter tolerances. Lower machining
complexity reduces the risk of geometric defects that can
intensify stress concentration. Considering both mechanical
response and manufacturability, the top groove configuration
may therefore be preferred for practical implementation.

Controlled groove placement enables reliable strain
measurement while maintaining the mechanical integrity
of the bolt under preload. Among the configurations
evaluated, top grooves demonstrate the most favorable
balance between strain response and structural performance,
supporting their suitability for real-time stress monitoring
in flange joint application.The predicted stress levels and
strain distributions agree with previously reported
numerical and experimental results for carbon steel Grade
8.8 bolts under tightening preload, including those of Kodur
et al. (2017), supporting the validity of the simulations.

Figure 8 quantitatively compares the maximum von
mises stress and equivalent elastic strain for all five bolt
configurations under a tightening torque of 70 Nm. The
graph provides a direct numerical assessment of the
mechanical response associated with each groove
geometry, enabling evaluation of stress magnitude relative
to material yield strength and corresponding strain levels
relevant to sensing performance.
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As figure 8 shows the maximum von mises stress and
equivalent elastic strain for all configurations under 70 Nm
torque, highlighting the mechanical response associated
with each groove geometry. Among the evaluated designs,
the top groove till end (G2) configuration exhibits a high
strain response while maintaining stress levels within the
elastic range relative to the 640 MPa yield strength of Grade
8.8 steel. This indicates a controlled stress state with an
acceptable safety margin under preload. The quantitative
values summarized in Table | further confirm that this
configuration provides a consistent balance between strain
response and structural integrity, supporting its suitability
for subsequent experimental validation and application in
flange joint monitoring systems.

LIMITATION

This study is limited to static preload conditions and does
not explicitly model cyclic fatigue, thermal gradients,
corrosion, or manufacturing tolerances. The adhesive layer
and sensor—substrate interface were not explicitly
represented as separate materials, which may affect
absolute strain transfer in practice. Nevertheless, the static
stress/strain state provides a necessary baseline for
identifying mechanically safe groove placement prior to
experimental validation and durability testing.
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CONCLUSION

This study evaluated five groove configurations in M18
stud bolts using finite element analysis under 70 Nm torque
to assess strain response and structural integrity for FBG
integration. The ungrooved bolt (G0) maintained uniform
stress but could not accommodate a sensor. The centre
groove till end (G1) configuration increased strain while
remaining very close to the 640 MPa yield strength;
however, alignment with the primary load path reduced
axial stiffness and increased stress concentration, lowering
structural margin under preload variation. It also requires
internal boring and tighter geometric control, increasing
manufacturing complexity.

Grooves extending to the flange end (G3 & G4)
produced strain above 3000 e but exceeded the yield limit,
causing plastic deformation and eliminating elastic
behavior, which precludes practical use. The top groove
till end configuration (G2) generated 1639.5 e strain with
a maximum von mises stress of 323 MPa, well within the
elastic range. It preserved axial load transfer, maintained
structural margin, and allowed simpler surface machining.
Based on mechanical response and manufacturability, the
top groove till end configuration provides the most
mechanically stable option for experimental validation and
real-time monitoring.
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