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A B S T R A C T

Modern sealing components are used in a wide range of industrial processes. The recent
global attention for reducing emission of environmentally harmful substances motivates gasket
manufacturers to quantify the performance of sealing gaskets. We investigate the use of fiber
Bragg grating sensors for measuring seating stress on a spiral wound gasket. The fiber-optic
sensors are integrated in the gasket, following a particular instrumentation strategy. The
instrumented gaskets are first installed in a standardized flange following a state-of-the-art
installation protocol. Then, the gaskets are unloaded with a particular unloading strategy
to simulate sealing performance loss. We compare the load in the mounting bolts during
the (un)loading procedure with the response of the FBG sensors in the gasket and find
a high correlation. We thus evidence the potential of fiber-optic sensors for measurements
during installation as well as monitoring of sealing gaskets serving the accountability of these
components.

. Introduction

.1. State-of-the-art

Today, leakage proof industrial seals are critical components in every production installation, particularly in the (petro)chemical
ndustry. For flange connections with bolts, leakage is avoided through using a suitable gasket that is installed in between the two
lange faces, at various operating conditions, with varied media, pressure and temperature. Commonly used flanges are raised face
langes following the specifications ASME B16.5 [1] and EN 1092 [2]. A flange gasket fills the microscopic spaces and irregularities
f the flange faces, forming a seal that is designed to keep liquids and gases inside. Modern flange gaskets are made of a wide range
f materials such as soft iron, stainless steel and titanium for metals and rubber, PTFE or graphite for the flexible material.

The Taylor-Forge method [3] describes the fundamentals of the design and working principles of flange gaskets. A so-called
eating stress is applied to the gasket through a particular torque level in the bolts in the flanges. Fig. 1 illustrates the lifecycle
f the seating stress in a flange connection. The sealing gaskets require a certain installation seating stress to compress the gasket
n the flange irregularities in order to result in a leakfree connection (𝜎req,inst - Fig. 1), which is determined in ASME VIII [4] or
N 13555 [5]. Firstly, installation of the gasket is followed by a decrease of seating stress due to loss of bolt load that originates
rom creep of the gasket, flange and bolt material. Mainly the gasket material becomes thinner, resulting in bolt relaxation. To
inimize this so-called stress relaxation and to evenly apply the required seating stress to the gasket’s surface, it is mandatory that

he installation procedure is done in steps (e.g. 30%, 60%, 100% of the required seating stress; 𝜎req,inst - Fig. 1). Then during service
f the flange connection, the seating stress gradually decreases as a result of degradation of mainly the gasket material, the bolts
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Fig. 1. (a) The lifecycle of the gasket starts with an installation procedure to minimize stress relaxation and to evenly apply the required seating stress (𝜎req,inst )
to the gasket’s surface. (b) After installation, the seating stress gradually drops due to material creep or other environmental influences, mainly temperature and
pressure [6]. The seating stress should not drop below the minimum value (𝜎min,serv) to ensure leakage-free operation. These theoretical values are determined
according to industry standards.

and the flange material [6]. The timeframe over which the degradation takes place is highly dependent on the chosen materials and
operational conditions. Whilst the seating stress should not drop below a minimum value (𝜎min,serv - Fig. 1(b)), a decrease of seating
stress during service of the gasket is inevitable. Therefore the seating stress is defined as a key performance parameter for flange
gaskets and its quantification can be highly valuable during both installation and operation of the flange connection. Nevertheless,
direct in-situ measurements of the seating stress have never been made.

The state-of-the-art of sealing bolted flange connections is extensive from a fundamental point of view. The sealing mechanisms
and force principles are very well established. However, there are many assumptions included. Ibrahim et al. [7] describe the
problems and their influence on seating stress. Among the many factors affecting bolted connections are friction, hardness, surface
finish, the relative dimensions of all interacting parts, and stress relaxation of the gasket. Each factor will vary because of
manufacturing or usage tolerances. As a result all flange connections exhibit parametric uncertainty. To minimize this uncertainty,
there are calculation standards to determine the required seating stress, such as ASME VIII [4] and EN 1591 [8]. These standards
still make several assumptions that highly affect the calculation such as the gasket material characteristics, the inevitable scatter
due to the bolting up procedure, and the friction factors of the bolted connections. The standards are sufficient to overcome sealing
issues for a large part of applications. However, the standard is not completely reliable when it comes to specialty and highly critical
applications, where sealing is of the utmost importance (e.g. heat exchangers, pressure vessels). Therefore, the error on the resulting
required seating stress in these cases can be large enough to compromise the required seating stress level of the flange connection.
Most of the sealing issues occur in applications in which there is a small margin between required seating stress and available seating
stress that is limited by the flange assembly. Also temperature gradients in the flange connection are often responsible for sealing
issues.

The next step is then to realize the target seating stress in practice. There are standardized methods available to do so. The
seating stress is often translated to the required torque level on the mounting bolts. After all, the torque level is usually the only
measurable quantity during gasket installation procedures [9] by means of a torque wrench. Furthermore, indirect measurements
are sometimes used to evaluate the installation procedure. Hydraulic bolt tensioning eliminates the uncertainty of the friction factor
that is involved with the procedure with a torque wrench. The bolt is stretched with the use of hydraulic pressure, from which the
bolt load is applied with much less uncertainty than using a torque wrench. Although this technique is usually applied for critical
flange connections, it is still susceptible to the remaining uncertainties that are described before. Another method is the use of strain
gauges inside the bolts. This allows for measuring the bolt load both during installation and operation. Strain gauges have also been
reported to be embedded inside certain rubber gaskets to evaluate deformation. Schotzko et al. [10] present an O-ring gasket that is
instrumented with strain gauges. Their work emphasizes the requirement of such sensors to be very small in order not to influence
the sealing properties. Another method for monitoring bolt loads consists of ultrasonic measurements [11,12]. Other methods, both
direct and indirect, for measuring the applied seating stress are unavailable in the state-of-the-art. Furthermore, direct measurements
on a gasket are an unexplored area in gasket technology.

It is our aim to quantify the residual seating stress that is contributing to sealing performance by means of sensors that measure
strain in the gasket [13]. However, gaskets are known to operate in the plastic region of deformation which results in non-linear
deformation of the material for both loading and unloading, making the assessment challenging. Optical fiber sensors are excellent
candidates for measuring deformation of a flange gasket because their small size and multiplexing abilities allow for minimally
intrusive instrumentation. Furthermore, they are chemically inert and applicable in explosion hazardous environments. Here we use
fiber Bragg grating (FBG) sensors to measure gasket deformation because of their technical and commercial maturity.
2
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Fig. 2. Example of a measured reflected power spectrum of a single fiber Bragg grating centered around 1519.5 nm.

1.2. Fiber Bragg gratings for load monitoring

Optical sensors based on fiber Bragg gratings feature a unique combination of advantages: small form factor, light weight, immune
to electromagnetic interference, no need for electrical connections, the compatibility for non-invasive remote sensing [14,15].
Furthermore we take advantage here of the capability of FBGs to be multiplexed, providing a series of sensors in a single optical fiber.
FBGs are used for several decades in many sensing applications such as civil engineering [16,17], aerospace [18–21], energy [22,23],
and maritime environments [24,25].

A Bragg grating is created by introducing a periodic modulation of the refractive index in the fiber core [26,27]. At particular
wavelengths defined by the grating parameters, the Bragg condition is satisfied. The spectrum presents a reflection peak centered
around the so-called Bragg wavelength as illustrated in Fig. 2. Light at other wavelengths is simply transmitted.

The Bragg wavelength, 𝜆B, is defined by the following formula in which neff is the effective refractive index of the fiber core
and 𝛬 is the period of the Bragg grating:

𝜆B = 2neff𝛬 (1)

Axial strain influences the effective refractive index and the grating pitch, resulting in a Bragg wavelength shift. The following
equation describes the Bragg wavelength shift in which (1 − Pe) accounts for the strain induced change of both grating pitch and
refractive index through the photo-elastic coefficient.

𝛥𝜆B
𝜆B

=
(

1 − Pe
)

𝜀 (2)

A typical value for axial strain induced Bragg wavelength shift [26,28] is approximately 1.2 pm∕μ𝜀 at 1550 nm. Therefore,
Measuring the Bragg wavelength shift enables strain measurements. Fiber Bragg gratings also exhibit a temperature induced Bragg
wavelength shift. We note that the results in this study are obtained under isothermal conditions. For practical field measurements,
a temperature compensation strategy is necessary for example with additional temperature sensors. Moreover, tuning the Bragg
wavelength for each sensor allows for wavelength domain multiplexing.

2. Material and methods

A spiral wound gasket (SWG) is a semi-metallic flange gasket, which is commonly used in (petro)chemical industry. Spiral wound
gaskets typically consist of a layered V-shaped metal–graphite structure in between an inner and outer holding ring as shown in
Fig. 3. We have co-wound the optical fiber sensors between the V-shaped metal and graphite filler material in the last winding,
as conceptually visualized in Fig. 4. Fig. 5 shows the image of the top view of an instrumented SWG. The outer holding ring was
modified to allow lead-out of the optical fiber. A small part of the spiral support was milled to reduce the pressure on the fiber
egress upon loading. Additionally, a funnel shaped groove was milled to safely guide the fiber out of the spiral structure. Finally,
the fiber was fixed in the groove with adhesive. At the location of the egress and welding points, the optical fiber was protected
with a small length (∼100 mm) of PTFE tubing (diameter: 0.3 × 0.6 mm). The PTFE tubing consolidates the optical fiber during
the spot-welding procedure and while handling the gasket. The optical fiber between the egress and the optical interrogator was
not protected because the experiments were conducted in controlled environment. The instrumented gaskets have the dimensions
of a 4 inch (100 mm) 300 lbs spiral wound gasket, according to ASME B16.20 [29].

We performed three types of experiments. Firstly, the Bragg wavelength shifts of 9 gasket samples are measured during the spiral
winding procedure, providing insight into the deformation of the spiral due to fabrication and thus also the initial strain on the FBG
sensors. Secondly, 5 instrumented spiral wound gaskets are installed in a compatible 4 inch 300 lbs raised face flange, according to
ASME B16.5. The flange consists of 8 bolt connections as illustrated in Fig. 6(b). The bolts are tightened in a particular sequence
(bolt number 1, 5, 3, 7, 2, 6, 4, 8) in several loading steps with the use of a torque wrench: 60 Nm, 120 Nm, 180 Nm, 240 Nm.
Consequently, the sensor’s response of 3 samples was measured during stepwise unloading of the bolts in the same sequence as the
installation procedure from 100% of the maximum torque level to 75%, 50%, 25% and finally to 0%. The corresponding torque
3
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Fig. 3. Cross-section view of a spiral wound gasket, consisting of spirally wound V-shaped metal and graphite inside an inner (right) and outer holding ring
(left).

Fig. 4. 3D render of a fiber-optic instrumented spiral wound gasket. The outer holding ring (1) holds the spiral structure together. This spiral is made of
co-wound expanded graphite (2) and metal (3). The optical fiber with PTFE tubing (4) is positioned between the graphite (2) and metal (3) winding.

Fig. 5. Top view image: the sensor is co-wound with the last winding. The optical fiber is protected with PTFE tubing at the egress through the outer holding
ring.

values are 240 Nm, 180 Nm, 120 Nm, 60 Nm and 0 Nm. Thirdly, one sample is loaded and unloaded in a flange with bolts that are
equipped with strain gauges to measure bolt load. The same protocols are used as in the previous experiment. The fiber Bragg grating
sensors are 8 mm long Ormocer coated draw tower gratings in wavelength-multiplexed arrays of 8 or 4 sensors with a wavelength
spacing of respectively 7 nm and 15 nmstarting from 1515 nm. The gratings are equally spaced around the circumference of the spiral
wound gasket with respectively 59 mm and 118 mm. Figs. 6(a) and 6(b) illustrate the position of the fiber Bragg grating sensors in
the gasket and the corresponding position of the bolts in the flange, respectively. They are positioned in the middle of consecutive
bolts because these locations are supposed to experience the lowest seating stress and thus are the most likely locations for leakage,
owing to the mechanical behavior of the bolted flange connection [30]. The sensor’s reflection spectra are measured using a Micron
Optics SM125-500 interrogator. The acquisition frequency is 2 Hz with a resolution of 5 pm in a 1510–1590 nm wavelength range.
The Bragg peak wavelengths are extracted using the center of gravity method. The structure of the spiral wound gasket is exploited
to transfer seating stress into axial strain onto the fiber. The spiral wound gasket is designed such that the out-of-plane load on
the gasket will result in both out-of-plane and in-plane deformation through the expanded graphite in the V-shaped metal spiral
windings. The in-plane deformation in the outer windings corresponds to an expansion of the spiral (limited by the outer holding
ring) and thus to an axial elongation (or positive strain) in the optical fiber. This is the main mechanism behind the Bragg peak
wavelength shifts. Note that it would be very challenging to predict the mechanical deformation of the structure and therefore the
strain experienced by the FBGs based on numerical or analytical methods, due to the complex nature of the geometry and to the
variety of material properties involved. For the sake of illustration, an approach has been proposed by Attoui et al. [31,32] for a
similar spiral wound gasket considering both analytical techniques and a simulation.
4
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Fig. 6. (a) Sensor lay-out in the spiral wound gaskets. The FBG sensors are equally spaced around the circumference of the last winding of the gasket spiral.
(b) The corresponding flange is equipped with 8 studbolts. The sensors are positioned in between consecutive bolts.

Fig. 7. A typical example of a reflection spectrum before (fiber is freely on a table) and after the winding procedure shows Bragg wavelength shifts.

3. Results and discussion

3.1. Instrumentation experiments

We first monitored the FBG wavelength shifts during integration of the sensors in the gasket. Fig. 7 shows the comparison of
the typical reflection spectra before and after the instrumentation procedure. We evidence that the Bragg peaks, which are used for
determining the Bragg wavelength shift at the sensor locations, remain narrow and easily detectable.

The instrumentation process induces strain in the sensors. Fig. 8 shows a typical Bragg wavelength shift during winding of the
FBG sensors in the last winding. The spiral is first partially wound (t = 0 − 140 s). Consequently, the FBG sensor chain is co-wound
with the last graphite–metal winding (Fig. 8a) and a welding wheel is applied to establish the welding points (Fig. 8b). The spiral
is then released (Fig. 8c) from the machine and the production process is finished. The instrumentation-induced wavelength shifts
in the sensors are between 0.79–5.78 nm. This corresponds to axial strain of 700–5000 μ𝜀. The sensors that are located deeper (FBG
6-8) inside the spiral experience higher strain than sensors that are located near the egress (FBG 1-5). Each spirally wound layer is
restrained by the subsequent layer. But this does not hold for the final layer with which the optical fiber is cowound. Most likely
the final production steps, where the final spiral layer is additionally loaded with the welding tool (t = 200 − 220 s), could relief
part of the strain on the optical fiber in sensors 1, 2 and 8 because those sensors are near the welding tool. Retracting the welding
tool (t = 280 − 300 s) then reliefs part of the strain on sensors 1–5. This trend was confirmed in all monitored samples (Fig. 9).

3.2. Installation measurements

The instrumented SWGs are loaded in a bolted flange following the protocol described in Section 2. Although the installation
protocol is designed to evenly apply the loads, the state-of-the-art includes a deviation of around 20% for applying the torque
level with the use of a torque wrench [8]. Therefore, a certain deviation is expected during and after installation. Fig. 10 shows
the reflection spectra before and after loading. It is clear from the figure that the reflection peaks are sufficiently strong. There
was no spectral overlap, and the spectral peaks remain easily detectable with standard FBG interrogators. The optical loss of the
reflected power fluctuated somewhat with increasing seating stress. The average standard deviation of the reflected power for the
different FBGs was −1 dB. Fig. 11 shows the mean Bragg wavelength shift for each FBG location at each loading step. Considering
the sensor signals of all FBG sensors and over all samples when maximally loaded, the standard deviation is 18.3% of the average
value. For corresponding sensor locations, the standard deviation is between 3.2–17.8%. The sum of the measured strain both during
fabrication and loading can be as high as 1.7%. Although this is within the failure strain limits of draw-tower FBGs used here, it
5
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Fig. 8. A typical example of the FBG sensor response, during the instrumentation process. The spiral is first partially wound (t = 0 − 140 s).

Fig. 9. Mean residual Bragg wavelength shift per FBG location after instrumentation. There is a trend towards higher strain for sensor locations deeper inside
the spiral.

Fig. 10. A typical example of a reflection spectrum before and after loading.

is beyond that of many other commercially available FBGs. Fig. 12 illustrates the mean Bragg wavelength shift in function of the
applied torque level, showing a clear proportionality.

However, the resulting bolt load is not necessarily uniform, as addressed in the state-of-the-art. The characterization in function
of seating stress is more relevant than torque level. Therefore, experiments with bolts that are instrumented with strain gauges allow
estimating the actual seating stress. Assuming an infinite stiffness of the flange and gasket material, we calculate the average seating
stress and the force center of gravity. As a result, the seating stress that is present at each FBG location is derived (see Fig. 13).
Despite identical torque applied to each bolt, we observed a 30% deviation of the average bolt load during the installation.

After eliminating the outlier (FBG 7), we can generalize the characterization by using polynomial curve fitting. Fig. 14 shows
the normalized residuals associated with curve fitting of different orders in a histogram. Linear and quadratic fitting (respectively
Figs. 14(a) and 14(b)) do not result in a normal distribution. Cubic curve fitting (Fig. 14(c)) on the other hand results in normal
distributed residuals and therefore, this curve can be used for characterization purposes. Furthermore, cubic curve fitting is consistent
with the trend of the characterization curve (depicted in Fig. 12) using torque level in the bolts. Note that the trend of this curve
is similar to that reported in [31,32]. Whilst this does not represent an exact validation based on an analytical or numerical model,
it indicates that our measurement results exhibit an anticipatable behavior.

Using the cubic characterization and measured FBG wavelength shifts, one can visualize the seating stress at each FBG location.
Fig. 15 shows the bolt load, its center of gravity and measured seating stress based on the FBGs at each loading step in a polar plot.
6
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Fig. 11. Mean Bragg wavelength shift per FBG location during installation.

Fig. 12. Mean Bragg wavelength shift in function of applied torque level to the bolts during installation of the instrumented SWG.

Fig. 13. The Bragg wavelength shifts are visualized in function of the derived seating stress by taking the position of the FBGs into account. Cubic curve fitting
is used to characterize the FBG sensors.

Fig. 14. Histograms of normalized residuals resulting from polynomial curve fitting.
7
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Fig. 15. Bolt load, bolt load center of gravity and measured seating stress based on FBGs, visualized on polar axes for each loading step.

The FBGs show a clear response to seating stress. Therefore, the sensor’s response can be considered to be a measure for seating
stress during the installation phase of the gasket.

3.3. Unloading measurements

Fig. 16 shows the mean measured Bragg wavelength shift for each FBG location and for each unloading step as described in
Section 2. Considering the sensor signals of all FBG sensors over all instrumented samples when completely unloaded, the standard
deviation is 35.1% of the average value. For corresponding sensor locations, the standard deviation is between 4.1–50.6%. The strain
magnitudes during unloading are much lower than during loading. We observed approximately 1.5% residual strain in the sensors
after unloading (1.7% at maximum load), which is the result of the permanently deformed gasket material [32]. Furthermore, the
deviation of the sensor response is large for seating stress loss down to 75% of the initial level, making the detection of seating stress
loss challenging in this range. As in case of the installation procedure, some uncertainty originates from the use of a torque wrench.
Additionally, each bolt is first loosened completely after applying a lower torque level. This event introduces an unloading–loading
sequence which does not exactly mimic the events that are taking place during load loss originating from gasket material relaxation.
Fig. 17 shows a clear relationship between seating stress loss and mean Bragg wavelength shift.

Fig. 18 is generated with the same strategy to calculate the seating stress as in case of the loading measurements. The magnitude
of the FBG wavelength shifts during the experiment with strain gauges in the bolts is consistent with the torque-based experiment.
Polynomial curve fitting is used to characterize the FBGs during unloading. Fig. 19 shows the normalized residuals associated
with curve fitting of different orders in a histogram. Taking into account the mechanical mechanism of the gasket material during
unloading, we can expect a lower order response curve than in case of loading. Quadratic curve fitting (Fig. 19(b)) results in normal
distributed residuals. Furthermore, quadratic curve fitting gives consistent results when comparing with the bolt load measurements
(Fig. 20). Therefore, the sensor’s response can be used for monitoring seating stress and potentially predicting leakages during the
8
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Fig. 16. Mean Bragg peak shift in function of load loss for each FBG location.

Fig. 17. Mean Bragg wavelength shift in function of load loss that is introduced for all bolts starting from 240 Nm down to 0 Nm.

Fig. 18. The Bragg wavelength shifts are visualized in function of the derived seating stress by taking the position of the FBGs into account. Quadratic curve
fitting is used to characterize the FBG sensors.

Fig. 19. Histograms of normalized residuals resulting from polynomial curve fitting.
9
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Fig. 20. Bolt load, bolt load center of gravity and measured seating stress based on FBGs, visualized on polar axes for each unloading step.

4. Conclusion

This work is the very first demonstration of strain sensing using optical fibers inside gaskets. We have demonstrated the sensor
response inside semi-metallic flange gaskets during instrumentation as well as gasket loading and unloading. The response to seating
stress during loading was best described by a cubic relationship, whilst there is a quadratic relationship observed during unloading.
Multiplexing capability of optical fiber sensors for gasket sensing is a great advantage because it enables sensing at multiple locations
with only one fiber. Therefore, scalability in terms of gasket dimensions is straightforward and only requires optimization of the
FBG positions in the fiber and strategic wavelength multiplexing. The observed response in the sensor arrays are highly consistent.
More or less the same relationship can be observed when plotting the FBG sensor signals in function of applied torque and seating
stress, both during loading and unloading. We thus evidence the possibility to measure seating stress at multiple locations inside
the gasket with this technology, which is highly valuable for critical applications. We have established transfer functions to convert
the FBG response into the seating stress, showing consistency with bolt load measurements. To conclude, optical fiber sensors show
great potential for quantifying seating stress in gaskets, during installation as well as in monitoring operation.
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