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Abstract. Bolted joints are one of the oldest and widely-used means of connecting parts of
technical installations. For mission-critical and expensive assets, periodic inspection of bolted
joints is the conventional way of ensuring the assets’ structural integrity, and hence their safe
operation. Currently, the inspections require hours of physically demanding and monotonic
work, as in practice it often means re-tightening the bolts. Thus, the asset maintenance units
will benefit from a simpler and less demanding technique, which would allow checking the
correct bolt tightening and notifying if a bolt is loose.

For the last three years, a joint research team led by the Technical University of Denmark in
collaboration with Briel & Kjeer and Karlsruhe Institute of Technology was conducting a pro-
ject, where vibrations, artificially induced in a bolted joint, were utilized for estimation of the
static axial force acting in the bolt. The presented paper provides an overview of the project,
lists the numerous challenges the project had to deal with and describes what was learned and
achieved.
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1 INTRODUCTION

Bolted joints are one of the most used means of connecting parts of technical installations.
For mission-critical assets, held together by bolted joints, regular inspections of proper bolt
tightness are mandatory for certification and safe operation. As the bolt tension is impossible
to measure and check in-situ, most of such inspections today are performed using a torque
wrench. This procedure could potentially lead to the overtightening of bolts, which is undesir-
able. With large structures and heavy bolts, using a torque wrench, the bolt inspection procedure
becomes a monotonous and physically demanding work, often conducted in tough environ-
ments. That 1s why a simpler and less demanding technique of checking bolt tightness is on
high demand in many industries.

The abovementioned became a motivation for establishing the VEBIJI project, a collabora-
tive work between Technical University of Denmark (DTU), Briiel & Kjar and Karlsruhe In-
stitute of Technology. VEBIJI stands for Vibration for Estimating Bolted Joints Integrity. As it
follows from the title, the project aims in utilizing vibrations, artificially induced in a bolt, as
the source of information regarding its tension. As a starting point, we used an observation that,
when impacted, a well-tightened bolt sounds differently from a loose one [1]. An impact excites
different types of vibrations in the bolt, and some of them cause acoustic waves in the audible
range, which a human being can perceive and judge. Thus, it was suggested to study how the
bolt tension affects its vibrations, and possibly propose a technique for detecting loose bolts,
based on the analysis of bolt transient vibrations, excited, for example, by impacting the bolt
with a hammer.

There are alternative methods for bolt tightening check, a review can be found in [2]. Besides
torque wrench and hydraulic tensioners, which are used for controllable bolt tightening, the
most developed technique for controlling bolt tension is by check bolt elongation utilizing ul-
trasonic transducers. Commercial solutions employing this technology exist, for example, i-
Bolt® by ERREKA [3] can be named as one of them. The drawbacks of the technique are the
sensitivity to temperature and special requirement to machining of the bolts’ butt-ends.

Two pilot studies, conducted by DTU students as master projects [4], [S], demonstrated that
indeed the vibration patterns of tightened and loose bolts are different. Comparing a tightened
/ loose bolt with a differently tightened guitar string, it is natural to expect the difference in the
pitch of the radiated sound. However, in the bolt case, audibly, the difference in pitch is hardly
distinguishable. But in contrast, the tightened bolt produces a clear ringing sound, whilst the
sound from a loose bolt is rather dull, i.e. decaying faster and containing less high-frequency
content. The idea of the pilot projects was to find some properties in the measured vibration
signal that can be utilized to characterized bolt tension. In structural health monitoring literature,
these properties are often called features. Farrar and Worden in [6] provide the following defi-
nition: “A damage sensitive feature is some quantity extracted from the measured system re-
sponse data that indicates the presence (or not) of damage in a structure”. Alongside with the
abovementioned natural frequencies and damping, other vibration features and / or their com-
binations are possible, for example, the ratio of natural frequencies, modal interaction, attack
time, amplitudes of nonlinear harmonics, etc.

However, it was not straightforward to find the features of the measured vibration signals
that could in a robust way indicate if the bolt is well-tightened or not. As bolt tightening features,
[4] attempted the natural frequencies and damping of the lowest transverse modes, and in [5]
the authors attempted psychoacoustic metrics, the vibration energy decay rate, and spectral cen-
troids. Generally, the results of the two projects were not satisfactory, however, the projects
indicated that the experimental work needs to be promoted to a much higher quality level to
ensure the experiments being more controllable and reproducible. Alongside that, it became
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clear that a better understanding of bolt vibrations is required to explain what was observed
during the experiments. These altogether became the groundwork for the VEBIJI project.

The paper is built as follows: Section 2 describes the extensive measurement campaign, fol-
lowed by Section 3, which introduces a model of a single-bolt joint. Section 4 concerns multi-
bolt joints. Section 5 touches practical considerations for real-life scenarios. Finally, section 6
introduces the on-going research.

2  EXPERIMENTAL WORK

It was decided to start the project with an extensive measurement campaign, in an attempt
to experimentally study the vibration patterns of differently tightened bolts in well-controlled
environments and examine the vibration features that are correlated with the bolt tension. The
results of the test campaign were thought to initiate the theoretical studies aimed to understand
and explain what was observed during the experiments, and theoretically check the applicability
of the found vibration features to different bolt sizes and bolted joint configurations.

During the pilot projects, the bolts were tightened using a torque wrench. It was suspected
that the torque wrench was the main source of the observed variability. Indeed, applying the
wrench in numerous tightening/untightening circles deforms the threads of the bolt and the nut,
and damages the mating surfaces of the bolt, washers and the test rig. To retain the geometric
and material properties of the test setup, it was decided to replace the torque wrench with a
hydraulic tensioner. During the tightening process, the tensioner is pressurized using a hand
pump, causing the bolt elongation. Then the nut is finger tightened. After the pressure release,
the bolt contracts and compresses the test rig [7].

It is known that a torque wrench is a highly inaccurate tool with the variation of torque-to-
tension up to 30% [8]. In the initial experiments conducted in the frame of the pilot studies, a
strain gauge mounted on the bolt body was used to estimate its tension. This arrangement was
proved to be impractical as the strain gauge is a very delicate sensor, and it requires a special
test rig design to allow cabling. Subsequently, the strain gauge was replaced by a force washer
directly measuring the compressing force, which is proportional to the bolt’s tension.

Considering bolt excitation, it was decided to employ impact excitation as the most practical
one. The pilot studies demonstrated that transverse vibrations can be easily excited by impact-
ing the bolt at any point and in any direction. Even an impact in axial direction could excite
transverse vibrations (this was later investigated in [9]). For the experiments, the excitation in
the transverse direction was chosen.

To catch a possible nonlinear behavior of the bolt, it is necessary to excite the bolt by a well-
controllable excitation force with increasing strength. To achieve this, a special pendulum-ham-
mer was designed, where the impact strength was controllable by the initial inclination of the
pendulum, and the impact force was measured by a force transducer.

In contrast to the pilot studies, in the VEBJI test campaign, the vibration signal was measured
by two miniature accelerometers mounted on the bolt head. One accelerometer was aligned to
measure in the direction of the impact, and another in the direction perpendicularly to the first
one. This improvement allowed measuring bolt vibration in both transverse directions.

The experiment (the setup is shown in Figure 1), is described in full detail in [10], [11], [12],
here a brief overview is given. It was a rather extensive test campaign, two types of bolts were
tested, M12x260 and M12x140; the bolt was tightened in 10 load steps, in the range from ap-
proximately 0.07 of the yield stress g, to approximately 0.8 o, (the nominal bolt tension for
this class of bolts is 0.7 g,,). At each tension level, the bolt was impacted with four increasing
impact strengths, and each measurement was conducted three times. To ensure repeatability,
the experiment was repeated three times, including the full disassembly of the test rig. During
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Figure 1. Experimental setup, sketch and photo (from [11]). 1. Foam supporting the structure; 2. Bolt; 3. Impact
point; 4; Nut; 5. Washers; 6. Structure; 7. Force washer; 8 — Three monoaxial accelerometers; 9 — Bolt head; 10
— Force transducer; 11 — Pendulum hammer; 12 — Ball bearing holding the hammer.

the experiments, 720 time-histories were acquired with a high sampling rate, each time history
consisted of two acceleration signals and the impact force signal.

2.1 Overview of the measurement campaign results

A typical acceleration signal is shown in Figure 2a. As the bolt is a nearly symmetrical struc-
ture, one can expect the pairs of transverse modes of vibration with almost identical natural
frequencies. The spectra in Figure 2b show the peaks corresponding to the first pair of modes
(just below 1 kHz) and the second pair of modes (above 2.5 kHz). The double peaks are (some-
times) distinguishable in the zoomed view (as shown). Applying a narrow band-pass filter (BPF)
around the natural frequencies of the modes’ pairs, it was possible to separate the pairs in the
time domain; the resulting filtered signals a4 (t) and a,(t) measured in the direction of the im-
pact and the perpendicular direction, respectively, are shown in Figure 2c, together with their

envelopes and the envelope of az(t) = y/a,(£)% + a,(t)2.

The amplitudes of the measured signals in Figure 2c¢ is slowly modulated, which is a char-
acteristic of a beating, the phenomenon which appears when two sinusoidal signals with slightly
different frequencies are added together. The frequency of the modulation is then equal to the
difference between the frequencies of the sinusoids. In [13], the likely explanation is provided:
both modes of the first pair are excited by the hammer impact, and the modal response is the
exponentially decaying sinusoidal oscillation at the damped natural frequencies of the mode.
The system is effectively linear, and the two modes do not interact but the accelerometers pick
up the mixture of both sinusoids, resulting in the observed beating. Another plausible
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Figure 2. Measure signal and signal processing (from [11]). a) Raw acceleration signal measured in the impact
direction. b) Spectra: blue - the spectrum of the raw signal, dash line — after applied BPF around the first natural
frequency, dot-line — after applying BPF around the second natural frequency. Vertical dot-dash lines — the cut-
off frequencies of the applied BPF. ¢) Two transverse acceleration signals a, (t) and a,(t), after applying BPF
around the first transverse resonant frequency. Thin dash lines — their envelopes. Thick dash line — the envelope

of ag(t) = /a,(t)? + a,(t)3.

explanation involves a non-linear interaction (i.e. energy exchange) between the two transverse
modes, as explained in [14].

Based on the observations during the experiment, numerous vibration characteristics were
considered as potential features [12], including natural frequencies, modal damping, modes in-
teraction inside and outside the pairs, variation in time of the instantaneous natural frequencies
and damping, input/output linearity, impact duration, etc. These characteristics were correlated
with bolt’s tension and their reproducibility was checked using available time histories. Based
on the analysis, two characteristics were studied in detail, as they demonstrated solid correlation
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Figure 3. Measured first natural frequency as a function of the bolt tension: long bolt (left) and short bolt (right).
The different markers indicate the test series, the marker size denotes the impact strength (from [11], [12]).

with the bolt tension: the natural frequency of the transverse vibrations and the corresponding
modal damping. The other attempted potential featues did not demonstrate the sufficient corre-
lation with bolt tension or were not sufficiently reproducible.

2.2 Selected features

Natural frequencies

The natural frequencies obtained by zero-cross counting of the filtered signal are shown in
Figure 3. As expected, there is a strong correlation between the natural frequencies and the bolt
tension, observed for both long and short bolts.

Damping ratio

The effective linear damping ratio of the first mode was estimated by fitting the exponential
decay to the envelope of the filtered signal ay (Figure 2¢). The damping ratio decreases with
increasing bolt tension, as shown in Figure 4, [11] and [12]. In absolute values, the damping
ratios
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Figure 4. The damping ratio of the first mode as a function of the bolt tension for the long (left) and short (right)
bolts (from [11], [12]). Legend is the same as in Figure 3.
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Figure 5. Distribution of the points with coordinates (normalized frequency; normalized damping) (from [12]).
The markers’ color and size correspond to the tension of the bolt.

differ for the long and short bolt, however, if scaled with the bolt slenderness ratio, the damping

ratio becomes invariant to bolt sizes. The slenderness ratio is defined as s = [ /\/I/_A , where [,
I and A are bolt’s length, the moment of inertia of bolt’s section and area of bolt’s section,
respectively. The theoretical explanation of this interesting observation is provided in [12].

Combined frequency and damping feature

The combination of the normalized natural frequency and damping ratio into a single bolt
tension feature was suggested in [12] and is shown in Figure 5 for both long and short bolts.
The frequency and damping are normalized by the respective characteristics of the nominally
tightened bolt. In Figure 5 the points corresponding to the well-tightened bolts are concentrated
in the bottom-right corner, whilst those of the relatively loose bolts are spread along the dashed
line leading towards the upper-left corner of the plot.

Discussion

During the experiments, it became clear that the frequency and damping, either separately
or combined, can be considered as reliable qualitative indicators of bolt tension. The next nat-
ural step would be suggesting a model explaining the experimentally observed phenomena and
providing a quantitative relation between the measured vibration properties and the unknown
bolt tension.

3 MODELLING A SINGLE-BOLT JOINT

From the first glance, it is natural to model a tightened bolt as a pre-stressed clamped-
clamped beam. For such a beam the dependence of the i-th transverse natural frequencies from
the tension is well-known [15],

2

;{i E o Kl‘S
= — | = 1 — ,':1,2... 1
=3 p<+E(Ag>)l 0

where [ is the length of the beam, s is the slenderness ratio, o is the axial stress, E and p are
beam’s material Young’s modulus and density, respectively and K; and A; are non-dimensional
constants, depending on the i-th mode shape.

As it follows from (1), the square of the natural frequencies is directly proportional to the
axial stress o, and thus to the bolt tension. Figure 6 shows the corresponding line on top of the
experimental results (adjusting the length [ to fit the high values of o). Apparently, for the long
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Figure 6. Square of the first natural frequency w4 as function of bolt tension ¢. The markers denote experi-
mental results; dashed line is the model according to (1). Left — long bolt, right — short bolt. The red ovals
indicate the region where the clamped-clamped beam model is not suitable (from [10]).

bolt, the fit is good for a wide range of o, and less for the short bolt. Common for both cases,
the fit is not good for low tension levels (circled), indicating that the clamped-clamped beam
model does not reflect reality at low levels of tension.

The study [10] suggested an extended model that could explain the observed behavior at the
full range of the tension levels. The model (Figure 7) consists of a Bernoulli-Euler beam, sub-
jected to an axial tensile force g4, and supports at both ends, which both have translational and
rotational stiffnesses, k,, and kg, respectively. To reflect reality, where the bolt tension affects
the contact stiffness, in the model, these stiffnesses are functions of the axial force. For high
levels of gA, the stiffness values approach infinity, and the beam boundary conditions become
clamped-clamped.

With the model in hand, the next task is to obtain the stiffness parameters and their depend-
ence on tension. In [16] it was demonstrated that it is possible to estimate the stiffness parame-
ters from the measured natural frequencies of the beam. Another approach was taken in [10],
where the model of the contact between the mating surfaces was introduced. It was noticed that
the contact surfaces in real structures are rough, which is manifested as a distribution of tiny
asperities at a micro-scale level, whose interactions can be thought of as springs connecting the
mating surfaces. It was observed that the normal (interfacial) stiffness increases with the in-
crease of the contact pressure. Using the asperities-based contact model (Figure 8), it was pos-
sible to obtain the values of k,, and kg, which resulted in quite good agreement with the
measured data, for the full range of tension (Figure 9).

The study [17] extended the model suggested in [10] (Figure 8), by the damping elements,
which were added to all springs. It was shown that assuming the damping linearly proportional
to the rotational and translational stiffnesses, one can get quite a good agreement with the ex-
perimental results shown in Figure 4. Apparently contradicting though, is that the underlying

Figure 7. The model suggested in [10].
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Figure 8. Modeling of the contact between the mating surfaces. a) Micro-level, with the roughness presented as
asperities; b) modeling as springs connecting the surfaces (from [10]).

microscale damping mechanism is essentially nonlinear, whilst the collective macroscale be-
havior is linear. The study [17] suggested a model, which demonstrated that the non-linear
multi-degree-of-freedom asperities-based model can be effectively converted to a single-de-
gree-of-freedom model with a cubic nonlinearity, and further showed that the nonlinear term
vanishes as the number of asperities increase, thus validating the observed effective linearity in
damping.

Tension /0, Tension g /g,

”Ifension /o, I I Tension a)av
Figure 9. Qualitative comparison of the experimental results (markers), the clamped-clamped model (1) (red

dashed line) and the extended model (Figure 7) (blue curve). Left / right columns — long / short bolts; Top /
bottom rows — first / second natural frequencies (from [17]).
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4 MODELLING MULTI-BOLT JOINT

In studies [18], [19], another aspect of the bolt tension estimation problem was investigated.
As the most bolted joints consist of many nearly identical bolts tightened to almost identical
levels, the bolts will have very similar boundary conditions and thus almost identical natural
frequencies. In a likely case of very light damping, a frequency response measured on one bolt
after an impact might include the vibrational response of other bolts. So, a question arises, if it
is possible to separate which frequencies belong to which bolt. To start with, analytical, numer-
ical and experimental models of a structure with two identical bolts were established (Figure
10).

It was found that, if the bolts have identical or very similar tension, the system behaves as a
whole, and it is impossible to assign natural frequencies to a single bolt, as the global in-phase
and anti-phase modes arise. However, if the bolts’ tensions are different, their modes can be
considered as local, the bolts can be considered separately, and the single-bolt model is fully
applicable.

S PRACTICAL CONSIDERATIONS

One of the aims of the VEBIJI project was to explore feasible methods for estimating bolt
tension having potential for industrial application. It is apparent (Figure 5), that the studied
vibration features are suitable for distinguishing a nominally tightened bolt (0.7 o;,) from a very
loose one (< 0.3 g,,). However, the ambition of the project was to be able to distinguish a nom-
inally tightened bolt from the slightly under- and over-tightened ones, for example, to be able
to find the tension within +0.10, around the nominal tension 0.7 g,,. In this region the vibra-
tion-based features have a low sensitivity to the tension (Figure 3, Figure 4), i.e. the value of
the feature changes little with the significant change of the tension level. As the vibration fea-
tures are obtained from noisy measurements, it makes it challenging to develop a robust tech-
nique for estimating the tension with the desirable precision.

a)

Figure 10. Two bolts structure from [19]: a) Analytical model; b) Experimental setup; ¢) COMSOL model
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The study [20] attempted to suggest and test the algorithm that employs the first transverse
natural frequency as the vibration feature, and then takes the next step towards classification,
1.e. distinguishing the loose bolts from the tightened ones. The algorithm uses the gradient of
the first natural frequency with respect to the tension from the clamp-clamp beam model (1).
Also, the algorithm assumes that initially the bolt was tightened to the nominal tension value.
The latter is used as the reference for the subsequent tension checks. The propagation of the
uncertainty of the measured vibration feature to the uncertainty of the estimated bolt tension
was conducted following the Delta method [21]. The variability of the vibration features was
estimated by measuring the first transverse natural frequency of a big number of similar bolts
holding a wind turbine blade on the test rig (Figure 11). It was concluded that the described
above approach is not readily feasible, and it was suggested that the following can potentially
improve the technique: 1) Improvements of the excitation/measurement/signal processing pro-
cedures; 2) Employing more sensitive features; 3) Combining several vibration features.

6 ON-GOING RESEARCH

The study [9] paved a way to another promising technology developed in the frame of VEBJI,
which is currently patent pending [22]. In [9], it was analytically shown and numerically
demonstrated that the boundary stiffnesses parameters (Figure 7) can be estimated from meas-
ured transverse natural frequencies. However, the method requires identification of a high num-
ber of modes, which is difficult to measure in practice (with hammer excitation only the first
two transverse modes can be reliably identified). The new method suggests changing the dy-
namic properties of the bolt in a controllable way, by adding a known mass to the threaded end

Figure 11. A test rig (wind turbine blade test bench) used to test the classification algorithm suggested in
[20].
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of the bolt. Thus, adding one or two masses to the bolt and measuring the first few natural
frequencies, it is possible to estimate the tensional force acting in the bolt; the details of the
method are presented in [23].

In the multi-bolt scenario, it is also anticipated that adding mass to the bolt end will make its
dynamics different from the dynamics of the surrounding bolts; this will facilitate distinguish-
ing the response of the tested bolt from the others (see Section 4).

As it was observed during the experiments, with hammer excitation employed, it is only
possible to reliably identify the first two transverse modes, mainly due to the lack of excitation
energy at the higher frequency range. The attempt to use the method in a real-life scenario,
described in Section 5, also called for the improvement of the applied excitation and signal
processing procedures. An approach to deal with this problem is to replace the hammer impacts
with excitation by piezoelectric elements [24], which are generally more efficient at higher
frequency ranges.

CONCLUSION

The paper describes the challenges, learnings, and achievements of the VEBJI project, whose
aim was to generate knowledge and potentially develop a technique for estimating bolt tension
using vibrations artificially excited in a bolt.

The study demonstrated that it is rather straightforward to distinguish a well-tightened bolt
from a loose one, which could be done using the natural frequency and damping of the first
transverse mode. However, it is more difficult to distinguish a nominally tightened bolt (char-
acterized by axial stress o,,) from slightly under- or overtightened ones (< 0.9 g,, and > 1.1 g,,,
respectively). Though the added mass method (Section 6) produces promising results, it still
needs to be tested for multi-bolt joints scenarios.

ACKNOWLEDGMENT

This work is financially supported by Independent Research Fund Denmark, grant DFF-
6111-00385.

REFERENCES

[1] J.S. Knudsen, "Hit Sound From Tightened Bolts 35 vs. 70 perc yield stress," 2013.
[Online]. Available: https://youtu.be/gD16C2k2jdU.

[2] T.Wang, G. Song, S. Liu, Y. Li and H. Xiao, "Review of bolted connection
monitoring," International Journal of Distributed Sensor Networks, vol. 2013, no. 2, pp.
1-8, 2013.

[3] "i-Bolt® by ERREKA," 2020. [Online]. Available:
http://www.errekafasteningsolutions.com/en/ibolt/.

[4] J.S. Knudsen, "Vibration-based Testing of Bolt Tightening," Technical Univ. of
Denmark, MSc thesis, Dept. of Mech. Eng., Kgs.Lyngby, Denmark, 2013.

[5] E. Vind and S. Jespersen, "Estimating Bolt Tension from Transient Vibrations," MSc
thesis, Technical Univ. of Denmark, Dept. of Mech. Eng., Kgs.Lyngby, Denmark, 2014.

[6] C.R. Farrar and K. Worden, Structural health monitoring: A machine learning
perspective, Chichester, UK: John Wiley & Sons, Ltd, 2013.

796



Dmitri Tcherniak, Jon J. Thomsen, Marie Brons

[7] S. Chaki, G. Corneloup, I. Lillamand and H. Walaszek, "Combination of longitudinal
and transverse ultrasonic waves for in situ control of the tightening of bolts," Journal of
Pressure Vessel Technology, vol. 129, no. 3, pp. 383-390, 2007.

[8] J. H. Bickford, Introduction to the Design and Behavior of Bolted Joints, Non-Gasketed
Joints, CRC Press, 2007.

[9] S. M. Sah, J. J. Thomsen and D. Tcherniak, "Transverse vibrations induced by
longitudinal excitation in beams with geometrical and loading imperfections," Journal
of Sound and Vibration, vol. 444, pp. 152-160, 2019.

[10] S. M. Sah, J. J. Thomsen, M. Brens, A. Fidlin and D. Tcherniak, "Estimating bolt
tightness using transverse natural frequencies," Journal of Sound and Vibration, vol.
431, pp. 137-149, 2018.

[11] M. Brens, J. J. Thomsen, A. Fidlin, D. Tcherniak and S. M. Sah, "Modal impact testing
for estimating bolted joint," in International Conference on Noise and Vibration
Engineering (ISMA2018), Leuven, Belgium, 2018.

[12] M. Brens, J. J. Thomsen, S. M. Sah, D. Tcherniak and A. Fidlin, "Estimating bolt
tension from vibrations: transient features, nonlinearity, and signal processing.,"
Mechanical Systems and Signal Processing, 2019, Submitted.

[13] S. M. Sah, J. J. Thomses and D. Tcherniak, "Linearly coupled transverse vibrations of
tensioned bolts," no. In preparation, 2020.

[14] S. S. Sorokin, J. J. Thomsen and M. Brens, "Coupled longitudinal and transverse
vibrations of tensioned Euler-Bernoulli beams with general boundary condiitions,"
Journal of Sound and Vibrations, no. Submitted, 2019.

[15] A. Bokaian, "Natural frequencies of beams under tensile axial loads," Journal of Sound
and Vibration, vol. 142, no. 3, pp. 481-498, 1990.

[16] M. H. Hermansen and J. J. Thomsen, "Vibration-based estimation of beam boundary
parameters," Journal of Sound and Vibration, vol. 429, pp. 287-304, 2018.

[17] S. M. Sah, J. J. Thomsen and A. Fidlin, "Transverse vibrations of tightened bolts:
Simplified modeling of tension-dependent boundary stiffness and damping,"
Engineering Structures, vol. 205, 2020.

[18] A. Plaugmann, "Vibration-based estimation of bolt tension: The multi-bolt crosstalk
problem," Technical Univ. of Denmark, Dept. of Mech. Eng., BSc thesis, Kgs.Lyngby,
Denmark, 2019.

[19] M. Brens, A. Plaugmann, J. J. Thomsen and A. Fidlin, "Vibration-based bolt tension
estimation for multi-bolt joints," in International Modal Analysis Conference (IMAC-
2020), Houston, Texas, USA, 2020.

[20] D. Tcherniak and J. J. Thomsen, "On the feasibility of utilizing vibrations for bolted
joint assessment," in 9th Europaen Workshop on Structural Health Monitoring,
Manchester, UK, 2018.

[21] Y. M. M. Bishop, S. E. Fienberg and P. W. Holland, Discrete Multivariate Analysis
Theory and Practice, New York: Springer, 2007.

[22] M. Brens and J. J. Thomsen, "A METHOD AND A SYSTEM FOR ESTIMATING
THE TENSION OF A TENSION MEMBER". Europe Patent 20154878.1, 01 2020.

[23] M. Brens and J. J. Thomsen, "Vibrations-based estimation of boundary stiffness and
axial tension in beams using added mass," Journal of Sound and Vibration, no.
Submitted, 2020.

797



Dmitri Tcherniak, Jon J. Thomsen, Marie Brons

[24] M. Brens, D. Tcherniak and J. J. Thomsen, "Estimating tension in multi-bolt joints from
piezo-electric excitation," in Conference on Noise and Vibration Engineering (ISMA),
Leuven, Belgium, 2020.

798



