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Abstract

Preload loss in bolted joints alters structural stiffness,
damping, and nonlinearity. This paper evaluates a
shaker-based vibro-acoustic method on a rail-vehicle-
inspired beam assembly. The central M10 fastener
(S2) in a three-bolt lap joint between two steel beams,
representing bolted interfaces on carbody and roof-
mounted components, was tested at 0%, 20%, 40%,
and 80% preload. A triaxial accelerometer measured
the structural response, while a microphone placed
300 mm from S2 recorded the radiated sound as a sec-
ondary sensing channel. Sine-sweep and narrow-band
excitation identified a dominant resonance near 130
Hz. Under 130 Hz single-tone excitation, the loose
state produced additional high-frequency spectral com-
ponents in the accelerometer response. Frequency-
modulated (FM) excitation from 125 to 135 Hz further
separated the preload states through harmonic-band
levels relative to the carrier: the loose-t0-80% differ-
ences were 17.5 dB in the second-harmonic band and
36.5 dB in the sixth-harmonic band.

Keywords: bolt loosening detection, preload loss, rail
vehicle structures, frequency-modulated excitation

1. Introduction

Bolted joints are widely used because of their high
load capacity, demountability, and low cost. Their
function depends on an adequate clamp force that
keeps the connected parts in frictional contact [1]-[3].
A reduction in preload changes the effective stiffness
and damping of the interface and can initiate rattle,
fatigue accumulation, and safety-relevant degradation
under repeated vibration and shock [2], [3]. Thus,
a highly preloaded joint behaves approximately as a
stiff, frictionally damped connection, whereas a loose
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Figure 1: Couplings between train wagons include many
different types of bolted connections which get loosened
after continous vibration.

joint behaves as a softer contact with stronger and
less predictable nonlinearity [2].

Rail vehicles, as also shown in Fig. 1, contain bolted
interfaces in the carbody, roof-mounted equipment,
bogie-related assemblies, and fastening systems. These
interfaces experience broadband and transient exci-
tation caused by track irregularities, wheel-rail in-
teraction, curving, braking, and traction [5]-[8]. A
portable shaker combined with a small number of re-
sponse sensors can therefore be useful during scheduled
maintenance at accessible carbody or roof locations
[20]-[22]. This approach is not equally practical at
every location: restricted space and access, particu-
larly near the bogie, may require a compact exciter,
an impact source, or the use of operational excitation
instead of the shaker configuration used here.
Transverse excitation can produce micro-slip and
macro-slip at a bolted interface. Once the transverse
motion overcomes thread and bearing-surface friction,
incremental bolt rotation and preload loss can occur,
as demonstrated by the Junker transverse-vibration
configuration [2], [4]. In a lap joint, repeated tran-
sitions between sticking and slipping can therefore
produce both self-loosening and nonlinear dynamic
response [9], [10].

DIN 65151 and ISO 16130 standardize transverse-
vibration tests for comparing clamp-force decay under
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controlled displacement excitation [9], [11]. Such tests
require access to axial force or preload, which is of-
ten unavailable on an existing vehicle. Instrumented
bolts and piezoelectric transducers can provide high
sensitivity [19], but replacing every relevant fastener
with a sensing element is generally impractical. In
contrast, accelerometers can be attached externally
and microphones can be positioned without modifying
the joint.

Preload affects the interface through changes in effec-
tive stiffness, frictional energy dissipation, and non-
linearity. Micro-slip is a major source of damping
in jointed structures [12]-[18]. As preload decreases,
the contact can transition from sticking to partial
slip and intermittent separation, causing resonance
shifts, peak broadening, harmonics, sidebands, and
broadband response components [12], [15], [18].
Existing bolt-monitoring studies have employed strain-
sensing bolts, ultrasonic time-of-flight, electromechan-
ical impedance, piezoelectric wave propagation, modal
features, and machine-learning classifiers [19], [23]-[26].
Sound-based methods have also detected loosening
from percussion or vibration-driven radiation using
engineered features and classification models [27]—[34].
The acoustic field may be viewed as a radiated conse-
quence of structural vibration, but its sensitivity also
depends on radiation efficiency, microphone position,
and environmental noise.

Modal testing provides a direct framework for track-
ing changes in resonance frequency, damping, and
frequency-response shape [20]-[22]. Even sparse ac-
celerometer measurements have been used to classify
bolt-tightness states [23], [24], while natural-frequency
and spectral-kurtosis measures have been proposed as
interpretable indicators [25], [26].

Contact acoustic nonlinearity and vibro-acoustic mod-
ulation exploit the fact that a slipping or intermit-
tently contacting interface acts as a nonlinear modula-
tor. Higher-order harmonics and sidebands generally
increase as the joint departs from a highly preloaded,
approximately linear state [35]-[38]. Although many
implementations use separate low- and high-frequency
inputs, related energy-transfer effects can also be ex-
amined using a shaker in the audio-frequency range.
Current transverse-vibration standards principally
quantify clamp-force reduction [9], [11], whereas many
structural-health-monitoring studies focus on classi-
fication for a fixed excitation or on dedicated trans-
ducers [19], [23], [27]. Fewer studies combine con-
trolled single-tone and FM shaker excitation, simul-
taneous vibration and sound measurements, and in-
terpretable response-side nonlinear measures without
direct preload sensing [35]-[37]. The present work
therefore investigates excitation regimes that reveal
loosening and evaluates a minimal-sensor procedure
for a rail-vehicle-inspired joint.

2. Method

The demonstrator is shown in Fig. 2.  An elec-
trodynamic shaker (TMS K2007E01) introduced vi-

Figure 2: Rail-inspired bolted demonstrator excited by
an electrodynamic shaker through a force sensor. The
triaxial accelerometer measures structural response, and
the microphone is positioned 300 mm from bolt S2.

bration through a plastic stinger connected to a
force/acceleration sensor (PCB 288D01). A triax-
ial accelerometer (PCB 356A01/NC) measured the
structural response on the beam. A microphone was
positioned 300 mm from bolt S2 to record radiated
sound simultaneously. In the present analysis, the mi-
crophone was used to verify whether the structurally
identified resonance was also observable acoustically
and to assess the feasibility of a non-contact secondary
channel; the reported quantitative loosening metrics
were calculated from the accelerometer z-axis.

The test joint consisted of three M10 bolts connecting
two overlapping steel beams with nuts and washers on
both sides. The central bolt S2 was the bolt under test;
S1 and S3 remained at 80% preload throughout the
experiment (Fig. 3). S2 was tested at nominal preload
levels of 0%, 20%, 40%, and 80%, corresponding to
tightening torques of 0, 12.5, 25, and 50 Nm. Two M8
bolts connecting the cantilever beams to the support
block remained at 80% preload (25 Nm). For each S2
preload state, the shaker applied single-tone and FM
excitation. The FM conditions used for the harmonic-
band analysis were repeated three times.

The configuration represents an accessible lap-joint-
type connection such as a carbody or roof-mounted
equipment interface. It is not intended to reproduce
the geometry or boundary conditions of a specific
vehicle joint; rather, it provides a controlled platform
for testing response-based indicators before transfer
to more constrained locations.

3. Results

The bolt under test was first tightened to the 80%
reference preload. Sine-sweep (Fig. 4) and narrow-
band white-noise (Fig. 5) inputs were then applied
separately to characterize the demonstrator.
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Figure 3: Demonstrator geometry and bolt positions; all
dimensions are in mm and the beam thickness is 9 mm.
The red dashed square identifies the central M10 bolt S2,
whose preload was varied. S1 and S3 remained at 80%
preload.
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Figure 4: Sine-sweep input measured by the PCB 288D01
force/acceleration sensor.

The sine sweep covered 1-5000 Hz, while the narrow-
band input covered 100-350 Hz. The response spectra
are shown in Figs. 6 and 7. Both excitation types
produced a dominant structural response at 130 + 2
Hz, and the microphone trace showed that this region
was also radiated acoustically. Additional resonances
are visible in Fig. 6; they were not ignored, but 130
Hz was selected because it was the strongest response
consistently present in both the broad sine sweep and
the controlled narrow-band test and could therefore
be targeted reproducibly by both single-tone and FM
excitation.

A 130 Hz sinusoidal input was subsequently applied.
Relative to the 50 Nm state, the loose state exhibited a
raised broadband response and multiple additional or
strongly amplified high-frequency spectral components
in the accelerometer z-axis (Fig. 8). The five high-
lighted components at 1599.5, 3314.8, 3919.0, 5698.9,
and 8451.1 Hz were selected as local maxima with
at least 3 dB prominence and at least 80 Hz spacing.
Other visible peaks or shoulders did not meet these
selection criteria, were not sufficiently separated from
neighbouring components, or were also present in the
tight-state spectrum; they were therefore not used as
discrete indicators.

The FM excitation was generated as

x(t) = Asin(27 fot + Bsin(2w fint)) (1)
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Figure 5: Narrow-band white-noise input measured by
the PCB 288D01 force/acceleration sensor.
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Figure 6: Measured response under sine-sweep excitation.
Several resonances are visible; the response near 130 Hz
was selected for the controlled tests because it was promi-
nent in both the accelerometer and microphone channels
and was reproduced by the narrow-band excitation.

where A is the excitation amplitude, f. is the carrier
frequency, f,, is the modulation frequency, and 3 is
the modulation index. The instantaneous frequency is

fz(t) = fe+ Bfm COS(QTFfmt)' (2)

For all tests, f. = 130 Hz and the peak frequency
deviation was Af = 5 Hz; therefore, § = Af/fm
was adjusted so that the instantaneous frequency al-
ways spanned 125-135 Hz. The tested modulation
frequencies were 1, 2, 5, 10, and 20 Hz.

The clearest separation among the examined FM con-
ditions was obtained for f,;, = 2 Hz. The harmonic-
band level relative to the carrier was calculated as

Pout (1) ) 7

Py (130 Hz) ®)

R = lOlogw(

where Pyoy,:(130 Hz) is the output power in the carrier
band and Pyt (1) is the output power in the I-th har-
monic band. Negative values therefore indicate that
the harmonic-band power is below the carrier-band
power; a less negative value represents a stronger har-
monic relative to the carrier. For the 125-135 Hz FM
input, the second-harmonic band was 250-270 Hz and
the sixth-harmonic band was 750-810 Hz.
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Figure 7: Measured response under 100-350 Hz narrow-
band white-noise excitation, confirming the dominant re-
sponse near 130 Hz in the accelerometer and microphone
channels.
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Figure 8: Acceleration PSD for the loose and 50 Nm
states under 130 Hz single-tone excitation. Vertical mark-
ers identify the five selected loose-state spectral com-

ponents. PSD levels are expressed in dB relative to
1(m/s?)?/Hz.

As shown in Table 1, the loose state was separated
from the 80% state by 17.5 dB in the second-harmonic
band and 36.5 dB in the sixth-harmonic band. The
repeatability bands of 0.0-0.8 dB were small relative to
these differences. The microphone spectra confirmed
sound radiation around the selected resonance, but
microphone-derived harmonic ratios did not provide
a sufficiently repeatable and monotonic separation
across all preload states in the present setup; they
were therefore not included in Table 1.

The single-tone peaks and the FM harmonic bands
are complementary rather than identical features.
The selected single-tone components occur at higher-
frequency structural response regions and may result
from broadband or impact-like energy transfer at the
loose interface followed by coupling into structural
modes. By contrast, the FM indicators integrate
power in predefined bands at integer multiples of the
swept carrier. The five single-tone peak frequencies do
not coincide with the second- and sixth-harmonic FM
bands and were not used to calculate Table 1; both
observations nevertheless indicate increased transfer

Table 1: Mean harmonic-band level relative to the carrier,
with £ one standard deviation across three repeated mea-
surements. Values are in dB. Less negative values indicate
stronger harmonic-band power relative to the carrier.

Preload =2 =6

Loose —43.84+04 —-21.54+0.4
20% —55.5+0.1 —53.74+0.6
40% —588+0.0 —53.44+0.8
80% —61.3+0.1 —-58.0+0.5

of energy away from the fundamental excitation region
when the joint is loose.

4. Discussion

The response near 130 Hz provided a reproducible
carrier region for comparing preload states. A re-
duction in preload changes the joint boundary con-
dition from predominantly sticking contact toward
partial slip and intermittent contact, which can re-
duce effective stiffness, increase frictional loss, and
strengthen nonlinear energy transfer [12]-[18]. The
additional response features observed in the loose state
are therefore consistent with known joint-dynamics
mechanisms, although the present measurements do
not independently separate micro-slip, impacts, and
coupling to higher structural modes.

The higher-frequency components in Fig. 8 should
not be interpreted automatically as new eigenmodes
created by loosening. A more precise interpretation
is that they are spectral components that are absent
or substantially weaker in the tight-state response.
Intermittent contact can generate broadband and har-
monic content, which may then excite existing higher-
frequency modes of the assembly [12], [15], [18]. This
explains why the prominent single-tone components
can occur far above exact integer multiples of 130 Hz
and why they need not coincide with the harmonic
bands used for FM analysis.

The carrier-normalized harmonic-band metric provides
a simple measure of nonlinear energy redistribution.
The second-harmonic result decreased progressively
from the loose state to 20%, 40%, and 80% preload,
while the sixth-harmonic band gave the largest loose-
to-tight contrast. Higher-order bands are generally
more difficult to excite in an approximately linear
system, so a strong sixth-harmonic region can be a
sensitive indicator of pronounced nonlinearity [12],
[18], [35]. However, the small difference between the
20% and 40% sixth-harmonic means shows that the
metric should currently be used primarily for sepa-
rating the fully loose condition from preloaded states,
not for estimating preload continuously.

FM excitation offers robustness to small resonance
shifts because it repeatedly covers the 125-135 Hz
region rather than relying on one exact frequency [20],
[22]. Tt also creates predefined harmonic bands that
can be integrated instead of tracking individual narrow
peaks. FM does not itself create a loosening signature;
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it provides a repeatable way to probe the resonance
region and expose differences in nonlinear transfer
[35]-[37]. The single-tone test, in contrast, made the
broadband elevation and high-frequency components
particularly visible. A practical monitoring proce-
dure may therefore use FM band ratios for robust
screening and a single-tone spectrum for diagnostic
confirmation.

The microphone had a deliberately secondary role.
It demonstrated that the selected structural reso-
nance also produced measurable radiated sound and
therefore supports the longer-term possibility of non-
contact acoustic monitoring. Its weaker preload or-
dering in the present experiment is plausible because
sound radiation depends not only on joint dynam-
ics but also on structural radiation efficiency, sensor
distance, room reflections, and background noise [27]-
[34]. Future acoustic evaluation should use controlled
microphone positions, background-noise characteri-
zation, and transfer-function or coherence analysis
between acceleration and sound before microphone-
only classification is claimed.

The method is most directly applicable to accessible
joints during maintenance inspections. Shaker size,
reaction-force requirements, and mounting access re-
main important constraints for bogie-level or densely
packaged locations. Compact exciters, impact-based
excitation, or operational-response methods should
therefore be compared with the present laboratory
shaker approach. The current demonstrator also rep-
resents only one joint geometry and one varied bolt;
transfer to carbody, roof-mounted equipment, bogie as-
semblies, and bolted elements of rail fastening systems
requires validation under representative boundary con-
ditions and environmental variability.

5. Conclusion

Controlled excitation around a dominant 130 Hz re-
sponse revealed clear differences between loose and
preloaded states of the central bolt in a three-bolt lap
joint. The accelerometer z-axis showed additional
high-frequency spectral components during single-
tone excitation, while FM excitation produced carrier-
normalized second- and sixth-harmonic band levels
that separated the loose and 80% states by 17.5 and
36.5 dB, respectively. The microphone verified acous-
tic radiation of the target resonance but did not yet
provide sufficiently consistent preload ordering for the
quantitative metric. The method remains a proof
of concept limited to one demonstrator, one varied
bolt, discrete torque settings, and three repetitions.
Future work should include direct clamp-force mea-
surement, additional geometries and bolts, coherence-
based vibro-acoustic analysis, realistic maintenance
excitation, and validation on carbody, roof, bogie, and
rail-fastening-system joints.
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