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Abstract
Purpose  Natural frequency is a global dynamic parameter that normally contains limited spatial information on a crack in 
a structure. However, recently a theoretical concept that a roving mass with rotary inertia causes sudden frequency shifts 
when located near the crack location has been proposed as a method of locating cracks, although experimental verification 
is still lacking. This study fills this gap in knowledge, by investigating the measurability of the frequency shift as a roving 
body passes a crack.
Methods  Natural frequencies were measured through impact hammer tests and compared with frequencies calculated using 
the dynamic stiffness method and finite element method.
Results  The results show that the natural frequency shift could be clearly measured for a beam featuring a medium sized 
crack. For smaller cracks, while numerical results show that the current method would still enable the identification of their 
locations as frequency shifts are in the measurable range, the number of locations at which the measurement needs to be 
taken can be very large.
Conclusions  This study provides insights into the practical feasibility of the roving mass technique for crack detection.
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Introduction

Vibration-based damage identification is a promising method 
in Structural Health Monitoring (SHM) to spot the existence 
of damage and assess the state of the entire structure [1]. 
In vibration-based methods, damage identification can be 
achieved by examining the changes in measured vibration 
response, such as modal parameters (natural frequencies, 
mode shapes, and modal damping), which are functions of 
the physical properties (mass, damping, and stiffness) of a 
structure [2]. Therefore, the changes in structural proper-
ties will result in variations in modal properties, which can 
either be detected absolutely or with reference to an undam-
aged state. By analysing these changes in modal proper-
ties, system identification can be performed to diagnose the 

structural health condition. This process involves solving 
inverse problems as it aims to extract the optimal mathemati-
cal model parameters so that the most feasible fit is obtained 
between the model output and the observed data [3].

Among the vibration-based methods, natural frequency-
based methods have been researched extensively as fre-
quency measurements can be quickly conducted and are 
cost-effective and often reliable. Compared with some non-
destructive testing methods (such as microscopy, ultrasonic 
testing, thermography, etc.) that may require a labour-inten-
sive and protracted process to inspect the whole structure, 
natural frequency-based methods offer an economical and 
effective approach for damage identification by using the 
natural frequency data collected from a single point on the 
structure. However, these methods have some disadvantages. 
For instance, significant cracks can lead to minor variations 
in natural frequencies, which may go undetected due to 
measurement errors [4]. In addition, the natural frequen-
cies of the intact structure (i.e. baseline information) are 
not always available, thus many frequency-based methods 
endeavour to extract the spatial information of damage from 
the natural frequencies of the damaged structure alone. 
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Consequently, the damage identification transforms into 
some challenging inverse problems where the damage loca-
tion and severity are deduced from the natural frequency 
data of the damaged structure. For example, some natural 
frequency-based methods rely on an optimal criterion where 
the stiffness distribution of a structural element is iteratively 
adjusted to align the calculated natural frequencies with 
the measured frequencies at a specific level of damage [5]. 
These methods usually involve machine learning techniques 
[6] and optimisation algorithms [7, 8] in recent years.

To tackle the above issues, some researchers proposed 
methods incorporating an auxiliary mass to draw spatial 
information from the natural frequency shift caused by the 
mass passing the damage. As a result, baseline information 
is not required and the complexity of inverse problems can 
be largely avoided. Al-Said [9] proposed a method where a 
saw-cut crack was identified in a stepped cantilever beam 
carrying a slowly moving concentrated mass (i.e. a station-
ary roving mass) when the mass location coincides with 
the crack location. However, baseline information was still 
needed because the variation of the difference between the 
natural frequencies of cracked and intact systems versus each 
mass location was taken as the crack location index. Subse-
quently, Zhong and Oyadiji [10] applied a stationary wavelet 
transform to the curve of frequency versus mass location. 
The local perturbation caused by a crack was revealed and 
the crack was located. Yang and Oyadiji [11] found that the 
roving mass accentuated the local mode shape perturba-
tions. By applying a discrete wavelet transform to the fre-
quency-versus-mass-location curve, they observed that the 
approximation coefficients represented smooth components 
derived from the linear combination of the intact beam’s 
mode shapes. In contrast, the local mode shape perturbations 
contributed to the detail coefficients. Consequently, these 
detail coefficients, characterized by high-order oscillations 
due to damage, could be isolated and utilized for damage 
detection. Zhang et al. [12] proposed the frequency shift 
surface methodology, which entails positioning an auxiliary 
mass at various points on a plate and observing changes 
in the fundamental natural frequency. In their study, they 
experimented with a steel plate featuring a central thickness 
reduction, supported by sponges to simulate free boundary 
conditions. A 0.3 kg accelerometer served as the auxiliary 
mass. Damage detection was achieved by analysing the fun-
damental frequency shift surface. This approach was subse-
quently extended to a damaged steel cylindrical shell [13]. 
By repositioning the auxiliary mass around the cylindrical 
shell’s circumference, a frequency shift curve was produced, 
with the lowest point on the curve indicating the location of 
the damage.

Using an auxiliary mass as a probe for crack detection, 
Zhong et al. [14] proposed a method where an artificial 
quasi-interferogram fringe pattern (QIFP) and a high-speed 

camera were employed to improve the accuracy of natu-
ral frequency measurement. The QIFP was pasted on the 
surface of a vibrating cantilever beam as a sensor, and the 
image sequences of the QIFP were capture by a high-speed 
camera. Compared with using an accelerometer, the natural 
frequency shift when the mass passes the crack is more evi-
dent. Wang et al. [15] introduced the concept of a frequency 
shift path when a roving mass is attached to a beam. The 
frequency shift path is a spatial curve whose projection onto 
the time–frequency plane forms the frequency shift curve, 
while its projection onto the time–amplitude plane approxi-
mates the power of mode shape. Damages corresponding to 
25% and 50% of beam thickness loss were introduced in the 
experiment and the curvature of frequency shift path was 
used as the crack location indicator. Apart from stationary 
roving mass, non-stationary mass (i.e. moving mass with 
velocity) has also been studied for crack detection, although 
not necessarily in combination with frequency measurement. 
For example, Lee and Eun [16] investigated the feasibility 
of damage detection using a moving mass and the effect of 
mass magnitude, mass velocity, and different measurement 
sensors were explored. Recently, Dadoulis and Manolis [17] 
analysed the dynamic response of a damaged beam model 
traversed by a heavy point mass for the purpose of damage 
detection. In their numerical studies, anomalies at the crack 
location were identified in the spectograms for the power 
spectral density function of the velocities as the point mass 
traverses the beam span from left to right. However, this 
finding still needs experimental validation, reducing the 
noise in data acquisition for effective crack detection can 
be challenging.

The roving mass technique has been utilized in crack 
detection for more complex structures. Lie et  al. [18] 
expanded on the frequency shift curve method discussed 
in [13] to identify a sharp slot in a compressed natural gas 
cylinder by measuring the frequency shifts caused by an 
auxiliary mass. Cao et al. [19] simplified a parked vehicle-
bridge interaction into a model where a beam supports a 
mass block. Wang et al. [20] employed an auxiliary mass to a 
railway track model to identify defects in the track supports, 
such as loose or missing fasteners and compromised ballast. 
This method proved particularly effective for detecting miss-
ing fasteners and severely damaged ballast. In certain cases 
when the damage cannot be inspected visually or when the 
damaged structure is inaccessible, the roving mass technique 
can be promising for damage detection. For example, the 
roving mass technique has been studied in detecting leak-
age and blockage faults in pipelines filled with fluid under 
acoustic excitation and without having to interfere with the 
operating of the pipelines [21–23]. It also seems promising 
in detecting internal defects such as interfacial debonding 
[11] in layered beams. Nguyen [24] investigated frequency-
based crack detection in a double-beam system consisting 
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of two different beams connected by an elastic medium. The 
double-beam carried a roving mass and irregular changes in 
natural frequency were found when the mass was attached at 
the crack location. The study holds potential in crack detec-
tion for applications (e.g. multiple-walled carbon nanotubes, 
tall buildings, and continuous dynamic vibration absorbers) 
where the structure comprises elastically connected double 
beams. Haji and Oyadiji [25] employed a roving disc travers-
ing along the length of a non-rotating rotor to amplify crack 
effects. The natural frequencies of the cracked rotor in two 
lateral bending vibration planes were used to develop the 
crack location index and the crack was identified through 
sharp, notched peaks in the curve of the normalised orthogo-
nal natural frequency.

In previous studies involving a roving mass, only the 
translational inertia was considered, with the effect of rotary 
inertia being neglected. Cannizzaro et al. [26] showed that 
when a roving body with both mass and rotary inertia moved 
past a crack, the natural frequencies of a beam exhibited 
abrupt changes. Following this, Ilanko et al. [27] conducted 
a numerical analysis of frequency variations as a roving 
body traversed a crack on a plate. They observed a sudden 
frequency shift when the roving body with rotary inertia 
crossed a partial crack, and a similar shift with translational 
inertia only when crossing a complete crack. These abrupt 
natural frequency shifts identified in [26, 27] could be used 
to locate cracks. While these studies provided numerical 
evidence, experimental validation is still lacking to con-
firm the presence and detectability of the natural frequency 
shift. Furthermore, the assumption that rotary inertia acts 
at a point in theoretical derivations may not hold true in 
practice, causing what should be an abrupt frequency jump 
to possibly appear as a steep change, thereby complicating 
the detection of the frequency shift.

This study endeavours to fill the above gap in knowledge. 
Compared with previous studies utilizing the roving mass 
technique for natural frequency-based crack detection, this 
study for the first time considers both mass and rotary inertia 
in the experiment design, and the measurability of the fre-
quency shift caused by the roving mass with rotary inertia 
passing a crack with regard to the crack severity is investi-
gated. Additionally, this study presents a direct comparison 
between experimental, theoretical, and simulation results, 
providing insights into the practicality of measuring theo-
retically significant natural frequency changes using impact 
hammer tests. To be specific, impact hammer tests were 
conducted on two cracked beams carrying a roving mass 
with rotary inertia. The experimental frequency results are 
compared with the results obtained using the dynamic stiff-
ness method (DSM) and the finite element method (FEM). 
To obtain accurate results through the DSM, Rayleigh bar 
theory and Timoshenko beam theory are combined when 
constructing the dynamic stiffness matrix of an individual 

element, and the Wittrick–Williams algorithm is employed 
to extract natural frequencies. Based on the experimental 
results, the feasibility of using the natural frequency shift 
caused by a roving mass with rotary inertia passing a crack 
for crack detection is discussed. It is worth noting that the 
mass roves on the beam, and whenever the mass is located 
in a new position, the natural frequencies of the beam are 
evaluated. Therefore, the mass is considered stationary in 
this study.

Experiments

This section elaborates on the experimental work conducted 
to investigate the existence and measurability of the natural 
frequency shift, including the design, instrumentation, and 
preparation before experiments.

Experiment Layout

The overall layout of the experimental set-up is shown 
in Fig. 1. A heavy steel platform with two supports was 
designed to carry a beam. The beam was clamped to the 
support at each boundary using a cap and two M8 × 30 mm 
bolts. The beams used in this experiment were made of mild 
steel with a density of 7571.4 kg/m3. The beam was 2 mm 
thick and 20 mm wide. The length of the beam L between 
the boundaries was 623 mm.

A crack was simulated by machining a cut-out on the 
beam. Two crack depths were used, corresponding to 20% 
and 40% thickness reduction of the beam, respectively. As an 
example, Fig. 2 shows the appearance of a 20% crack. The 
opening of the slot was 2 mm wide. The distance between 
the left boundary and the left edge of the crack was 393 mm.

The roving mass was made of steel and weighed 1.15 
times the weight of the beam. Although the roving mass 
does not have to be heavy, to achieve a measurable change in 
natural frequencies (i.e. Δf  ) in the first few natural frequen-
cies when the mass passes the crack, a heavy mass would 
be favourable. Some trial calculations were conducted when 
determining the weight of the mass to make sure that the 
maximum stress in the beam was far from yield after attach-
ing the mass to the beam. As shown in Fig. 3, the radius of 
gyration of the roving mass was designed to be adjustable, 
hence the rotary inertia of the mass can be adjusted.

A detailed view of the connection between the roving 
mass and the beam is given in Fig. 4. The roving mass was 
clamped to the beam using M4 bolts and nuts. Whenever 
the mass was located in a new position, the M4 bolts were 
tightened. After finishing each impact hammer test, the bolts 
were loosened thus the mass could be moved to the next 
position. To minimize the roving step size, the contact area 
between the roving mass and the beam was set to a width of 
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2 mm (see Fig. 4b). Figure 5 shows the mass locations near 
the crack. Each shadowed area represents the contact area 
between the mass and beam at each mass location. It can be 
seen that 4 mm is the minimum roving step size that can be 
achieved using this set-up.

Impact Hammer Tests

Impact hammer tests were performed to measure the fre-
quency response of the set-up at an ambient temperature 
of about 21 °C. The set-up for the impact hammer tests is 

shown in Fig. 6. The impact hammer (PCB model: 086E80) 
had a soft tip with the impact location at a distance of 
82 mm from the right boundary of the beam, and the beam 
response was measured by an accelerometer (PCB model: 
TLD352A56) attached underneath the beam at a distance 
of 244 mm from the left boundary of the beam. The roving 
range on the beam was limited to 280 mm (see Fig. 6) to 
allow space for the impact point, the accelerometer, and the 
cable. The excitation and response signals were then pro-
cessed by a dynamic signal analyser (model: Data Physics 
QUATTRO) which gave the transfer function.

Fig. 1   The overall layout of the experimental set-up

Fig. 2   The segment of a 20% 
cracked beam
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It was necessary to configure some parameters for the 
signal analyser, for example, the bandwidth fH , sampling 
frequency fs , triggering, windowing, and the number of 
averages. Preliminary numerical studies showed that a band-
width of 800 Hz was sufficient to measure the first eight 
natural frequencies. The sampling frequency was set to be 
2048 thus fs > 2fH which satisfied the Nyquist criterion 
[28]. The resulting frequency resolution Δf  was 0.03125 Hz, 
the time span T  was 32 s, and the time resolution ΔT  was 
1/2048s. The trigger was set to start data acquisition when 
the impulse from the hammer reached 0.5 N. A delay of 
− 5% was selected, i.e. the acquisition began 0.05 ΔT  earlier 
than the triggering event. A rectangular window was used. 
Five measurements for each mass location were recorded 
and averaged. Double impact or overloaded tests were 
rejected. The time histories were stored and processed to 
obtain the transfer function and coherence. The setting of 
the above parameters and the data analysis and visualisation 
were conducted using SignalCalc 900 Series software (see 
Fig. 7). The data file containing the transfer function signal 
was then exported for post-processing in MATLAB using 
the single-degree-of-freedom (SDOF) circle-fit method [29, 
30].

Preparation Before the Measurement

Tensile Test

The Young’s modulus of the mild steel used for manufactur-
ing the beams was determined through a tensile test using 
an Instron universal testing machine with a 5 kN load cell, 
following the tensile testing standard for metallic materials 

(ISO 6892-1:2009(E)). Six parallel-sided strip samples were 
prepared. The maximum force was set to 4.5 kN. A mechani-
cal extensometer with a nominal gauge length of 50 mm 
was attached to the sample to measure the elongation. A 
crosshead separation rate of 1.05 mm/min was applied. The 
modulus calculation was performed by the Instron Bluehill 
material testing software using the data in the strain range of 
0.025%–0.035%. For each sample, five tests were repeated 
and the results were averaged. Then the results of the six 
samples were averaged. In the end, the average Young’s 
modulus of the samples was found to be 188.6 GPa.

Repeatability and Reciprocity Checks

Repeatability checks are generally required to assess the sta-
bility of structural characteristics over a period of time. In 
this experiment, the bolts of the roving mass were tightened 
by hand to approach a rigid connection between the mass 
and beam. After an impact hammer test, the bolts were loos-
ened to reposition the mass. Once the mass was in position, 
the bolts were tightened again followed by another ham-
mer test. In this process, the torque of the bolts might slight 
changes in the natural frequencies. Therefore, it was impor-
tant to check the repeatability of natural frequency results by 
loosening the bolts and retightening them. With an accept-
able repeatability check, the variance caused by the torque of 
bolts could be ignored, and the change of natural frequencies 
could be assumed only due to the crack and roving mass.

Figure 8 shows the transfer functions of five repeatabil-
ity tests conducted on an intact beam carrying the roving 
mass with the maximum rotary inertia setting. The distance 
between the mass location and the left boundary of the 

Fig. 3   Different settings of the 
rotary inertia (design figures 
and real photos)



	 Journal of Vibration Engineering & Technologies          (2025) 13:105   105   Page 6 of 23

beam was 0.36 m. In between successive tests, the mass 
was removed from the beam and then reinstalled. It can be 
noted that the five curves of the transfer function are almost 
identical, demonstrating excellent repeatability of the test. 
Table 1 displays the first eight natural frequencies of the 
repeatability tests and the standard deviation between the 

tests. The results exhibit minor variance, which also proves 
the excellent repeatability.

Apart from the repeatability check, the reciprocity of 
tests was checked by confirming that the measured trans-
fer function for an impact at location i and a response at 
location j agrees well with the transfer function measured 

Fig. 4   The detailed view of the connection between the roving mass and beam
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for the same impact (approximately) at location j and a 
response at location i . The results were found similar to 
those in Fig. 8 and are not reported here.

Simulation of the Experiment

An FE model was created using ANSYS Mechanical 
APDL to simulate the vibration of the experimental set-up. 
Considering the irregular shape of the set-up, SOLID187 
elements (higher order 3D 10-node elements with a quad-
ratic displacement behaviour) were used to discretize the 
model. Free meshing was used to mesh the model. The 
APDL was compiled in such a way that the roving mass 
and the cracked beam were generated as a whole body (to 

simulate the rigid connection between the mass and beam), 
and the process of creating the model was packaged in a 
macro. Modal analysis was performed whenever the mass 
location was changed. Some trial calculations were con-
ducted by modifying the level of element size until the 
natural frequency results converged. Figure 9 shows a typi-
cal discretization of the model when the rotary inertia is at 
the maximum setting.

Analytical Model of the Experiment

Apart from the FE model, a simplified analytical model of 
the experimental set-up was created using the DSM. The 
DSM involves finding the dynamic stiffness of individual 

Fig. 5   The mass locations near 
the crack

Fig. 6   The set-up for impact 
hammer tests
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components of the structure by analytically solving the gov-
erning equations and assembling these to form the dynamic 
stiffness matrix for the structure. For free vibration, the 
determinant of this matrix is zero, which leads to a tran-
scendental equation whose roots give the natural frequen-
cies. In the past, the DSM has been applied to structural 
members such as beams [31, 32], plates [33, 34], and shells 
[35, 36]. The DSM was also used in problems involving 
cracked members to investigate the dynamic response of 

structures in the presence of a crack [37–41]. To solve the 
transcendental dynamic stiffness matrix equation, a reliable 
eigensolver is required and the Wittrick–Williams algorithm 
is well suited for this. The Wittrick–Williams algorithm [42, 
43] is an efficient eigensolver that appears frequently within 
the DSM literature. It searches for eigenvalues in such a way 
that there is no possibility of missing any one of them.

The dynamic stiffness matrix of a beam element is given 
in [31, 44]. For a crack element, its dynamic stiffness matrix 

Fig. 7   The user interface of SignalCalc 900 Series software

Fig. 8   The transfer functions of 
five repeatability tests
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can be obtained from the 3 × 3 flexibility matrix as given in 
[45]. The global dynamic stiffness matrix can be constructed 
following a proper assembling process. For this study, the 
effect of concentrated translational and rotary inertia was 
considered by modifying the associated diagonal terms of 
the global dynamic stiffness matrix. The Wittrick–Williams 
algorithm was employed to calculate natural frequencies. 
For the completeness of this study, the relevant information 
is provided in the supplementary data.

Mode shapes obtained using ANSYS and DSM are shown 
in Fig. 10. A beam with a 40% crack was modelled and the 
mass with the maximum rotary inertia setting was located 
76 mm on the right side of the crack. For the DSM mode 
shapes, the red triangle and green dot indicate the crack loca-
tion and mass location, respectively.

From Fig. 10, the mode shape results obtained using the 
two methods are in good agreement. Although the DSM 
model was a simplified 2D model, it still predicts the mode 
shapes of the beam accurately. The ANSYS model was a 
3D model and included more details of the roving body. 
Apart from the bending modes shown in Fig. 10, some tor-
sional modes and bending modes in the strong direction of 
the beam (which may also appear in the experiment) were 
also obtained from the ANSYS model. Figure 11 shows 
two examples of these modes. Overall, the results from the 

ANSYS model were closer to the experiment results, and 
this will be discussed in the next section through natural 
frequency comparison.

Results and Discussion

Figure 12 shows the schematic diagram of the experimen-
tal set-up for impact hammer tests. A total of 71 mass loca-
tions were tested on each cracked beam. The coordinate of 
the centre of the crack is 394 mm. The coordinates of mass 
locations on the immediate left side and right side of the 
crack were 392 mm (the 35th mass location) and 396 mm 
(the 36th mass location), respectively.

For each cracked beam, three settings of rotary iner-
tia as shown in Fig. 3 were tested. As an example, the 
natural frequency results of a cracked beam carrying a 
roving mass with the maximum rotary inertia setting are 
presented in the following sections.

40% Cracked Beam

The comparison of natural frequency results obtained 
through experimental measurement, ANSYS, and DSM 
is shown in Fig. 13. The results are in good agreement, 

Table 1   The natural frequency 
results of five repeatability tests

Mode number Natural frequency results (Hz) Standard 
deviation

Test 1 Test 2 Test 3 Test 4 Test 5

1 14.40 14.40 14.39 14.39 14.39 0.003
2 32.86 32.88 32.88 32.86 32.83 0.021
3 80.48 80.42 80.37 80.33 80.29 0.075
4 144.5 144.1 144.0 143.5 143.5 0.420
5 217.1 217.0 216.9 216.9 216.9 0.088
6 378.0 378.2 378.1 378.1 377.9 0.130
7 436.8 436.8 436.7 436.6 436.6 0.094
8 638.1 638.0 638.1 638.1 637.9 0.074

Fig. 9   A typical discretization 
of the model in ANSYS
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Fig. 10   The comparison between ANSYS mode shapes (left side) and DSM mode shapes (right side, with the red triangle and green dot indicat-
ing the crack location and mass location, respectively)
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Fig. 10   (continued)
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demonstrating the satisfactory accuracy of the ANSYS 
model and DSM model. Among the three sets of results, 
DSM results generally give the highest frequencies, fol-
lowed by ANSYS results. Experimental results are mostly 
the smallest. The main reason why DSM results are gener-
ally larger than ANSYS results is due to the simulation of 
the crack. As shown in the supplementary data, the crack 
was modelled through three zero-length mass-less springs 
in the DSM model, while in the ANSYS model, both the 
crack depth and crack opening were considered. Therefore, 
the stiffness of the DSM model should be higher than that 
of the ANSYS model, leading to higher natural frequen-
cies. Similarly, the phenomenon that ANSYS results are 
normally larger than the experimental results may also be 
attributed to the difference in stiffness. For the ANSYS 
model, the boundary conditions were ideal and no relaxa-
tion between the mass and beam was allowed. Both condi-
tions were difficult to achieve in the experiment where the 
clamped boundaries and rigid connection could only be 
approximated. All these factors would decrease the natu-
ral frequencies of the experimental set-up when compared 
with the simulation. However, the ANSYS model still gave 
good predictions of natural frequencies, with the average 
relative percentage error between experimental results and 
ANSYS results for the first eight natural frequencies rang-
ing from 2.7 to 8.2%.

From Fig. 13, the natural frequency shift predicted by 
both the DSM model and ANSYS model when the mass 

passed the crack at 394 mm can be observed in the experi-
mental results. Thus, in this case, the natural frequency shift 
caused by a roving mass with rotary inertia passing a crack 
is experimentally verified. It is worth noting that there are 
two abnormal frequency shifts in the fifth natural frequency 
(Fig. 13e) when the mass location is around 364 mm and 480 
mm. This is because there was a closely neighbouring mode 
(as shown in Fig. 11b) near the fifth bending mode when 
the mass was near those two locations. In this situation, 
the SDOF assumption of the circle-fit method [46] was not 
satisfied and hence the extracted natural frequencies were 
not accurate. However, this phenomenon only happened for 
certain natural frequencies at some mass locations (approxi-
mately ten mass locations in the fifth natural frequency). 
Overall, the circle-fit method delivered good results.

To examine the measurability of the natural frequency 
shift, the difference between the natural frequencies obtained 
when the mass is located in two adjacent positions were 
calculated consecutively. For example, when the mass roves 
to a new position, the natural frequency of the previous posi-
tion (denoted by fpp ) is subtracted from that of the current 
position (denoted by fcp ), leading to the natural frequency 
shift at the current position

Repeating this procedure for the natural frequencies at 
all mass locations, the resulting curves of natural frequency 

(1)Δfcp = fcp − fpp

Fig. 11   Two examples of the 
out-of-plane modes in ANSYS 
results

Fig. 12   The schematic diagram 
of the experimental set-up
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shift Δf  are shown in Fig. 14. For the first three natural 
frequencies, the crack location is clearly indicated by the 
peak in the curve of Δf  . For the fourth and fifth natural 
frequencies, the peak at the crack location is not obvious. 
Two false peaks are present in the curve of Δf  for the fifth 
natural frequency (Fig. 14e) due to closely coupled modes as 
explained above. For the sixth to eighth natural frequencies, 
the peak at the crack location is still noticeable despite more 
fluctuations appearing in the curve of Δf .

In general, the natural frequency shift when the roving 
mass with rotary inertia passes the crack can be clearly 

measured for the 40% cracked beam. It is possible to pin-
point the crack location by observing the peak in the curve 
of Δf  versus mass location. Next, it is necessary to check 
whether the frequency shift is still measurable for a 20% 
cracked beam.

20% Cracked Beam

For the 20% cracked beam, the comparison of natural fre-
quency results is shown in Fig. 15. The results obtained 
through the different methods are still in good agreement. 

Fig. 13   Measured and predicted 
natural frequencies (40% crack 
located at 394 mm)
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The average relative percentage error between experimental 
results and ANSYS results for the first eight natural frequen-
cies is between 2.5 and 8.2%. However, the natural frequency 
shift that happens when the mass passes the crack at 394 mm 
is difficult to observe directly from the curve of natural fre-
quency. Besides, some abnormal frequency shifts may affect 
the estimation. For example, in the curves of the fourth and 
fifth natural frequencies, some abnormal frequency shifts 
appear because these two modes are closely coupled with 
two out-of-plane modes when the mass is located at certain 
locations. In the curve of the second natural frequency, when 

the mass location is approaching 500 mm, an abnormal fre-
quency shift exists possibly due to measurement error or 
beam internal defects. Therefore, it is necessary to check the 
measurability of the natural frequency shift Δf  . The results 
are shown in Fig. 16.

From Fig. 16, the peak in the curve of Δf  when the 
mass passes the crack location can be observed. However, 
the magnitude of the peak is much smaller compared with 
Fig. 14. For example, it is impossible to find a noticeable 
peak at the crack location for the first natural frequency. For 
the second natural frequency, the peak at the crack location 

Fig. 14   Measured and predicted 
natural frequency shift ( Δf  ) 
(40% crack located at 394 mm)
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is observable. However, the magnitude of the peak is com-
parable to that of the peak caused by measurement error. 
False peaks appear in the curves of Δf  of the fourth and 

fifth natural frequencies (Fig. 16d, e) due to closely coupled 
modes. For the sixth to eighth natural frequencies, the peak 

Fig. 15   Measured and predicted natural frequencies (20% crack located at 394 mm)
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at the crack location is discernible but not obvious enough 
due to the fluctuation of the curves.

To highlight the crack location, the change of natural 
frequency shift (i.e. Δ(Δf ) ) is calculated. Δ(Δf ) is defined 
as follows. fpp , fcp , and fnp are used to denote the nat-
ural frequencies when the mass is located in the previ-
ous position, the current position, and the next position, 
respectively. The natural frequency shift of the current 
mass position, i.e. Δfcp , is given in Eq. (1). Similarly, the 

natural frequency shift of the next mass position, i.e. Δfnp , 
is written as

The change of natural frequency shift when the mass is 
located in the next position, i.e. Δ(Δfnp) , is expressed as

(2)Δfnp = fnp − fcp

(3)Δ
(

Δfnp
)

= Δfnp − Δfcp

Fig. 16   Measured and predicted 
natural frequency shift ( Δf  ) 
(20% crack located at 394 mm)
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Therefore, Δ(Δf ) is the difference between the Δf  when 
the mass is located in two adjacent positions.

The results of Δ(Δf ) are shown in Fig. 17. Although there 
are some shifts in this parameter at the crack location for 
some modes, it is difficult to pinpoint the crack location 
due to the presence of some false peaks. These false peaks 
are generally due to measurement error or the small natural 
frequency shift around the extrema of the curve of natural 
frequency. As an example, Fig. 18 shows the comparison 

of f  , Δf  , and Δ(Δf ) for the eighth natural frequency. The 
red dotted lines indicate the mass locations corresponding 
to the extrema of the curve of natural frequency. It can be 
seen that Δf  changes in sign around these locations, leading 
to peaks in the curve of Δ(Δf ) . In magnitude, these peaks 
are comparable to the peak when the mass passes the crack 
location, making it difficult to determine the crack location 
from the curve of Δ(Δf ).

Fig. 17   Measured and predicted 
natural frequency shift (20% 
crack located at 394 mm)
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In general, the natural frequency shift when the roving 
mass with rotary inertia passes the crack can still be meas-
ured for the 20% cracked beam. However, it can be difficult 
to pinpoint the crack location by observing the peak in the 
curve of Δf  or Δ(Δf ) versus mass location. For the curve 
of Δf  , the magnitude of the peak at the crack location is 
small for lower frequencies. For higher frequencies, the 
magnitude increases, but the fluctuation of the curve also 
becomes greater, which makes the peak at the crack loca-
tion less discernible. For the curve of Δ(Δf ) , the curve is 
flatter and the peak is more obvious. However, the pres-
ence of some false peaks hampers the determination of 
crack location.

Further Numerical Studies

From the above experimental results, the curves of Δf  
and Δ(Δf ) versus mass location for higher modes can help 
locate the crack. However, fluctuations in the curve of Δf  

and ensuing false peaks in the curve of Δ(Δf ) are also com-
mon in higher modes. If decreasing the ratio of step size to 
structure length, it is possible to reduce the magnitude of Δf  
between two adjacent mass locations, hence making the fre-
quency change when the mass passing the crack more promi-
nent. Although this would inevitably demand more sampling 
locations and longer measurement time, it is instructive to 
examine the results through a numerical study.

In the following study, the step size is maintained at 4 mm 
but the length of the beam is scaled up. The length, width, 
and thickness of the beam are increased by factors of 10, 
40, and 80, respectively. Now the beam is 0.16 m thick and 
0.8 m wide, and the length of the beam L is 6.23 m. The 
magnitudes of the translational and rotary inertia of the 
roving mass are also increased in proportion, thus the ratio 
between the roving mass and beam is the same as the maxi-
mum value used in the experiment. A 10% crack is studied 
with the crack opening remaining 2 mm wide and the crack 
depth being 16 mm. The location of the crack is now 3.94 m. 

Fig. 18   The comparison of f  , 
Δf  , and Δ(Δf ) for the eighth 
natural frequency
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The DSM is employed and the Wittrick–Williams algorithm 
is implemented to search for the natural frequencies.

Figure 19 shows the curves of the first four natural fre-
quencies of the larger beam. For a 10% crack, the frequency 
change when the mass passing the crack is nearly indistin-
guishable. When the mass is located close to the boundaries, 
the effect of the attached mass is reduced and the frequency 
results approach the natural frequencies of the cracked beam 
without the mass. As the mass roves away from bounda-
ries, the effect of the mass becomes more significant. Due to 
this reason, Δf  changes rapidly when the mass is near beam 
boundaries, as shown in Fig. 20.

By focusing only on the results from 0.25 to 6 m, the 
regions near boundaries are excluded, and the natural fre-
quency shift when the mass passes the crack is highlighted 

as shown in Fig. 21. Theoretically, the magnitude of Δf  
when the mass passes the crack should become measurable 
from the second natural frequency onwards. However, based 
on the above experimental practice, the value of Δf  at the 
crack location for the second and third natural frequency 
could be obscured by measurement noise. It might not be 
until the fourth natural frequency that Δf  at the crack loca-
tion stands out clearly. However, this is still a promising 
result considering the size of the crack and the relatively low 
magnitude of the fourth natural frequency.

Figure 22 shows Δ(Δf ) as a function of mass location. 
Unlike Fig. 17 where false peaks are comparable to the peak 
near the crack location, now the crack can be pinpointed 
by the notable peak when the mass passes the crack. These 
results are more promising than the above experimental 

Fig. 19   Natural frequency 
results of the scaled-up beam 
(10% crack at 3.94 m)

Fig. 20   Natural frequency shift ( Δf  ) results of the scaled-up beam (10% crack at 3.94 m)
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results. However, for the scaled-up beam, 1557 frequency 
measurements are needed to yield the full frequency curve, 
which can be a formidable task in practice.

Concluding Remarks

In this study, the theoretical concept of using a roving mass 
with rotary inertia to locate a crack is verified through exper-
iments. Impact hammer tests were conducted on two cracked 
beams carrying a roving body with rotary inertia. The natu-
ral frequencies obtained through the DSM, FEM, and experi-
mental measurements were in good agreement. It was found 
that the natural frequency shift when a roving mass with 
rotary inertia passes a crack can be clearly measured for the 
40% cracked beam. For the 20% crack, the natural frequency 
shift when the mass passes the crack can still be measured, 
however, it can be difficult to pinpoint the crack location by 
observing the peak in the curve of Δf  or Δ(Δf ) versus mass 

location. Based on the experiments, a larger beam is used 
in the numerical study and a 10% crack is studied. A step 
size of about 1/1555 of the beam length proved sufficient for 
identifying a smaller crack (e.g. a 10% crack) using the first 
4 modes. However, reducing the roving step size presents a 
demanding task to obtain the full frequency curve as a large 
number of frequency measurements are needed, which can 
make this method tedious in practice. Overall, this study 
provides insights into the practical feasibility of the roving 
mass technique for crack detection. For a medium crack (e.g. 
a 20–40% crack) in a beam-like structure, it is possible to 
locate the crack using the measured natural frequency shift. 
To detect a smaller crack (e.g. a 10% crack), the current 
method calls for more resources such as noncontact equip-
ment (e.g. scanning laser Doppler vibrometers) and noncon-
tact vision-based vibration measurement [47–49] to facilitate 
more efficient and accurate frequency measurement.

Fig. 21   Natural frequency shift 
( Δf  ) results excluding regions 
near boundaries (10% crack at 
3.94 m)
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