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Abstract: This paper presents an experimental study on the dynamic response of an overhung rotor with a propagating transverse
crack. The effects of a propagating transverse crack and side load on the dynamic response of an overhung rotor are investigated in
order to identify vibration signatures of a propagating crack in rotating shafts. Startup and steady state vibration signatures were
analyzed and presented in the form of Bode plots, Frequency Spectrum Cascades, Frequency Spectrum Waterfalls and orbits. The
startup results showed that crack reduces the critical speed and increases the vibration amplitude of the rotor system. It also excites
2X vibration in the startup vibration signatures. The steady state results showed that the propagating crack produces changes in
vibration amplitudes of 1X and 2X vibration harmonics and excites 3X harmonic just before fracture. During crack propagation,
1X amplitude may increase or decrease depending on the location of the crack and the direction of vibration measurement while
2X amplitude always increases. The steady state vibration signal of a propagating crack also produces a two-loop orbit.

1. Introduction

The overhung rotor is important as it can be found
in many industrial turbo-machines in which the com-
pressor and turbine has a single shaft, for an example,
the turbocharger. Lateral forces can develop as a re-
sult of misalignment, rotor weight, and fluid force in
fluid handling machines and are usually in large scale
than the unbalance force. Although rotors are carefully
designed for fatigue loading and high level of safety
by using high quality materials and precise manufac-
turing techniques, catastrophic failures of rotors as a
result of cracks may still occur. Particularly, in high
speed rotating machines, in which the rotor is carry-
ing disks, blades, gears, etc which are of considerable
weight. Continuous operation of a cracked rotor will
result in crack propagation, which may result in a sud-
den breakdown of the machine or one of its elements if
not detected at an early stage. Although there are some
reported effects of crack on vibration signals, little in-

formation is found on the effect of a propagating crack
on vibration signals; this is the purpose of this work.

Due to the danger that the presence of a crack in
rotor poses, research has been geared-up towards the
detection of crack in rotating machines using vibration
signals. Many researchers [1–16] have modeled and
studied the dynamic response of cracked rotors using
different approaches. Some used only theoretical mod-
eling method, others combined both theoretical and ex-
perimental methods and few used only experimental
method. Gasch [1] studied the stability behavior of
the De-Laval rotor due to a crack and imbalance. His
results showed that the recognition of cracks is very
difficult because the significant double and triple fre-
quency vibrations are only very slightly involved in the
crack response. Grabowski [2] used modal analysis
to study the vibration behavior of a turbine rotor con-
taining a transverse crack. He reported that the crack
excites 1X and 2X vibrations, which are independent
of the out-of-balance but depend on the crack loca-
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Fig. 1. Experiment rig. (a) Schematic diagram for Overhung rotor arrangement. (b) Crack geometry.

Table 1
Summary of the experimental results

Description Steady state Start up
Y probe X probe Critical speeds (rpm)

1X (mil) 2X (mil) 1X (mil) 2X (mil) Y X

Un-cracked Shaft with hanging side load 2.080 0.025 0.694 0.231 4025 1785
of 8 kg (3500 rpm)

1st Cracked Shaft with 4 mm notch with 0.617 2.130 0.720 2.850 4010 1728
hanging side load of 8 kg (3500 rpm) (−70.3%) (very high) (+3.74%) (high)

2nd Cracked Shaft with 4 mm notch with 4.990 1.820 3.140 5.860 3750 1720
hanging side load of 8 kg (3500 rpm) (+139.9%) (high) (+244.6%) (very high)

tions. Dimarogonas and Paipetis [3] developed a rela-
tionship between crack depth and rotor local flexibility.
Imam et al. [4] used a 3-D finite element method and
a nonlinear rotor dynamics to model a cracked rotor
system and developed an on-line rotor crack detection
and monitoring system. Histogram signature analysis,
which is the FFT of the difference between the aver-
aged vibration signals of cracked and un-cracked shaft
was used. Experiment results showed 1X and 2X vi-
bration peaks. Inagaki et al. [5] utilized the iterative nu-
merical calculation (transfer matrix) method to analyze
transverse vibrations of a general cracked-rotor bear-
ing system and an experiment was used to validate the
results. The experimental results showed 1X and 2X
vibration responses under mutual influences between
gravity, imbalance and their phase relations, and vibra-
tion mode characteristics at the rotating speed. The
work of Dirr and Schmalhorst [6] was comprehensive.

They used vibration measurement method and poten-
tial difference method of fatigue crack measurement
to study the shape of cracks at different depth during
crack propagation in a rotating shaft. The FFT of ex-
perimental vibration signals showed 1X and 2X. 3D
Finite Element crack model was also used to study the
bending stress distribution near the crack tip. Mayes
and Davies [7] analyzed the response of a multi-rotor-
bearing system with a transverse crack using a linear
rotor dynamic computer program. The results were
supportedby experimentalwork using a test rig to study
the effect of dynamic bending moments and rotor run-
ning speed on crack depth. Bently and Bosmans [8]
used experimental set-up to study a cracked rotor model
of a Reactor Coolant Pump using an overhung rotor.
The results showed variations in the amplitude of the
2X vibration and an orbit with two loops due to crack
propagation. Wauer [9,10] carried out a comprehensive
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Fig. 2. Bode plots of startup data for un-cracked shaft with 8 kg vertical hanging side load.

literature survey on the state-of-the-art of the dynamics
of cracked rotors. He also modeled and formulated the
governing dynamic equations of a cracked Timoshenko
rotor, which is flexible in extension and torsion. He
used the Galerkin’s method to reduce the equations of
motion. The torsional vibration of a circular shaft with
a circumferential crack was studied. Collins et al. [11]
studied a cracked Timoshenko rotor by solving the six-
coupled equations obtained by Wauer [9,10]. The fre-
quency spectrum of the rotor response to a periodic
axial impulse was also studied. The results showed
an increase in the coupling between axial, torsional
and transverse vibration. Theoretical and experimental
study of the on-line crack detection for turbo-generator
rotors was presented by Diana et al. [12]. The effects
of thermal gradient were accounted for in the diagnos-

tic program, using probability evaluation. The differ-
ence between the current vibration and the previous vi-
bration was used to calculate the vibration forces. 1X
and 2X vibration frequency components were reported.
Dimarogonas and Papadopoulas [13] studied the sta-
bility of cracked rotors in the coupled vibration mode.
The frequency spectra of the vibration signal of a 300
MW steam turbine showed high 2X, 1/2X and 1/4X
vibration components that suggested the existence of
deep crack. Meng and Hahn [14] analyzed a cracked
Jeffcott rotor theoretically and numerically. WU and
Huang [15] studied the dynamic response of a rotor
with a transverse crack by numerically solving the dy-
namic equations of a cracked rotor model. FFT of the
response at various speeds, crack depths and crack lo-
cations showed 1X and 2X harmonics. Floquet theory
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Fig. 3. Frequency cascades of the startup data for un-cracked shaft with 8 kg hanging side load.

and multiple scales methods were also used to study
the stability of the cracked shaft system. Zheng [16]
numerically studied the vibration of rotor system with
a switching crack. He suggested the use of features
other than 1X and 2X harmonics for crack detection.
The Gabor analysis of the vibration signals, after 1X
and 2X have been removed, showed the presence of
transient signals.

Attention has been focused on the study of a sim-
ply supported cracked rotor. All the works cited
above, with the exception of the work of Bently and
Bosmans [8], were on a simply supported rotor. Fur-
thermore, majority of the results showed that crack ex-
cites 1X and 2X vibration harmonics at steady state.
However, imbalance can produce 1X harmonic while
misalignment, asymmetry and looseness of bolts and
nuts can also produce 2X vibration. Similarly, a change

in the critical speed of a rotating machine may be caused
by other machine faults like looseness and wear. There-
fore, in accordance with the suggestion of Zeng [16],
more than one vibration feature should be used to char-
acterize the presence of a crack in rotors to avoid wrong
diagnosis. This paper uses four different vibration fea-
tures to study the vibration of an overhung rotor with
a transverse propagating crack and side load. These
features are Frequency Cascades and Frequency Wa-
terfalls that give information on frequency and time of
the vibration signal, Bode plots and orbits.

2. Experimental setup

The equipment used for the experiment include a
Rotor Kit, Rotor Kit Motor Speed Control, Data Ac-



S.A. Adewusi and B.O. Al-Bedoor / Experimental study on the vibration of an overhung rotor 95

(a) Vertical direction

(b) Horizontal direction

Fig. 4. Frequency waterfalls of steady state data for un-cracked shaft with 8kg hanging side load.

quisition Interface Unit (DAIU-208P) with accessories,
Oscilloscopes, Personal Computer (PC), Eddy Current
Displacement/proximity Probes, Automated Diagnos-
tics for Rotating Equipment (ADRE) for Windows Soft-
ware and shafts. The schematic diagram of the ex-
periment test rig is set up as shown in Fig. 1(a). The
proximity probes are fixed on rigid supports 4 cm from
the bearing supports and are connected via auxiliary
components to Oscilloscopes to observe the amplitude-
time waveforms and orbits of the vibration signals. The
probes are also connected to the DAIU-208P, which
is in turn connected to the PC. The DAIU operation
is controlled by the ADRE for Window Software to
collect, store and analyze vibration data to obtain Or-

bits, Bode plots, Frequency Spectrum Waterfall, and
Frequency Spectrum Cascades.

The shaft material is made of ductile steel bar AISI
4140. The shaft has the following dimensions and
properties: 10 mm diameter, 540 mm length, mass per
unit length of 0.72 kg/m, Young’s Modulus of 200 GPa.
Two disks each of mass 0.8 kg and a hanging side
load of mass 8 kg were fitted on the shaft as shown in
Fig. 1(a). The 8 kg hanging side load was applied to
produce bending stress on the crack and aid crack prop-
agation. The 8 kg it is attached to the roller element
bearing on the shaft through an inelastic string of diam-
eter 2 mm. The shafts are supported in self-lubricating
sleeve bearings. Three shafts are machined one with-
out crack and the other two with 4 mm depth v-notch
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Fig. 5. Orbit for un-cracked shaft with 8 kg vertical hanging side load.

surface crack. The crack angle is 30◦ and the Crack
Tip Open Displacement (CTOD) was measured with
the optical microscope and was found to be 0.117 mm.
Figure 1(b) shows the crack geometry.

Three experiments were carried out. It was ensured
that the shaft centerline was perfectly aligned with the
Electric Motor rotation axis to eliminate response due
to misalignment. The first experiment was for the un-
cracked shaft with the disks and 8 kg hanging side load
located at 7 cm and 13 cm from the Bearing Support 1,
respectively while the distance between the bearing
supports was 39 cm. The second experiment consisted
of the first cracked shaft with 4 mm depth v-notch
surface crack located at 1.5 cm from Bearing Support 1,
Fig. 1(a). The locations of the disks, 8 kg hanging side
load, and bearing supports are the same as those for the
first experiment. In the third experiment, the second
cracked shaft with the 4 mm depth v-notch surface
crack located at 3.5 cm from the Bearing Support 1
was used. The disks and 8 kg hanging side load are
located at 10 cm and 16 cm from the Bearing Support 1,
respectively while the distance between the bearing
supports was 39 cm. It should be noted that the 8 kg side
load was attached to the shaft for the three experiments.
This enables the effects of a propagating crack to be
studied since the effect of the 8kg load is common to
all set-ups.

The startup and steady vibration signals for each ex-
periment are taken and analyzed and the results are pre-
sented and discussed in the following section. The vi-

bration signals in both the vertical and horizontal direc-
tions measured by the proximity probes located 4 cm
to Bearing Support 1 are considered. The ramp rate for
the startup or run-up experiments was 10000 rpm per
minute and vibration data are taken every 15 rpm in-
crease in the speed of the rotor. The steady state speed
for the steady state experiments was 3500 rpm.

3. Results and discussions

Startup vibration signals were presented in the form
of Bode plots, which give information on the criti-
cal speed of the rotor system and Frequency Cascades
that give information on the vibration harmonics in the
startup signals. Steady state vibration signals were pre-
sented in the form of Frequency Waterfalls, which give
information on the harmonic components and Bode
plots that give informationon the movementof the shaft
center. The resonance speed corresponding to the crit-
ical speed of the rotor system is shown on each Bode
plot at the right hand top corner. The vertical overhung
side load was attached to the rotor with a thick string
(Fig. 1(a)) to aid crack propagation. This arrangement
makes the setup to have two degree of freedom in the
vertical direction; this is clearly shown in the Bode plots
in form of a resonance point at lower speed of 540 rpm,
in the vertical Bode plots, Figs 2(a) and 6(a). It should
be noted that the resonance frequency of the loading
system is very small. Therefore at high frequencies
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Fig. 6. Bode plots of startup data for the 1st shaft with 4 mm notch crack and 8 kg vertical hanging side load.

in order of 3500 rpm (the steady state speed), the 8kg
mass will not actively participate in the dynamics of the
rotor system and can be neglected. This resonance is
ignored in the discussion of the results. The amplitude
value in mil for 1X or 2X vibration harmonic is shown
at the down right hand corner of every frequency wa-
terfall. Table 1 summarizes the amplitudes of 1X and
2X harmonics for all steady state experiments.

3.1. Un-cracked shaft

Figures 2 and 3 represent the startup results for the
un-cracked shaft with 8 kg hanging side load. Fig-
ures 2(a) and (b) are Bode plots of the startup vibra-
tion signals in the vertical and horizontal directions,

respectively. Figure 2(a) shows that the first rotor crit-
ical speed in the vertical direction is around 4000 rpm
while in the horizontal direction, Fig. 2(b), the first crit-
ical speed is around 1800 rpm. This asymmetry is due
mainly to the side load that stiffens the rotor system in
the vertical plane as it forces the shaft to be touching
the sleeve bearing at the upper and lower sides con-
tinuously. Other important observation in Fig. 2(b) is
the second resonance peak, which is probably the rotor
second critical speed in the horizontal direction. Fig-
ures 3(a) and (b) are the Frequency Cascades of the
startup signals in the vertical and horizontal directions,
respectively. The horizontal proximity probe shows 2X
vibration harmonics at and above a speed correspond-
ing to the second critical speeds shown in Fig. 2(b).
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Fig. 7. Frequency cascades of startup data for the 1st shaft with 4 mm notch crack and 8 kg vertical hanging side load.

This suggests that the second mode vibration is excited
in the horizontal direction with small amplitude com-
pared with the first 1X vibration. It should be noted that
there was no 2X harmonic in the horizontal direction
before the second critical speed was reached.

Figures 4 and 5 present the steady state results for
the un-cracked shaft with 8 kg vertical hanging side
load. Figures 4(a) and (b) show the Frequency Wa-
terfall in the vertical and horizontal directions, respec-
tively. Figure 4 shows that the vibration amplitude is
greater in the vertical direction with 1X dominating.
2X and 3X vibration harmonics are also present but the
amplitude of 3X is greater than that of 2X. The vibra-
tion in the horizontal direction is rich in harmonics. 1X,

2X, 3X, 4X and higher harmonics are present. There
is also an unsteady sub-harmonic in the horizontal sig-
nal. The harmonics other than 1X can be attributed to
the effect of the side load, which produced asymmetry
in the shaft system. The unsteady behavior shown in
Fig. 4(b) was probably due to temperature dependence
of the equivalent stiffness and damping characteristics
of the bearings. Figure 5 represents the orbit of the
steady state signal of the un-cracked shaft and it shows
that the movement of the shaft centerline is greater in
the vertical direction despite the restriction imposed by
the side load. This behavior is due to the fact that the
vertical side load increased the static deflection of the
shaft in the vertical direction.
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Fig. 8. Frequency waterfalls of steady state data for the 1st shaft with 4 mm notch crack and 8 kg vertical hanging side load.

3.2. Cracked shaft

Figures 6 and 7 present startup results for the 1st
cracked shaft with 4 mm notch and 8 kg hanging side
load. The startup data for this shaft and the un-cracked
shaft were taken more than one time and averaged val-
ues of critical speeds are presented in Table 1. The re-
peated startup experiment for the cracked shaft caused
crack propagation and the shaft fractured after some
time when left to run at steady state as shown in Fig. 8.
Figure 6 shows the Bode plots of startup signals in the
vertical and horizontal directions. The crack reduced

the critical speed of the rotor system and increased am-
plitudes of vibration in both directions when Figs 6 and
2 are compared. These results are consistent with the
results reported by Dimarogonas and Paipetis [3]. Fig-
ure 7 represents the Frequency Cascades of the startup
signals in both the vertical and horizontal directions.
It can be seen in Fig. 7 that crack excited 2X vibra-
tion harmonic throughout the transient period in both
the vertical and horizontal directions unlike what is ob-
served in Fig. 3 where 2X occurred only in the hori-
zontal direction and at a speed close to and above the
second critical speed in the horizontal direction. See
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Fig. 9. Orbit of steady state data for the 1st shaft with 4 mm notch crack and 8 kg vertical hanging side load before the shaft fractured.

also Fig. 11 for the second cracked shaft. This is an im-
portant feature that can be used to identify the presence
of crack in rotors in addition to the decrease in critical
speed during startup.

Figures 8 and 9 show the steady state results for the
1st rotor with 4 mm v-notch crack. Figure 8 is the Fre-
quency Waterfalls for the vertical and horizontal vibra-
tion signals during crack propagation and shaft fracture.
1X and 2X vibration harmonics are very prominent
in both directions. The 2X amplitude is greater than
1X amplitude and 2X amplitude increased as the crack
propagated till fracture occurred. This result agrees
with the results reported by Gasch [1], Grabowski [2],
Imam et al. [4], T. Inagaki et al. [5], G. Dirr and Shmal-
horst [6], Davies and Mayes [7] and Diana et al. [12].
A small 3X vibration harmonic was excited at a later
stage of crack propagation just before fracture occurred.
Figure 9 represents the orbit of the cracked shaft dur-
ing crack propagation. Two-loop orbit similar to that
reported by Bently and Bosmans [8] is obtained.

Figures 10 and 11 show the startup results for the
2nd rotor with 4 mm v-notch crack. In this arrange-
ment, the crack, disks and hanging side load were lo-
cated further away (10 cm and 16 cm respectively) from
the Bearing Support 1 than for the 1st cracked rotor
(7 cm and 13 cm). In this arrangement, the resonance
bandwidth as shown in Fig. 10(a) is small compared
with Figs 2(a) and 6(b). The decrease in the critical

speed and increase in vibration amplitude are greater
compared with the 1st cracked rotor. This is expected
since the bending moment due to the hanging side load
and disks on the crack is greater than that for the 1st
cracked shaft. Gasch [1] and Meng and Hahn [14] have
reported that the change in shaft stiffness and dynamic
response of a shaft-bearing system depends on both the
crack depth and crack location. Figure 11 shows the
Frequency Cascades of the 2nd cracked rotor. 2X vi-
bration harmonic is present in both directions and is
similar to Fig. 6. This shows that crack excites 2X
harmonic during startup.

Figure 12 represents the Frequency Waterfalls of the
steady state signals of the 2nd cracked rotor. 1X and
2X harmonics are very prominent, their amplitudes
increased as the crack propagated. 1X amplitude is
greater in the vertical direction while 2X amplitude is
greater in the horizontal direction. 3X vibration har-
monic was excited at a later stage of crack propaga-
tion. Figure 13 shows the orbit of the steady state vi-
bration signal of the 2nd cracked rotor, wherein a dis-
torted two-loop orbit is formed. The distortion of the
orbit can be attributed to higher wobbling effects of the
hanging side load and disks as a result of greater over
overhanging length.

Table 1 summarizes the experimental results for the
un-cracked and the cracked rotors. The table shows 1X
and 2X vibration amplitudes measured in the vertical
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Fig. 10. Bode plots of startup data for the 2nd shaft with 4 mm notch crack with 8 kg vertical hanging side load.

and horizontal directions and their percentage change.
The averaged critical speeds for the un-cracked rotor
and the cracked rotors are also presented in the table
for comparison.

4. Conclusions

Experimental results on the dynamic response of an
overhung rotor with 4 mm v-notch propagating trans-
verse crack is presented. Since the machine history
is important in fault detection in rotating machines,

startup vibration signals of un-cracked and cracked
shafts were presented in the form of Bode plots and
Frequency Cascades for comparison. Steady state data
for the un-cracked and cracked rotors were presented
in the form of Frequency Waterfalls and orbits. The
startup results showed that crack reduces the critical
speed and increases the vibration amplitude of the rotor
system and also excites 2X vibration harmonic. The
steady state results showed that a propagating crack
produces changes in vibration amplitudes of 1X and
2X harmonics and excites 3X harmonic at a later stage
of crack propagation. During crack propagation, 1X
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(a) Vertical direction

(b) Horizontal direction

Fig. 11. Frequency cascades of startup data for the 2nd shaft with 4 mm notch crack and 8 kg vertical hanging side load.

amplitude may increase or decrease depending on the
location of the crack while 2X amplitude always in-
creases as the crack propagates. The steady state vibra-
tion signal of a propagating crack also produces a two-
loop orbit. Changes in amplitudes of 1X and 2X vibra-
tion harmonics at a constant running speed is an impor-
tant feature that distinguishes a propagating crack from
imbalance and misalignment. These relative changes
should be monitored and not their absolute values. The
results obtained suggest that the dynamic response of
an overhung rotor to a propagating crack is similar to
the dynamic response of a simply supported rotor to a
propagating crack. Further studies using mathematical
modeling to quantify the rate of change in 2X vibra-
tion signal as related to the changing crack depth is
recommended.
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