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Abstract. Monitoring techniques devoted to rotating machinery are important tools used to provide safety operation
conditions to these systems. Vibration based monitoring approaches are commonly used for crack detection in rotating
shafts due to their ability to evaluate small changes in the physical parameters of the system. In this context, this paper
aims at evaluating the effects of a transverse crack on a shaft-bearing test rig both from numerical and experimental
results. The existence of a crack in the shaft introduces an additional flexibility, which is determined by using the strain
energy density criterion and the linear fracture mechanics theory. This additional flexibility is taken into account from
static and dynamic analyzes, in which a 2D finite element model of the shaft with an open crack is used. Additionally, a
3D non-linear model is formulated in the same conditions for comparison purposes. As a result, natural frequencies
and strain measures of the healthy and cracked shaft are compared.

Keywords: rotating machines, monitoring technique, crack behavior, 2D and 3D finite element models.
1. INTRODUCTION

Damage in mechanical systems is associated to changes either in material or geometric properties, causing adverse
effects in the system performance. Cracks in shafts of rotating machines lead to geometric discontinuities, which affect
physical properties of the machine. According to the crack severity and the amplitude of the applied load, catastrophic
failure may happen (Farrar, 2005). Thus, the detection of incipient cracks and the prediction of its growth are able to
avoid unnecessary machine downtime. If the monitoring is effective, a better utilization of the machines is also obtained
(Muszynska, 2005).

Dynamic tests based on vibration measurements are widely used to crack detection in rotating machines. Cracks
reduce the stiffness of the shaft locally, which causes a change in the dynamic behavior of the system (Bachschmid, et
al., 2010). The influence of transversal cracks on the dynamic behavior of rotating shafts is a topic largely covered in
the literature, which is the aim of the present paper.

Several works proposed mathematical models to represents the effects of cracks both on the static and dynamic
behavior of rotating shafts by using different formulations. Cracks with breathing behavior are presented in Gasch
(1976), Mayes and Davies (1984), and Bachschmid et al. (2010). These models take into account the opening and
closure behavior of the crack. Al-Shudeifat (2013) proposed an open crack model based on the advanced phase of the
breathing crack. Dimarogonas (1996) applied the linear fracture mechanics theory (considering the strain energy release
rate, the stress intensification factors, and the Castiglione theorem) to determine the local flexibility introduced in the
shaft by a crack. Different formulations concerning the additional flexibility matrix and the coupling between lateral,
longitudinal, and torsional vibrations are shown in Papadopoulos and Dimarogonas (1987), Papadopoulos and
Dimarogonas (1989), Ostachowicz (1992) and Darpe et al. (2004).

In this context, the present work aims at evaluating the dynamic behavior of a cracked shaft through numerical and
experimental investigations. Thus, the results obtained from static and dynamic analysis considering 2D and 3D models
are compared with experimental measurements. In this case, the strain field around the crack region is measured for
different crack depths. The crack is considered always open, independently of the shaft angular position. The numerical
and experimental natural frequencies of the healthy and cracked shaft are also compared based on measures of the
frequency response functions (FRFs) of the system.
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2. EXPERIMENTAL PROCEDURE

For the analysis considered in this work, a shaft-bearing-disc system is assembled like a cantilever beam as
presented in Fig. 1. It is composed of a flexible steel shaft with 1005 mm length and 17 mm diameter (E = 205 GPa, p =
7850 kg/m3, v = 0.29), one rigid disc with 150 mm diameter and 20 mm thickness (p = 7850 kg/m®), and two roller
bearings. The bearing stiffness and damping coefficients were determined by solving a typical inverse problem using
the heuristic optimization technique Differential Evolution (Storn and Price, 1995).

Figure 1. Shaft-bearing-disc test rig used for experimental analysis

In the experimental procedure, six strain gages were used to measure the strain fields close to the crack location at
310 and 340 mm from the bearing (see Fig. 1). The strain-gauge positions are shown in Fig. 2.
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Figure 2. Strain gauges positions for (a) 20% depth transversal crack. (b) 50% depth transversal crack.

The ADS2000 data acquisition system is used to measure the associated strain fields. Experimental FRFs were
measured by applying impact forces along the X and Z directions of the disc (see Fig. 1). Then, vibration responses were
obtained through an accelerometer positioned at the disc along the same direction of the impact forces, resulting two
FRFs. The measurements were performed by using the signal analyzer Agilent (model 35670A) in a range of 0-100 Hz
and steps of 0.25 Hz.

3. 2D MODEL
The 2D finite element model was formulated based on the Timoshenko’s beam theory. It is assumed that shaft is

flexible and the disc is rigid.
The shaft element with two nodes and 4 degrees of freedom per node (u, W, 6, ) was considered as shows Fig. 3.
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Figure 3. Timoshenko beam element with 8 degrees of freedom

Figure 4 shows the shaft-bearing-disc system formulated with 38 beam elements. The crack location is assumed to
be at the element #14 (between the nodes #14 and #15). The two roller bearings are located at the nodes #2 and #6. The
disc is located at the node #37. The geometric and physical properties used to formulate the finite element model of the

experimental test rig were given in section 2.
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Figure 4. Shaft-bearing-disc finite element model

The dynamic behavior of cracked flexible shaft supported by roller bearings is represented mathematically as shown

by Eq. (1).

Mg+ Dq+K (Q1)g=W

1)

where M is the mass matrix, D is the damping matrix, K(Q¢) is the stiffness matrix with variable values due to the crack
(i.e., Q¢ stands to the angular position of the shaft), W stands for the weight of the rotating parts, and q is the generalized
displacement vector. The numerical FRFs (2D model) were determined from the solution of the equations of motion
directly in the frequency domain.

Regarding the crack simulation, the dynamic model of the finite element with a crack is obtained by using first the
linear fracture mechanics theory to determine the additional flexibility produced by the crack. This formulation is
explained next, assuming a beam element containing a transverse crack with depth «, as shows Fig. 5.
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Figure 5: (a) Shaft element with a crack. (b) Details about the cross-section of the crack element
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The Castiglione theorem is used to determine the cracked shaft displacement u; in the direction of the load P;, as
presents the Eq. (2) (Darpe et al., 2004).

du au® au°
U =—=—++
P P oP

O]

where U is the elastic strain energy of the shaft element with crack and U° is the additional strain energy due to the
crack presence, as described by Eq. (3) and Eq. (4), respectively, in which the concepts of fracture mechanics are used.
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where E is the Young's modulus, v is the Poisson’s ratio, G is the shear modulus, 1 is the area moment of inertia, and lo
is the polar moment of inertia. Ky, Ky, and Ky are the stress intensity factors (SIF). In this case, where the principal
load is applied normal to the crack plane, only the crack load mode Kj; is considered (Anderson, 2005). The SIF are
shown in Eq. (5).

Ky =Yoma (5)

where Kpi is the SIF (I, I1 or 111), ai is the stress distribution on the crack, and Y are the shape functions. The additional
flexibility c;j is obtained as exposed in Eq. (6).
o°u°e
C; =
oRoP,

(6)

where the resulting integrals were calculated by using the procedure described in Papadopoulos (2004). Therefore, the
additional flexibility matrix due to the crack is given by the Eq. (7).

0 0 0 O
0
= Y]
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Equation (8) shows that the additional flexibility matrix due to the crack is included on the flexibility matrix of the
uncracked shaft (co) to obtain the resulting flexibility of the shaft element with the crack.

Ceg =G +C (8)

Equation (9) presents the stiffness coefficients k: and k, that are obtained from the inverse value of cce (ks = cce?
(1,1), k, = cce? (2,2)), which are used tor determine the stiffness of the shaft with crack in fixed coordinates Kr. Note
that Kr changes according to the angular position of the shaft.
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where 6 is the angular position of the shaft (6 = Qt).
Finally, the stiffness matrix of the shaft element with the transverse crack Kce is calculated by a combination of the
matrices shown in Eq. (10) and Eq. (11) as follows:
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4. COMPUTATIONAL PROCEDURE - 3D MODEL

The 3D model of the shaft-bearing-disc test rig was developed by using the software ANSYS®. Figure 6 shows the
formulated model according to the geometry and parameters presented earlier in section 2.

Figure 6. 3D model developed in Ansys®

The bearings are represented by two connections Ground to Multiple type and a mesh refinement was used in the
crack region considering a 0.001 mm element size for representativeness purposes.

5. RESULTS AND DISCUSSION

Figure 7 presents the numerical (updated 2D model) and experimental FRFs obtained considering the healthy shaft
configuration. The FRFs were obtained from impact forces performed at the disc along the X and Z directions (Fig. 7a
and Fig. 7b, respectively). Note that the results are very similar, i.e., the 2D model is able to represent the dynamic

behavior of the system, satisfactorily.
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Figure 7. Numerical (updated 2D model) and experimental FRFs: (a) Impact forces along the X direction; (b) Impact

forces along the Z direction.
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Figure 8 shows the experimental FRFs considering the shaft with a 20% depth crack. It can be observed that the
values of the natural frequencies remain equal to the ones obtained for the healthy shaft (see Fig. 7) (probably due to the

frequency resolution used).
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Figure 8. Numerical (updated 2D model) and experimental FRFs: (a) Impact forces along the X direction; (b) Impact
forces along the Z direction.

Thus, a new damage configuration was evaluated considering the shaft with a 50% depth crack. The numerical and
experimental FRFs obtained for this condition are shown in Fig. 9. In this case, a few changes are noted for the first
natural frequency (2,38%). The influence of the crack on the second natural frequency of the system was not significant

for the present condition.
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Figure 9: Numerical (updated 2D model) and experimental FRFs: (a) Impact forces along the X direction; (b) Impact
forces along the Z direction

Figures 10, 11, and 12 shows the strain fields determined by using both the 2D and 3D models. The positions of the
strain gauges presented in Fig. 2 were used as a reference. The damage conditions shown in Fig. 8 and Fig. 9 are
considered. The numerical results were compared with the experimental data for different angular positions of the shaft.
It is worth mentioning that the 2D model assumes linear stress and strain distribution.

Figure 10 shows the strain fields measured according to Fig. 2a for a 20% crack depth. It is possible to verify that
the models are representative for this configuration. Note that there are many angular positions demonstrating
satisfactory proximity of numerical and experimental results. This can be explained by the important influence of the
linear behavior acting on this condition.

Figure 11 compares the results obtained by considering cracks with 20% and 50% depths using the strain gauge # 6
(see Fig. 2). Note that results obtained by using the 2D model are not satisfactory for the crack with 50% depth due to
the nonlinear effects of the crack affecting the system on this condition. Better results were obtained by using the 3D
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model as compared with the experimental measures, since both the nonlinear and the thermal strain effects were now
activated in the analysis. Figure 12 shows the strain fields measured according to Fig. 2b for a 50% crack depth. It is
possible to verify that models are quite representative for this configuration.
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Figure 10. Comparison of calculated 2D and 3D strains with experimental results for 20% depth transversal crack:
(a) Stain gauge 1; (b) Stain gauge 2; (c) Stain gauge 3; (d) Stain gauge 4
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Figure 11. Comparison of calculated 2D and 3D strains with experimental results for strain gauge # 6: (a) 20%
depth; (b) 50% depth;
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Figure 12. Comparison of calculated 2D and 3D strains with experimental results for 50% depth transversal crack:
(a) Strain gauge #1; (b) Strain gauge #2; (c) Strain gauge #3; (d) Strain gauge #4

6. FINAL REMARKS

This work was dedicated to the investigation of the static and dynamic behavior of a cracked shaft both through
numerical and experimental results. Firstly, the FRFs of the system were obtained for the following conditions: healthy
shaft, 20%, and 50% crack depths. As expected, few changes were verified on the natural frequencies with the crack
existence. The strain fields of the cracked shaft were measured experimentally in regions close to the crack position.
The numerical results obtained by using 2D and 3D finite element models were presented for comparison purposes.
Different angular positions of the shaft were analyzed. It was possible to observe that the 2D model is not able to
represent the cracked shaft for deep cracks (for the other cases the model representation is considered adequate). Further
research effort will be dedicated to include the rotordynamics effects on the considered analyses.
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