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(ABSTRACT)

Nondestructive methods of detecting cracks in structural components and machinery are important,
both in preventing failures and in establishing maintenance procedures. This thesis considers how
the vibration behavior of cracked members can be modelled mathematically and how thesc math-
ematical models may lead to advancements in crack detection procedures. Two scparate cases are
considered: the longitudinal vibration of a cracked bar and the coupled vibrations of a cracked ro-

tating shaft.

In the longitudinal vibration study, the equation of motion is developed for a cantilevered bar with
a symmetric surface crack. Next, Galerkin’s Mcthod is used to obtain one- and two-term approx-
imate solutions. Both forced and frec vibrations of the bar are analyzed. Graphical results showing
the relationships between displacement and crack size, crack position, and forcing frequency are
presented and discussed. Spectral analysis is used to compare uncracked and cracked bar behavior.
Finally, a sensitivity analysis of the forced vibration case is conducted to observe how the forcing

frequency affects the rate of change of steady-state response at the onset of cracking.

In the second part of the thesis, a similar analysis is conducted for a cracked, simply-supported,
Timoshenko shaft rotating at a constant angular speed. The equations of motion derived by Wauer
(b) are used as the basis of the study. Again, Galerkin’s Method is applicd to obtain approximate
solutions. Time histories and spectra are used to observe how changes in various parameters in-
fluence the vibration behavior. The effects of mass eccentricity and gravity are studied. Finally, the

cffect of a periodic axial impact load is considered.
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Chapter 1

Introduction

1.1 Scope

The dynamic behavior of cracked structures is an interesting and potentially complex field of re-
search which has received much attention in recent years. The complexity of the problem results
from the nonlinearity introduced by the presence of a crack. Chang and Petroski (1986) summa-

rized the influence of cracks on dynamic behavior by the following statement:

The principal effects of cracks and other geometric discontinuitics are to lower natural frequencies
from those of the flawless structure, and to lower the local stiffness in the vicinity of the crack.

The importance of investigating such behavior cannot be overstated, since this type of information

can be helpful in detecting cracks and avoiding crack-related failures.

This thesis investigates the dynamic behavior of cracked bars and shafts from a mathematical
standpoint. In particular, two cases are considered. First, the longitudinal vibration of a cracked
bar is investigated. Secondly, the coupled vibrations of a rotating shaft are analyzed. In both cases,

the equations of motion are presented in dimensional form. These equations reflect changes in both
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the stiffness and damping characteristics of the system due to the crack. Then, Galerkin’s Method
is used to obtain approximate solutions to the equations. The resulting equations are then
nondimensionalized and solved exactly ‘and/or numerically. Finally, relationships between various

system parameters are illustrated in graphs and conclusions are drawn from them.

1.2 Literature Review

Surface cracks affect the dynamic behavior of any structure by introducing a nonlinearity into the
governing equations of motion. In particular, a crack introduces nonlincarity in the stiffness (Mayes
and Davies, 1980). However, Rogers and Hollingshead (1988) comment that the influence of a
crack on the damping of the system also may be important. The following paragraphs provide a

brief review of how such nonlinearities have been analyzed by other researchers.

A cracked shaft possesses many of the characteristics associated with a bilinear oscillator due to the
changes in stiffness and/or damping at the crack location during the shaft’s motion. The study of
bilinear oscillators has received considerable attention. Natsiavas (a) provides an exact solution for
a single-degree-of-freedom system which is strongly nonlinear and is subjected to harmonic
excitation. In his model, he only considers nonlinearity in the restoring force. He also provides a
systematic method of determining the integration constants, phase angles, and crossing points (i.c.,
the points at which the restoring force changes slope) for the bilinear system. Thompson et al.
(1983) investigate bilinear oscillators using topological dynamics and discuss applications in marine
technology. Furthermore, the authors provide a brief mathematical background for their bilinear
formulation. Thompson, in collaboration with Ghaffari (1983) and with Stewart (1986), considers
a damped oscillator with bilinear stiffness and investigates its behavior near resonance. They utilize
numerical integration of known analytical solutions in each region of constant stiffness, changing
the parameters at the appropriate switching points. In addition, they discuss some of the potential

dangers of using numerical integration to detect resonant responscs. Thompson and Elvey (1984)
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use the concept of an oscillator with bilinear stiffness to model the behavior of mooring towers and
discuss how higher damping can eliminate subhaﬁnonic resonances which are often prevalent in
nonlinear systems. Shaw and Holmes (1983) consider a single-degree-of-freedom oscillator with
bilinear stiffness subject to periodic forcing and linear damping. Choi and Noah (1988) consider a
similar model subjected to harmonic excitation. In a pair of later papers, Shaw (1985a, b) considers

the one-degree-of-freedom model constrained by symmetrical stops.

The concept of bilinear stiffness has many applications in material science. Zastrau (1985), in his
analysis of cracks in reinforced concrete, discusses the crack-induced nonlincarity by using
piccewise-linear force-displacement curves, both with and without gaps. Bert and Gordaninejad
(1985) investigate multimodular materials and approximate the nonlinear stress-strain curves of
these materials by piecewisc-linear curves. They develop both closed-form solutions and transfer
matrix solutions. Miller and Butler (1988) analyze the piccewise-lincar restoring force of an
elastic-perfectly plastic material by modeclling the system as a single-degree-of-freedom oscillator

using piccewise-linear stiffnesses to reflect the material behavior.

The above papers have focused entirely on nonlinear stiffness; they have not discussed the potential
for nonlinear damping. However, as stated earlier, the effect of cracks on system damping may be
an important factor to take into account in cracked structurcs. Shaw (1986) analyzes a system with
a piecewise-linear dry friction characteristic. Dragani and Repaci (1979) investigate a single-
degree-of-freedom system with stops in which both nonlincar stiffness and damping are considered.
Bapat and Sankar (1986) also examine a single-degree-of-freedom model with piecewise-linear
damping and stiffness. Likewise, Natsiavas (b) also treats nonlinearity in the damping by modelling

both the stiffness and the damping as bilinear functions.

For nonlinear systems, the solution of the resulting equations of motion (if available) may be
complex. Perturbation methods are used by Schmied and Kriamer (1984), Wen and Wang (1988),
and Gudmundson (1982). Modal analysis is also a common solution technique (Grabowski,

1980,1984; Feng et al., 1989). The use of Fourier series solutions is applied by Maezawa (1961),
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Maezawa and Furukawa (1973), Maezawa et al. (1980), and Watanabe (1984). For complex
modelling, the finite element method is utilized extensively (Bachschmid et al., 1984; Zastrau, 1985;
Mayes and Davies, 1980; Grabowski, 1982,1984; Skrikerud and Bachmann, 1986; Gudmundson,
1983; Schmalhorst, 1988).

The first part of this thesis focuses on the longitudinal vibration of a cantilevered bar with a surface
crack. Previous work on this topic is sparse. Gudmundson (1982) studies the longitudinal vi-
bration of a bar with a central crack and a bar with a circular hole. He develops formulas for the
“disturbed” cigenfrequencies in terms of crack parameters and the “undisturbed” eigenfrequencies.
In a later paper (1983), Gudmundson discusses the coupling of longitudinal and bending deforma-
tion for a beam in which the crack remains open at all times. Dentsoras and Dimarogonas (1983)
consider a cantilever beam with a crack at the fixed end and subjected to a longitudinal harmonic
force. They use the Paris-Erdogan model of fatigue crack propagation and focus on crack propa-
gation at or near resonance. Haisty and Springer (1985) investigate two crack models for the lon-
gitudinal vibration of a cracked uniform beam. One model utilizes a linear spring, while the second
model incorporates a reduced cross-section in the cracked region. Springer et al. (1987) develop a
model of a cracked longitudinal beam which can be used to predict shifts in the natural frequency
caused by the discontinuity. An interesting feat;xre of their work is the application of an analogy
between the potential flow theory of fluids and the longitudinal vibration theory of solids to develop
a relationship between crack length and damaged arca. Lastly, Papadopoulos and Dimarogonas
(1988) focus on the coupling of flexural and longitudinal vibration in their study of a cracked shaft
in which the crack is assumed to remain open. Their work examines both forced and free vi-

brations.

The second part of this thesis discusses the results of an analysis of the vibrational behavior of a
rotating shaft. Much attention has been focused on this topic. Muszynska (1982) investigates
cracked shafts with non-symmetric cross-sections. Schmied and Krimer (1984), in their analysis,
incorporate a continuous function to model the opening and closing of a breathing crack. Similarly,

Papadopoulos and Dimarogonas (1988) model the time-varying stiffness of the crack as a truncated
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cosine series. Gasch et al. (1988), in dealing with hollow shafts, provide a comparison of results
between simplified crack models and ‘“exact” crack models based on thin-walled shell theory.
Ichimonji and Watanabe (1988) consider a simple rotor model with a crack oriented at 45 degrees
with respect to the shaft axis and model the breathing nature of the crack by considering torsional
deflections. The above-mentioned literature is just a brief samplc; for additional information, the

interested reader is referred to a comprehensive literature survey by Wauer (a).

As a final note, nonlinearities in a rotating shaft can be introduced by other mechanisms in addition
to cracks, and the resulting behavior may be similar to that of a cracked shaft. In a set of papers
by Neilson and Barr (1987, 1988a, 1988b), nonlincar bechavior is introduced into the model by
piecewisc-linear support conditions. Choi and Noah (1987) consider the equations of motion

which incorporate piecewise-linear bearing forces.
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Chapter 2

Longitudinal Vibration of a Cracked Bar

2.1 Physical Model

The physical model for the longitudinal vibration study is as shown in Figure 2.1(a). The model
consists of a horizontal cantilevered bar of length L subjected to harmonic excitation. The bar is
fixed at the left end and free at the right end. A right-handed coordinate system is located at the
left end, with the x-axis coinciding with the centroidal axis of the bar. The bar is uniform and is
composed of a homogeneous, linearly elastic material. The following notation is used to describe

the properties (dimensional quantities) of the barf
E = modulus of elasticity of the material (constant)
A = cross-sectional area of the bar (constant)

u = mass per unit length (constant)

¢ = crack width parameter
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Figure 2.1. Models: (a) Physical model for longitudinal vibration; (b) Model in which spring and
dashpot represent elastic and damping properties at the crack; (c) Uniform bar with gen-
eralized forces F and f which model the local change in stiffness and damping for an open

crack.
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d, = external viscous damping coefficient

d; = internal (viscoelastic) damping coefficient

d. = dry friction damping coefficient at the crack

t=time

P(x, {) = py cos Qt = imposed harmonic excitation distributed along the bar

u(x, {) = axial displacement

b=crack location (0<b<L)

The crack is assumed to be configured so that bending of the shaft will not take place (i.e., sym-

metric discontinuity).

An important observation to make at this point is that since the bar is horizontal, with gravity as-
sumed to act downward, the effect of gravity will not play a role in the following analysis. The

effect of gravity may play an important role in the vibrational behavior of other bar configurations.

2.2 Mathematical Model

The basis for the mathematical model is shown in Figure 2.1(b) and Figure 2.1(c). The develop-
ment of the field equations follows that used by Wauer (b) in modclling a cracked rotating shaft
and thercfore many of the details will not be included here. Figure 2.1(b) illustrates the use of a
spring and dashpot to represent the stiffness and damping, respectively, of the crack. The spring
stiffness is defined as k,, and the damping coefficient of the dashpot is defined as d;,. It is assumed

in the following development that d,, = dk,,. Figure 2.1(c) shows how generalized forces can be
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used to model a crack in a uniform bar. The elastic properties of the crack are replaced by a pair
of self-equilibrating forces F located at x="b. Similarly, the viscous properties of the crack are re-
placed by a pair of self-equilibrating forces f at x=b. These forces are present only when the crack
is to be open; they disappear when the crack is considered closed. This concept of modelling the
properties of the crack by generalized forces follows that of Kirmser (1944), Thomson (1949),
Petroski (1981), Petroski and Glazik (1980) and Chang and Petroski (1986). For 0<x <5 and

b, <x<L, where

by =b+ % : (2.1a)
=h-=L
b.=b 3 (2.16)
b+_b.=$"0 (ZIC)
the governing equation can be written as
ply + doptiy + (1 = A)d 5(x = b)uu; = EA(uy, + ity ) = po cos Q (2.2)

The subscripts t and x refer to partial derivatives with respect to time and axial coordinate, respec-
tively, and 6(x — b) is the Dirac delta function. The value of A determines which terms remain in

the equation for an open or closed crack. Mathematically,

A= 1o or o o @

For the given problem, the boundary conditions are
u(0,1) = 0 (2.4
EA(uy + du)l i =0 (2.4b)

At the crack, the transition conditions for a closed crack are
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u(b+l t) = U(b_, t) (2.50)

ubs, ) =ulb,t) (2.5b)

and for an open crack they are
EA(uy + due)l g, = EAQue + diig) | s, (2.6a)
EA(uy + diug) |, o= ky Ll , ) = w(b, ]+ dy \Lufby, ) — u(b., 0)] (2.6b)

In (2.2), the Dirac delta function acts to incorporate the friction component of the system damping
created when the crack is closed. During the bar’s motion, the crack will be open for part of the
cycle and closed at all other times. In actuality, this opening and closing is continuous and is
commonly referred to as a “breathing” crack. However, for simplicity, this development will as-
sume that at any point in the cycle the crack is either completely open or completely closed. During
the portion of the cycle when the crack is closed, the friction at the interface of the crack will be

modeclled by modifying the external damping so that

d = { d, for an open crack @7

d, + d.6(x — b) for a closed crack

The net effect of the above assumptions about crack breathing and dry friction is to create a system

with piecewise-linear stiffness and damping characteristics.

The equation of motion for the piecewise-linear system can be shown to be (for 0 <x<L)

plyy + doptty + (1 = A)d 6(x — b)uu, — EAu,, — EAdu,,

—A(F+N6(x=by)=6(x—b)]=pycos Q=0 (28)

where A is as defined in (2.3). The quantity (F +{) can be defined in terms of the axial displacement

u(x, t) as follows. From a simple static calculation, the relative displacement at the crack is
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F
by, )—ub,t)=c¢ Eg\) (2.9)

Similarly, the viscous damping is assumed to be of the form

) f(0)
by, t) —ufb, t)=c¢ ZEA (2.10)
The compliance at the crack, ¢,,, is defined by
u(b+ N I) - u(b_, [) =q lEAux(b, l) (2. 1 l)

where ¢, = kL (see Figure 2.1b) and the value of u, can be evaluated at x=b, or x=54. Then
1

uba, §) = ugb., ) = ¢, EAu(b, 0 | 2.12)
Combining (2.11) and (2.12) and using (2.9) and (2.10), one obtains
F+f= 1 EA ey (4 + dia) 5 (2.13)

Papadopoulos and Dimarogonas (1988) provide values of a nondimensional crack compliance
which is a function of the ratio of the crack depth and the bar diameter. These values are based
on a crack which is only on one side of the bar, so that the crack is not a symmetric discontinuity.
However, even though the crack model used in this thesis assumes a symmetric discontinuity, the
values of ¢;, in their paper (see Figure 3 of Papadopoulos and Dimarogonas, 1988) will be used in
the nondimensional equations which will be developed in the upcoming paragraphs. This is un-
fortunate, but it is unavoidable since the references do not provide data for compliances based on
symmetric discontinuities. This thesis will focus on small crack depths (i.e., ratios of crack depth

to bar diameter between 0 and 0.2).

In order to obtain approximate solutions to the above equation of motion, Galerkin’s Method is

applied. The assumed solution w(x, ) is written as a finite sum of products of a function of time
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and a function of the coordinate x, where the function of x must satisfy all of the boundary condi-

tions in (2.4). A choice of u(x, {) which satisfies the above is

N .
u(x, )= ) uy(0) sin Ojx (2.14)
k=1
where
2k -1
o =271 (2.15)

The above function for u(x, ¢) is substituted into the left side of the equation of .motion and thg
result is made orthogonal to each function of x included in the series. That is, after multiplying
through by sin 8,x (where the subscript n identifics the integer value of each assumed mode shape
k), integrating both sides of the equation from 0 to L, and using the orthogonality property of the
sine functions, one obtains a set of N ordinary differential equations with respect to time. During
the above procedure, when integrating the Dirac delta functions é(x — b,) and é(x — b)), it is helpful
to simplify the results by using trigonometric identities in conjunction with equations (2.1). For

example,

L
J‘ [6(x—b4)—6(x — b)) sinG,x dx =sin0,b, —sin 0,5
0
. £ . £
= 2sin(@, %)cos(o,,b)

~ ¢, cos 0,0

assuming in the last step that £6, is small. Following the integration, one arrives at the following

nondimensional form of the ordinary differential equations:
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dtw, ~ du, = e g
= +de7;—+(l—A)dcsmy,,b;(smykb)7

cos Qt

i 2 s, 2~ ~ ~<- Py
+d(2n =1 =+ 20— 15 — AZ; (20— 1) cos b D (2 = 1)( 05 b
k=1
N
~ ~ ~ ~ Jlj
= AT 1d(2n = 1) cOs yab ) (2k = 1)( cos yb) —% = (2,1'_ 5
k=1
n=12.. N

where the nondimensional quantities (represented by the superscript ~) are

v _ 2L u
e="nm EA d,
5 _ 4 b
d==\EA %

The variable  represents the nondimensional time parameter and is equal to
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(2.18a)

(2.185)

(2.18¢)

(2.18d)

(2.18¢)

(2.18/)

(2.182)

(2.18k)
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b3 EA
LN B t (2.189)

T=
Due to the breathing crack, a transition condition is necessary to determine the value of A. For

longitudinal vibration, A is determined by evaluating the axial strain at the crack, (b, ). Using

(2.14), this transition condition becomes

N
> 0 for an open crack
b t)= HLe 8.b 2.19
ux(b, 1) ;u"( it k €050 )] {< 0 for a closed crack (2.19)

For N terms, after multiplying through by the constant —2,%- (>0) as well as dividing through by

the factor relating u,(f) and w&(t), and substituting for the nondimensional quantity b= —E— , the

transition formula in nondimensional form becomes

N
Iy > = 0 for an open crack
Z—1 b 2.20
kz,:, uk(r)[( ) cos Vi ] {< 0 for a closed crack ( )

2.3 Solution

The solution of the nondimensional ordinary differential equations depends on the number of terms
used to approximate u(x, 7). For N =1, the general ordinary differential equation can be written

in the form

d* di ~ ~
2 2" + B, d: + Aju, = —(-27‘—1_-_-1—)- cos Qr (2.21)
T

for which a closed-form solution is available in each region where A, and B, are constant. For

N > 1, the resulting equations become coupled and numerical integration is a more practical sol-
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ution technique. The exact form of the equations for N=1 and N =2, as well as their solutions,

will be presented later.

The computer program used to arrive at solutions (whether exact or numerical) is based on the
guidelines used by Thompson in his papers on bilinear oscillators (for example, Thompson and

Stewart, 1986). The highlights of the program are as follows:

o The program looks for the change in sign of the transition condition and converges to the

transition time within a tolerance of 1.0 x 10-* as used by Bapat and Sankar (1986).

¢  The program searches for the steady-state condition by using the concept of Poincaré mappiﬁg.
This technique involves comparing the value of the displacement function at some time t to
its value at a time 7 + (2jr:/5~1) where j is the order of the desired harmonic. For simple har-
‘monic motion, j= 1. If these values agree (within a given tolerance for computer applications),

then steady state has been achieved.

e  After detecting the steady-state conditions, the program searches for the maximum displace-
ment of the frce end of the bar by finding points in time at which the velocity is equal to zero
(within a tolerance of 1.0 x 10-3). The maximum displacement is then the largest of these

relative maxima.

When the exact solution is available and feasible to use (N =1 case), the program uses the closed-
form solution for an underdamped system, which is the case for the parameters used in this thesis.
When numerical integration is required, the IMSL (International Mathematics and Statistical Li-
braries) subroutine DIVPAG is utilized. The DIVPAG subroutine offers two numerical integration
options: integration by Adams-Moulton Method or by Gear’s Stiff Method. In this thesis, the
Adams-Moulton Method is used. Since DIVPAG only integrates first-order equations, appropriate
transformations are used to convert the second-order ordinary differential equations into first-order

ordinary differential equations.
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2.4 Forced Vibration: One-Term Approximation

As stated earlier, the one-term approximation can be written in the form

d’E,, du, ~ 1 ~
2 +B, A +Au,= '(Zn—_l)' cos Qr (2.21)

where the natural frequency squared, A, is
A, =(2n— 1) = AT, (2n — 1)} (cos y,,b)? (2.22q)
and the damping coefficient, B, , is
Bn = (1 - A)(sin y,b)’d; + d, + (2n— 1)'d; = AG; df2n - D (cosy,b)  (2:220)

and

A=

{1 if Un(7) cOS y,b 2 0 (2.220)

0 if u,(t) cos y,,g <0

This equation describes a one-degree-of-freedom system with bilinear stiffness and damping. For

n= 1, such a system possesses damping and stiffness characteristics as shown in Figure 2.2.

For the one-term approximation (which can involve any n), the closed-form solution is well-
known; in term of the parameters of (2.21), it is

- A Qr-0©
() = Cet =B cos( L J4A, — BL —¥) + cos(fdr — 9 (2.23q)

(2n— 1)/ QB2 + (A, - Q%)

where
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mation (n=1). The diagrams only apply for simple harmonic motion. Note that the
damping characteristic does not change at the origin, but when the velocity is a maximum

or minimum.
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OB,
A, -QF
-

©=tan"( ) (2.23b)

and C and V¥ are constants which depend on initial conditions. However, since the system is non-

linear (piecewise linear), the exact solutions in cach region must be matched at the transition points.

In any computerized procedure such as the one used in this thesis, it is important to understand
how numerical errors may accumulate as a result of discretization. To this end, Tables 2.1, 2.2, and
2.3 provide the results of some small-scale numerical accuracy tests related to the program discussed
earlicr. The goals of the tests are to study how error may accumulate over time, how the tolerances
can affect the results, and how the results based on the numerical integration technique differ from

the results based on the exact solution.

Tables 2.1 and 2.2 provide time history data for the longitudinal vibration of a bar using various
values for the transition tolerance. Table 2.1 focuses on how the transition condition can introduce
numerical errors over a long period of time for a shaft which does not have a crack. Mathemat-
ically, the no-crack condition is obtained by setting ¢,, =0 and b =0, which implies that A, and B,
are constant for all time. Therefore, an exact solution is available for all time. The values in the
table compare the “exact” value of the end displacement of the bar (obtained from a separate linear
analysis) and the value obtained using the program with the paramecters as stated above. The end

displacement of the bar is given by
UL, 1) = ip(1) siny, = (=)™ %(7) (2.:24)

The program uses the exact solution in each region, and matches the solutions at the transition
points. Percentage differences between the two values are provided. The table reveals that the
switching procedure introduces a small amount of numerical error which accumulates over time.

This error is reduced as the transition tolerance is made more stringent.
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Table 2.2. The effect of the transition tolerance on the results (cracked bar)

DIVPAG
TIME 1.0 x 103 1.0 x 10~ 1.0 x 10-¢ 1.0 x 10-*
(1.0 x 10%)
r wl,v) L, ) L, v) ul.v) WL, )
1.57080 0.715998 0.715998 0.715998 0.715998 0.715998
47129 -1.84731 -1.84762 -1.84761 -1.84761 -1.84761
32.9867 4.84145 4.84435 4.84434 4.34404 4.34434
64.4027 4.98498 4.98304 4.98299 4.98299 4.98299
122.238 4.99079 4.985)8 4.985)4 4.98534 4.98534
314.034 -1.13106 -1.13883 -1.1385) -1.13853 -1.13853
NOTES: . . oL
(a) n=1.5=0.5,¢,=0.10,d,200], d,=d=0.1, Q=1
(b) wrutial displacement = injtial velocity = 0
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Table 2.2 also considers the impact of the transition tolerance, but applies to a cracked bar. For
this case, no continuous solution for all time is available. Nevertheless, the effect of the transition
tolerance can be observed. Again, the exact solution in each region is used and the solutions are
matched at the transition points. As with Table 2.1, Table 2.2 shows that numerical error does
enter into the results when the tolerance is lax. Also, in Table 2.2, the last column includes the time
history data obtained from numerical integration for the same cracked bar. By comparing the re-
sults from the analysis using the closed-form solution to the results from the numerical integration,
one notices that the results are identical for the number of digits shown in the table. Upon obser-
vation of the untruncated numbers, one notes that the agrecement ends at tﬁe fourth or fifth decimal
place, which is within the range of accuracy of the double-precision routine used here. This
agreement is somewhat surprising since numerical integration is an approximate procedure, but the
strict error control tolerance of 1.0 x 10 (NOT the transition tolerance) chosen within the

DIVPAG procedure seems to be effective in providing accurate results.

Table 2.3 provides the results of the investigation into how the tolerance on the Poincaré points
affects the determination of steady state. A no-crack condition is again assumed. The transition
tolerance was set at 1.0 x 10-%. The tolerance for the Poincaré points is not an absolute tolerance
but instead is a percentage tolerance. The table provides information on the maximum value of the
steady-state end displacement, i,,,, and the corresponding time t,,,. The table clearly shows the
problem of determining a single tolerance which works for all cases. If the chosen tolerance is too
strict, the program will not detect a steady-state condition due to numerical errors in the storage
of digits and in the discretization. On the other hand, if the chosen tolerance is too lax, the program
will prematurely determine that the steady state has been reached. Due to this difficulty, it is im-
portant to note that the results to follow are not based on a single value of the Poincaré tolerance.
Tolerances have been adjusted slightly as necessary to obtain the results. Time history plots have

been used to verify the choices of tolerances.

The “standard case” used in the longitudinal vibration study consists of the following values:
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Table 2.3. The effect of the Poincaré point tolerance

FORCING | MEASURED TOLERANCES (%)
FREQI:’E.\'CY QUANTITIES
Q 0.1 0.00} 0.0001 0.00001
1.0 L $.000000 [11] (11 [11)
Tam 193.208
3.0 g 0.140042 0.125778 0.124660 soe
Te 14.6566 41.8624 921283
5.0 e 0.0562671 0.0424100 o0 Aadd
Tom 8.79546 k- Rt )
NOTES:
(a) *°° -_Ptomdi.dnotdetfaa_uudrmeoodiﬁoo
(b) n=], buc, =0 d,=00l,d,=d=0.1. tanstios tolerance = | x 10~
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¢, =0.1

Q=10 .
d,=0.01

d,=0.1

d;=0.1

- &

“n|f=0= dr Ir=0="0

The choice of ¢,,=0.1, for a circular bar, corresponds to a length/radius (L/R) ratio of about 3.3
for a crack depth/diameter ratio (denoted as a/D in Papadopoulos and Dimarogonas, 1988) of 0.2,
or an L/R ratio of 1! for an a/D ratio of 0.3. The chosen values for 3,, 3,, and 3, are not based
on any experimental data but are simply “educated guesses” at the order of magnitude of such pa-

rameters.

In Figure 2.3, a time history plot for the n= 1 mode under standard conditions is presented. The
nondimensional end displacement, given by equation (2.24), is plotted on the ordinate axis. The
abscissa represents the nondimensional time . (For all of the subsequent graphs, unless otherwise

noted, all plotted quantities are nondimensional.). It is secn that a steady state is reached quickly.

An important goal of this thesis is to investigate how the crack affects the steady-state amplitude
of motion (based on the mathematical model). Figures 2.4 through 2.10 provide this information
by showing how the maximum steady-state end displacement, u,,,, varies with respect to the forcing

frequency Q, the compliance ¢,,, and the crack location b. Each figure contains three graphs cor-
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responding to a mode number n=1, 2, or 3. Within each graph, three curves are shown. The
BREATHING curves represent the value of u«,,, obtained by using the computer program dis-
cussed earlier. The OPEN curves represent the value of i&,,, obtained by assuming that the crack
remains open at all times. Likewise, the CLOSED curves represent the value of u,,, obtained by
assuming a closed crack for all time. Since there is no transition condition for the OPEN and
CLOSED systems, these cases are linear and the value of «,,, is obtained by using the amplitude

of the particular solution in equation (2.23), namely

Bonan = ' (2.25)

n - 1)\/ QB2 + (A, — Q})?

Within all of the graphs, the appropriate mode (n value) and forcing frequency Q (if applicable) are

shown. Unless otherwise stated, all nonvaried parameters have their standard case values.

Figure 2.4 reflects the effect of the forcing frequency on the steady-state amplitude. In all three
cases, the BREATHING curve falls between the OPEN and CLOSED curves. As expected, each
mode exhibits its maximum amplitude when the forcing frequency is near the natural frequency of
the uncracked bar, which is equal to (27 — 1) for the n** mode. It is important to note the difference
in the scales for the ordinate axis for each mode. Clearly, the n=1 modc exhibits the largest dis-
placements since this mode has the lowest stiffness and damping cocflicients, as can be deduced

from equations (2.22).

Figures 2.5 through 2.7 show how the value of the compliance, ¢,,, affects the steady-state response.
The CLOSED curve does not vary with ¢;, because for this case A= 0, so that all ¢,, terms vanish.
In Figure 2.5(c), the OPEN curve and the BREATHING curve overlap. The OPEN solution may
rise or fall with increasing ¢,,, depending on the particular mode and the forcing frequency. This
behavior results from the trade-off in the denominator of equation (2.25) between the A, and Q
terms. For the cases shown, as ¢, increases (implying a larger crack), the value of «,,, increases for

the BREATHING crack solution.
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Finally, Figures 2.8 through 2.10 illustrate how u«,,, varies with the crack location b. In Figure
2.8(c), the OPEN and BREATHING curves are indistinguishable, as they were in Figure 2.5(c).
The CLOSED curves, which in some cases appear to be perfectly horizontal, in fact are not con-
stant horizontal lines. The CLOSED response does indeed vary with b as can be seen from (2.22b)
and (2.23). However, this variation is very small with respect to the (2n-1) terms for those com-
binations of n and Q away from resonance. Near resonance, (A — f!’)’ becomes small and the effect
of b is more evident in the ﬁ’B,’, term of the denominator of equation (2.25). When the crack is
located at a node point of a particular mode, no significant effect is evident in the curves. However,
when the crack is located such that the transition condition is identically zero for all time, all three
curves approach the same value (in Figure 2.8(a), the choice of ordinate scaling distorts the dis-

placements at ¢;; = 0.1 so that the curves don't appear to be close to each other).

The logic behind including the OPEN and CLOSED curves is to observe if the nonlinear, breathing
crack behavior can be adequately approximated by the linear behavior of the OPEN or CLOSED
cases. As the graphs indicate, only in some cases does the OPEN solution provide a reasonably
close approximation. Thercfore, the previous investigations of other rescarchers who consider only
open cracks (for example, Gudmundson, 1983) may not always accuratcly reflect the vibrational

behavior of the bar.

2.5 Forced Vibration: Two-Term Approximation

The two-term approximation results in two ordinary differential equations of motion. For any two

modes, say n and m, the resulting equations, from equation 2.17, are of the form

d*u du du, ~ ~ 1 ~
—‘;—2"— + B, —d—:' + Bpm d—: + Applin + Apptin = G0 cos Qr (2.26)
T
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d*, di, du,

B Brnm 2+ Amnity + Ay = (2m+l) cos Qr (2.27)
where
Ay = (21— 1)* = A, (21 = )¥(cos y,b)? (2.284)
A = (2m = 1) = AT}, (2m = 1)}(c0s y,b)? (2.285)
Ay = Ay = — AS; (2 = 1)(271 = 1)( €08 1,,b)( <08 yb) (2.28¢)
B,, = d, + (2n — 1)%d, — A(2n — 1)dc,( cos y,b) + (1 ) Ad(siny,b)?  (2.284)
Byum = d, + (2m — 1)2d,— AQ2m — 1)2d3, (cos ymb)? + (1 = A)d(sinyub)*  (2.28¢)
B,,,: =By = (1= A)d,( sin y,,,Bl( sin y,b ) 2250
- Ac) d(2m — 1)(2n — 1)(cos yp,b)(cos y,b)
and
A {1 if f,,(r)(Zn — 1) cos y,,E + Em(r)(Zm — 1) cos y,,,E >0 o)
0 if u,(r)(2n — 1) cos y,b + Up(7)(2m — 1) cos y b <0
The end displacement of the bar is given by
a(L, v = (=" )+ (=1)"G,(7) (2.30)

Figures 2.11 and 2.12 give time histories of the two-mode case (n=1,m=2) using all standard
conditions except the forcing frequency Q In Figure 2.11, Q=0.6 and in Figure 2.12, Q=25.
These values are chosen in order to avoid resonance in one mode which might hide any modal

interaction taking place. As with the one-mode study, the initial conditions are zero, i.e.,

Longitudinal Vibration of a Cracked Bar 34




s MMM

o LR LAY

oooooooooooooooooo

éf;VVVVVVVVVVVVVVVVVVV

0 AAAAALLAAAMAAAANL
ATV

(b

(¢

)

)




(a

(b

(c

)

)

)




Ul emo =l g =0 (2.31a)

&, oy
Tl,,o=—‘i—;l,=o=o (2.31b)
In the graphs, the ordinate axes labeled “combined modes” refer to the end displacement repres-
ented by equation (2.30) with n=1 and m=2; that is, the end displacement is given by
u(L, ) = u(z) — iy(r). The label “first mode” refers to the () term and “second mode” refers to
the — u,(1) term. The negative sign is incorporated in the “sccond mode” graphs in order to better
visualize how the “combincd modes” graph is obtained. As Figure 2.11 illustrates, the “second
mode” exhibits an interesting behavior for Q=0.6. To help explain this, Figure 2.13 provides the
spectral analysis results for this case. A scaling factor of 500 is required to relate the spectral re-
sponse peaks to an actual amplitude of i, (i-€., &n, = 1/500(spectral response)). The appropriate
conversion factor will be indicated in the figure caption of all spectra. The figure provides infor-
mation for both a cracked bar and an uncracked bar whose longitudinal vibrational behavior is re-
presented by the two-mode approximation. The spectrum for the uncracked bar exhibits a response
at the forcing frequency Q=06 as expected (within the numerical error of such a procedure).
However, the presence of a crack excites responses at integer multiples of the forcing frequency, i.e.,
at 2Q, 3Q, etc... (A peak at 3Q does indeed exist but is too small to be shown on the graph.) The
implication of this result is that by comparing the spectrum of a bar suspected of having a crack

with its “flawless” counterpart, one can verify the presence of a crack.

As with the one-mode approximation, it is appropriate to investigate how the maximum steady-
state response varies with b and ¢, for the two-mode approximation. However, only one particular
forcing frequency is pursued here due to the computational time and effort required to generate such
graphs. Figure 2.14 illustrates how the maximum steady-state response, i,,,, varies with b and

¢, for Q=0.6. All unvaried parameters have their standard case values. Again, u,,, increases with

increasing ¢,,. However, it varies in a somewhat irregular manner with respect to b, but the general
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tendency is for i, to drop off with higher b. No direct comparison between these results and those

of the one-mode approximation is possible since the Q values are different.

The previous graphs do not provide insight into how coupling influences the two-mode results.
However, Table 2.4 provides data which enables one to see the effect of the coupling on the mag-
nitude of the end displacements for each individual mode. For the two-mode case, the total end
displacement is the sum of the end displacements of the individual modes. In the table, the end
displacements of these component modes are shown, as well as the end displacements of each in-
dividual mode taken as a one-mode case alone. The one-mode results were obtained by numerical
integration to avoid introducing any discrepancy between exact solutions and numerical solutions.
Several different combinations of ¢;, and b are included, and all values corresponding to a given Q
(=1 or 3 in the table) are obtaincd at the same time in its history. As the table shows, the indi-
-vidual modes in both the one-mode and two-mode cases are almost equal in magnitude, which
implies that the coupling effect is small. Consequently, one may conclude that it is a good ap-
proximation of the two-mode result at a given time to simply superpose the corresponding one-

mode results.

2.6 Free Vibrations Without Damping

Before concluding the longitudinal vibration study, it seems appropriate to investigate the vibratory
motion of the system when it is free of external excitation and damping. The following paragraphs

discuss this case for both one- and two-term approximations.

When the one-term approximation is modified for an unforced, undamped system, the governing

ordinary differential equation reduces to

d’u,

dr?

+Anu, =0 (2.32)
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where A, is as defined in equation (2.22a). Since the system is piecewise linear, in order to find the
natural frequency of the system, it is necessary to consider the period of motion as the sum of the
half-periods of motion for the open and closed phases. Denoting the period of motion as T, with

suitable subscripts, the required T, is

1 1
Tsystem =3 (Topen) + 2 (Telosed)

2 _ 1

WDsystem

21

2n

Dclosed

) + -;— ( ) (2.335)

‘T’open
where o is the nondimensional natural frequency of the appropriate phase. Using cquation (2.22a),

2pen=Anl Ay = (21— D*[1 =5 y(cos y,b)] (2.34a)

~
w

Batosed = Anl pmo = (20— 1)? (2.34b)

After some algebra, the system natural frequency is (for any n)

- 2(2n - l)\/l —Z“(cos y,,l;)2

Wgeystem = ~
1+ \/l - ¢}y(cos y,,b)2

For n= 1, the system frequency reduces to

Figure 2.15 illustrates how the one-mode, n = 1, natural frequency varies with respect to ¢,, and b.

Note that the slope in Figire 2.15(a) is zero at b=0and at b= 1, as can be verified by evaluating
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9% - -
221 at 5=0and 1. Note that for a given b, as the crack moves from the fixed end to the free end,

ob -
the natural frequency of the n=1 mode increases. Also, for a given b, the frequency drops off as

the compliance ¢, increases. This is as expected, since a larger ¢;, implies a larger crack which de-

creases the axial stiffness during the open-crack phase of the motion.

For the two-mode case, an analysis of the natural frequency for#free, undamped vibration is not as
straightforward. In fact, it is not possible to get a frequency of motion for the two-mode case since
it _is not possible to define a particular mode which applies for all time. For the one-mode case,
an @, is obtainable since there is only one mode governing for all time; the nonlinearity cannot
cause a change in mode shape because there is no other mode shape. However, for the two-mode

case, the nonlinearity may cause a change in mode at the transition point.

Despite the difficulty discussed above, it can be assumed for investigation purposes that the natural
frequency can be obtained in the same manner as for the one-mode case. An w4, can be com-
puted by assuming that a mode remains in place for all time. Using the same logic as for the onc-
mode case, and noting that for the first mode (n=1), ®Wyoeq = 1, the lower (fundamental) frequency
is

~ J’open
=2 ——— 237
@pseudo ( l+wopen ) ( )

Figure 2.16 illustrates how the coupling affects the natural frequencies for the first mode if it is as-
sumed that w,,..q i$ an accurate representation of the fundamental frequency in the two-mode case.
Since a closed-form solution for @, is difficult to obtain, the values in the graph are obtained
numerically. As the graphs show, the pseudo-frequency is quite close to @, obtained for the one-

mode case, which supports the earlier finding that the effect of the coupling terms is small.

The results so far are based on all initial conditions being equal to zero. Yet, for free, undamped

vibrations, the choice of initial conditions may greatly affect the resulting behavior. To check this,
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Figure 2.1S. Natural frequency variation for one mode, n=1: (a) @, V3. b; ®) @, vs. ¢y,
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Figure 2.16. Natural frequency variation for n= 1, both one- and two-mode cases: (a) @y and Wpeeudo

vs. b; (b) @, and @pgeudo V3- €11 Top and bottom curves represent the frequency compo-
nents for the closed-crack and open-crack phases, respectively, and the middle curves
represent the overall frequencies.
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Figures 2.17-2.19 illustrate how initial conditions influence the two-mode approximation for free,

undamped vibration. The three cases are as follows:

Case A-Figure 2.17: %1, =1.0and ], =0.1
Case B-Figure 2.18: 4|, =0.5and %|,.=0.5

Case C-Figure 2.19: 4|, _=0.1and | ,o=1.0

In all three cases, % l,.o‘—'-‘% |,.0=0 and all other parameters have their standard case values.
It is important to re-emphasize that the “second mode” graphs reflect the behavior of — iy(7) as in
Section 2.5. As the figures show, the resulting vibrational behavior is greatly dependent on initial
conditions. Figures 2.18 and 2.19 reveal that the “second mode” can make significant contributions
to the overall behavior of the “combined modes” if the ratio of the initial value of %, to , is suffi-

ciently large.

The spectral analysis for Case A is shown in Figure 2.20. As with the carlicr spectral analysis, the
uncracked bar is compared with the cracked bar. Very little difference between the two graphs is
noted. The spectrum for the cracked bar shows a response at the origin which represents the off-
center response induced by the crack. The dominant peaks occur near the natural frequencies of

the uncracked bar (i.e., near | and 3 for the first and second modes, respectively).

To conclude this section, the results of an investigation into the existence of beat phenomena in
cracked bars are presented. Figures 2.21 through 2.23 provide time histories of the “combined
modes”, “first mode”, and “second mode” for Case A studied earlier. The graphs indicate that a
beat phenomenon does indeed exist. However, the transfer of energy does not take place between
modes, as might be expected. Instead, the energy transfer appears to take place within the second
mode alone. (Again, “second mode” implies — i4(7).) This behavior within the second mode af-
fects the overall behavior as can be seen in Figure 2.21, where the slowly-varying amplitude of the

overall motion with time is apparent.
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Figure 2.20. Spectra for free, undamped vibration (two-mode approximation, Case Ax (a) Uncracked
bar; (b) cracked bar. Responses occur near the natural frequencies of the uncracked bar.
Spectral response scale factor = 1/500.
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2.7 Sensitivity Analysis

The final portion of the longitudinal vibration study consists of a sensitivity analysis. In particular,
the sensitivity analysis to follow focuses on the sensitivity of the maximum end displacement to the

onset of cracking.

Figure 2.24 presents the results of the sensitivity analysis described above. Figure 2.24(a) corre-
sponds to a one-term, n = | approximation of the vibrational behavior, while Figure 2.24(b) applies
to the two-term approximation. In both figures, the ordinate axis is the sensitivity measure, which

is a forward diffcrence quantity defined as

-~

Aoy

sensitivity measure = —— (2.38a)
Acpy
where
Aty = Uia(€1) = 0.01) = Gy (€ = 0.0) (2.38b)

The abscissa represents the forcing frequency, Q, of the applied loading as shown in Figure 2.1(a).
For both graphs, the crack location is at the middle of the bar ( b= 0.5). The computed points are

indicated by solid dots and are connected by straight lines.

The graphs in Figure 2.24 illustrate how the sensitivity measure is most significant near the lowest
natural frequency, which is in the neighborhood of @ = 1 for both the one-term and two-term ap-
proximations. This type of behavior agrees with the results of Wang and Zhang (1987) in their
sensitivity study of transfer functions. The “unique” feature of each graph is the negative peak
which occurs immediately after the maximum sensitivity measure. Wang and Zhang (1987) also
present graphs with this feature. This negative peak seems to imply that the end displacement de-
creases as the compliance increases (stiffness decreases). Intuitively, this doesn’t make sense.

However, it must be noted that although the end displacement may decrease, internal displacements
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may increase. If intuition is correct, the negative peaks imply that the approximate solutions are

proximation may be good only for Q less than 1. Note that the negative peak in Figure 2.24(b)
has decreased in magnitude and that a much smaller positive peak occurs between Q=1and Q=3.
These two features of Figure 2.24(b) indicate that the two-term approximation is an improved ap-

\
\
|
4
|
|
only accurate for certain ranges of forcing frequency. Figure 2.24(a) shows that the one-term ap- |
proximation and may be accurate for Q less than 2.
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Chapter 3

Coupled Vibrations of a Rotating Timoshenko Shaft

with a Crack

3.1 Physical Model

The modelling used here is the same as that used by Wauer (b). The following paragraphs sum-

marize his description of the problem.

Figure 3.1(a) represents a uniform shaft of length L rotating at a constant angular speed Q. It has
a transverse surface crack at a distance b from the left end. In the equations to follow, it is assumed
that only one such crack exists along the length of the shaft. The shaft is onented in a stationary
x,y,z coordinate system with the x-axis coinciding with the axis of the shaft (i.e., thrc;ugh the
centroids of the cross-sections of the uncracked shaft). The positive z-axis is assumed to be in the
direction of gravity (when the x-axis is horizontal), and the y-axis is located accordingly for a

right-handed coordinate system.
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(¢)

Figure 3.1. Models: (a) Physical model of the cracked shafl; (b) Definition of coordinate systems and

crack position; (c) Uniform shaft with generalized force vectors F andf which model the
local change in stiffness and damping for an open crack.
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In the most general case, the shaft is noncircular but axially-symmetric and composed of a
viscoelastic material. Also, the centroid of the cross-section is permitted to differ from the mass

center of the shaft. Furthermore, the x-axis may be inclined with respect to the horizontal plane.
The following notation will be used to model the properties (dimensional quantitics) of the shaft:
u = mass per unit length

E = modulus of elasticity of the material (constant)

A = cross-scctional area of the shaft (constant)

1;, I, = moments of inertia about the principal axes

J = torsional constant

G = shear modulus (constant)
K1, k3 = shape cocfficients about principal axes
r, r, = radii of gyration about principal axes

h, = distance from the geometric center of the uncracked cross-section
to the perimeter of the shaft (measured along the 1-axis)

b = crack location (0<b<[L)

e = eccentricity of center of mass

é = location angle of center of mass

y = angle between the x-axis and the horizontal plane

d, = external viscous damping coefficient
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d; = internal (viscoelastic) damping cocfficient

d. = dry friction damping coeflicient at the crack

¢ = crack width parameter

t = time

g = acceleration of gravity

The displacements of the shaft are measured from a body-fixed rotating reference frame &,,¢, with
the ¢-axis coinciding with the x-axis of the stationary x,y,z coordinate system (see Figure 3.1(b)).
The plane 1,2 coordinate system represents the principal axes of the cross-section. The crack is
assumed to have a straight cdge and to be oriented such that its edge is parallel to the 2-axis, which
is the worst orientation (Wauer, b; Muszynska, 1982). In all pairs of quantitics with subscripts 1
and 2, the quantities with subscript 2 are the smaller of the two for a noncircular shaft. In relation

to the rotating ¢,n,{ coordinate system, the 2-axis is parallel with the n-axis (sec Figure 3.1(b)).

To completely describe the motion of the shaft, six displacements arc needed (sce Figure 3.1(b)).
The Timoshenko shaft is assumed to be flexible both longitudinally and torsionally with displace-
ments u(x,t) and ¢(x,t), respectively. The transverse displacement in the strong direction is v(x,t),
while w(x,t) represents the transverse displacement in the weak direction. Finally, a(x,t) is the angle
of inclination of the cross-section about the weak axis, while 8(x,t) is the corresponding angle of

inclination about the strong axis.

Coupled Vibrations of a Rotating Timoshenko Shaft with a Crack 60




3.2 Mathematical Model

The details of the derivation of the governing equations of motion will not be discussed here - the
interested reader is referred to ‘Vaucr (b). However, several general comments are warranted. First,
the mathematical model accounts for gyroscopic effects, shear deformation and rotatory inertia.
Secondly, as in Chapter 2, the cffect of a crack is represented by two pairs of generalized force
vectors F and f which model the change in stiffness and damping, respectively, due to the crack (see
Figure 3.1(c)). The magnitudes of these forces arec dependent on the crack depth, the loading (if
any), and the geometry of the shaft. Finally, unlike Chapter 2, the crack in the shaft is one-sided

and thercfore is not a symmetric discontinuity.

The six equations of motion derived by Wauer (b), presented here in modified form, are as follows:

pty + dopu, + (1 — A)d5(x — b)uu, — EA(uy, + diuyy ) — pgsiny .10
Jda
—AlS(x = by) = 6(x=b)I(F +f)=0
u(vy — 29w, — Q%) + du(v, — QW) + (1 — A)d,5(x — b)u(v, — Qw)
— 1,GAlv, = ag + diVyex — 0,00 ] — en(Q? + 2Q¢,) cos 6 — eu(d, — X*¢)siné  (3.18)
— ugcosysin Qt — Alé(x - b,) — 6(x — b,)](F,' +/f)=0

u(wy + 2Qv, — Q’w) + dou(w, + Q) + (1 — A)d5(x — b)u(w, + Qv)
— 1,GALwe, + By + di(Wynx + Br)] — en(? + 206 sin 6 + eu(d, — Qp)cos s (3.1¢)
—ugcosycosQt — Ald(x — b,) — 6(x — b,)](Fc +/)=0

puri(a, + Q%) + duria, + (1 — A)d.S(x — bjuria,
— Elj(ayy + dagey) — | GALv, — a + d(v, — a))] (3.1d)
— AlS(x = by) = 6(x = b) (M, + m) =0

ury(By + OB) + douryf, + (1 = A)d,d(x — bjuriB,
- Ell(ﬂxx + dlﬂtxx) + K2GA[WX + ﬁ + di(wlx + Br)] (3.18)
= Alé(x — by) = 6(x ~ b)I(M, + m,) =0
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u(rd + )by + dep(r + rA), + (1 = A)dS(x — b)u(r? + rd)¢,
— GX(¢xx + dibrxx) — en(vy — 29w, — Q%) sin & + eu(w,, + 2Qv, — Q’w)cos s (3.1)
— epgcosy cos(6 + Q1) — ALé(x — by) = 6(x — b) I M+ m) =0

In the above equations, the subscripts x and t represent partial derivatives with respect to the axial
coordinate and time, respectively. The equations apply for 0 < x < L. The major modification
from Wauer (b) in the above presentation is that both the open and closed crack equations are re-

presented by incorporating the A notation as used in Chapter 2. Mathematically,

A= {l for an open crack 2.3

0 for a closed crack

The values of the components of the generalized force vectors F and f are determined by the same
general approach as that used in Chapter 2. The details are discussed by Wauer (b). Their values

are as follows, where the right-hand sides are evaluated at x=5, :

2

E
F +[x—C“ ( ) [ux-f-dluu] +C]5 [ﬂx""dzﬁtx] (320)
GA
Fy+fy=cn M Do + dog = a)) + oo [, + dib] (320
F( +/& =C3—=¢ ( ) £ + B + d(wlx + ﬁ:)] (32C)
( 92
Mg+ mp = cyg —— Loy + da,,] (3.2d)
5’1

M, +m,=cs Cuty + diay ] + Css [ﬁx dif 1] (3:2¢)

x,GUA G

My+me=cy— [Vx —a+dfv,— 1)] +C6 5 ) [¢x + dd’zx] (329

Coupled Vibrations of a Rotating Timoshenko Shaft with a Crack 62




It is important to note that Wauer (b) derives equations (3.1) under the assumption of small ec-
centricity, so that e? is negligible with respect to 7§ + r3. This assumption cnables the mass moment

of inertia to be evaluated about the geometric center instecad of the mass center.

In order to arrive at a solution to the cquations of motion, a set of boundary conditions is needed.
For simplicity, a set of “simple support” boundary conditions is used here. At x=L, the shaft is
supported such that axial and torsional motion is permitted, while at x = 0 this motion is restrained.

Mathematically, the “simple support” boundary conditions are

w(0,8) = v(0,8) = w(0,8) = «,(0,8) = $,(0,8) = ¢(0,5) = 0 (3.30)
u (L) =v(L,) =w(L,t)=a,(l,) =B (L) = (L,)=0 (3.3b)

These boundary conditions introduce symmetry into the model so that only crack locations be-
tween x=0 and x=L/2 necd be considered. As in Chapter 2, the Galerkin Method is applied to
obtain approximate solutions. The set of functions used here, which satisfy all of the boundary

conditions above, are

N
ux, )= D u(0) sin Ojcx (3.4q)
k=1
N
W, )= ) (0 sin "‘ZX (3.4b)
k=1
lv
Wix, )= ¥ wi(0) sin "Z" (3.4¢)
k=1
N
alx, )= D ay(t) cos "Z" (3.4d)
k=1
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Blx, ) = gﬂkm cos ",’i" (3.4¢)
N
$(x, 0= k;m(o sin 0,.x (3.49)
where, as in Chapter 2,
0, = (2"2—1‘1)" (2.15)

These equations and their derivatives are substituted into equations (3.1). Then, following the
Galerkin procedure as outlined in Chapter 2, approximate equations of motion are obtained. After

nondimensionalization, they have the following form:

dz";n ~ JE" ~ . ~ & dak . ~
2 +d,—d-r—+(l—A)dc(smy,,b)l; —-d—t—(smykb)]
~ du =&
+ @n= i, + @n- )G S - 52

(3.5a)

N
— 2A%(2n — 1)( cos y,,Z)Z[(Zk = 1)( o8 y4b)(d, + d if,i )]
k=1

N A~

~ ~ ~ ~ ~d

+ 4Ac,5?§(2n — I)(cos y,,b)Z[k( sin knb)(By + d‘—%— )] =0
k=1
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27~ ~
d*v, ~ dw,

sz,,+de(—£-ﬂ W)

dr?

+(1 — A)d(sin mrb)Z[( sin krrb)(f— —ow )]
k.—

dr

~ da, = ~
— A NG, + 4= - )———Qz(cosé)[l—(-l)"]——E—éOSy(sinQr)[l-(—l)"]
R i1 4’k
..—eQ(cosé)n(—l) Z Can? — (2 - 1)2] (3.56)

. N (=D "”‘—ﬁ%
——¢(sin &)n( —1)"
= e ( sin 8)n( )1; [4n2— NS

N ~
8 ~ ~2 Iy 7 ~ 5 dy ~ da
— A 5 cyxin( cos mb)’;[( cos knb)[kr(v, + "'7?) —(ax + 4 - )]]

N
— 4Ac g5 n( cos nnb)Z[(Zk ~ 1)(cos v )by + d —(?L )]
k=1

4, 20 by -0%, +d dv s,
de? + dr w, + e( d =+ Va)
~ ~ ) ~ dw ~ - - ~ dw
+(1 = A)dsin mb)kz;[( sin krb)(—% + ka)] + 4Ry (B + 4y~
4 ~ ﬁn 2e ~ n Hu n
+—x2n(ﬂ,,+d, - ) - sin)[1 - (-1) ]—-—cos;(cosﬂr)[l—(—l) ]
d¢k
N -
16 (- ¥ (3.5¢)

- &n( -1
™ (sm n( );[42_(%_1)]

~

-1 k_ Q%
N )( P i)

T

8~

+ —e(cosd)n( —1

2 3(cos o)n( ); TES——

dw, dp,

—A— c33x2n(cosmrb)z (cosknb)[kn(wki-d, p )+(ﬁk+di T
k=1

)J|=0
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ri( 22 +d, d "4+ Q a:,,)-l-(l—A)dcr](cosnnb)’; ?(cosknb)
da, ~dv, . ~da
+4r,n(',,+d, ) (a,,+d,—-a-f-)] (3.5d)

- ~ ~ ~ da
— 8AG4r n( sin mrb)Z[k( sin knb)(a, + d,% )] =0
k=1

4B, ~ df B
?3( drzn +de d" +Qzﬁ,,)+(l-—1\)dcr2(cos mrb)Z[-——-—(cosknb)]

~

~

,, ~ dw,
+ i+ 3 )+ Rl + 3G + (Bt ]
(3.5¢)
~ e~ ~ o  ~du
+ 4A%;,72n( sin mfb)l;[(z.k — 1)(cos yb)({ + d"Zzqu )]
- SAESSF;R( sin er)Z[k( sin knb)(ﬁk + d, 5k )] =0
k=1
7+ 7 4 b s
1+ ) 2 +d )+(1 —A)d(r, +r2)( sin y,,b)z (smykb)
d:,, eu( cos y) cos(d + Qr)
dv, _~dw, ~,
8 (sin 8)( 1)niv‘, (- VK720 G- 0%
— —e(sind)(—
i ) Poue] [4k% = 2n = 1)*]
~ 3.5
N (= DEk(—E 4 mi-sz 250 >
+—§— e(cos 8)(—1)" d’ dr
& [4k? — @n - 1)*]

~

dv, dz,,
_A(—)cnx,(Zn—l)(cosrnb)Z[(cosknb)[kn(vk+d,——-)—(cxk+a', e )]]
k—

N
— 2Aceq(2n — 1)( cos y,,b)Z[(Zk — 1)(cos ka)(¢k +d; —¢-k— )]
k=1
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where the nondimensional quantities are defined as

~

EA P~ ~
Cu="7 . ¢sy =EAcs; , ¢s=EAc;

~ - EA ~ :
ess=EALcss . =", G3="] G5

626-_7‘:26 ] C62=.L_2c62 v a4 =EALcy , 6=

2k —1
2

yk=0kL= T

v _ 2L K ~ EA S~ _ 4 [u
d=SFJEa % d=oLN w4 =T Ex %

Coupled Vibrations of a Rotating Timoshenko Shaft with a Crack

(3.6a)

(3.65)

(3.6¢)

(3.6d)
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(3.6/)

(3.62)

(3.6h)

(3.6d)

(3.6)

(3.6k)

(3.6
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Following the same logic as in Chapter 2, the crack is assumed to be either completely open or
completely closed at a given time. This means that the above approximate equations of motion
are linear within each period of time in which the crack remains open or closed. This “breathing”
crack behavior requires a transition condition to determine when the value of A changes. For the
shaft presented here, an open crack is identified as a condition in which the elongation of all of the
points on the crack face is positive. Otherwise, the crack is considered closed. Thus, the transition
condition is when the elongation mentioned above changes sign. Mathematically, in dimensional

form, this can be written as (Wauer, b)

2 0 for an open crack
< 0 for a closed crack

(ux — by ,,,,{ (3.7

where h, is the smaller of the radii of an oval cross-section (see Figure 3.1(b)) and the subscript x
represents a partial derivative with respect to the axial coordinate. In the solution of the nondi-
mensional equations, an L/R ratio (length/radius) is needed. If this ratio is prescribed using the
value of A, (see Figure 3.1(b)) for R, then the nondimensional l;, can be defined as 1;2 = R|L.
Therefore, the nondimensional form of the transition condition (3.7), in terms of the approximate

solutions for u(x, t) and f(x, ¢), is

N
D" [ii()va( cos vib) + (- Bie)km)(sin kb)) (39)

{2 0 for an open crack
k=1

< 0 for a closed crack

Many investigators, such as Mayes and Davies (1980) and Bachschmid et al. (1984), comment that
the breathing crack behavior for shafts depends on shaft weight and unbalance. These factors are
accounted for in the equations of motion by the 4 and e terms and therefore are accounted for in

the transition condition.
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3.3 Shaft Parameters

As discussed in Chapter 2, the presence of a crack will decrease the stiffness of the shaft. As the
crack depth increases, the stiffness will decrease further. Since this thesis focuses on compliance
(which is the inverse of the stiffness), the compliance of the cracked section will increase for larger
crack depths. However, unlike the longitudinal case, the change in ¢,, alone does not reflect the
total change in stiffness characteristics of the shaft. Now that we are considering transverse and
torsional displacements, more crack compliances are necessary to fully describe the resulting cracked
shaft behavior. In fact, a 6x6 compliance matrix is needed, and the appropriate terms show up in
equations (3.2a-f). Table 3.1 presents the 3 sets of crack depth ratios considered here and the cor-
responding values of the elements in the nondimensional compliance matrix. The notation a/D
(=crack depth/shaft diamcter) is that used by Papadopoulos and Dimarogonas (1987) for the cir-
cular shaft which they consider. The values from their paper have been nondimensionalized ac-
cording to the notation used here and are functions of the L/R ratio previously described in
conjunction with the transition condition. In the conversion of their nondimensional compliances,
it is assumed that Poisson’s ratio, v, is equal to 0.3. Due to differences in the nondimensionalization
procedure between this chapter and Chapter 2, the value of ¢,, used for the shaft is one-half the

value used for the bar of Chapter 2.

As in Chapter 2, it is convenient to define a set of standard parameters. In this chapter, primary
attention is given to a circular shaft. The standard case to be investigated uses the following sct of

parameters:

a/D=0.2

L/R=10

L= 5 feet
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Table 3.1. Values of compliance used for the rotating shaft

COMPLIANCE yD=0.1 yD=032 YD=03
€ 0.024 -z- 01708 05558
% 0008 (RVES o6 R
& 0024L 01603 04nd
Cu 0.091£ 0.190% 0689 &
& 0385 L 2550 saL
% 0-00034{-:- 0.0040 £ 0.0136 £

Cym Gy 0.091 0.740 209
=l 000728 0.0600 5= 01308
NOTE: Values based on information from Papadopoulos and Dimarogonas, 1987
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~

r =ry=0.05
%, =%, =0.886G

b=04

An L/R ratio of 10 is used to justify the use of equations (3.1) which modecl shear effects.

Some attention is given to an elliptical section with a radius ratio of 1.5. This changes the shape

coeflicients and the radii of gyration shown above to the following values:

r, =0.075, r, = 0.05

%, =0.90151G, ¥, = 0.85877G

The values for the dimensional shear coefficients are the same as used by Cowper (1966) with

v=0.3. Unless otherwise stated, all displacements are measured at x/L=0.7.

3.4 Natural Frequencies of an Uncracked, Undamped Shaft

In order to get an idea of how the model behaves, an investigation of the natural frequencies of an

uncracked, undamped shaft seems warranted. To this end, in the approximate equations (3.5a-f),
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all ¢, values are set to zero and the three damping coefficients c},, J,, and ZI, are also set to zero. This
removes the crack and damping effects. Also, to remove the forcing of the system due to gravity
and unbalance, i and e are set to zero. Next, to obtain a two-term approximation, N = 2 is used
in equations (3.5a-f). By doing the above, the differential equations uncouple in sets. The

equations for ,(x, ) and <;,,(x, 1) become independent and have the form

-
p P + uy = 0 (39(1)
T
du
—;—?— + 9%, =0 (3.95)
T

-~

2

(rl +"2)—_2-+GJ¢‘=0 (3.100)
dr

~2 . 42;2 ~1 7

G+ =5 +9GI8, =0 (3.106)
T

where the subscripts on ¥ and :i; represent the appropriate “mode” value. The term “mode” is not
strictly correct for this nonlinear problem, as explained in Chapter 2, but will be used here for
simplicity of explanation. The equations for v,(x, 1), w,(x, 1), a,(x, 7), and [},,(x, 1) remain coupled
for each individual n value (n=1,2). To facilitate presentation, and looking forward to the com-
putation of natural frequencies, the reduced differential equations are not presented. Instead, the

substitution

- - o ~ b

Yn n

W .

- =]~ aadd 3.11)
®n A,

ﬁn B’l

Coupled Vibrations of a Rotating Timoshenko Shaft with a Crack 72




is made in the coupled sets of equations of motion. Then, for the first mode (n= 1), the equations

of motion can be represented as the eigenvalue problem

&11 812 813 &ia
821 822 823 £
831 832 833 &34

841 842 843 8Zaa |

gy =—at—-QF+ 4%, (3.13a)

4 ~
813=831 =7 X (3.13¢)

816=81=823=832=8314=&3=0 (3.134)

-~

g =—at-Q+4x, (3.13¢)

4 ~
81u=81=7 X3 (3.13)

gy =—Fat+FQ + 4T+ L (3.13g)
T

gu=-Fat+ R+ + L%, (3.134)
T

Similarly, for the second mode (n = 2), the eigenvalue problem becomes
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hyy by bz g || V2 0
hy by by e || W) [0
hyt hyy hy3 hys || Ay 0
_hu hiy hay haa || By| |0
where
h“ ="(7)2"‘62+ 16;1

hyy == 2003i= — Iy,

~

M3=hy=—7x
ha=hy=hy=hy=hy=h;3=0
hyy == - Q1 + 168,
has = hey =55

T

hea = — 5} + 202 + 167 + %,
T

(3.14)

(3.15a)

(3.15b)

(3.15¢)

(3.15d)

(3.15¢)

(3.150)

(3.159)

(3.15h)

Note that g,; # g5 and A, # Ay, which creates nonsymmetry in the respective matrices. This non-

symmetry is caused by the gyroscopic effects taken into account in the mathematical model.

For equations (3.9a-b) and (3.10a-b), the natural frequencies of vibration can easily be obtained.

The values of w, and , for ;t: are functions of é where from (3.6d),
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5=%= 2(1:-11) - 2?6 for v = 0.3 (3.16)
For a circular section, the torsional constant J equals 7 + 73, so that these terms cancel in equations
(3.10a-b). Therefore, for a circle, the natural frequencies for u are @, =1 and @, =3 while for J’
they are , = 0.620 and w, = 1.86. For an elliptical section, the natural frequencies for u are un-
changed. However, the value of j is no longer r} + r3. Using the standard values of Section 3.3,
the natural frequencies for :j; for an elliptical section are @, = 0.572 and w, = 1.72. Note that for

~

both a circle and an ellipse, the natural frequencies are independent of the angular frequency, .

To obtain the natural frequencies for ¥, w, &, and $, the matrices of equations (3.12) and (3.14)
must be expanded. The resulting characteristic equation is a function of the cross-section and the
angular frequency. Using tfle IMSL subroutine DZREAL to evaluatc the roots of the characteristic
equation for various values of Q, the plots of Figures 3.2 and 3.3 result for a circular and an ellip-
tical section, respectively. Standard case parameters are used. In Figures 3.2(b) and 3.3(b), the
portions of the graph near the origin are enlarged in order to more clearly see the behavior. In
Figure 3.2, each curve touches the horizontal axis once, whereas in Figure 3.3 each curve intersects
the horizontal axis twice. For a circular section, &, = x, and r, = r;, which results in only four dis-
tinct eigenvalues (two for each mode) at Q =0. However, for the ellipse, x, is not equal to x, and
r, is not equal to r,, which creates eight distinct eigenvalues (four for each mode). These

eigenvalues, for Q =0, are tabulated in Table 3.2 for both a circle and an ellipse.

Also presented in Table 3.2 are the critical speeds for the circle and ellipse. For our mathematical
model, .the critical speeds are those speeds at which the natural frequencies are zero, which corre-
spond to the intersection points or tangential points of the curves with the vertical axis. Math-
ematically, at these speeds, the motion initially grows exponentially. In a physical situation,
damping prevents unbounded motion and the critical speed is “..the rotational speed at which the
maximum transverse vibrations occur during steady-state motion.” (Reiff, 1979). Again, as with

the natural frequencies, there are more critical speeds for an ellipse than there are for a circle.
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Figure 3.2. Roots of characteristic equation for a circular section: (a) Complete plot; (b) Enlarged
view of the graph near the origin. Note that each curve touches the horizontal axis only
once. Also, each of the two leftmost curves touches the vertical axis only once.
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Figure 3.3. Roots of characteristic equation for an elliptical section: (a) Complete plot; (b) Enlarged
view of the graph near the origin. Note that each curve intersects the horizontal axis twice

Also, each of the two leftmost curves touches the vertical axis twice.
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Table 3.2. Critical speeds and natural frequencies (uncracked shaft)

CIRCLE
=0
& & oy Q
0.060 0.245 0.094 0.307
MODE 1
60.5 7.78
1.18 1.09 1.30 1.14
MODE 2
75.5 8.69
ELLIPSE
=0
& & Q Q
0.060 0.245 0.094 0.307
0.179 0.423 0.200 0.447
MODE 1
30.3 5.50
58.8 1.67
1.16 1.08 1.29 1.14
1.99 1.41 2.35 1.53
MODE 2
4.7 6.69
7.7 8.58
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The lowest critical speed is significant for two reasons. First, most shafts operate at angular speeds

below this critical speed. Secondly, if the operating speed is above this value, the presence of a crack
may have little effect on the vibrational behavior (Henry and Okah-Avae, 1976). Grabowski (1980)
and others have also noted the importance of the relationship between the running speed and the
critical speed in crack detection. As a result of the above-stated facts, in the upcoming analysis of
a cracked circular shaft, the operating speed will be chosen as Q=0.2, which is approximately 65%
of the lowest value tabulated in Table 3.2. The corresponding natural frequencies for v, w, &, and

[} (for the uncracked shaft) are tabulated in Table 3.3.

3.5 Solution

Due to the complexity of the equations, closed-form solutions are not practical, so that numerical
integration is used exclusively. The IMSL subroutine DIVPAG is applied in all of the results to
follow. The same basic program (as used in Chapter 2) is used in this chapter. The major mod-

ification is that the program now integrates twenty-four equations instead of four.

3.6 Cracked Shaft Behavior with No Mass Eccentricity

In this section, the value of e will be set to zero in equations (3.5a-f), which means that these
equations of motion now model a shaft in which the mass center and the geometric center coincide.
For simplicity, only circular sections are investigated. Standard case parameters are used unless

otherwise stated.

Equations (3.5a-f), in their most general form, reveal that the vibration of the shaft is a forced vi-
bration problem since the terms involving € and g alone (i.e., terms in which neither a displacement

nor its derivative is present) act as forcing functions. For e =0, the forcing is reduced to that caused
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Table 3.3. Natural frequencies (uncracked shaft) at Q=02

CIRCLE
Q1=0.04
& &
0.011 0.105
0.246 0.496
MODE 1
60.5 7.78
60.6 1.79
0.785 0.886
1.60 1.26
MODE 2
75.4 8.68
75.8 8.71
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by gravity. However, as it turns out, u is so small that it contributes little to the response. To il-

lustrate, for L= 5 feet, using a steel shaft, u=~2.99 x 10-". Therefore, since x is so small, the problem

is essentially a free vibration problem.

Three cases of initial conditions are considered in the results to follow; they are the initial conditions
on the nondimensional functions of r, not on the complete functions of x and t. For the two-term

approximation, these initial conditions can be written as
CASE A: all first-mode displacements = 0.10
all second-mode displacements = 0.01
CASE B: all first-mode displacements = 0.05
all second-mode displacements = 0.05
CASE C: all first-mode displacements = 0.01
all second-mode displaccments = 0.10

In all cases, the initial velocities of both modes are set to zero. As discussed in Chapter 2, for free
vibration, the influence of the initial conditions can be significant, and using the above cases may

indicate the relative importance of each mode to the overall motion.

Figures 3.4 through 3.7 compare the influence of the three cases of initial conditions on the four
displacements which are readily measurable in a physical situation, namely deflections in the axial,
horizontal, and vertical directions and the torsional displacement. These will be identified as
)?, i’, 2, and ;, respectively. The Y and Z displacements (in the fixed coordinate system) are

functions of the v and w displacements (in the rotating coordinate system) and are defined as
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Y = ¥(x, 1) cos(€r) — w(x, 1) sin(Cr) (3.17q)

Z =5(x, 1) sin(Q7) + w(x, 7) cos(Q7) (3.175)

Figures 3.4, 3.5, 3.6, and 3.7 pertain to the undamped motion of X,Z,Y, and J,, respectively. The
shaft is cracked at 5=0.4. In each figure (and in subsequent figures), the thicker portions of each
curve denote the periods in which the crack is open. It is observed that as the second mode is
stimulated more, its participation becomes apparent by the frequency of motion. Note the simi-
larity in Figures 3.4 and 3.7, which are for X and ;, respectively. This similarity results from the
similarity of equations (3.5a) and (3.5f) (for a circular shaft) for e =0 and 4 = 0, as shown in Section
3.4. Figure 3.8 shows a comparison of the corresponding spectra for Figure 3.4. (As discussed in
Chapter 2, a conversion factor is needed to relate the spectral response to an amplitude of motion,
and this factor is given in all figure captions where spectra are presented.). Note that the governing
frequencies are near 1 and 3. This agrees with the results of Section 3.4 where it was shown that
1 and 3 are the natural frequencies of X (= u) for an uncracked shaft. The frequencies for the
cracked shaft are lower than those for the uncracked shaft, as expected, since the crack reduces the

stiffness of the shaft.

Figure 3.9 presents the time histories for « and [} for Case A initial conditions. All other parameters
are as discussed earlier. Since these displacements are typically not of interest (and are difficult to
measure), they will not be shown in the upcoming figures. They are presented in Figure 3.9 only

to give an indication of their general behavior.

. Since one of the goals of this thesis is to study how cracks can be detected, a comparison of the
behaviors of cracked shafts and uncracked shafts is necessary. Figures 3.10 through 3.13 provide
this comparison for the undamped case. In each figure, the top row of graphs pertains to the un-
cracked shaft and the bottom row applies to the cracked shaft (a/D=0.2). In each row, a time

history plot and its corresponding spectrum are shown. In all four figures, Case A initial conditions
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Figure 3.4. Time histories for x: (a) Case A initial conditions; (b) Case B initial conditions; (c) Case
C initial conditions.
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are used. To achieve the uncracked shaft model from equations (3.5a-f), all ¢; are set to zero and &,

is set to zero. The time historics and spectra are virtually identical for the cracked and uncracked
shafts. This agrees with the results of Chapter 2 for the free vibration behavior of cracked bars.
Clearly, for the small crack depths considered here, observing the free vibration behavior does not

provide a good means by which cracks can be detected.

So far, this section has focused on the undamped free vibration of the shaft. Figure 3.14 illustrates
why damping has not been discussed. In Figure 3.14, the standard case values for damping are
used, initial conditions are those of Case C, and a crack is present at b=0.4. Since there is little
forcing present due to 4 when e =0, the motion simply dies out due to damping and one does not

see any significant effect of the crack.

3.7 Cracked Shaft Behavior with Mass Eccentricity

When e is not equal to zero, the equations of motion are coupled together much more than for
e=0. In particular, the equation for ¢ becomes more complex since acceleration terms for v and
w enter into the formulation. Also, the equations reflect that the shaft is now being forced by the

mass unbalance created by a nonzero e.

Figures 3.15 and 3.16 represent the behavior of a cracked shaft (standard case) undergoing un-
damped vibration with ¢ =0.01. Figure 3.15 provides time history plots and spectra for Xand Z,
while Figure 3.16 provides the corresponding results for Y and J> By comparing Figure 3.15 with
Figures 3.10(c) and (d) and 3.11(c) and (d), it is obvious that the eccentricity does not have a major
influence on these motions. Similarly, by comparing Figure 3.16(a) and (b) with Figure 3.12(c) and
(d), one also notices little change. However, the 5 graphs in Figure 3.16(c) and (d) are drastically
different from those in Figure 3.13(c) and (d) corresponding to a cracked shaft without eccentricity.

This change is the result of the added terms in the ; equation, as discussed earlier. The eccentricity
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introduces more frequencies into the motion. However, there doesn’t appear to be any regularity

in the new frequencies, i.c., they do not appear to be integer multiples or fractions of the natural
frequency. Unfortunately, such behavior change is not isolated to cracked shafts with eccentncity.
Figure 3.17 presents the behavior of ¢ for an uncracked shaft with eccentricity, with all other con-
ditions identical to those in Figure 3.16. By comparing Figure 3.17 with Figure 3.13, it is obvious
that the same type of change in behavior results for both cracked and uncracked shafts subject to
mass unbalance. Hence, crack detection based on imposing mass eccentricity does not appear

promising.

One final remark concerning mass eccentricity scems warranted here. Other investigators (for ex-
ample, Schmied and Krimer, 1984; Kujath, 1986) also incorporate eccentricity into their models
of cracked shafts. However, their models assume massless shafts; the inertia force terms of their
models are derived from concentrated masses (disks) along the shaft. If the center of mass of the
disk does not coincide with the geometric center of the shaft, mass unbalance results. Contrary to
this, the shaft modelled in this thesis has a uniformly distributed mass and no concentrated disk
masses. Intuitively, it seems appropriate that the results discussed here for nonzero e are not very
exciting since the mass unbalance is distributed over the shaft. If the model were modified to in-

corporate eccentric disk masses, more interesting behavior might result.

3.8 Cracked Shaft Subjected to Impact

In Chapter 2, it was observed that forcing the bar enabled one to determine whether or not a crack
was present. If a crack was present, harmonics of the forcing frequency were observed in the
spectrum (see Figure 2.13). In this chapter, the forcing of the system (due to gravity and/or un-
balance) has proven not to be sufficient to create any change in the frequency spectrum of a cracked
shaft. Therefore, additional forcing of the system might be required to create the changes described

above.
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There are several options by which the system may be “forced”, such as by varying the rotating
speed Q in time or by applying external loads. However, it is desirable to force the system in such
a manner that cquations (3.5a-f) remain unchanged. If € becomes a function of time, the equations
arc no longer valid since they are derived under the assumption of constant rotating speed. If ex-
ternal forcing is applied (for example, an axial harmonic force), the boundary conditions change and
the equations are no longer valid. However, if an impact loading is used in the axial direction, the
boundary conditions still apply and no assumptions are violated. Therefore, impact loading appears

to be the easicst way to force the system.

Figures 3.18 through 3.21 present the time history plots and corresponding spectra for X and Z.
Since the system is now forced, damping can be incorporated without the problems discussed in
Scction 3.6. Case B initial conditions are used, although the importance of the initial conditions
is only in determining whether or not the crack is open or closed at t=0. The impact is incorpo-
rated in the numerical integration routinc by subtracting 0.1 from the velocity of the n=1 compo-
nent of u when r is a multiple of 5. This leads to an impact frequency (@,) of 1.257. No eccentricity

is permitted (¢ =0) and g = 2.99 x 10-". All other parameters assume their standard case values.

In Figures 3.18(a) and (b), the X results for an uncracked shaft (¢,=0, c?, = () are presented, while
Figures 3.18(c) and (d) show the results for a cracked shaft with a,D=0.1. Figures 3.19(a) and (b)
apply to X for a/D=0.2 and Figures 3.19(c) and (d) apply to X for a’/D=0.3. From these graphs,
it is observed that no significant change is scen in the X motion when a crack is present. The
presence of the impact loading is obvious by the stecady-state periodic behavior. The dominant
impact frequency and integer multiples of this frequency appear for both the cracked and uncracked

shafts.

In Figures 3.20 and 3.21, the behavior of Zis presented for the conditions of Figures 3.18 and 3.19,
respectively. Unlike the X results, the Z results show a distinct difference between the cracked shaft
and the uncracked shaft (similar results were obtained for )7) The uncracked spectrum shows a

narrow range of frequencies corresponding to the decaying motion. The cracked shaft spectrum
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shows three distinct frequencies, none of which correspond to the frequency peak for the uncracked
shaft. The same three frequencies appear for the cracked shaft regardless of the a/D ratio. Note
that unlike Chapter 2, the additional frequencies for the cracked shaft are not integer multiples of
the first peak. Instead, the pattern of the frequencies suggests that the two higher frequencics rep-
resent the sum and difference, respectively, of the rotating frequency (ﬁ= 0.2) and the impact fre-
quency (w,;= 1.257). This was verified numerically by performing a spectral analysis of the time
history from == 100 to == 1100 (not shown here). This range provided more points and therefore
reduced the discretization error in the spectra procedure. The exact frequencies are Q=0.2,
;- Q= 1.057, and o, + Q= 1.457; the improved spectral analysis gave pcaks at 0.203, 1.061, and
1.460.

The presence of Q, ;- Q, and w;+ Q in the cracked shaft spectra can be explained by examining
Figure 3.22, which provides the spectra (100 <t < 1100) for w for both a/D=0 (uncracked) and
a/D=0.2. The spectrum for the uncracked shaft reveals a range of small frequencies corresponding
to the decaying motion. This explains the spectrum of Figure 3.20(b). For the cracked shaft, there
are two distinct peaks at 0 and @,. The same pattern occurs for v. Therefore, the steady-state
motions of v and w might be approximated as the sum of a constant and a harmonic function with
frequency w,. If such approximations are valid, then equations (3.17) show that Z and Y will be
composed of harmonic functions with frequencies of Q, ;- Q, and & '+ Q as shown in Figures

3.20 and 3.21.

By comparing Figure 3.20(b) with Figures 3.20(d) and Figures 3.21(b) and (d), it appears that the
uncracked shaft is unaffected by the axial impact (i.e., the frequencics do not appear to be related
to @;). This can be explained by equations (3.1a-f). For the uncracked shaft, u is uncoupled from
any other displacement (since sag of the shaft is neglected in the model). Therefore, the effect of
an axial impact is not felt by any other displacement. This is the reason for the narrow range of
frequencies (within the one “peak™) which are related to the frequencies of the decaying motion;
the impact frequency is not present. However, when a crack is present, u becomes coupled with

ﬁ, which in tumn is coupled with w and v. Therefore, the effect of the axial impact is transmitted
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to the w and ¥ motions, which then comes into Z by equations (3.17). As discussed above, the
cracked shaft spectra show three frequencies which are related to the impact frequency, w,, and the
rotating frequency, Q. The same three frequencies appear regardless of the a/D ratio of the cracked

shaft.

As a final observation, note how the magnitude of the Z motion (steady-state) increases with a/D,
with a corresponding increase in spectral response amplitude. Similar results were obtained for the
horizontal motion, )7, and are not'shown here. This relationship is presented in Figure 3.23. The
open circles correspond to the actual data points and a smooth curve is fit through these points.

It is significant to note that the amplitude changes dramatically with crack depth.
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Chapter 4

Conclusions/Future Research

4.1 Conclusions

This thesis has considered the problem of crack detection in structural members from a purely
mathematical standpoint. The research has focused on how the presence of a crack affects the
vibrational behavior. Two cases were investigated: the longitudinal vibration of a cracked bar and
the coupled vibrations of a cracked, rotating, Timoshenko shaft. In both cases, Galerkin’s Method
was used to obtain approximate solutions to the equations of motion. These approximate solutions
were then used to investigate the influence of crack position, crack depth, forcing frequency, and
other parameters on the resulting behavior. Spectral analysis was used to observe the component
frequencies of the motion, and a sensitivity analysis was conducted in the longitudinal case. The

three conclusions outlined below were drawn from the results.

1) In the longitudinal vibration study (Chapter 2), it was observed that the assumption of an “al-
ways open” crack may not accurately reflect the vibrational behavior of a cracked bar. The influ-

ence of a breathing crack can be significant.
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2) The sensitivity analysis of Chapter 2 concluded that the largest change in steady-state response
(forced system) at the onset of cracking occurred at forcing frequencies just below the lowest natural
frequency. However, at higher frequencies, the model predicted that the end deflection of the bar
may actually decrcase at the onset of cracking. This apparent inconsistency was observed to di-

minish as more terms were taken in the approximate solution.

3) As others have concluded, small cracks are very difficult to detect. The results presented here
support this for unforced systems. However, forcing the system cxternally and monitoring the
spectrum of the steady-state motion scems to provide a method of detecting cracks. A crack will
introduce additional frequencies in the spectrum as compared to the spectrum of the uncracked

system (see Figure 2.13 and Figure 3.19).

In conclusion, as Petroski (1981) noted, simple models cannot be expected to give an exact repre-
sentation of behavior. However, they can provide insight and possibly indicate order of magnitude

results. This has been the underlying goal of this research.

4.2 Future Research

This thesis has only “scratched the surface” of the problem of detecting cracks based on math-
ematical models. With the models and solutions presented here, there are many other combinations
of parameters which should be investigated. This is especially true for the cracked rotating shaft.

Future research efforts may want to consider the possibilities outlined below.

¢ In the rotating shaft study, only one crack position was used. The relationship between crack

location and vibration behavior is important, as was observed in Chapter 2, and should be investi-

gated.
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¢ The rotating shaft equations are derived under the assumption of a constant angular speed.
Nilsson (1982) comments that cracks are more evident when a rotor passes through resonance than
during normal operation. Mayes and Davies (1980) note that “...it is now certain that examination
of the changes in vibrational behavior of a machine during rundown will show the presence of a
crack before the depth for catastrophic failure has been reached.” Since the equations presented
here are restricted, a future investigation might look into the derivation of the equations to sce what

modifications are needed to handle run-up and run-down.

® Onc of the major conclusions of this thesis is that some type of forcing of the system is required
to enable one to detect a small crack. In the study of the cracked bar, external forcing was incor-
porated directly into the equations of motion. However, in the shaft study, the equations only
provide forcing due to gravity and mass eccentricity. Therefore, it might prove interesting to de-
velop equations of motion for the shaft which incorporate some type of external forcing. Possible

choices for this forcing might include torsional, axial, or transverse loading.

® The shaft considered here is a “simply-supported” shaft, which is a highly idecalized situation.
Future research might improve the mathematical modecls presented here by considering the stiffness

and damping properties of the supports, as was studied by Neilson and Barr (1988a, 1988b).

¢ The values of damping used here may or may not accurately reflect true operating conditions in

practice. Future rescarch might look into determining better valucs.

¢ In the impact study, only one impact magnitude and frequency was considered. Future research
might look at how various impact magnitudes and frequencies affect the vibrational behavior and

the corresponding frequency spectrum.
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