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The analytical investigation of vibration of damaged structures is a complicated problem.
This problem may be simplified if a structure can be represented in the form of a beam with
corresponding boundary and loading conditions. In this connection, free vibrations of an
elastic cantilever Bernoulli-Euler beam with a closing edge transverse crack is considered in
the present work as a model of a structure with a fatigue crack. The modelling of bending
vibrations of a beam with a closing crack is realized based on the solutions for an intact
beam and for a beam with an open crack. The algorithm of consecutive (cycle-by-cycle)
calculation of beam mode shapes amplitudes is presented. It is shown that at the instant of
crack opening and closing, the growth of the so-called concomitant mode shapes which
differ from the initially given mode shape takes place. Moreover, each of the half-cycles is
characterized by a non-recurrent set of amplitudes of concomitant modes of vibration and
these amplitudes are heavily dependent on the crack depth.

The vibration characteristics of damage based on the estimation of non-linear distortions
of the displacement, acceleration and strain waves of a cracked beam are investigated, and
the comparative evaluation of their sensitivity is carried out.

© 2002 Academic Press

1. INTRODUCTION

Many mechanical structures in real service conditions are subjected to combined or
separate effects of the dynamic load, temperature and corrosive medium, with a consequent
growth of fatigue cracks, corrosive cracking and other types of damage. The immediate
visual detection of damage is difficult or impossible in many cases and the use of local
non-destructive methods of damage detection requires time and financial expense and
frequently is inefficient.

In this connection, the use of vibration methods of damage diagnostics is promising.
These methods are based on the relationships between the vibration characteristics (natural
frequencies [1-3] and mode shapes [4]) or peculiarities of a non-linear vibration system
behaviour (for example, non-linear distortions of the displacement wave in different
cross-sections of a beam [5, 6], the amplitudes of sub-resonance and super-resonance
vibrations [7], the anti-resonance frequencies [8], etc.) and damage parameters. It is
important to note that the essential non-linearity of vibrations of a body with a fatigue
crack is due to the change of stiffness at the instant of crack opening and closing and is the
main difficulty in the solution of such class problems.

The analytical investigation of vibrations of damaged structures is a complicated
problem. This problem may be simplified if a structure can be represented in the form of
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a beam with corresponding boundary and loading conditions. This class of structures can
include bridges, offshore platforms, pipelines, masts of electricity transmission, TV towers,
aircraft wings, blades and rotors of turbine engines, propellers of helicopters and many
others.

In earlier work [9], the solution of the problem of the bending vibrations of a cantilever
beam with a closing crack during the first cycle of vibration was described. It was shown
that at the instant of crack opening, the so-called concomitant mode shapes differ from the
initially given mode shape. This approach to the solution of the problem can be extended
not only over the first but also over the subsequent cycles.

The present work is a logical continuation of that research [9]. Therefore, the aim of the
study is to develop the algorithm of consecutive (cycle-by-cycle) calculation of cracked
beam mode shapes amplitudes, to investigate the regularities of concomitant mode shapes
origination, and to study the level of non-linear distortions of the displacement, acceleration
and strain waves.

2. MODELLING OF VIBRATION OF A BEAM WITH A CLOSING CRACK

The modelling of free bending vibrations of a beam with a closing crack is based on the
solutions for an intact beam and for a beam with an open crack [9].

Free bending vibrations of a beam neglecting the damping effect are described by the
differential equation:

o*y(x, 1) pA*y(x, 1)
ot TE e O @

where E and p are the Young’s modulus and the density of the beam material respectively,
I = bh*/12 and A = bh are the moment of inertia and area of the cross-section respectively,
b and h are the width and height of cross-section respectively.

The general solution of equation (1) can be presented in the following form:

y(x, 1) =Y wi(x)(P;sinwit + R; cosw; 1), )

i=1

where w;(x) and w; are the mode shapes and natural angular velocities respectively, and i is
the number of the mode shape. The mode shapes of the beam are described by the
expression

Wi(X) = AiS(kix) + BiT(kiX) + Ci U(k,x) + Di V(kl X), (3)
where ki = w? pA/EI; S(k;x), T(k:x), U(k;x), V(kx) are the Krylov functions [9].

Coefficients A4;, B;, C; and D; in expression (3) are determined from the boundary conditions
for the cantilever beam (Figure 1):

MO _ 0. muw) = 1,07 M0
ox 0x

w;(0) =0, 0;0)= 0i(L) = — meiZ wi(L), @4

where 0(x) is the angle of rotation of the cross-section x, M (x) is the bending moment, Q(x)
is the transverse force, L is the length of the beam, m;, is the mass on the end, and I, is the
moment of inertia of the mass.
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Figure 1. Geometry of a cantilever beam with an edge closing crack.

The characteristic equation in this case assumes the form
[S(kiL) = qT (kL)1 [S(kiL) + gV (kiL)] — [T (k;L) — qU (kL)1 [V (kL) + gU (k;L)] = O,

)

where q = I,,k}/pA, and g = mzk;/pA.

As distinct from reference [9], a beam with an open-edge crack is modelled here by two
sections connected by means of the cross-section with an increased compliance [ 10] located
at a distance L. from the clamped end. Free bending vibrations of each section neglecting
the damping effect are described by the differential equation (1) in which I = I; is the
cross-sectional moment of inertia of the section numberj(j = 1, 2). In thiscase, I, = I, = I.
The general solution of equation (1) for the section number j takes the form

s

yoj (X, t) = Wij(x) (Poi sin woit + Roi COS W,; t), (6)

i=1

where

W”(x) = AlJS (k”x) + B”T(k”x) + C”U(k”x) + D,JV(k”x) (7)

are the mode shapes of the section number j, k; = wZpA/EI;, and ,; is the natural angular
velocity of a beam with an open crack (subscript “o” signifies an open crack). From
expression (7) with the boundary conditions in equation (4) the functions describing the
angle of rotation 0;;(x), bending moment M;;(x) and transverse force Q;;(x) can be derived.

The boundary conditions at the clamped end (x = 0) and free end (x = L) of the beam and

conditions of compatibility of sections 1 and 2 (x = L,) will be [10]
Wi (0) =0, 0:,(0) =0,
M1 (L) = 1,03kyi [Ai1 V (ko L) + Biy S(kyi L) + Ciy T'(kyi L) + Dy U (ky; L)1,
0i1(L) = — mywZ [Ai1S(koi L) + Biy T'(ko; L) + Ciy U(ky;L) + Dy V (ko L)],
Wit (L) =wia(Le),  0in(Le) — 0ia (Le) = 0. My (L), My (L) = Mia (L),  Qix (L) = Qiz (L),

where J, is the change of compliance of the cross-section with the crack.
Taking into consideration the fact that S(0) = 1, T(0) = U(0) = V(0) = 0 and the first two
boundary conditions, it can be shown that A4;, = B;; = 0. Residuary boundary and
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compatibility conditions determine the set of equations, the determinant of which takes the
form

Ulg) — a. V() V(e) —q.S(@)  S(@) —q. T(@) T(oi) — q,U(e) 0 0
T(p) — 9,5(9))  Ule) + 9, T(0) Vip) +9,Ul@) S(e) + g, V() 0 0
S() T®) Uy) V) —-SW) —TW)|_ 0
V) —r,UW)  SW) =1 V() TW) —r,SW) UW) —r,TW) —Tw) —UW) ’
U) V) S@W) T) =S —TW)
TW) U®) V) S@) -V —SW)
@®)

where ¢ = koiL, lpi = Lc(pi/L7 do = Im(P?/PALsa go = mL(Pi/pALv and r, = Eléc(/)l/L

The solution of the characteristic equation (8) and of the set of equations determines the
natural frequencies and mode shapes of the beam with an open crack (it is accepted here
that M;,(0) = M(0)).

The compliance of the cross-section with a crack is determined using linear fracture
mechanics. In the linear elastic body, the change of strain energy due to crack presence of
the mode I deformation with the assumption of plane stress will be as follows [117]:

b a
AU=EJ K2da, )
0

where a is the crack depth. At the same time, the change of strain energy in the cracked
cross-section can be expressed via the change of its compliance:

AU = 0-55, M>. (10)

Here, the expression for the stress intensity factor (SIF) obtained by Cherepanov for the case
of pure bending of a cracked strip [12] is used as

42 M _
KI:W[(I_V) S (=912, (11)
where y = a/h. Using equations (9) and (10) with equation (11) gives

.0y = 38200 =9 = 30— +2]
= (1—7)? bh°E

(12)

It is interesting to note that the results of calculations of natural frequencies and mode
shapes (up to and including five modes) for a cantilever beam with the model of the crack
presented here and with a more complicated model of the crack in the form of a short
section with the reduced moment of inertia of the cross-section [9] were found to be the
same. In both cases equation (11) was applied. If use is made of other equations for the SIF,
then the results for the natural frequencies and mode shapes will be different insofar as the
SIF values will be different. For example, the discrepancy between the SIF values calculated
by the formulae from reference [ 13] and equation (11) reaches 13.2%. Thus, the justification
of modelling vibration of a cracked beam if the energy approach is used depends mainly on
the choice of expression for the SIF and practically does not depend on the type of crack
model. The preference given here for equation (11) was justified earlier [9].

The beam with a closing crack is modelled in the following way: at the half-cycles while
the crack is closed, the vibrations of the beam are described by equation (2) (it is presumed
that the stiffness of the intact beam and the stiffness of the beam with a closed crack are
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equal); at the half-cycles while the crack is open, the vibrations of the beam are described by
equation

Vej(x, 1) = Y wij(X) (Peisin @t + R.;cos w,;t), (13)

i=1

which differs from equation (6) only by the coefficients of mode shapes P.; and R,; (subscript
“c” signifies the closing crack).

Coefficients P; and R; in equation (2) and P.; and R; in equation (13) are determined from
the initial conditions for the displacement, velocity and angle of rotation at a certain instant

of time with mode shape orthogonality (for details see reference [9]):

L
J mwg(x)w;(x)dx + mpwg(L)w;(L) + 1,,0,(L)6;(L) = 0.
0

It is assumed that on the first and subsequent odd half-cycles (n = 1, 3, 5, ... ) the crack is
closed and on the even half-cycles (n =2, 4, 6,... ) it is open. Initial conditions for
displacement, velocity, and angle of rotation of the cross-section and its velocity variation
on the first half-cycle (n = 1) at the instant of time t; = 0 have, respectively, the appearance:
y1(x) =0, v1(x) = w,wy(x), 01(L) =0, [00,(L,t)/0t];, =0 = ws0,(L), where s is the initial
(main) mode shape. Other mode shapes (i # s) arising at the instant of crack opening or
closing are denoted as concomitant. It is obvious that under the above-mentioned initial
conditions P; y=1land P, ;,,=R;,;,.,=0.

On the even half-cycles of vibrations, the coefficients of mode shapes P, .; and R, ; are
determined by the formulae

[woiGn,l Sin CUoitn + Gn,2 cos Wi tn:l

P, = 14
" W [[6 mwh(x)dx + [F mwi (x)dx 4+ mpwi (L) + 1,07 (L)] (14)
[woi Gn 1 Sin woiln - Gn 2 COS W,y; tn:l
R . _ : : —2,46,..., (15
" o LT () dx + [ mwA () dx + mwa (L) + Loa @y 1 e ()
where m = pA is the beam mass per unit length,
L¢ L
Gt :f my,—1(X)wi;(x)dx +J Mmy,—1 (X)w;g (x) dx + mpy,—1 (L)w;y (L) + 1,,0,—1 (L) 0;1 (L),
0 Le
L. L
G, ZJ mu,— 1 (X)w;(x)dx +J Mo, 1 (X)W1 (X) dx +my v, (L)w;; (L)
0 Le
00, (L, t
+ 1, [w} 0;1(L)
ot f

under respective initial conditions

M8

Yn-1(x) = w;i(x) (P, _ 1 ;sinw;t, + R, ;cos w;t,),
i=1

Up—1(x) = ), @;wi(x)(Py—1,;008 w;t, — R, 1 ;sin w;t,,),
i=1

0,—1(L) = z 0;(L) (P, ;sinw;t, + R, 1 ;COS w;t,,),

i=1

|:60n— 1 (Ls [)

:| = 3 @;0(L)(P,— ;cosw;t, — R,y ;sinw;t,),
ot o i=1 | ’
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nm n—2\ =
ty==— . 16
" 2w, + < 2 > Dy (16)
On the third and subsequent odd half-cycles of vibrations, the coefficients of mode shapes
P,;and R, ; are determined by the formulae

at the instants of time

[0,G, 3sinw;it, + G, 4cosm;t,]

Pni = s 17
T [jg mw? (x) dx + myw? (L) + I,,07 (L)] (17)
[w;G, 3sinw;t, + G, 4cosw;t,]
R,; = : : , =3,5717,..., 18
"o [ mwi (x) dx + mpw? (L) + 1,07 (L)] ! (18)
where
L
Gy = f M1 W X g3y (WD) + 1,0, 1 (L)OK(L),
0
L 00,_, (L, t
Gn,4=J mu,— 1 (X)wi(x)dx + mpv, -1 (L) wi(L) + 1, [16;()} 0; (L),
0 tn
under respective initial conditions
Vn— l.j(x) = Z Wi,j(x) (Pn* 1,ci Sin wuitn + Rn* 1,ci COS Wy; tn)’
i=1
n 1, ](x) Z a)olwlj (Pn 1,ci cos 0)0,[ Rn—l,ci Sin woitn):
0,1, ;(L) = Z 0i;(L)(Py— 1, i SIN Wyt + R, 1 i COS ;)
i=1
00,_, (L, t & .
|:16;():| = Z woi()ij(L) (Pnfl,ci cos woitn - Rn* 1,ci S CUoitn),
tn i=1
at the instants of time
—1
(=" <”+ ”). (19)
2 Wy Wy

The coefficients of mode shapes for the odd and even half-cycles as well as the vibration
values averaged over N (even number) cycles were calculated by the formulae:

Hn,i = \ Pr%,i + Rr%,i: Hn,ci = \/ Pr% ci + Rr%,cia (20)
7 nNI_ ¥ Hn i 7 " Hn ci
=&t el A, =&t ond (21)
N N
In addition to the coefficients (20), their maximal (H4*, H7%¥) and minimal (HJ", H'™")
values over N cycles were determined.

3. CRITERION FOR APPLICABILITY OF THE THEORY

The theory presented above is valid if the crack at the corresponding half-cycles is either
permanently open or closed. However, when concomitant modes of vibration arise this
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TABLE 1

Coefficients of the main and concomitant mode shapes for the beam with the crack location

LJL =01
a/h s i HyH H/H, Hy JHyYe
0-53 1 1 0:969/0-754 0:985/0-765 1.0/0-778
2 0/0-016 0-141/0-106 0-231/0-167
3 0/0-002 0-036/0-031 0063/0:054
0-54 2 1 0/0-020 0-223/0-156 0-437/0-279
2 0782/0-569 0:921/0-644 10/0-694
3 0/0-071 0-175/0-142 0-380/0-299
0-48 3 1 0/0-004 0-210/0-162 0367/0-272
2 0/0-005 0-203/0-158 0-437/0-342
3 0-818/0-695 0:913/0-778 1:0/0-850

requirement is not always fulfilled. The permanence of the sign of the bending moment
serves as a criterion for applicability of the theory, which is calculated at the cracked
cross-section by the formulae

o) 2w,
ML) =Y [0 Wlf‘)] (P,.;sinw; 1 + R, ;cos w;), (22)
sl ox x=Le
o0 62 ; )
Mn,c (Lca t) = Z [%(X)] (Pn,ci Sm CUoit + Rn,ci Cos COoit)' (23)
i=1 x=Lc

Equation (22) is used on the odd half-cycles and equation (23) on the even half-cycles.

The relative crack depths shown in Table 1 are the upper limits of the theory’s
applicability range obtained by the above criterion for the three mode shapes of the cracked
cantilever beam (L/h = 20, b/h = 1, m;, = 0) with the crack location at L./L = 0-1. These
values of relative crack depth were used in calculations, the results of which are also
indicated in Table 1. The results of calculations make it possible to conclude that each of the
half-cycles is characterized by a non-recurrent set of amplitudes of concomitant modes of
vibration and also that these amplitudes may reach substantial value; up to 44% of the
amplitude of main mode (see last column in Table 1). The amplitudes of concomitant modes
of the beam at the crack location L./L = 0-5 at the upper limits of the relative crack depths
(y = 0-43 for the first mode, y = 0-68 for the second mode, y = 0-30 for the third mode) were
lower than in the case at L,/L = 0-1.

It is necessary to note that the theory may be extended to the cases when the crack opens
and closes more than once over a half-cycle but it is evident that the procedure of vibration
simulation will become seriously complicated.

When the concomitant modes of vibration arise, the instants of time when the cracked
cross-section is in the neutral position would not coincide with the corresponding instants
of time determined by formulae (16) and (19). Therefore, for a numerical implementation of
the theory, the calculation of the actual instants of time for the determination of initial
conditions was arranged. As the investigations showed, the difference between these instants
of time and those determined by formulae (16) and (19) was found to be negligible in the
range of relative crack depth 0 <y < 0-25 as was the influence of this difference on the
coefficients of mode shapes.
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4. VIBRATION CHARACTERISTICS OF A BEAM WITH A CLOSING CRACK

The experimental verification [9] showed that the theory presented here makes it
possible to predict the change of natural frequencies and mode shapes of a cantilever beam
with a fatigue crack with sufficient accuracy. Furthermore, the testing of cracked specimens
[14] revealed that the first-mode vibrations of the specimens with fatigue cracks was
accompanied by the concomitant high modes of vibrations and that each cycle of vibration
was characterized by a non-recurrent set of high modes. Consequently, the theory proposed
here adequately describes the vibrations of a beam with a closing crack and can be used for
investigations of different vibration characteristics of damage (VCD).

Subsequent investigations were restricted to the range of the relative crack depth
0 <y < 0-25 which is most interesting from the practical point of view. In this range of the
relative crack depth, the maximal and minimal amplitudes of the main and concomitant
modes of vibration and their values averaged over N cycles converge sufficiently fast to
certain magnitudes, when the vibrations are steady state. This conclusion is illustrated by
the results of calculation of the mode shapes coefficients H,, ; and H,, .; (L/h = 20, L./L = 01,
y = 0-25, my, = 0) and their averaged values (Tables 2-4). As can be seen, beyond the 25th
cycle of vibration they are practically invariable. The deviations of coefficients H,,; and H, ;
for the main mode shapes from their averaged values are not shown in Tables 2-4 in

TABLE 2

Coefficients of the first main and concomitant mode shapes for the beam (a/h = 0:25,

L,/L =01)
s=1 i=2 i=3

N Hy/H.,  H"/Hy: Hy/H; Hyex/Hpex  Hyr/Hyo Hy/H; HYE JHRE

1 1-0/0-957 0/0 0/0-008 0/0-008 0/0 0/0-001 0/0-001
5 1-0/0-957 0/0-005  0-008/0-010 0-014/0-:015  0/0-001 0-004/0-005 0-008/0-008
25 1-0/0-957 0/0-002  0-009/0-010 0-015/0-015 0/0-001 0-007/0-007 0-011/0-010
50 1-0/0-957 0/0-002  0-009/0-010 0-015/0-015  0/0-001  0-007/0-006 0-011/0-010
100 1-0/0-957 0/0-002  0-009/0-010 0-015/0-015 0/0-001  0-007/0-006 0-011/0-010
200 1-0/0-957 0/0-002  0-009/0-010 0-015/0-015  0/0-001 0-007/0-:006 0-011/0-010

TABLE 3

Coefficients of the second main and concomitant mode shapes for the beam (a/h = 0-25,

L/L =01)
s=2 i=1 i=3

N HyH.,  HY/HS H/H;  Hy&/Hye  Hyr/Hye H/H,;  H/HE

1 1-:0/0-932 0/0 0/0-008 0/0-008 0/0 0/0-005 0/0-005
5 1-0/0-932 0/0-008  0-023/0-024 0-036/0-033  0/0-002  0-003/0-004 0-004/0-006
25 1-:0/0-932 0/0-002  0-023/0-022 0-036/0-033  0/0-002  0-005/0-006 0-009/0-011
50 1-0/0-932 0/0 0-023/0-021 0-036/0-033  0/0-001  0-005/0-006 0-009/0-011
100 1-:0/0-931 0/0 0-023/0-021 0-036/0-033  0/0-001  0-005/0-006 0-009/0-011

200 1-0/0-931 0/0 0-023/0-021 0-036/0-033  0/0-001  0-005/0-006 0-009/0-011
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TABLE 4

Coefficients of the third main and concomitant mode shapes for the beam (a/h = 0-25,

L/L =01)
s=3 i=1 i=2
N HyH.,  H'/H Hy/H; Hy&Hyes  Hy[HS Hy/H,; HYE HEE
1 1-0/0-957 0/0 0/0-001 0/0-001 0/0 0/0-005 0/0-005
5 1:0/0957  0/0-001  0-005/0-006 0:010/0-010  0/0-003  0-006/0-007 0-010/0-010
25 1:0/0956  0/0-001  0-009/0-009 0-015/0-014  0/0-001  0-007/0-006 0-011/0-010
50 1:0/0956  0/0-001  0-010/0-009 0-015/0014  0/0-001  0-007/0-006 0-011/0-010
100 1-0/0-956 0/0  0010/0009 0015/0-014 0/0001  0007/0006 0-011/0-010
200 1-0/0:955 0/0  0010/0009 00150014  0/0  0007/0006 0-011/0-010

as much as they do not exceed 0-02% for the first, 0-17% for the second and 0-:22% for the
third mode shape.

Thus, in this case we can restrict the investigations to only the first cycle of vibration
inasmuch as in the range 0 < y < 0-25, the difference between the main modes amplitudes of
the first cycle and subsequent cycles lies within the boundaries of + 0-22%. In addition,
from these results it follows that in this case, the effect of concomitant modes of vibration on
the vibration characteristics can be neglected by virtue of the smallness of their amplitudes
on the first as well as on the subsequent cycles of vibration. Therefore, equations (2) and (13)
are transformed into the form

J’(X, t) = W (X) sin W5l (24)
Ve (X, 1) = Wy (X) (Pes SINyst + R COSWyst). (25)

As in this case the effect of concomitant modes of vibration is neglected, the maximal
deflection of the beam main mode of vibration on the first half-cycle (n = 1) will occur at the
moment of time t = t,/2, and on the second half-cycle (n = 2), at the moment ¢t = (t, + t3)/2.
Taking into account formulae (16) and (17) and equations (24) and (25) the maximal
deflections of the beam on different half-cycles is determined in the following way:

Y (x) = wy(x), (26)
V9 (x) = wyj(x) (Pcs cos ‘Z) 7 — R, sin 2% n>. (27)

The strain wave shape on the surface of the beam is described by equations:
&(x, t) = Mg(x)sin wgt, (28)
& (X, t) =f£ (x”))) Msj (X) (Pcs sin Wy I+ Rcs COS Wy; t)s (29)

where function f; (x, y) takes into account the effect of the crack on the strain distribution
along the cracked and crack-free (intact) surfaces of the beam (see Figure 1). On the cracked
side surface of the beam function f; (x, y) has the appearance [9]

fix,)=1—exp[ — h™!x — L](1-:366 + 0-304y " 1)]
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and opposite to the cracked side surface of the beam:
fe(ey) =1+ [B() — exp[ — h™? (L. — x)* (0063 + 0-45)) "> In f(y)],

where f(y) = 0-123 + 0-813 exp(y) + 0-064 exp(7y).
The natural frequency of the sth mode shape of the beam with a closing crack is
calculated by formula [15]

D5 = 2O)s CUos/(a)s + wos)- (30)

The analysis of the level of non-linear distortion of the time-functions being investigated
was executed with the use of Fourier series:

=%+ Y Ausin (Kot + 4), oy
k=1

where A, = \/a} + bi, J, = arctg(a,/by),

15} 12
a = — |:J f(x, t)coskw, tdt + J
n

t1 i2

) ta
bkz“U f(x, t)sinkwcstdt—i—f

t1 ta

ts

£ (x, t)coskwcstdt} k=0,1,2,... (32

ts

£ (x, t)sin kwcstdt} k=1,2,3... (33

The instants of time ¢4, t, and t; are determined by formulae (16) and (19). Functions
f(x,t) and f.(x,t) in equations (32) and (33) are determined for the displacement wave
shape by equations (24) and (25); for the acceleration wave shape by second time derivative
of equations (24) and (25) and for the strain wave shape by equations (28) and (29)
respectively.

For the estimation of the level of non-linear distortion of the displacement, acceleration
and strain wave shapes, the harmonics coefficient [4] was used:

20
r= Z A/ Ay (34)
k=2
As can be seen from equation (34) on calculation of the harmonics coefficient only 20
harmonics were taken into account: further increase of their number does not lead to any
essential change of the harmonics coefficients value.

It must be emphasized that if the amplitudes of concomitant modes of vibration become
noticeable, the respective functions describing the wave shapes of displacement, acceleration
and strain will be substantially non-periodic and it is necessary to use other approaches for
the analysis of the level of their non-linearity.

5. RESULTS OF CALCULATIONS

5.1. GEOMETRICAL AND MECHANICAL CHARACTERISTICS OF THE BEAM

The geometrical characteristics of the beam are L/h = 20, b/h = 1. Crack parameters are
0<a/h <025 L/L =01 or L/L =05. The mass on the end is absent (m;, =0, I, = 0).
Young’s modulus and density of the beam material as well as the ratio b/h have no influence
on the relative change of the VCD under consideration (in calculations they were excepted
as follows: E = 200 GPa, p = 7800 kg/m3, b/h = 1).

The results of investigation of the most sensitive vibration characteristics of wave shape
non-linearity due to closing crack presence are presented; that is, the coefficient a, and
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Figure 2. The change of the relative maximal deflection of the beam (a/h = 0-25):
-——=-,s=2,L/L=01;-s=3LJ/L=01---—s=1,L/L=05.

,s=1, L/L=01;

harmonics coefficient y. Note that the relative amplitude of the second harmonic used in the
study [9] as a damage characteristic is 20-30% below that of the harmonics coefficient and,
therefore, is not examined here. On the other hand, a comparatively small difference
between these characteristics signifies that all other harmonics do not make a great
contribution to the value of the harmonics coefficient.

Figures 2-6 illustrate the change of different VCD along the beam length at L./L = 0-1
for the three mode shapes and at L./L = 0-5 for the first mode shape (in all cases a/h = 0-25).
In these Figures and in the text, subscript “d” signifies the displacement, subscript “a” the
acceleration, subscript “cr” the strain on the cracked surface of the beam, subscript “int” the
strain on the intact (opposite to the crack) surface of the beam.

5.2. MAXIMUM DEFLECTION OF THE BEAM

Figure 2 shows the influence of a closing crack on the relative maximal deflection of the
beam. As can be seen, the change of this characteristic is a clear qualitative symptom of
fatigue damage, inasmuch as in the crack absence yj** (x)/y™** (x) = 1. The farther the crack
is from the clamp, the less is the influence of the crack on the maximal deflection. The
relative change of the first mode maximal deflection does not exceed 10%. For higher mode
shapes it is even less. The exception in this sense presents the cross-sections in which one can
observe the discontinuities of functions y;;**(x)/y"™**(x). The discontinuities of respective
functions are due to the fact that the co-ordinates of the nodes of vibration do not coincide
with the half-cycles, while the crack is open or closed (Table 5).

It must be noted that all the functions being considered have the break in the cracked
cross-section at x/L = 0-1 and at 0-5. The reason for this phenomenon is the fact that
functions describing the vibration of a beam on the half-cycles while the crack is closed
(equation (2)) and open (equation (13)) are different. This difference is due to the appearance
of additional compliance in the cracked cross-section at the half-cycle of crack opening and,
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Figure 3. The relative change of the zero order (a) and harmonics (b) coefficients along the length of the beam for
the displacement wave (key as in Figure 2).
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Figure 4. The relative change of the zero order (a) and harmonics (b) coefficients along the length of the beam for
the acceleration wave (key as in Figure 2).

consequently, the additional angle of rotation, which causes the break of functions
Vei(x)/y"**(x) (as well as other functions) in this cross-section. A similar result was
reported by Yuen [16]. This peculiarity of the distribution functions can be used for the

determination of crack location.

5.3. DISPLACEMENT AND ACCELERATION WAVES

The distributions of the relative change of the zero order coefficient for the displacement
and acceleration waves along the beam length (Figures 3(a) and 4(a)) are qualitatively

max

similar to the distributions of function yg**(x)/y™*(x) (in the crack absence
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TABLE 5

Co-ordinates of the nodes of vibration and of the zero bending moment for the beam
(a/h = 025, L,/L = 0-1)

x/L
s Y™ (x/L) =0 yoe(x/L)y =0 M"™ (x/L)y=0 M (x/L)=0
2 0-7834 0-7814 0-2166 0-2072
3 0-5036 0-5027 0-1324 0-1289
3 0-8677 0-8675 0-4964 0-4959

(ao/A1)s = (ag/A1), = 0). The degree of change is slightly less; up to 9% for the displacement
wave and up to 6% for the acceleration wave (these estimations were executed without
consideration of the functions behaviour in the neighbourhood of the nodes of vibration).

The distributions of the harmonics coefficient have qualitatively another appearance
(Figures 3(b) and 4(b)). The most essential variation of the harmonics coefficient is observed
in the vicinity of nodes of vibration where the respective functions reach maxima. They
cannot be shown in the figures because, for example, at the second mode of vibration, the
harmonics coefficient for the acceleration wave in the cross-section x/L = 0-782433315
reaches as astronomical value: y, = 20544-7 (for comparison, in the cross-section
x/L = 0782 — y, = 1-48067).

The sensitivity of zero order and harmonics coefficients for the displacement and
acceleration waves drops as the crack is further from the clamp. The break of their
distribution functions indicates the cracked cross-section.

Large values of zero order and harmonics coefficients in the vicinity of nodes of the
second and third mode shapes are the consequence of an interesting peculiarity of physical
behaviour of a cantilever beam with a closing crack, namely that of the non-coincidence of
the nodes of vibration co-ordinates on the half-cycles while the crack is open and closed
(Table 5). That is why, for example, if the cross-section is in the node of vibration on the
certain half-cycle and consequently its displacement will be equal to zero, then on the
subsequent half-cycle, the cross-section will not be in the node of vibration and the shape of
total cycle will be similar to the upper (or lower) half of a sinusoid.

The level of non-linear distortion of the wave shape increases monotonically as the
cross-section approaches the node of vibration causing a considerable growth of the zero
order and harmonics coefficients. The discontinuity of distributions of the relative change of
the zero order coefficient for the displacement and acceleration waves along the beam
length (Figures 3(a) and 4(a)) is due to the fact that these functions have a different sign for
the left and for the right side of the beam.

5.4. STRAIN WAVE

The distinctive feature of the zero order coefficient distributions along the beam length
for the strain wave is the presence of maxima in the cracked cross-sections (Figures 5(a) and
6(a)) for all modes of vibration. As can be seen, the amplitudes of the zero order coefficient
are considerable and comparable with the amplitude of the first harmonic. In this case, as in
the correspondent cases of displacement and acceleration waves the discontinuity of
functions at the second and third modes of vibration takes place. The reason for this
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Figure 5. The relative change of the zero order (a) and harmonics (b) coefficients along the length of the beam for
the strain wave on the cracked surface (key as in Figure 2).
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Figure 6. The relative change of the zero order (a) and harmonics (b) coefficients along the length of the beam for
the strain wave on the intact surface (key as in Figure 2).

discontinuity is the non-coincidence of the cross-section co-ordinates at which the bending
moment is equal to zero on different half-cycles (Table 5).

The harmonics coefficient reaches maximum values in the cracked cross-sections and in
the neighbourhoods of the cross-sections with the zero bending moment (Figures 5(b) and
6(b)). Special attention must be given to the fact that the degree of harmonics coefficient
variation for the strain wave on the intact surface of the beam in the vicinity of cracked
cross-section increases as the crack is farther from the clamp (see Figure 6(b)). This fact
qualitatively distinguishes this characteristic from all others considered.

The maxima of the functions shown in Figures 5 and 6 in the cracked cross-section are
due to the predominant effect of functions f; (x, y) (see section 4), which take into account
the change of strain distribution on the upper (cracked) and lower (intact) surfaces along the
cracked beam length.
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6. COMPARATIVE ANALYSIS OF THE VCD SENSITIVITY

The analysis of the distributions of VCD along the beam length (Figures 2-6) make it
possible to determine the cross-sections in which the manifestation of one or another
characteristic is most significant. For instance, for the relative change of the mode shapes
and the zero order coefficient for the displacement and acceleration waves such cross-
sections are x/L = 0-2 and in the neighbourhood of the nodes of vibration. The harmonics
coefficients for the displacement and acceleration waves are most sensitive in the vicinity of
the clamp and nodes of vibration. The zero order and harmonics coefficients for the strain
wave reach maximum values in the vicinity of cross-sections with the crack and with zero
bending moment.

However, a possibility of practical implementation of the above mentioned vibration
characteristics when they are measured not far from the clamp and nodes of vibration raises
doubts since the level of vibrations of these cross-sections is vanishingly small. That is why
Figure 7 shows the dependencies of different VCD upon the relative crack depth, the
measurement of which is most realizable from a practical standpoint. The exception in this
sense is only the harmonics coefficient for the acceleration wave determined in the cross-
section x/L = 0-78 at the second mode of vibration. The amplitude of vibration of this
cross-section is equal to 1:5% of maximum amplitude of vibration of the beam. It must be
noted that the zero order coefficient for the strain wave on the cracked surface (it is shown
without regard for the sign of the original function) as well as the harmonics coefficient y,,
(the absolute value is 2 times less than the zero order coefficient; the corresponding curve is
not shown in Figure 7) are practically independent of crack size. Because of this, the noted
characteristics discussed are unfit for the damage estimation. At the same time, similar
characteristics determined on the intact surface of the beam are closely dependent on the
crack growth. Figure 7 also shows the dependencies of the relative change of natural
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Figure 7. The effect of crack depth on the relative change of the VCD (L/L=01) —@—@—,
F =y (x)/y"*(x),x/L=02,s=1; —O—O— F =) x/L=1,s=1;,—M—MB— F =y, x/L=078,s=2;
—O0—0— F=(a0/A1)e X/L=01, s =1, —A—A—, F = (ao/A)i» X/L =01, s =1; —A—A—, F = i,
x/L=01,s=1, ——€— F=0/0,s=1,—C—-C— F=w/o,s=23.
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Figure 8. The effect of crack depth on the velocity of functions F(y) change (key as in Figure 7).

frequencies of the beam upon the crack depth. As can be seen, the influence of the crack on
the natural frequencies is small in comparison with the other VCDs.

In the present work, the sensitivity of the VCD means the measure of the respective
vibration characteristic change under the unitary variation of damage size. As such, when
a measure was used the velocity of functions F(y) change describing the relationship
between the relative change of the VCD and damage size:

V(y) = 0F(y)/0y. (35)

Comparative analysis of the VCD efficiency was based on the comparison of functions V' (y)
at the certain value of argument.

As can be seen from Figure 8, none of the VCD presented in Figure 7 is most sensitive
over the entire range of crack depths being investigated. The most sensitive characteristics
in the range of small cracks were found to the zero order and harmonics coefficients for
the strain wave on the intact surface of the beam in the cracked cross-section. The sensitivity
of the relative change of functions y;i**(x)/y"™**(x) and harmonics coefficients
for the acceleration wave are high in the second half of the crack size range.
However, the possibility of practical determination of the latter characteristic is very
problematical.

As a whole, VCD stated here possess sufficient sensitivity to detect small cracks.
However, as pointed out above, these characteristics were determined in the specially
selected cross-sections in which they are most sensitive. In its turn, the co-ordinates of these
cross-sections are dependent on the crack location. Thus, for the optimal use of the VCD
being considered the crack location should be known. Theoretically, the VCD (with the
exception of natural frequencies) provide such a possibility; the crack location can be judged
by the break of the distribution function, of the corresponding VCD along the beam length
or by the maximum of this function. Unfortunately, the determination of such a function in
practice is very labour-consuming and not always a feasible process.
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7. CONCLUSIONS

The method of consecutive (cycle-by-cycle) solutions of the free bending vibration
problem for a beam with a closing crack was obtained; that is the mode shape amplitudes of
the cracked beam were determined on a limited number of cycles of its vibrations.

The method made it possible to define the important qualitative features of the cracked
beam behaviour, namely: the growth of concomitant modes of vibration in the process of
crack opening and closing; and each half-cycle of the beam vibration is characterized by the
non-recurrent set of amplitudes of concomitant modes of vibration. The latter may signify
that the rigorous steady state solution of such class problems does not exist even if the
damping is taken into account. The amplitudes of concomitant modes of vibration are
heavily dependent on the crack depth.

The distribution functions of the VCD based on the evaluation of the level of non-linear
distortions of the displacement, acceleration and strain waves over the beam length were
determined for three mode shapes. A closing crack essentially causes non-linearity of these
distribution functions; this fact may serve as a diagnostic indication of damage. The
distinctive features of the behaviour of distribution functions in the neighbourhood of
cracked cross-section (break or maximum) indicate the crack location. The quantitative
estimation of the functions changes as crack growth making it possible to determine the size
of crack. In such a manner, the problem of damage diagnostics can be fully solved based on
the analysis of the distribution functions.

The zero order and harmonics coefficient for the strain wave determined in the
neighbourhood of a cracked cross-section on the intact (opposite to the crack) surface of the
beam were determined to be the most sensitive from the VCD being investigated.
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