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Abstract

The natural frequencies for bending vibrations of Timoshenko cracked beams with simple boundary
conditions have been obtained. The beam is modelled as two segments connected by two massless springs
(one extensional and another one rotational). This model promotes discontinuities in both vertical
displacement and rotation due to bending, which are proportional to shear force and bending moment
transmitted by the cracked section, respectively. The differential equations for the free bending vibrations
are established and then solved individually for each segment with the corresponding boundary conditions
and the appropriated compatibility conditions at the cracked section. The problem is also solved by the
perturbation method and both procedures are applied to the case of a simply supported cracked beam. The
results show that the perturbation method provides simple expressions for the natural frequencies of
cracked beams and it gives good results for shallow cracks.
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1. Introduction

It is well known that cracks reduce the natural frequencies of a structure because it becomes
more flexible. This fact has been extensively used to detect the presence, size and location of cracks
in a structural component. (See, for instance Refs. [1-14].)

The analysis to detect, locate and quantify the extent of damages in beams from the knowledge of
their vibratory characteristics falls within what is known as “inverse problems”. To address the
solutions of an inverse problem it is necessary to know the solutions of the named ‘‘direct problem™,
1.e. the determination of natural frequencies of cracked beams knowing the crack parameters.

Natural frequencies of cracked beams can be obtained by 2-D or 3-D numerical analysis using
the Finite Element Method (FEM). Alternatively, simplified procedures are available with less
computational effort. Among these simplified methods are those proposed by Christides and Barr
[15] and Shen and Pierre [16,17]. In both cases, a crack function representing the perturbation in
the stress field induced by the crack is considered. Chondros et al. [18] have developed a
continuous cracked beam vibration theory. They considered that crack introduces a continuous
change in the flexibility in its neighborhood and models it by incorporating a displacement field
consistent with the singularity.

In other cases, the cracked beam is modelled as two segments connected by means of massless
rotational springs [19], whose stiffness may be related to the crack length by the Fracture
Mechanics theory [20]. Thus, at the cracked section a discontinuity in the rotation due to bending
must be considered. This kind of models has been successfully applied to Euler—Bernoulli cracked
beams with different support conditions [6,21-25].

The perturbation method has been used by other authors [3,26,27] to calculate the variation of
natural frequencies induced by cracks in Euler—Bernoulli beams.

For the case of Timoshenko beams, where the effects of shear deformation and rotary inertia
are non-negligible, Carneiro and Inman [28] have developed a continuous model for the transverse
vibrations of the cracked beam.

Lele and Maiti [10] have modelled the presence of a crack by means a rotational spring as in the
Euler—Bernoulli cracked beam problem. Krawczuk et al. [29] used the same crack model to
develop a spectral finite element for the Timoshenko cracked beam. However, the cited authors do
not consider any discontinuity in the transverse deflection at the cracked section. Nevertheless,
this discontinuity must be taken into account from the analysis of local flexibility of a cracked
beam element (according to Okamura et al. [30] and Tharp [31]). On the other hand, to the
author’s knowledge the perturbation method has not been used to obtain the natural frequencies
of bending vibrations of Timoshenko cracked beams.

In this paper, natural frequencies of bending vibrations of Timoshenko cracked beams have been
obtained. The beam is modelled as two segments connected by two massless springs (one extensional
and another one rotational). The differential equations for the free bending vibrations are established
and then solved individually for each segment with the corresponding boundary conditions and the
proper compatibility conditions at the cracked sections. The compatibility conditions include a
discontinuity in the rotation due to bending as well as a discontinuity of the transverse deflection at
the cracked section. This problem has also been solved by the perturbation theory.

Finally, both methods are used to obtain solutions for the case of a simply supported cracked
beam.
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2. Problem formulation
Consider an uncracked Timoshenko beam of length L, uniform cross-section 4 and moment of

inertia about the neutral axis, 1, with specified boundary conditions. The coupled equations of the
free bending vibrations of this beam are given by [32]:

02 0° 0
5D (0Bt 0
2 2
plw — xGA <a”§; Dy, t)) + Ez%’ @)

where v(x, ¢) and Y(x,t) represent, respectively, the transverse deflection of the beam and the
rotation due to bending, p is the material mass density, £ is the Young modulus, G is the shear
modulus and « is a coefficient introduced to account for the geometry-dependent distribution of
shear stress.

The solution can be found by using the separation of variables method as:

u(x, 1) = LV(x)e”, y(x, 1) = P(x)e', (3)

where o is the natural frequency of vibrations. Substituting Eq. (3) into Egs. (1) and (2) and using
the new variables and constant given by

_x 2 _ ﬁ 4 2 2 L »_ EI
= M TERE “arr T aGlr
Egs. (1) and (2) are transformed into
V(&) + X5V — V() =0, “4)
SY(x) = (1= 278 P(E) + V() =0, (5)

where (-) represents the derivative with respect to ¢. These equations must be solved with the
boundary conditions depending on the end supports as follows:
Simply supported end

V=Y =0. (6)
Fixed end
V=Y%=0. (7
Free end
v'=0, V' -¥=0. (8)

The solution of this problem can be found, for instance, in Ref. [33].

Consider now that the beam has a crack of length « located at a distance L* (e = L*/L) from
the left support. It is assumed that the crack always remains open. The cracked beam has been
treated as two beams connected by two elastic springs (a rotational and an extensional) at the
cracked section (Fig. 1). The stiffness of the springs depends on the crack depth and on the
geometry of the cracked section. This model leads to discontinuities in both vertical displacement
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and rotation due to bending, proportional to shear force and bending moment transmitted by the
cracked section, respectively, i.e. [30,31]

Av = CyxGA (aug;, Dy, z)> , )
x=L*
Ay = cmEla‘/’é’;’ U (10)
x=L*

C, and C,, are the flexibility constants of the springs and can be calculated as

w .
C, = 247 (o, geometry of the cross-section),

w :
Cn = i O (o, geometry of the cross-section),
where W is the width of the beam, ¢(«) and @(x) are functions depending on the crack ratio
o = a/W and the beam cross-section geometry. In the case of a rectangular section, the function
¢(o) can be written as [34]

2
g(2) = (1%@) (—0.22 + 3.820 + 1.540% — 14.640° + 9.600%) (11)

and the @(«) function has the form [35]
2
O(a) = 2(%“) (5.93 — 19.690 + 37.140* — 35.84%° + 13.120%). (12)

In this way, the strain energy of the cracked beam should be the same as that of the two beams
connected by the two springs. The contribution of the extensional spring to the strain energy of
the system is small in comparison with that of the rotational spring and many authors neglect this
effect to analyze the cracked beam dynamic behavior [10,14,29]. However, we have included here
the presence of an extensional spring at the crack location (and the corresponding discontinuity in
the vertical displacement) for coherency with the general derivation of compliance for the cracked
beams presented by Okamura et al. [30], (see also the work by Tharp [31]).

d 7

() (b)

Fig. 1. Beam with a transverse edge crack: (a) Dimensions of the beam and position of the crack, (b) model for the
cracked beam.
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Thus, the equations for the two segments are the following:

Vi) + A8V — V() =0, 0<i<e, (13)
S — (1= A2PSPUE + V(6 =0, 0<i<e, (14)
V3(E) + A2V 5(8) — W& =0, e<i<l, (15)
SP(x) — (1 = AP WA + V(E) =0, e<i<l, (16)

A being the frequency parameter of the cracked beam, that can be related to its natural frequency,
e, by
2 PA 4
A" = Foi L w:. (17)
The above four equations must be solved with the specified boundary conditions and the
following compatibility conditions at the cracked section:
Jump in the vertical displacement:

AV = Va0) = V1) = XL g V4(e) — ¥ato) (18)
Jump in the rotation due to bending:
A = a(0) — #1(0) = - OP(e). (19)
Continuity of the bending moment:
Wi(e) = V(o). (20)
Continuity of the shear force:
Vi(e) — Pae) = Vi(e) — Pi(e). 21

In the following sections, direct and approximate solutions obtained by the perturbation
method are provided for the natural frequencies of the cracked beam.

3. “Direct solution”
A direct solution for the natural frequencies can be achieved by analyzing separately the two

segments lying on either side of the crack. The solution for each segment V'((£) and ¥ (&) for the
left part and V»(¢) and W,(¢) for the right part can be written as [10,13,14]

V1(&) = Cy cosh By &+ Cy sinh ¢+ C; cos B¢ + Cy sin f5¢, (22)
¥1(&) = m Cy sinh B¢+ mCy cosh & —myCs sin B¢ + myCy cos ¢, (23)
V(&) = Cs cosh f,¢ + Cg sinh &+ Cq cos f,E+ Cs sin f,¢, (24)

¥, (&) = m Cs sinh B,E + mCq cosh & —myCy sin Bo¢ + myCy cos fo¢, (25)
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B, B, my and m; being

pr= \/ —dv 4/} =), = \/dl +\/(di — o),

Bi + As? B — As?
m=—70—", mMm=———7—-,
B Ba
with
/12 2 2
A S !
Expressions (22)—~(25) are valid for the case
PseA%<1. (26)

If the above conditions are not satisfied, then

B =j\/d1 —\di—d) =i (27)

with j = +/—1, and the solutions are now given by

V1(¢) = Cy cos B¢ +jCy sin B¢ + C; cos B¢ + Cy sin f¢, (28)
¥ (&) = jm Cy sin BiE+myCy cos B¢ — myCy sin Boé +myCy cos o€, (29)
V(&) = Cs cos f,¢ +jCe sin ¢ + C7 cos f2¢ + Cs sin f,¢, (30)
¥1(&) = jm Cs sin ;& +myCq cos & — myCy sin ol + myCy cos frl. (31)

To obtain the values of the eight constants C; to Cg, the four boundary conditions (two for
each end) and the four compatibility conditions at the cracked section must be applied, leading to
a linear algebraic homogenous system

MyiCir=0 (i,k=1,...,8). (32)
For non-trivial solutions of C;, the determinant of the coefficients’ matrix must be zero:
det(M ) = 0. (33)

The roots of this equation give the natural frequencies of the bending vibrations of the cracked
beam. Substituting natural frequencies into Eq. (32), the corresponding mode shapes
(V'1(©), P1(£), V2(£), P2(¢)) are obtained.

4. First-order perturbative solution

The perturbation method can be applied to solve Egs. (13)—(16). The perturbative solution is
obtained by extending the method originally proposed by Morassi [26] for the cracked
Euler—Bernoulli beam, with the assumption that the solutions for the cracked and the uncracked
beams are slightly different. Since two springs have been considered connecting the two segments
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of the beam, the solutions can be expanded in Taylor series with respect to small parameters, gg
and &7, related to the flexibilities of the rotational and extensional spring, respectively. Depending
on the shape of the cross-section and on the shape of the crack, the order of smallness of both
flexibilities could be different. Then, for example, the solution for the vertical displacement of the
first segment of the beam should be written as

V(&) = V(&) +erYir() + er Y 1r(E) + O(e7, e3)- (34)
However, for the special case of the rectangular cross-section, the two flexibilities are in the same
order on o (q(x) = O(?) and O(x) = O(e?), see Egs. (11) and (12)) and, therefore, it is reasonable
to expand the solution with respect to a single parameter.
Accordingly, the following expansions are introduced:

Vi(&) = V(O +eY1(O) + O(), 35)
¥1(8) = PO +e91(O) + O@E), (36)
V(&) = V(&) + Y20 + OE), (37
¥2(8) = (&) + £05(8) + OE), (38)

A =07 el + O(D), (39)

¢ being a small parameter of the same order as the flexibility of the linear springs representing the
crack.

Substituting the new variables into Eqgs. (13)—(16) and retaining the terms of the first order, the
following equations for the new variables Y (&), ¢;(&), Y2(&) and ¢,(&) are obtained

Y/ + 8 Y1(0) — ¢1(&) = =155 V(©), 0<i<e, (40)
S1(x) — (1 = 280 (9) + Y(&) = —p’ s P(E), 0<é<e, (41)
Y3(0) + 225 Ya(8) — 9h(&) = =iV (), e<é<], (42)
SPy(x) = (1 = P8 0y(8) + Y5(O) = =175 W(E), e<i<l. (43)

To solve these equations, the corresponding boundary and compatibility conditions must be
applied. The boundary conditions are as follows:
Simply supported end

Yi=g}=0. (44)
Fixed end
Yi=¢,=0. (495)
Free end
Y. =0, Y,—¢;=0. (46)

In the above equations i = 1 for the left end and i = 2 for the right one.
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The compatibility conditions at the cracked section (¢ = e) are as follows:

Jump in the vertical displacement:

2
Yae) = V1(e) = g (Vy(e) — ¥a(e))

Jump in the rotation due to bending:

1w ,
Py(e) — ¢y (e) = e L O () ¥5(e).
Continuity of the bending moment:

Pa(e) = pj(e).
Continuity of the shear force:
Yi(e) — @y(e) = Yi(e) — (o).

647

(47)

(48)

(49)

(50)

Multiplying Egs. (40) and (42) by V(&) and Eqgs. (41) and (43) by ¥(¢) and integrating over the

whole length of the beam, the following equations can be written:

[0+ 22 v0 - sienree
" /0 20100 — (1 = 289, Y OIP(E) e
+ / 1[Yé’(é) + 2252 Y 2(E) — oy (OIV(E) dé
[ B0t - (1= P + VO

1
= [ [PV + el
0
After two integrations by parts Eq. (51) becomes

H\+H,+ Hy+ Hy = —i>Hss,
where H,, H,, H3, H, and Hs have the following expressions:

1
H) = /0 (V&2 V(E) — P& (©)
+ (PP (x) — (1 = 22722 P(E) + V/(€)g(O)] dé,

where
Yi(6), 0<i<e, 01(8), 0<i<e,
JQ= Y20, e<é<l, 77T\ gad), e<é<l,

Hy = = V(0)(Y1(0) = ¢1(0) + Y1(0)(V'(0) — ¥(0))
+ 52 (#'(0)p,(0) — P(0)¢, (0)),

(51

(52)

(53)

(54)

(55)
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Hi = V(I)(Y5(1) = 9y(1) + Yo(DH(V'(1) — ¥(1))

1+ SED1) — P (Dps(1)), (56)
Hy = (Y2(0) — Y1(@)(V'(©) — V(@) + L ()0a(e) — 91(0)
— LWE)NE) — 940 + V(@Y (©) — 01(0) — (Y(e) — pr(e)). (57)
1
Hyi/wV@tw¥W©ﬁ%. (58)
0

Since V(&) and Y(¢) are the solutions of Eq. (4) and (5), it follows that A} = 0 and taking into
account the boundary conditions and the compatibility conditions, H, = H3 =0 and Hy is
simplified to

LW ) 1w ,
Hy=-—=q@)(V'(e) — P(e)) +~— O)(¥'(e))’. (59)
e Ls e L

Therefore, from Egs. (39), (52), (58) and (59), an expression for A can finally be obtained as
2= 2 W@ @) () = Y(e) +50@)(¥'(e)”

L 2 [y (V& + PP de
This method provides expressions for the frequencies of bending vibrations of Timoshenko

cracked beams with simple boundary conditions from the well-known natural frequencies (1) and
normal modes of vibrations (V' (&) and ¥(¢)) of the uncracked beam.

(60)

5. Application to a simply supported cracked beam

In this section, the methods explained above, valid for any kind of end support, are applied to a
simply supported cracked beam. The condition given by Eq. (26) is always satisfied for the cases
considered in the present study. The boundary conditions for the simply supported beam are:
V(0)="(0)=0 and V(l)= ¥ (1) =0. Substituting these boundary conditions and the
compatibility conditions expressed by Egs. (18)—(21), in Egs. (22)—(25), the characteristic
equation can be obtained (see appendix). Thus, solving this equation, the frequency parameter for
the cracked beam, A, is calculated.

Alternatively, a first-order perturbative solution can be obtained. Following the work of Young
[36], the mode shapes for a uniform simply supported uncracked beam can be written as

V(&) = D sin nné, (61)
Y(&) = ¢D cos nné, (62)

where D is an arbitrary constant and # is the mode number. For this case, the frequency parameter
2% becomes

L AP+ D) — /(4 (P02 + ) — (s

/12
2r2g?

(63)
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and the constant ¢ in Eq. (62) is given by

S2

c= nn—%iz. (64)

Then, substituting Eqs. (61)—(63) into Eq. (60), the following expression for A2 is obtained:

LY 5 > W (2 /s?)q(e)(1 — (c/mt))2 cos?(nme) + 2O (a)s? sin’(nme)
A= =12 —2nnf 201 ) :

For this particular case, due to the simplicity of expressions for the natural frequencies and
normal modes of the uncracked beam, the perturbation method provides a closed-form expression
for the natural frequencies of a cracked Timoshenko beam, that can be applied for small damages.
For cracked beams with other boundary conditions, the application of Eq. (60) requires the
eigenfunctions of the intact beam obtained from a 4 x 4 characteristic matrix and, for these cases,
the perturbation method becomes less attractive.

Natural frequencies of a beam of length L = 80 mm, width, W = 20mm and thickness, B =
10 mm with a crack in two different positions, L* = 40 mm (e = 0.5), and L* = 20mm (e = 0.25),
have been calculated using both the aforementioned methods. The following material
properties have been used: E =72GPa, G =27GPa and p = 2800kg/m>. The parameter x
for rectangular sections is taken as g. Fig.2 shows the variation of natural frequency with
the crack depth of a beam with a crack located at its middle section (e = 0.5) for the first five
vibration modes. The natural frequency has been dimensionless corresponding to an uncracked

Euler—Bernoulli beam,
nm\2 [EI
o = (T) \oa
0

The same information is shown in Fig. 3 corresponding to the case e = 0.25. As can be seen, for
dimensionless crack length o <0.3 (shallow cracks), very small differences (less than 10%) have
been found between the values of natural frequencies predicted by the perturbation method and
corresponding to the direct solution. This difference increases for higher crack lengths because the
flexibility of the springs representing the crack is not small and in these cases the perturbation
theory cannot be properly applied.

(65)

6. Conclusions

Direct and perturbative solutions for the natural frequencies for bending vibrations of
cracked Timoshenko beams are provided. The beam is modelled as two segments connected
by two massless springs (one extensional and another one rotational). The differential
equations for the free bending vibrations are established and solved individually for each
segment with the corresponding boundary conditions and the appropriated compatibility
conditions at the cracked section, including discontinuities in the rotation due to bending as
well as in the transverse deflection. The problem is also solved by the perturbation method,
and the results obtained by both procedures are compared for the case of a simply supported
cracked beam.
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Fig. 2. Variation of natural frequencies with crack ratio of a simply supported cracked beam (e = 0.50). e, Direct
solution, —, perturbative solution: (a) First frequency, (b) second frequency, (c) third frequency, (d) fourth frequency
and (e) fifth frequency.

The perturbation method provides simple expressions for the natural frequencies of bending
vibrations of Timoshenko beams (for the case of a simply supported beam, a closed-form
expression is presented). For shallow cracks (¢2<0.3), the results obtained by this method are in
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Fig. 3. Variation of natural frequencies with crack ratio of a simply supported cracked beam (e = 0.25). e, Direct
solution, —, perturbative solution: (a) First frequency, (b) second frequency, (c) third frequency, (d) fourth frequency
and (e) fifth frequency.

agreement with those derived from the direct solution, but with less computational effort.
Therefore, it can be used to simplify complex crack detection algorithms, like based on
optimization techniques.
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Appendix A

The characteristic equation to obtain the natural frequencies for the simply supported cracked
beam is

1 0 1 0 0 0 0 0
my 1 0 -ma s 0 0 0 0 0
-cosh(efy) -sinh(ef;) -cos(efs) -sin(efs) (my — B1)q sinh(ef)+  (mq — B1)q cosh(eBy)+  -(ma — B2)g sin(efz)+  (ma-B2)q cos(eB2)+
-cosh(ef) sinh(ef1) +cos(efz) +sin(efz)
-my sinh(ef) -my cosh(ef) ma sin(efz) -my cos(eflz) mi(-1© cosh(efr)+ mi(-f10 sinh(efr)+ ma (320 cos(es)- ma (320 sin(efs)+
+sinh(ef)) +cosh(e3)) -sin(e3:)) +cos(ef2)) =0-
my 1 cosh(ef) my 3y sinh(eB) -maFs cos(efz) -ma3s sin(efs) -mq 0y cosh(ef) -mq 3 sinh(ef;) mafa cos(efs) moBs sin(efs)
(my-pr)sinh(efy)  (mq-Br)cosh(efy) -(mo-fBa)sin(efs)  (ma-Ba)cos(e B2) -(mq-)sinh(ef;) -(m1-£1)cosh(efBy) (mo-F2)sin(efs2) -(ma-Ba)cos(efs)
0 0 0 0 cosh(B) sinh(f) cos(f2) sin(f8y)
0 0 0 0 my By cosh(By) my By sinh(3y) -mafFs cos(f2) -ma 2 sin(Fs)
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