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Abstract. In this paper, the free vibration of axially-loaded, multi-cracked Timoshenko beams with differing
boundary conditions, namely, hinged-hinged, fixed-fixed, fixed-hinged, and fixed-free is studied. The cracked
beam system is represented as several beam segments connected by massless rotational springs with
sectional flexibility. Each segment is assumed to obey the Timoshenko beam theory. A simple transfer matrix
method is used to derive the characteristic equation of the axially-loaded, multi-cracked beam with differing
boundary conditions. The characteristic equation and corresponding mode shapes are a function of natural
frequency, crack size and location, and physical parameters of the beam. In this paper, the effects of crack
depth, number of cracks, position of cracks, axial load, shear deformation and rotary inertia on the dynamic
behavior of multi-cracked beams are studied in detail. It is found that there is good agreement between the
results obtained in this study and results available in the literature. Additionally, interesting observations
overlooked by other researchers are obtained.

1. Introduction

Many engineering structures suffer from mechanical vibrations, environmental effects, corrosion,
extended service and cyclic loading, etc. that create structural defects, including cracks. These cracks change
the dynamic properties of the structure, such as natural frequency and mode shape. A crack in a beam element
introduces local flexibility due to strain energy concentrations in the vicinity of the crack tip under load. This
flexibility changes the dynamic behavior of the structural member.

There has been much experimental and analytical research performed on the effects of cracking and
damage on the safety of structures [1-5]. In this paper, the local flexibility method is used, which considers
the cracked beam as several beam segments with the same properties connected by massless rotational
springs. Local flexibility is used by [6] to estimate the crack stress intensity factor. The authors of [7-9] used
Castigliano's theorem and fracture mechanics to compute the flexibility of the cracked region of a uniform
beam with a transverse surface crack, which is a function of the ratio of crack depth to the height of the cross-
section. The function was obtained experimentally, according to the measurements provided by [10]. This
factor can also be obtained from [11]. Many researchers studied the free vibration of cracked Euler-Bernoulli
and Timoshenko beams, both analytically and experimentally, [12-19]. The free vibration of cracked
Timoshenko beams with various boundary conditions is studied by [20] using ultraspherical polynomials. The
authors of [21] analyzed the free vibration of Euler-Bernoulli and Timoshenko beams resting on Pasternak and
generalized elastic foundations. The free and forced vibration of cracked beams is investigated by [22—-24].
Other researchers have studied the free vibration of cracked, functionally-graded Euler-Bernoulli and
Timoshenko beams [25-29]. A dynamic stiffness method is used by the authors of [30] to study the free and
forced vibration of multi-cracked, continuous, functionally-graded beams. An analytical solution of the forced
vibration of cracked Timoshenko beams with damping is obtained by [31]. The free vibration of
functionally-graded cracked Timoshenko beams is studied by [32—-33]. A differential quadrature method is
used by [34] to study the free and forced vibration of multi-cracked Timoshenko beams carrying a moving
mass. A method is proposed by [35] which is based on the measurements of natural frequencies to detect a
single crack in functionally-graded Timoshenko beam. In this paper, the transfer matrix method (TMM) is used
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to study the free vibration of axially-loaded, cracked beams. This method was first introduced by [36], and
used by other researchers [37-41] to study the free vibration of cracked beams. Other researchers solved the
problem using the finite element method, [42-44].

According to the authors' knowledge, the effects of four cracks on the dynamic behavior of axially-loaded
Timoshenko beams have not been studied in detail in the existing literature. In this paper, the dynamic behavior
of a multi-cracked beam under axial loading including the shear deformation and rotary inertia and their
coupling effects with differing boundary conditions with an arbitrary number of transverse cracks is
investigated. The simple transfer matrix method is used to ascertain the natural frequencies and corresponding
mode shapes of the beam. Some results obtained in this paper are compared to those results available in
literature.

2. Methods
2.1. Theoretical model

Consider a multi-cracked beam with length |, cross-sectional area of width b and height h, and @ number
of single-sided, open cracks located at points Xc1, Xc2, ..., Xci with sizes ac1, ac2, ..., dc,i, respectively, as
shown in Fig. 1.
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Figure 1. A multi-cracked, axially loaded beam with | edge open cracks,
restrained by linear and rotational springs at both ends.

The boundary conditions are represented with linear and rotational springs at both ends (K1, Kri1, Kz,
and Kgr2). Timoshenko (1921) proposed a beam theory which adds the effects of shear and rotation to the

oy(x,t
governing equation of motion of an Euler- Bernoulli beam. The total slope % is a combination of the
X
bending slope y(X,t) and the shear slope jfxy(X, t) [46], which can be written as:
oy (xt)

=y (xt)+ X, t 1)
o~ vty (xt)
where ¥ (x,t), yxy(x, t) ,and t are the bending slope, the shear slope, and the time parameter, respectively.

In [47], it was assumed that the component of axial load P on the cross section is acting on the plane
of the total slope. Accordingly, the shear force can be written as:

V(x,t)+Pay(X’t):Fyf;’t)—w(x,t)}k' @)

OX

where V is the shear force (along the Yy-axis), A is the area of beam cross section, G is the shear modulus
and k' is the shear correction factor (assumed equal to 5/6 in this paper). The dynamic equilibrium equations
for the free-body diagram shown in Fig. 2.b becomes:

e MO _ )

X OX ot2 @)
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And,

Vv (xt) 82y(x,t)
P

(4)

where M is the bending moment (about the z-axis), p is the material density, and | is the moment of inertia.
Using Eqgns. (3) and (4), one can obtain the governing equation for the transverse vibration of a uniform
Timoshenko beam subjected to constant axial force as:

, 4 2 / 4
EI(kGA_Pja y(x,t)+m+P8 y(x,t)_mrz[kGA—PJa y(xt)

k'GA ox* ox? kGA ) ox’ot? (52)
mEl 0*y(x,t) N m2r2 a*y(x,t) 3
kK'GA ox%at? KkGA ot
In a similar manner, Egn. (5a) can be written in terms of the deflection slope alone as:
GA—P\o*w (Xt %y (x,t GA—P % (xt
EI(kGA Pj 1//(x )+m+P—W(X )—mrz(kGA P] W(X )_
k'GA ox* ox? kKGA ) ox%at? (5b)

mEl 64W(X't)+ m2r2 0%y (x,t)

-0
kGA ox2at2  k'GA  at?

where m is the mass per unit length, I is the radius of gyration; K'A is the effective shear area of the cross
section.

It is clear that Egn. (5a) reduces to Euler beam theory (EBT) when the shear deformation and rotary
inertia are equal to zero. Then Egn. (5a) become:

4 2 2
o"(yt), o7 (yt) S97(yt)
7 Tm >—+P 5
OX OX OX
A simple transfer matrix method is used to get the general form of the characteristic equation for the
axially-loaded cracked beam, which is a function of frequency, axial load, the locations and sizes of the cracks,

boundary conditions, and the geometrical and physical parameters of the beam. It is assumed that a beam
with n segments is joined by massless, rotational springs, as shown in Fig. 2.

El =0

Ci—l C;

Figure 2. Beam elements joined by massless, rotational spring.

The free vibration solution for a Timoshenko beam (TBT) subjected to axial load can be found using the
method of separation of variables as:

y(x,t) =Y (x)elt (62)
w(x,t) =y (x)e' (6b)

where, Y(X), w(X), @, i, and X are the normal function of Y(X,t), the normal function of ¥ (X,t) , the circular
frequency, the imaginary number, and the spatial position on the X-axis, respectively.

Substituting Eqn. (6a) into Eqgn. (5a) leads to:
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P 4 2
El (kGA—Pj@ Y(X)+ma)2Y(x)+ e Y (x)
kGA ) ax* ox?

mrzwz(kGA— Pj 0% (x) mEla? 8% (x) ) 202 4

(7a)

Y(x)=0

k'GA ox> KGA  ox° k'GA
And, substituting Egn. (6b) into Eqgn. (5b) yields:
GA— P\ oMy (x 0%y (x
EI[kGA Pj V() 4 2 4 p V)
k'GA ox* ox?
GA_ P\ o2w (x 2 52y (x 2.2 4
mrzwz(kGA Pj v (x) mEleo” 0% ( )+m r°o v ()
k'GA ox2 kK'GA  ox2 k'GA
The general-form solutions of Eqgn. (7a) and (7b) are:

Y (X) = A cos(ax) + A, sin(ax) + Ag cosh(£xX) + Ay sinh(5X) (8a)
w(X) =m A cos(arx)+m A, sin(ax) + my Ay cosh(x) +m, A, sinh(5x) (8b)

(7b)

where,

2
1( mrée? mao? P
— + + +
2 El k'AGS EIS

> ,
1 mr2w2+ ma? P, mréo® _ma)2
2| "Bl T k'AGC ElE EIk'GAZ  EIE

2

2
mrlw? maw® P
2 + + -
5 1{ mr2w®  me? = 1 El k'AGS  EIS
= —_—— + + ,
El k'AGS EI¢& mr2m? M2

4 _

{EIk'GAﬁ Eléj

\ 2
+ S and A1 to A4 are unknown constants.

e

k'GA-P PAD? pAD?
T~ M= —a, My =
k'GA k'GAx k'GAS

where 5 =

The slope #(X) , bending moment M(X), and shear force V(X) can be obtained as:

O(x) = aYa_f(x) =my [-A sin(ax) + Ay cos(ax)|+m, [-Agsinh(B8x) — Ay cosh(Bx)]  (9a)
M (X) = ny [—A cos(ax) — Ay sin(ax) ]+, [ A cosh(Bx) + A sinh(BX) (o)
V (x) = by [ A sin(ax) — Ay cos(ax) ]+, [ Agsinh(8x) + A, cosh(5x)] (9¢)

where y =Elm ., n,=—EIm, 8, b =EIm a? —mplw?, b, =—E Im, a® —mypl 0.

The [S(x)] matrix can be obtained from Egn. (8a) and (9a-c) as:
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cos(ax) sin(ax) cosh(fx) sinh(4x)
—mysin(ax) mcos(ax) -m,sinh(fx) -m,cosh(£x)
—n cos(ax) —nsin(ax) n,cosh(fx)  n,sinh(Sx)
bysin(ax) —bycos(ax) b,sinh(Bx) b, cosh(Sx)

[S()]= (10)

The compatibility requirements at the crack position, Xc, which are the continuity of the deflection,
bending moment, shear force, and the discontinuity of slopes for segments i and i+1, can be written in matrix
form as:

Yi+1(xc) 1000 Yi(xc)
6.a(k) |_|0 1 C 0] 4(x) a
Mi1 (%) 0 0 1 0fM(x)
Vin(x)] [0 0 0 1j{Vi(x)

where C; is the flexibility coefficient at the i" crack, and depend on the load case of the cracked element.

2.2. Local flexibility due to a crack

An open crack on an elastic structure can be considered a source of local flexibility due to the strain
energy concentration at the surrounding area of the crack tip. The idea of replacing a crack with a massless
spring is presented to establish the relation between the strain energy concentration and applied loads. The
flexibility coefficients are expressed in terms of stress intensity factors, utilizing Castigliano’s theorem.
Generalized loading conditions for abeam element of circular or rectangular cross section with a transverse
surface crack are shown in Fig. 3.

Figure 3. Model of the cracked element.
The crack has a tip line parallel to the z-axis and the bar is loaded by shear forces P2, P3, Ps, and Po;

bending moments P4, Ps, P11, and P12; axial forces P1 and P7; and torsional moments P4 and P19. According
to Castigliano’s theorem, the additional displacement caused by the crack is given as:

=2 =21 A (12)
R OR| Ac

where U, Ac, and J are the strain energy due to the crack, the crack section, and strain energy density function,
respectively.

The strain energy density function can be expressed according to [14] for plane stress as: 1

1-v2\ (6 Y (s 2 6 2
J={ E ] (ZKH) J{ZKmJ +(1+V)(_ZK||HJ (13)
i=1 i=1 i=1

where, V is Poisson's ratio and Kii, Kni, Kini are the crack stress intensity factors for opening mode, shearing
mode, and tearing mode, respectively; | = 1,2,...,6.

Stress intensity factors can be calculated following [14] as:
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Py
bh

K,s = oxvzaF(a/h), o5 = 12;;’2

K|1 =O'1\/7Z'a|:1(a/h),0'1 =

6P

Kiz =Ki3=K;4=0
kP

Kyi2 = opvmaFy (alh),0, ===
bh (14)
Kii4 =o4N7ak, (alh),oy = bh

KII1: KII3 = KII5 = KII6 =0

kP 5

King =osvzaky (a’h),o; = on
[ P,
Kig =ogNmaky, (@lh),oqy :E

KIIIl = KIII2 = KIII5 = KIII6 =0

where

3
— 0.752+2.02(‘:]‘j+0.37 [1—sin(72’;‘D
F(a/h) = tan(ﬂa]

2n cos{ 32
2h

4
0.923+0. 199(1 sm(”ﬁ‘n
Fy(a/h) = [N tan ( ) 2
7 \2h cos(”aj

2h

(15)

2 3
1.122—0.561(zj+0.085(;‘j + 0.18(2)
Fy(@a/h)=
26
h

Fy(alh)= 2y (Zhj

From Egns. (12), (14) and (15), the flexibility coefficients can be calculated as:
b/2

C=0l-v )—[f¢F1 (¢)dg] | d

—b/2
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b/2
Cis =Cs1 = (1—v )24—”[1 SFE(D)dP] | 2dz
—b/2
h/2
Cis =Co1 = A—v2) 2= [[ R, (A)F> ($)0g] |
—h/2
b/2
Cop=(1-v )2"—”[J¢Fu<¢)d¢] [ d
—h/2
b/2
Cou=Cap = (1-v >2k—”[J¢F.|(¢>d¢] [ dz
—b/2
b/2
Coy— 1) 2 ””[J¢F.|.(¢>d¢] [ dz
—bh/2
b/2
Cas =Cuz = (1-v )Zk"”[f SF2 (Hdg | dz 6
—b/2
b/2
Caa=(Q1- V) [f¢(F||(¢)+ﬂFu|(¢))d¢] [ dz
-b/2
h/2
Cos = (1v?) B [[4r2(g)g] [ 22
—h/2
1447 % bf2
Cs =Ces =(1-V )—”¢F1 (9)F(g)dg] [ zdz
—b/2
0] h/2
Cos = (1-1?) 722”2 sz (#dgl | dz
—b/2

a . - .
where u=1+v, ¢= F and K is a shape coefficient for a rectangular cross section.

In this study, the flexural vibration of the beam is the only significant load in the equations above.
Therefore, the contribution of the axial load component to the strain energy of the system is very small. Hence,

the only component in the flexibility matrix is Cgg .

2.3. Transfer matrix method

Equation (11) can be written as:
19 09)} =[G Q0] 17)

At the location of open edge crack, the two beam segments i and i+1 are connected by a massless,
rotational springs, as shown |n Fig. 2. Equation (6a) and Egn. (8a) and Eqns. (9a) to (9c) can be written in
matrix form for both segments I, and i+1, respectively, as:

Al Rjoub, Y.S., Hamad, A.G.
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Yi (x) A
G(x) | Ay
w0 B0 A,
Vi(x) Asj
Yi+1(x) At,i+l
9i+1(x) A2i+1
—[s *
Mi;a(X) [500] Agi
Vi+1(X) A4,i+1

Equation (18a) can be rewritten for a segment, Xj.1 < X < X;, as:

{QO}=[SCOH{A}

where,
Yi+1(xc) Afl,i
| Gia(xe) A
QO =1y oo [ A=) 4,
Vi (%) Ay

The boundary conditions of the beam using equilibrium equations can be expressed as:

M (0) = Kr;6(0)

V(0) = —K,Y (0)

M (1) =—Kg20(l)
V(1) =KyY(l)

(18a)

(18b)

(19)

(20a)
(20b)
(20c¢)

(20d)

In order to calculate the natural frequencies and corresponding mode shapes, the characteristic

equation can be derived as in [48].

(21)

The continuity conditions of the deflection, slope, moment, and shear at X=0 and X =1 leads to:
Yia(D) Y1(0)
Ga) | _7y] 4O
—Kgr261(1) Kr161(0)
K oYia (1) —K.Y1(0)

Rewriting equation (21) as:

{Yiﬂ(l)} _ |:T11 —KiTiy  Tip +Kgilis } {Yl(o)}
Ga()] | Ta—KTyy T +Kglos | |4(0)

Al Rjoub, Y.S., Hamad, A.G.
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{—KR29|+1(|)} _ |:T31 —KiTay Ty + KRlTSS} {Yl(o)} (22b)

KoYisa (1) Ta1—KiTag  Tao +Kpolyg | (4(0)

The characteristic equation can be obtained by substitution of Equation (22a) into Equation (22b).
FF,—FF =0 (23)

where,
F = —KraTop + KiKRroTog —Tap + KTz
Fy = —KRroTo —KriKroToz =Tz = KgyTas
Fs = Kol — KiKoTig = Tay + KiTyy
Fy = Koo + KoKpyTiz =Tao —KgyTys
Characteristic Eqn. (23) can be derived for different boundary conditions as:

a. For fixed-free boundaries (K; = Kg; =0),
T34T43 —Ta3Tss =0
b. For pinned-pinned boundaries (K; = K, =0),
Ta4T12 —TaoT14 =0
c. For fixed-pinned boundaries, (K; = K, = Kgy =),

TaaT13 —Ta3T14 =0
d. For fixed-fixed boundaries, (Kl =K, =Kr1 = KR2 = oo),

ToaTi3 —TosTiy =0
e. For free-free boundaries,
T31Tap —T3oT41 =0
2.4. The corresponding mode shapes

In order to obtain the mode shape of the axially-loaded, cracked Euler beam, the unknown constants
{A} for each sub-segment of the cracked beam can be determined. At first, the unknown coefficients for the

first segment, {Al} , are determined. Then, the unknown coefficients for the other segments may be obtained,
using the following procedure.

1. At X =0, Egn. (19) can be written as:

Y,(0) 1 0 1 0 Ay

6,(0) 0 a 0 B Aoy

K (0)[ | ~El? 0 El 2 0 A (24)
K@) | o —~EIi-P) 0 (BI+PB| A

Eqn. (24) can be rewritten as:

Al Rjoub, Y.S., Hamad, A.G.
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A1
{Yl(O)}{l 0 1 o} Aoy (253)
4010 a 0 B|Ay,
Aug
Ay
{—Klel(O)}{—Elaz 0 El 2 0 } Aoy 50
Kr1Y1(0) 0 —(Ela®-Pa) 0 (EIS+PB) ||
Substituting Eqgn. (25a) into Eqn. (25b) yields: A4’1
Ay
{Qn Qo Qs QM} Poa| o5
Qu Qn Qs Qu|hs
Ayg
where,
Qup =, Qpp =KpiMy, Q3 =—ny, Qi =—Kgimy,
(27)

Qa1 =—Ky Qg =by, Qo3 =—Kq, Qpy =D,
2. At x =1, substituting Egns. (10), (20c), (20d), and (19) into Egn. (21) yields:

Aa
{Yi+1(|)} _| Tu—El o’y (Tpa-Ty(Ele®-Pa)) Ty +EITp°  (TuB+Tiu(E1B°+PR)) || A (28a)
Ga()] | Ty —ElTpea? (Tppa—Tyu(Ela®-Pa)) To +ElT,s82 (TpB+T,u(EIB+PR)) || A
Asa
A
{_KR26i+1(I)} _|Ta—El a’Tyy (Tpa—Tay(Ela®-Pa)) Ty +ElITgB”  (TypfB+T4(EI B2 +PP)) || Aos (28b)
KaYiua() Ty —ElTgea?  (Tpa—Tu(Ela®-Pa)) Ty +ElTpf? (TpB+Tu(ELS+PR) || A
A1
Substituting Egn. (38a) into Eqgn. (38b) leads to:
Ax
|:Q31 Qs Qg3 Q34} PAos o 29)
Qi Qa2 Quz Quaa|Asz
A1
where,
Qs1 = —Kra(Tor —MTo3) — T3y + T3
Qsp = —Kpro(MTos —byTos) — (M T35 —byT3y)
Qa3 =—Kpra (T +NyTo3) =Tz —NyT33
Qas =—Kro (—MyToy +0b5To4) — (—My T3, +b,T34) )
30

Qa1 =Ko (T —mTi3) —Tag +MTa3
Qup = Ky (myTyp —byTy4) — (MyTyp —byTy)
Quz = Ko (T +NyTi3) —Tag —NpTy3

Quq = Ko (—=myTyp +byT14) — (—MpTyp +0,T4,)

Al Rjoub, Y.S., Hamad, A.G.
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Combining Egn. (26) and Eqgn. (29) yields:

Qi Qo Q3 Qu|lAu
Q1 Qn Qi Qu||Au
Qa1 Q Qs Qu || Az
Qi Quz Qs Qu (A1

=0 (31)

The unknown coefficients of Eqn. (31) correspond to the mode shapes of the first crack position, i.e. at
X = Xc1. For other crack locations, the unknown coefficients can be obtained using the coefficients of the
previous crack as:

(A} =[s04D] [Cal[S s [{ A} (32)

3. Results and Discussion
3.1. Validation of results

The present results obtained are compared with those found by [45]. Three different boundary
conditions are used, namely, hinged-hinged, fixed-hinged, and fixed-fixed. Also, two different values of P/Pcr
Pe

1+ —E
k'GA
, where PE is the Euler buckling load. Values of | =1 m, b=0.1m, h=0.2m, E = 200 GPa, p=7850kg/m’,
and v=0.3are used as the geometrical and material properties of the intact beam.
Fig. 4 a-c show the first non-dimensional natural frequency ratio «,, / ey, obtained in this study versus the

are used, which are 0.2 and -0.2. P is the critical buckling load of the intact beam and it is equal to

non-dimensional crack location X/l for a beam with a/h = 0.1, a’/h = 0.3, and a/h = 0.5, for hinged-hinged, fixed-
hinged, and fixed-fixed beams, respectively, compared with those obtained by [45]. As you can see, the
obtained results agree well with those reported by [45].

a) b) ¢)
115 11 T
AN »
: '/
115 11 /
- o 1050
j /
11 105t/ / /.
e e ] / e
= o / / 1t
{ {
5 1/ X ]
105 / « ! /
{ . \
{ = \ 095
1 085} \
/ }
- - / -
8 g 8
<, 0% <o 09 <, 09
- - =
8 g 8
09 085
____________ 085
085 08
08f ¢
038 075 /
u" Aydin45] pip,=02 ! L \
| Aydin(45] plp, =02 { ’ \ 075
0.75) 7 07
[ «eeeee Present study 39;}02
| Present study plp, =02 '
07t 085 & . 07 L . . .
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
X X X

Figure 4. The first non-dimensional natural frequencies of a) hinged-hinged beam with single crack
with a’/h = 0.1, b) fixed-fixed beam with single crack with a/h = 0.3, and c) fixed-hinged beam with

single crack with a/h = 0.5. The curves are obtained for P/ P, values of -0.2, and 0.2
(from top to bottom).
3.2. Effects of One Crack and Axial Load on Natural Frequencies

In all subsequent sections, the geometrical and material properties of the intact beam are the same as
those used in validation section, unless otherwise noted. The first three non-dimensional natural frequencies
of a beam with a single crack versus crack location, for hinged-hinged, fixed-fixed, fixed-hinged, and fixed-free

Al Rjoub, Y.S., Hamad, A.G.
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boundary conditions, respectively, are shown in Fig. 5, 6, 7, and 8. In all figures, figure a) represents P/P¢r= 0,

figure b) represents P/P¢r =-0.3, and figure c) represents P/P¢r = 0.3. Also, in all figures, eight values of
aspect ratio a/h are used, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7. It is clear that the natural frequencies do not
change with differing values of aspect ratio (a/h) at the location of zero-crossing of the mode shape and at
critical points for a given frequency but do vary with differing boundary conditions. As an example, the zero-
crossing points for hinged-hinged boundary conditions are located at 0.33l, and 0.66l for the third, non-
dimensional natural frequency. The critical points are located at 0.111 and 0.89I for fixed-fixed boundary
conditions and at 0.12| for fixed-hinged boundary conditions for the second, non-dimensional natural
frequency. An interesting observation overlooked by researchers is that the locations of critical points for the
first non-dimensional frequencies are shifted toward the center of the beam when the beam is axially loaded
in compression and toward the fixed supports of the beam when the beam is axially loaded in tension for fixed-
fixed and fixed-hinged boundaries. Those locations are at 0.23l, 0.771, and at 0.21l, 0.79I, for compression-
and tension-loaded beams, respectively, for fixed-fixed boundaries, and 0.271 and 0.25I for tension- and
compression-loaded beams, respectively, for fixed-hinged boundaries. As most researchers have found, the
beam's natural frequencies are independent of crack location. Also, the natural frequency decreases with
increasing aspect ratio. The first non-dimensional frequencies are most affected by the severity of cracks and
the magnitude of the axial force. For axially loaded beams, since the compressive force softens the beam and
tensile force stiffens the beam, the non-dimensional natural frequencies for all modes of the beam under
compressive force are smaller than those of the same beam under tensile load for all boundary conditions.
The first non-dimensional natural frequency shows a maximum 14 % and 20 % increase when the cracks are
located near the supports and 16 % and 29 % decrease when the cracks are located at mid-span of the beam
for P/P¢r= 0.3 and P/P¢r = -0.3, respectively, for an aspect ratio of 0.5, for an axially-loaded, hinged-hinged
beam. for axially-loaded fixed-fixed beams, the first non-dimensional natural frequency shows a maximum
12 % increase when the cracks are located near the supports and 15 % decrease when the cracks are located
at mid-span of the beam for P/P¢r = -0.3 and P/P¢r = 0.3 respectively, for aspect ratio of 0.1, and a maximum
15 % increase and 19 % decrease for P/P¢r = -0.3 and P/P¢r = 0.3 respectively, for an aspect ratio of 0.5. The
values of percentincrease or decrease are increased as the value of aspect ratio increases. For axially-loaded,
fixed-hinged beam, the first non-dimensional natural frequency shows a maximum 13 % increase and 16 %
decrease for P/P¢r=-0.3 and P/P¢r = 0.3 respectively, for an aspect ratio of 0.1, and a maximum 16 % increase

and 20 % decrease for P/P¢r = -0.3 and P/P¢r = 0.3 respectively, for an aspect ratio of 0.6. Again, for axially-
loaded fixed-free beam, the first non-dimensional natural frequency shows a maximum 15 % decrease and
13% increase for P/P¢r =-0.3 and P/P¢r = 0.3 respectively, for an aspect ratio of 0.1. A maximum 24 %
decrease and 16% increase are obtained for P/P¢r = -0.3 and P/P¢r = 0.3 respectively, for an aspect ratio of
0.5. Another interesting point overlooked by researchers that for fixed-free beam, the first non-dimensional
natural frequencies is not affected by crack location, aspect ratio of the crack, or the magnitude of axial load
beyond 0.86l, 0.8I, and 0.92] of the beam for zero axial load, tensile load and compressive load, respectively
compressive load, respectively.
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Figure 5. The first three non-dimensional natural frequencies of a hinged-hinged beam with a single
crack for a) P/P.=0, b) P/P,=-0.3, and c) P/P,=0.3. The curves are obtained for a/h values of 0, 0.1,
0.2,0.3,0.4,0.5, 0.6, and 0.7 (from top to bottom), and c¢) P/P.=0.3 with values of a/h= 0, 0.1, 0.2, 0.3,

0.4, and 0.5.
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Figure 6. Same as Fig. 5 but with fixed-fixed boundary

and values of a/lh =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 for c).
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Figure 8. Same as Fig. 5 but with fixed-free boundary
and values of a’/h =0, 0.1, 0.2, 0.3, 0.4, and 0.5 for c).

3.3. Effects of multiple cracks and axial load on natural frequencies

Fig. 9 and 10 show the first three non-dimensional natural frequencies of a beam with four cracks versus
crack location, for hinged-hinged and fixed-free boundaries, respectively. For brevity, the fixed-fixed and fixed-
hinged results are not shown here. Five values of aspect ratio a/h are used in all figures (0, 0.1, 0.2, 0.3, and
0.4). Three cracks are fixed at locations of maximum variation of non-dimensional frequencies: 0.15I, 0.5, and
0.85l, and at 0.01l, 0.6l, and 0.8l for hinged-hinged and fixed-free boundaries, respectively, while the fourth
crack moves along the beam. As seen, the presence of four cracks in the beam lowers the non-dimensional
natural frequencies, with or without axial load relative to the case of a single crack. A maximum 17 % and
15 % decrease of the first non-dimensional frequencies is observed for an aspect ratio of 0.4 when the fourth
crack is located closer to the supports and mid-span of the beam, for hinged-hinged boundary conditions-
compare Fig. 5a) with Fig. 9a). For fixed-free beam, a maximum 14 % and 34 % decrease of the first non-
dimensional frequency is observed for an aspect ratio of 0.4 when the fourth crack is closer to the fixed and
free supports, respectively-compare Fig. 8 a) with Fig. 10 a). It can be concluded here that the strongest and
weakest beam in terms of fundamental natural frequencies is fixed-fixed and fixed-free beam, respectively.
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Figure 9. The first three non-dimensional natural frequencies of a hinged-hinged beam with four
cracks for a) P/P=0, b) P/P4=-0.3, and c) P/P.=0.3. The curves are obtained for a/h values
of 0, 0.1, 0.2, 0.3, and 0.4 (from top to bottom).
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Figure 10. Same as Fig. 9 but with fixed-free boundary.

3.4. Effects of number of cracks on natural frequencies
and corresponding mode shapes.

Fig. 11 and 12 show the effect of number of cracks on the first three non-dimensional natural frequencies
of a beam for fixed-fixed, and fixed-hinged boundaries, respectively. Again, for brevity, the results of hinged-

hinged and fixed-free are not shown here. In all figures, a/h = 0.3 is used, figure a) represents P/P¢r = 0, figure

b) represents P/P¢r = -0.3, and figure c) represents P/P¢r = 0.3, the solid line represents a beam with one
moving crack, the dashed line represents a beam with two cracks: one crack at location 0.2] and one moving
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crack along the beam, and the dotted line represents a beam with three cracks, cracks located at 0.2] and 0.4l
and one moving crack along the beam. Increasing the number of cracks leads to a decrease in the non-
dimensional natural frequency for all loading cases. Fig. 13 and 14 show the effects of the number of cracks
on the first three mode shapes of a beam with hinged-hinged and fixed-free boundaries, respectively. The
results of fixed-fixed and fixed-hinged are not shown. Again, in all figures, a’/h = 0.3 is used, figure
a) represents P/P¢r = 0, figure b) represents P/P¢r = -0.3, and figure c) represents P/P¢r = 0.3. It is clear that
the number of cracks slightly affects the mode shapes.
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Figure 11. Effects of number of cracks on the first three non-dimensional natural frequencies of
fixed-fixed beam for a) P/P.=0, b) P/P,=-0.3, and c) P/P.=0.3.
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Figure 12. Same as Fig. 11 but with fixed-hinged boundary.
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Figure 13. Effects of number of cracks on the first three mode shapes of hinged-hinged beam for
a) P/Pcr=0, b) P/Pcr=-0.3, and c) P/Pcr=0.3. (Blue line represents one crack, green line represents
two cracks, and red line represents three cracks)
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Figure 14. Same as Fig. 13 but with fixed-free boundary.
3.5. Effects of shear deformation and rotational inertia on natural frequencies

Fig. 15 and 16 show the effects of shear deformation and rotational inertia on the first three non-
dimensional natural frequencies for fixed-fixed and fixed-hinged boundary conditions, respectively. The results

of hinged-hinged and fixed-free are not shown. The y-axis is €2; = a),m/p/ E of the cracked beam and the

x-axis is the position of the crack. In all figures, figure a) represents P/Pcer = 0, figure b) represents

P/P¢r = -0.3, and figure c) represents P/P¢r = 0.3. Three values of slenderness ratio are used 5, 10, and 20.
The value of a/h used is 0.3. It can be seen that the non-dimensional natural frequencies decrease as the
value of slenderness increases. Also, it can be seen that the fundamental non-dimensional natural frequencies

obtained by EBT and TBT gradually coincide at L/h greater than 10. A remarkable difference is observed on
the fundamental non-dimensional natural frequencies obtained by EBT and TBT at L/h less than 10. At higher
modes, the effects of L/h become more noticeable for all boundary conditions. In all figures, the results of
L/h = 20 are not shown because the EBT and TBT results coincide with each other.
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Figure 15. The first three non-dimensional frequencies of fixed-fixed beam with a single crack
obtained by Euler— Bernoulli model with L/h =5, Timoshenko model with L/h = 5, Euler-Bernoulli
model with L/h = 10, and Timoshenko model with L/h = 10 (represented by solid red, dashed red,

solid green, and dashed green lines, respectively); a) P/Pc=0, b) P/Pc=-0.3, and c) P/P¢=0.3.
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Figure 16. Same as Fig. 15 but with fixed-hinged boundary.

Al Rjoub, Y.S., Hamad, A.G.



Magazine of Civil Engineering, 100(8), 2020
4. Conclusions

A simple transfer matrix method is used to study the vibrational behavior of axially-loaded, multi-cracked

Timoshenko beams with differing boundary conditions. The effects of slenderness ratio, axial load, aspect
ratio, a/h, boundary conditions, and number of cracks on the non-dimensional natural frequencies and the
corresponding mode shapes are investigated. The following conclusions can be drawn:

1. The tensile force stiffens the beam while the compressive force softens the beam.

2. For the first mode, the severity of the cracks and the magnitude of the axial load affect the non-
dimensional frequencies.

3. A decrease in the natural frequency is observed as the number of cracks increases, due to
increased flexibility of the beam.

4. For specific crack location, the natural frequency decreases as the aspect ratio, a/h, increases.

5. At the location of the zero-crossing of the mode shape, and at critical points along the beam,
the natural frequencies do not change with differing aspect ratios.

6. For the first non-dimensional frequencies, the compressive force shifts the locations of critical
points toward the center of the beam. The tensile force shifts them toward the supports for fixed-
fixed and fixed-hinged boundaries.

7. The first non-dimensional natural frequency is not affected by the crack location, aspect ratio of
the crack, or the value of axial load beyond a certain location of the fixed-free beam.

8. A remarkable difference of the non-dimensional natural frequencies obtained by the Euler-
Beam theory and Timoshenko beam theory is observed at values of L/h less than 20.
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