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Abstract: In order to realize the accurate prediction of the vibration fatigue life of the beam in service,
a loose coupling analysis method is proposed to carry out vibration fatigue analysis of a beam with
an initial crack. In modal analysis, the initial crack segment is replaced with a torsion spring, and the
damping loss factor is introduced by the complex modulus of elasticity; for the simply supported
beam, the inherent vibration characteristic equation of the cracked beam is derived. In vibration
fatigue analysis, the interaction between the crack’s growth and vibration analysis is considered, and
a loose coupling analysis method is proposed to conduct modal dynamic response and vibration
fatigue analysis simultaneously. Results indicate that the crack’s relative location and depth determine
the modal of the cracked beam, and crack parameters, damping loss factor and external excitation
frequency are important factors for the vibration fatigue life of the beam.
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1. Introduction

As modern industry develops rapidly, the development trend for large equipment
are the extreme environments of high speed, high temperature and high pressure, and
factors causing the failure of the engineering structure are increasing. In the service process
of large mechanical equipment, vibration fatigue is one of the most important failure
factors. In the vibrating environment, when the external excitation frequency is close
to the natural frequency of the structure, resonance failure is caused in the engineering
structure, which will in turn cause major losses to personnel and affect property safety. For
engineering structures, the fatigue crack is an important structural health problem, and
safety accidents caused by cracks in engineering structures are very common. Therefore,
dynamic characteristics analysis of structures with cracks is essential, and conducting modal
analysis and vibration fatigue life analysis of cracked structures has great engineering value.

In the past 40 years, vibration fatigue analysis of the cracked structures has received
extensive attention from scholars. Dentsoras and Dimarogonas [1,2] systematically studied
the fatigue crack growth mechanism under the resonance condition based on the Paris
equation [3]. Dentsoras and Kouvaritakis [4] assumed a polymer material beam was under
the resonance condition, and systematically investigated the influence mechanism of the
excitation frequency on crack growth. Colakoglu [5] derived the relationship between
the crack initiation life and the structural damping changes. Eldogan and Cigeroglu [6]
developed an in-house numerical code to conduct vibration fatigue analysis of a cracked
cantilever beam, and investigated the influence of damping ratio on the vibration fatigue
life of the cantilever. Jassim et al. [7] conducted the vibration fatigue analysis of the cracked
beam by the numerical method, and carried out the vibration fatigue experiment of the
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cracked beam for verification. Demirel and Kayran [8] designed a rectangular cross-section
cracked beam, and applied the Dirlik’s damage model to investigate a random vibration
fatigue mechanism in the frequency domain numerically and experimentally. Liu and
Barkey [9] used the energy principle to derive the friction damping loss factor based on the
Coulomb friction model, and investigated the coupling mechanism of vibration analysis
and crack’s growth. Wu et al. [10] established the high frequency vibration-induced fatigue
failure experimental platform of the cracked beam, and analyzed the influence of dynamic
stress, acceleration and operational modal on the vibration fatigue life. References above
provided a variety of solutions for vibration fatigue analysis of the cracked beam, but
these methods had certain defects. In the theoretical method, the interaction between crack
growth and the stress field is not considered; in the numerical method, the crack growth
cannot be tracked; in the experimental method, the workload is huge and the cost is high.

Structural vibration induces fatigue crack propagation, and fatigue crack propagation
also changes the vibration characteristics and stress field of a structure, and then the crack
growth behavior is affected. Scholars have carried out a lot of analysis and research to
consider the complexity of the interaction between vibration and fatigue crack propagation,
Shih and Chen [11] considered the interaction between stress intensity factor and crack
axis, and established a model for fatigue life and crack axis analysis. Shih and Wu [12]
used the generalized Forman equation [13] to simulate the crack growth, and analyzed
the influence of the vibration on the crack growth of a rectangular plate with a unilateral
crack. Wu and Shih [14] assumed the periodic load excitation was acting on the rectangular
plate with a unilateral crack, and studied the non-linear vibration response characteristics.
Liu and He [15] considered the coupling effect of vibration analysis and crack’s growth,
and proposed a new method to conduct the vibration fatigue analysis of cracked beams by
introducing the complex elastic modulus. Assuming that the cyclic loading was acting on a
V-notched cantilever beam, Liu and Barkey [16] investigated the crack growth characteris-
tics by experimental method, and proposed a new method to predict remaining life. Appert
and Gautrelet [17] designed the shaker vibration fatigue experimental plan of the cracked
beam, and investigated non-linear behavior and remaining life. Considering the coupling
effect between vibration analysis and the crack’s growth, the references above provide
several solutions to predict the remaining life of a beam. In the vibrating environment,
there is interaction between the stress field and the crack field, and the modal dynamic
response and vibration fatigue analysis need to be carried out at the same time.

In this paper, a loose coupling analysis method is proposed to carry out vibration fa-
tigue analysis for a simply supported beam under a typical harmonic excitation. Assuming
that the crack does not grow in each vibration cycle, and the crack grows at the end of each
vibration cycle. For simplicity, only the first order natural frequency of the cracked beam is
considered. According to the loose coupling analysis method, modal, dynamic response
and vibration fatigue analysis can be carried out synchronously in each vibration cycle, and
the influence of crack’s parameters, damping loss factor and external excitation frequency
on the fatigue life is investigated.

2. Modal Analysis
2.1. Model of Cracked Beam
As shown in Figure 1, the research object is a rectangular cross-section beam with

an initial transverse crack. The length, height and thickness of the beam are L, i and b,
respectively, and the position and depth of the crack are x, and ay, respectively.
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Figure 1. Model of the beam with a unilateral crack.

Based on the crack, the beam can be transformed into a two-segment elastic beam
with no mass torsion spring. For simplicity, the torsion spring coefficient Kr is considered
only. The torsion spring coefficient [18] of the crack can be equivalent, as follows:

E«h3

Kr = o a =

M

where v is the Poisson ratio; E* is the complex modulus of elasticity [19], and E* = E(1+i7);
7 is the material damping loss factor; r is the relative depth of the crack, r = ag/h; and F(r)
is the flexibility correction function [20] obtained through the strain energy density function:

F(r) = 1.98¢2 — 3.277r% 4+ 14.43r* — 31.261° + 63.56r° )
—103.3617 + 147.521® — 127.69¢° + 61.5r10

2.2. Modal Analysis

As shown in Figure 1, the homogeneous slender straight beam can be regarded as the
Euler-Bernoulli beam [21], and the vibration differential equation can be expressed as:

Py(x,t) | o dy(xt)
oz TEITa

pA =0 )
where p is the material density; A is the cross-section area of the beam; and I is the cross-
section moment of inertia.

Equation (3) is a fourth order homogeneous differential equation with constant coeffi-
cients, and can be solved by the separation variable method [22]:

y(x 1) = y(x)sin(wt) @

Substitute Equation (4) into Equation (3), and motion equations of two stage beams
can be yielded:

y1(x) = 1 sin(Ax) + cp cos(Ax) + czsinh(Ax) 4 ¢4 cosh(Ax) 5)
y2(x) = c5sin(Ax) + ¢ cos(Ax) + czsinh(Ax) 4 cg cosh(Ax)
where A is the frequency constant, and A = wsz /(Ex1);c1,cp,- - ,cg are the undeter-
mined coefficients, which can be determined by boundary conditions.
Due to the simply supported beam, boundary conditions can be written as follows:

y1(0) =0;y"1(0) =0

y2(L) =0;y"2(L) =0

1 (xc) = Z(XC)}

M (xc) = Ma(xc) ©)
Fl(xc) :2 Pz(xc)

B [P0 = K| M) )
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Substitute Equation (5) into Equation (6), algebraic equations with undetermined
coefficients ¢1, ¢y, - - - , cg can be obtained, which can be transformed into the matrix form:

Hley ¢ ¢3 ca 5 ¢ ¢7 cg) =0 ()

where H is the coefficient determinant matrix.

Through the condition that the algebraic equations have nonzero solutions, the value
of the coefficient determinant is zero, then natural frequencies of the simply supported
cracked beam can be obtained:

det(H) =0 ®)

3. Vibration Fatigue Analysis
3.1. Dynamic Response Analysis

Assume that the cracked beam is under the distribution harmonic excitation shown in
Figure 2, then vibration response equations can be expressed, respectively, as follows:

Ya1(X) = g1 sIn Ax + cgp cos Ax + cy3sinhAx

qo(cosh Ax—+cos Ax—2)
~+c44 cosh Ax + SE A8 ©)
Va2 (X) = cg5sin Ax + ¢4 cOs Ax + cg7sinhAx

go(cosh Ax+cos Ax—2)
~+c4g cosh Ax + SE I

g, sin(ar)

7 L o

Figure 2. Model of the beam under distribution harmonic excitation.

Boundary conditions can be written, respectively, as:

¥41(0) = 0;y" 11 (0) =0

Ya2(L) =0y (L) = 0

Ya1(xc) = Yar(xc)

Md1<xc) = Md2(xc) (10)
EFn (xc) 2: Fdz(xc)

— 5 [S¥an(xe) yg;chc) = Kr [ay‘%ffc) _ aydsj(cxc)}

Substitute Equation (9) into Equation (10), and undetermined coefficients c41,cgo, - - - , Cgs
can be obtained. Assume that the unilateral crack is the open crack, and the normal stress
at the cross section can be derived:

My 0%y
o(x)=— =Exz— 11
where z is the distance to neutral axis of the beam.

For the beam under the distribution harmonic excitation, assume x. € [0, L/2], and
the maximum stress expression at the crack tip (z = (h — ag) /2) can be written as:

82
U(xc) =Exz azgl |x:xc (12)



Appl. Sci. 2022,12, 7398 50f 10
3.2. Stress Intensity Factor
Stress intensity factor at the crack tip can be derived as follows:
AKp = Y(r)Aog/ma (13)

where AK; is the stress intensity factor; Aoy is the maximum stress; and Y(r) is the crack
correction factor: Y(r) = 1.122 — 1.4r + 7.33r% — 13.0873 + 14r%.

Under the distribution harmonic excitation, the stress intensity factor at the crack tip
can be derived as follows:

AK} = Kimax = Y(T)U(xc)m (14)

3.3. Loose Coupling Analysis Method

In the vibration of the cracked beam, the interaction occurs between the cracked beam
vibration and crack’s growth. Crack growth will change the modal and dynamic response
of the beam, and affect the stress field distribution; variation of the stress field distribution
of the cracked beam will also change the crack growth rate. In this paper, a loose coupling
analysis method is proposed to conduct the vibration fatigue analysis of the cracked beam.
Assume that the crack length is constant in each cycle of vibration, and the crack will
grow at the end of each cycle. Crack growth and cracked beam vibration analysis are in
segmented data transmission form, which means that data transmission occurs at the end
of each vibration cycle. The flow chart of loose coupling analysis method is shown in
Figure 3.

—il Vibration Differential Equation |4—[ Initial crack ]

Modal Analysis
Natural frequency

Mode Shape

Vibration Response

Stress distribution

Stress Intensity Factor

Vibration Fatigue

Crack Growth Increment

Failure Criterion

Crack Criteri Yes
rack Silerion —-[ Vibration Fatigue Life ]

Intensity Criterion

Stress Criterion

I No
Fatigue Damage Accumulation Theory

Figure 3. Flow chart of loose coupling analysis method.

Paris Law [23] can be applied to describe the crack growth rate in this paper:

da "
an = © (AKp) (15)

where C, n are the constants of beam material; and da/dN is the crack growth rate.
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Substitute Equation (14) into Equation (15), and the crack growth rate can be obtained:

da
— = C[Y(r)o(xc)y/ao)" (16)
dN
After AN; periodic vibration, the crack growth increment can be calculated:
Aa; = N Cly "dN 17
= J, | CY(et) v 17)

— N —N: 4 — da . B4
Assume AN; = N; — N; 1 =1,and 3§ ~ 35+

Equation (17) can be transformed as follows:
Aaj = C[Y(r)o(xc)/mag]" AN; (18)

where Aa; is the crack growth increment after jy, periodic cycle.
According to the fatigue damage accumulation theory, the depth of the crack can

be calculated: )

aj=ag+ Y Aa (19)
i
where k is the number of cycles; and a;, is the depth after k periodic cycles.

3.4. Fatigue Failure Criterion

The following three fatigue failure criteria are applied in this paper:
Criterion 1: if the depth of the crack reaches to the neutral layer of the beam, the beam
will be destroyed.
a>ac (20)

where a. is the critical crack depth, a, = h/2.
Criterion 2: if the stress intensity factor reaches to the material fracture toughness, the
beam will be destroyed.
Kmax Z KC (21)

where Kpay is the maximum stress intensity factor; and K, is the material fracture toughness.
Criterion 3: if the maximum stress at the crack surface reaches to the material ultimate
strength, the beam will be destroyed.

Omax = Op (22)
where 0pmax is the maximum stress at the crack surface; and oy, is the material ultimate strength.

4. Results and Discussions

Assume that geometric dimensions of the beam are as follows: L = 0.3 m, 1 = 0.02m
and b = 0.002 m. The structural material is the low carbon alloy steel AISI1050, and material
parameters are as follows: E = 210 Gpa, v = 0.05, p = 7860 kg-m~3, 03, = 723.45 Mpa,
v = 0.33, K, = 1172.2 Mpa-m'/2, AKy, = 0.93421Mpa-m'/2, C = 3.0093¢ — 32 and m = 3.3.

4.1. Natural Frequency

For the simply supported cracked beam, the geometric parameters of the crack are
as follows: x. € [0,L] and ag/h € [0,0.5]. As the relative position and depth of the crack
change, the first order natural frequency variation is shown in Figure 4.
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Figure 4. First order natural frequency variation.

As shown in Figure 4, the crack is the important factor affecting natural frequencies
of the beam, which cannot be ignored. As the crack’s relative depth increases, the first
order natural frequency of the beam gradually decreases, and the amplitude of the decrease
gradually increases. From the perspective of the crack’s relative position, the first order
natural frequency variation is symmetrical in the middle section of the simply supported
beam. When the crack is in the middle part of the simply supported beam (x./L € [0.3,0.7]),
the first order natural frequency decreases faster as the crack’s relative depth increases.

4.2. Relative Positions

Assume that the crack’s geometric parameters are as follows: x./L € {0.1,0.2,---,0.9},
r € {0.05,0.1,0.15} and g9 = 500 N/m, v = 0.05. At the resonance condition, vibration
fatigue lives are shown in Table 1.

Table 1. Vibration fatigue lives as the crack’s geometric parameters change.

xc/L 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.05 385,337 37,099 14,859 13,403 12,706 13,403 14,859 37,099 385,337
0.1 234,626 20,118 9327 8535 7877 8535 9327 20,118 234,626
0.15 159,228 12,371 7030 6636 6080 6636 7030 12,371 159,228

As shown in Table 1, the crack’s geometric parameters are important factors affecting
the vibration fatigue life of the beam. From the perspective of the crack’s relative position,
the vibration fatigue lives of the beam are symmetrical in the simply supported beam, and
the vibration fatigue life of the beam with the same-depth crack at the midpoint is the least.
As the crack is close to the middle section of the simply supported beam, the amplitude
of the beam’s vibration fatigue life gradually decreases. As the relative depth of the crack
decreases, the vibration fatigue life of the cracked beam gradually decreases.

4.3. Damping Region

Assume that the crack’s geometric parameters are as follows: x./L = 0.3, 7 = 0.1 and
go = 500 N/m, v = {0.005,0.01,0.05,0.1}. Vibration fatigue life curves are shown at the
resonance condition, in Figure 5.
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Figure 5. Vibration fatigue life curves as the damping loss factor changes.

As shown in Figure 5, the damping loss factor is another important factor affecting
the vibration fatigue life of the beam. When o = 0.005, 0.01, the simply supported beam
will be destroyed at around r = 0.3, because the maximum stress at the crack’s surface
reaches to the material ultimate strength. As the damping loss factor gradually increases,
the vibration fatigue life of the beam increases. The influence of a small damping loss
factor on the vibration fatigue life is not obvious, but a big damping loss factor will greatly
influence the vibration fatigue life of the cracked beam.

4.4. Resonance Region

Assume that the crack’s geometric parameters are as follows: x./L = 0.3, = 0.1 and
go = 500 N/m, v = 0.05. Define the ratio of the external excitation frequency and natural
frequency as the frequency ratio { and { = w/w, = {0.8,0.85,0.9,0.95,1.0}. Vibration
fatigue life curves with different ¢ are shown in Figure 6.

Fatigue life N/cycle
s, 5,

—=08
— =085
10° — =09
—=0.95
—=10
107 : : : :
0.1 0.2 0.3 04 0.5 0.6

Relative depth

Figure 6. Vibration fatigue life curves with different .

As shown in Figure 6, the external excitation frequency is another important factor
affecting the vibration fatigue life of the beam. At the resonance condition, the vibration
fatigue life is much less than that of other frequency ratios in the resonance region. When
the external excitation frequency is closer to the first order natural frequency, the vibration
fatigue life becomes shorter, and the decreasing amplitude of the vibration fatigue life
decreases exponentially.

5. Conclusions

Considering the interaction between vibration analysis and crack’s growth, a loose
coupling analysis method is proposed to conduct the vibration fatigue analysis of a beam
with a unilateral crack. The crack’s geometric parameters are important factors to determine
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the modal of the beam, and damping loss factor and external excitation frequency are
external conditions for the vibration fatigue life of the beam, which cannot be ignored.

The innovations of this manuscript are as follows:

(1) The loose coupling analysis method proposed can conduct modal dynamic response
and vibration fatigue analysis simultaneously, which will more accurately calculate the
crack growth increment;

(2) A theoretical method for vibration fatigue behavior of the cracked beam provides a
theoretical basis for health monitoring of the beam in service.
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