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ABSTRACT

Aecrospace structures such as aircraft and satellites are frequently subjected to bolt-loosening faults in service, which will
seriously affect structural integrity, reliability and safety. In this paper, the development of a novel approach based on
nonlinear vibration features is presented to evaluate potential bolt-loosening faults in these structures. Firstly, the complex
aerospace structure is decomposed into some simple T-type substructures based on structural configurations and features.
Then, a general T-type multi-degree-of-freedom (MDOF) model simulating bolt-loosening faults and nonlinear boundaries
as nonlinear damper-spring components is built for nonlinear vibration analysis. After that, two novel fault features, which
are functions of structural properties, nonlinear output spectra and bolt-loosening fault-induced forces, are defined to form
a novel bolt-loosening fault indicator. Finally, a novel approach with detailed operational procedures is proposed, and its
effectiveness and superiority are verified through experimental studies on a simple lab structure with bolt-loosening faults

and nonlinear boundaries.
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1. Introduction

In aerospace structures including aircraft, satellites,
rockets and engines, bolt joints are frequently applied
to assemble different components together. However,
since these structures usually encounter various dynamic
operational loads like vibration and shock in service,
bolt joints inevitably undergo slip, collision and rubbing,
which in turn lead to bolt-loosening faults, and may cause
structural failure or cause catastrophic accidents (Bickford,
2008; Bickford and Nassar, 1998). Thus, it is meaningful
and essential to evaluate bolt-loosening faults as early as
possible in terms of economics and safety (Balageas et al.,
2010).

Considering the nonlinear effects of bolt-loosening
faults on structures, plenty of evaluation approaches
based on nonlinear vibration features have been proposed
(Miao et al., 2020; Nikravesh and Goudarzi, 2017).
In these approaches, healthy structures without faults
are linear systems and damaged structures with bolt-
loosening faults are nonlinear systems. Therefore, the
existence of nonlinearities in damaged structures can be
applied to evaluate bolt-loosening faults (Huang et al.,
2022). Commonly applied nonlinear vibration features
are natural frequencies, mode shapes, frequency response
functions and transmissibility functions. Compared to
others, the transmissibility function, generally defined as
the ratio of two output spectra, is more sensitive to the
existence of bolt-loosening faults and has simpler data
processing (Li et al., 2021). For example, the identification
of natural frequencies and mode shapes requires complex

modal analysis, and the calculation of frequency response
functions requires both inputs and outputs.

Johnson and Adams firstly applied properties of
nonlinear transmissibility functions for the evaluation of
loose bolts in an aircraft panels (2002). Then, a similar
fault indicator was applied for the damage prognosis in
rotorcraft fuselage with bolt-loosening faults (Brown and
Adams, 2003). After that, an advanced logarithm was
utilised to normalise nonlinear transmissibility functions,
and an improved bolt-loosening fault indicator named
transmissibility function power was proposed (Johnson
et al., 2004). To reduce the influence of excitation and
increase the weight of resonance, a weighting factor was
used to amplify the difference between the transmissibility
functions of structures before and after bolt-loosening faults
(Li et al., 2015). Apart from output spectra, a coherence
function was applied to define the transmissibility functions
as well, and a bolt-loosening fault indicator was defined
by the modal assurance criterion (MAC) (Zhou et al.,
2015). To consider high-frequency band features, wavelet
transform was applied to process data, and the properties of
wavelet-based transmissibility functions were applied for
bolt-loosening faults in a one-dimensional multi-degree-of-
freedom (MDOF) system (Li et al., 2017).

Since aerospace structures with bolt-loosening
faults are typical nonlinear systems, the relation between
inputs and outputs can be described by the Volterra series
as well (Jing and Li, 2016). Based on this, a nonlinear
output frequency response function (NOFRF) was applied
to define transmissibility functions, and a related fault
indicator was applied for detecting potential bolt-loosening
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faults in a two-dimensional structure (Cheng et al., 2014).
Similar to this, an improved method using sinusoidal inputs
was developed to calculate NOFRFs and the corresponding
fault indicator (Peng et al., 2010). According to the relations
between nonlinear output spectra and NOFRFs, a new
nonlinear transmissibility function-based approach was
proposed to evaluate the number and position of bolt-
loosening faults in frame structures (Zhao et al., 2014).
With the merit of the second-order output spectrum (SOOS)
which is more sensitive to initial and tiny faults, a novel
approach using SOOS transmissibility functions was
applied to evaluate loose bolts in a satellite structure (Li
and Jing, 2017). Later, an improved method, eliminating
the effects of inherent material nonlinearities, was proposed
for bolt loosening faults in the same satellite structure (Li
and Jing, 2020a). Considering the bolt-loosening faults with
different severities in the satellite structure, a new approach
encompassing the local tuning approach (LTA) and SOOS
transmissibility functions was proposed for diagnosis (Li
and Jing, 2020b). Recently, a novel frequency domain
feature-based approach for diagnosing bolt-loosening faults
in complex structures without reference data was proposed
and verified (Li and Jing, 2022).

Although the effectiveness of the above approaches
based on nonlinear transmissibility functions have been
verified through experiments, some limitations should
be considered to improve them: (1) Most methods are
more applicable to simple beams rather than complex
aerospace structures; (2) Nonlinear boundaries, which will
be coupled with faults, are ignored in most approaches;
(3) Most methods require the entire model and responses
of structures, inevitably thereby increasing the practical
operating complexities.

To consider the above limitations, a novel approach
for evaluating potential bolt-loosening faults in aerospace
structures using nonlinear transmissibility functions
is proposed in this paper. Significant novelties and
contributions of this paper are: (1) Complex aerospace
structures are decomposed into some simple T-type
substructures based on the structural characteristics; (2) In
the T-type MDOF model, both bolt-loosening faults and
nonlinear boundaries are simulated as nonlinear connecting
elements; (3) With two fault features, obtained from
the substructure to be evaluated only, a novel indicator
is obtained, and its effectiveness is verified though
comparison studies on a lab bolted structure.

Besides the first section, this paper has four main
sections. Some dynamic features of T-type substructures
in complex aerospace structures are analysed in section
2. The fundamentals of the novel approach including
features, indicator and procedures are shown in section
3. Experimental studies are completed in section 4, and
conclusions and discussions of this paper are summarised
in section 5.
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2. Aerospace structures and the T-type MDOF model

Figure 1. Substructures in a bolted satellite structure.

Figure 1 shows that complex aerospace structures
(taking a bolted satellite structure as an example) can
be decomposed into a series of very simple T-type
substructures based on vibration paths and structural
configurations. Thus, the nonlinear dynamic behaviour of
complex structures can be described by analysing these
substructures in sequence. Referring to the general discrete
MDOF model applied for simple beams, the T-type MDOF
model of substructures can be obtained accordingly, which
includes some simple mass-damper-spring elements (Cheng
and Cigada, 2020).

x3(t) T
x;(t
(t . )T C3 ks 7‘ Other
X )T & o ms parts
m;
Other 74 m L
parts 1
x,(t) 2 ka Nonlinear
T connections
Other 74 simula‘ting bolt-
parts my loosening faults

Figure 2. The T-type MDOF model.

As shown in Figure 2, three adjacent masses are
connected to the central mass with damper-spring
connections in the T-type MDOF model. Nonlinear
boundaries and excitations exist at other structural parts.
Since bolt-loosening faults and nonlinear boundaries
usually affect structural damping and stiffness properties
only, they are generally simulated as nonlinear connections
in the T-type MDOF model (Johnson and Adams, 2002).

Considering the vertical motion of all masses in the
T-type Model, the differential equation of motion of central
mass m; can be formulated based on Newton’s second law
(Ewins, 2000), as

@
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mx!(t)+c, (x[(t) —xl’(t)) +k (x‘ (1)-x (t))
(/1) =55 (1)) + ks (3, (1) =, (1) , )
e (x7(1) = 5 (1) + s (. (1) = xs (1)) =/ (¢)

where m,, ¢,, ¢,, ¢;, k;, k, and k; are structural mass,
damping and stiffness coefficients respectively. x(?) is
the acceleration of mass m;,, x/(?), x)(t), x3(t) and x)(t) are
velocities of mass m;,, and x,(?), x,(t), x,(t) and x;(t) are
displacements of mass m,. s/“(t) represents the bolt-
loosening fault-induced force applied to mass m,.

Potential bolt-loosening faults can cause changes
not only in linear structural properties but also nonlinear
behaviours of substructures. Thus, their effects are generally
described as nonlinear fault-induced forces, which are
functions of velocities and displacements (Johnson and
Adams, 2002).

S/M ( t)

=S e (4040 e, (500 | (2)

where subscript p represents the order of polynomial
function, and parameters ¢, ,, ¢;,, ¢;,, k;,, k;, and k; , are
connecting coefficients caused by faults.

On the whole, considering T-type substructures in
complex aerospace structures and simulating the effects
of faults as equivalent nonlinear forces, the T-type MDOF
model and related dynamic equation can be obtained for the
dynamic analysis and fault evaluation.

3. A novel fault evaluation approach
3.1. Transmissibility function

If the excitation applied to the aerospace structure is
a harmonic function with amplitude, frequency and phase,
responses of masses in the T-type model can be obtained
based on the harmonic balance method (HBM) (Liu et al.,
2006), as

o

z,(6)= Y 2" (jvw)e" (0=1,1,2,3), 3)
where superscript v means the harmonic order, and
Z)"(jvw)e” is the V" order output spectrum.

Substituting output responses Equation (3) into (1),
and equating coefficients of e yields
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—ve'm, + jvac, +k,
+jvac, + k, + jvoc, +ky

]Zf"‘ (jvo)

~(jvoc, + k)21 (jve) ’ “
—(jvac, +k,) 2y (jvew)

—(jvocy + ky) 2y (jvw) = S/ (jve)

where 2! (jyw), 2" (jvo), Zy"(jvw) and Z}"(jvew) are
output spectra of masses, and S/ (jvw) is the frequency
domain bolt-loosening fault-induced force applied to mass
m.

With output spectra in Equation (4), nonlinear
transmissibility functions of the T-type model in Figure 2
can be defined, as

z," (jvo)
z (o) )
(a,b =i,1,2,3,a#b,v> 1)

T (jve)=

where Z)** (jvw) and Z,* (jve) are the output spectra of
two arbitrary masses m, and m,, in the T-type MDOF model
respectively.

3.2. Fault features and indicator

With nonlinear transmissibility functions defined in
Equation (5), two novel fault features and one indicator are
derived in this section.

Rewriting Equation (4) gives

—ve'm, + jvac, +k,

[Jrjvwc2 +k, + jvoc, + kJ

ZM (jvow)

z ( jva))

Zy" (jvo)

77 ()

;4 (jvo) S/ (jvw)
zM (o) 2 (jve)

—(jvarc, + ky)

(©)

—(jvac, +k,)

—(jvacy + ky)

With Equation (5), Equation (6) becomes

—va’m, + jvoc, +k,
+jvac, +k, + jvocy +ky

7(jva)cl +k1)Tlv‘A (jva)) (7)
—(jvac, + k)T (jve)

4 gy S (e
—(jvae, + k)T (jvew) = 7 Ejva);

Now, exciting the structure four times with different
excitation magnitudes, four equations similar to Equation (7)
can be obtained, as
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(—va)zml. + jvoc, + k, + jvoc, +k, + jvoc, + k3)
—(jvaoe, + k)T (jvo)—(jvac, + k)T (jyo)

) (o)
zt (o)

®)

—(jveoc, + k)T (jvw) =

Using any three of the equations in (8) and rewriting
them in a matrix form gives

[ (vo)], [4(jve)],,

= [B(jva))]m + [C" (jva))lx1 ,(u =1,2)

> )

where

TIVA (jva)) T; A' (jva)) T; 1 (jva))
[7'(v0)|=| 1" (jyo) T3 (v0) T (jvo) |, (10a)
T # (jva)) T, g (jva)) T; 4 (]V(o)
e (o) T (jvo) T (jvo)
[ (o)) =| 72 (v0) T (jv) T (0|, (10D)
Lt (jve) T (o) T (jve)
[ jvoc, +k,
[A(jvw)] =| jvwe, +k, | | (10c)
| jvac; +k,
[ —va’my + jvoc, +k,
+jvac, +k, + jvocy +ky
—ve'm, + jvoc, +k,
B . — 0 1 1
[ (jvw)] (‘FjVC()CZ +k, + jvac, +k3j ’ (10d)
—ve’m, + jvec, +k
|\ +/vax, +k, + jvoc, +k,
_S’:{auAAl (jva))_ _S’./am/t: (jva))_
Z’\*,A‘ (jvw) Z’v,A2 (jvw)
S/au.Az (jvw) Sfau,,q3 (va)
C] . - i . CZ . — i - .
[ (]VQ))} Z‘v.A“ (_]Va)) I: (]Vﬂ))] Z,\',A (]Va)) (loe)
S‘/au,f (/Vw) S‘ﬁm,A‘ (jva))
| 7 (jvo) | | 7 (jvo) |

With the inverse matrix [D" (jvw)} = [T“ (jva))],
Equation (9) becomes

I:A(jvw)]le = I:D” (jvw)lxs I:B(jvw):llrl

[0 ()], [C ()] (u=12) an

Through Equation (11), the last two elements in matrix
[A ( jva))J can be calculated respectively, as

Jvec, +ky = Dy, (jvw)B,, (jvo)

+D,, (jvw)B,, (jvw)+ D} (jvo)B;, (jvew) ,
+D,, (jvw)C,, (jyw)

+D,, (jyw)Cy, (jvw)+ Ds, (jvw)Cy, (jve)

(12a)
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Jvacs +k; D;l(jvw) 1,1(/"’“’)

+D;, (jvw) B, (jvw)+ Dy (jvw) By, (jve) ,
+D3|.1 (va)cl.l (/Vw)

+Dy, (jvw) G, (jvw)+ D} (jyvw)Cy, (jvw)

(12b)

Jvoc, +k, = Dzz.] (jva))Bu (]va))

+D;, (jvo) B, (jva)+ D;; (jva) B, (jvo) ,
+D;, (o) € (jvo)

D2, (jv0) G (jve) + Dr; (jvo) G, (jve)

(12¢)

Jvec + ky = Di, (jvw)Bu (jva))

+D3, (jvw) By, (jve)+ Di;(jvw) By, (jvw) |
+D3, (jvw)Cl, (jve)

+D3, (jvw)C3, (jvw)+ D;, (jyw)C;, (jve)

(12d)

With Equation (12), two novel fault features can be
defined, as

Jvac, +k, — Dz,(jva) )C), (Jjve)

i (jve) = Jvees + ky = Dy, (jvo)Cl, (jvo)
=D, (Jve) n(ﬂw) s (o) (ve)
D) o)~ (o) () (13a)
_ D',(/va))+ D“(]vw) 55 (Jvo)

D}, (jve)+Di, (jye)+Di,(jvo)

e jvac, +k, - Dy, (jvw)C (jvw)
n(ve)= Jvecs +k;, = D3, (jvo)Cl(jvo)

(/W)CH(JW”) s (o) G (Jve) |
7DZZ(JV ) (/"w) Dzzl(jva))qz](jva)) (13b)

Dzl(jva))+Dzz(jvw) (jv )
Df](va)JrD (/va))JrD”(va)

From Equation (13), it is shown that if there is
no fault around mass m; in the T-type model (Figure
2), potential bolt-loosening fault-induced force
S/ (jve)(r =1,2,3,4) applied to mass m, will be zero.
And then, two fault features have the same expression
and value. On the contrary, if there is a fault around
mass m,, potential bolt-loosening fault-induced force
s/ (jvew)(r=1,2,3,4) applied to mass m, will be
nonzero, which in turn leads to different and nonequal fault
features. On the other hand, fault features can be directly
calculated by nonlinear transmissibility functions in matrix
[ (jve)].

Therefore, with the properties of novel fault features in
Equation (13), a local fault indicator can be defined as the
relative change between two fault features, whose value,
zero or nonzero, can be used to evaluate whether there is a
bolt-loosening fault in the T-type substructure (Figure 2).

(ro)|-[Z (o)
w(jo)=|iT—_ L = 100, (14)
S (o) \

where V is the maximum harmonic order.

(o)

HKIE Transactions | Volume 30, Number 4, pp.13-21



3.3. Procedures and remarks

With the derivation of fault features and fault indicator,
a novel bolt-loosening fault evaluation approach can be

proposed.
Finding T-type substructures in complex )

Stage one
aerospace structures
Exciting structures four times with different
Stage two
& Sh ” harmonic excitation magnitudes
aker
LGva) = D}1(vw) + D3, (jvw) + D} s Gvw) 2ow) = DF1(vw) + D35 (jvw) + Di5(ivew)
Stage three kL = DI, Gva) + D3,Gvw) + DlyGrw) = D2, Gvw) + D,Gvw) + D35 Gvw)
Calculating nonlinear transmissibility function-based fault features
G = I\z,.n(‘mm>|—|ziﬂnmm)|‘_m
1 Sv., 7k Gvo) |
Calculating corresponding fault indicator
Stage fi Comparatively larger fault indicator means
Stage five
8 potential bolt-loosening faults

Figure 3. Procedures of the approach.

Stage four

/\r\

Figure 3 shows that this novel approach has five main
stages. Firstly, the condition of the aerospace structure is
checked and related T-type substructures to be evaluated
are found. Then, the structure is excited four times with
different excitation magnitudes and signals of substructures
are processed with MATLAB codes. With output spectra,
fault features and related fault indicators are computed
with Equation (13) and (14) respectively. Finally, whether
there is a bolt-loosening fault or not in each substructure is
determined according to the value of related indicators.

Compared with existing fault evaluation approaches
with nonlinear transmissibility functions, this novel
proposed approach considering local T-type substructures
to be evaluated only has obvious features. For example, it
does not require an entire model and whole responses of
complex aerospace structures. It eliminates the coupling
effects of nonlinear boundaries. It does not need reference
data of healthy structures as well. Therefore, this new
approach will be much more effective and convenient in
practical application.

4. Experimental verification

To verify the effectiveness of the proposed approach,
some tests on a lab bolted structure are performed.

4.1. Experimental setup
The bolted structure, which is used to simulate bolted

frames in aerospace structures is connected by some steel
bars and bolted joints (Figure 4). Four masses (m/, m5,

HK=~E

m1l and m15) at corners are connected to the fixed ground
to represent nonlinear boundaries, and the mass m/5 is
attached to the shaker. Bolts in two T-type substructures
marked by blue and green colours are to be evaluated.

Nonlinear boundaries

@ @Bolts to be evaluated

Sensor Mass Bolt

Figure 4. The bolted structure.

As shown in Table 1, two cases are to be studied. For
the healthy structure, all bolts are initially fastened with 4
Nm torque (tightened state). In case one, only one bolt in
substructure A is loosened to simulate the single fault. In
case two, both substructures have loose bolts to simulate
multiple faults. Nonlinear boundaries exist in the healthy
structure as well as the damaged structure.

Table 1. Details of cases.

Structure Conditions
Healthy structure Bolts are in a tightened state
Case one One fault is .between masses m9
and m 10 in substructure A.
Damaged One fault is between masses m9
structure and m 10 in substructure A, and
Case two

one fault is between masses m7
and m 12 in substructure B.

Excitations generated by the RIGOL function
generator (RIGOL.com, 2023) are transmitted to the B&K
shaker (B&K.com, 2023a), and then, vertical vibration data
are acquired by B&K Vibro-sensors (B&K.com, 2023b)
installed on related masses. Technical specifications of all
data acquisition devices are shown in Table 2.
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Table 2. Details of devices. 4.2. Results and analysis
Device Ttem Value Following the procedures of the novel approach in
Sample rate 500MSa/s Figure 3, the experimental results of the novel approach are
RIGOL Maximum shown in Table 3 and Figure 5.
function generator frequency 100MHz For case one, the re.:sults in Table 3 and Figure 5 show
B&K shaker Frequency range DC-5000Hz that the indicator ¥, ( J a)) is relatively larger while index
Rated force 100N Vi, ( ]a)) is almost zero, meaning that only substructure
B&K Vibro- Measuring range +40g A has bolt-loosening faults in this case. For case two,
sensors Sensitivity 100mv/g indicators in both substructures have significantly larger
values, illustrating that both substructures have bolt-
Table 3. Results of the novel approach. loosening faults in this case. The evaluated results of two
cases are consistent with the case setup in Table 1.
Mass block
Case Term 10 12 4.3. Comparison with an existing approach
14
| Z ntvw) | 5.630 37.939 TQ ﬁ.thher verify the superiority of this novel approa'ch,
= one existing approach (Johnson and Adams, 2002) using
One v general nonlinear transmissibility functions is applied for
| Z nfGvw)| 9319 36.214 comparison.
v=1_ In the MDOF structure, if faults are between masses
Yi(jw) (%) 65.53 4.55 m, and m,, and the single excitation is applied to mass n1,,
- L the properties of general nonlinear transmissibility functions
| Z niGvw)|  14.865 49.203 can be summarised, as
v=1
Two 4 ” i
| Z RGvw)|  10.075 65.418 7o) =2 ((’j f;)),T.fa, ()= 2 ((’j‘:,))
v=1 - ) ’;(I (ja))—T", (jw)’* B (153)
Y;(w) (%) 32.22 32.96 DI, (jo)= W
(a) DI, (jo)=0,(1<i< p)
100 Case One DI . .
‘ I L ocation of faulis i (Jo)20,(p<i<q) , (1 5b)
DI, (jw)=0,(g<i
sl sivl (ja)) (q<l<n)
g
5 60 where superscripts 7 and d represent the quantities obtained
2 from healthy and damaged structures respectively, Z, ( jo)
= 40
E and Z,, ( ]a)) are output spectra of masses m;, and m,,,
20 respectively, and DI, ;| ( j a)) is the fault indicator.
0 e Equation (15) illustrates that nonlinear transmissibility
mi2 functions of healthy and damaged structures within
®) (1 <i< q) are different, which in turn leads to a
0o ‘ Case Two ‘ . comparatively larger fault indicator DI, | ( ]a)) The
Lol results of this approach for two cases are shown in Table 4
80 and Table 5 respectively.
x
fg 60
é or 32.22 32.96
= 20 -
0
ml0 ml2

Figure 5. Results of the novel approach.
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Table 4. Results of the existing approach for case one.

Experiment Term Masses in substructure A
perime © 05/10 09/10 15/10
sgf::ﬁe Tl Gw) 6.533 7.911 8.075
Case one T 1 (jw) 4.909 5872 6.435
Dl (jw) 0.25 0.26 0.20

Experiment Term Masses in substructure B
*p 07/12 1/12 13/12
S?rjjtl;l:e T/i41 () 0.199 0.417 0.580
Case one T (i) 0.199 0.422 0.557
DI y41(jo) 0.00 0.01 0.04

Table 5. Results of the existing approach for case two.

E . t T Masses in substructure A
Xperiment em 05/10 09/10 15/10
st}rljfﬁe Tfi1Gw) 6.533 7911 8.075
Case two (D) 4.909 5.857 6.509

Dl 41 (jo) 0.25 0.26 0.19

Experiment Term Masses in substructure B

perime © 07/12 /12 13/12
ng:ilﬂ;e T{iv1(®) 0.199 0.417 0.580
Case two T 1 Gw) 0.204 0.435 0.528
Dl (jw) 0.03 0.04 0.09

For cases one and two, indicators DI;;+1(jw) in
substructure A are always comparatively larger while
indicators DI;;+1(jw) in substructure B are close to zero.
Therefore, the result is that a potential bolt-loosening fault
exists in substructure A only in two cases.

Overall, compared with the case setup in Table 1,
the results of the existing approach show that it can detect
the bolt-loosening faults in case one only and give wrong
fault information in case two. The main reason is that this
approach is proposed based on the simple MDOF model,
and the properties of nonlinear transmissibility functions
and sensitivity of fault indicators are affected by the ignored
nonlinear boundaries.

5. Conclusions and discussions

To overcome some limitations in existing nonlinear
transmissibility function-based approaches like neglect
of nonlinear boundaries and requirement of benchmark
data, a novel fault evaluation approach is proposed with
detailed theoretical analysis and experimental study. Some
conclusions and discussions are summarised as follows:

(1) By considering simple T-type substructures in
complex aerospace structures and simulating the
effects of nonlinear boundaries and bolt-loosening
faults as nonlinear forces, the general equation of
motion of T-type substructures is obtained for the
dynamic analysis and fault evaluation.

HK=~E

(2) By exciting complex aerospace structures four times
with different excitation magnitudes, the novel
features and sensitive fault indicator of each T-type
substructure can be obtained, which does not require
reference data and utilises dynamic data of the
substructure to be evaluated only.

(3) Following the procedures, some tests on a bolted
structure are implemented to verify the availability of
the novel approach. Moreover, comparative results
with one existing approach demonstrate that this new
approach can give more reliable fault information in
structures even with nonlinear boundaries.

The main feature of this novel approach is that it
does not need reference features and deal with structures
which even have nonlinear boundaries. In future study, an
improved approach which has the ability to identify the
severity of faults and residual life of damaged structures
should be considered to take full advantages of nonlinear
transmissibility functions and the T-type model. Moreover,
application and extension of this approach to other more
complex aerospace structures with bolt-loosening faults
such as rotors and stators should be studied as well.
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