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ABSTRACT: Bolt connections often loosen under environmental loading conditions and system
vibrations, which can lead to disaster risks during its operation. In this study, the nonlinear vibration
behavior of an aluminum single-lap joint has been studied analytically and experimentally. Accordingly,
considering the effects of nonlinear behavior at the bole joint, a nonlinear two-degree of freedom model
for this type of connection is proposed. Then, in order to determine the unknown parameters of the
proposed model, the vibrational and dynamic properties of this structure have been estimated using
experimental modal analysis and model updating method. Finally, the effect of the amplitude of the
excitation force and the preload force of the bolts on the dynamic behavior of these systems has been
studied analytically. Examination of amplitude-frequency curves shows that reducing the preload force
of the bolts reduces the natural frequency and also distorts the amplitude-frequency curve to the left
side, which indicates the softening nonlinear behavior of the system with decreasing applied bolt preload
force. In addition, the comparison of the theoretical and experimental natural frequencies shows that the
proposed model predicts the vibrational characteristics of these systems with good accuracy, and using
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the proposed model can study the dynamic behavior of these systems for different parameters.

1. INTRODUCTION

The study of the vibration behavior of bolted joints has
a special place due to their wide applications in various
industries such as connecting different parts of aircraft
fuselages, power plant towers, and missile tanks. Due to the
fact that these structures are often under dynamic loads, so
the probability of loosening and reduced quality of these
connections is higher and if not detected in time, they can
lead to breakdown and tragic damage [1]. Accordingly, the
study of methods that can easily and accurately predict the
dynamic behavior of bolted joints has been considered by
many researchers. Accurate modeling to predict the dynamic
behavior of structures is an essential tool in both design and
operation [2].

Ahmadian and Jalali [3] have proposed a more general
connection model for this type of connection using stiffness
matrices and damping coefficients. They have proposed
a method for identifying the optimal values of stiffness
and damping parameters of a linear connection using the
measured modal parameters. Gant et al. [4] used simple
springs to simulate connection surfaces in the early stages of
design. Zhao et al. [5] have proposed a method for identifying
the dynamic parameters of the spring-damper element in bolt
joints using modal properties. Evang et al. [6] presented an
experimental study on the dynamic behavior of a single-bolt
connection that withstands slips at different levels of torsion
preloads and excitations.
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In the present study, a new method has been proposed
to investigate the nonlinear vibrations of bolt joints of two
aluminum sheets. To model changes in stiffness and local
nonlinear damping at the bolted joints, a two-degree-of-
freedom mass-spring-damper model is introduced. The
parameters of the presented analytical model are obtained
by using the model updating method and by means of the
Firefly algorithm. Finally, for the first time, the problem of
minimizing the objective function is formulated to minimize
the difference between the natural frequencies of the analytical
model and the results of experimental tests in the presence of
the input constraint as a nonlinear optimization problem. The
optimization process is solved using the firewall algorithm as
a meta-innovative method to obtain the unknown parameters
of the proposed analytical model. After determining the
dynamic characteristics, using the proposed analytical model,
the effect of various parameters such as preload and amplitude
of external excitation force on the vibration behavior of this
system has been studied. In order to validate the results, the
system frequency changes for different values of the preload
were compared with the results of the experimental test.

2. ANALYTICAL MODEL

Fig. 1 shows the geometric characteristics of the bolted
joint sample. In order to study the dynamic behavior of
the bolted joint presented in Fig. 1, the model is simulated
using a nonlinear two-degree freedom system as shown in
Fig. 2. Motion equations can be expressed in the form of the
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Fig. 1. Geometric characteristics of single-lap blot joint

F,, =, A% + k,Ax + ky Ax®

Fig. 2. Equivalent nonlinear two degrees of freedom model of the
connection of single-lap blot joint

Fig. 3. Configuration of experimental test analysis of single-lap
bolt joint

following matrix:
m 0% L€ +¢, ¢, ||%
0 m||X%, -c, c+c,||X,

3
+ {k th, -k, inl } _ —ky (xl _xz)
—ky, k+k, || ky (xl - X, )3 +F,

3. EXPERIMENTAL TESTS
As shown in Fig. 3, the laboratory equipment includes
a pulse data collection system, B&K 2051 accelerometer,
laptop, B&K 1087 impact hammer, and anti-noise cables.
For the initial values of variables, the natural frequencies
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Fig. 4. Frequency response function curve obtained from the
analytical model

of the system are calculated using Eq. (1), and then in
each iteration of the optimization process, specific values
are calculated and the value of the objective function is
determined. The calculated value of the objective function is
compared with the previous values. This process is repeated
to minimize the objective function using the Firefly algorithm.

4. RESULTS AND DISCUSSION

In order to s$tudy the nonlinear behavior of bolted
joints, the frequency response function curve for different
values of the excitation force amplitude and around the first
bending mode is shown in Fig. 4. The preload range of 1 N
corresponds to the relatively linear response of the system.
It can be seen that for example Ex.01 is generated for a
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significant deviation in the peak of the curve, but for other
examples, this amplitude of excitation force has an ignorable
effect on the deviation of the frequency response function
and the behavior of these connections at high pre-loads.
According to Fig. 4, it can be seen that for larger amounts
of preload, the nonlinear behavior of the system intensifies,
which is due to the looseness created in the connection and
the creation of micro-slips. As the force range increases, the
peak resonance point loses its symmetry and shifts to the left,
indicating softening nonlinear behavior. It is observed that as
the force amplitude increases, the frequency curves become
narrower, indicating a decrease in the equivalent damping of
the system. In addition, according to the results shown in Fig.
4, it can be seen that by increasing the preload of the bolt, the
vibration behavior of these joints almost tends to the behavior
of linear systems. The reason for this can be explained by the
reduction of the effects of looseness between the joints during
vibrations, which eliminates the effect of nonlinear factors.

5. CONCLUSIONS

In the present study, in order to increase the accuracy
of modeling and to consider the nonlinear effects of bolt
joints, a nonlinear two degrees of freedom equivalent to
these joints was presented. After determining the equivalent
dynamic characteristics, the effect of different parameters on
the vibration characteristics of this type of connection was
studied theoretically and experimentally.

Using the model updating method, the model parameters
are predicted with appropriate accuracy and the model
provides two degrees of precise freedom by which the dynamic

behavior of the system can be studied with high accuracy.
The model presented in this research with high accuracy and
the need for the least computational time predicts nonlinear
effects on the common surfaces of screw joints and can be
easily applied to different types of joints in this field.
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Set algorithm parameters ( «.y )

Set simulation set-up (Number of initial solutions and maximum iteration [ N, MaxGen ))

Randomly generate NV initial solutions
for iteration =1: MaxGen
Compute the brightness, [

for i=1l:n-1
For j=i+l:m
If7,>1,

end if
end for
end for
move firefly N, ( x, ), randomly
end for
Report the best solution,

Sort the solution in such a way that, [, =1, ,i

| move firefly i towards firefly j

[YY] Glics p,5 ais g5l oS ads b S
Fig. 5. firewall algorithm code [27]
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Table 3. Parameters used in the analytical model presented for bolted joints after model updating method

ky C\ k,, m=m,=m ¢ =c¢ =c k =k =k Syl ol
(N/m) (N.m/s) (N/m) (kg) (N.m/s) (N/m) NEE
Y/ fx) T < V¥ FAEXY 7 \/fY AN AYEXY 8 Ex. -\
YIVEX)-© <IYA FIYYXY© V/AQ \VIYY AMAYXY <8 Ex. -v
VIEYXY T - 1O¥ i 2 AR YIVO AR Vo /aFXY 8 Ex. v
y/ayxy .’ Qi \RAS RN Y/YA V/O¥ VYAEXY <8 Ex. -f

aS ogd oo oddline ¥ Joux 0 oud &) mls elel

ond Sl son Jae b B St sl Sl
e 9 Pz ol &5 wesee (L mlE Gl adbiee (Jo
) Wlgiee @53 & el oo (Slo s lawg oads ol
e ol ol SaS a5 oS o | e ojle (Sslus
skl Jae s oolaiwl b o ulasl () 00,5 olon| w51 5 880
L olgn |y Bptumw opl (Seolus L8, (F) alal, jo ouls &)
asls sl Jie oyl )l alize polie Gl 4 olie o
bag & Jlel Jbid Ol 5 (2B S28 o 888
L oaS ool o0 cdolin ¥ Jgux bl 4 axgi L 0ged dalllas
bos P gsbe (wled mhv Sl Ol 695 (I
Bedes e bt o GBIl L Slleg Gl 2 Gl ple
Oise A e Gisd V5l kGie o RlBI L diged (lgie @
B e FAV 4 55,e PV lade 5l Jgl (oxmle (il e
b S8 sas 0 A sgas iliEl sams lis 4 by e

ol o Sen 5l e B e 55y LS VY Lyl 4 GBan
Gl Jdow (o eolaiwl 0,50 glo ol polie ¥ Joaz 0 s
el 00 a1, SBeis 0,5 0,95l g, 5l sdwl Cews
SLise Gy ol olilyl gl A6 Y laJSi 5o (rizeen
Py SioiskS ¥ eisdshS Vb o Gl @ (e 00
Cawd & bl g (2,20 Glacud (owilS 3 Gl &b 5 GigmislS
oals oolo ylias o &l ol ax 0 g0 Jow 5l eolatwl b soul
lan S ot )oSIl 5l osliiol b g o sanlive 45 jshuilan e
ol golil Az o g0 s (Seelus sloaasiie (b
Sl Joe azeiS )0 5 00l st cnlin Ojg0 4y odld slgaion
)5 1) s o] Scnolizs L5, 385 i siny el cos
Sy aS 0eb oo onalin VLY sl IS Billas 4l 4 axg5 L
S 3 g 5l YL sleoge JS o osle ul G0
JSB 90 48" 090 (o Dlgiee Crlply bl sl (YLl
ol (Sealios gy 2 A 3l Wil 55 cnl Sl (2L ) 99

als wmlys g 35l calise Lyl co

oven



]6 T T T T I
12 kb Experimental |
—— Model updating
3
2
2 sf 1
=)
<
1 l
OLL 3§ JL 1 | |
0 300 600 900 1200 1500 1800
Frequency (1I)
()

Acceleration (cm/s%)

]200 T T 1 I

800

400

-400

-800 1 1 ] | 1
10 15 20 25
Time (s)
()

30

255 9 (25 oilS B frly @ duglin (9) 9 CEX ) £903) (5 9igles ¥ )Lty (5978 (6131 &1 (o2 00 5o )9 ST SLasles )l gely ¥ JS
EX ) digos

Fig. 7. Response of free vibrations of bolt joint with a force of 2 kN (sample Ex. 01) And (b) Comparison of experimental
frequency response function and theory results of Ex01 .
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Fig. 8. Response of free vibrations of bolt joint with a force of 4 kN (sample Ex. 02) And (b) Comparison of experimental
frequency response function and theory results of Ex02 .
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Fig. 9. Response of free vibrations of bolt joint with a force of 6 kN (sample Ex. 03) And (b) Comparison of experimental
frequency response function and theory results of Ex03 .
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Fig. 10. Frequency response function curve obtained from the presented analytical model for the various samples ( see
Table 1) and obtained using the updated values of the parameters

b g il e Sllogs axels laml 5o o 2l so 3] aitansns
Sllogs aialy oo g 00l [[Rod sasein loade 4y ley cuds
Shoy gl b (LBl wpais Lylyd 0 onuny cpl b oo il
S Gl bl oo 3Lt Il (LBl )| asels g oglite 4
Iy i labamdle LB &5 @ e 8 oS4 25 (555
Sl )55 2 e ay s (6551 YL )5 S92 g0 (A ST 50 00,5
Oley SbdS L azl )3 9 00,8 by Gl zolaw (00l ol
Ol S e oy slalamdle BB 2l g 05,5 a ) Sllugs aels
g ooss ohas ol SIS oy VLAl L3, 45 amo oo Lt gl
ool b b lis B3 b g3 oo 22l sl Joe 5 ool

D05 dxfllas |y baosls pl oo L8, b ol

ov£a

L.ceoloadools Las 35,0 £+ 5 532 Y0 (5,000 ol S o0
KB 5b S50 (59505 nilS 3 45 055 g 0aaliin gl 4 4255
solie il als (o pp cod Jlail Sl el slala>dle
Sige,le Dygo A plas Foly (S o 5B S
odalive bl ooy ar AN IS0 4 gy b ases (pl a5 a0k oo
o 03l areb uilS 3 Sl ol 4Kl 4 dr g b il e
o oile b 2V 5 VY la IS jo pl by il o 35,0 £YA
lS 345 5 yme 0 el o 00l Lt _xrls il 3 s>
Gl 53 Bl i Jol 090 (w5 2 Su0 5 Sigela 6,150
55 s ool gl Lpolul s il o 1 Ly sopay s

gl )0 by sy ¥y PV LU L SO gl aS



AVOY 5 AVYA dsio AF+ Jlo VY oyl DY 0,93 ¢S prol Sl puoigee & it

5 6 1 I I I
1
4
| |
2
001 H\ |
X1 0 il
0.001 w H
2
|| n
-4
5E_6 -6 | | 1 |
0 100 200 300 400 500 600 0 2 4 6 8 10
Frequency, Hertz Time (s)
(b
5 12 T T
1
0.1
X1
0.01
0.001
0.0001 -12 . L
0 200 400 600 800  100( 0 2 4 5
Frequency, Hertz Time (s)
()
1
0.5
0.05
X1
0.005
0.0005
0.0002

200 400 600 800 1000
Frequency (Hz)

Time (s)

@

Sy 5 15 5 ilisko yollin 5 FL = AN S 25 59,05 kel oy &0 yio (558 F okl 53l 5131 & ooy 2 < o3l il dsly N S
P2 PF (@) g 5@ PV (©) ¥y b (W) plyp
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