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Abstract: In order to investigate the nonlinear characteristics of
structural joint, the experimental setup with a jointed mass
system is established for dynamic characterization analysis and
vibration prediction, and a corresponding nonlinearity
studied. First, the
vibration test with different base excitation levels are applied to
the structural joint system to study the dominant modal of mass

identification method is sine-sweep

rigid motion. Then, based on the harmonic balance method
principle, the measured vibration transmissibilities are utilized
for nonlinearity identification using different excitation levels.
Experimental results show that nonlinear spring and damping
force can be represented by a polynomial order approximation.
The identified nonlinear stiffness and damping force can
predict the system’ s response, and they can reveal the shifts of
resonant frequency or damping due to discontinuity of contact
mechanisms within a certain range.
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S tructural joints are widely used in mechanical sys-
tems and industrial applications due to their low
cost, easy assemblage and repair. However, due to the
discontinuity of materials, frictional contact, mechanical
micro-slippage or slapping along the contact interface,
structural joints have become the main sources of structur-
al nonlinearity and uncertainties'' ™. In many industrial
applications, numerical modeling and analysis need to
take the structural joints or boundary conditions into con-
sideration for precise representation of nonlinear ele-
ments. However, the nonlinear behaviour depends on the
applied excitation levels. Under a low excitation condi-
tion, the dynamic response is linear, while under a high
excitation level, the nonlinearity is excited. Therefore, a
more reliable mathematical or finite element ( FE) model
becomes more important during the product design stage,
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which helps engineers to predict the dynamic response or
working conditions. By a FE model, it is impossible to
reflect the essence of contact behaviors and describe its
nonlinear dynamic characteristics for joint interface'" .

In order to increase the accuracy of the numerical mod-
el, the nonlinear factor cannot be ignored. A more accu-
rate model will minimize the difference between the nu-
merical analysis data and experimental results, and the
characterization and validation process will improve the
quality of the product for prediction and assessment. The
mathematical modeling and analysis can be used as anoth-
er identification method to extract the dynamic parameters
and it is required that the mathematical modeling needs to
reproduce the reality of a physical structure by experimen-
tal results. Luan et al. " proposed a simplified nonlinear
dynamic model with bi-linear springs to model the dy-
namic behavior of pipe structures with structural joints.
Wang et al. ' investigated the nonlinear dynamic behav-
iors of two elastic rods connected by a joint and consid-
ered the effects of the clearance size on the multi-value
response characteristics. Cai'”' developed the force-state
mapping in the frequency domain to identify the nonlinear
joint parameters of the complex structure with an unknown
joint model. Wei et al.
force-displacement characteristics of the bolted joint using
the Iwan model based on the modal shape transfer princi-
ple. Many studies have been carried out to investigate the
dynamic behaviour of some nonlinear structures.

In this study, a nonlinearity detection and quantifica-
tion method is developed for structural joints by the har-
monic balance method (HBM), which utilizes a number
of measured vibration transmissibilities of the joint system
and identifies the state of the unknown joint model in ad-
vance. The measured vibration transmissibilities will be
used for extraction of nonlinear parameters by the reliable
joint model. For linear cases, the modal parameters are

studied the effect of nonlinear

obtained by standard techniques in the dynamic design
process. For a jointed system and the uncertain bounda-
ry, the obvious shift of natural frequency or damping will
be observed due to nonlinear behavior,
modal parameters can be considered to be dependent of
response amplitude, excitation type and frequency, etc.

and the varied

The parameters of structural joints can be identified for
different steady state response levels, which allow the ob-
taining of nonlinear spring and damping force from meas-
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ured vibration data corresponding to different base excita-
tion levels. According to the HBM, an effective numeri-
cal model can be used to describe the weak nonlinear sys-
tems with the desired accuracy, which proves to be capa-
ble of presenting nonlinearities for the joint interface.

1 Experimental Preparation
1.1 Experimental setup

To investigate the nonlinearity and the uncertain
boundary condition, a specimen was manufactured and
an experimental setup was constructed. The experimental
specimen can be considered as a concentrated mass with
a rectangle shape, which has been used as a balance
weight in the laboratory before. The structural dimen-
sions of the mass are given by a length of 300 mm,
width of 50 mm and thickness of 5 mm. The specimen
is resting on a cushion and connected to the base of a
shaking table by structural joints for extraction and iden-
tification of nonlinearity. It is seen from Fig. 1 that the
experimental system contains the specimen, fixture, sha-
king table, vibration controller, power amplifier, data
acquisition system, acceleration transducer, etc. Three
accelerometers are placed at the top of the mass rigidly
and uniformly apart from each other to capture the output
response and monitor its vibrations, and one accelerome-
ter is put on the shaking table for control of input base
excitation, as shown in Fig.2. All the measured respon-
ses are in the vertical direction. Standard vibration tests
will be conducted to investigate the nonlinearity induced
by joints or other uncertainty boundaries.

Structural joint / Accelerator
Cushion __Mass
[ ]
— Ll 1 Charger
amplifier
Power Shaking table
amplifier
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XX KX
Vibration Data
controller picker

Fig.1 Schematic diagram of the experimental system

Fig.2
base for control

Three accelerometers placed on the mass and one on the

1.2 Shaking table vibration test

First, the specimen is excited by a random base excita-
tion and the exterior excitation level is maintained at a
low level by the controller, which aims to avoid its pre-
sumably assumed nonlinearity along the structural joint.
Fig. 3 shows the random base excitation measured on the
base table. The time-domain data is plotted in Fig. 3(a)
and its spectrum range is plotted in Fig.3(b). The linear
transmissibilities are the ratio between the mass response
and base acceleration of three placed accelerometers,
which are measured and shown in Fig. 4. The results
show that the dominated resonant resonance is around 181
Hz and the dominated mode is the mass rigid motion in
the vertical direction judged by the coherence of three
accelerometers’ output responses under random input base
excitation.

15

10;

)

Acceleration/(m

0.050-

0.045-

1)

Z0.040-

2

70035

0.030F

PSD/(m

0.025M

0.020

200 400 600 800 1000

Frequency/Hz

(b)
Fig.3 Measured random input base excitation. (a) Time-histo-
ry data; (b) Power spectral density

As three accelerometers have nearly the same outputs
around the dominant resonance, the response of the mid-
dle point will be chosen for further investigation and non-
linear characterization. Another purpose of this study is to
study some functional parameters of structural joints on
their vibration property. To investigate the effect of pre-
tension on output response, different pretension levels
are applied to the structural joints conservatively, which
aims to prevent material yield deformation and slipped
screws. According to the exterior loading condition and
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Fig.4 Three responses obtained from accelerometers on top of
specimen under random input excitation

its dynamic response, the nonlinear structure may be re-
garded as a linear structure if the internal nonlinear force
is small enough that it can be ignored corresponding to
small vibration amplitude. Fig.5 shows the transmissibili-
ties for different pretension levels and Tab. 1 gives the
corresponding experimental resonant frequencies and
damping ratios. The transmissibilites not only show the
relationship between the excitation and response signals
but also reveal some inherent structural properties. Simi-
lar results are obtained as in previous studies”™”. Reso-
nant frequency exhibits an obvious increase with the in-
crease of the preload value and the damping property
tends to be obvious if the bolted joints are adjusted to be
loosened artificially, which reveals a stronger energy dis-
sipation capacity and higher preload level.
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Fig.5 Linear vibration transmissibilities for different preten-
sion levels

Tab.1 Resonant frequency and damping ratios

Pretension level Resonant frequency/Hz ~ Damping ratio/ %

Low preload 181.3 6.72
Middle preload 191. 6 6. 40
High preload 204.2 5.48

In the second step, the jointed mass at the low preten-
sion level is excited using a sweeping harmonic force
which is chosen in a frequency band close to the first
dominant resonant frequency from 150 to 200 Hz. In the

case of a low preload condition, the effect of nonlinearity
seems to be excited easily and it can also result in the in-
crease of system nonlinearity as the preload level decrea-
ses!"’. A higher preload level can increase tightness be-
tween two substructures that makes it difficult for relative
motion across the connections and loosened structural
joints will be chosen for nonlinearity measurement and
identification subsequently. Different base excitation lev-
els are maintained as a constant one for all excitation fre-
quencies, as shown in Fig. 6. By increasing the excitation
level, it is possible to produce a variety of dynamic be-
haviours ranging from linear, weakly nonlinear up to
even strongly nonlinear behavior due to the structural
joints or another uncertainty. The steady state response of
the structure and its corresponding base excitations are re-
corded and the nonlinear transmissibilities are obtained
and shown in Fig. 7, which confirms the presence of non-
linearity by the changes in resonant frequency and ampli-
tude values.

15r

2 10f

g

g

.2

k5|

% 5

O

3

m
0 1 1 1 1 ]
150 160 170 180 190 200

Frequency/Hz

Fig.6 Constant base excitation acceleration

8
D
=71
526l
>E4
g3
ol
40
%
%
% 15 1 0
2. 150 Frequency/Hz
RN
Y

Fig.7 Vibration transmissibilities for different base excitation
levels

2 Modeling and Identification
2.1 Experimental analysis

Subjected to a base excitation in the vertical direction
and considering the vertical rigid motion, the mass can be
considered to be an equivalent system containing a
spring, viscous damper, and the equation of motion for
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the mass with a steady response under harmonic base ex-
citation is

(-mw’ +k+ic)X=(k+ic)Y (1)
or
(-mw +k+ic)Z=mw’Y (2)

where m is the known mass of the system; k and c are the
spring and viscous damping, respectively; w is the base
excitation frequency; X is the displacement response am-
plitude of mass; Y is the base displacement response am-
plitude; Z is the relative displacement between mass and
base and Z = X — Y. The relative transmissibility is much
more important since it is directly related to the actual de-
formation of the structural joint. Two types of transmissi-
bility can be introduced and the absolute transmissibility is

X k +ic
T|=|4|=|"=2 ;- 3
7| Y —mw +k+ic (3)
The other relative transmissibility is
X-Y VA
', -‘ Y‘- y = 1T-1] (4)

Eq. (3) presents the experimental vibration transmissibili-
ty and considering viscous damping, its mathematical ex-
pression is

2 . 4 2 2 2
X w, +2{ww,i w, +4 w o,

T| =
7] . - +2ww,i >

n

Y

B (0} -0) +4 0w

(5)
where @, is the resonant frequency and / is the damping
ratio of the dynamic system.

Eq. (5) is directly related to the modal information and
the maximum transmissibility occurs at resonance, which is

= 71 %L
‘ ‘ max 2{ M 2§

The resonant frequency and damping ratio are extracted
by experimental transmissibility and they are shown in
Fig. 8.

As can be seen from Fig. 7 and Fig. 8, with the in-
crease of excitation level, resonant frequency decreases

(6)

and the damping ratio increases, which means obvious
system nonlinearity along the joint boundary. It shows
that the resonant frequency decreases by 10.1%
damping ratio increases by 24.2% at the highest excita-
tion level in comparison with the lowest excitation level.
If a shift in the natural frequency takes place in a jointed
mass system, it can be inferred that the system must have
undergone changes in structural stiffness at its joint con-

and

nection, and it allows for more friction-induced slip-dis-
placement and gives rise to more overall energy dissipa-
tion per vibration cycle for high excitation level that re-
veals nonlinear damping.
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Extracted modal parameters for different base excita-

Fig. 8
tion levels. (a) Evolution of natural frequency with the increase of the
base excitation level; (b) Evolution of the damping ratio with the in-
crease of the base excitation level

2.2 Numerical modeling

According to Refs. [11 —12], the joint part usually has
multiple nonlinearities that contain a softening stiffness
and hardening damping due to the slip or tap at the con-
tact region and the modal quantity can be considered to be
dependent on several factors due to its inherent nonlineari-
ty or different boundary conditions, such as vibration re-
sponse amplitude, excitation frequency range or tempera-
ture etc. The experimental data shows that the dominant
mode is well separated from other resonances, so it needs
to define a governing function representing the bolted
joint interface for system parameters identification. Sub-
jected to a base excitation, the assumed model that con-
tains the linear spring, viscous damper and corresponding
nonlinear part is shown in Fig. 9.

Mx +cy(X =) +c,(x=Y) |x=y | +¢,(x-y)" +
(=37 [x-y | +k(x-y) +k(x-y) [x-y]| +
ky(x =) +k(x=y)* |x-y| =0 (7
If the mode is normalized, the mass is unified, and

it can be used for numerical modeling to describe the
nonlinear characteristics of the joints. Given the relative
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Fig.9 Schematic of SDOF system considering vertical motion
under base excitation

displacement between the mass and base as z = x —y and
supposing a mass motion as x = X sinw?, and X = Xwcoswt
and X = — Xo’sinwt, Eq. (7) is rewritten as

T+E2+E2 ‘ z ‘ +§2Z.3 +§3Z.3 ‘ z ‘ +Az+

Mzlz| #2078 0,7 | 2] = Yo'sinwt (8)

where the non-dimensional parameters can be presented as

S ¢ G G
“EW ST ST STy
k() kl k2 k3
M= My Ty Ty @

For a weak nonlinear system, the energy of the nonlin-
ear system is concentrated in the excitation frequency and
the primary harmonic response is dominant, so that super-
harmonics and the sub-harmonics can be ignored. The
steady-state solution of Eq. (8) based on the harmonic
balance method with the first-order approximation is as-

sumed in the form as
z(t) =Zsing = Zsin( wt + ¢) (10)

where ¢ is the phase; ¢ = wt — ¢; Z is the relative dis-
placement amplitude between the base and the mass.
Let
YA NAVART AR VA FA NN CID
fizhz+Azlz] +20,2 +20,2 | 2] (12)
Substituting Eq. (10) into f, and f,, it yields

f. =& Zwcosd + £, Z cos | cosd | +&, 7w’ cos’ P +

§3Z4a)40054qb (13)
fo = A Zsing + A, Z’sing \ sing |+ A, Zsin’ ¢ +
A Z'sin ¢ (14)

The function f, and f, can be approximated by Fourier
expansion up to the first order as

8 3 32
7= (go o f0Zt 60T+ W-‘z’)z (15)
f. = (,\0 +%AIZ+%AZZZ +:i/\323)z (16)

Therefore, following the HBM with the first-order ex-
pansion, the nonlinear element induced by the nonlinear
mechanisms due to joints can be defined as the function
of relative displacement amplitude, and the modal stiff-
ness and damping coefficient under normalized mass can
be written as

8 3 32
c(z)zgo+§§1V+Z§zvz+E3v3 (17)
83 e 32
MZ) =ho+ 3 MZ+ b7+ M2 (18)

where V = wZ is the relative velocity; f. =c(Z)Z and f, =
k(Z)z. Then, nonlinear force can be depicted as a poly-
nomial form as the function of relative displacement or
velocity. Therefore, Eq.(8) can be rewritten as

Z+c(2)7+k(Z)z =Y sinwt (19)

Transmissibilites have been obtained for different base
excitation levels ( see Fig. 7), and the system’s stiffness
and damping can be calculated from the vibration trans-
missibilities. If the stiffness and damping element corre-
sponding to each relative response amplitude is obtained,
all these elements can be fitted as a function of the rela-
tive response amplitude, as shown in Fig. 10(a) and Fig.
10(b), which can be employed to detect the type of a non-
linear element according to its variation trend. The results
can be used to describe the nonlinear effect and regarded as
representations of internal nonlinear forces in the system.
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The equivalent stiffness and damping function of the
relative response have been defined for each base excita-
tion level as above and the fitting results are as follows:

k(Z) =1.322¢° —-4.661¢°Z +3.748e" 2" -6.535¢" 7
(20)

c(V) =150.8 +314.7V +3048V* —4.991¢e*'V’  (21)

Then, Eqs. (20) and (21) are compared with the
equivalent analytical function Eqgs. (17) and (18) that are
derived from the harmonic balance method only consider-
ing the fundamental responses. According to the function
representation of the nonlinearity, by the function of rela-
parametric identification of the type of
nonlinearity in a structural joint can be conducted. Also,
the linear and nonlinear elements in the assumed joint
mode Eq. (8) can be obtained as &, =1.322 x 10°, &, =
—-5.49 x10%, £ =4.997 x 10", £, = =9.649 x 107, A,
=150.8, A, =370.6, A, =4 064, A, =7.346 x 10*,
which is used for linear and nonlinear modal parameter
identification. Although the identified results are simple
and cannot reflect the physical essence of micro or macro
slip at the interface, they represent an accurate model in-
stead of a complex one!'™" .

tive response,

It can be employed to predict the vibration response at
the given excitation level for experimental observations.
The proposed joint model considering nonlinear stiffness
and damping force is used to predict the experimental ob-
servations presented in Fig. 11 for 0.5, 7 and 11 m/s’
base excitation. The results show that the response predic-
tions obtained by using the identified parameters in vicini-
ty of resonances are in good agreement with the experi-
mental and predicted responses. The experimental meas-
ured responses are also demonstrated in Fig. 11, which
show that the method has the ability to identify system pa-
rameters within a certain weak range with certain ideal ac-
curacy. The identified nonlinear force in Eqgs. (15) and
(16) can be represented by polynomial order approxima-
tion instead of the unduly complex one. Note that the
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Fig.11 Measured and simulated transmissibilities for 0.5, 7
and 11 m/s’

fitting result by vibration transmissibilities and its mathe-
matical model is only sufficient to respond to a nonlinear
property within a certain range and a broader range of ex-
citation values far away from the tuning region is not rec-
ommended, which will cause a larger error.

3 Conclusions

1) The structural joint system and its uncertainty
boundary usually result in nonlinear behavior that can be
observed by the drastic shift in natural frequency or the
response peak. Meanwhile, lower pretension will de-
crease the stiffness and give rise to greater frictional
damping capacity and lead to stronger nonlinearity and
uncertainty for low pretension contrition.

2) The standard vibration test is conducted for different
base excitation levels and experimental results based on
vibration transmissibiities are obtained for nonlinear iden-
tification. Obtained parameters can be fitted with a suit-
able basis function of the response displacement over the
turning excitation range. Its application has been illustra-
ted by a real mass joined to the shaking table and it can
be used to describe the nonlinearity of the vertical motion
mode.

3) According to the harmonic balance method, the
nonlinear element of the assumed joint model can be char-
acterized. Moreover, it is confirmed that a higher-order
type nonlinear spring and damping force dependent upon
the relative vibration amplitude can be used to describe
the nonlinearity of a structural joint with a certain accura-
cy. It has been validated that vibration response predic-
tion is in good agreement with the curves measured by
numerical analysis.
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