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Abstract: At the initial phase of the mechanical product development, it is very important to effectively obtain the modal
damping ratio of the bolted joint structure for accurately predicting dynamic response. The energy dissipation has been es-
timated using a finite element model incorporating the effect of pretension force of the bolted joint. First, the modal damp-
ing ratios of the first four modes are extracted by experimental method. Secondly, the lap joint finite element model with
pretension force parameter is constructed and based on which, modal analysis of the structure is conducted. The modal
shape scaling results are used as the boundary conditions of the finite element model and the energy dissipations and mo-
dal damping ratios of the lap joint under different pretension forces are calculated out. By comparing the numerical calcu-
lation result and the experimental result, the validation of the damping prediction approach proposed in this paper is

proved.
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1. INTRODUCTION

A lot of engineering structures in vehicles and carrier
rockets are consisted of the parts fastened by bolted joints. In
dynamical environment, the main sources of energy dissipa-
tion and structure damping are from interface frictions of the
joints [1-3]. Compared to material damping, the damping of
the joints is more difficult to predict. In engineering projects,
we usually identify the modal damping ratios via modal ex-
periments on the final structure and apply the modal damp-
ing ratios to the analysis of structure response.

In 2001, Sandia National Laboratories issued the white
paper of “On the development of methodologies for con-
structing predictive models of structures with joints and in-
terfaces”, the main idea of which aims at improving the de-
velopment procedure of the mechanical products [4].
Namely, the damping prediction should be introduced at the
design stage rather than identified at the final structure stage.
After that, lots of scholars have been devoted themselves to
the studies of the bolted joint energy dissipation and damp-
ing prediction technologies.

In experimental research, the classic ones are the big
mass device experiment by Sandia and the dumbell joints
experiment by Gaul [5-7], the main feature of which is ob-
taining the tangential damping characteristics of the isolated
lap joint by plenty of physical tests.

In calculation and analysis, many scholars use the one-
dimensional continuum model to study the micro-slip and
energy dissipation of the lap joint [8-10]. Lobitz et al. con-
structed a two-dimensional model of the lap joint and
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utilized the finite element method to study the energy dissi-
pation characteristics of lap joint [11]. Nanda et al. con-
ducted plenty of researches on the first-order bending damp-
ing of the two overlapped steel plates [12]. Hirai et al. con-
structed the three-dimensional model of the lap joint and
studied the energy dissipation and damping characteristics of
the bending vibration modes of the lap joint [13]. But he
simplified the joint as a rigid element ignoring the effect of
the preload on the modal damping.

In order to predict the modal damping of the bolted joint
structure, this paper proposes a finite element method which
considers the effect of pretension forces on the damping.
First, modal experiments under different tightening torques
for the lap joint were conducted to extract the modal parame-
ters and verified the effect of the preload on the modal
damping. The finite model of the lap joint was constructed
and modal analysis of bolted joint structure under preload is
conducted. The obtained mode shapes are scaled and then
applied to the non-linear finite model as the enforced dis-
placement boundary conditions. Then the energy dissipation
of the lap joint and the modal damping ratios are obtained by
calculation. At last, by comparing the numerical calculation
result and the experimental result, the validation of the
damping prediction approach proposed in this paper is en-
sured.

2. STUDAY OBJECT

Fig. (1) shows the geometries and dimensions of the
bolted lap joint. The structure is consisted of two long plates
and two short plates. This structure is bilaterally symmetrical
and each side has six M8 bolts to connect the four parts as a
whole. The size of the long plate is 500mm*100mm*4mm
and the short plate is 230mm*100mm*4mm.
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Fig. (1). Geometries and dimensions of the lap joint.
3. MODAL EXPERIMENTS AND MODAL PARAME- Table 1. The main device and software used in the modal
TER IDENTIFICATION experiment.
According to the geometries described in section 2, we
manufactured the lap joint and conducted modal experiments Device Model | Froduction Usage
on it. There are two purposes of the modal experiments. The name place
first one is to obtain the modal damping ratios under differ- ] .
. . . . Test For Mayahtttin | Data acquisition and modal
ent tightening torques, which will be compared to the nu- 6m3 .
. . . I-deas Canada parameter extraction
merical results. The second one is to obtain the response of a
specific point, which provides a reference displacement EMX VTIin b o d
when using the enforced displacement method to calculate America ata acquistion front en
the energy dissipation.
. . PCB in Producing excitation sig-
The devices of the constructed modal experiment plat- Hammer | 086C03 | . o nals
form are shown in Fig. (2) The structure is hung on the elas- ‘ : 4
tic rubber ropes to simulate the free-free boundary condition. Force sensor | 208C02 PCB in Producing acceleration
. America signals
Two acceleration sensors are placed at the left end of the
lap joint. By roving the hammer, the frequency response Acceleration |, )5 PCB in Producing acceleration
function of all points is obtained. The main device and soft- sensor America signals

ware used in the experiment are listed in Table 1.

Fig. (2). Site map of the modal experiment.

The frequency response functions under different tighten-
ing torques are tested. The tightening torques are respec-
tively 2 Nm, 4 Nm and 8 Nm regulated by a digital torque
wrench. Based on the frequency- response functions, the
modal damping ratios are extracted and listed in Table 2.

As it can be seen from Table 2, for the studied lap joint,
the changes in tightening torque has little effect on the natu-
ral frequencies but has a large effect on the modal damping
ratios.

4. NUMERICAL CALCULATION OF MODAL DAMP-
ING RATIOS

This section constructs the finite element model of the
bolted joint structure. The energy dissipation due to interface
friction and modal damping ratios are obtained by calcula-
tion.

4.1. Calculation Procedure for Modal Damping

Fig. (3) shows the calculation procedures for energy dis-
sipation and modal damping ratios. First, a finite element
model with contact elements is constructed. Statics calcula-
tion is conducted on this model when it is subjected to bolt
pretension force, based on which, modal analysis with pre-
stress is conducted and modal results are obtained. The scal-
ing modal shapes are taken as the boundary conditions and
applied to the model. The static calculation provides the field
output results of the contact zone, such as the contact pres-
sure, contact area and slip displacement. At last, according to
the field output result, the energy dissipation due to friction
can be calculated and based on which, the modal damping
ratios can be estimated.

4.2. Finite Element Model of the Bolted Joint Structure

The Finite element model is built in the nonlinear finite
element software, Abaqus. The finite element meshes are
shown as Fig. (4) In the model, all the elements are



624 The Open Civil Engineering Journal, 2015, Volume 9

Sun and Liao

Table2. Modal parameters of the lap joint under different tightening torques.
Order 2 Nm 4 Nm 8 Nm
Frequency Damping ratio Frequency Damping ratio Frequency Damping ratio

(Hz) (%) (Hz) (%) (Hz) (%)
1 24.9 0.65 25.0 0.41 25.0 0.27
2 58.1 0.35 58.2 0.16 58.2 0.08
3 135.7 1.38 136.9 0.62 137.0 0.45
4 164.5 0.70 165.6 0.44 165.9 0.42

incompatible mode eight-node brick element, C3DS8I [14].
The components material is S30408 stainless steel, the elas-
ticity modulus of which is 193 GPa, poisson ratio is 0.3 and
density is 7.93*103 Kg/m3.
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Fig. (3). Flowchart of modal damping prediction.

Fig. (4). Finite element mesh of the bolted lap joint.

The interaction surfaces of one bolted joint will form four
contact pairs. Penalty method, benefit for convergence
calculation, is employed to model the contact normal
behavior while penalty method and Coulomb's law are
employed to model the tangential behavior. The friction
coefficient between the steel plates is measured here in an
independent test, by inclining plates under gravitational
loading and observing the angle at which sliding starts. The
estimated friction coefficient was in this way determined to
p=0.13.

Once the contact mechanics model set up, pretension
force should be applied to the bolt. The pretension force
value is actually a calculated quantity from the short form
torque-preload equation [15]. Bickford states the equation as

Tet-F-D (1)

Where T, k, Fn and D are the input torque, the nut factor,
the achieved pretension force and bolt’s diameter, respec-
tively. For the case of bolted joints with steel-steel inter-
faces, 0.15<k<0.25. This paper assumes the nut factor is
0.20. The pre-tightening forces are 1250 N 2500 N and
5000 N when the tightening torques are 2 Nm 4 Nm and 8§
Nm, respectively.

4.3. Statics Calculation and Modal Analysis

In order to consider the effect of pretension force on the
modes of the joint, Abaqus performs none-liner statics
analysis before performing the modal analysis and obtains
the practical contact state, contact stiffness and pre-stress, as
well as updates the stiffness matrix [K] of the system. The
following modal analysis utilizes the updated stiffness ma-
trix, ensuring the accuracy of the modal analysis.

The mode shapes of the first four orders are shown in
Fig. (5).
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Fig. (5). Mode shapes of the bolted joints structure.

As it can be seen, the first three shapes present bending
modes and the fourth shape presents torsional mode. Where,
the first mode shape and the third mode shape are symmetric
with respect to the central plane vertical to the paper plane.
And the second mode shape and the fourth mode shape are
anti-symmetric with respect to the central plane.

The mode shape reflects the relative displacement ratios
of all freedom degrees of the model. The default normalized
maximum displacement obtained by Abaqus is equal to 1.
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4.4. Calculation of the Modal Damping Ratio

4.4.1. Contact Analysis with Enforced Displacement
Boundary Conditions

Contact analysis is a kind of none-liner calculation, the
result of which is related to the magnitude of the load. This
paper assumes the bolted joint is within the range of linear
vibration. Namely, under small vibration magnitude, the mo-
dal damping ratio is none related to the vibration magnitude.
In order to obtain a referable enforced displacement, the ac-
celeration response signals at the position shown in Fig. (2)
are collected and by filtering around the first order natrual
frequency, signals in time domain are obtained. At this time,
we convert the maximum value of the acceleration signals to
the maximum value of the displacements, which is about
0.6mm. The applied enforced displacement at this time is
defined as the scaling modal shape and the scaling factor R
is 0.6. In the analysis process, the applied enforced dis-
placement increments form 0 to the maximum value, and
divided into 50 increments.

The field output results of each increment step are calcu-
lated out. Fig. (6) shows the typical results of the contact
pressure distribution of the first order and the forth order.

The first order

CPRESS
+

Fig. (6). Contact pressure distribution (upper surface of the two
long plates).

As it can be seen, the first mode presents the symmetri-
cal bending shapes so the pressure distribution is also sym-
metrical. Apart from the zone around bolted joints, the
maximum contact pressure lies on the left and right edges of
the contact area. And the fourth mode presents torsional
mode so the contact pressure distributes in anti-symmetrical
form. The maximum contact pressure lies on the outer junc-
tion of the crossed edges.

4.4.2. Calculation of Modal Damping Ratio
The friction energy dissipation can be calculated by
50 S0 N o
AW, =3 AW/ =3 uplals/ )
j=1 Jj=1 =1

Where, AWr denotes the total energy dissipation of 1/4
vibration cycle, which is the total energy dissipation of the
50 increment steps. AWrj denotes the energy dissipation of
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the rth mode and j step. p denotes the friction coefficient. pij,
aij and sij respectively denote the contact pressure, contact
area and slip displacement of rth mode, i element and j step.
N denotes the number of the contact element.

Abaqus provides node slip displacement values in two
orthogonal directions, i.e. slipl and slip2 [14].

s/ =(slipl) ) +(slip2] )’ 3)
The modal damping ratios are calculated by
AW,
=="r 4
¢, <E “4)

r

where, {r denotes the modal damping ratio of the rth
mode. Er denotes the modal kinetic energy of the rth mode,
which is defined by formula (5) [16].

1,5 T
Er :ERI‘ wr {(pr} [M]{(Pr} (5)

where, {¢r} denotes the modal shape of the rth mode.
[M] denotes the mass matrix of the finite element model.

The modal damping ratios under different torque forces
of the former four orders are calculated. In order to compari-
son, the modal damping rations respectively obtained by
calculation and experiment are put together in Fig. (7).
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Fig. (7). A comparison of modal damping ratios under different
torque forces between calculation and experiment.

As it can be seen, on the overall trend, the modal damp-
ing ratios obtained by calculation and experiment are consis-
tent, which indicates the reasonability of the mothod. Sec-
ondly, whether from the experiment result or the simulation
result, the modal damping ratio decreases with the increasing
of the tightening torques. Thirdly, the calculation result is
lower than the experiment result. The reason may be the en-
ergy dissipation of the hanging ropes at experiment increases
the structure damping ration or the nut factor is not given by
a sufficiently accurate value, etc.

CONCLUSION

This paper proposes a method of predicting modal damp-
ing ratios of the bolted joint structure by using the finite
element model. The method incorporates the pretension
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force into the finite element model and calculates out the
modal damping ratios under different pretension forces. The
calculation result agreed well with the experiment result,
which proved the conclusion that the modal damping ratio
was negatively correlated to the pretension force, as well as
the reasonability of the modal damping prediction method.
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