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ABSTRACT - Efficient and accurate finite element (FE) modelling of bolted joints is essential for Q:\;Lg;ﬁgtlf ;;%20
increasing confidence in the investigation of structural vibrations. However, modelling of bolted Accepted: 23t Apr 2020
joints for the investigation is often found to be very challenging. This paper proposes an appropriate

FE representation of bolted joints for the prediction of the dynamic behaviour of a bolted joint KEYWORDS

structure. Two different FE models of the bolted joint structure with two different FE element Finite element modelling;
connectors, which are CBEAM and CBUSH, representing the bolted joints are developed. Modal experimental modal analysis;
updating is used to correlate the two FE models with the experimental model. The dynamic dynamic behaviour,
behaviour of the two FE models is compared with experimental modal analysis to evaluate and gz:l’t‘;‘jj‘é’l?lfgt’”g’

determine the most appropriate FE model of the bolted joint structure. The comparison reveals that
the CBUSH element connectors based FE model has a greater capability in representing the bolted
joints with 86 percent accuracy and greater efficiency in updating the model parameters. The
proposed modelling technique will be useful in the modelling of a complex structure with a large
number of bolted joints.

INTRODUCTION

Bolted joints are the most common joining method widely used in numerous industrial sectors, such as the automotive
and construction industries. The key advantages of using bolted joints are due to its low cost, fast assembling work and
easy to disassemble. Bolted joints are observed to be the essential elements in increasing structural damping and
minimising the magnitude of the resonance of bolted structures [1-3].

The predictions of the dynamic behaviour of bolted structures can likely be performed efficiently using appropriate
finite element (FE) modelling. However, the modelling generally has limited factors in accurately predicting the dynamic
behaviour of the bolted structure due to especially the difficulty of creating reliable FE models of the bolts itself [4, 5].
Therefore, an appropriate and reliable modelling scheme of the bolted structure is significantly required and crucial in
ensuring the accuracy of the predicted results of the dynamic behaviour of the bolted joint structure.

One of the main criteria for the development of a reliable FE model of the bolted structure is about accurate modelling
of the bolts. A few FE based approaches, for instance, using FE element connectors such as CBAR [6, 7], CELAS [6, 7],
CBEAM [8-10] and CBUSH [11-13] have been extensively utilised to represent the bolts. However, many of the reported
studies do not reach a conclusion on the most appropriate elements that are applicable to represent the bolts in the bolted
joint structure. Therefore, this research will investigate the most appropriate representation of the bolts in the bolted joint
structure via the FE CBEAM and CBUSH element connectors.

This study put forwards a modelling scheme for developing an efficient FE model for a bolted joint structure,
concentrating particularly on the bolts modelling. A normal modes analysis is performed, and the predicted natural
frequencies and mode shapes are compared with the experimental modal analysis (EMA) counterparts. The most
appropriate representation of bolts is selected based on the total error recorded from the comparison. FE model updating
is used to update the initial FE model of the bolted joint structure in the light of experimental data and to improve the
accuracy and reliability of the FE model. The updated FE model of the bolted joint structure could be used confidently
for subsequent analyses.

FE MODELLING AND ANALYSIS

The FE modelling and analysis of the bolted structure was performed using the NX11 Simcenter 3D design software.
In this work, the bolted joint structure consisted of two plates with equal dimensions, namely Plate A and Plate B, which
are made of steel. The plates were joined together by using stainless-steel bolts and nuts of size M10. Each plate has a
length of 380 mm, a width of 45 mm and a thickness of 6 mm. Figure 1 shows the 3D CAD model of the bolted structure.
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Figure 1. 3D CAD model of the bolted structure.

Table 1 shows the material properties of Plate A, Plate B, and bolt and nut. The tabulated assigned values of Plate A
and Plate B are slightly varied as compared with that of the literature [14]. The material properties of Plate A and Plate B
are systematically adjusted using the FE model updating method adopted by previous researchers [15-18]. The use of the
FE model updating technique is mainly to improve the accuracy of FE models of Plate A and Plate B before they are
assembled to form a bolted structure.

Table 1. Material properties for Plate A, Plate B and, bolts and nuts

Property Plate A Plate B Bolt and nut
Young's modulus (N/mm?) 206 400 209 400 193 000
Shear modulus (N/mm?) 75 000 75 000 75 000
Poisson's ratio 0.302 0.316 0.27
Mass density (kg/mm?®) 7.458%106 7.45%10°6 7.86x10°6

The mid-surfaces of the 3D CAD models of Plate A and Plate B were extracted. The mid-surfaces, which are in the
form of 2D thin shell elements, were discretised into finite elements. Each meshed plate was created by using 992
CQUADS elements and 6 CTRI6 elements. CQUADS and CTRI6 elements were chosen for the meshing due to their
capabilities of producing more accurate results than the other element types [19]. The element size adopted in this study
was 5 mm. The size was selected after evaluating several convergent tests performed on the FE model with different mesh
sizes [20]. Figure 2 shows the FE model of the bolted structure.
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Figure 2. FE model of the bolted structure
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In the modelling of the representation of the physical stainless-steel bolts and nuts, two types of elements namely the
CBEAM and CBUSH elements used in this study, are compared to find the most appropriate representation of the bolt’s
shank [21, 22]. CBEAM is a beam element connector that supports the extension, torsion, bending in two perpendicular
planes, and the associated shear. On the other hand, CBUSH is a structural scalar element connecting two non-coincident
grid points, or two coincident grid points, or one grid point. Meanwhile, the bolt’s head and nut are presented by RBE3.
Figure 3 shows the cross-section of the bolted joint, which illustrates the representation of the bolt’s shank, bolt’s head
and nut.

< f RBE3

Bolt representation
(CBEAM / CBUSH)

Figure 3. Cross-section of the bolted joints

A rod-shaped fore section with a radius of 5 mm was used in modelling the bolt’s shank using CBEAM element.
Table 2 shows the physical properties of the CBEAM element. The CBEAM element was assigned with stainless-steel
properties as tabulated in Table 1.

Table 2. Physical properties entry for CBEAM

Parameter Value
Radius 5mm
Area (A) 78.54 mm?
Moment of Inertia (I, Iy) 490.87 mm*
Torsional Constant (K) 981.76 mm*

Modelling of the bolt’s shank using CBUSH requires a spring-type element with six-degree of freedom components.
Figure 4 shows the assignment of stiffness components’ numbering consist of axial stiffness K1, shear stiffness K, and
Ks, rotational stiffness K, Ks and Ke. Swift’s flexibility formula was used to calculate the shear stiffness K, and K3 [11,
23-27]. Table 3 shows the calculated value of the stiffness components of CBUSH element used in this work [28].

Table 3. Value of stiffness components of CBUSH element

Stiffness components Value
Axial stiffness, Ky 9.474x105N/mm
Shear Stiffness, Ko 5.403%x10° N/mm
Rotational Stiffness, K4 1.000x10%2 N.mm
Rotational Stiffness, Kss 3.458x10°N.mm
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Node 1

Node 2
Figure 4. Stiffness components of CBUSH

Normal modes analysis of the bolted structure was performed by using the solution type of SOL 103 Real Eigenvalues
of NX11 Simcenter to characterise the first ten natural frequencies and mode shapes. The predicted results were used as
the initial FE results in this study. The initial FE results were compared and correlated with the results of EMA.

EXPERIMENTAL MODAL ANALYSIS (EMA)

EMA is used to measure the characteristics of structural dynamics, which are the natural frequencies and mode shapes,
of the physically assembled bolted structure. In this work, the bolted joint structure was set-up for the experiment, as
shown in Figure 5. The EMA procedure and setup were adopted based on the previous similar studies done by other
researchers [29-31]. The bolted joint structure was assembled by joining two equally dimensional steel plates named as
Plate A and Plate B with stainless steel bolts and nuts. The bolted joint structure was suspended from a test rig by using
rubber bands to simulate free-free boundary conditions.

Figure 6. Triaxial accelerometer and directions
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Figure 7. Test equipment — LMS Test.Lab and impact hammer

Triaxial accelerometers, each with the sensitivity of 100 mV/g, were used to measure the responses in the x, y and z
directions, as shown in Figure 6, to extract complete responses of the bolted structure. The other equipment used in EMA
is the 16-channels LMS SCADAS Mobile system with the LMS Test Lab 16A software packages, as well as an impact
hammer with a sensitivity of 0.23 mV/N (Figure 7). The impact hammer was used to excite the bolted structure at a fixed
reference point.

FE MODEL UPDATING

FE model updating is an analytical method by which the accuracy and reliability of an FE model can be improved by
systematically adjusting the parameters of the FE model within an identified range [32, 33]. The method was employed
in this work to reduce the uncertainties introduced in the initial FE models as a result of invalid assumptions about model
properties. The selection of the parameters used for the FE model updating procedure is based on the results of the
sensitivity analysis [34].

In this work, the SOL 200 Model Update of NX 11 Simcenter 3D software was utilised in the effort to update the
initial FE models of the bolted structure. The first ten natural frequencies were incorporated in the objective function to
improve the correlation between the predicted and measured natural frequencies. The objective function used in this work
isasin Eq. (1) [16, 35]:

minz w; <w—le - 1) 1)
i=1 t
where w} is the i-th predicted frequency, oy is the i-th measured frequency, the weightage, W is set to unity and i = 1,
2,..., 10.

RESULTS AND DISCUSSION

In this study, the first step is to select the most appropriate FE model for the representation of a bolted joint structure.
Two different FE models were developed and analysed for the bolted joint structure. On the first FE model, the bolts were
modelled using CBEAM element connectors and the other one, CBUSH element connectors were used for the bolts. The
selection of the most appropriate FE model was made by evaluating the discrepancies, in terms of total errors, recorded
from the comparison of the natural frequencies and mode shapes obtained from EMA and the FE models [36, 37]. The
discrepancies recorded from the comparison were reduced using FE model updating by systematically adjusting the pre-
selected updating parameters to match the initial FE model to the test model [15, 16].

The comparison of the natural frequencies between EMA and the initial FE model of the bolted joint structure-based
CBEAM and CBUSH element connectors is shown in Table 4 and Table 5 respectively. The total error recorded from the
FE model with CBEAM element connectors is 20.93%, whereas the total error of the FE model with CBUSH element is
14.56%. The Modal Assurance Criterion (MAC) values calculated are in the well acceptable range which is of 0.91 to
0.99 for both FE models, indicating EMA and the initial FE models are in close agreement with each other (Figure 8 and
Figure 9).

The evaluation of the total error shows that the most appropriate FE model to represent the bolted structure is the FE
model with CBUSH element connectors. This finding is in line with the previous research conducted by [28]. Meanwhile,
the comparison of the total error between the FE model with CBEAM element connectors and the one with CBUSH
element is about 6.3%. The result of the comparison reveals that the FE model with CBUSH element connectors is the
most capable of being used to predict the dynamic behaviour of a bolt joint structure accurately.
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Table 4. Comparison of EMA and initial FE of the bolted joint structure using CBEAM element connectors

I Il. Il v.
Mode EMA (H2) Inlga;?[gil\\;lwth Error bet\éveen | &Il MAC
(H2) %)
1 75.1 74.3 1.07 0.98
2 200.8 202.0 0.60 0.94
3 404.9 396.7 2.03 0.99
4 469.3 447.0 4.75 0.95
5 630.8 626.8 0.63 0.97
6 674.4 648.7 3.81 0.96
7 1034.6 1006.6 2.71 0.94
8 1053.2 1060.4 0.68 0.91
9 1277.0 1250.6 2.07 0.95
10 1435.1 1472.2 2.59 0.94
Total error 20.93

Table 5. Comparison of EMA and initial FE of the bolted joint structure using CBUSH element connectors

l. 1. 11. V.
Mode EMA (H2) Initial FE(ﬁiZt)h CBUSH  Error bet(\(/);)e)en 1&1 MAC
1 75.1 75.3 0.27 0.98
2 200.8 202.4 0.80 0.94
3 404.9 401.6 0.82 0.99
4 469.3 446.9 4.77 0.95
5 630.8 632.6 0.29 0.97
6 674.4 661.3 1.94 0.96
7 1034.6 1018.9 1.52 0.94
8 1053.2 1067.5 1.36 0.91
9 1277.0 1278.4 0.11 0.96
10 1435.1 1473.8 2.70 0.94
Total error 14.56

Mode 1 EMA Mode 1 FE
Mode 1 MAC 0.98

7146 journal.ump.edu.my/jmes <«



R. Omar et al. | Journal of Mechanical Engineering and Sciences | Vol. 14, Issue 3 (2020)

Mode 2 EMA Mode 2 FE
Mode 2 MAC 0.94

Mode 3 EMA Mode 3 FE
Mode 3 MAC 0.99
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Mode 4 EMA Mode 4 FE
Mode 4 MAC 0.95
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Mode 5 EMA Mode 5 FE

Mode 5 MAC 0.97

Figure 8. Comparison of mode shapes between EMA and FE method with CBUSH element connectors for Mode 1
until Mode 5

Mode 6 EMA Mode 6 FE
Mode 6 MAC 0.96
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Mode 7 EMA Mode 7 FE
Mode 7 MAC 0.94

Mode 8 EMA Mode 8 FE
Mode 8 MAC 0.91

Mode 9 EMA Mode 9 FE
Mode 9 MAC 0.96

Mode 10 EMA Mode 10 FE
Mode 10 MAC 0.94

Figure 9. Comparison of mode shapes between EMA and FE method with CBUSH element connectors for Mode 6
until Mode 10

The total error calculated from the comparison of EMA and FE model with CBUSH element connectors of the bolted
joint structure was further reduced using FE model updating [32, 38]. As explained in the previous section, the sensitivity
analysis was carried out to select a few parameters of the FE model to be used to improve the natural frequencies of the
bolted joint structure systematically.

The results of the sensitivity analysis are summarised in Figure 10. The components K> cgust and Ks csush of the
CBUSH element connectors were selected as the updating parameters based on the value of sensitivity coefficient [35].
The FE model updating method of the bolted structure uses the Genetic Algorithms as the optimizer. The comparison of
results between EMA and the updated FE model is tabulated in Table 6. The total error recorded has reduced to 14.37%
with the parameters K csusn and K3 csush being used as the updating parameters.
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Figure 10. Sensitivity matrix of potential updating parameters

Table 6. Comparison of EMA and updated FE of the bolted joint structure using CBUSH element connectors

Mode
EMA (Hz) Upd(alm_té()j FE Error bet(\(/;oe)en 1 &Il

1 75.1 75.3 0.27
2 200.8 202.4 0.80
3 404.9 401.6 0.82
4 469.3 447.8 4.58
5 630.8 632.6 0.29
6 674.4 661.3 1.94
7 1034.6 1019 151
8 1053.2 1067.5 1.36
9 1277.0 1278.4 0.11
10 1435.1 1473.9 2.70

Total Error 14.37

The values of the updated parameters of K csusn and Ks csusn are shown in Table 7. It was observed that the values
of the shear stiffnesses Kz csusn and Kz csusn of the bolt’s CBUSH element connectors have increased from their initial
values. A slight increment of 1.1% has been recorded in K3 ceust, as well as an increment of 8.2% in K3 cgusn. These
results show that the shear stiffnesses of the bolted joints in the bolted structure have a significant influence over the
dynamic behaviour of the bolted joint structure. In other words, successfully identifying these two parameters using the
sensitivity analysis and systematically adjusting them in the light of experimental results leads to a significant
improvement in the accuracy of the updated FE model of the bolted joint structure, with 86 percent accuracy.

Table 7. Updated parameters for the FE model of the bolted joint structure

Parameter 1D Initial Value Updated Value Unit
K2 cBusH 540 314 546 257 N/mm
K3 caush 540 314 584 394 N/mm

CONCLUSIONS

Representation of a bolted joint structure using the finite element method is presented. The dynamic behaviour of the
bolted joint structure in terms of natural frequencies and mode shapes are determined and validated using the finite
element method and experimental modal analysis. The sensitivity analysis has been successfully used to determine the
most influential updating parameters, which are the stiffnesses of the bolts. Results show that the CBUSH element
connectors based FE model has a greater capability over CBEAM element connectors based FE model in representing
the bolted joints with 86 percent accuracy and greater efficiency in updating the model parameters. The developed
representation of the bolted joints can be used for modelling other complex bolted joint structures.
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