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Abstract. One of the most significantly deteriorated causes of bridge bearing failure is the
resonance under various vibration conditions. It is important for bridge engineers to prevent
the phenomenon, also called resonance, occurs to provide large amplitude vibrations when
the bridge is being forced to vibrate at its natural frequency. This may lead to failure of the
bridge structure under resonant vibrations. Common bridge bearings cannot well perform
when vibrated large for example elastomeric bearings. This is because they do not have adequate mechanical properties to resist extremely various loads. Therefore, the concept of using
metastrcutures to gain superior mechanical properties inspired us to generate a novel bridge
bearing model. Because of the nature of dynamic forces on bridge structure, the vibration
characteristics of a novel bridge bearing are crucial in analysis and design processes. This
paper is the world’s first to focus on the comprehension of vibration characteristics of a novel
bridge bearing under free vibration. Through finite element method using Fusion 360 software, the numerical investigation of the modal parameters under dynamic condition was carried out for the novel bridge bearing. Also, there is a comparison of the free vibration results
between the free-free and fixed boundary condition, in order to observe the influence of various boundary conditions responding to fundamental frequencies and mode shapes of a bridge
structure. Additionally, to verify and develop a numerical model of bridge element, the free
oscillation characteristics of the novel bridge bearing in different loads and boundary conditions are required. It is confirmed that vibration response measurements and parameters of a
novel bridge bearing will be useful for bridge engineers to determine the vibration-based deterioration or to remotely monitor the bridge bearing health, since it is obvious that typical
bridge bearing damage appears nearly at resonant frequencies of the bearings.
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INTRODUCTION

Bridge bearings also called isolators are extensively utilised in bridge engineering. Since
1950s, they have been employed as thermal expansion isolators for highway bridges and
seismic base isolation bearings for building applications, especially extreme acoustic environments. Bridge bearings are critical part of the bridge elements in a bridge system. According to a review in [1, 2], the isolation system using these bearings are able to provide an
element with high stiffness in one direction and high flexibility in one or more perpendicular
directions. Also, the key functions of bearings for building and bridge applications are not only to transmit and accommodate loads and lateral deformations between the superstructure
and the superstructure of a bridge, but also they support the weight of the superstructure [3].
Besides, bearings used for bridge application purposes should be more considered in design
than those used for building application, due to additionally rotational deformations induced
by girders [4].
The concept of combining horizontal flexibility and vertical stiffness is strongly suggested to be used in design of typical bridge bearings [2]. For example, these common bearings
consist of rubber pads laminated with reinforcement materials (i.e. steel plates). Over decades,
the development of a novel design of bridge bearings with fibre reinforcement has been widely researched. Compared to bridge bearings reinforced by steel-reinforced bearings are relatively heavy because of the steel reinforcement plates [5]. Additionally, the cost of these
bearings is high due to the labour severe fabrication process [5]. Therefore, the benefits of utilising fibre reinforcement in bridge bearings are simplicity of installation, lightweight, better
damping properties, high base isolation performance and lower stresses in rubber and fibre
layers [6].
A main element of a rubber bearing is the rubber pads, based on an investigation in [7].
They can be employed straight without being reinforced (e.g. plain rubber isolators), or the
pads can be laminated with reinforcing materials, providing a high tensile capacity for rising
the vertical stiffness of the bearing by dominating buckling of the rubber [3]. A review in [8],
Caltrans stated that for the entire structure, the selection of seismic rubber isolators with reinforced materials is dependent on the preferred type of an isolator.
According to [2], a rubber bridge isolator can be sensitive to a buckling type of instability identical to that of a common column, but controlled by the low-shear stiffness of an isolator. Reviews in [9, 10], bridge bearings should have adequately vertical stiffness to transfer
service loads and besides be capable to facilitate the horizontal or rotational movements occurred in the girders. The bearings having adequate stiffness in vertical direction can well perform to limit the buckling behaviour and also can reduce the risk of leading to accelerated
bridge failure to the bridge structure [11]. For instance, damage is not allowed in bridge bearing under any expected actions [3].
One of the most common causes of bridge failure is the resonance phenomenon under
highly various vibrations. It is vital to comprehend the modal characteristics of structural
bridge elements for designing and to predict the vibrated behaviours of the bridge elements. In
terms of general bridge bearings, they should be developed for preventing possibly the resonance by using complex structures to reduce vibration. More recently, the use of metamaterials consisting of metastructures has a great momentum for many applications. Based on
studies in [12, 13] a common material having positive Poisson’s ratio, PR shows a special situation of swelling in perpendicular to compressive loading. On the other hand, a metamaterial
with negative PR exhibits shrink behaviour in a direction transverse to the direction of compression [14, 15]. Negative PR metamaterials express better mechanical properties and appli-
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cation prospects regarding lightweight [16], indentation resistance [17], vibration attenuation
[18, 19], impact resistance [20, 21], and energy absorption [22, 23].
Our simulation shown in the following chapter was inspired by the development of typical
bridge bearings using metastructures under dynamic condition which obtain superior modal
properties. Nevertheless, there is no study in the comprehensively numerical modal analysis
of novel bridge bearings in free oscillation. This study highlights the outcomes of a sensitivity
investigation of free oscillation characteristics of a novel bridge bearing. The simulation of
the bearing was investigated dependent on the finite elements, employing Fusion 360 software. The insight into dynamic will be useful for the study on non-destructive testing (NDT)
and health monitoring of bridge bearings.
2

THEORETICAL BACKGROUND OF MODAL ANALYSIS

One of the most approaches to determine the dynamic properties of systems in the frequency domain is the modal analysis. In this study, the main objective is to identify the dynamic
properties of novel bridge bearing components in terms of fundamental frequencies and mode
shapes through the finite element method. The formulas of motion for free vibrations of a
bridge bearing can be shown as follows [24-26].
In a dynamic network, the formula of motion of the network can commonly be denoted by:
(1)
Where [M] expresses the mass matrix, [D] represents the damping matrix, and [S] denotes the
stiffness matrix. The harmonic load applied to the network with magnitude, Q and loading
frequency ω is indicated by:
(2)
To be noted, a non-trivial solution to Formula (1) is
. Substituting the previous solution to Formula (1) and manipulating it with Formula (2), the formula of vibration is
obtained as follows:
(3)
With some manipulations, converting Formula (3) employing modal coordinates by employing
and the orthogonality principle, and it later yields
(4)
Recalling
by:

, Formula (4) can be re-written as presented

(5)
Later, the reacceptance of the network can be determined by:
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(6)
Therefore,
is the resonant frequency,
denotes the modal damping ratio.

denotes the mass-normalized mode shape, and

In terms of viscous damping (with critical damping ),

=

; for proportional damping

; and for hysteretic damping
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A FINITE-ELEMENT SIMULATION OF NOVEL BRIDGE BEARING

The dynamic finite element (FE) simulation of a novel bridge bearing in free vibration
was developed to investigate its dynamic response (i.e. natural frequency and mode shape).
The FE model was generated in Fusion 360 software, using 3.72E+06 linear tetrahedral components with 5.71E+06 nodes. In this paper, we also focus on the free vibration of our model
both free-free and fixed boundary condition. In terms of free-free boundary conditions, no excitation force was applied to the model, whilst the upper and lower surface of the model are
not fixed because of free-free condition. For fixed condition, it is similar to the free-free condition, but the lower surface of the model is fixed.
Figure 1 demonstrates the three-dimensional finite element model for a novel bridge
bearing. The honeycomb structure inspired us to create the engineered model. This is because
a honeycomb structure gives a material with a very low density and relatively extreme out-ofplane compressive and out-of-plane shear performance [27-31]. The material and dimensions
of the model geometry are based on the STANDARD DRAWINGS for Thai highway design
and construction [32]. As given in Table 1, it indicates the material and geometrical properties
of the FE model. A range of natural frequency investigations was carried out to evaluate the
standard of the FE simulation. It is significant to note that the material utilised in this simulation is merely nitrile rubber, thus it is strongly suggested to use composite materials for this
model, in order to acquire superior mechanical properties. Obviously, these components acting a bridge bearing can provide an expected estimation of bridge bearing’s vibration in freefree and fixed condition. However, this model should be verified with experimental data in
further research for public use in the near future.

Figure 1: Finite element model of a novel bridge bearing in the free-free and fixed condition.
Parameters
Material
Elastic modulus
Poisson’s ratio
Density
Model weight
Model volume
Model length

Rubber
2
0.49
1.2E-06
5.12
4.26E+06
300.00

MPa
kg/mm3
kg
mm3
mm
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Model width
Model height

300.00
250.00

mm
mm

Table 1: Engineering properties employed in the dynamic simulation.
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RESULTS

The outcomes of numerical modal analysis for the novel bridge bearing are shown in
Table 2 and Table 3 for free-free condition and fixed condition, respectively. For the two
bridge bearing models under free vibration with different boundary conditions, it was
observed that the fist twisting mode in vertical plane certainly controlled the first resonant
mode of oscillation in free-free condition. Whilst appearing the first rolling mode for fixed
conditions. For a free-free condition, the first five modes of free vibrations are shown in Table
2. Surprisingly, the minimum harmonic corresponded to the fundamental twisting mode, the
second harmonic to the first rolling mode, the third harmonic to the second rolling mode, the
fourth harmonic to the first shrinking mode, and lastly the fifth mode to the first buckling
mode.
However, it is different to the modes of vibration which were obtained for the bearing
model in the fixed condition. Table 3 exhibits the first five modes of free vibration in fixed
condition. Surprisingly, the minimum harmonic corresponded to the fundamental rolling
mode, the second harmonic to the first torsional mode, the third harmonic to the first
shrinking mode, the fourth harmonic to the second shrinking mode, and finally the fifth mode
to the third shrinking mode. The most dramatic change in fundamental harmonic between the
free-free and fixed condition was the second rolling mode in free-free condition, but the first
rolling mode in fixed condition, respectively. The highest frequency decrease was
approximately 47.36 percent. It is clear that the fixed support played an important role in
decreasing the frequency values of all vibration modes, except the twisting mode due to the
increase in the frequency values. In addition, it resulted in all the different mode shapes,
especially for the lowest fundamental frequency when compared to free-free condition.
According to a mention in [33], the effect of free vibration, there are several factors
affecting the natural harmonics and mode shapes, which are the mass, shape, constraint,
stiffness, and applied tensile or compressive loads of material and structure.
On the other hand, the validation of this simulation should be conducted by a comparison
between experimental data and numerical results, in order to obtain the improved model and
to be safely used in public. It is significant to note that these results are highlighted the
dynamic properties because of a development in health monitoring of bridge bearing elements
which one typically measures the dynamic behaviours in the bridge system by accelerometers
on the bridge bearing surface [34].

Mode no.

1

Mode shape

Natural
frequency
(Hz)

5.756

Behaviour

Twisting
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2

6.996

Rolling

3

8.308

Rolling

4

10.110

Shrinking

5

10.280

Buckling

Table 2: Natural frequencies of a conceptually novel bridge bearing (Hz) under the free vibration condition with
free-free boundary condition.
Mode no.

Mode shape

Natural
frequency
(Hz)

Behaviour

1

4.373

Rolling

2

7.528

Twisting

3

7.973

Shrinking
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4

11.080

Shrinking

5

12.120

Shrinking

Table 3: Natural frequencies of a conceptually novel bridge bearing (Hz) under the free vibration condition with
fixed boundary condition at the bottom surface.

5

CONCLUSION

Vibration characteristics of a novel bridge bearing play a major role in developing the realistic dynamic simulation of the bearing able to predict its dynamic response. The modal parameters of a novel bridge bearing in bridge system were investigated for modal analysis
under free vibration with two different boundary conditions, through the finite element method using 360 Fusion software. The three-dimensional model using a honeycomb structure
provides good mechanical properties and lightweight. Obviously, the resonant frequencies
connected with the lower mode of oscillation of novel bridge bearing were dramatically influenced by the support boundary condition. Additionally, the mode shapes, which can behave
the damaged condition of the novel bridge bearing, were affected by the fixed condition. To
sum up, the fixed boundary condition had a particular effect on the vibration mode shapes and
natural frequencies of a novel bridge bearing, particularly in the low frequency range. It is
suggested that the determined modal parameters of the novel bridge bearing components were
utilised to model bridge bearings where the influence of the boundary condition will be calculated. Nevertheless, the model should be created from composite materials that can provide
superior mechanical properties. Furthermore, additional research for experiments of the novel
bridge bearing fabricated by an additive manufacturing approach should be performed to
compare the results between simulation and experiment.
6

ACKNOWLEDGMENTS

The first author wishes to thank Royal Thai Government for his PhD Scholarship at the
University of Birmingham. The last author wishes to gratefully acknowledge the Japan Society for Promotion of Science (JSPS) for his JSPS Invitation Research Fellowship (Long-term),
Grant No L15701, at the Track Dynamics Laboratory, Railway Technical Research Institute
and at Concrete Laboratory, the University of Tokyo, Tokyo, Japan. The JSPS financially
supports this work as part of the research project, entitled “Smart and reliable railway infrastructure.” Special thanks to European Commission for H2020-MSCA-RISE Project No.
691135 “RIS-EN: Rail Infrastructure Systems Engineering Net-work” (www.risen2rail.eu).
Partial support from H2020 Shift2Rail Project No 730849 (S-Code) is acknowledged. In addition, the sponsorships and assistance from LORAM, Network Rail, RSSB (Rail Safety and
Standard Board, UK) are highly appreciated.

Pasakorn Sengsri, Charalampos Baniotopoulos, and Sakdirat Kaewunruen

REFERENCES
[1] P. Sengsri, M. R. Marsico, S. Kaewunruen, Base isolation fibre-reinforced composite
bearings using recycled rubber. IOP Conference Series: Materials Science and Engineering, 2019.
[2] JM. Kelly, A. Konstantinidis Dimitrios, Mechanics of Rubber Bearings for Seismic and
Vibration Isolation, John Wiley & Sons, Ltd., the edition first published 2011.
[3] AM. Yasser, TJ. Michael, Experimental assessment of utilizing fiber reinforced elastomeric isolators as bearings for bridge applications, Dept. of Civil Engineering, McMaster Univ., 1280 Main St. West, Hamilton, ON, L8S 4L7, Canada.
[4] F. Naeim, J. Kelly, Design of seismic isolated structures: from theory to practice, USA:
John Wiley & Sons, 1999.
[5] J. Kelly, D. Konstantinidis, Low-Cost Seismic Isolators for Housing in Highly- Seismic
Developing Countries. Istanbul, Turkey: 10th World Conference on Seismic Isolation,
Energy Dissipation and Active Vibrations Control of Structures; 28-31 May 2007.
[6] H. Toopchi-Nezhad, M. Tait, R. Drysdale, Testing and modeling of square carbon fiber
reinforced elastomeric seismic isolators. Struct Control Health Monit ,15(6), 876-900,
2008a.
[7] J. Kelly, D. Konstantinidis, Mechanics of rubber bearings for seismic and vibration isolation. Chichester, UK: Wiley, 2011.
[8] Caltrans, Bridge memo to designers. Section 7: bridge bearings. Sacramento, California,
USA: California Department of Transportation, 1994.
[9] M. Constantinou, I. Kalpakidis, A. Filiatrault, R. Ecker Lay. LRFD-based analysis and
design procedures for bridge bearings and seismic isolators. Report No. MCEER11e0004. Buffalo, New York, USA: Multidisciplinary Center for Earthquake Engineering Research, University at Buffalo, State University of New York, 2011.
[10] Y. Al-Anany, Fiber Reinforced Elastomeric Isolators for Bridge Applications. Ph.D.
thesis. McMaster University, 2016.
[11] AASHTO, LRFD Bridge Design Specifications. Washington, DC, USA: American Association of State Highway and Transportation Officials, 2012.
[12] KE. Evans, MA. Nkansah, IJ. Hutchinson, Molecular network design. Nature 353,124–
125, 1991
[13] KK. Saxena, Das R, EP. Calius, Three decades of auxetics research—materials with
negative Poisson’s ratio: a review. Adv Eng Mater 18(11), 1847–1870, 2016.
[14] HMA. Kolken, AA. Zadpoor, Auxetic mechanical metamaterials. RSC Adv 7(9), 5111–
5129, 2017.
[15] J. Robbins, S. J. Owen, BW. Clark, An efficient and scalable approach for generating
topologically optimized cellular structures for additive manufacturing. Addit Manuf 12,
296–304, 2016.
[16] BG. Compton, JA. Lewis, 3D-printing of lightweight cellular composites. Adv Mater
26(34), 5930–5935, 2014.

First A. Author, Second B. Author and Third C. Author

[17] LL. Hu, H. Deng, Indentation resistance of the re-entrant hexagonal honeycombs with
negative Poisson’s ratio. Mater Res Innov 19(sup 1), 442-445, 2015.
[18] I. Chekkal, C. Remillat, F. Scarpa, Acoustic properties of auxetic foams. High Perform
Struct Mater 6, 119–129, 2003.
[19] L. Boldrin, S. Hummel, F. Scarpa, Dynamic behaviour of auxetic gradient composite
hexagonal honeycombs. Compos Struct 149, 114–124, 2016.
[20] AA. Nia, SB. Razavi, GH. Majzoobi, Ballistic limit determination of aluminum honeycombs-experimental study. Mater Sci Eng A 488(1–2), 273–280, 2008.
[21] CJ. Yungwirth, HNG. Wadley, JH. O’Connor, Impact response of sandwich plates with
a pyramidal lattice core. Int J Impact Eng 35(8), 920–936, 2008.
[22] NA. Fleck, VS. Deshpande, MF. Ashby, Micro-architectured materials: past, present
and future. Proc Mathem Phys Eng Sci 466(2121), 2495–2516, 2010.
[23] D. Li, J. Yin, L. Dong, Strong reentrant cellular structures with negative Poisson’s ratio.
J Mater Sci 53, 3493–3499, 2018.
[24] DJ. Ewins, Modal Testing: Theory and Practice, Taunton Research Studies Press, 1995.
[25] H. He, Z. Fu, Modal Analysis, Great Britain Butterworth – Heinemann Publishers,
2001.
[26] S. Kaewunruen, AM. Remennikov, Sensitivity analysis of free vibration characteristics
of an in-situ railway concrete sleeper to variations of rail pad parameters. J. SoundVibr.,
298, 453–461, 2006.
[27] AK. Geim, Graphene: status and prospects, Science 324, 1530–1534, 2009.
[28] CN. Rao, AK. Sood, KS. Subrahmanyam, A. Govindaraj, Graphene: the new twodimensional nanomaterial, Angew. Chem. Int. Ed. 48, 7752–7777, 2009.
[29] DR. Dreyer, S. Park, CW. Bielawski, RS. Ruoff, The chemistry of graphene oxide,
Chem. Soc. Rev. 39, 228–240, 2009.
[30] MJ. Allen, VC. Tung, RB. Kaner, Honeycomb carbon: a review of graphene, Chem. Rev.
110, 132–145, 2010.
[31] OC. Compton, ST. Nguyen, Graphene oxide, highly reduced graphene oxide, and graphene: versatile building blocks for carbon-based materials, Small 6, 711–723, 2010.
[32] STANDARD DRAWINGS for Thai highway design and construction, Department of
Highways, Thailand, 2015.
[33] Fusion
360,
Product
Document,
Modal
Analysis.
Available
at:
http://help.autodesk.com/view/fusion360/ENU/?guid=GUID-AA92F5B7-AA22-4CE4B6EF-F67A9A7D2836.
[34] A. Remennikov, S. Kaewunruen, Experimental investigation on dynamic sleeper/ballast
interaction, Experimental Mechanics 46, 57–66, 2006.

