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Abstract. Multi-material structures are going to be a main scheme to construct automobiles. 

For the construction of multi-material structures, techniques to join dissimilar materials are 

required. The major joining techniques are classified into welding, adhesion and mechanical 

fastening such as bolted joints and riveting. Especially, bolted joints enable joining of metallic 

materials (steel and aluminium alloy, etc.) and non-metallic materials (CFRP, etc.) with high 

joint strength. However, the total stiffness of structures with bolted joints is relatively low 

because interfaces in bolted joints just contact each other, and its interfacial stiffness is lower 

than elastic modulus of base materials. Moreover, interfacial stiffness of bolted joints depends 

on clamping force of bolt and nut. This study has proposed an interfacial element for finite 

element modal analysis of bolted joints. The interfacial element simulates interfacial stiffness 

of bolted joints. Contact of interfaces is assumed to be the Hertzian contact of elastic 

asperities whose peak heights obey the Gaussian distribution. Based on this assumption, the 

stiffness of the interfacial element is derived from the compressive stress and the surface 

texture of the interfaces. By using the finite element model with the interfacial element, the 

modal analysis computes the natural frequency and the vibration mode. Finite element 

simulations and hammering tests have been conducted with several bolted joints. In general, 

the natural frequency of the bolted joints in the hammering tests increases with the increase in 

the clamping force, but it is lower than the calculation results in which the stiffness reduction 

of the jointed interfaces is ignored. The calculation results by using the proposed interfacial 

element agree with the hammering tests. Therefore, the proposed interfacial element 

contributes to improvement of modal analysis of bolted joints by mathematically modelling 

stiffness reduction of jointed interfaces based on tribology. 
 

 

1 INTRODUCTION 

Multi-material structures are going to be a main scheme to construct automobiles. For the 

construction of multi-material structures, techniques to join dissimilar materials are required. 

The major joining techniques are classified into welding, adhesion and mechanical fastening 

such as bolted joints and riveting. Especially, bolted joints enable joining of metallic materials 

(steel and aluminium alloy, etc.) and non-metallic materials (CFRP, etc.) with high joint 
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strength. In order to achieve further weight saving, bolted joints are sometimes applied to 

strengthen adhesion whose joint strength is much lower than bolted joints [1–4].  

However, the total stiffness of structures with bolted joints is lower than that of welding 

parts because interfaces in bolted joints just contact each other, and its interfacial stiffness is 

lower than elastic modulus of base materials. Moreover, interfacial stiffness of bolted joints 

depends on clamping force of bolt and nut. The estimation of the interfacial stiffness is one of 

the most important concerns for the design of structures in that interfaces of joint parts are 

often the weakest part in the structure. In the field of tribology, contact mechanics and 

mathematical models of micro asperities have been discussed [5–10]. The general approach 

seems to assume that the peak heights of the asperities obey the Gaussian distribution and 

each contact of the asperities is the Hertzian contact. With the development of computational 

approaches, some studies in recent years have utilized the finite element method (FEM) for 

the contact analysis of the interfaces in microscale [11–14]. These studies have measured or 

preliminarily presumed the surface profile of the interfaces and created the finite element (FE) 

model of the micro asperities. Although the contact analysis by using the surface profile of the 

interfaces in microscale is one of the accurate estimations, the contact analysis takes large 

computation cost if macroscale phenomena such as vibration of structures are simulated. 

This study has proposed an interfacial element for finite element modal analysis of bolted 

joints. The interfacial element simulates interfacial stiffness of bolted joints. Contact of 

interfaces is assumed to be the Hertzian contact of elastic asperities whose peak heights obey 

the Gaussian distribution. Based on this assumption, the stiffness of the interfacial element is 

derived from the compressive stress and the surface texture of the interfaces. By using the 

finite element model with the interfacial element, the modal analysis computes the natural 

frequency and the vibration mode of the bolted joints.  

The previous paper has shown the validity of the proposed interfacial element only in the 

simplified case that thread surfaces and seating surfaces are ignored and there is one interface 

in specimens [15]. However, effect of thread surfaces and seating surfaces on the natural 

frequency has been little investigated, and actual structures often have multiple joint parts. 

This paper discusses effects of thread surfaces, seating surfaces and multiple joint parts as 

further study. In order to investigate these details, finite element simulations and hammering 

tests have been conducted with several bolted joints. 

 

2 INTERFACIAL ELEMENT [15] 

Figure 1 shows the contact model of nominally flat surfaces. As shown in the left of Fig. 1, 

the pieces 1 and 2 are joined by the compressive stress 𝑝𝑧. z-axis is defined along the normal 

direction of the interfaces of the pieces. x-axis and y-axis are defined to be normal to each 

other as shown in Fig. 1. The contact model describes the contacts of the spherical asperities 

shown in the middle of Fig. 1. The orthotropic model shown in the right of Fig. 1 simulates 

the interfacial stiffness. The total height of the asperities is L, and the gap between the mean 

planes of the asperity peak heights is d. The elastic modulus 𝐸𝑧, 𝐺𝑦𝑧 and 𝐺𝑧𝑥 are derived by 

the following process, and the elastic modulus on the other directions is set to zero. 

Assuming that the asperity peak heights obey the Gaussian distribution and the contact of 

asperities is the Hertzian contact, the relationship between the nominal compressive stress 𝑝𝑧  
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Figure 1: Contact model of nominally flat surfaces 

and the gap 𝑑 is described by using the homogenized elastic modulus 𝐶 as follows [6]. 

𝑝𝑧 = 𝐶 ∙ 𝐹5/2(𝑑) (1) 

where 
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Using the subscript 𝑖 as the identifier for the piece 𝑖 = 1, 2, 𝜎𝑖 is the standard deviation of the 

asperity peak heights of the piece 𝑖 . The homogenized elastic modulus 𝐶  is described as 

follows. 
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where 𝜂𝑖 is the number of the asperity peaks per unit area, and 𝛽𝑖 is the mean radius of the 

curvature at asperity peaks. 𝐸𝑖 and 𝜈𝑖 are the Young’s modulus and the Poisson’s ratio of the 

base material of the piece 𝑖, respectively. 

Assuming that the small displacement occurs in the vibration of the specimen, the z-

direction Young’s modulus of the interfaces can be described as follows. 

𝐸𝑧 = −
𝜕𝑝𝑧

𝜕(𝑑 𝐿⁄ )
= (
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Similarly, Björklund derived the relationship between the shear stress and the displacement 

tangential to the interfaces under the compressive stress 𝑝𝑧 based on the Mindlin’s theory [8]. 

Assuming that the stiffness in the tangential direction to the interfaces is isotropic, the shear 

modulus is described as follows. 

𝐺𝑦𝑧 = 𝐺𝑧𝑥 = 4 (
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where 𝐺𝑦𝑧  is the shear modulus at the y-surface in the z-direction, and 𝐺𝑧𝑥  is the shear 

modulus at the x-surface in the z-direction. 𝐺𝑖 (𝑖 = 1, 2) is the shear modulus of the base 

material of the piece 𝑖. In the FEM using the above model, the finite element whose elastic 

modulus are given by Eq. (5) and Eq. (6) is inserted into the interfaces. The finite element is 

named as the interfacial element, hereinafter. 
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3 EXPERIMENT 

3.1 Specimen and FE model 

This study has prepared two types of bolted joints: single bolted joint and L-shaped bolted 

joint. Figure 2 shows components of the single bolted joint. The single bolted joint is 

composed of a set of M36 bolt, M36 nut and collar. All of them are made of steel (Young’s 

modulus 𝐸𝑖 = 210 GPa, Poisson’s ratio 𝜈𝑖 = 0.3, mass density 𝜌𝑖 = 7860 kg/m3). Figure 3 

shows FE model of the single bolted joint. The FE model is composed of 8 nodes hexahedral 

elements. The total numbers of nodes and elements are 9190 and 6687, respectively.  

Figure 4 shows schematic of the L-shaped bolted joint. The L-shaped bolted joint is 

composed of two aluminum plates and an aluminum bracket (Young’s modulus 𝐸𝑖 = 68.3 

GPa, Poisson’s ratio 𝜈𝑖 = 0.34, mass density 𝜌𝑖 = 2700 kg/m3) fasten by 15 sets of M6 steel 

bolt and nut (Young’s modulus 𝐸𝑖 = 210 GPa, Poisson’s ratio 𝜈𝑖 = 0.3, mass density 𝜌𝑖 = 

7860 kg/m3). Figure 5 shows FE model of the L-shaped bolted joint. Taking account of the 

symmetry, the FE mesh is applied on a half of the L-shaped bolted joint and the FE model is 

also composed of 8 nodes hexahedral elements. The total numbers of nodes and elements are 

13937 and 9503, respectively. 

 

           

Figure 2: Components of single bolted joint 

       

Figure 3: FE model of single bolted joint 
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Figure 6 shows interfacial elements in the FE models. The interfacial elements are inserted 

into all of the interfaces in the single bolted joint, and the interfaces between the plates and 

the bracket in the L-shaped bolted joint. The thread surfaces and the seating surfaces of the L-

shaped bolted joint are ignored by taking into account the result of the single bolted joint 

described later. 

 

     

Figure 4: L-shaped bolted joint 

     

Figure 5: FE model of L-shaped bolted joint 

     

Figure 6: Interfacial elements (white lines) in FE models 
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3.2 Test procedure 

Figure 7 shows pictures of the experimental setups. Surface profiles of the interfaces of the 

bolted joints were measured by the surface roughness meter (SJ-411 made by Mitutoyo 

Corporation) before assembling and after disassembling the bolted joints. The surface profiles 

were not changed by the assembling. Table 1 shows the surface texture parameters derived by 

the surface profiles. 

In the hammering test, the bolted joints were put on soft sponges, and two acceleration 

pickups (NP-3211 made by Ono Sokki Co., Ltd) were attached to the bolted joints. The 

clamping force of the bolts and nuts were measured by the pressure measurement films 

(Prescale made by Fujifilm Corporation) inserted into the bolted joints. After the clamping 

force was applied by the torque wrench, the bolted joints were hammered by the impulse 

hammer (GK-3100 made by Ono Sokki Co., Ltd) and the acceleration response was measured 

by the acceleration pickups. In this test, all of the sets of the bolts and nuts were tightened by 

the same tightening torque. The natural frequency of the bolted joints was obtained from 

Fourier spectra of the acceleration response measured by the acceleration pickups. 

 

 

 

 

(a) Single bolted joint  (b) L-shaped bolted joint 

Figure 7: Experimental setup 

Table 1: Surface texture parameters of bolted joints 

Bolted 

joints 
Interface 

Standard deviation of 

asperity peak heights 

𝜎 [μm] 

Homogenized  

elastic modulus 

𝐶 [GPa] 

Single 

bolted joint 

Thread surfaces (bolt and nut) 3.11 40.2 

Seating surface (bolt and collar) 1.24 1.76 

Seating surface (nut and collar) 3.27 11.4 

L-shaped 

bolted joint 

Plate and bracket (with 7 holes) 0.389 0.188 

Plate and bracket (with 8 holes) 0.491 0.461 
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4 RESULTS AND DISCUSSION 

Figure 8 shows the Fourier spectra in the hammering test and the vibration modes in the FE 

simulation of the single bolted joint. Three major peaks appeared under 20 kHz in the Fourier 

spectra as shown as the black lines (b)–(d). The frequencies at the peaks are the natural 

frequency, and these vibration modes in the FE simulation are (b) 1st bending mode, (c) 1st 

torsional mode and (d) 2nd bending mode, respectively. Figure 9 shows the natural 

frequencies in the hammering test and the FE simulation. In Fig. 9, the dashed curves 

(proposed) indicate the calculation results of the FE models applied with the interfacial 

elements shown in Fig. 6. The solid lines (conventional) indicate the calculation results when 

the effect of the interfacial stiffness is ignored. Specifically, the material constants of the 

interfacial elements are set to those of the base material (steel, Young’s modulus 𝐸𝑖 = 210 

GPa, Poisson’s ratio 𝜈𝑖 = 0.3, mass density 𝜌𝑖 = 7860 kg/m3) in order to obtain the solid lines. 

As shown in Fig. 9, the calculation results of the FE model with the interfacial elements 

increase with the increase in the clamping force and come close to the calculation results in 

which the effect of the interfacial stiffness is ignored under enough clamping force. The 

natural frequency in the hammering test has in good agreement with the calculation results. 

Therefore, the stiffness reduction seems to occur, but the stiffness reduction of the interfaces 

at the thread surfaces and the seating surfaces could be ignored under enough clamping force. 

Figure 10 shows the Fourier spectra in the hammering test and the vibration modes in the 

FE simulation of the L-shaped bolted joint. As shown in Fig. 10 (a), there are a number of 

major peaks under 5 kHz. The black lines (b)–(f) indicate the natural frequencies of the 

symmetric vibration modes. These natural frequencies and vibration modes are equivalent to 

the vibration modes shown in Figs 10 (b)–(f). Figure 11 shows the natural frequencies in the 

hammering test and the FE simulation. The dashed curves (proposed) indicate the calculation 

results of the FE model with the interfacial elements shown in Fig. 6, and the solid lines 

(conventional) indicate the calculation results when the effect of the interfacial stiffness is 

ignored as with Fig. 9. As shown in Fig. 11, the natural frequency in the hammering test 

increases with the increase in the clamping force. The calculation results of the FE model with 

the interfacial elements agree with the results of the hammering test at all of the vibration 

modes. Moreover, the interfacial stiffness of the thread surfaces and the seating surfaces of 

the L-shaped bolted joint seems to can be ignored. On the other hand, the calculation results 

in which the effect of the interfacial stiffness is ignored is higher than the results of the 

hammering test and the FE simulation by using the interfacial elements. Therefore, also in the 

L-shaped bolted joint, the stiffness reduction of the jointed interfaces occurs, and the proposed 

interfacial element enables the improvement of the vibration simulation. 

5 CONCLUSIONS 

This study has proposed an interfacial element for finite element modal analysis of bolted 

joints and conducted finite element simulations and hammering tests with several bolted joints. 

The calculation results by using the proposed interfacial element agree with the hammering 

tests, and the interfacial stiffness at the thread surfaces and the seating surfaces seems to can 

be ignored. The proposed interfacial element contributes to improvement of modal analysis of 

bolted joints by mathematically modelling stiffness reduction of jointed interfaces based on 

tribology. This work was supported by JSPS KAKENHI Grant Number JP18K03849. 
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(a) Fourier spectra at clamping force 6 kN  (b) 1st vibration mode: 1st bending mode 

   

(c) 2nd vibration mode: 1st torsional mode  (d) 3rd vibration mode: 2nd bending mode 

Figure 8: Fourier spectra in hammering test and vibration modes in FE simulation of single bolted joint 

 

 

Figure 9: Natural frequency of single bolted joint 
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(a) Fourier spectra at clamping force 2 kN (b) 1st vibration mode (c) 2nd vibration mode 

   

(d) 3rd vibration mode (e) 4th vibration mode (f) 5th vibration mode 

Figure 10: Fourier spectra in hammering test and vibration modes in FE simulation of L-shaped bolted joint 

 

Figure 11: Natural frequency of L-shaped bolted joint 
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