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Abstract. Modern design of production and transport machines is currently 

characterised by a wide range of non-ferrous and non-metal materials. Typical 

reasons are demands on cost and weight. Further reasons are requirements on 

physical properties, e.g. thermal and electrical non-conductivity, the ability to 

dump vibrations and noise. For connecting machine parts from non-ferrous and 

non-metal materials, mechanical engineers usually use standard iron bolts and 

nuts that provide low costs and a wide range of goods. However, the functional 

reliability of bolt connection necessitates special attention and must reflect spe-

cific design principles. Operation difficulties often appear by the incorrect de-

sign process when diverse mechanical properties of connecting bolts and con-

nected mechanical parts are not considered. In that case, joint diagrams of bolt 

connections are inappropriate and may lead to unreliable operation or machine 

failure. Therefore, the project aims to propose a design principle for reliable 

bolt connection of non-ferrous and non-metal mechanical parts based on joint 

diagram optimisation. 
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1 Introduction 

Reliability of bolt connections is highly demanded in the context of modern engineer-

ing design. Connected bodies are more often produced by non-ferrous, non-metal and 

composite materials. Requirements for current engineering design increases consider-

ing costs, energy consumption, ecology or weight of components. Therefore, tradi-

tional engineering materials are replaced in a wide range. While bolt connections in 

common steal constructions are reliable enough, there are a few issues to solve in 

modern materials. The root cause of reliability decrease is loss of preload, which pro-

vides strength and tightness of connection [1,2]. This phenomenon occurs as a conse-

quence of the embedding process of connected bodies by thermal and vibrational 

conditions. The design of bolt connection in terms of load characteristics connected 

and connecting bodies is of great importance for the above reasons, primarily for 

preload securing of bolt connection in various operating conditions [3-5]. Thus, the 

paper focuses on several conditions that increase reliability. 
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2 Methods 

The load characteristics of common bolt connection (see Fig. 1) shows a steep defor-

mation character depending on the preload of connecting bodies. The deformation of 

connecting bodies is relatively tiny against the deformation of connected bodies. This 

condition leads to significant preload loss after the embedding process of the bolt 

connection, as even a small deformation change generates a high decrease of load in 

the connection. By using a special-shaped washer under the bolt head, the degressive 

load characteristic of connecting bodies may be reached (see Fig. 2) [6]. And thus, 

minimalise the preload loss after the embedding process. 

 

Fig. 1. Preload decrease in bolt connection without any washer. 

 

Fig. 2. Preload decrease in bolt connection with the special-shaped washer. 

To investigate load characteristics of connecting bodies without using any washer and 

with using the special-shaped washer, the simplified 3D model was created, and de-

formations of connecting bodies via FEM analysis (Finite element method) were cal-

culated. 

In the FEM analysis (see Fig. 2 and 3), the bolt made of steel material was pulled 

in the axial direction by a remote displacement boundary condition that was placed on 
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the bolt's rotational axis. Connecting bodies were fixed to the rigid block by frictional 

connection. 

 

Fig. 3. Boundary conditions and contact connections – Bolt without any washer. 

 

Fig. 4. Boundary conditions and contact connections – Bolt with the special-shaped washer. 

For creating the load characteristics of both cases, the deformation of connecting bod-

ies and reaction forces of remote displacement conditions were calculated. 

3 Results and Discussion 

The figures (see Fig. 5 and Fig. 6) show deformation without using any washer and 

with using the special-shaped washer. 
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Fig. 5. Deformation in Z-axis – Without any washer. 

 

Fig. 6. Deformation in Z-axis – With the special-shaped washer. 

Table 1 summarises the results of reaction forces in the case without using any washer 

and with using the special-shaped washer. 

Table 1. Reaction forces of remote displacement boundary conditions. 

Bolt without any washer Bolt with the special-shaped washer 

Displacement [mm] Force [N] Displacement [mm] Force [N] 

0.00 0.00 0.00 0.00 

0.02 2596.00 0.10 2010.00 

0.04 5189.80 0.20 3864.50 

0.06 7781.50 0.30 5551.20 

0.08 10371.00 0.40 7046.10 

0.10 12959.00 0.50 8387.80 

  0.60 9531.30 

  0.70 10524.00 

  0.80 11326.00 

  0.90 11983.00 
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  1.00 12459.00 

  1.10 12774.00 

  1.20 12883.00 

The data in Table 1 were used for charting the load characteristics without using 

any washer and with using the special-shaped washer (see Fig. 7). 

From the graph in Fig. 7, the great importance of stiffness decrement of connecting 

bodies might be observed by using the special-shaped washer placed under the bolt 

head. While the stiffness of the bolt without using any washer is significant, by using 

the washer in the shape of, e.g. a disc spring, the stiffness decreases markedly. The 

load characteristics of bolt connection that uses the washer of disc spring shape re-

ports degressive characteristics of connecting bodies stiffness. In the case of the em-

bedding process of connected bodies, the bolt connection preload drops minimally. 

 

Fig. 7. Comparison of load characteristics – Without any washer and with the special-shaped 

washer. 

4 Conclusions 

The paper focused on the problematics of preload loss due to the embedding process 

of connected bodies in constructions of non-ferrous or non-metal material. In the 

solved case, the preload loss is tightly related to the steep load characteristics of con-

necting bodies that are usually made of standard steel materials. To minimise preload 

loss, the special-shaped washer under the bolt head may be used for reaching the de-

gressive load characteristic of connecting bodies. Then, the deformation change after 

the embedding process generates a small decrease of preload in the connection. 

0

2000

4000

6000

8000

10000

12000

14000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Fo
rc

e
 [

N
]

Deformation [mm]

Without any washer With the special-shaped washer

Investigation of Washer Influence on Bolt Connections             151



Acknowledgements 

This work was supported by the Student Grant Competition of the Technical Univer-

sity of Liberec under project No. SGS-2022-5047. 

References 

1. Otter den Ch. and Maljaars J., “Preload Loss of Stainless Steel Bolts in Aluminium Plated 

Slip Resistant Connections,” Thin-Walled Structures, 157, (2020). ISSN 0263-8231. 

2. Jírová R. and Pešík L., “Analysis of Screw Connection in Air Conditioning Systems,” Sci-

entific Journal of Silesian University of Technology-Series Transport, 73, pp. 41-48 

(2022). ISSN 0209-3324.  

3. Kassay P., Homišin J., Greaga R. and Krajňák J., “Comparison of Selected Pneumatic 

Shaft Couplings,” Scientific Journal of Silesian University of Technology-Series 

Transport, 73, pp. 41-48 (2011). ISSN 0209-3324. 

4. Kober M. and Kühhorn A., “Development of Optimized Washer-Shape for Damage-Free 

Load Application to Composites,” Composite Structures, 92, pp. 1985-1991 (2010). ISSN 

0263-8223. 

5. Krajňák J., Homišin J., Greaga R. and Kassay P., “Effect of Helium on Mechanical Proper-

ties of Flexible Pneumatic Coupling,” Scientific Journal of Silesian University of Technol-

ogy-Series Transport, 73, pp. 63-69 (2011). ISSN 0209-3324. 

6. Caccese V., Berube K. A., Fernandez M., Melo J. D. and Kabche J.P., “Influence of Stress 

Relaxation on Clamp-up Force in Hybrid Composite-to-Metal Bolted Joints,” Composite 

Structures, 89, pp. 285-293 (2009). ISSN 0263-8223. 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

152             R. Jírová et al.

http://creativecommons.org/licenses/by-nc/4.0/

	Investigation of Washer Influence on Bolt Connections in Non-Ferrous and Non-Metal Constructions



