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Abstract— This The bolted joint is the best choice for 

detachable assembly of components in structures and 

machines to maintain integrity in fastened structure due to 

their high reliability, strong load bearing capacity, easy 

maintenance and inspection at low cost and the washers are 

generally used to protect joint surface from damage during 

the tightening process and to distribute the load under the 

bolt head and nut.  However, in many applications bolt 

connections are often subjected to different types of loading 

during their service life which reduce the preload on bolted 

joint and leads to failure of engineering structures. Due to 

the complex geometry and uneven distribution of loads on a 

bolted connection, it is difficult to detect region of failure of 

bolted connection using conventional nondestructive test 

methods. A vibration-based modal analysis that uses 

changes in natural frequencies and modes of vibrations of a 

structure is effective in detecting loosening and failure of 

bolted joints. The present work is focused on analyzing 

effect of types, size and combinations of washers on natural 

frequency of bolted joined by using Pre Stressed Modal 

Analysis and experimental BUMP test on FFT Analyzer 

which gives significance of washer to prevent loosening. 
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I. INTRODUCTION 

The bolted joint is the best choice for detachable assembly 

of components in structures / machines to maintain integrity 

in fastened structure. The nut, bolt and washer affect the 

strength of bolted joint. The bolted joints have a complex 

nonlinear behavior which may arise from the material, 

configurations and dynamic properties of joints. In general, 

the preload force determines the strength of the joint. 

However, in many applications bolt connections are often 

subjected to external cyclic dynamic loads, such as impacts 

and vibrations which decrease the preload (loosening) on 

bolted joint leads to the failure of engineering structures. 

Detecting loosening of bolted connections at an early stage 

and offering preventing measures on that can prevent failure 

of the structure. The two most widespread causes of failure 

of threaded fasteners subjected to cyclic dynamic loading 

are fatigue and self-loosening. Loosening is often found in a 

bolted joint subjected to transverse or shear load and low 

velocity impact load. Loosening is the gradual loss of 

preload in the bolted connection under cyclic external 

loading, especially transverse and low velocity impact 

loading which result in a decrease in structural stiffness 

ultimately changes in natural frequency or the separation of 

clamped members which results in risks of failure for any 

machinery or equipment [6]. The loosening characteristics 

greatly depend on the preload, joint configuration, modes of 

vibrations of fastened structure and loading condition to 

which a bolted joint is subjected. As the strength of the 

bolted joints is mainly dependent on the preload force and 

configuration of joint, the configuration of joint has a 

significant effect on the response of the bolted joint to 

dynamic or shock loads. Since, bolted joints constitute an 

integral part of many structural components; this directly 

implicates the necessity to investigate the dynamic response 

of the bolted joints under a variety of loading rates and to 

ensure structural integrity. 

Mahesh Patil et al [7] explained contribution of 

applied load on the bolt load in a preload tensile joint 

depends on the stiffness ratio of the bolt and the joint. Sayed 

Nassar et al [11] studied experimentally and theoretically 

the effect of hole clearance, thread fit and bolt size on self-

loosening due to cyclic transverse service loading. N. 

Tanlak et al [8] studied the bolted joint to develop 

computational efficient and accurate finite element model of 

bolted joint. under impact loading without any concerned 

about computational cost and saved computational time 

about 80-90 percent. S. Narkhede et al [10] described FE 

modeling methodology for bolted joint representation in 

crash FE models for crash simulations using LS-DYNA to 

model the bolt preload and resulting bearing interactions 

between bolt shank and clamped plates for simulating 

realistic bolted joint behavior under tensile and shear 

loading conditions in CAE environment. Kumarswamy et al 

[5] developed computational modeling procedures that 

provide structural analysts an improved physics-based shock 

model for combat vehicles focusing mainly on shock 

transmission across bolted joints. Yasumasa Shoji et al [14] 

shows the mechanism of the loosening caused by alternating 

frictional stress between the treaded surface in both static 

and dynamic conditions. Andrew Joe Vander Klok et al [1] 

shows that the kinetic friction forces are directly related to 

the loading rate imparted upon the joint and as loading rate 

increases, the static friction force increases with linear 

behavior. Sudhir Kumar Panigrahi et al [12] simulated the 

various operations viz. modal, harmonic response and 

transient dynamic analyses are to find out different results in 

ANSYS, parameters related to damping, Rayleigh‘s 

damping constants and loss factor in the composite bolted 

jointed structure. I. Piscan et al [4] studied parametric 

estimation model for identifying bolted assemblies for a 

rectangular and cylindrical structure using frequency 

response functions (FRFs). Pejman Razi et al [9] developed, 

refined and enhanced the vibration-based health monitoring 

strategy for onshore and offshore pipelines with bolted joint 

to verify the integrity of the developed numerical model 

before beginning the damage detection process. Charles et al 

[2] experimentally proven that the linearity of the response 

varies abruptly with increase in preload and extremely 

reliant on the initial preload. Weiwei Xu et al [13] show that 

the modal frequency increased with increasing preload, but 

remained approximately constant for preload is larger than 

30% in the bolt yield strength. The possibility of using 

impact testing for estimating preload loss has been 
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confirmed, and the modal damping is determined to be a 

more sensitive indicator than the natural frequency in a 

single-bolted lap-joint structure. K. He et al [6] contribute 

towards the robust damage detection algorithm for 

undetermined system and resolved the error-amplification 

problem associated with experimental damage detection. 

Deepak Somasundaram et al [3] Analyze response of a 

bolted joint subjected to high shock loads, where shock 

speeds were higher than elastic wave speed and medium 

shock loads under goes plastic deformation at varying 

conditions of preload, intensity of the impact and damping 

within the joint by using experimental and finite element 

method. There is a big drawback in predicting the bolted 

joint response using numerical methods. Among all the 

numeric methods, FE analysis is commonly used for pre-

stressed modal analysis. 

From the literature review it is found that the modal 

analysis is effectively used in determining the vibrational 

characteristics such as natural frequency and mode shapes of 

a structure. The response of any structure subjected to the 

impact analysis depends on the natural frequency of the 

structure therefore it is crucial to check the natural 

frequency of the structure. The main objective of this paper 

is to study the effects of types and size of washer as well as 

configuration of joints on modes of vibration of the bolted 

structure using experimental analysis.  

II. EXPERIMENTAL ANALYSIS 

The experimental setup for studying modal analysis of 

bolted structure by using FFT Analyzer device consists of 

single lap cantilever type bolted structure made up of two 

fastened plates having M12 sized bolted lap joint at center, 

instrumented impact hammer, cables, accelerometer, FFT 

device and user interface as shown in Fig. 1. 

 
Fig. 1: Experimental Setup 

The test is carried out at tightening torque 50 Nm 

so the preload on the bolt shank by varying: 1) Size of flat 

washer, 2) Types of washer and 3) Different combinations 

of washers to obtain frequency response of bolted structure. 

A. Modal Analysis at different size of flat and split lock 

washer 

This impact test is carried out by varying different type of 

washers and their sizes such as, small, medium, large sized 

flat washer and split lock type washer at constant preload. 

The different size of flat washer is indicated in Table I. 

Dimension 
Size in mm 

Small Medium Large 

Inner diameter 14 13 13 

Outer diameter 26 27 33 

Thickness 1 1.6 3 

Table 1: Size of Flat Washer used 

B. Modal Analysis at different combinations washer 

This impact test is carried out by varying combinations of 

split lock and flat washer. The placing of these washers in 

bolted joint as mentioned in Fig. 2 is as follows, 1) Washer 

placed at bolt head (below the washer face of bolt) i.e. top 

side, 2) Washer placed at nut i.e. bottom side.  

 
Fig. 2: Joint configuration 

There are four combinations of washers are used to 

fasten a plates of beam by means of bolted joint is as 

follows, 

1) Both split lock washers are placed at both top and 

bottom side of bolted joint (Both Split). 

2) Split lock washer is placed at top side were as flat 

washer is placed at bottom side of bolted joint (Split at 

top). 

3) Flat washer is placed at top side were as split lock 

washer is placed at bottom side of bolted joint (Flat at 

top). 

4) Both flat washers are placed at both top and bottom side 

of bolted joint (Both Flat). 

III. RESULT AND DISCUSSION  

There is no any considerable change in frequency with 

changes in different size of washer used but types of washer 

effects on natural frequency of bolted joint. Natural 

frequency of bolted structure is higher when split lock type 

washer is used than that of the flat washer so it indicates that 

split lock type washer offers more stiffness i.e. low rate of 

loosening than flat washer as shown in Fig. 3. 

 
Fig. 3: Modal analyses at different types and size of washers 

used 

The combination of washer impacts on natural 

frequency of bolted structure. Combination of split lock 

placed at both sides gives higher natural frequency than 

other combinations. In combination of split lock and flat 

types of washer, split lock at top side and flat washer at 
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bottom side (Split at top) gives higher natural frequency 

than flat at top and split lock washer at bottom side (Flat at 

top). This indicate that placing of split lock type washer at 

both side of joint gives more stiffness but also placing of 

split lock washer while using combination of split and flat 

types of washer is very important to achieve less probability 

of loosening i.e. loss in stiffness of structure as shown in 

Fig. 4. 

 
Fig. 4:  Modal analyses at different combinations of washers 

used 

IV. CONCLUSIONS 

1) Loosening behavior of single bolted joint is not 

influenced by the dimensions of the washer but by the 

type of washer.  

2) The split washer offers more stiffness to the joint in 

comparison with flat washers. 
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