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Abstract 
The joints in a structure may be a significant source of damping and may have uncertain stiffness 

properties. Experimental and theoretical investigations are presented that suggest there are two extreme 

types of bolted lap joint. If the joint has a limited contact patch, due to the bolt stress, then the edges of the 

contact patch have large static normal stresses which prevent sliding under dynamic loading. 

Alternatively, if the contact patch occurs naturally, due to bolting two surfaces together, then outside the 

contact patch the joint interfaces will separate. This type of joint can slip at the edges of the contact patch 

and this can lead to changes in the stiffness and the generation of significant damping. It is shown that the 

joint behaviour is nonlinear with damping increasing and stiffness decreasing as vibration amplitudes are 

increased. It is suggested that all joint damping falls between the extremes of a limited contact patch and a 

natural contact patch.  

1 Introduction 

Which type of joint on a structure causes damping? This is an important question because damping from 

joints is difficult to model in computer simulations. Further very little is known about how joints provide 

stiffness and damping. This paper describes two types of joints which are believed to be the two extreme 

cases for joint dynamic behaviour.  

A typical structure is built-up from components connected together by joints. A component may be a 

single homogeneous manufactured block of material. Each component is attached to other components by 

connections which may be bolted joints, glues or fasteners. In this paper, we only consider bolted lap 

joints. 

The long term objective of the work considered here is to enable computer simulations to model built-up 

structures with many joints correctly. This is currently not feasible, and there is no guidance on how to 

model joints dynamically.  

The objective of the work presented here is to suggest that there are two bolted joint configurations that 

represent the extremes of behaviour. For one case there is constant stiffness and no damping. For the 

opposite case there is significant damping and variable stiffness. It is suggested that typical joints fall 

between these two extremes. The important consideration is the nature of the contact patch that connects 

the two parts of the joint.  

The approach taken here combines both experimental measurements and simulation studies. Joint 

behaviour is very nonlinear, so special experimental methods have been devised to enable the stiffness and 

damping to be investigated. Similarly, special computer simulations have been conducted to help better 

understand the behaviour of a bolted joint.  
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Bolted joints are usually designed for static considerations. The bolt tension is selected to prevent the joint 

slipping due to the loads. Bolt tensions range from about 50% of yield to 100% yield. The static design 

does not usually consider dynamics which is the main concern of this study.  

Previous work on the dynamics of joints has recently been assembled in a book edited by Brake [1]. 

Reviews of significant experimental work on joints have been performed by Gaul [2], Seagleman [3] and 

Peyret, Dion and Chevallier [4]. The main conclusion from these reviews is that the joint behaviour is 

nonlinear in stiffness and damping [5]. 

The nonlinearity causes difficulties for experimental work when extracting information while undertaking 

the necessary signal processing to determine relevant parameters such as natural frequencies and damping 

ratios. Kuether and Brake [6] use short time Fourier transforms which identify the nonlinearity as the 

amplitudes change. Allen and Mayes [7] have a method that involves examining free vibration decay time 

histories by choosing a range of starting times. The method used in this paper has been developed by 

Goyder and Lancereau [8] using special filtering methods and curve fitting to obtain instantaneous natural 

frequencies and damping values (see below). Recent experimental work has shown the importance of the 

size of the contact patch within a joint; Lancereau and Goyder [9]. 

Typical computational investigations have been made by introducing Iwan models [10] into finite element 

descriptions of a structure and tuning them to experimental results. This approach is usually successful and 

has been performed by Denear and Allen [11] and  Schwengshackl [12]. There has been no detailed stress 

analysis of contact patches under dynamic loading.  

2 Joint Contact Patches 

The forces acting at a joint location consist of three types. First there is the static force generated by the 

tightening of the bolt and nut. Second there are static forces generated by the structure. Finally there are 

the dynamic forces that exercise the joint during operation.  

Figure 1 (a) and (b) show two types of lap joint. In Figure 1 (a) the contact patch has been constructed to  

 

Figure 1. (a) A joint with a limited contact patch (complete contact).  

(b) A joint with flat surfaces which has a gap surrounding the contact patch (receding contact). 

 

be of a specific size; in this case the same size as the washer. In Figure 1 (b) the joint has been constructed 

to hold two flat surfaces together. In this case the surfaces find their own contact patch size and spring 

apart in a region outside the contact patch. This may be identified as the natural contact patch which is 

larger than the limited contact patch in Figure 1 (a). These contact patches arise from the static loading 

due to the bolt tension. An important question is how these contact patches are altered by the application 

of dynamic loading.  

The investigation of static contact patches has received considerable attention due to their importance in 

stress calculations where loads are applied to structures. The basic contact patch was first described by 
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Hertz for a sphere pressed into a surface. Various different types of contact patches have been identified; 

for basic information see Hill, Nowell and Sackfield [14].  

The two joint types identified in Figures 1 (a) and (b) are known as complete contacts and receding 

contacts respectively. More details on this type of contact may be found in Hills and Parel [15] and 

Ramish and Hills [16]. 

In order to gain an understanding of the stresses involved in a contact patch simplified calculations have 

been made using the two-dimensional model illustrated in Figure 2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Simplified version of a joint in two dimensions. A rectangular strip of material of length 

L and height h is pressed on a rigid contact patch of length Lc. The stress applied by the bolt is 𝜎0 

distributed over a length LB. External dynamic forces M, Fs and Fa may also be applied.  

The joint is modelled as a rectangular component (plain stress) which is pressed onto a contact patch of 

length Lc by a bolt acting on the top surface. The bolt applies a stress of magnitude 𝜎0 over a length of LB. 

The length of the strip, L, is long compared to the strip height, h. This is because the bolt stress does not 

spread out far beyond the contact patch so that the dimension L can be ignored. The lengths in the 

calculation can be rendered non-dimensional by dividing by the height, h. It is assumed that the inertial 

effects due to the mass of the joint are negligible compared to the dynamic forces so that the joint may be 

considered as a static component loaded by the dynamic forces generated within the surrounding structure.  

The dynamic loads are indicated by a moment, M, a shear force Fs and an axial force Fa. The effect of the 

shear force and bending moment are similar and only the effect of the bending moment has been 

investigated. The effect of the axial force Fa is not reported here. Although these are dynamic loads the 

assumption of ignoring the inertia of the joint itself means that they can be treated as static loadings. 

The calculations have been made using a finite element code within the Mathematica computer program 

[17]. Particular attention was paid to the mesh size at the contact patch which was refined to check that the 

stress calculations converge. The calculations were performed with the bolt stress distributed over a length 

equal to LB/h = 0.5. 

The contact patch due to the bolt stress was investigated first with all other forces (M, Fs and Fa) set to 

zero. Figure 3 shows the normal stress for various lengths of the contact patch. The notable feature is the 

large value of the stress at the edge of the contact patch. This holds the edge of the contact patch firmly 

and will prevent slipping. As the contact patch is made larger the stress at the edges decreases and the 

stress in the middle of the contact patch increases. It can be expected that for small contact patches the 

joint is held firmly together and no slipping will occur when dynamic loads are applied. This is the typical 

behaviour of a complete contact.  
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Figure 3. Stress on a complete contact patch for a range of contact patch lengths. 

 

Figure 4 shows the stress on the contact patch of a receding contact. The precise positions of the edges of 

the contact patch have to be found by iteration. Outside of the contact patch the joint surfaces separate as 

shown in Figure 1 (b). It is notable that the location of the edge of the contact patch is independent of the 

load. For this receding contact the stress is largest in the middle and drops to zero at the edges. 

Consequently for receding contacts it can be expected that slip may occur at the edges of the contact patch 

when the joint is loaded dynamically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The stress on the contact patch of a receding contact. The location of the edges of the 

contact patch is found by iteration. 
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Figure 5. Stress on a receding contact showing regions where friction is acting. Internal region 

friction prevents sliding. External region sliding with friction can occur.  

A more complicated variant of Figure 4 is shown in Figure 5. Here the vertical lines separate different 

regions of frictional constraint. In the inner region the shear stress is insufficient to cause slipping, and the 

surfaces are locked together by friction. Here the coefficient of friction is 0.7.  In the outer region slipping 

may occur. This type of condition arises when the two thicknesses of the joint parts are unequal or 

additional forces are applied. The location of these lines must be found by iterating their location until 

constraints on stress and deflection conditions are satisfied.  

Figure 6 shows the influence of a bending moment on a contact patch for receding conditions. The loading 

from the bolt is the same as those in figure 5. However, the addition of a bending moment (positive 

according to Figure 2) has caused asymmetry with a shorter slipping region on one side and a longer 

slipping region on the other side. The portion where sliding is prevented has also moved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The stress on the contact patch with a moment applied to the joint. The central region, 

where slip cannot occur has moved. The outer regions have changed their dimensions. 
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The change in the stress on the contact patch, due to the moment, is significant for stiffness and damping. 

It can be seen that the evolution of the surfaces in the outer regions will lead to damping. Further the 

change in the location of the central contact patch has implications for stiffness.  

For complete contacts the large forces at the edges of the contact patch may stop any sliding when a 

bending moment is applied. However, if the bending moment is sufficient to overcome these large forces 

then some sliding could occur. 

3 Experimental method 

Experimental measurements were made on joints that are both complete contacts and receding contacts. 

For both cases a series of small beams was assembled into a chain of bolted joints. The two configurations 

are shown in Figure 7 (a) and (b). For configuration (a) the component beams were made with a circular 

boss the size of a washer (outside diameter 20mm) at the joint interface. This corresponds to a complete 

contact. Previous experiments using these complete contacts have been described by Goyder, Ind and 

Brown [17].  For configuration (b) each component beam had a uniform cross-section. These beams were 

simply bolted together to give receding contacts.  In each case, there are 11 bolts and 12 component 

beams. The overall length of the assembled beam for configuration (a) was 478 mm with each component 

beam being 60 mm  50 mm  12mm.  The overall length of the assembled beam for configuration (b) 

was 1160 mm with each component beam being 170  30  10 mm. For both assemblies, there was a 

10.2 mm clearance hole taking an M10 bolt with two washers and a nut. All joint interfaces were ground 

to give a flat finish.  

Considerable attention was given to the suspension system so that the beam was supported in a free-free 

configuration. Support strings of 1350 mm were located at the nodes of the first mode of vibration and tied 

onto a stiff overhead beam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 (a) and (b). The two beam configuration used in the experimental study. The 

configuration (a) is a complete contact with a circular boss forming the joint interface. 

Configuration (b) has simple lap joints. 

(b) 

(a) 
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Figure 8. Fourier transform of time history from (a) beam with complete contacts (b) beam with 

receding contacts. The pink lines indicate the bandwidth of the filter that was applied to the time 

history.  

The experimental method had four stages. First, the beam was set into excitation by means of a standard 

modal impact hammer applied at one end. The vibration data were collected using an accelerometer 

located at the other end.  The data were digitized using a sample rate of 10000 samples/second. The 

vibration was allowed to decay over 30 seconds for configuration (a) and 15 seconds for configuration (b).  

Second, the discrete Fourier transform of the acceleration was determined and examples of the spectra 

obtained are shown in Figure 8. Note that these spectra were not divided by the Fourier transform of the 

force as is usual in modal analysis. The first resonance frequency of each beam is shown in the spectra. 

In the third stage, each time history was filtered using a second order bandpass Butterworth filter with a 

bandwidth corresponding to the position of the pink lines shown in Figure 8. The filtering was done using 

the reverse filtering technique described in Goyder and Lancereau [8]. In this procedure, the time history 

is reversed before it is passed through the filter and then returned to its original sequence afterwards. This 

resulted in time histories of decay that are shown in Figure 9.  

 

In the final stage, the data was divided into intervals of about four cycles of vibration and a curve fitting 

procedure was used to determine the instantaneous frequency, damping ratio and amplitude.  

The experiments were repeated 10 times and the four stages applied each time to build-up a good set of 

data. The instantaneous frequency and damping as a function of time are shown for the complete contact 

in Figure 10 (a) and (b). Similar plots for the receding contact are shown in Figure 11 (a) and (b).  

 

 

 

 

 

 

 

 

 

 

(b) (a) 

(a) (b) 

DYNAMICS OF JOINTS 1829



Figure 9. Filtered data for the first mode of (a) beam with complete contacts and (b) beam with 

receding contacts.  

 

 

 

 

 

 

 

 

 

 

Figure 10. Results of 10 tests and curve fitting for the beam with complete contacts. (a) 

Instantaneous natural frequency and (b) instantaneous damping ratio as a function of time. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Results of 10 tests and curve fitting for the beam with receding contacts.  

(a) Instantaneous natural frequency and (b) instantaneous damping ratio as a function of time.  

 

In order to compare the results for the two beams, the data are plotted again on the same graph. For the 

instantaneous natural frequency, the percentage change in frequency is most relevant. The absolute 

frequency is determined by the mass and stiffness of the structure while the change in frequency is due to 

the change in stiffness of the joint. The percentage change was calculated by determining a mean value for 

the final natural frequency reached as the decay was completing and entering the noise floor. The 

percentage change in natural frequency was then determined using the equation  

100
𝑓 − 𝑓𝑚
𝑓𝑚

 (1) 

Where f is the value of the instantaneous frequency at one time and 𝑓𝑚 is the mean value of the frequency 

at the end of the decay.  The mean values were 186.8 Hz and 33.6 Hz for the complete contact case and 

receding contact case respectively. Figure 12 shows the percentage change as a function of amplitude. The 

damping ratios for both beams are plotted against amplitude on Figure 13.  
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Figure 12. Percent change in natural frequency as a function of amplitude, all tests.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Damping ratio as a function of amplitude, all tests.  
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4 Discussion 

Examination of the experimental results shows that as the vibration decays and the amplitude decreases 

the natural frequency increases and the damping decreases. This is most marked for the beam with 

receding contacts. For the beam with complete contacts there is a notable initial change in frequency and 

damping but the subsequent change is small. The increase in frequency suggests that the constraint 

provided by the joints is increasing with decreasing amplitude. This observation can be explained by an 

amplitude dependant change in the size of the contact patch. The damping can be explained by sliding of 

surfaces within the contact patch.  

The theoretical calculations for the contact patch of the complete contact suggested that this configuration 

had large forces around the edges of the contact patch and that these large forces would prevent slip at the 

interface of the joints. In contrast the theoretical calculations for the receding contact suggested that the 

normal stress was decreasing to zero at the edges of the contact patch, thus allowing slip.  

These suggestions are supported by the measured data. Examination of the percentage changes in natural 

frequency in Figure 12 shows that there was a considerable change in frequency for the receding contact, 

about 1.5%, while only a  0.35% change for the complete contact. For the damping the relatively large 

values for damping ratio ( 0.005) and spread in values for the receding contact suggests that there is 

considerable friction and slip occurring. In contrast for the complete contact the damping ratio is small ( 

0.0005) and only changes slightly for large amplitudes.  

The small change in frequency and damping for the complete contact at large amplitudes may be due to 

some slipping of the contact patch when the amplitudes are large. Once the amplitude drops then the 

complete contact has only small damping and a small change in frequency.  

The suggestion was made at the beginning of the paper that joints with receding contacts and complete 

contacts represent extremes of behaviour. The complete contact is one extreme that appears to prevent all 

sliding and thus has only a small contribution to damping and preserves a constant stiffness. However, if 

the amplitudes are large, then this joint configuration may allow some slip. This lack of slip is attributed to 

the large normal stresses generated at the edge of the contact patch.  

In contrast, joints with receding contacts have a very different behaviour. When the bolt is tensioned, a 

gap appears between the joint surfaces leaving a contact patch which has small normal forces at the 

periphery and a large force in the centre. When an external bending moment is applied, due to the 

dynamics of the vibration, sliding can occur at the joint interfaces. This leads to a loss of stiffness and 

large values of damping. The receding contact is thus the opposite extreme to the complete contact.  

5 Conclusions 

The following conclusions may be drawn: 

1. The geometry of the contact patch in a bolted joint has a large effect on the dynamic behaviour. If a 

contact patch is made with a limited size this is a complete contact and this configuration prevents 

sliding at the edges.  

2. If a contact patch is formed by bolting two surfaces together and the size of the contact patch is not 

limited, then, there are small forces at the edge of the contact patch and a gap opens outside of the 

contact patch. This is known as a receding contact. 

3. The small forces at the edge of a receding contact allow slip of the interfaces within the joint. This 

leads to significant damping and a variation of stiffness depending on the amplitude of vibration.  

4. The experimental results show a considerable difference in behaviour between joint interfaces forming 

a complete contact and a receding contact. The receding contact shows large values of damping and 

significant changes in natural frequency as vibration amplitude changes. Whereas a complete contact 

has a small change in frequency and damping. 

5. Joints with complete contacts and receding contacts represent extremes of behaviour. Typical joint 

conditions will fall between these extremes.  
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