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Abstract 

Fasteners are extensively used for connecting components in engineering structures. These fasteners become 
ineluctable in numerous situations, particularly for repeated assembly and disassembly.  These are identified as 
critical locations in the modern damage tolerance based design concept to ensure structural safety and integrity 
and Structural Health Monitoring (SHM) has become mandatory at these locations.  The basic mechanism 
involved in these joints is the pin-in-a-hole for load transfer through a fastener which could cause tensile stress 
concentrations around the hole, which may consequently lead to the failure of the structure. Presence of non-
linearity in the form of varying contact/separation at the pin-lug interface due to the load reversals of the pin is a 
prominent issue in the analysis of these joints. The current work focuses on fatigue and prognostic analysis of 
the tapered lug joints with push fit-rigid pin with and without a metallic bush around pin-lug interface.  The 
numerical analysis concentrates on bringing out the beneficial effect of inserting a metallic bush, providing taper 
to the lug and also evaluate possibility of arriving at a near optimum bush thickness.   

Keywords: Lug joint, metallic bush, fatigue, crack initiation and crack growth 

Nomenclatures    Hole diameter       Length & width of the lug        Crack growth material constants   Pin load    Critical crack length         Stress & load ratios   Fatigue strength exponent         Inner & outer radii of the lug       Material constants    Lug thickness       Regions of contact/Separation    Bush thickness    Mode-1 Strain energy release rate   Taper angle    Mode-1 Stress intensity factor         Tangential & Radial stresses     Mode-1 Fracture toughness     Bearing stress    Stress concentration factor τrθ Shear stress 
    

1. Introduction 

Large scale aerospace vehicles are made in parts and assembled using joints.  In most 
circumstances fasteners are preferred due to the ease of assembly and disassembly. The most 
commonly used configurations for load transfer are lug joints and these joints are potential 
sources of stress concentration and failure. Hence the implementation of damage tolerance 
design concept at joints is mandatory and the modern Structural Health Monitoring (SHM) 
system should continuously monitor these locations [1]. The major issue in these joint 
problems is the contact conditions between the pin and the hole in the lug. The case of a rigid 
push fit pin in lug joint with smooth interface is analysed and presented in this paper (rigid 
pin nearly correspond to a steel pin in aluminium lug).   
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The joint is subjected to pull (away from the lug and is positive) and push (towards the lug 
and is negative) loads.  It is well known that in the case of push fit the contact/separation 
regions are constant with load level as long as the loading is in either pull or push condition 
only [2-3].  However when the fatigue loading has negative load ratio the contact conditions 
change when the load changes from pull to push and vice-versa.  The stress distributions are 
no more linear throughout the loading.  In the current paper, the analysis is conducted 
independently for both pull and push loading conditions.  The applied fatigue load cycle is 
mapped on to the stress variation at the maximum tensile stress location(s) and the local 
stress cycles are used to determine the life for fatigue crack initiation and life for crack 
growth till failure.  S-N life is used along with Basquin's relations and Miner’s rule for crack 
initiation.  Modified Virtual Crack Closure Integral (MVCCI) [4-5] and Paris law modified 
with Elber Crack Closure [6] correction is used to find the crack growth life and the 
remaining life at any instant of time. Numerical analysis is conducted for a typical tapered 
attachment lug joint with a metallic bush bonded to the hole boundary. The configurations 
with and without bush for the pull load case are shown in figs.1a and 1b. Metallic lug with 
varying taper and bush with varying thickness is analysed to study the effect of bush 
thickness and lug taper on fatigue crack initiation life and further crack growth life. Results 
are presented to bring out the life enhancement due to lug taper and the inclusion of bush 
which have also been investigated in different cases earlier [7-8].  

 

Fig 1a: Push fit lug joint without bush           Fig 1b: Push fit lug joint with bush  

2. Methodology 

Push fit lug joints are analysed where the pin diameter is equal to lug-hole diameter. In this 
joint there is partial loss of contact for an infinitesimally small pin load and these 
contact/separation regions do not change with load level as long as the load is either in Pull or 
Push loads only and does not change sign. This leads to linear elastic problem [2], but 
different problems in Pull and Push load cases.  Pin is assumed to be rigid and this nearly 
corresponds to a steel pin in an aluminium lug.  The regions of separation/contact change 
when the fatigue loading is of Pull- Push type with Rp< 0.  These lug joints are analysed with 
and without bush around the pin for both Pull and Push loads. The interface between the pin 
and lug/bush is assumed to be smooth (frictionless). The bush thickness is varied from 2.5- 5 
mm.  The variation of contact between the pin and the lug for both the cases is shown in figs. 
2a and 2b.  For the case of Pull load, the contact of pin to bush is 1800 and the region of 
contact between the pin and the bush for this Pull load is -900: 00: 900.  Similarly for the case 
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of Push load the region of contact between the pin and bush is -900: 1800: 900. These lug 
joints are analysed for the fatigue load cycles of Rp (Pmin/Pmax) equal to 0, -1,-2 and -3. 
Typical load cycles for which the above lug joints are analysed are shown in figs. 3a and 3b. 

 

Fig 2a: Lug joint with bush under Pull load          Fig 2b: Lug joint with bush under Push load 

                          

Fig 3a: Pull-Pull fatigue load cycle (Rp = 0)        Fig 3b: Pull-Push fatigue load Cycle (Rp<0) 

Critical locations of stress concentrations are identified from the finite element analysis using 
MSC NASTRAN/PATRAN software package. The maximum stress concentration location 
for the lug joint without bush is shown in fig 4a, where the crack is likely to be initiated.  It is 
seen that the crack initiates in the lug at the pin-lug interface when there is no bush. When 
there is a metallic bonded bush around the pin-hole interface, the crack is prone to initiate at 
the bush and lug interface (fig 4b). The crack initiation life is estimated with local stress 
fatigue cycle in all the cases using S-N approach and Basquin's relation. Further the crack 
growth study is also conducted at the same location for the same fatigue cycles using the 
Paris law and MVCCI [4-5] to estimate the fracture parameters.  

3. Configurations Analysed 
 
The lug joint analysed for the current analysis is shown in fig. 5 with dimensions. Lug is of 
Aluminium T2024 alloy and pin is assumed to be rigid which nearly corresponds to steel pin 
in aluminium lug. Outer radius of the lug Ro is kept constant and the inner radius Ri is varied 
and (Ro/Ri) ratio is varied as 2, 2.5 and 3. In one of earlier studies, tapered lug joints of 
different taper angle were analysed for the improvement of fatigue life for crack initiation and 
growth and it was found that the tapered lug joint with taper angle of 22.50 was found to be 
the best option [3]. In the current work too lug with taper (β/2) of 22.50 is used for numerical 
analysis.  Metallic bush made up of precipitation hardened high alloy steel S17700 material is 
included and its thickness is varied progressively as 2.5mm, 3mm, 4mm and 5mm [7]. 
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                Fig 4: Crack initiation locations for Pull load with and without Bush              
                                                  
                                         

 

Fig 5: Configuration of the lug joint analysed   

4. Boundary conditions 

The load applied to the pin gets distributed over the region of contact between the pin and the 
lug with the resultant in the direction of and equal to the load applied.  In this problem the 
load can be applied as a rigid body displacement of the rigid pin.  Then estimate the load 
transferred to the lug by summing up the reactions at the far end of the lug. This is further 
simplified without any loss of generality by superposing a rigid body displacement on the 
configuration so that the pin is held with zero displacement and the rigid body displacement 
is applied at the far end of the lug. Again the load transferred is computed by summing up the 
reactions at the far end of the lug.  

Since the problem is symmetric about the x-axis, the symmetric lug portion with bush for Pull 
and Push load case is shown in fig.6. A convergence study is carried out and it was decided to 
run the lug joint for further analysis with 6012 elements and 6193 nodes. Finite element 
model of tapered attachment lug without and with bush is shown in figs. 7a and 7b. In order 
to maintain the 900 degree contact/separation between the pin and the hole boundary of the 
lug, the nodes on the hole boundary should satisfy appropriate inequality constraints in 
contact/separation region. The boundary conditions and inequality constraints in the region of 
contact and separation are given in eqns.(1) and (2) respectively. Also the boundary 
conditions at the far end after the superposition of rigid body displacement on the 



8th International Symposium on NDT in Aerospace, November 3-5, 2016 
 

configuration are given in eqns. (3) and (4). Further the load equilibrium condition is given in 
eqn. 5.     

 

Fig 6: Boundary conditions for Pull and Push loads 

 

Fig 7: FEM models in half (symmetric) of the configuration                 
          
Region of contact           , inequality constraints,     .............(1) 

 
Region of 
separation 

                           , inequality constraints,     ...........(2)  

Far end for the case of Pull load                       .......................................(3) 

Far end for the case of Push load                                .......................................(4) 

The load equilibrium condition in both lug and bush: 

Pin load     ∫                ,                                  .........................(5) 

5. Static analysis 

5.1 Maximum stresses at pin-bush interface or lug-bush interface 

Maximum tensile stresses at pin-bush interface and lug-bush interface for the applied rigid 
pin displacement are shown in Table 1. It is seen that for the same load rigid pin-bush 
interface experiences higher stresses in comparison to bush-lug interface. However, the 
metallic bush is made up of high steel alloy and has higher tensile and ultimate strength limit 
rather than the bush-lug interface, where the lug is made up of aluminium. As a result bush-
lug interface is more susceptible to stress concentrations leading to damage. Hence, further 
analysis is conducted with crack initiating from bush-lug interface. Fig. 8 shows typical 
maximum tensile stress variation at the bush-lug interface for Pull and Push load.  It is also 
seen that tensile σmax is relatively higher for Pull load in comparison with Push load. This is 
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primarily because the load flow from the load point to the far end goes around the pin in case 
of Pull load whereas the load flow does not go around the hole in case of Push loading.    

 
Table 1: Stresses at pin-bush and    Fig 8: Variation of tensile stress for Pull    
     bush-lug interface                     and Push loads 
 

5.2 Radial and tangential stress distributions 

The stress distributions have been studied, but not presented in this paper for the sake of 
brevity. Radial stresses are found to be highest for smaller bush thickness of 2.5mm 
compared to other bush thickness of 3, 4 and 5mm which imply that they are the highest for 
smaller thickness of the bush.  Subsequently tensile tangential stresses are also computed at 
bush-lug interface and are normalised with the bearing stresses It is observed that the 
maximum peak points occur at two different locations (±900 degree). It is found that bush 
thickness with 4mm and 5mm are relatively close enough, which implies a possibility of 
choosing the best option bush thickness for this lug configuration.  

5.3 Stress concentration factor (SCF) 

The Stress Concentration Factor (SCF) is estimated for Pull load case and is normalized with 
the bearing stress (σbr=P/2Rit, t=thickness of the lug).  For Pull loading (fig. 9a), it seen that 
with increasing Ro/Ri (keeping Ro constant and making the hole smaller) ratios the stress 
concentration factor decreases due to increase in bearing stress as Ri decreases (σbr α 1/Ri).  
From the figs. 9a and 9b, it is observed that lug joint without bush shows higher stress 
concentration and this SCF is much less with the inclusion of bush. As a limiting case, SCF is 
computed for straight lug and compared with the tapered lug with 22.50 with bush of 4mm 
thickness. Straight lug has higher stress concentration factor (31% more) in comparison with 
attachment lug with taper angle 22.50.  It is so obvious that when the taper angle is increased 
keeping Ro constant, the load flow will be smoother into a wider lug, and this causes lesser 
SCF. Also inclusion of 4mm metallic bush for these lug joints minimizes the SCF by 34% 
over the case of no bush. 
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Fig 9a: SCF for tapered lug with various bushes Fig 9b: Effect of taper and bush on SCF 
                          

6. Fatigue analysis 

6.1 Crack initiation 

Fatigue crack initiation life analysis is carried out using the Basquin's equation and S-N 
approach at the critical nodes identified from the stress analysis. Damage per each applied 
cycle is estimated using Miner's rule [9-10]. The fatigue cycle is derived from the local stress 
variation at the maximum tensile stress location. Respective local stress variation due to the 
applied load cycles are qualitatively shown in the figs. 10a and 10b.   

 
Fig 10a: local stress variation for           Fig 10b: local stress variation for 
            applied load ratio Rp = 0            applied load ratio Rp = -1 
 
It is seen for both Pull and Push loadings, the tangential stress at the critical locations is 
tensile, but of a smaller magnitude for Push loads.  It is observed that for R= - 1 the local 
maximum tensile stress at the critical nodes is too small for the Push load in comparison with 
Pull load. Hence in case of Rp = - 1, the contribution of push load portion towards the fatigue 
failure is not significant. The crack initiation life is shown for Rp = 0 (figs. 11a and 11b).  
Initially for smaller loads, the tapered attachment lug joint with varying metallic bush possess 
very high life and damage is negligible. With the progressively increasing load Pmax, there is 
a drop in the fatigue life with increase in damage. Lug joint with higher bush thickness have 
better crack initiation life. Further straight and tapered attachment lug joints are analysed for 
without and with metallic bush (fig. 11b). It observed that providing taper of 22.50 for the lug 
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increases the maximum load taking capacity by10.2% for crack initiation compared to 
straight lug.  Also insertion of metallic bush of 4mm to the straight lug increases the load 
taking capacity by 30.6% in comparison to straight lug without bush. Tapered lug with bush 
shows better fatigue crack initiation life in comparison to other cases. 

 

Fig 11a: Crack initiation life for tapered lug  Fig 11b: Effect of taper and bush on  
    with various bush thicknesses       crack initiation life for straight lug  
 
Since the stresses are too low at the critical locations for the negative P (Push), its effect is 
insignificant to the total fatigue crack initiation life. The effect of push load could be 
significant at higher negative values Rp.  Crack initiation life is compared between load ratio 
Rp=0, and -2 for the case of tapered lug with 4mm metallic bush in Table 2.   For Rp= -2, the 
damage initiates at about 8% lesser maximum load when compared load to Rp=0. At the load 
ratio of Rp= -3 the maximum stresses exceed the yield strength and not considered. 

Table 2: Comparison of fatigue crack initiation life for different load ratios 

Tapered lug 
 
 (β/2=22.50)  
 
with 4mm  
 
metallic bush 

Max. load in 
fatigue cycle, N 
 

Life in cycles 
Rp=0 Rp= -2 Rp= -3 

3525 5.54E+05 2.93E+05 Yielding of 
lug at critical 

locations 
3760 2.99 E+05 1.58 E+05 
3930 1.95 E+05  9.67 E+04* 
3995 1.66 E+05  
4230 9.71 E+04*  

*Crack initiation 

6.2 Crack growth 

It is assumed that a crack length of 2mm is the initial crack size at the initiation point which 
is quoted as smallest crack size that can be detected with 95% Probability Of Detection [11]. 
Further cycles to reach the critical crack length are estimated using Paris law considering 
Elber crack closure modification [6].  Mode-I is found to be dominant from the direction of 
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crack growth. Fracture parameters at the crack tip are computed using MVCCI for 
unsymmetrical case about crack path axis. MVCCI equations are well known [4-5] and the 
material constants are given in Ref. [12].     

It is also verified that crack growth is negligible during negative load ratios. Lug joint with 
higher bush thickness results in higher crack growth life till failure in comparison with other 
lesser bush thicknesses (fig. 12a).  The crack length at final failure is obviously larger for 
thicker bush.  Also comparison is made between the straight and taper lug joints without and 
with bush of 4mm in fig. 12b. It can be observed that providing taper to the straight lug 
increases critical crack length by 21.4% and cycles to reach critical crack length by 94.6%. It 
seen that the tapered lug with bush with taper angle of 22.50, fails at 28.6%  more crack 
length and subsequently at much larger life 153.7% compared to the case of without bush for 
the same applied load cycles.  Also adding the metallic bush of 4mm to the straight lug 
extends the life by 25.5% (34%) and the life in cycles to reach this critical crack length by 
223.9% over straight lug without bush. Further, tapered lug with bush extends the crack 
length by 16.5% and cycles to reach critical crack length by 52.5% over straight lug with 
bush. Hence tapered lug with metallic bush shows higher cycles to failure than other cases.  

 

Fig 12a: Crack growth life for tapered lug  Fig 12b: Effect of taper and bush on  
    with different bush thickness             crack growth life for straight lug 
 

7. Conclusions 

Lug joints which are primarily associated with large scale structural components for load 
transfer need a vigilant application of prognostic analysis. The major problem in these lug 
joints is contact variation between pin and the lug due to application of pin load with load 
reversals and it is addressed in this paper. Typical tapered attachment lug with and without 
metallic bush is carried out to study the life enhancement effects.  Maximum tensile stresses 
at pin-bush interface and bush-lug interface are prudently monitored and it is found that lug-
bush interface is more prone to initiation of crack like damages during fatigue loading and the 
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cracks grow from there till failure.  For the case of without bush the crack initiates and grows 
from pin-lug interface. It is seen that lug taper and the presence of metallic bonded bush 
significantly increase life of the joint configuration. The push load portion of the fatigue 
cycle has insignificant effect on the fatigue life for the load cycle provided unless the 
negative part of the cycle is large (Rp ≤ - 2).  The results of the paper are of significance to 
prognostic part of the Structural Health Monitoring of Joints.     
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