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Abstract

Lap joints fastened by countersunk screws are 

commonly adopted in many engineering applica�ons 

wherein the screw heads are flushed with the external 

surfaces of the joined structural members. These 

joints are subjected to various loadings such as 

tension, compression, bending, etc. This paper 

presents the finite element modelling and analysis of a 

typical screwed lap joint joining two plates with two 

countersunk screws and subjected to tension. The 

distribu�on of stresses along the screw, above and 

between the clamped members in the vicinity of the 

screws and the effect of pre �ghtening on the screws 

are explored. The joint s�ffness, which plays a crucial 

role in the structural connec�ons, are studied with and 

without the applica�on of pre tension on the screws. 

The results of modal analyses gave an insight into the 

performance of the screws under the applied pre-

tension.  The results are compared with the theore�cal 

calcula�ons. The results highlight the varia�on of 

stresses in joint which are generally not captured by 

well-established theore�cal analyses. 

Keywords: Countersunk screws, lap joint, pre-tension, 

clamping stress, joint s�ffness.

Introduction

Lap joints are routine in many engineering 

applications. The joints can be temporary (i.e. 

openable without damage) using fasteners or 

permanent using rivets or welds (i.e. non-openable). 

The temporary joints can be either bolted or screwed 

with either a single lap or double lap. Single lap joint of 

two plates or two cylindrical airframe sections with 

countersunk (CSK) screws are common in aerospace 

applications, wherein, the screws are flushed or 

conformal with the external surface of the clamped 

members [1, 2]. The joint does not offer any external 

projections. A single lap joint of two aluminium plates 

joined typically by two M5 CSK screws of 10.9 class as 

shown in Figure 1 and subjected to tension is 

investigated in this paper. The distribution of stresses 

in screws and, at above and between two clamped 

plates under screws are always not well understood by 

theoretical calculations which provides averaged 

estimates of stresses. These variations can be 

captured either by a detailed finite element analysis 

(FEA) or by an experimental technique like photo 

elasticity. The FEA is powerful in predictions if the lap 

joint is idealized and modelled appropriately 

simulating the real joint behaviour. 

Researchers have conducted extensive studies by 

numerical modeling of bolted joints by FEA and 

different finite element (FE) modeling approaches 

have been explored [3-6]. These screwed lap joints are 

very common in airframe structures and in-between 

two airframe sections whose diameters are small. 

They are helpful in easy maintenance activities which 

requires opening of the airframe sections. Screwed 

joints are designed with threads and without nut, 

which allow this fastener to be removed without 

damage to the system. The main characteristics in the 

bolted joint are the pretension and the contact at the 

mating part. Previous studies on the structure with a 

bolted joint are mostly dedicated to extraction of 

stiffness for the joint region and estimation of contact 

stress through a detailed model for a bolted joint using 

the FEM [7–10]. Based on the earlier works, it can be 

noted that in order to accurately predict the physical 

behaviors of the structure with a bolted joint, a 

detailed three-dimensional bolt model is desirable, 

which fully includes the friction due to the contact on 

mating parts and pretension effect to tie. However, for 

a large complex structures or the joints, the detailed 

modeling of the bolted joint is difficult because of 

restriction of the problem size and computational cost 

to analyze the entire structure [6]. A detailed 

modelling of single lap screwed lap joint, its FEA and 

results are discussed in this paper.

Numerical Modelling

The numerical modelling is done by considering a 

fragment in the overall cylindrical airframe section. 

The developed 3D finite element model of a single lap 

joint connecting two members viz. Plate-1 and Plate-2, 

as seen in Figure 1 is modelled in SOLIDWORKS and 

analysed using linear static formulation in ANSYS and 

ABAQUS. The plates are made of aluminium alloy AA 

2024 and screws are made of steel with a property 

class of 10.9. The elastic modulus E = 70 GPa and 

Poisson's ratio ν = 0.33 for aluminium and E = 200 GPa 

and Poisson's ratio ν = 0.28 for steel are adopted in 

FEA. Frictional contacts with co-efficient of friction μ = 

0.4 are established between 1) two plates on overlap 

region, and 2) between CSK screw head and CSK hole in 

Plate-1 as showed in Figure 1. In the FEM-based 

models of joint, the in-built connections between the 

elements are omitted. The threaded connection 

between the CSK screw and Plate-2 is established with 

a bonded contact. The plates and screws are modelled 

in ANSYS Workbench with C3D8R (three dimensional 8 

node hexahedral) solid elements which is a reduced 

integration element. Numerical modelling is the most 

appropriate way to get the desired results as there is 

no possibility of simple formulas for the calculation of 

induced stresses and stiffness of the joined flange 

element.
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Figure – 1: A single lap screwed joint

Figure – 2: Different paths 1-2, 3-4, and 7-8 to analyze the stresses

Solid modelling

Solid modelling is distinguished from related areas of 

geometric modelling using computer graphics. A 

wireframe representation of an object is done using 

edges and vertices. Whereas the surfaces are logically 

made using faces (surfaces), edges and vertices.  In this 

sequence of developments, the solid modelling uses 

topological information in addition to the geometrical 

information to represent the object unambiguously 

and completely for correct definition of solid. The  

modelled object from the CAD software (Solid Works) 

are imported into the finite element analysis software 

in their respective formants STEP or IGES.

Meshing

Finite element method reduces the degree of freedom 

from infinite to finite with the help of discretization of 

the model using nodes and elements. The generated 

FE model is mapped mesh with the element size of 1 

mm using hexahedral mesh type. The element size is 

finalized after a detailed mesh convergence study on 

induced stress along the path 3-4 i.e. screw length. This 

is achieved by partitioning the object using datum axis, 

datum planes and also using faces. Mapped mesh 

generally provides accuracy in result as it is generally 

used in various engineering applications.

Figure-3: Discretised model of lap joint specimen for FEA

Contact Definition

A full definition of the contact zones is implemented by 

modelling the contact between 

a. The main plates 

b. Screws (head) and upper plate hole

c. Plate holes and screw shanks 

The contacts are solved using penalty method with 

hard contact for frictional contacts between above 

mentioned (a) and (b). The coefficient of friction (µ) 

used is 0.4. The surface to surface discretization is 

employed for contacts between the plate holes and 

the screws shank to avoid element interpenetration at 

the thread edges of the screw. This type of bonded 

contact in (c) are established by tying the adjusted 

surfaces. 

NMIMS Engineering and Technology Review
Volume   Issue 1    January 2021 III   | |

NMIMS Engineering and Technology Review
Volume   Issue 1    January 2021 III   | |

88 89



Figure – 1: A single lap screwed joint

Figure – 2: Different paths 1-2, 3-4, and 7-8 to analyze the stresses

Solid modelling

Solid modelling is distinguished from related areas of 

geometric modelling using computer graphics. A 

wireframe representation of an object is done using 

edges and vertices. Whereas the surfaces are logically 

made using faces (surfaces), edges and vertices.  In this 

sequence of developments, the solid modelling uses 

topological information in addition to the geometrical 

information to represent the object unambiguously 

and completely for correct definition of solid. The  

modelled object from the CAD software (Solid Works) 

are imported into the finite element analysis software 

in their respective formants STEP or IGES.

Meshing

Finite element method reduces the degree of freedom 

from infinite to finite with the help of discretization of 

the model using nodes and elements. The generated 

FE model is mapped mesh with the element size of 1 

mm using hexahedral mesh type. The element size is 

finalized after a detailed mesh convergence study on 

induced stress along the path 3-4 i.e. screw length. This 

is achieved by partitioning the object using datum axis, 

datum planes and also using faces. Mapped mesh 

generally provides accuracy in result as it is generally 

used in various engineering applications.

Figure-3: Discretised model of lap joint specimen for FEA

Contact Definition

A full definition of the contact zones is implemented by 

modelling the contact between 

a. The main plates 

b. Screws (head) and upper plate hole

c. Plate holes and screw shanks 

The contacts are solved using penalty method with 

hard contact for frictional contacts between above 

mentioned (a) and (b). The coefficient of friction (µ) 

used is 0.4. The surface to surface discretization is 

employed for contacts between the plate holes and 

the screws shank to avoid element interpenetration at 

the thread edges of the screw. This type of bonded 

contact in (c) are established by tying the adjusted 

surfaces. 

NMIMS Engineering and Technology Review
Volume   Issue 1    January 2021 III   | |

NMIMS Engineering and Technology Review
Volume   Issue 1    January 2021 III   | |

88 89



Figure-4: Contact definitions

Load Step Definition

Boundary, initial, and loading conditions play a 

decisive role in the simulation. Prescribing these 

conditions is usually done easily using commercial pre-

processors. Users can specify these conditions either 

to the geometrical identities (points, lines or curves, 

surfaces, and solids) or to the mesh identities (nodes, 

elements, element edges, element surfaces). Again, to 

accurately simulate these conditions for actual 

engineering systems requires experience, knowledge, 

and proper engineering judgments. The analysis is 

divided into two stages one with pretension and the 

other without pretension.

The first stage is divided into two steps. The left edge of 

the Plate-1 is clamped in all degrees of freedom and 

the right edge of the Plate-2 is subjected to a tensile 

displacement δ = 0.04 mm. This corresponds to 50% of 

tensile yielding of the plate. This step simulates the 

experiment as displacement-controlled static test.

where σ  denotes the yield strength of the plate y

material = 280 MPa and l denotes the length of the 

Plate-2 = 50 mm. The screws are pre-torqued to T = 10 

Nm and its effects are simulated on the joint by 

applying a pretension which is the secondary stage F  i

=10 kN as calculated in Eq. 2 and an equivalent 

compressive clamping force is applied on the 

countersunk hole of Plate-2. Initial pretension is given 

by 

where d denotes the nominal diameter of screw = 5 

mm and k denotes a coefficient of 0.2 for this joint. 

Linear elas�c FEA are carried out including and 

excluding the effect of pretension. 

The second stage is addi�on of pretension to first 

stage.  The clamping force is applied to the screws. In 

this the screw is progressively shrunk along the screw 

axis with the force of 10 kN as calculated above. This 

step simulates the pre-�ghtening of the joint as shown 

in Fig. 5. 

Figure-5: Loads and boundary conditions

Prediction of Joint Stiffness

Joint stiffness is the apparent loss of range of motion of 

a joint. Simply it is the load required to produce a unit 

deflection in a joint.

where K denotes stiffness (N/mm), P denotes load or 

the reaction force (N), and δ denotes the deflection 

(mm).

Figure-6: Joint stiffness

With the application of preload on to the joints, the 

slope of the load vs deformation increases moderately 

which indicates that the preload effect reduces the 

stiffness at the first point even before the start of the 

displacement is applied. With the application of the 

displacement uniformly with time, the preload helps in 

relieving the stresses in the joints and helps in 

preventing the failure of the joint eventually with an 

enhancement in stiffness, which is shown in the Fig. 6.
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Modal analysis

Modal analysis is implemented in three boundary 

constraints: Free-Free; Fixed-Free; and Fixed-Fixed. 

The natural frequencies in the modal analysis 

increases with increase in joint stiffness, but the 

present case of the analysis predicted higher 

frequencies considering no pretension and slightly low 

frequency considering the pretension as shown in 

Fig.7. This is only because the effect of pretension in 

the joint caused relatively lower stiffness during the 

initial application of displacement as shown in the Fig. 

6, which specifies that the joint stiffness is less, when 

the applied load is very less (or) zero in the case with 

pretension. Since, in the analysis of these frequencies, 

no load or displacement is applied, other than 

pretension, the frequencies are lower compared to the 

case without pretension justifying the results obtained 

in all the stages as shown in Fig. 7.

Figure-7: Results from modal analysis

(a) Fixed-free boundary (b) Fixed-fixed boundary

Results and Discussion

The stresses along different pre-identified paths on the 

screws and clamped members are extracted. The 

distribution of induced stresses along these paths on 

screws and clamped members are as shown in Fig. 8. 

The pretension induces higher local compressive 

stresses just below the CSK head and the CSK hole in 

the Plate-1 which is noticed in Fig. 8. This is not the case 

when pretension is not applied on to the screws. In the 

Fig. 9, the countersunk screw head undergoes 

complete compression due to pretension and changes 

to tension in the shank and the threaded portions. As 

the pretension imparts counteracting force upon the 

screw the stresses are high for the pretension case 

continuously in both tensile and compressive zones.

Figure-8: Distribution of stresses in clamped members along path 1-2

It experiences tensile stresses at the middle of the 

screw and then compression as it reaches the ends i.e., 

towards the head and the tail of the screw as shown. 

On the application of pretension, the stresses 

developed are higher along all the paths, indicating 

that with the application of pretension, the joint 

exhibits high reaction to deform under an applied 

displacement of 0.04 mm.

Figure-9: Distribution of stresses along screw axis 3-4

Thus, the strength of the model increases by 

minimizing the effects of displacement over the body, 

when pre-tension is applied. Aluminium, the plate 

material which might undergo different types of failure 

modes such as tensile failure, compressive failure, 

shear failure due to the stresses which are caused by 

the internally generated resistance due to thermal 

expansions, external conditions such as intense 

aerodynamic forces, causing pressure variation on the 

sections of the flight which directly affect the joint. All 

these forces and the expected failures experienced by 

the flight during its operation, are controlled by the 

pre-tightening force applied on the screwed joints, by 

reducing the stresses induced on the materials. As this 

paper focuses towards the study of the effect of the 

applied pre-tightened force on the joints and their 

behaviour, the failure analysis of the is ignored.
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Conclusions

This paper presented a single lap CSK screwed joint of 

two aluminium plates subjected to tension. The details 

of FE modelling, contacts and boundary conditions are 

presented and analyzed through a displacement-

control to an extent of 50% of tensile yielding. The 

effect of pre-tightening on screws and distribution of 

stresses along screws and along different paths on the 

clamped members are obtained. The results provide 

an insight into the behaviour and distribution of 

stresses in the joint. The induced stresses are high 

when pretension is imparted to the screws compared 

to the case without pretension. This indicates that the 

stress i.e. the force required to pull the model to a 

displacement of 0.04 mm is more in the case with 

pretension which means, the stiffness of the joint with 

the application of pretension is increased at the end of 

applied displacement, preventing the failure of the 

model. On the application of pretension, the stiffness 

increases with the increasing displacement applied on 

the model.
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Conclusions

This paper presented a single lap CSK screwed joint of 

two aluminium plates subjected to tension. The details 

of FE modelling, contacts and boundary conditions are 

presented and analyzed through a displacement-

control to an extent of 50% of tensile yielding. The 

effect of pre-tightening on screws and distribution of 

stresses along screws and along different paths on the 

clamped members are obtained. The results provide 

an insight into the behaviour and distribution of 

stresses in the joint. The induced stresses are high 

when pretension is imparted to the screws compared 

to the case without pretension. This indicates that the 

stress i.e. the force required to pull the model to a 

displacement of 0.04 mm is more in the case with 

pretension which means, the stiffness of the joint with 

the application of pretension is increased at the end of 

applied displacement, preventing the failure of the 

model. On the application of pretension, the stiffness 

increases with the increasing displacement applied on 

the model.
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