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Abstract 

Slender flight vehicles such as launch vehicles and missiles are thin-walled structures 

made of several airframe sections connected together using an appropriate flight intersection 

joint (FIJ).  These FIJs help in easy assembly and disassembly of airframe sections for 

integration, maintenance and operational health checks of configured subsystems within the 

airframe sections. Several types of FIJs are commonly adopted in practice and the selection of 

a particular type depends upon the available volume, geometry, material, size and configuration 

of the flight airframe sections and the kind of joint stiffness acceptable to the flight. The FIJs 

are characterized by the joint rotational compliance (JRC) and the capability to withstand the 

flight, transportation and handling loads. Although different types of FIJs are found in practice 

and different literature, a comprehensive review on FIJs is unavailable.  The JRC is an important 

parameter in the structural design and analysis of a launch vehicle, but there are no theoretical 

model to predict JRC of a FIJ, even the prediction by numerical methods is not yet well matured, 

it is always experimentally determined for a given type of FIJ, and further there is no clarity on 

number and size of fasteners to be adopted for achieving a required JRC for a FIJ. This research 

on FIJ is attempted to address these limitations. 

 

The first phase of the research brings out a comprehensive review of the FIJs. This 

review, in detail, covers the classification of intersection joints, different loads experienced by 

the joints, and predictive and experimental methods adopted in the determination of JRC and 

its importance in predicting the dynamics of a flight vehicle. The JRC is always quantified 

through extensive experiments due to non-availability of a reliable theoretical or numerical 

model. In the second phase of research, an analytical model is derived based on localised 

component joint stiffness wherein the latter is modelled and quantified through numerical 

methods, and verified through experiments. In the third phase, the analytically predicted JRC 

for a typical FIJ is compared with JRC obtained from an independent numerical modelling of 

the full FIJ based on finite element analysis (FEA), wherein a very good agreement is observed. 

Further, the effect of pre-tightening of studs, variations in size and number of studs and their 

combinations and joint’s geometric parameters on JRC of a FIJ are investigated. It has been 

demonstrated that (1) the pre-tightening of studs enhances the JRC to an extent of 30% to 10% 

when loading is increased respectively from no load to the first yield moment; and (2) the 

increase in number of studs for a given stud size result in significantly enhanced JRC as 

compared to the increase in size of studs.  
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In the fourth phase, an experimental setup is designed and analysed through FEA under 

bending moments up to 20% of the airframe’s first yield moment for design applications. Four 

numbers of FIJs are manufactured and experimented to determine the JRC. The experimentally 

measured JRC matched very well with analytical and numerical predictions, thereby validating 

the predictive model thus formulated and the adopted method of numerical simulation.  Finally, 

in the fifth phase of research, effect of variation in diameter of FIJ on JRC is analyzed through 

FEA for three different cases viz. under a constant bending moment for all diameters, FIJs 

subjected up to respective first yield moment, and a FIJ with number of studs configured at 

constant arc length. This study brought out that the JRC reduces with increase in diameter of 

FIJ in the first case, exhibited almost similar performance in the second case for all diameters 

and shown a significant reduction in JRC in the third case with increase in diameter of FIJ. 

 

As a whole, all five phases of research addressed in the thesis provided a reliable 

analytical model and a robust numerical simulation approach for determination of JRC of a FIJ, 

validated by experiments. Further, clarity on variation of important joint parameters is brought 

out. This research outcomes will certainly help address the design requirements of FIJs.    
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Chapter-1 

Introduction 

1.1 Background 

The launch vehicles and missiles are slender flight vehicles configured structurally by 

interconnection of several airframe sections as shown in Fig. 1.1. The airframe structural 

geometry is commonly made of cylindrical, ogival or conical. This interconnection between 

one airframe sections with another adjacent airframe section is achieved through intersection 

joints. Preferably, the flight intersection joints (FIJ) are conformal to the airframe’s outer 

geometric profile without any external projections which in turn may cause aerodynamic drag. 

Mostly, the FIJs are temporary joints which can be opened or fastened on need.  Only in certain 

uncommon cases, to meet the manufacturing and integration constraints, the airframe structural 

sections are made separately and then joined at intersections either permanently by welding or 

semi-permanently by riveting, Maloney et al. [1].  

 

 

 

Fig. 1.1. Typical flight vehicle with five FIJs connecting six airframe sections [2] 

 

Different subsystems intended to meet the configuration are generally mounted inside 

the airframe sections with in the available space. The FIJs, besides aiding in easy assembly and 

disassembly of subsystems, are also designed for easy integration and disintegration of one 

airframe section with another in a shorter time with minimal effort, employing standard tools. 

The design of FIJs is evolved with an emphasis to meet the functional and stiffness 

requirements.  
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Flight intersection joints experience more challenging requirements when compared to 

the bolted joints used in other engineering applications as they are exposed to more harsh 

environments during flight and operational readiness. Besides flight loads, they are also 

subjected to operational loads due to handling (i.e. lifting during loading and unloading), 

articulation (i.e. positioning from horizontal to vertical or at an inclination before launch) and 

transportation (through a launcher or a transporter). Several types of intersection joints are 

commonly adopted in practice and the selection of a particular type depends upon the available 

internal volume, geometry, material, size and configuration of the flight airframe sections, and 

the kind of joint stiffness, which has a vital impact on the global behaviour of the structure that 

is acceptable to the flight vehicle. The intersection joints are characterised by the joint 

compliance and the capability to withstand the flight, transportation and handling loads.  

 

Although there are several types of flight intersection joints, their engineering design, 

constructional details and concepts are different from each other (Maloney et al. , Hillmer, 

Lasker et al. and Gharouni et al. 1-6). But their loadings and method of prediction of joint 

stiffness can be closely related to the mechanics of bolted circular flange joints adopted in 

tubular structures commonly found in general engineering applications. Significant research 

has been carried out for many years on bolted circular flange joints in tubular structures and 

different methods for the design of these joints have been developed. On the other hand, 

comparatively, the quantum of research on FIJs is very small and only limited knowledge is 

published in open literature. The design of FIJs relied more on meeting functional and stiffness 

requirements based on elaborate experiments and limited theoretical studies. But the well-

established concepts and the method of analysis of bolted circular flange joints in tubular 

structures can be extended to develop the theoretical models and numerical analysis of FIJs. 

This background has driven the initiation of this thesis research. 

1.2 Motivation and Research Gaps 

1.2.1 Motivation 
 
Considerable studies were carried out on predicting the joint compliance and clamping 

force distribution in bolted joints used in general engineering applications. These studies bought 

out simplified theoretical models, validated mostly by finite element analyses (FEA) and in few 

cases by experiments. There are few studies on bolted circular flange joints which provided 

methodologies for quantifying the joint stiffness and clamping force distribution (Rockey et al. 
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S. Igarashi et al., B. Kato et al., J.A. Packer et al. , J. J. Cao et al., G. Stamatopoulos at al. , M. 

Couchaux et al. , A. Kozlowski et al. , M.R. Azim et al. , M. Emara et al. , J. Kim et al., N. Rasti 

et al. , 7-37)  The knowledge gained in the study of general engineering bolted joints and the 

bolted circular flange joints in tubular structures can be extended to study the mechanics of 

FIJs.  

 

The quantification of JRC of FIJs have so far been governed by experimental 

techniques. Alley and his team [44-46] conducted experiments on 10 flight vehicles of different 

diameters and quantified JRC. They were the first in classifying FIJs based on JRC values w.r.t. 

variation in the diameter. They brought out an empirical relation between JRC (in radians/inch-

pound) and diameter D (inch) of the flight vehicle as  

JRC = Aቀ
ଶ଴

ୈ
ቁ

ଷ

          (1.1) 

where A is the compliance coefficient in radians/inch-pound.  

 

The importance of correct JRC value of FIJs in modal predictions have been brought 

out by several researchers (G.M. Henson et al., N. Kumar et al., S.M. Kaplan et al., B. Kumar 

et al., J.B. Gunda et al., V.L. Alley et al., S.A. Leadbetter et al., C. Roberts et al., 39-52). The 

JRC is quantified experimentally by static or dynamic method. In static method, one part of the 

FIJ is mounted on a vertical reaction plate and a crack opening device (COD) is mounted either 

at top or bottom most location of the joint. Bending moment M is applied at the joint through 

actuators, joint opening δ is measured from the COD. Based on the measurements of δ and M, 

the JRC is calculated as 𝜃 = 𝛿 𝐷⁄ ;   JRC= θ M⁄ ; where θ is the joint rotation and D is the pitch-

circle diameter of the bolts. In dynamic method, JRC is determined in the ground resonance test 

of the flight vehicle where the first three fundamental frequencies are measured. Now, the FV 

is modelled numerically based on beam or shell elements with (EiIi) variations along the length. 

FIJs are modelled as rotational springs (kj) with an approximate JRC, where i = 1 to 6 and j = 1 

to 5. Modal analysis is carried out through FEA. The JRC of rotational springs are adjusted by 

trial-and-error until the measured fundamental frequencies and mode shapes match with the 

FEA predictions. 
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1.2.2 Research Gaps 

There are appreciable research gaps in quantifying JRC of FIJ in a flight vehicle. The 

significant gaps are as summarized below. 

• A theoretical model to predict JRC of FIJ is not available. 

• Prediction of JRC is not well matured by numerical methods.  

• JRCs are always experimentally determined for a given type of FIJ. 

• There is no clarity on number and size of fastener for achieving a required JRC of a FIJ. 

1.3 Thesis Objectives  

The background, detailed review of literature and the identified research gaps have led 

to the formulation of the research objective for the thesis. Accordingly, the objectives of the 

present research are as given below. 

1. Comprehensive review of state-of-the art flight intersection joints. 

2. Formulate a mechanics based theoretical model applicable for JRC of FIJs. 

a) Develop a simplified numerical and experimental procedure to determine local 

joint stiffness.  

b) Compute the JRC of full FIJ from theoretical model using above determined local 

joint stiffness. 

3. Establish a numerical simulation procedure to determine JRC of FIJ and compare with 

theoretical predictions 

4. Characterise the FIJ through numerical simulations by studying the effect of a) Pre-

tightening; b) Number of studs; c) Size of studs; d) Stud-pocket geometric parameters; 

e) Increase in diameter of FIJ on JRC and f) Combined bending moment and axial 

force on FIJ.  

5. Design and realise an experimental set-up; experimentally measure JRC and validate 

theoretical and numerical predictions. 

1.4 Organization of Thesis  

The thesis will focus on modelling and evaluation of tension type FIJ in different 

chapters. The Chapter-1 will provide a brief background and an introduction to the FIJs, 

requirements, motivation, research gaps and research objectives. The Chapter-2 focuses on a 

comprehensive literature review carried out on general engineering joints, bolted circular 

flange joints in tubular structures, and different types of FIJs, their loadings, design and 
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qualification, etc. The Chapter-3 will provide formulation of theoretical modeling of FIJ which 

needs the values of the local joint stiffness in tension and compression from numerical and 

experimental results.  The Chapter-4 will present the numerical method to determine JRC of 

full FIJs considering the effects of pretightening, size of studs, number of studs, geometric 

parameters, and variation in diameter. The Chapter-5 will elucidate the experimental setup and 

the experiments carried out on full FIJs and comparison of JRC determined from theoretical, 

numerical and experimental methods. The Chapter-6 summarizes with conclusions and future 

work. 

1.5 Summary 

Launch vehicles and missiles are made by assembly of several airframe sections 

integrated using a Flight Intersection Joints (FIJs). These FIJs are characterised by a joint 

property named Joint Rotation Compliance (JRC). Several researchers have carried out 

elaborate works in characterisation of joints for general engineering applications, tubular 

flanged joints and flight vehicles.  Extensive literature studies divulge the extraction of JRC 

predominantly using experimental methods with not much detailed research using numerical 

and theoretical methods. This research gaps gives the motivation to estimate the JRCs of FIJs 

using numerical and theoretical methods. The objectives for the estimation of JRCs are covered 

in detail supported with validation of results. The organisation of chapters based on the research 

objectives is elucidated. 
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Chapter-2 

Review of Flight Intersection Joints 

2.1 Introduction 

The launch vehicles and missiles are slender flight vehicles configured structurally by 

interconnection of several airframe sections as shown in Fig.1.1. The airframe structural 

geometry is commonly made of cylindrical, ogival or conical. This interconnection between 

one airframe sections with another adjacent airframe section is achieved through intersection 

joints. Preferably, the flight intersection joints (FIJ) are conformal to the airframe’s outer 

geometric profile without any external projections which in turn may cause aerodynamic drag. 

Mostly, the FIJs are temporary joints which can be opened or fastened on need.  Only in certain 

uncommon cases, to meet the manufacturing and integration constraints, the airframe structural 

sections are made separately and then joined at intersections either permanently by welding or 

semi-permanently by riveting, Maloney et al. [1].  

 

Flight intersection joints experience more challenging requirements when compared to 

the bolted joints used in other engineering applications as they are exposed to more harsh 

environments during flight. Besides flight loads, they are also subjected to operational loads 

due to handling (i.e. lifting during loading and unloading), articulation (i.e. positioning from 

horizontal to vertical or at an inclination before launch) and transportation (through a launcher 

or a transporter). Several types of intersection joints are commonly adopted in practice and the 

selection of a particular type depends upon the available internal volume, geometry, material, 

size and configuration of the flight airframe sections, and the kind of joint stiffness, which has 

a vital impact on the global behaviour of the structure that is acceptable to the flight vehicle. 

The intersection joints are characterised by the joint compliance and the capability to withstand 

the flight, transportation and handling loads.  

 

Although there are several types of flight intersection joints, their engineering design, 

constructional details and concepts are different from each other (Maloney et al., Hillmer, 

Lasker et al. and Gharouni et al. 1-5). But their loadings and method of prediction of joint 

stiffness can be closely related to the mechanics of bolted circular flange joints adopted in 

tubular structures as shown in Fig. 2.1, which are commonly found in general engineering 

applications. Significant research has been carried out for many years on bolted circular flange 

joints in tubular structures and different methods for the design of these joints have been 
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developed. On the other hand, comparatively, the quantum of research on FIJs is very small and 

only limited knowledge is published in open literature. The design of FIJs relied more on 

meeting functional and stiffness requirements based on elaborate experiments and limited 

theoretical studies. But the well-established concepts and the method of analysis of bolted 

circular flange joints in tubular structures can be extended to develop the theoretical models 

and numerical analysis of FIJs. Further, considerable research has been carried out on predicting 

the joint stiffness and clamping force distribution in bolted joints used in general engineering 

applications. These studies have brought out simplified theoretical models, validated mostly by 

finite element analyses (FEA) and in few cases by experiments.  These studies helped in 

quantifying the joint stiffness and clamping force distribution in FIJs. Therefore, it is 

recommended to briefly review the research on 1) bolted circular flange joints in tubular 

structures, and 2) bolted joints used in general engineering applications before moving on to 

the detailed review of FIJs. 

 

2.1.1. Bolted circular flange joints in tubular structures 

The bolted circular flange joints in tubular structures were investigated initially under 

the action of axial forces only for many years and subsequently followed by addition of bending 

moments in the last 40 years.  

2.1.1.1 Under action of axial forces only 

Until 1985, the design of the bolted circular flange joints in tubular structures relied on 

few empirical formulations and guidelines generated based on a large number of tests by 

Rockey and Griffiths [7], and researchers from British Steel Corporation [8]. These 

formulations and guidelines were subsequently incorporated in few design codes such as British 

Standards BS8100 [9] for the design of towers and masts, and Stelco design manual [10] for 

arriving at the flange thickness and stiffness to resist prying action in hollow structural steel 

connections. Experiments and theoretical analysis on circular flange joints under tensile loads 

have been carried out by Igarashi et al. [11, 12] in Japan based on limit analysis and an 

approximate model for the determination of flange thickness and number of bolts in a tubular 

joint has been proposed. Similarly, based on ultimate limit state static resistance of bolted 

circular flanges governed by the attached tubular section, Kato and Hirose [13] proposed a yield 

line mechanism which is almost axisymmetric and quite similar to the failure mode proposed 

by Igarashi et al. [11, 12]. These methods have been adopted in the design guide for circular 

hollow section (CHS) joints by CIDECT13 (Comite International pour le Developpement et 
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1'Etude de la Construction Tubulaire) [14] and was incorporated in a book by Packer and 

Henderson [15]. This research helped to determine the thickness of flange and the required total 

bolt tension capacity which in turn is used to decide the diameter, number and the grade of 

bolts, for the joint.  

 

Cao and Bell [16-18] conducted detailed theoretical, numerical and experimental studies 

on bolted circular flange joints. They performed numerical studies through FEA, adopted 

axisymmetric and 3-D models, and analysed a number of joints with different dimensions and 

bolt arrangements. They obtained bolt forces, contact forces between flanges, and 

displacements and stresses in the tubes and the flanges. They investigated the influences of bolt 

preload, tension force and joint geometry on joint behaviour.  Subsequently, they conducted 

experiments and confirmed the results of FEA. They reported that the total bolt force in a tubular 

joint may be much higher than 120 percent of the tension force applied to the joint. Cao and 

Packer [19] proposed models based on the static resistance of flange joints of circular tubes, as 

shown in Fig. 2.1, under tensile load from an elastic analysis leading to a safer design as 

compared to the limit analysis of previous researchers that provided an optimal solution. In Fig. 

2.1, the Df is the diameter of flange, Dp is the pitch circle diameter of bolts, d is the bolt diameter, 

D is the diameter of the tube analogous to the flight airframe diameter and T is the tension on 

the joint.   

 

Fig. 2.1. A typical bolted circular flange joint joining two hollow cylindrical (tubular) 

structures [18] 

 

They [19] proposed new design method with design charts to decide the flange thickness 

and number of bolts for a tubular joint. The bending moment at the bolt pitch circle is given as   

 

𝑀 =
்
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where ν is the Poisson’s ratio, μ is the slope of the bolt force Tb versus the tension force T on 

the joint as shown in Fig. 2.2, Tbo is the total bolt preload in the joint and γ is used to take 

account of bolt preload. 

 

Fig. 2.2. Relationship between bolt force and the tension force in the joint [18] 

 

Close observation on the results [16-19] demonstrate that relatively thin flanges 

introduces prying action on the joint where the joint is resisted by the tensile limit of the bolts 

and on the other hand, for the given tensile capacity of the bolts, thicker flanges can reduce 

prying force and thereby improve the tubular joints’ stiffness. Stamatopoulos and Ermpopoulos 

[20] developed a model based on the limit analysis where all the components of the connection 

are assumed to reach their full plastic resistance at the ultimate state and excluded the tube wall 

buckling. Based on the work of Igarashi et al. [11, 12], Couchaux et al. [21] derived a closed 

form solution for the ultimate tensile resistance of a bolted flange joint considering the effects 

of contact between the two opposite flanges, validated through FEA and published experimental 

results, and shown its validity for a large range of joints. This model accounts the effect of the 

position of the prying force and the action of the tube on the joint. But the bending moment 

between tube and flange is neglected in all the aforementioned models [11-21].  

 

2.1.1.2 Under combined bending moment and axial forces 

The models, subsequently proposed by researchers [22-25] included the effect of 

bending moment along with axial forces on the tubular flanged joints. A mechanical model of 
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a non-preloaded flanged bolted tubular joint was presented by Kozlowski and Wojnar [23] 

based on tension and compression components using springs. The stiffness of the springs were 

defined based on the theoretical and numerical analyses verified by experiments. The position 

of the neutral axis was calculated based on equilibrium of axial forces in the cross-section. 

Kozlowski and Wojnar [24] investigated the influence of flange bolted joint’s stiffness on the 

behaviour of steel chimneys under the influence of wind load and vortex shedding. Behaviour 

of the joint was modelled by springs fixed on bolts’ pitch circle diameter. An analytical model 

using the rule of component method was used. The deformation was obtained using experiments 

and FEA and introduced into the model. The natural frequency increases when the number of 

joints increases in the tubular structure. Stiffness of bolted flanged joints in tubular structures 

can influence the horizontal displacements of the structures, the natural period of the structures 

and the parameters of vibration damping.  

 

Kozłowski and Wojnar [24] investigated the influence of the stiffness of flange bolted 

joints on the natural period, critical wind velocity, number of cycles and the horizontal 

displacements of the steel tubular structures. Behaviour of the joint under combined bending 

and axial forces was modelled by set of individual springs, fixed on the perimeter of circle i.e. 

diameter of structural shell of cylinder.  The model consists of two types of components i.e. 

components in the tension zone, characterized by their stiffness kT and resistance RT, and the 

components in the compression zone, characterized by their stiffness kC and resistance RC. 

Couchaux [22] proposed a model to determine the static resistance of a bolted circular flange 

connection applied for tubular members such as chimneys, pylons of wind turbines, and ski-lift 

installations, and subjected to combinations of bending moment and axial compressive or 

tensile loads. This model is based on limit analysis considering two failure modes based on the 

ductility of tensile part and the shell buckling resistance of compressive part of the bolted 

connection. For the ductile failure mode, all components reach their plastic resistance, and for 

the non-ductile failure mode, only the highly stressed component reaches its resistance locally. 

Azim [26] and Emara et al. [27] investigated the bolt tension in a bolted circular flange of a 

pipe joint subjected to bending moment, using an elasto-plastic material model in FEA and 

simulated bolts with spring elements. He reported that the bolt tension decreases with the 

increasing number of bolts and increases with the increase in flange thickness and increasing in 

pipe diameter.  Number of bolts, flange thickness and flange width are the three parameters that 

influence the bolt tension for a flanged pipe joint.  
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2.1.2. Bolted joints in general engineering 

The prediction of the joint stiffness and clamping force distribution in bolted joints used 

in general engineering applications is studied. In general engineering, there are three are types 

of bolted joints according to the methods of loading. They are a) conventional joint, b) 

axisymmetric loaded joint, and c) eccentrically loaded joint.  Few noted research on bolted 

joints are summarised here. A new approach to load transfer in a bolted joint was proposed by 

Weissberg et al. [28] in which they obtained shear stiffness for a multi row lap joint loaded in 

tension and represented the joint stiffness as a function of applied load using the experimental 

load-deflection curve and FEA. Joint characteristic is described by a non-dimensional 

parameter Z as   

𝑍 = ቀ
௧

ௗ
ቁ

ଷ ா೛

ா್
          (2.2) 

where Z is the ratio of bending stiffness of the bolt to the plate bearing stiffness and it ranges 

from 0.2 (rigid bolts) to 2.8 (rigid plates); t is the plate thickness; d is the dimeter of bolt; Ep is 

the modulus of elasticity of plate; and Eb is the modulus of elasticity of the bolt. Allen [29] 

determined the joint stiffness of preloaded bolted connections using strain energy calculations 

i.e. from preload Fi (=Tbo) versus deflection δ curve as shown in Fig. 2.3. The slope of the curves 

represents the stiffness of the bolt kb and members km. The areas projected under these curves, 

represent the stored strain energy in the bolt Ub and members Um. Knowing the deflections in 

bolt δb and members δm, the member and bolt stiffnesses are calculated as  
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The relation between the strain energy, the stiffness of bolt, and members is defined as 
௎್

௎೘
=

௞೘

௞್
          (2.4) 

 
Fig. 2.3. Strain energy driven from force-deflection curve [29] 

 
Zhang and Poirier [30] developed an analytical model for studying the behaviour of 

axisymmetric loaded bolted joint.  Through analytical models, they shown additional member 

deformations under action of external load, which are the combinations of the a) member 

compression due to external load, b) member expansion, and c) member thickness dimensional 

change, seen by the bolt, due to member rotation. Accordingly, they introduced three different 
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factors such as member rotation stiffness, proportional factor, and varying member stiffness to 

account them in analytical model. Grosse and Mitchell [31] showed that external loads cause a 

gradual member separation leading to significantly nonlinear joint stiffness and create 

significant prying even in an axisymmetric problem. Even a tensile separating force on the joint 

causes bending effect which has a very significant effect on the bolted joint stiffness. Roy [32] 

demonstrated that in a bolted joint, a preloaded bolt apply an equal and opposite force to the 

connected members. The members with the bolt tightened, behave with an equivalent stiffness 

of the joint, which would always be less than either of the individual stiffnesses. Generally, the 

bolt will be in tension and members in compression and both are treated as stiff springs exerting 

the forces in series. 

 

In FEA of bolted joints, many approaches have been adopted to model a bolted joint by 

different researchers [33-38]. Kim et al. [33] represented the bolt by a beam or link element 

with pretension applied along the axis and positioned through the bolt hole. The ends of these 

elements are connected to the bolt hole outer edges using rigid links. Sometimes the bolts are 

modelled as solid elements with externally applied pretension. In modelling the bolted joints in 

FEA by Montgomery [34], Lehnhoff and Bunyard [35], Wileman and Chowdhuri [36], 

characteristics like pretension and mating part contact were simulated to understand the joint 

separation and compression. Pretension was accounted using a pretension element. The solid 

bolt modelling approach was recommended as the most realistic simulation approach. One of 

the characteristics that is ignored for the bolting analysis is the effect of threads and friction 

interaction at the contact surfaces. Rasti [37] compared the joint stiffness of three different types 

of bolted joints using a detailed FEA. Through FEA, Nassar et al. [38] investigated the 

nonlinear deformation behaviour of clamped bolted joints under a separating service load.   

 

These investigations [28-38], in general engineering bolted joints, helped in quantifying 

the clamping force distribution through the thickness of the clamped members below the bolt 

head and nut and also radially along the transverse direction in members. Experimental studies 

have focused mostly on measuring the force in bolts and also the clamping force just below the 

bolt head using special types of force sensors.  These approaches have been adopted to study 

the bolted joints used in civil structures, machineries and FIJs.  

2.1.3. Flight intersection joints  

Traditionally, the knowledge gained in the study of bolted circular flange joints in 

tubular structures and general engineering bolted joints have been extended to study the 
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mechanics of FIJs. The prediction of rotational stiffness in these joints have attracted a great 

interest and few researchers gave a simplified solution considering the bolts as linear springs 

and their variations of stiffness influenced by the position of springs with respect to neutral axis 

or the tilting edge [23, 25].  

 

An evaluation of common analysis methods for the bolted joints in launch vehicles was 

proposed by Henson and Hornish [39]. They showed that the joint stiffness of a FIJ decreases 

markedly and nonlinearly as soon as an external tensile load is applied; yielding plays no role 

until the joint is near failure; the initial and immediate softening is due to contact nonlinearity, 

as the angle surfaces separate; and a large decrease in stiffness under less load can significantly 

influence the dynamic response of the FIJ. Kumar et al. [40] studied the FIJ between aft end of 

the rocket motor and its nozzle circular flange using a three-dimensional FEA. The approach 

followed in [26-27, 34] have been extended for this FIJ. The joint is made of stud and nut type 

where several studs having external threads project at the aft flange of the rocket motor, receives 

the fore end flange of nozzle and pre-tightened with nuts. This joint meet two important 

functions viz. a) maintain the structural integrity of the joint itself, and b) prevent the leakage 

of propulsion gases through the gasket preloaded by bolts. The gas pressure tends to reduce the 

bolt preload, reduces the gasket compression and tends to separate the flange faces in the FIJ. 

The flange opening causes bending in the bolts. It is shown that due to the existence of preload, 

internal gas pressure and bending moment from flight structure, the bolt behaviour is nonlinear 

which cannot not be easily evaluated by theoretical models and adoption of 3D FEA could 

provide accurate results matching with experiments.  

 
Kaplan [41] has determined the flexibility coefficients i.e. a measure of joint rotational 

stiffness for flight structural joint assemblies and reported the challenges in experimental and 

theoretical determination of the flexibility coefficients and the importance of these values in 

flight dynamics. Kumar et al. [42] and Gunda and Krishna [43] conducted ground resonance 

test and found the modal frequencies and first three mode shapes of a multi-stage launch 

vehicle. They also predicted the free vibration response of the launch vehicles through FEA 

using beam elements representing the airframes and rotational spring elements representing 

FIJs. They observed significant discrepancies in the predictions as compared to the 

experimental data. After elaborate investigations, they reported that the value of joint rotational 

stiffness adopted for the FIJs adversely affected the modal predictions and stressed upon the 

need for an accurate quantification of joint flexibility or the stiffness of the FIJs. After updating 

the FEA model with correct joint stiffness for the rotational spring elements, their predictions 

agreed very well with experiments.  



14 
 

 

Alley and Gerringer [44] and Leadbetter et al. [45] investigated the prediction and 

measurement of natural vibrations on multi stage launch vehicles where they conducted 

experimental measurements of free vibration response of launch vehicles and observed 

considerable difference with the predicted vibration responses. They reported that invariably, 

computed mode data on launch vehicles which disregard local influences at FIJs will result in 

frequencies higher than actual; therefore, any reasonable approximation to stiffness of FIJ will 

move the computed results close to reality. Nevertheless, the possibility of assuming joint 

factors unreasonably large does exist, and consequently such efforts may result in greater errors 

than would be experienced if totally ignored. Therefore, Alley and Leadbetter [46] provided a 

guide to joint evaluation which should provide a simple means for approximating the joint 

rotation constants in a typical launch vehicle through an empirical relation. This can be used 

for quantifying joint rotational stiffness which can be adopted for theoretical or numerical 

predictions of free vibration response of the complete flight vehicle. 

 

Due to the classified nature of work, only limited research publications on flight 

intersection joints are available in open literature. But significant research have been carried 

out on flight intersection joints, several types of joints have been devised and adopted in practice 

at various research institutes across the globe.  Based on scholar’s and supervisors’ experience 

and review of open literature, this chapter, for the first time, attempts to bring out a 

comprehensive review of flight intersection joints. This review focusses on the classification of 

FIJs, different loads acting on the flight vehicle and on the FIJ, and prediction and 

measurements of joint rotational stiffness (JRS). 

2.2. Classification of Flight Intersection Joints  

The flight intersection joints are broadly classified based on three important parameters such 

as 1) construction / design, 2) compliance, and 3) fineness. 

2.2.1 Based on construction or design 

There are several types of flight intersection joints based on their construction and (or) 

design. All these FIJs can be again classified into two types [1]: 1) non-separable joint, and 2) 

separable joint, as shown in Figs 2.4 and 2.5, respectively. Non-separable joints are designed 

for permanent attachment of airframe sections. These non-separable joints are used only in 

special circumstances and are uncommon. The permanent attachment of two airframe sections 
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is generally adopted for easiness in manufacturing of individual flight airframes which are 

subsequently joined together permanently by welding, riveting or bonding. They tend to be 

stiffer, stronger, consistent and more predictable in their properties by virtue of being a) welded, 

b) bonded and (or) c) riveted with many rivets.  On the other hand, separable joints are more 

common and primarily designed for ease of assembly and disassembly of any two adjacent 

airframe sections under field and depot conditions. They are subjected to different static and 

dynamic loading during service. Pre-tightening torque values are specified for intersection joint 

fasteners in an attempt to control the interface preloads and to increase the joint rotational 

stiffness. There are several types of FIJs as shown in Fig. 2.5 [1- 5]. They are a) shear/radial 

joint, b) threaded coupling ring joint, c) Marman band joint, d) widget ring or Ortman joint, e) 

field joint, f)  tension or stud-pocket joint, and g) special joint with quarter turn bolt.  

 
Shear or radial joint, shown in Fig. 2.5(a), is adopted in three circumstances i.e. 1) when 

the thickness of the airframe shell bulkhead is smaller such that the radial thickness of the joint 

is less than about 5 mm, 2) when the load on the fore end airframe section ahead of the joint is 

less, and 3) when the permissible axial-length of the joint is less than 2d-3d where d is nominal 

diameter of intersection joint fastener.  This is popular in flights with diameter less than 300 

mm. Although it provides relatively less joint stiffness by material and geometry but due to its 

application in reduced or less loadings, this joint qualifies under moderate class of joint.  

Threaded coupling ring joint, shown in Fig. 2.5(b), is a good class of joint but used only for 

smaller diameter flights because aligning two airframe sections with end threads and joining 

them with an internally threaded cylindrical nut or a coupler is a challenge for large diameter 

flights. Further, this joint introduces external circumferential gaps which act as discontinuity in 

airflow path causing localised drag, kinetic heating and stress concertation.  Marman band joint, 

shown in Fig. 2.5(c), is typically a simple joint which takes relatively short duration for joining 

two airframe sections.  A metallic band with a specified internal receiving contour (say 

trapezoid) is placed over two end bulkheads featured with a projecting external contour. The 

band is tightened to join the two airframe sections. This can be used in flights irrespective of its 

diameter but the joint stiffness achievable is moderate to good depending upon the number of 

Marman bands adopted. It occupies more axial length of about 8d-10d.    

 

Ortman or Widget ring joint, shown in Fig. 2.5(d) consists of two bulkhead rings 

assembled from outside through a rectangular hole in the outer cylinder formed due to the ring 

groove present on both the fore and aft airframe sections. This kind of joint is used for smaller 

diameter airframes up to 600 mm whenever there is a constraint of minimal mass for the FIJ. 

This type of joint takes considerable time for integration of two adjacent airframe section and 
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needs special tools. The joint stiffness achievable is moderate and it occupies an axial length of 

about 5d-10d. Field joint, shown in Fig. 2.5(e), consists of a tang at the rear end of one airframe 

section and a clevis at the front end of the next immediate airframe section. The two airframe 

sections are assembled and aligned to match the radial pin holes in both the airframe sections 

and integrated with number of radial pins which are externally protected with circumferential 

pin retainers. This type of joints are used for airframes of large diameter with stringent pressure 

requirements. This is more commonly adopted for joining rocket motor end with nozzle / base 

shroud [6]. Integration of this joint takes more duration and it falls under an excellent class of 

joint based on its joint stiffness.    

 

Tension or stud-pocket type of intersection joint, shown in Fig. 2.5(f), is featured with 

threaded studs protruding from end bulkhead of one airframe section which can enter in to the 

receiving holes in the front end bulkhead of adjacent airframe section. These holes will lead 

into pockets where nuts can be inserted and tightened with the studs. This is conformal with 

airframe profile and provides good to excellent class of joint with relatively high intersection 

joint rotational stiffness (JRS) depending upon the number of studs adopted. But aligning two 

airframe sections, inserting the studs in respective holes in other bulkhead, tightening and 

torqueing the nuts take considerable time. This joint is most common but needs about 3d-4d for 

radial thickness of airframe shell and 6d-8d for axial length. Special joint with quarter turn bolt, 

as shown in Fig. 2.5(g), is featured with a bolt hinged at its bottom to one end of bulkhead in 

an airframe section which can be rotated through quarter turn and inserted radially on the slot 

in the adjacent bulkhead in another airframe section and tightened with a nut. Number of such 

quarter turn bolts will be used. Minimum will be 6 and maximum number of bolts can range 

from 12 to 48 or more depending upon the diameter of the flight airframe and the loads acting 

on the joint. This type of intersection joint takes relatively less duration for integration of two 

airframe sections. This FIJ retains the advantages of good to excellent joint stiffness as offered 

by a stud-pocket class of an intersection joint.   The relative characteristics of different types of 

separable flight intersection joints are summarised and provided in Table 2.1.   
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Bonded joint 
 

Riveted joint 

 

Fig. 2.4. Non-separable flight intersection joints [1] 

 

 

  

 
a) Shear / radial flight intersection joint [1] 

 
 

 
 

b) Threaded coupling ring intersection joint [3] 
 

c) Merman band intersection joint [3] 
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d) Widget ring or Ortman intersection joint [4] 
 

 
 

e) Field or land type of FIJ [6] 
 

 
 

f) Tension joint or stud-pocket type of FIJ  
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g) Special joint with a quarter-turn bolt 
 
 

Fig. 2.5. Different types of separable flight intersection joints  
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Table 2.1. Characteristics of different types of separable flight intersection joints 

 

S. 

No. 

Type  

of  

FIJ 

Minimum 

radial 

thickness 

of joint 

Minimum 

axial 

length of 

joint 

Relative 

joint 

stiffness 

Easiness 

in 

integration 

and time 

taken 

 Airframe 

Profile 

Continuity 

Airframe 

Diameter 

Range 

1 Shear  

or  

radial 

1.5d – 2d 2d – 2.5d Moderate  Easy; 

moderate 

Ensured < 300 

mm. 

2 Threaded 10 mm – 

30 mm 

30 mm – 

100 mm 

Good  Easy; 

moderate 

Two external 

discontinuities  

300 mm 

to 500 

mm 

3 Marman 

band  

3d – 4d 5d – 10d Moderate 

to  

Good 

Very easy; 

less 

Ensured Any 

diameter 

4 Widget ring  

or  

Ortman 

3d – 4d 5d –10d Moderate 

to  

Good  

Easy; 

moderate 

Ensured 300 mm 

to 600 

mm  

5 Field or 

land 

1.5d – 2d 5d – 10d Excellent  Difficult; 

more 

Ensured > 600 

mm 

6 Tension  

or  

stud-pocket 

3d – 4d 6d – 8d Good to 

Excellent  

Difficult; 

more 

Ensured; 

Pockets can 

be closed 

> 300 

mm 

7 Special 

type  

with quarter 

turn bolt 

3d – 4d 6d –8d Good to 

Excellent 

Moderate; 

moderate 

Intermittent 

discontinuities 

but can closed 

> 300 

mm 
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2.2.2 Based on joint compliance 

The flight intersection joints are classified based on the joint compliance that 

characterises whether the joint has adequate rotational and axial stiffness or not [45]. The 

requirement for airframe’s stiffness comes from various system requirements like static and 

dynamic structural loads, aero elasticity margins, aero elastic coupling with guidance and 

control, structural dynamic loads, logistic/transportation, and flight environment. Based on joint 

compliance i.e. joint rotational compliance (JRC) which is nothing but a representation of joint 

flexibility or the inverse of joint stiffness, the flight intersection joints can be classified as a) 

loose, b) moderate, c) good, and d) excellent [43] as shown in Fig. 2.6 and examples shown in 

Table 2.2. An interface joint constitutes an effective load path which results in significant 

reduction in effective stiffness at the joint interface and its vicinity. Joint compliance effects 

typically account for more than 30% of the total elastic deformation of a flight in its primary 

bending modes. Therefore, it is very important to accurately estimate the intersection joint 

compliances.  

 

 

 

Fig. 2.6. Classification of FIJ based on JRC [44] 
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Table 2.2. Compliance based classification of FIJ with examples [46] 

S. 

No. 

Compliance based 

classification of FIJ  

Joint description Illustrative example 

1 Excellent Butt welded, heavy bolted and 

preloaded 

 

2 Good Heavy flange bolted, threaded, Marman 

band joint, etc. 

 

3 Moderate Riveted, lap riveted to inner ring screw 

section without butt, widget type or land 

type 

 

4 Loose Light flanges, bolted or riveted lapped 

with screw fasteners equally spaced 

brackets; non pre-tightened joint 

 

 

2.2.3 Based on fineness of flight vehicle 

Fineness is the ratio of flight vehicle’s length to the diameter [5]. This is also called as 

the slenderness ratio of flight. Small fineness flight vehicles use radial or threaded joints, 

medium fineness flight vehicles use radial or stud-pocket joints and high fineness flight vehicles 

use stud-pocket or special joints to meet the desired joint stiffness requirements. 

2.3. Loads on Flight Intersection Joints  

The flight vehicle body experiences different kinds of loads during flight, launch, 

handling, transportation, and storage conditions which are directly transmitted to the flight 

intersection joints that interconnects different airframe sections in the flight vehicle.  
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2.3.1 Flight loads 

2.3.1.1 External forces and internal loads 

The flight loads are experienced by the intersection joints due to structural loads on the 

flight vehicle generated from rocket thrust, aerodynamic drag and lift, and inertial forces. These 

structural loads are computed considering all possible flight trajectories. These flight loads can 

be converted as bending moments, and shear and axial forces as shown in Fig. 2.7(a) which can 

be directly adopted for design and analysis of flight airframe sections and flight intersection 

joints. The type of intersection joint influences the joint rotational stiffness and strength that 

can take care of these flight loads. 

   
The highest aerodynamic loads experienced by the vehicle’s airframe occur at 

maximum dynamic pressure q.  Typically, the higher air (or vehicle’s) velocity gives highest q 

at a given altitude which generally occurs just at propulsion burnout. If the vehicle is hit by a 

strong side-gust at maximum q, then the aerodynamic loads caused by the gust can cause 

structural breakup of the vehicle, if the vehicle is not designed for these aerodynamic loads. Yet 

another type of loading apart from the wind pressure is the aerodynamic pressure acting normal 

to the airframe skin. If this external pressure is greater than the compartment’s internal pressure, 

then all the strengthening benefits of a pressurised skin are nullified, and the stringers simply 

behave as beam columns, which must be stabilised against collapse by increasing their 

thickness, Newlands et al. [47]. Apart from wind, both thrust and aerodynamic loads which are 

treated mathematically as forces externally applied to the vehicle, vary in magnitude and 

direction, and are resisted only by the vehicles’ inertia. This inertial resistance causes inertial 

loads within the structure as it accelerates in response to the external forces. The distribution of 

the aerodynamic forces (normal and axial) along the flight vehicle determines how the vehicle 

suffers when gusts or wind shears (i.e. rate of change of wind velocity with altitude) cause 

sudden angles of attack α.  

 

A more typical flight vehicle loading is shown in Fig. 2.7(a) where the vehicle is 

accelerating upwards due to the nose and fin lift, but it would also be rotating about its centre 

of gravity (CG). The resulting inertial loads from engine mass Me and avionics mass Ma are 

supported equally by fore and aft bulkheads, and the main payload gives a distributed load along 

the fuselage wall. Maximum shear forces and therefore the worst bending moments will often 

occur at the instant of maximum qα. This is where the aerodynamic loads are maximum, and 



24 
 

the lateral and rotational accelerations are also maximum (maximum vehicle response), giving 

the highest inertial loads.  

 

 

 

(a) Typical shear force and bending moment on a flight vehicle 

 

 

 

(b) Flexural modes on a slender flight vehicle 

Fig. 2.7. Typical flight loads on a flight vehicle influencing the design of FIJ 

2.3.1.2 Natural flexural modes  

The flight vehicle acts as a rigid body, bends out of shape slightly in response to the 

various loadings. As the fuselage is free at both ends (unrestrained), the forces and masses along 

the fuselage cause the elastic bending to acquire a definite, predictable shape or natural mode, 
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but the shape is time-dependant i.e. the fuselage will bend in and out of shape at a set frequency. 

It is a combination of several independent natural modes: each mode vibrates at a certain 

(successively higher) frequency which may or may not be set in motion by gusts and turbulence 

of a similar frequency. These bending modes have particular shapes as shown in Fig. 2.7(b). It 

is worth noting that successively higher bending modes have less and less effect (smaller 

amplitudes), so they can be neglected. Typically, when analysing a large launch vehicle, 

attention is paid to only the first three bending modes. 

The slender flight vehicle can be modelled as a simple one-dimensional beam with 

length along the fuselage only. It has been observed and reported that the required number of 

fuselage mass stations should be approximately 10 times the number corresponding to the 

highest elastic bending mode to be calculated. For example, if three elastic bending modes are 

to be calculated, then approximately 30 mass stations are required to represent adequately the 

bending dynamics of the third mode. The prediction of elastic modes require intersection joints’ 

rotational stiffness. The determination of elastic modes and Eigen values of flight vehicle are 

essential to design flight structure to withstand aero-elasticity and prevent flutter phenomena, 

Maloney et al. [1, 3].  Besides above loads, all flight intersection joints are subjected to random 

and harmonic vibrations during flight and thermal loads due to kinetic heating.  There shall be 

acceptable or no relaxation in joint stiffness under these loads.  

2.3.2 Launch loads 

Launch loads can be classified under two types such as 1) after articulation and before launch, 

and 2) during launch. 

2.3.2.1. After articulation and before launch 

The flight vehicles are articulated from horizontal to vertical direction or at an 

inclination. Generally, they are launched in vertical direction except in very few special cases 

where they are launched at an angle. After reaching the launch orientation and before launch as 

shown in Fig. 2.8, the flight vehicle is subjected to bending moments due to wind loads acting 

at the center of pressure of the flight vehicle. The flight intersection joints resist the wind 

induced bending moments and also experience the axial compressive force due to self-weight 

of the vehicle ahead of the intersection joint. The maximum bending moment is actually resisted 

by certain type of a hold-release structural or mechanical arrangement featured at the aft end of 

the flight vehicle.  
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2.3.2.2. During launch  

During launch, the flight vehicle is a free body and subjected to different forces and 

moments as shown in Fig. 2.9. They are a) bending moment due to wind load Fw acting at centre 

of pressure CP of the vehicle which is at a distance xp from the nose-tip, b) axial compressive 

downward force due to aerodynamic drag Fd acting along the geometric centre of the body, c) 

self-weight W of the launch vehicle acting through its centre of gravity CG, d) moment due to 

W passing through the lateral CG offset a, e) axial upward thrust force T transmitted from the 

rocket motor along the longitudinal axis of the vehicle, and f) the bending moment generated 

on the vehicle due to Fs, the side force generated due to the thrust axis misalignment, if any, 

with the longitudinal axis of the vehicle. All these loads are resisted by the FIJs.  

 
 

 
Fig. 2.8. After articulation and before launch [48] Fig. 2.9. Different forces during 

launch 

2.3.3 Transportation loads 

The flight vehicle is transported to launch site through a carrier vehicle or a launcher as 

shown in Fig. 2.10.  The flight vehicle is supported at any two bulkhead locations in the airframe 

along the length such that the longitudinal location of centre of gravity lies in between the 

selected two bulkhead supports. During this transportation, the flight vehicle is subjected to a) 

longitudinal accelerations or retardations transmitted from the carrier vehicle, b) lateral 

accelerations due to centripetal force while negotiating a curve, and c) vertical accelerations 
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due to road irregularities. These loads cause bending moments and shear forces on the flight 

vehicle which are in turn resisted by FIJs and airframe shell.  

   

 

Fig. 2.10. Carrier vehicle cum launcher [49] 

2.3.4 Handling loads 

The flight vehicles are generally handled i.e. lifted at ground or hangar using a lifting 

beam with wire ropes or belts or lifting lugs connecting the flight vehicle at two stations on 

either side of the longitudinal location of centre of gravity as shown in Fig. 2.11. This lifting 

condition simulates the flight vehicle as a beam transversely loaded with a distributed load due 

to the self-weight of the vehicle and support reactions at two hooking points.  This condition 

also introduces bending moments and shear forces which are resisted by the FIJs.   

 

 

Fig. 2.11. Lifting of flight vehicles [50] 

2.3.5 Storage loads 

Even during storage, the flight vehicle is under the influence of bending moment and 

shear forces caused by the self-weight and the support reactions. The prolonged years of storage 

under same loading condition introduces creep load on flight intersection joints. These loads 

are withstood by the stiffness of the flight intersection joints. There is a possibility of certain 

amount of joint relaxation due to creep and thereby reduction in joint stiffness. 
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2.4. Joint Rotational Stiffness  

A flight intersection joint is characterised by the value of its joint rotational stiffness 

(JRS) which is nothing but the resistance offered by the intersection joint against unit rotation 

under an externally applied bending moment, expressed in Nm/rad. It is also equally 

represented in terms of joint rotational compliance (JRC) expressed in rad/Nm, Alley and 

Leadbetter [46]. JRC is a direct measure of the rotational flexibility offered by the joint under 

an externally applied unit bending moment and it is the inverse of JRS. An excellent joint should 

exhibit a very high value of JRS and a very low value of JRC. A high value of JRS ensures that 

the FIJ acts as a near-rigid connection between two airframe sections and thereby exhibiting a 

continuity in natural mode shape when excited by any external disturbances like aerodynamics 

or any internal stimuli like the vibration or the force transmitted by an internal on-board system. 

Higher value of JRS and subsequent modal continuity help in improving the resistance offered 

by the flight structure in sustaining the interaction between control-structure-aerodynamics. 

There are few predictive and experimental methods for quantifying the JRS.  

2.4.1. Predictive methods for JRS 

There are few predictive methods based on theoretical and empirical approaches for 

quantifying the JRS based on suitable approximations [23, 25, and 46]. However, for any new 

flight, it is measured and quantified through an experimental setup.  

2.4.1.1. Empirical method for JRS 

In many launch vehicles, significant local contributions to flexure originate at FIJs and 

that these joint effects must be included in analyses involving flexure, e.g. natural vibration. 

Contributions of the joints to the deflections generally defy rigorous analytical description. 

Such contributions are consistently encountered from looseness in screwed joints, thread 

deflections, flange flexibility, plate and shell deformations that are not within the confines of 

beam theory, Alley and Gerringer [44] and Leadbetter et al. [45]. Since, it is generally 

impractical to evaluate these effects analytically, the problem has been treated empirically at 

NASA Langley Research Center with satisfactory results in quantification of JRC which is used 

in the determination of natural vibration and aero elastic characteristics [44-46]. 

 



29 
 

One approach in estimating the joint compliance was proposed empirically by Alley and 

Leadbetter [45]. This is used widely and derived from launch vehicles’ test data. This gives the 

relationship between the joint flexural compliance C, airframe diameter D at the joint location 

and the joint classification as  

C = Aቀ
ଶ଴

ୈ
ቁ

ଷ
          (2.5) 

where C is nothing but the JRC in radians/inch-pound, D is in inch, and A is the compliance 

coefficient in radians/inch-pound. They [46] also established a set of curves as shown in Fig. 

2.12, relating JRC with airframe shell diameter based on 10 measured values of joint 

compliance for a variety of different classes of joints. Because of the limited quantity of 

measured data, the curves that show the variation in JRC with diameter were not only 

empirically established but were also based on the assumption that JRC is inversely 

proportional to the third power of the diameter. This is in accordance with the theoretical 

variation in flexibility of geometrically similar joints, and the resulting curves proved to be in 

good agreement with the measured data.  

 

The magnitude of compliance coefficient A is a function of compliance classification 

as given in Table 3. They have conducted nine experiments with different flight diameters, 

subjected to externally applied bending moment, measured JRC and classified the FIJs based 

on the value of JRC as provided in Table 2.3 and Fig. 2.12.  The classification of FIJ has four 

ratings such as excellent, good, moderate and loose as mentioned previously. The stiffness 

rating is the NASA’s rating that suggested factors of ten increase in compliance progressing 

from each level-excellent, good, moderate, and loose. Thus a moderate joint would be 10 times 

as compliant as a good joint and 100 times as compliant as an excellent joint.  
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Fig. 2.12. Joint classification based on JRC for different airframe diameters [46] 

Table 2.3. Compliance classification for FIJs [44] 

 S. No. Compliance 

classification  

Compliance coefficient- A  

Nominal Range 

(rad/Nm) (rad/inch-pound) (rad/Nm) (rad/inch-pound) 

1 Excellent 8.851x10-10 1(10)-10 < 26.553x10-10 < 3(10)-10 

2 Good 8.851x10-9 1(10)-9 26.553x10-10   

to  

26. 553x10-9 

3(10)-10  to 3(10)-9 

3 Moderate 8.851x10-8 1(10)-8 26.553x10-9  

to  

26. 553x10-8 

3(10)-9  to 3(10)-8 

4 Loose 8.851x10-7 1(10)-7 > 26.553x10-8 > 3(10)-8 

 

2.4.1.2 Theoretical method for JRS 

 
Few researchers proposed approximate theoretical methods for the determination of 

JRS. These methods were evolved considering 1) the bolts as elastic springs, and 2) kinematics 

of joint rotation centred about the bottom most pivot point in the joint. Mostly they were 

developed for bolted circular flanged joints connecting two cylindrical tubes as explained in 

Sec-2.1.1. Kozłowski and Wojnar [23] proposed a mechanical model to compute the initial JRS 

of such a flanged bolted joint under the combined action of separating bending moment M and 

axial force N. Further, Couchaux et al. [22] also introduced a similar mechanical model for 



31 
 

prediction of JRS with only difference being the theoretical determination of stiffnesses without 

resorting to experiments and numerical simulations. Although these methods have been 

developed for flanged bolted joints in cylindrical tubes, these approaches are very well 

applicable to FIJs and can be adopted in practice for calculation of JRS in flight intersection 

joints.   

2.4.2. Experimental method for JRS 

The computation of JRS of a FIJ based on theoretical or empirical methods described 

above is quite cumbersome and provides only an approximate measure. Therefore, the popular 

method of determination of JRS is by experiments. There are two methods in experimental 

measurement of JRS namely direct (or static) and indirect (or dynamic) method as described 

here.  

2.4.2.1 Direct method 

The direct method is a static method. In this experimental approach, one part of the FIJ 

is mounted on a vertical reaction plate and a crack opening device is mounted either at top or 

bottom most location at the joint intersection plane, depending upon whether the applied 

bending moment is sagging or hogging. The external bending moment M is applied at the other 

part of the joint through actuators at extended rigid connections as shown in Fig. 2.13. The 

opening of the joint δ is measured using a crack opening device for every stage of the applied 

moment. This moment is applied until 200% of the maximum service bending moment. This 

service bending moment is generally limited to 20% of the moment corresponding to the first 

yield moment of the airframe section material.  Based on the measurements of δ and M, the JRS 

is calculated as      

 

 𝜃 =
ఋ

஽
            (2.6) 

𝐽𝑅𝑆 =
ெ

ఏ
            (2.7) 

where θ is the joint rotation and D is the pitch-circle diameter of the bolts.  
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Fig. 2.13. Experimental setup for JRS measurement 

2.4.2.2 Indirect method 

Indirect method is another common experimental based technique where attempt is to 

match, by trial and error, a measured set of natural vibration mode shapes and frequencies of 

the flight vehicle, assuming joint compliances to be the only unknowns in the model analysis 

representation. The indirect method is a dynamical method where the JRS of the FIJ is 

determined indirectly through a ground resonance test of the fully integrated flight vehicle 

followed by numerical simulations. All airframe sections of the flight are integrated to achieve 

the specified mass properties based on mission requirement such as mass, location of centre of 

gravity along three principal coordinate axes and mass moments of inertia about three axes. The 

integrated flight vehicle is subjected to a modal test (i.e. a ground resonance test) as shown in 

Fig. 2.14 and first three fundamental frequencies and mode shapes are measured.  
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Fig. 2.14. Ground resonance test of a fully integrated flight vehicle [51] 

 

Now, the full flight vehicle is modelled in finite element method, based on beam or shell 

elements with appropriate flexural rigidity (EiIi) variations along the length. The FIJs are 

initially modelled as rotational springs (ki) with an approximate JRS as shown in Fig. 2.15, 

where i = 1 to 6 for EI and i = 1 to 5 for k. Modal analysis is carried out through FEA. The value 

of JRS in rotational springs are adjusted by trial and error method iteratively until the measured 

fundamental frequencies and mode shapes are matched with that predicted from FEA.  

   

 
 

Fig. 2.15. Geometric model of a flight vehicle with rotational springs at FIJs for modal 

analysis  

Alternatively, the fundamental frequency of a flight vehicle can be calculated 

theoretically. A FIJ constitutes as disturbance in load path which can result in substantial losses 

in effective stiffness in the vicinity of the joint. The consequences of the joint stiffness losses 
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will affect the bending modes of the launch vehicle. The bending modes for the airframe are 

computed using a conventional lumped parameter beam representation in a modified Holzer-

Myklestad modal analysis method using numerical codes similar to [3, 5, and 52]. Values for 

the joint compliances were derived by a trial and error matching of airframe modes measured 

in ground vibration test. Hence, accurate estimates of joint compliance i.e. JRC is of critical 

importance in predicting the flight vehicle’s dynamic response characteristics. 

2.5. Summary 

Flight intersection joints play an important role in ensuring the structural integrity of the 

full flight vehicle. The flight vehicle is an assemblage of individual airframe sections joined at 

the section’s end bulkheads. This chapter provided a detailed discussion on the importance of 

flight intersection joints, and for the first time, provided a comprehensive review of different 

types of flight intersection joints, joint characteristics, loads experienced by the joint, and 

different methods adopted in determination of joint rotational stiffness. Stud-pocket type of 

intersection joints are common for flights with diameter more than 300 mm and a radial joint is 

common for flights with less than 300 mm diameter. Although an excellent joint is a preferred 

choice, achieving it for a separable flight intersection joint is extremely challenging. So the 

designers aim to at least provide a good class of an intersection joint. Determination of joint 

stiffness by direct experimental method is a straight forward technique and thus commonly 

adopted in practice. However, the experimental methods are costly and demand the availability 

of hardware, thus impeding the apriori quantification of JRC. Adopting empirical or theoretical 

methods and FEA tools will facilitate in close prediction of JRC and accordingly a suitable FIJ 

can be selected for a launch vehicle.   
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Chapter - 3 

Theoretical Modeling of JRC of a Tension Type FIJ 

3.1. Introduction  

The joint rotational compliance (JRC) of a flight intersection joint (FIJ) is an important 

parameter in the structural design and analysis of a launch vehicle. The JRC is always quantified 

through extensive experiments due to non-availability of a reliable theoretical or numerical 

model. The design of FIJs, so far, has relied more on meeting functional and stiffness 

requirements based on elaborate experiments supported with limited theoretical and analytical 

studies. 

 

Theoretical or reliable numerical methods to quantify the JRC of a FIJ is not available 

in literature. This parameter is always experimentally determined through elaborate 

experimental setup. However, by careful observation, one can understand its close similarity 

with bolted circular flange joints in tubular structures used in general engineering applications. 

However, the bolted circular flange joints in tubular structures are not externally conformal to 

the outer diameter of the tube and therefore, cannot be adopted as FIJ. The underlying concepts 

adopted in determining the joint stiffness of these bolted circular flange joints can lay a 

foundation for developing a theoretical model for the FIJ.   

 

This chapter attempts to bring out an analytical model for determining the JRC of a 

tension type i.e. stud-pocket type FIJ. This is formulated based on the mechanics of bolted 

circular flanged joints which in turn depends on modelling of localised component joint 

stiffness. The local component joint stiffness is modelled and quantified through numerical 

methods, and verified through experiments.  

3.2. Theoretical model for the flight intersection joint  

A typical tension type FIJ has a stud-pocket type flight intersection joint consists of 

studs on the front bulkhead of the airframe Section-II. The rear bulkhead of the airframe 

Section-I consists of pockets with holes for the entry of studs from the front end of the airframe 

Section-II. The airframe sections are joined together using washers and nuts. These studs and 

respective pockets are equi-spaced on the airframe section on a particular pitch circle diameter. 

An exploded view of a FIJ is shown in Fig. 3.1. 
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Fig. 3.1. Exploded view of a stud-pocket type of flight intersection joint 
 
 

The FIJs are subjected to axial forces and bending moments during its flight under the 

influence of aerodynamic, inertial and elastic loads. The FIJ undergoes tensile opening above 

the neutral axis and compressive closing below the neutral axis under the action of external 

sagging moment M and an axial compressive force N as shown in Fig. 3.2(a). The studs along 

with intersection joint components above the neutral axis experience tension and below the 

neutral axis experience compression. These tension and compression components can 

respectively be modelled as linear springs with stiffness’s kt and kc. The airframe joint has a 

rotational opening of ϕ when the joint is subjected to a bending moment and axial force. The 

axial equilibrium of forces in the FIJ provides 

 
∑ Ft − ∑ Fc −  N = 0         (3.1) 
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(a) Loadings on a FIJ; and stiffness representation of tension and compression 
components 

 

(b) Responses in the FIJ 

Fig. 3.2. Mechanical model of the flight intersection joint  

Representing the airframe’s flight intersection joint stud locations with equivalent springs, the 

spring force is  

Ft =  kt ut  (3.2) 
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Fc =  kc uc  (3.3) 

where Ft and Fc are respectively the forces in tension and compression components of localised 

joint represented by equivalent springs kt  and kc; ut and uc are the axial deformation of the 

springs in tension and compression sides in the FIJ. Referring to Fig. 3.2(b), 2m+1 and 2n+1 

are the number of studs in the tension and compression sides respectively; r is the pitch circle 

radius of the studs; a is the distance of the neutral axis from the geometrical horizontal reference 

RL-RR. The RT is the top reference and RB is the reference at bottom of the FIJ; θ is the angular 

location of the stud-1 starting from RR reference; yt and yc are the linear distances from the 

neutral axis to the studs in tension and compression sides, respectively; and subscripts to yt and 

yc refer to the stud number.   

The axial deformation of the springs is given by 

ut=  ytϕ = (r cos(mθ) + a) ϕ (3.4) 

uc=  ycϕ  =  (r cos(nθ) - a) ϕ (3.5) 

The total sum of forces in tension and compression sides are computed as  

∑ Ft = kt ϕ[(r + a) + 2 ∑ (r cos(mθ) + a)m
1 ]  (3.6) 

∑ Fc = kc ϕ [(r −  a) + 2 ∑ (r cos(nθ) −   a)n
1 ]  (3.7) 

Substituting Eqs (3.6) and (3.7) into Eq. (3.1), we get 

kt ϕ[(r + a) + 2 ∑ (r cos(mθ) + a)m
1 ] − kc ϕ [(r - a) + 2 ∑ (r cos(nθ) -  a)n

1 ] = 𝑁  (2.8) 

The value of neutral axis location ‘a’ can be obtained by implicitly solving the Eq. 2.8. The 

bending moment causing the rotation ϕ of the joint is given as 

M =  Mt + Mc  (3.9) 

where, Mt and Mc are respectively the bending moment of resultant forces on the tension and 

compression sides and are expressed as  

    𝑀𝑡 = ∑ ൫𝐹𝑡 𝑦𝑡൯m
0 =   kt ϕ ቂ(𝑟 +  𝑎)2 + 2 ∑ (𝑟 𝑐𝑜𝑠(𝑚𝜃) +  𝑎)2m

1 ቃ   (3.10) 

     𝑀𝑐 = ∑ ൫𝐹𝑐 𝑦𝑐൯n
0 =   kc ϕ ቂ(𝑟 −  𝑎)2 + 2 ∑ (𝑟 𝑐𝑜𝑠(𝑛𝜃) −  𝑎)2n

1 ቃ   (3.11) 

The joint rotational stiffness Kr of the FIJ can be written using Eqs (3.9 - 3.11) as  

 𝐾𝑟 =
𝑀

ϕ
= kt  ቂ(𝑟 +  𝑎)2 + 2 ∑ (𝑟 𝑐𝑜𝑠(𝑚𝜃) +  𝑎)

2m
1 ቃ + kc  ቂ(𝑟 −  𝑎)2 + 2 ∑ (𝑟 𝑐𝑜𝑠(𝑛𝜃) −  𝑎)

2n
1 ቃ

     (3.12) 
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The JRC of the FIJ is given by 

JRC= 
1

Kr
          (3.13) 

The JRC of a FIJ can be quantified using Eq. (3.13) if the local tensile and compression 

component stiffness kt and kc are determined separately either through experiments or numerical 

methods as discussed in the next section. 

3.3. Experimental and numerical determination of localised joint stiffness 

The component stiffness of a localised segmental joint is analysed by numerical method 

and validated with the experimental results. The bulkheads and airframe shells are made of 

aluminium alloy AA2014 in the T6 condition, and studs and nuts are made of EN24 alloy steel. 

The material properties i.e. the stress – strain curves of AA2014-T6 and EN24 steel are obtained 

from the tensile tests. These properties are used to simulate the nonlinear material behaviour of 

the FIJ in numerical simulations. The component stiffness in both tension kt and compression 

kc are determined from the numerical simulation using FEA. The stiffness kt obtained from FEA 

in tension is compared with the experimental kt values to validate the simulation.  

3.3.1 Experimental method 

Experiments are conducted to evaluate the localised joint stiffness and the material properties 

needed for numerical simulations.  

3.3.1.1 Evaluation of mechanical properties  

Specimen geometry  

The dog-bone shaped specimens made from aluminium alloy (AA 2014-T6) and EN24 

steel (confirming to British Standard BS970-817M40).  The specimen’s geometric and 

dimensional details are labelled in Fig. 3.3(a) and given in Table 3.1. The dimensions are chosen 

as per ASTM E8 standard [53]. Two specimens S1 and S2 were fabricated for each material 

and the realised specimens are shown in Fig. 3.3(b).  
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(a) Specimen dimensions               (b) Actual specimens 

Fig. 3.3. Tensile test specimens 

 
Table 3.1. Dimensions of tensile test specimens (in mm) 

Specimen L A G B D R E 

Aluminum alloy  

(AA 2014 - T6) 
85 38 24 20 6.0±0.10 6 M12 X 1.75 

EN 24 Steel  

(BS970 - 817M40) 
85 34 25 20 6.25±0.12 5 M12 X 1.75 

Material properties 

Tensile tests were conducted for two specimens (S1 and S2) for each material in a 

universal testing machine to obtain their stress-strain behaviour. Their stress-strain properties 

are shown in Fig. 3.4.  The averaged stress-strain data from experiments are used as material 

input in FEA to simulate the actual behaviour of the joint. The important mechanical properties 

derived from the tensile test results are given in Table 3.2.  

 

 

 

(a) Aluminium alloy AA2014 - T6       (b) Alloy steel EN24 

Fig. 3.4. Stress-strain curves obtained from tensile tests 
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Table 3.2. Material properties from tensile tests 

 

Material Young’s Modulus 

E (GPa) 

Ultimate strength 

σu (MPa) 

0.2% proof 

stress σy (MPa) 

% Elongation 

AA 2014-T6 61.1 447.2 312 10.2 

EN24 Steel 187.6 1221.9 1084 18.4 

3.3.1.2 Uniaxial experiments on joint specimens 

The geometry of the localised stud-pocket type of joint specimen is shown in Fig. 3.5(a). 

Four numbers of these localised joints were fabricated and are shown in Fig. 3.5(b). Parts-1 and 

2 were made from AA 2014–T6 material and the M10 stud and hexagonal nut were made from 

EN24 steel material. The stud is fastened into Part-2. Part-1 has a clearance hole with a radial 

slotted recess i.e pocket for inserting the stud and tightening the nut. Tightening torque of 40 

Nm was applied on the M10 nut to induce a pretension in the stud.  

 

 

 

 (a) Geometric model (b) Four realized local joints  

Fig. 3.5. Geometry of the localised stud-pocket joint 

Loading fixtures were made of mild steel and were fastened to Parts-1 and 2 at the free 

ends to grip the joint specimen during the uniaxial loading experiments. The geometry and the 

realised model of the four local joints with end attachments for loading are shown in Fig. 3.6.  
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(a) Geometric model (b) Actual joint 

Fig. 3.6. Localised joint with end attachments for loading 

The joint specimens were subjected to uniaxial loading in a universal testing machine 

(UTM) as shown in Fig. 3.7(a). The end attachments were gripped in between the top and 

bottom clamps in the UTM. An L-shaped rectangular aluminium strip is bonded to Part-2 on 

the joint face at one end. A digital dial gauge is probed on the horizontal flat face of the 

aluminium strip to measure the joint opening displacement during loading. 

 

 
 

(a) Experimental setup for tensile loading of localised joint 
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(b) Load-displacement response under tension 

Fig. 3.7. Experiments on local joint under tension and their response 

 

3.3.1.3 Determination of component stiffness 

Displacement-controlled load is applied in steps of 1mm/ minute up to a maximum 

displacement of 2.5 mm on the upper fixture. The opening displacement at the joint interface is 

measured for every 0.1 mm of applied displacement using a digital dial-gauge. The reaction 

force corresponding to the applied displacement is recorded from UTM. The plot of axial 

tension experienced by the joint with respect to joint opening displacement δ is shown in Fig. 

3.7(b). The average of four experimental results is also plotted. The slope of the initial linear 

part of the averaged force-displacement curve is the component joint stiffness in tension and is 

found to be 13.8 kN/mm. 

3.3.2 Numerical method 

The finite element model with contact interactions and pretension details are shown in 

Fig. 3.8(a), the loads and boundary conditions are shown in Fig. 3.8(b). The entire model is 

discretised with 20 node hexahedral elements with an element size of 1 mm using ANSYS 

Workbench software. As shown in Fig. 3.8(a), the threaded regions between stud and nut, stud 

and Part-2 are modelled as bonded contacts to simulate the screwed joint. The joints interface 

between Parts-1 and 2 and the nut surface contacting the flat horizontal face of radial slot in 

Part-1 are modelled as frictional contacts with a friction coefficient of 0.5. The bottom surface 

of the FEA model is constrained in all displacement degrees of freedom as shown in Fig. 3.8(b).   
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FEA simulation was conducted in two load steps. In the first step, a pretension force Fb 

of 20000N (to simulate the tightening torque of 40 Nm) is applied on the stud surface using 

pretension element PRETS179 to induce the clamping force on the joint. In the second step, 

this pretension force is locked and a displacement load is applied on the top surface of Part-1 

until the joint tension-deflection behaves nonlinearly. The deformation of the joint under the 

applied displacement in tension is shown in Fig. 3.8(c). The axial tension experienced by the 

joint w.r.t. the applied displacement δ in the UTM is plotted in Fig. 3.8(d) to measure the joint 

stiffness in tension kt. 

 

  

(a) Contact and pretension details (b) FE model with loading and  

boundary conditions 

 

 
 

(c) Deformation under tension (d) Experiment versus simulation 

 Fig. 3.8. FEA simulation of localised joint under tension 
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A similar FEA on the joint is performed in displacement-controlled compression loading 

to obtain a local joint stiffness in compression kc. The Fig. 3.9(a) shows the deformation of the 

joint under compressive displacement, and Fig.3.9(b) illustrates the F- δ compression response 

wherein the initial slope of the linear range is the compression stiffness kc, is measured as 50.0 

kN/mm. 

 

  

(a) Deformation of the joint under 

compression 

(b) Force-displacement under compression 

Fig. 3.9. FEA simulation of localised joint stiffness under compression  

3.3.3 Comparison of localised joint stiffness from FEA and experiments  

The averaged load-displacement (F- δ) result from the four experimented local joint 

specimens is plotted along with results from FEA simulation in Fig. 3.8(d). As shown in the 

figure, F- δ response is linear up to 0.4 mm of displacement for all the experimented specimens 

and afterwards the curves behave nonlinearly. The initial slopes of these F- δ curves represent 

the axial joint stiffness in tension kt. The axial joint stiffness obtained from FEA simulation is 

14.0 kN/mm against the experimentally determined stiffness of 13.8 kN/mm. A close agreement 

is observed between the results of FEA and experiment for the tensile stiffness of the localised 

component joint stiffness. 

3.4. Computation of JRC of FIJ from theoretical model 

The complete flight intersection joint having an airframe diameter of 300mm with eight 

numbers of M10 stud-pocket-nuts is considered as an illustrative example as shown in 

Fig.3.10(a). The bending moment M is applied matching the first yield moment My of the 

airframe material.   
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Fig. 3.10. Geometry of a typical FIJ connecting airframe sections-1 and 2 
 

The value of neutral axis location ‘a = 0’ here due to the absence of axial force. Here, 

m = 4, r = 125mm and θ = 450.  The JRC from theoretical model is computed using Eq. (3.13) 

wherein the local component joint stiffness evaluated numerically is considered i.e. local joint 

stiffness in tension kt = 14.0 kN/mm and compression kc = 50.0 kN/mm are adopted. The 

calculated JRC from the theoretical model is 0.231 rad/MNm as shown in Fig. 3.11 w.r.t the 

variation in ratio of applied moment normalised by the first yield moment.  

 

 

 Fig. 3.11. Computed JRC resulting from theoretical model  
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3.5. Summary 

Flight intersection joints (FIJs) integrate individual airframe sections in a launch vehicle 

and is characterised by the joint rotational compliance (JRC). This JRC is adopted to model the 

dynamic characteristics of the launch vehicle. The JRC is often quantified through extensive 

experiments. This chapter has brought out a theoretical model for JRC of a stud-pocket type of 

a FIJ. This JRC model of the FIJ relies on localised component joint stiffness. The localised 

joint stiffness has been determined through experiments and numerical simulations where both 

methods resulted in close values. The JRC has been predicted w.r.t. increase in applied bending 

moment using the theoretical model for a typical FIJ having eight equi-spaced M10 studs. This 

JRC model will be validated with numerical and experimental methods in subsequent chapters. 
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Chapter - 4 

Numerical Simulation of JRC of a Tension Type FIJ 

4.1. Introduction  

The joint rotational compliance of a flight intersection joint computed through the 

theoretical model discussed in the previous chapter is validated through the FEA based 

numerical simulation presented in this chapter. A full scale FEA model of a typical FIJ is 

modelled with appropriate boundary conditions and contact definitions. The moment loads as 

proportion of the first yield moment of the airframe material is applied incrementally until the 

ratio of these two moments reaches unity. The displacements or the axial openings at the 

interface of the FIJ along the circumference is measured through the analysed model. The 

measured openings are used to compute the JRC. This is further compared with that calculated 

from theoretical model.  To understand the behaviour of FIJ on JRC, different studies are 

conducted through the numerical simulations. The effect of pre-tightening or pre-torquing on 

the joint is analysed. Parametric studies are conducted by varying the number and size of studs 

to find their best combination to achieve a minimal JRC. The influence of various geometric 

parameters in the joint are independently studied to assess their impact on the JRC of the FIJ. 

The effect of airframe diameter on JRC is analysed. In addition to the above, the estimation of 

JRC under the combined loading of bending moment and axial force is elucidated. The details 

are presented in this chapter.  

4.2. Numerical Modelling of JRC of FIJ 

The complete flight intersection joint having an airframe diameter of 300mm with eight 

numbers of M10 stud-pocket-nuts is modelled as shown in Fig. 4.1(a). This FIJ is discretized 

with 20 node hexahedral elements with an element size of minimum of 1 mm. The rear end of 

the front bulkhead of the airframe Section-II with protruding studs in front is constrained in all 

three displacement degrees of freedom. The rear bulkhead of airframe Section-1 having pockets 

to receive the studs is subjected to a bending moment. The loads and boundary conditions on 

the FIJ are shown in Fig. 4.1(b). The contacts between the studs and bulkhead interfaces, stud-

nut and nut and contacting bulkhead faces in the pocket are modelled as per the details explained 

in Fig. 3.8(a) in Chapter-3. The material properties of FIJ i.e. airframe, studs and nuts obtained 
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from tensile tests detailed in Chapter-3 are used as inputs in the present numerical simulation. 

The bending moment M is applied proportionally in steps until the first yield moment My of the 

airframe is reached.  

 

(a) Details of FIJ connecting airframe sections-1 and 2 

 

 
 

(b) FEA model with loads and boundary conditions 

 

Fig. 4.1. Geometry and FEA model of a typical FIJ 

 

The axial displacements at the joint are measured after the analysis. The plot showing 

the axial opening at RT (i.e. the reference at top of FIJ) and RB (i.e. the reference at the bottom 

of the FIJ) references due to the application of bending moment is shown in Fig. 4.2(a). A 
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maximum opening of 0.65 mm is observed at RT location and 0.01 mm compression is 

observed at RB location. The variation of axial opening along the circumference of the airframe 

at the plane of the FIJ for the applied M/My starting from 0º at RL, 90º on RT, 180º on RR and 

270º on RB to 360º on RL is shown in Fig. 4.2(b). Although a maximum joint opening of 0.65 

mm is observed at RT orientation, the opening was negligible at locations where the joint is 

fastened with a stud. From the RR to RL region, the joint undergoes compressive displacement 

up to 0.01 mm at the RB zone. 

 

 

(a) Axial opening at RT and RB with applied moment 

 

 

(b) Axial opening along circumference starting from RL at M/My =1 (see Fig.4.1 (a)) 

 

Fig. 4.2. Axial opening in FIJ under applied bending moment 
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The axial opening ux shown in Fig. 4.2 refers to the axial deformation of springs 

equivalent of stud-nut represented as ut in tensile side and uc in compression side respectively 

above and below the neutral axis shown in Fig. 3.2(b). The value of neutral axis location ‘a = 

0’ here due to the absence of axial force. Using Eq. (3.4), and taking m = 4, r = 125mm and θ 

= 450, the rotation of the joint ϕ can be calculated from 

       ϕ = 
ut

r cos(mθ)
   (4.1) 

The JRC of the FIJ from FEA simulations is given by 

JRC= 
ϕ

M
           (4.2) 

For every increment in applied bending moment M, value of JRC can be computed.   

4.3. Comparison of theoretical solution with FEA simulation 

The JRC from the theoretical model is computed using Eq. (3.13) wherein the local 

component joint stiffness evaluated numerically (as explained in Chapter-3) is considered i.e. 

local joint stiffness in tension kt = 14.0 kN/mm and compression kc = 50.0 kN/mm are adopted. 

The JRC from FEA simulation is obtained from Eq. (4.2). The comparison of JRC resulting 

from the theoretical model and FEA simulations against the applied bending moment ratio is 

shown in Fig. 4.3. It can be observed that the JRC remains constant for a definite type of FIJ 

based on theoretical model and is independent of the applied load. This constancy qualifies this 

JRC to be considered as a joint’s characteristic property. An ideal or a preferred joint should 

possess very less joint flexibility i.e. JRC and very high joint rotational stiffness Kr. Although 

a small variation is found in FEA result of JRC, it is in close agreement with the JRC obtained 

from the theoretical model, thereby validating the accuracy of the theoretical model.  
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Fig. 4.3. Comparison of JRC resulting from theoretical model and FEA simulations  

4.4. Effect of Pre-tightening on JRC 

Numerical studies were conducted to study the effect of stud pre-tension on the 

rotational compliance of the FIJ. The pretension was applied to the stud as explained in Chapter-

3 and shown in Fig. 3.8(a). Figure 4.4 shows the plot of percentage difference between JRC 

with pre-tightening (JRCPT) and JRC with no pre-tightening (JRCNPT) w.r.t. JRCNPT. The JRCPT 

gradually decreases from close to 30% at initial load to about 10% at the maximum yield 

moment. This indicates that the bolt preload decreases the rotational compliance of the joint, 

which is highly desirable. The pre-tightening always enhances the JRC and is hence 

recommended in all FIJs. Apart from reduction in JRC of the FIJ, the pre-tightening additionally 

delays the vibration loosening of the joint. 

 

 

Fig. 4.4. Effect of pre-tightening on JRC of FIJ 
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4.5. Studies to enhance JRC 

Different studies were carried out to achieve minimal JRC which can be beneficial 

during the initial design stage of a FIJ. The studies involved three practically adaptable 

approaches. One is the study on the effect of the number of studs for a given nominal size of 

the stud in the FIJ, the second approach is to examine the effect of size of studs for the given 

number of studs, and the third is the effect of variation in both the number and size of the studs.   

4.5.1 Variation in the number of studs 

The increase in number of the similar metric size of studs for a FIJ has a profound effect 

on the JRC.  Fig. 4.5(a) shows the variation of axial opening for a different number of M10 

studs with an increasing moment load. The plot clearly shows that an increase in the number of 

studs decreases the axial opening. A maximum opening of 2.3 mm is observed for 4numbers of 

M10 studs, and it reduces to nearly half around 1.1 mm for 6 numbers of studs. The axial 

opening for 8 and 10 numbers of studs is 0.52 mm, and a slightly lower value of 0.51 mm for 

12 numbers. The plot of the axial opening along the circumference of the FIJ with an increase 

in the number of M10 studs is shown in Fig. 4.5(b). A positive opening displacement was 

observed from 00 at RL to 1800 at RR, with a maximum opening occurring in RT at 900 for the 

varying number of studs. In the region RR-RB-RL from 180º to 270º and from 270 º to 360º, 

the entire axial opening is almost constant, negligible and is compressive as the studs fall below 

the neutral axis of the FIJ during loading. In all the cases, from RL to RR, the opening is close 

to zero at locations of studs. Figure 4.5(c), shows the variation of JRC for different number of 

studs. As the number of studs increases, the value of JRC decreases linearly up to 8 number of 

M10 studs. From 8 to 10 numbers of studs, the value of JRC remains almost constant and 

decreased slightly for 12 numbers of M10 studs. This study reveals that the increase in the 

number of studs of a given stud size will certainly improve the JRC.  
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(a) Axial opening at RT with an applied moment 

 

 

(b) Axial opening along circumference starting from RL at M/My =1 (see Fig. 4.1(a)) 
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(c) JRC w.r.t. number of studs 

Fig. 4.5. Effect of variation in the number of M10 studs on joint opening and JRC 

4.5.2 Variation in metric size of studs 

The variation in different metric sizes (M6 to M12) of a given number (12) of studs can 

influence the axial opening and therefore the JRC of the FIJ which is investigated here. Figure 

4.6(a) shows a linear increase in axial opening under increasing bending moment for 12 

numbers of a given metric size of the stud. The axial opening decreased with an increase in the 

size of the studs. A maximum opening of 0.66 mm was observed with M6 studs and a minimum 

of 0.56 mm for M12 studs. The axial opening for the remaining M8 and M10 studs is between 

0.56 and 0.66 mm. The difference between the maximum and minimum opening is 0.1 mm, 

and the axial opening in FIJ has less influence on the different metric sizes of studs.  

The plot of the axial opening across the circumference of FIJ for the different metric 

sizes of studs is shown in Fig. 4.6(b). As previously seen in Fig. 4.5(b), a positive opening is 

observed from 0º to 180º i.e. from RL to RR via RT and compressive closing is observed from 

RR to RL via RB i.e. from 180º to 360º. The maximum and minimum openings of 0.7mm and 

0.55mm were respectively observed with M6 and M12 studs. The effect of variation in metric 

size of studs from M6 to M12 for the given 12 numbers of studs on JRC is shown in Fig. 46(c). 

It is observed that the increase in the metric size of studs could decrease the JRC very 

marginally.  
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(a) Axial opening at RT with an applied moment 

 

 

(b) Axial opening along circumference starting from RL at M/My =1 



57 
 

 

(c) JRC w.r.t. size of studs 

Fig. 4.6. Effect of variation in metric size of studs on the joint opening and JRC 

4.5.3 Variation in the number and size of studs 

Variation in both the number and size of studs on JRC is investigated and shown in Fig. 

5.7(a). There is 71.8% and 52.7% decrease in JRC for the FIJ having respectively eight and six 

numbers of M10 studs as compared to FIJ with four numbers of M10 studs. There is no much 

variation observed in JRC from 8 to 12 numbers of M10 studs. Twelve numbers of M8 studs 

give better JRC as compared to ten numbers of M10. As a whole, 12 numbers of M12 studs 

gives the least JRC and highest joint rotational stiffness (JRS) i.e Kr (as seen in Fig. 4.7(b)) for 

the different combination of number and metric size of studs studied. Therefore, for the typical 

airframe diameter of 300 mm considered, adopting 12 numbers of M8 or M10 studs proves to 

be an optimum solution to achieve the minimum possible JRC and maximum JRS.  

 

(a) Variation of JRC  
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(b) Variation in JRS 

Fig. 4.7. JRC and JRS variation w.r.t. variation in the number of studs and size of studs 

4.5.4 Variation in stud-pocket geometric parameters 

Several geometric parameters decide the FIJ’s internal dimensions and width. These 

parameters can be expressed in terms of airframe shell’s thickness. These geometric parameters 

are shown in Fig. 4.8(a).  Increase in t2 decrease the available volume inside the FIJ which will 

limit the configuration of internal subsystems within the flight. Increase in b2 and b5 increases 

the overall width of the FIJ which will increase the mass of the FIJ. But detailed parametric 

studies involving variation of several geometric parameters revealed the dependency of only 

two critical thickness parameters such as t3 and t5 on JRC. The variation of these critical 

parameters on JRC is shown in Fig. 4.8(b) which highlights that increase in these two 

parameters yield a beneficial and an exponential decrease in JRC. 

 

(a) Detail of stud-pocket joint 
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(b) Effect of stud-pocket geometric parameters 

Fig. 4.8. Effect of stud-pocket geometric parameters on JRC of FIJ 

4.6. Effect of FIJ’s diameter on JRC 

The effect of variation in diameter of airframe, circumferential distribution in studs and 

number of studs are analysed through FEA based numerical simulations and compared with 

theoretical predictions for the base or the reference airframe diameter i.e. 300mm. Three 

different cases are considered in studying the effect of variation in diameter of FIJ on its JRC 

as given in Table 4.1.  

Table 4.1. Different cases in varying diameters of FIJ 

Case Diameter and loading particulars 

1 FIJ with 8 numbers of M10 studs subjected to 0.2My  

(i.e. 20% of airframe’s respective first yield moment). 

2 FIJ with 8 numbers of M10 studs subjected to a constant bending moment M  

(say, M = 0.2My of 300mm FIJ). 

3 FIJ with studs positioned at constant arc length similar to Ø 300 and subjected to 

0.2My (i.e. 20% of airframe’s respective first yield moment). 

 

The axial opening along circumference of the FIJ w.r.t. the variation in airframe 

diameter in Case-1 is shown in Fig. 4.9. This shows that when the number and size of studs are 
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same (here 8 numbers of M10), and when FIJ is loaded up to 20% of the respective yield 

moment, the axial opening reduces significantly with increase in airframe diameter. This in turn 

results in corresponding decrease in JRC as shown in Fig. 4.10(a). But the difference in JRC 

between 300mm and 500mm airframe diameters is very small as compared to that in 1000mm 

due to considerable variation in the airframes second moment of area in the latter’s case.  

 

 

 

Fig. 4.9. Axial opening along circumference of the FIJ w.r.t. variation in airframe diameter 

under Case-1  

 

 

(a) JRC of the FIJ w.r.t. variation in airframe diameter in Case-1  
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 On the other hand, in Case-2 situation when the three different diameters considered 

here are subjected to the same bending moment, the JRC decrease considerable with increase 

in airframe diameter as shown in Fig. 4.10(b). In Case-3 situation, where the arc-length between 

studs are maintained same as that existing in diameter 300mm airframe for the 500mm and 

1000mm airframe as well, the number of studs increases which in turn cause substantial 

decrease in JRC as shown in Fig. 4.10(c). Further, improvements in JRC considering 300mm 

diameter of airframe as baseline reference is shown in Fig. 4.11. These three cases highlight 

that the design recommendation needs to align with Case-3 situation to achieve highest possible 

joint stiffness.  

 
 

(b) JRC of the FIJ w.r.t. variation in airframe diameter in Case-2  
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(c)  JRC of the FIJ w.r.t. variation in airframe diameter in Case-3  

 

Fig. 4.10.  JRC of the FIJ w.r.t. variation in airframe diameter three different Cases 

 
 

Fig. 4.11. Improvement of JRC w.r.t. to 300mm airframe diameter 
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4.7. Summary 

The JRC has been predicted w.r.t. an increase in applied bending moment using the 

theoretical model for a typical FIJ having eight equi-spaced M10 studs. The FIJ has been 

modelled numerically with appropriate contacts, boundary conditions and loadings and its JRC 

has been determined through FEA simulations. The predicted JRC from the theoretical model 

agreed very well with the results from the FEA simulations. Further, the effect of pre-tightening 

of studs, variation in number of studs, variation in metric size of studs and their combinations, 

variation in geometric parameters of FIJ, variation in airframe diameters and effect of combined 

bending moment and axial force on JRC have been investigated to understand their influence 

on the JRC. The following three key inferences can be summarised from the latter 

investigations. 

 Pre-tightening of studs enhances the JRC to an extent of 30% to 10% when loading is 

increased from no load to the first yield moment.  

 An increase in number of studs for a given stud size could enhance the JRC significantly 

as compared to the increase in metric size of studs for the given number of studs.    

 Higher numbers with lesser size of stud has enhanced JRC when compared with fewer 

numbers of higher sizes of studs. Hence, the FIJs with more number of studs are 

recommended when compared with a lesser number of studs for the same stud size.  

 Increasing the number of studs with increase in airframe diameter enhances the JRC of 

the FIJ.   
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Chapter 5 

Experimental Determination of JRC for a Tension Type FIJ 

5.1 Introduction 

The estimation and quantification of JRC for a FIJ is a very vital property. The previous 

chapters elucidated the methodology of obtaining the joint stiffness numerically by using a localized 

segmental joint and substituting it in theoretical computation of JRC. Based on this numerical 

procedure, JRC of full FIJ is obtained. The numerical results of JRC of full FIJ are validated by 

experiments by realising the FIJ. A detailed experimental setup needs to be designed for conducting 

the experiment based on the numerical model of FIJ. The experimental set up constitutes of flight 

worthy airframe and fastening materials, ground support structures, test rig for applying load, 

instrumentation devices like force transducers for load, LVDTs for displacement measurement 

connected to a data acquisition system. The experimental FIJ specimen should be designed in such 

a way that the true load is transferred at the joint. The actual airframe with FIJ should have an 

additional loading component for the application of bending load corresponding to the bending 

moment and also a base plate attachment for fixing of the airframe to the support structure. The 

application of load at the FIJ to simulate the bending moment from the test rig that can deliver the 

required control loading has to be planned and arranged. The system should allow for a gradual 

application of load using a loading test rig with proper fluid flow control. A suitable fixture for 

mounting the loading actuator need to be designed including its mounting to support structure so 

that the reaction due to the load application is resisted by the fixture and support structure and in 

turn the true load is applied at the FIJ. Proper calibrated instruments for measuring the opening 

displacement using LVDTs, force transducers, data acquisition system are important prior to the 

conduct of the test. The JRC of FIJ is computed based on the opening displacement obtained from 

the experiments under the load and is compared with the numerical result for validation. 

5.2 Design and Analysis of Experimental Setup 

In order to manufacture the experimental setup to conduct the experiment to quantify JRC 

of a tension type FIJ, it is very important to primarily conceptualise, design and analyse the 

experimental setup so that the FIJ experiences the actual joint load. This process helps in 
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manufacturing an appropriate setup which will meet the objectives of the planned experiments. 

Therefore, the design and analysis of the experimental setup is presented in this section. 

5.2.1 Design of experimental setup 

 The slot-nut type FIJ for conducting the experiment is designed simulating its closeness to 

the typical flight vehicle airframe section assembly as shown in Fig. 5.1(a). Airframe of diameter 

300mm is chosen. The joint design consists of an airframe bulkhead with eight numbers of M10 

size studs at one end (i.e. at front bulkhead of airframe Section-II) which enters into the 

neighbouring airframe bulkhead having eight pockets and stud entry holes (i.e. at rear bulkhead of 

airframe Section-I) and clamped with nuts as shown in Fig. 5.1(a). The dimensional details of the 

assembly is shown in Fig. 5.1(b). The dimensional details of experimental FIJ is given in Fig. 

5.1(c). For the airframe Section-II, only the front bulkhead with studs is adopted. The joint is 

designed considering the actual airframe shell thickness i.e. airframe Section-I having slot or 

pocket has a shell thickness of 2mm up to a length of 180mm. The other end of the joint in Section-

I is integrated with an additional loading ring for applying lateral force to simulate the bending 

moment on the FIJ specimen. Fig. 5.1(d) shows the detailed exploded view of experimental FIJ. 

This additional loading ring is made of C40 steel and is assembled on the loading side of the 

airframe i.e. Section-I front end using 12 numbers of M8 CSK screws as shown in Fig. 5.1(d).  

 

 

(a) Typical FIJ Assembly 
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(b) Dimensional details of FIJ Assembly 

 

 

 

(c) Dimensional details of experimental FIJ 
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(d) Exploded view of Experimental FIJ  

 

Fig. 5.1. Experimental FIJ with end attachments for loading 

  

The airframe sections-I & II are made of aluminium alloy AA 2014 in T6 condition which is a 

widely used light weight high strength aerospace material for flight structures and the fasteners are 

made of high strength EN24 steel. The mechanical properties of AA2014-T6, EN24 and C40 

material utilised for the design and analysis are given in Table 5.1. The properties are obtained 

from tensile tests of three tensile specimens conducted in accordance to ASTM-E8 [53]. 

 

Table 5.1. Mechanical properties of materials in FIJ  

Material Young’s Modulus 
E (GPa) 

UTS 
σu(MPa) 

0.2% proof strength 
σy(MPa) 

% Elongation 

AA2014-T6 61.1 447.2 312 10.2 
EN24 Steel 187.6 1221.9 1084 18.4 
C40 Steel 200.0 460.0 250 25.0 

As the airframes are generally designed to limit the loads within 20% of the load 

corresponding to the first yield moment of the airframe, the lateral load to be applied on the 

experimental specimen is accordingly calculated. 
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5.2.2 Analysis of experimental setup 

 The geometric model of the tension type FIJ is analysed by importing the solid model to a 

FEA software ANSYS workbench [54]. The Section-I airframe and loading ring is discretised using 

hexahedral 20 node element with an element size of 2mm. The Section-II airframe is discretised 

using hexahedral and tetrahedral dominant elements with a size of 1mm. All fasteners like studs, 

screws and nuts are discretised with an element size of 1mm. The joining surfaces are provided 

with a frictional contact with coefficient of friction of 0.2 between C40 steel to AA 2014 joints and 

0.5 between AA 2014 joints. A total of 4631481 elements are generated after discretisation as 

shown in Fig. 5.2. The base of Section-II airframe is fixed and constrained in all degrees of 

freedom. A force of 48470 N is applied at a distance of 205mm from the plane of FIJ to simulate a 

bending moment of 9.93 kNm which is equivalent to 20% of the first yield moment for the airframe 

as full load. This load is applied incrementally in steps of 10% of the full load till the full load on 

the airframe is applied. 

 

Fig. 5.2. FEA model of slot-nuttype FIJ for experiment 

 
 The maximum opening displacement at the joint along the circumference is determined due 

to the application of load. A maximum opening displacement of 0.422mm is obtained at the top 

reference in the joint as shown in Fig. 5.3. A plot of opening displacement variation along the 

airframe circumference is shown in Fig. 5.4. 
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Fig. 5.3. Axial opening displacement in FIJ w.r.t. the plane of the FIJ 

 

 

Fig. 5.4.Axial opening along circumference starting from RL at M/My =1 

 From the maximum joint opening, the joint opening angle is calculated in radians. This 

joint opening angle upon the applied bending moment results in the computation of the JRC in 

rad/Nm and the numerically computed JRC value for the chosen experimental setup of the FIJ is 

0.241 rad/MNm. 
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5.3 Experimental Determination of JRC 

The JRC is the characteristic property of a FIJ. The JRC determined numerically is validated by 

conducting the experiment.  

5.3.1. Experimental setup 

 A detailed experimental configuration plan is evolved for the realisation of experimental 

set up. Four numbers of specimen FIJ as shown in Fig. 5.5(a) to (d) are manufactured to represent 

the actual setup as shown in Fig. 5.1. The raw material used for manufacture of the experimental 

specimens is in compliance with the aforementioned details. The fasteners adopted are EN24 

material with 10.9 property class. The M10 studs are fastened to the Section-II airframe bulkhead 

and locked using a thread sealant Loctite 270 cured for 24 hrs. The Section-I and II airframes are 

assembled by introducing the studs in Section-II to pass through the receiving hole in the 

pockets/slots in the rear bulkhead of Section-I airframe and torque tightened with M10 nuts of 

property class 10.0 and torqued to 40Nm.  The loading ring attachment is assembled to the front 

part of Section-I airframe with 12 numbers of M8 CSK screws and torqued to 20 Nm.The Section-

II airframe is joined to the base plate using 12 numbers of M8 hexagonal socket head cap screws. 

A small L-shaped curved bracket is assembled to the rear bulkhead of Section-I airframe for 

placement of LVDT for measuring the joint opening while loading. The manufactured FIJ assembly 

for conducting the experiment is shown in Fig. 5.5(d). All the M10 studs used in the FIJ are torqued 

to 40Nm and M8 fasteners are torqued to 20Nm. 

 

 

(a) Loading Ring 
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(b) Section-I Airframe 

 

(c) Section-II Airframe 

 

 

(d) Assembly of experimental FIJ specimen 

 

Fig. 5.5. Details of realised experimental FIJ specimen 
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 The above complete airframe assembly with FIJ is assembled to a rigid support structure 

made of ISHC structural steel at one end using the base reaction plate and C-channels on either 

sides. A hydraulic actuator with a capacity of 10 tons is assembled to an actuator mounting fixture 

using 4 numbers of M24 bolts on the right end. This assembly is mounted to the support structure 

at the other end using two L-brackets on either sides and rigidly clamped to the support structure 

with M12 bolts. An experimental test rig with motor and pump for supplying pressurised hydraulic 

fluid to the actuator cylinder is used for applying the lateral load on the specimen FIJ assembly. 

The configured experimental test set up is shown in Fig. 5.6 and its manufactured and assembled 

version is shown in Fig. 5.7. A total of four experimental specimens were manufactured and four 

different experiments were carried out. During experiments, for every increment of loading, the 

joint opening is measured using linear variable differential transducer (LVDT).  

 

 

 

Fig. 5.6. Configuration details of the experimental setup 



73 
 

 

 

Fig. 5.7. Actual experimental setup  

5.3.2 Instrumentation plan 

 A fool proof instrumentation plan with calibrated measuring devices are essential to obtain 

the true data during the experiment. The application of load on the loading ring of airframe 

assembly is by using a 10 Ton hydraulic actuator. The applied load is ensured by using a force 

transducer of HBM make U2B load cell model with a capacity 100kN. This load cell is assembled 

to the loading end of the actuator to monitor and control the applied load through a hydraulic power 

pack from the test rig. The joint opening is measured at the maximum tension side using a LVDT 

of HBM make WA-T/100mm model. The maximum deflection measurement of LVDT capacity is 

upto 100mm.The load cell and the LVDT is connected to data acquisition system for monitoring 

and recording the load and opening displacement. The instrumentation details constitute a NI based 

data acquisition system, load cell and LVDT employed in the experiments are shown in Fig. 5.8(a) 

to (c).  
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(a) NI based Data Acquisition System 

 

(b) Force Transducer HBM U2B 100kN make 

 

(c) LVDT HBM WA-T/100mm make 

Fig. 5.8. Instrumentation details 
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5.3.3 Experiment and measurement of joint opening 

 The experiment is carried out by applying the lateral force through the hydraulic actuator. 

The load is increased incrementally for every 2500 N upto a maximum load of 48470 N to simulate 

the 20% of the first yield bending moment of the airframe. This load is applied at a distance of 205 

mm from the airframe FIJ plane. The opening displacement at the slot-nut FIJ is measured using 

HBM based LVDT mounted to a L angle mounting bracket. Initially, the LVDT tip is made to 

contact with FIJ’s attached bracket surface as shown in Fig. 5.9. The LVDT’s initial displacement 

is set to zero prior to the application of load. The opening displacement is measured for every 

increment of loading i.e. in steps of 2500 N. 

 The opening displacement is converted to opening angle by dividing it with the radius of 

FIJ. The ratio between the opening angle and the applied bending moment provides the 

experimentally determined JRC for the FIJ. This experiment is repeated for additional three 

experimental specimens of FIJ. The results of experimentally determined JRC from four 

experiments is 0.22 rad/MNm as shown in Fig. 5.10. 

 

 

 

Fig. 5.9. Measurement of joint opening in experiment 
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5.4 Comparison of JRC Predictions with Experiments  

The JRC obtained from the theory, numerical and experimental results are compared and 

shown in Fig. 5.10, where a good agreement is observed between experimental results and 

predictions from theoretical and numerical models.  The experimental results of four experiments 

conducted on four different intersection joint specimens exhibit a small scattering around the 

theoretical predictions. On the other hand, numerical results found to show a slowly increasing 

trend with increase in loading which might be due to slight increase in flexibility of the FIJ when 

loading reaches close to the yield value of the material of FIJ. The reasonably good comparison 

between all three results demonstrate that the numerical model can be adopted confidently for 

prediction of JRC of the FIJ.  

 

 

Fig. 5.10. Comparison of JRC between theory, numerical and experimental results 
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5.5 Summary 

The JRC of the full FIJ has been measured through a specifically designed experimental 

setup. All the components required for the experimental FIJ specimens are designed and analysed 

before releasing the drawings for manufacturing. The ground support structure and fixtures are 

realised for carrying out the experiment and to ensure proper fixity to the base of the FIJ specimen 

and also for the loading attachments. The load corresponding to the first yield moment was applied 

incrementally through the load-controlled force transducer. The joint opening is measured at the 

FIJ interface plane through LVDT connected to a data acquisition system. The JRC thus obtained 

from experimental joint openings for all four FIJ specimens has shown appreciably good agreement 

with numerical predictions. These experiments validate the accuracy of the numerical model which 

in turn can be easily adopted to calculate the JRC of tension type FIJ for any airframe diameters.  
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Chapter – 6 

Conclusion and Future Work 

6.1 Conclusions 

Stud-pocket tension type of FIJs play a vital role in ensuring the structural integrity of 

the launch vehicle. This research has provided theoretical model and numerical method to 

compute JRC and validated by experiments. The following conclusions can be drawn from the 

thesis.  

i. JRC is a structural property of a FIJ and its prediction helps accurate modeling of a 

flight vehicle for dynamic characteristics. 

ii. Local component joint stiffness of an FIJ is 14.0kN/mm from numerical and 

13.8kN/mm from the experiment which are in close agreement thereby validating 

its adoption in theoretical model.  

iii. Pre-tightening of studs enhances the JRC to an extent of 30% to 10% when loading 

is increased from no load to the first yield moment.  

iv. Increase in number of studs for a given stud size could enhance the JRC significantly 

as compared to the increase in metric size of studs for the given number of studs.   

v. The JRC is enhanced (ideal requirement) by increasing the inside pocket thickness, 

whereas the inside diameter for usage reduces resulting in integration difficulties. 

vi. Higher numbers with lesser size of stud has enhanced JRC when compared with less 

numbers of higher sizes of studs. Hence, the FIJs with more number of studs are 

recommended when compared with lesser number of studs for the same stud size.  

vii. Increasing the number of studs with increase in airframe diameter enhances the JRC 

of the FIJ.   

viii. JRC is almost constant irrespective of any increase in applied bending moment 

within the yield limit. 

ix. The JRC of full FIJ is 0.23 rad/MNm (theoretical model), 0.24 rad/MNm 

(numerical), and 0.22 rad/MNm (experiment) which are in good agreement. Hence, 

the numerical and /or theoretical method can be adopted for the computation of JRC 

for any diameter of FIJ. 

x. This research helps in accurately predicting JRC of a tension-type of FIJ thereby 

eliminating the need for a detailed experimentation; and helps the designer to find 

accurate modal frequencies of the FIJ saving cost and time. 
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6.2 Future Work 

Considerable research can be made in future as a continuation of this thesis. These are 

summarised below. 

i. Four FIJs have been experimented. Additional FIJs may be experimented to obtain 

more results of JRC. 

ii. Conducting compression loading on localized joint is challenging due to local 

buckling of airframe shell. This can be overcome with a special attachment. 

iii. Determining local component joint stiffness rely on FEA or experiment. This 

dependency must be avoided and a method should be developed to compute the 

local joint stiffness theoretically so that the model becomes fully theoretical. 

iv. Effect of fastener relaxation over time on JRC of an FIJ can be studied. 

v. Experiments can be repeated for higher diameters of FIJ to ensure correctness of 

characterisation studies reported in thesis. 
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