
DIAGNOSTYKA’ 3(55)/2010 
MA KOWSKI, OSI SKI and others, Proposal for the method of determining the most intensive … 

55

PROPOSAL FOR THE METHOD OF DETERMINING THE MOST INTENSIVE 

FRAGMENTS RIVET JOINS APPEARING THE SHELL AIR PANELS 

WORKING UNDER THE INFLUENCE OF TENSION FIELD 

Jaros aw MA KOWSKI, Jerzy OSI SKI, Przemys aw RUMIANEK 

Instytut Podstaw Budowy Maszyn, Politechnika Warszawska 
ul. Narbutta 84, 02-524 Warszawa, fax: (+48 22) 234 86 22, email: jaros aw.mankowski@simr.pw.edu.pl

Jerzy JACHIMOWICZ 

Katedra Mechaniki i Informatyki Stosowanej, Wojskowa Akademia Techniczna 

Summary 
This article presents the methodology for determining seam rivet fragments most exposed to 

fatigue damage caused by buckling cover sheet occurring in the semi-monocoque structures. The 
present study is focused on determining the impact of the tension field, which is one of the cases 
of buckling, the state of the burden and strain of riveted joints occurring in shell structures. The 
conditions in which tension field arise for example two-flange girder were also examined. 
Analysis was also performed to explore micro-slides between the rivet and the hole in the 
conditions of normal and torsional loads of combined sheets.  

The presented method allows both the determination of dangerous places, susceptible to the 
tension field for the whole structure, as well as a detailed analysis of selected parts of the structure 
- which can be useful, especially in the design of structures on the basis of supervising durability. 

Keywords: shell structures, semi-monocoque structures, riveted joints, tension field, FEM. 

PROPOZYCJA METODY WYZNACZANIA NAJBARDZIEJ WYT ONYCH FRAGMENTÓW  
SZWÓW NITOWYCH WYST PUJ CYCH W CIENKO CIENNYCH PANELACH

LOTNICZYCH PRACUJ CYCH POD WP YWEM POLA CI GNIE

Streszczenie
Celem artyku u jest przedstawienie metodyki okre lania najbardziej nara onych na zniszczenie 

zm czeniowe, spowodowane wybaczaniem blach pokrycia, fragmentów szwów nitowych 
wyst puj cych w konstrukcjach pó skorupowych. W niniejszej pracy skupiono si  na okre leniu 
wp ywu pola ci gnie , które jest jednym z przypadków wyboczenia, na stan obci e
i odkszta ce  po cze  nitowych wyst puj cych w konstrukcjach cienko ciennych. Zbadano 
warunki powstawania pola ci gnie  na przyk adzie d wigara dwupasowego. Wykonano równie
analizy maj ce na celu zbadanie mikropo lizgów pomi dzy nitem a otworem w warunkach 
obci e  normalnych i skr tnych czonych blach. 

Przedstawiona w pracy metoda, pozwala zarówno na okre lenie miejsc niebezpiecznych, 
podatnych na dzia anie pola ci gnie , dla ca ej konstrukcji; jak i przeprowadzenie szczegó owej
analizy wybranych fragmentów konstrukcji - co mo e by  przydatne, zw aszcza przy 
projektowaniu konstrukcji na trwa o  dozorowan .

S owa kluczowe: konstrukcje cienko cienne, pó skorupowe, po czenia nitowe, pole ci gnie , MES. 

1. INTRODUCTION 

Riveted joints are classified as persistent 
connections, in which parts do not change their 
positions relative to each other. Therefore, design 
of riveted joints usually comes down to check the 
basic conditions, such as strength of shear and 
pressure. This is a simplification in which the 
residual stresses resulting from the technological 
process are not taken into account, in which there is 
rivet clenching [1-3]. The fact that the riveted joints 

occurring in aircraft structures are overlooked, but 
in reality are at least partly rubbing joints [4, 5]. In 
this case, it appears that the basic conditions for 
checking the strength may be insufficient or may be 
in significant degree to limit the possibility of the 
development of a structure due to the need for 
additional factors of safety. In some special cases it 
can prove disastrous - as in the case of Boeing 737 
Aloha Airlines in-flight No. 243 [6], in which the 
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main cause of the accident1 was multi-focal 
coverage cracks along the riveted joint and
destruction of a big part of the hull. Examples of 
multi-focal fatigue cracks of air structures can be 
found for example in [7], where the authors present 
the results of shell structures made of natural scale.  

Currently, in order to avoid accidents, properly 
designed shell construction is built with an 
appropriate2 supply of safety in relation to the 
service loads and do not really have concerns that it 
will be destroyed suddenly during normal 
exploitation. Today, the struggle leads to an 
extension of overhaul life through: firstly - 
increasing the fatigue life, secondly - to increase 
safety by monitoring the damage - which allows the 
replacement of worn components and non-
threatened exploitation of the whole object. 

Air structures are subjected to very high and 
variable load in time. They are also differentiated 
with reference to the character of the amplitude and 
load - a combination of elements of these structures 
are the most vulnerable to damage as a result they 
must meet very high demands. Significant values of 
loads acting on the construction sites, often 
associated with the occurrence of large 
displacements parts of the structure, make the 
riveted seams move very large in value, and 
complex states of loading [8]. Since the life-time of 
an aircraft largely depends on the durability of its 
connections around the world, research on this topic 
has since intensifed [2, 3, 9-15]. On this basis it can 
be concluded that the occurrence of local stress 
concentrations, have a substantial impact relative 
displacement of joints components, caused by 
service loads. This applies especially to the semi-
monocoque structures3 where there is a definite 
change load conditions beyond the critical forces - 
leading to the formation of an additional burden of 
large gradients loads in the seam riveted joint 
length [8]. In such a situation, it becomes necessary 
to take it into account in the design process because 
of the relatively large cover deformations in the 

                                                          
1 Described event is called the air accident - 
Regulation of the Minister of Transport from 
18.01.2007 – in case about air accidents and 
incidents, Dz. U. 27.02.2007. 
2 The overall safety factor currently used in 
aviation, is 1.5. 
3 Semi-monocoque structure - it is such a shell 
structure in which elements of the cover is very thin 
in relation to elements of the framework, and 
therefore may be a local loss of stability of elastic 
recovery, while the structure for loads exceeding 
the maximum operating loads, due to the small 
thickness - cover elements can work rather than 
flexion membrane and bending moments and the 
local bending is taken over by elements of the 
framework (the bending stress in the elements of 
cover are very small and usually does not exceed 
5%) [21, 22] 

riveted joint accompanying the buckling of that 

cover.

2. COVER BUCKLING - PROBLEMS IN 

CONNECTION WITH ANALYSIS SHELL 

STRUCTURES WORKING IN OVER-

CRITICAL STATE 

The necessity to pay special attention to the 

structural analysis for the over-critical state, is also 

connected with another important, yet relatively 

new issue, which is the change in approach to 

determining the time to damage the structure. 

Keeping in mind that one of the characteristics 

features of aircraft structures, which affects the 

design process, is very long life of 20-30 years or 

more and taking into account their cost of 

production, extension of overhaul life and extension 

of their life this translates into very high costs. 

Thus, in aviation, is gaining great importance in 

determining the service life extension than at the 

time, but according to technical condition, for 

example by supervising durability using damage 

tolerance [16-19]. In this case, damage tolerance 

may be authorized for one or more elements. 

A shortcoming of life according to time is a fact 

that it is not possible to foresee all possible cases of 

load and working conditions, and therefore assumes 

the most unfavourable conditions of work and will 

determine the time overhaul life. Exploitation by 

supervising durability can significantly prolong the 

safe operation. This approach to sustainability, 

however, requires carrying out many detailed 

research and analysis for determining which 

charges and what mechanisms cause the 

destruction. Examples of such activities could be 

found in [3, 10, 11, 20]. They presented the results 

of research and analysis of local and micro-local 

phenomena, occurring in rivet joints, caused by 

closing the rivet. 

In the case of riveted construction, a very 

important problem is to identify dangerous places  

- places in the structure, which needs special 

attention. This implies a need to address many 

issues affecting the phenomena at the micro level, 

from which usually begins joints degradation. This 

is particularly important in the case of semi-

monocoque structure, which is allowed to lose the 

cover stability in elastic range, which further 

complicates the problem. Structural analysis in the 

over-critical state, belong to a very complex and 

require both vast knowledge and experience, the 

implementation of a series of studies, as well as 

possession of computer equipment with very high 

computing power. The scale of the problem, in 

cases of complex shell structures, is shown clearly 

by the contents of the document published in 2002 

by NASA4 [23]. In this document, section 6.1.1.7 

                                                          
4 NASA - National Aeronautics and Space 

Administration. 
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(buckling and destruction) describes the 
methodology of analysis and loading in cases of 
shell structures, which should include an analysis of 
buckling. Also indicates that for the analysis of 
thin-walled shell appropriate "reduction" factor 

should be applied that takes into account the 

differences between classical theory and 

experimental results of the burden, which causes 

loss of stability. Mainly due to the fact that the 

occurrence of tension field (one of the forms of 

buckling) cannot be ruled out. 

3. TENSION FIELD 

Tension field – special case buckling covered by 

the shell structures, formed by the action of 

tangential forces5.

In 1928, H. Wagner presented the trial, in which 

a thin shell of the transverse stiffeners subjected to 

load, gave rise to a diagonal fold [24]. He 

demonstrated that uprising buckling of cover 

doesn’t destroy constructions until transverse 

stiffeners work only on compression (until stability 

is lost). This had a huge impact on the approach to 

the design of shell structures.  

The essence of tension field is that in spite of 

charging to cover only the tangential forces in 

coverage after exceeding the critical load, there is  

a complex state of stress in Fig. 1.  

Fig. 1. State of stress in tension field

In the case of the tension field it should be 

divided into three phases depending on the value of 

the load: 

first phase, in which the load does not exceed 

the critical load, therefore, the coverage is only 

pure shear CS (1), in principle, should not even 

talk about the tension field: 

CSPC  (1) 

                                                          
5 Definition based on [28]. 

second phase, in which the load exceeds the 

critical force in this case the state of stress in the 

coating is a superposition of pure shear CS and 

tensile stress resulting from folding the cover, 

so the tension field IPC (2), the second phase is 

called the incomplete tension field and 

identified NPC6;

IPCCSPC  (2) 

)2sin(

2
;)1(

k
k IPCCS ;

third phase, in which the load is so large that 

there is no longer just a clean cutting stress 

stretching IPC (3); of course this is a purely 

theoretical case, but may be taken into account 

for very thin covers. 

)2sin(

2
)1( kIPCPC  (3) 

Structural damage as a result of the tension field 

may occur when: 

the strength of the material covering the tension 

is exceeded - will tear the substance; 

the critical force for the elements of the skeleton 

is reached, due to the increasing normal force 

and the emergence of the load perpendicular to 

the axis of rods of the framework. 

Fig. 2. Deformation of the cover was 

created in bended thin-walled girder

Fig. 3. Deformation of a cover in the 

simplified model of an aircraft fuselage 

section, which is subject to torsion 

                                                          
6NPC - incomplete tension field, the term 

introduced by Professor Zbigniew Brzoska [28]. 
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In real structures, the problem of the tension 
field most often occurs in thin-walled girders  
(Fig. 2) and the external covering of aircraft, 
especially in covering the fuselage, which include 
subjection to torsion (Fig. 3). 

A detailed summary of the phenomenon 
presented by Paul Kuhn of the National Advisory 
Committee for Aeronautics in 19527, and then fully 
structured description of this phenomenon, posted  
a comprehensive monograph on the analysis of 
shell structures [25], published in 1956. Other 
important items, which contain a number of details 
about the tension field, are: [24] published in 19608,
[26] published in 19619 and [27] published in 
196510. In 1965 he appeared in revised and enlarged 
edition of the book, "Statics and stability of 

structures" [28]. The next thesis, which concerns 

the subject of tension field were based on the work 

of J. P. Timoshenko, P. Kuhn, and Z. Brzoska. 

4. METHODOLOGY OF RESEARCH AND 

ANALYSIS

As already noted, the tension field is  

a phenomenon whose occurrence is closely 

associated with shell structures. It occurs both in 

the outer covering of shell structures and in shell 

girders covering. Therefore, in order to assess the 

impact of this specific type of buckling load on the 

state of riveted joints, a series of analysis or test of 

the proposed structure was performed.  

Analysis can be divided into three groups 

depending on the scale of the model. The proposed 

models are: 

global model (entire structure or a sufficiently 

large part of it) - the analysis of such a model is 

to answer charges relating to merger riveted 

joint and the location of vulnerable parts of the 

structure [29, 30] (an example of a global model 

is shown on Fig. 4); 

local model (selected portion of the structure) - 

the analysis of this model is used in determining 

the movements of dangerous places (such as  

a local model is shown in Fig. 5); 

micro-local model - (appropriately sized 

fragment containing one or two rivets) - used to 

perform two studies: 

o analysis of closing the rivet, in order to 

determine the initial stresses and strains 

introduced into the model; 

o riveted joint call for an analysis of stresses 

and deformations introduced and applied 

                                                          
7 A SUMMARY OF DIAGONAL TENSION, Kuhn Paul 

(information is posted on the basis of [23] First 

Edition) 
8 Autor: Hertel Heinrich, Dr. Ing. O. Professor an 

der Technischen Universitët Berli 
9 Autor: Zbigniew Brzoska Dr In . Profesor IPPT 

PAN, PW. 
10 Autor: Jerzy Teisseyre Dr In . Profesor IPPT 

PAN, Politechnika Wroc awska.

displacements obtained from the analysis of 

local model - in order to obtain answers 

about the stress concentrations and the size 

of the relative displacements of individual 

elements of the connection.  

Rys. 4. FEM model of the fragment of the 

wing (the main torque box) PZL M28 

Skytruck - for selected treated as a global 

analysis (to show the hidden internal structure 

to cover the upper part of torque box)

Most of the analysis of tension field of impact 

assessment on the state of riveted joints is carried 

out using FEM. FEM systems have many features 

in common - especially the basic elements and 

models of library materials and computational 

methods [31-33]. Results obtained from different 

FEM systems, using the same model (the number of 

elements, type of elements, the calculation method 

and material models), should be the same. This 

statement is purely theoretical. In practice, there is 

another very important factor: namely, the FEM is 

not the scientific method but approximate method - 

in conjunction with the accuracy of the results still 

depends on "numeric" - the applied methods of 

solving equations and methods for their software. 

Moreover, due to the sensitivity of this method for 

numerical errors, the impact on the outcome is also 

a class of computer equipment used for analysis. 

Thus, in addition to the need to adapt to the analysis 

of the available computer hardware and to resolve 

the problem selection of an appropriate 

methodology for modelling of riveted joints, it 

depends on: first, the scale model, and secondly on 

the requirements associated with the introduction of 

charges. Until that time, some interesting theses in 

which, special emphasis on the above issues.  

The problem of modelling methods of riveted 

joints to the environment of one or more rivets were 

raised in [34, 35]. These theses contain examples of 

different ways of modelling riveted joints and 

guidance on the scope of applicability of the 

methods discussed in them. The problem of 

modelling global structures, which are riveted 

joints, has been addressed in [29, 36]. Particularly 

important is the thesis of [29], which has been 

shown that the influence of internal stresses caused 

by clenching a rivet is local and does not exceed 8-

10 rivet diameters. Above this limit, the modelling 

process of the rivet does not matter. Based on the 
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results cited in the theses, we can conclude that 
building a local model for analysis, should be 
elected for more than a dozen area of the rivet 
diameter, and should be modelled, at least in a 
simplified manner, the phenomenon of contact. 
Micro-local model should be extended to cover 
from one to several rivets, including all contact 
pairs. However, building a global model 
construction, the rivet model can be replaced by a 
single beam element, or may be omitted. Today, 
despite major simplifications in global models, it 
puts ever greater demands on such analysis, 
because they allow for precise determination of risk 
areas and are the source of the data (stress, 
displacement) for analysis on a local scale and 
micro-local. 

Therefore, it is necessary to carry out many 
studies, aimed at optimal finite element models for 
each stage of the analysis, because the same models 
will be used during subsequent analysis. The work 
can be divided into four stages. 

4.1. Stage 1 - Preliminary analysis of 

construction - a global model 

In the initial design phase to make a preliminary 
analysis of the construction to determine the basic 
dimensions of the carrying structure (cross-sections 
of skeletal elements, sheet thickness) and between 
other levels of burden riveted joints. The purpose of 
this analysis is also the general designation of the 
displacements and stresses in the structure, which is 
the starting point for many other detailed analyses. 
An example of this global analysis can be reduced 
tensions in the map coverage of the visible portion 
of the wing buckling coverage zones depicted in 
Fig. 5, obtained for one of the manoeuvring loads 
[29].  

Fig. 5. Reduced stress (by H-M-H11) [MPa] 
and the displacement in the model wing. The 

apparent local loss of stability 

In the course of this thesis, actions taken include 
the implementation of the initial design and 
analysis of sample designs. After reading a number 

                                                          
11 H-M-H - reduced stress by hypothesis Huber - 
Mises - Hencky 

of structural solutions, in which there are problems 
with the drawings on the field, three examples were 
selected: classical two-flange girder, two-belt girder 
with holes in coverage and the spatial structure of a 
fragment corresponding to the aircraft fuselage 
subjected to twisting, and then made their global 
models and conducted appropriate analysis. The 
obtained results allow, inter alia, to identify high-
risk places in the structure which should be 
subjected to a thorough analysis. Over these results 
the analysis global-local models were used to 
determine charges, (step 2)12. The results of the 
thesis have been published in [37-39]. 

4.2.  Stage 2 - Analysis of a chosen structure - 

local model 

This phase includes analysis of the construction 
areas especially threatened by the stress 
concentration and buckling in the action from the 
tension field Fig. 6 Verification should especially 

burden the state and deformation of the rivet seams 

[29, 30].  

Fig. 6. The combination of riveting, a local 

model of the wing - reduced stress (by H-M-

H) [MPa] - frame and cover on the side of 

formed rivet heads

The remainder of the paper presents results of 

calculations of the air panel sample, for which we 

were a "classic" analysis of the connection and the 

riveted joint analysis of the FEM, with emphasis on 

the combination of riveting. Based on the results of 

the choice of the most loaded rivets for detailed 

analysis of a single rivet. Obtained at this stage, the 

results were used to determine the burden for the 

analysis of micro - local models (stage 4). They will 

also be used to prepare the test program (stage 3). 

                                                          
12 The concept of a global model is contractual in 

nature and smooth, and is understood as a model 

superior to the other model, which in this case is 

considered to be local, or subordinate. Otherwise, 

the global model can be considered as a local 

example, presented as part of the wing is a local 

model for the entire model, or an entire wing of the 

aircraft.



DIAGNOSTYKA’ 3(55)/2010 

MA KOWSKI, OSI SKI and others, Proposal for the method of determining the most intensive … 
60

4.3. Stage 3 - Research - Review FEM models 

Due to the rapidly growing opportunities and 

the development of FEM software hardware, 

computing tools get more powerful. This allows the 

analysis of increasingly complex cases. At the same 

time, the field analysis of complex, nonlinear 

problems is relatively new and therefore there is  

a small number of publications with real test 

results. If these facts are combined with the fact that 

the FEM systems are excellent tools and the "by 

oneself" do not count, it becomes necessary to 

perform the test on real objects, to verify the FEM 

models - in this case, the analysis is used to calls 

riveted joint. At this stage the preparation of the 

assumptions and tests connections, whose results 

will be used to verify the calculation method. 

Another important factor is to design a test sample 

in such a way as to be representative and have as 

many features of a connection that will be present 

in the actual construction. In particular, attention 

should be paid to the selection of the load..  

4.4.  Stage 4 - Detailed analysis of the riveted 

joint calls - the micro-local model 

At this stage, using data from the local model 

(stage 2) and assumptions for the implementation of 

the FEA model, as evidenced by test results 

(stage 3), followed by preparation of finite element 

models for detailed analysis of the riveted joint 

connection of the test structure. The results of the 

analysis on the model of micro-local, allow to 

determine the degree of stress concentration and to 

assess the intensity of co-movements of the surface 

- which allows for detailed and very accurate 

assessment of the test portion of the joint. 

5. SUMMARY 

Riveted seams occurring in shell structures, 

especially semi-monocoque structures, are exposed 

to the difficulty of determining the load caused by 

buckling of coverage. A special case of this type of 

load is a tension field.  

The proposed method allows the selection of the 

most heavily loaded portion of rivet seams, and 

then to isolate a single rivet environment where 

stress is the greatest. This is particularly important 

in the design of structures on the stability of the 

supervised control of damage tolerance. Knowledge 

of the biggest areas of stress, pressure and relative 

displacement of elements is essential in determining 

potential sites for crack initiation, and the 

knowledge of the stress field can identify the 

direction and speed of propagation. 

In the proposed method of performance 

analysis, based on the use of FEM. Please note that 

this method is approximate and, therefore, is 

required for experimental verification of models 

and analysis.
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