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A complete airplane structure is manufactured from many parts. These parts are made from sheets, extruded sections, 

forgings, castings, tubes, or machined shapes, which must be joined together to form subassemblies. The subassemblies must 

then be joined together to form larger assemblies and then finally assembled into a completed airplane. Many parts of the 

completed airplane must be arranged so that they can be disassembled for shipping, inspection, repair or replacement and are 

usually joined by bolts or rivets. In order to facilitate the assembly and disassembly of the airplane, it is desirable for such 

bolted or riveted connections to contain as few fasteners as possible (which is guaranteed by composite structures). Neverthe-

less, the impact of birds or elements during the take-off or landing (the operation) of an aircraft sometimes generates a critical 

dispersion of impact energy in the composite structure due to the high heterogeneity (of resin or microbubbles) of the struc-

ture. For example, a metal wing usually resists bending stresses in numerous stringers and sheet elements distributed around 

the periphery of the wing cross sections. The wing cannot be made as one continuous riveted assembly. The new approach to 

design an inspection scope and schedule based on maintenance checks brings elements of novelty. Although the maintenance 

schedule can be obtained through simulation, the simulation results might not be accurate enough. The obtained results pro-

vide usable analytical solutions. However, without an additional wide data-collection program, the results can serve only advi-

sory purpose for practicians. 

Keywords:  aircraft riveted joints stress analysis, C-factor reliability  

INTRODUCTION 

An airplane construction is made of many complex 

structures. Each of them is manufactured from many 

single parts. These parts are made from sheets, ex-

truded sections, forgings, and castings, which must  

be joined together solidly. The intermediate forms 

between the individual parts and the whole construc-

tion are the subassemblies, which must joined together 

to form larger assemblies and then finally assembled 

into a complete airplane. Many parts must be prepared 

to be disassembled for inspections, repairs or replace-

ments. The parts are usually joined by bolts or rivets, 

which are problematic in the case of polymeric or 

composite structures. In order to facilitate the assem-

bly and disassembly of the airplane, it is desirable that 

it contain as few fasteners as possible. Composite 

structures are usually deprived of joints. Nevertheless, 

the impact of birds or elements during the take-off or 

landing of an aircraft sometimes generates a critical 

dispersion of impact energy in the composite structure 

due to its high heterogeneity. In such case, often  

a whole part must be replaced, despite a the small 

damaged area. It is therefore advisable to use and as-

semble smaller parts in critical areas of the aircraft 

structure.  

The main aim of the paper is to design an inspection 

scope and schedule of a construction or structure (e.g.  

a composite) to prevent catastrophic accidents. In many 

cases, during maintenance, some sections of the struc-

ture may have defects or pre-damage that need to be 

repaired with patches. For example, in the case of such 

patches, we can anticipate damage. However, we typi-

cally do not know in which places this structure will 

need to be fixed, but in some cases it could be defined 

by conditions due to loads acting on the structure.  

The performance of composite materials (structures) 

depends to a large extent on their strength, stiffness and 

integrity under specific operating conditions throughout 

their service life. Therefore, controlling the fracture 

process and predicting the durability of composite 

structures provides a reliable estimate of the quality of 

the produced components or products when exposed to 

different operating conditions. 
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C-FACTOR MODEL FOR STRESS ANALYSIS 

We consider the Tresca criterion [1, 2], one of two 

main failure criteria used today for ductile materials. 

The second important criterion is the von Mises crite-

rion [3, 4]. 

The Trescae criterion specifies that a material would 

flow plastically according to this simple expression (1) 

 
max31
σσσσ >−=

tresca
  (1) 

The simplest comparison of the Tresca and von 

Mises criteria is shown in Figure 1 and later we can 

define a practical experiment with this concept. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Comparison of Tresca and von Mises criteria 

When determining the strength of composite struc-

tures (especially in compression) using analytical me-

thods, decreases in residual strength (as a result of  

exceeding the energy threshold) are observed as a con-

sequence of an impact with various objects (e.g. birds) 

during aircraft take-off or landing, the extent of which 

depends on the inhomogeneity of the structure (resin or 

microbubbles) or the volume proportion of reinforce-

ment in the composite [4]. Therefore, experimental 

methods have a special place in controlling and ensur-

ing reliability in estimating the durability of manufac-

tured composite products under different operating 

conditions of the fracture process in the composite 

structure. 

The literature on the subject only discusses the qual-

ity of the description of the failure process and evalu-

ates the probability of the extent of damage by analys-

ing linear brittle failure mechanics criteria as equivalent 

Tresca and von Mises stresses (Fig. 2), or hydraulic 

pressure [4].  

The next two questions concern the places where we 

can inspect this structure by the use of a probe and how 

we can do the check each time. In this method, we sup-

pose that the range of frequencies will have an impact 

on the experimental results.  The new approach in the 

paper is a C-factor model in which we can classify basic 

conditions for a special NDT method. We consider four 

main C-factor criteria: 

C1 – the conditions of the fixed structure, and places for 

a probe. 

C2 – the frequencies, tones and reference, levels of 

sound in dB.  

C3 – the measurement system of Cartesian coordinates 

X, Y, Z and three angles α, β, γ. It helps to define 

the right axis of the ellipse and space orientation. 

C4 – determination of structural changes or crack pro-

pagation.  
Panels made from 2024 duralumin were used to 

form a frame of the structure. As can be seen in Figure 

3, these panels consist of three ribs, one spar and a skin. 

In order to produce these parts fasteners, rivets and 

screws had to be used. 

 

a)  

 
b) 

 
Fig. 2. Distribution of equivalent stresses in impact area as determined by 

Tresca (a) and von Mises (b) criteria: R, t – width and thickness 

of composite; w – depth of deformation after impact [4] 

 
Fig. 3. Mounted joints, construction of ribs and rivets 
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First AutoCAD software was used to prepare a solid 

model of the assembled part. The generated model en-

ables  the C1 factor to be resolved. It needs to be noted 

that two panels can seem to be identical,  but actually 

different shapes occur in the microscale and it is quite 

complicated to define small size deviations. 

The appropriate software can detect the most sig-

nificant points and later check the buckling of the part. 

For the basic conditions, we can choose the spar as the 

fixed support and other elements will be loaded with 

shear pressure. A number is assigned to each rivet as 

shown in Figure 4. 

How can the most significant element in the struc-

ture be identified? The largest impact of the C1 factor 

occurs at locations of the connection between two 

probes. The modelling of the panels consists in defining 

points that have a high value of stress or could be at risk 

of significant loading. According to the model, we can 

assume that the highest danger points are situated on the 

right side of the rib (Fig. 4). 

 

 

 

 

 

 

 

 

Fig. 4. Example of simple part and rivet (hole) numbers 

An example analysis of the connection of the simple 

parts with neighbouring elements that have a minimum 

fatigue life margin is presented below. As can be seen 

in Figure 5, the connections associated with the mini-

mum service life are located at rivets (R) numbered 3, 

7, 8 and 11. Thus, an inspection is neccessary there.  

In Figure 5 the point in red is the most appropriate 

location for the sensors and a probe.  

The value of σR0  for under loaded element connec-

tions made of Al-alloys (2024-T7451) for single-row 

fastening is 48.26 MPa, while the evaluated designed 

safe life of the element is 40 000 FH. 

Now we consider a wave generator, which in our 

case is a source of dynamic input. Consequently, we 

move to the C2 criterion. In the areas of reliability and 

life testing, this problem translates to obtaining predic-

tion intervals for life distributions such as the exponen-

tial and the Weibull distributions. For the Weibull case, 

several authors have addressed this issue as well as the 

more complicated problem of deriving prediction limits 

for order statistics from a future sample. These include 

Mann and Saunders [5].  

 

 
Fig. 5. Points of highest stress value 

One of the earlier works on the prediction of the 

Weibull distribution is [5]. The authors considered pre-

diction intervals for the smallest of a set of future ob-

servations, based on a small (consisting of two or three 

elements) preliminary sample of past observations.  

An expression for the warranty period (the time before 

the failure of the first ordered observation from a set of 

future observations) was derived as a function of the 

ordered past observations. Mann [5] extended the re-

sults for observation sizes n = 10 (5) 25 and sample 

sizes m = 2 (1) n-3 for a specified confidence level of 

0.95. This method requires numerical integration.  

In addition, the commonly provided tables are limited 

to sample sizes of less than 25 and are given only for 

the confidence level of 0.95.  

In the case of using composite structures, the bench 

(Fig. 6) must contain sensors with a built-in three-

degree accelerometer, which is then connected via  

a controller to the lab view. The waves are generated by 

a special frequency generator with longitudinal and 

transverse waves, and the receiver registers an ellipse 

along three axes of the splash.  
 

a)

    

b)

  
Fig. 6. Experimental setup constructed at Salford University: a) non-destructive testing of polymer-based component (composite structure); b) deter-

mination of wave type and frequency 
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Composites consist of a porous structure, usually  

a honeycomb structure. Such structures suppress wave 

energy very well, and therefore also provide sound and 

heat insulation. To bypass this counteraction effect, 

direct contact with the core of this structure is required 

and the waves must be of different types, as well as 

different frequencies. In the case of panels made from  

a composite structure consisting of three ribs, the fre-

quency can be checked using acoustic emission me-

thods [6, 7]. 

Investigations of specimens with a transverse arran-

gement of basic fibres (for the glass structure) in rela-

tion to tensile strength, Figure 7 illustates the two-stage 

nature of the deformation.  
 

 
Fig. 7. Dependence of total acoustic emission and strain on stress 

of specimen with transverse fibre arrangement [8] 

Both curves, related to the deformation and the 

acoustic emission parameter, are similar to the �-ε 

curve (Fig. 7), characterising the initial loading behav-

iour of the pure matrix (at Vf = 0, i.e. a matrix without 

the presence of reinforcement – fibres and weft fibres). 

In our case, the presence of the weft fibres, as the load-

ing process takes place, leads to redistribution of the 

load, part of which is regrouped by the weft fibres and 

the warp, thus eliminating the initial stage. As can be 

seen in Figure 7, the process of irreversible deformation 

(the second stage of composite fracture) starts at about 

0.8 of the breaking stress. Hence, in the first loading 

stage, the weft fibres are stretched, thus participating in 

the redistribution of the load to the matrix through elas-

tic deformation. In the second stage, the limiting 

strength of the fibre or weft (as a group of so-called 

elementary fibre bundles) is reached. The intensity of 

the increase in total acoustic emission begins to rise. 

With further loading, the load is successively regrouped 

onto the remaining undamaged fibres or an elementary 

fibre bundle, leading to a further loss of strength of one 

or a number of wefts. 

The increase in the intensity of the total acoustic 

emission continues to grow. The further increase in 

strain is apparently due to the self-destruction process. 

From this point onwards, the strain parameter, as can be 

seen in Figure 7, starts to grow more intensively than 

the stress. The rapid rise in both parameters results in 

complete destruction of the specimen cross-section. 

Therefore, the process of the initiation of composite 

destruction under this type of loading is detected from 

the acoustic emission data 5 % - 6 % earlier than indi-

cated by the strain parameter, as confirmed in [7, 8]. 

DATA AND METHODS 

Antle and Rademaker [9] provided a method of ob-

taining a prediction for the largest number of observa-

tions from a future sample of a Type I extreme value 

distribution, based on the maximum likelihood esti-

mates of the parameters. They used Monte Carlo simu-

lations to obtain the prediction intervals. Using the 

well-known relationship between the Weibull distribu-

tion and the Type I extreme value distribution, one can 

use their method to construct an upper prediction limit 

for the largest one among a set of future Weibull obser-

vations. However, this method is valid only for com-

plete samples and limited to constructing an upper pre-

diction limit for the largest one among a set of future 

observations. 

The distribution theory for the estimators of un-

known parameters in Weibull models is complicated 

and cannot be described in explicit forms. Nevertheless, 

by using a conditional method, many problems become 

analytically manageable. The conditional method used 

in this paper is one conditioned by ancillary statistics, 

which was first suggested by Fisher [10] and promoted 

further by a number of other authors (Cox [11], Buehler 

[12]). Lawless [13] applied this conditional method to 

different problems relating to the Weibull and extreme 

value distributions.    

In the conditional method, the quantiles for the con-

struction of prediction intervals depend on ancillary 

statistics of observed data. This procedure, in which the 

results are based on the conditional distribution of the 

maximum likelihood estimates given as a set of ancil-

lary statistics is exact, but it requires numerical integra-

tion for each new obtained sample in order to determine 

the prediction limits.  

EQUATION FOR CONSTRUCTING 

SIMULTANEOUS PREDICTION LIMIT 

The method of constructing prediction limits for fu-

ture samples from a Weibull distribution  (2) introduced 

in this paper utilizes all the information about a sample, 

but since it involves the use of numerical integration, 

many may prefer to use this technique only in situations 

not readily handled by other methods described earlier.  
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With modern computing, however, the conditional 

prediction limits are not difficult to calculate and should 

be recommended when the ability to do computations is 

available [13, 14]. 

The proposed technique may be useful when we 

consider, for example, the reliability problem associated  

with  fatigue  damage  that  arises  from  the initiation 

of fatigue cracks originating from rivet holes along the 

top longitudinal row of the outer skin of the panel [13]. 

PRACTICE AND EXPERIMENT 

An experiment was set up with an instrument system 

and special software as a part of new NDT method de-

velopment, and no further confidential information 

could be given to conform to "know how". 

During calibration, we  chose the most effective fre-

quency – 258 Hz (Fig. 8), but in other experiments it 

could be possible to use other frequencies. It was de-

termined based on the application points as shown in 

Figure 5. Nonetheless, the method of choosing such  

a value of frequency and other parameters is defined as 

top secret. 

 

 
Fig. 8. Resolved frequencies of about 258 Hz 

If the frequency is generated  by two or more 

sources, an ellipse axis as a dependence of the wave 

longitude will be observed. It should be noted that this 

“ellipse dancing” can explain the impact of interference 

and, as a result, could possibly identify an initial mi-

crofracture. Further experiments must be conducted to 

investigate this effect (Fig. 8). In this experiment some 

special equipment is used. 

In order to interpret the results, we must have de-

fault values of the initial settings for the calibration 

instruments that can help identify fracture effect over-

lapping with shape and reliable comparison. The next 

figure (Fig. 9) shows some small deflection due to non-

destructive testing. In the subsequent step a decision 

needs to be made to prevent some maintenance or re-

solve small defects. The sensors of the accelerometers 

provide information seen on the laptop screen.  

This non-destructive testing method is relatively 

new and good results can be obtained by combining it 

with the resource test assignment method.  

 

 
Fig. 9. Results of experiment at frequency of 258 Hz and free of  

payment loads  

MAINTENANCE AND RELIABILITY 

In many cases, during maintenance some sections 

could have fails or pre-fails that must be repaired with 

patches.  Table 1 shows several time intervals regarding 

such patches, which we can predict in this experiment. 

 
TABLE 1. Crack initiation in calculated time intervals [15]  

wj 
Inspection time τj 

(×104 flight hours) 

Interval τj+1 − τj 

(flight hours) 

− τ0 = 0 − 

w1 = −8.4378 τ1 = 2.5549 25549 

w2 = −6.5181 τ2 = 3.2569 7020 

w3 = −5.5145 τ3 = 3.6975 4406 

w4 = −4.8509 τ4 = 4.0212 3237 

w5 = −4.3623 τ5 = 4.2775 2563 

w6 = −3.9793 τ6 = 4.4898 2123 

w7 = −3.6666 τ7 = 4.6708 1810 

w8 = −3.4038 τ8 = 4.8287 1579 

w9 = −3.1780 τ9 = 4.9685 1398 

M M M 

 

Aircraft maintenance checks are periodic inspections 

that have to be done on all commercial/civil aircraft 

after a certain amount of time or usage. Airlines and 

other commercial operators of large or turbine-powered 
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aircraft follow a continuous inspection program ap-

proved by the Federal Aviation Administration (FAA) 

in the United States or by other airworthiness authori-

ties such as Transport Canada or the European Aviation 

Safety Agency (EASA). Under FAA oversight, each 

operator prepares a Continuous Airworthiness Mainte-

nance Program (CAMP) under its Operations Specifica-

tions or “OpSpecs”. CAMP includes both routine and 

detailed inspections. Airlines and airworthiness autho-

rities casually refer to the detailed inspections as 

“checks”, commonly one of the following: A check,  

B check, C check, or D check. A and B checks are less 

intensive checks, while C and D are considered more 

intensive checks. 

It needs to be noted that the following example of 

using the latest inspection scope and schedule is a new 

method which incorporates a great deal of research, 

hence without the previous articles of the authors, it 

will be difficult for a beginner to understand. Once 

again, it has to be remembered that this is just an exam-

ple of research and does not have to be the reality of 

numbers and data − everything is obtained as a result of 

calculations. One does not need to refer to a specific 

aircraft type, but to a generalized criterion. All the cal-

culated intervals that will be summarized in the mainte-

nance check form are given in Figure 9. Below we have 

chosen these forms only to illustrate this graph; how it 

could look in reality depends on the maintenance plan-

ning engineer, as shown in Figure 10. 

Weekly check – Some of the scheduled or routine 

maintenance tasks stated in the maintenance schedule 

could be listed together in a consolidated check sheet, 

which are called up in a transit check with a longer 

ground time. The complete package is sometimes re-

ferred to as a complete overhaul cycle. The concept is 

called block maintenance or sometimes progressive 

maintenance. A weekly check is required about every 

36 flight hours, depending on the aircraft.  

A check – Consists of a visual examination of the 

airframe, engines, avionics, and accessories to ascertain 

the general condition of the aircraft, for about (8) eight 

hours on the ground. The A check is performed ap-

proximately every month (500 flight hours), or every 

200-300 flights (cycles), depending on the aircraft type. 

This check takes about 50-70 man-hours, and is usually 

performed in an airport hangar. 

B check – A similar schedule applies to the B check 

as to the A check. However, B checks may also be in-

corporated into successive A checks, i.e. checks A-1 

through A-2 complete all the B check items. It includes 

the A check plus selected operational checks, fluid ser-

vicing and lubrication as well as an open inspection of 

the panels and cowlings. It is about 24 hours of ground  

time. The B check is performed approximately every  

6 months or every 1000 flight hours, depending on the 

aircraft. This check takes about 160-180 man-hours, 

depending on the aircraft, and is usually completed 

within 1-3 days at an airport hangar. 

 

 
Fig. 9. Example of inspection schedule 

 
Fig. 10. New approach to assign maintenance schedule for inspections of base maintenance checks  
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C check – This maintenance check is much more ex-

tensive than a B check, requiring a majority of the air-

craft’s components to be inspected. This check puts the 

aircraft out of service and until it is completed; the air-

craft must not leave the maintenance site. It also re-

quires more space than A and B checks. It is therefore 

usually carried out in a hangar at a maintenance base.  

It includes the A and B checks plus detailed inspection 

of the airframe, engines and accessories, thorough lu-

brication, and a portion of the corrosion prevention 

program. The flight controls are calibrated, major inter-

nal mechanisms are tested and the Service Bulletin re-

quirements are fulfilled. It is about 72 hours of ground 

time. The C check is performed approximately every  

24 months or every 5000 flight hours, depending on the 

aircraft. The time needed to complete such a check is 

generally 1-2 weeks and the effort involved can require 

up to 3000 man-hours.   

3C check, or Intermediate Layover (IL) – Some  

authorities use this type of check, which typically in-

cludes light structural maintenance, and checks for cor-

rosion on specific high-load parts of the airframe. The 

3C check may also be used as the opportunity for cabin 

upgrades, e.g. new seats, entertainment systems or car-

peting. This shortens the time the aircraft is out of  

service by performing two distinct tasks simultane-

ously. As component reliability has improved, some 

maintenance repair organizations (MROs) now spread 

the workload across several C checks, or incorporate 

this 3C check into D checks instead. The 3C  check is 

performed approximately every 6 years or every 15000 

flight hours, depending on the aircraft. 

D check – It is a check that more or less takes the 

entire airplane apart for inspection and overhaul. Even 

the paint may need to be completely removed for fur-

ther inspection of the fuselage metal skin. It also re-

quires the most space of all maintenance checks, and as 

such must be performed at a suitable maintenance base. 

The requirements and the tremendous effort involved in 

this maintenance check make it by far the most expen-

sive, with total costs for a single visit ending up well 

within the million-dollar range. This check occurs  

approximately every 10 years or every 25 000 flight 

hours. Such a check can generally take up to 10 000 

man-hours and 2 months to complete, depending on the 

aircraft and the number of technicians involved and 

about 21 days of ground time. 

If the flows of probable failures of certain structural 

units are well known, together with combining and add-

ing different inspection periods into a common form of 

maintenance, we can use the program to assign forms 

for various types of aircraft (as shown in Fig. 10).  

The inspection plans for the specific hot spots (riveted 

holes) are determined from the generic inspection plans 

by the methods mentioned before. This requires a user-

interface where the generic parameters of the specific 

values according to Weibull distribution can be entered 

and stored, and where the resulting inspection plans 

together with their expected costs are provided in  

a suitable format. A standard spreadsheet format is used 

to plan these tasks because of its flexibility and because 

it allows one to make the calculation procedures trans-

parent. In addition, most engineers are familiar with 

these formats. Because computational performance is 

not crucial here, all the functions are computed in  

Excel. The figure below provides an overview of the 

developed tool (iTables.xls).  

At the same time, there is no need for a reliable his-

tory of events; we can model the service flows of vari-

ous aircraft, knowing only the year they were put into 

operation. 

The example demonstrates the use of Poisson’s law 

to assign event flows to maintenance forms. How the 

presented schedule is used and what a maintenance 

program might look like will be the subject of a subse-

quent paper, together with some new information on 

this subject. 

CONCLUSIONS 

In the current age of technology it is very difficult to 

find something new, but this attempt brings elements of 

novelty. Although the results of this paper can be ob-

tained through simulation, the simulation may not be 

accurate enough. From the theoretical as well as practi-

cal points of view, analytical solutions should be used if 

they are available. The results of this paper provide 

such analytical solutions. 

In addition, the methods employed in this article can 

be applied to obtain practical data, but this already re-

quires extensive interaction with engineers. The concept 

of free research and obtaining analytical data serve only 

an advisory purpose for engineers. 
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