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Abstract

Over the recent past, material scientists and engineers 
have started developing custom made structures from 
composite materials in order to obtain desired 
mechanical, electrical, magnetic, thermal, optical, and 
environmental properties.

Because of the above advantages, composites have, 
over the recent past, been used in progressively greater 
quantities in the aerospace industry. Boeing’s 787 
Dreamliner and Airbus A350 are among the new 
generation of commercial aircrafts that use composite 
materials extensively.

The weight of aircraft components made of composite 
materials is reduced by approximately 20%, such as in 
the case of the 787 Dreamliner [1].

Although bonded joints of composite materials have 
been shown to have very high theoretical efficiency in 
literature, the preferred method of joining structures in 
aircrafts is by using bolted or riveted joints. The number 
of fasteners in an aircraft runs into millions. For example, 
there are a few hundred thousand rivets or bolts in a pair 
of A350 wings.

This white paper seeks to address the issues and 
challenges faced by the aerospace industry in 
quantifying these composite fastened joints for fatigue 
conditions.

Figure 1: Materials Used in Boeing 787 Body [1]

Introduction

As with all other materials, composites are also prone to 
failure. The failure analysis of composites is quite a 
challenge as they are anisotropic and heterogeneous in 
nature.

Great strides have been made in the development of 
analytical and empirical models to substantiate 
composite materials for static loading conditions. This 
has largely reduced the need to test composites under 
static loading.

Also, the general belief is that composite materials are 
not prone to fatigue failure. However, in aerospace 
applications, composites are seldom without stress 
concentrations, and stress concentrations would 
inherently act as nuclei for crack initiation.

A thorough knowledge of the fatigue behavior of 
composites is very important for proper design and 
optimization of structures for use in the aerospace 
industry. The prevalent practice is to certify a composite 
structure based on evidence from structural testing.
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Materials used in 787 body Total materials used
By weight

Fiberglass

Aluminium

Carbon laminate composite

Carbon sandwich composite

Aluminium/steel/titanium

Aluminium 20%

Titanium 15%

Other 5%
Steel 10%

Composites
 50%



However, experimental prediction of the fatigue behavior 
of various composites under different failure modes is 
prohibitively expensive, as there are unlimited 
combinations of matrix type, fiber type, and stacking 
sequences possible.

In this paper, an approach is presented to determine the 
fatigue life of composites used in aircraft structures with 
filled holes acting as stress concentrations.

In order to use the approach, while it is recognized that 
some coupon testing may be necessary, the advantage 
of the approach is that it utilizes commonly available 
analytical/empirical rules prevalent in generic F&DT 
analyses to determine the RFs at any filled hole location. 
Also, this simple methodology can be automated in a 
tool and can be easily used to determine the fatigue 
criticality of a composite structure at fastener locations.

Figure 2: Building-Block Approach Showing the Pyramid of Tests Used for Structural Substantiation [2]

Fatigue Scenarios

Most primary structures in an aircraft, which are 
nowadays being manufactured using composite 
laminates, have unavoidable geometric discontinuities 
that lead to stress concentrations.

These stress concentrations act as crack nucleation 
sites. Listed below are some of the common stress 
concentrations:

1) Filled Holes (fastener locations) – These locations are 
subjected to bearing/bypass stresses

2) Corners (in C-sections spars, etc.) – The corners are 
subjected to inter-laminar tension and shear stresses

3) Open Holes (window cut-outs in the fuselage skins, 
etc.) – These locations are subjected to field stresses

This paper mainly focuses on the substantiation of filled 
holes for composite fatigue. It is generally believed that 
in composite materials, after crack initiation, there is a 
rapid propagation resulting in catastrophic failure. 
Furthermore, the various temperature changes that 
aircraft structures are subjected to causes them to be 
subjected to thermal fatigue.

It has to be noted that the structure should be designed 
in such a way that there is no crack initiation during the 
entire Design Service Objective (DSO).
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Commercial aircrafts are designed to operate in the following nine missions:

The GAG cycle for each of the missions can be broadly broken down as shown below:

Figure 3: Schematic Representation of a GAG Cycle

Fatigue Spectrum
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TROPICAL POLAR STANDARD DAY

Short Range Mission (SRM)

Medium Range Mission (MRM)

Long Range Mission (LRM)

Table 1: Mission Mix of Commercial Aircrafts

Table 2: GAG Segments for Various Missions

Ground Ground Ground

Climb 1

Cruise 1 Cruise 1

Climb 1

Climb 2

Cruise 2 Cruise 2

Climb 2

Take-off Take-off Take-off

Climb

Cruise

Descent

Approach

Landing

Descent

Approach

Landing

Descent

Approach

Landing

SRM (75 to 100 Min) MRM (270 to 330 Min) LRM (660 to 750 Min)

Ground

Departure

Climb

Landing Post-flight

Ground

Pre-flight Take-off
Unloaded and controls check
Pushback tow
Taxi Maneuvers (turns, 
breaking, etc.)

Engine run-up
Take-off roll
Rotation lift-off

Gear retraction
Flaps down
 - Gusts 
 - Maneuvers
Flaps retraction

Gusts 
Maneuvers 

Descent

Approach

Initial descent
 - Gusts 
 - Maneuvers
Spoiler deployment
Final descent
 - Gusts 
 - Maneuvers

Flap extension
Flaps extended
 - Gusts 
 - Maneuvers
Gear extension

Touchdown
 - Spin up/down 
 - Drift
Spoiler deployment

Landing roll-out
 - Thrust reverse 
 - Idle thrust
Taxi maneuvers 
(turns, braking, etc.)

Cruise
Gusts 
Maneuvers 



In each of the above segments, there will be incremental 
cases. Some typical incremental 

loads are listed in Table 3.

These mechanical 1g and incremental cases, combined 
with the thermal loads at various segments of the GAG, 

result in a “Thermo-Mechanical spectrum” of fatigue 
stresses.

Figure 4: Example Flight Stress History [3]
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Table 3: Incremental Loads and Temperature Conditions at Various GAG Segments

Thermal Condition (@ fuselage as an 
example) (assembly temperature 23 degrees C)

GAG 
Flight 
Segment

Ground

Take-off

Climb

Cruise

Landing

Approach/
Descent

Cold

Cold

Cold Cold Cold

Cold Hot to Cold

Hot Hot

Cold Hot Hot

Towing
Pushback/Spring-back

Pre-flight Braking
Bump during taxi-out

Bump During Take-off run
Rotation

Vertical gust
Lateral Gust
Coordinated Turn
Vertical gust
Lateral Gust

Rotation
Vertical gust Cold

Cold Hot Hot

Cold Cold to Hot
Lateral Gust
MLG Touch Down
Bump after touch down

Post Flight braking
Bump during taxi-out

Turn (slow/medium speed and 
high speed)

Turn (slow/medium speed and 
high speed)

Mechanical Incremental Cases Polar Standard Tropical

S
Smf

Smf
1.5

0.5

0.5

GAG
TRANSITION

TAXI LOADS

MEAN FLIGHT
STRESS

GUST LOADS

MEAN GROUND STRESS

TIME

(a)

0



Consider a composite to composite joint, as shown below:

Each bolt in this joint is subjected to the in-plane bearing/bypass stresses as shown below:

In order to analyze the bolt for fatigue, a 
“thermo-mechanical mix spectrum” of all these stresses 
has to be determined, i.e., the bearing and bypass 
stresses for the various 1g and incremental load cases 
corresponding to the various missions has to be 
determined.

However, the coupon test-based S-N curve will generally 
be based on field stresses. In order to compare with the 
test based S-N curve, we have to generate a spectrum 
of field stresses.
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Figure 6: Stress State at a Fastener Location

Figure 5: Schematic Representation of a Composite Joint

Analysis Procedure

SN curves can be used for composite material analysis, 
with certain salient features as explained below.

The Ordinate

Since infinite number of laminates can be developed 
using any given lamina, the SN curves for composites 
are “normalized” by expressing the ordinate as a 
“percentage of mean static strength”. By doing so, the 
SN curves for any particular lamina can be used for most 

laminates developed from that lamina material. The 
mean static strength can be determined from standard 
coupon testing, based on the prevalent ASTM standards 
(ex: ASTM D 6742/D 6742 M – 07 for filled hole tension 
and compression testing)

Figure 7 shows an example of normalized SN curves of 
the field stresses for three sample laminae, which has to 
be developed through a coupon test program.

SN Curves for Composites

Py
Px

τxy

σxy

σy +
δσy

δy
δy

σx σx +
δσx

δx
δx



Figure 8: Conversion of Bearing to Equivalent Bypass
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Figure 7: Example Normalized SN Curve of the Field Stresses for Three Sample Lamina Materials
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In general, the testing for composite fatigue is done at an 
R ratio (ratio of minimum stress to maximum stress) of 
-1. This is because unlike in metallics, compressive 
stresses adversely affect fatigue life of composites.

Normalization of Applied Spectrum

Since each cycle of the local stress spectrum is 
compared to a “normalized” SN curve, the local stress 

spectrum shall be normalized too. Thus the local stress 
spectrum is divided by the mean static strength and 
multiplied by 100.

In order to determine a spectrum of field stresses, the 
bearing stresses need to be converted into an 
“equivalent far-field stress”, so that it can be added to 
any existing bypass stress, as shown below.

Bearing Bearing

Bypass

Bypass + (Conv. Factor* Bearing)

Bypass
(a) (b) (c)

(d)
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Any finite element software can be used to determine 
the conversion factor to convert bearing stresses into an 
“equivalent far-field stress”, using relevant stress 
concentration factors.

Figure 8 (a) shows a composite filled hole location 
subjected to bearing and bypass stresses. In Figure 8 
(b), the stress concentration due to bypass is 
schematically shown (at the 3 O’ Clock and 6 O’ Clock 
positions). Under bearing stresses, the stress 
concentration at the 12 O’ Clock position is shown in 
Figure 8 (c). However, using any finite element software, 
the stress concentration due to bearing at the 3 O’ Clock 
and 6 O’ Clock positions can be determined, and an 
“equivalent bypass” can be determined for the applied 
bearing stress. Figure 8 (d) shows the equivalent field 
stress, i.e., the applied bypass and the “equivalent 
bypass” due to the applied bearing stress.

Once the spectrum of field stresses (as shown in Figure 
8 (d)) is generated, an “equivalent strain based resolved 
stress” is determined as explained below:

Determination of resolved stress from the 2D stress 
state

Eq. (1) can be further transformed to give the biaxial 
stresses on an element at angle θ.

Note that unless σθ and σ’θ are principal stresses, there 
will still be a shear stress present on the element. 
However shear stresses do not (for small deformations) 
contribute to direct strain and so are ignored.

The direct strain in the direction of σθ is

where ν = Poisson’s ratio

This is the strain due to the biaxial system of stresses. 
Consider the same strain in a uniaxial stress field. A 
‘strain equivalent’ stress is given by

Once the stresses state shown in Figure 6 is converted 
to a state containing only bypass stresses (shown in 
adjacent sketch), the three stresses σx , σy and τxy can 
be resolved by the transformation equations into 
stresses on a plane at (θ+90) degrees from x-axis.

σy

σx

τxy

(1)

σx

σxy

σy

τθσθθ

(2)

σ'θ

σθ

θ

(3)

(4)

(5)
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Substituting from eq. (3) and (4)

RF = Min (RFθ1, RFθ2, RFθ3,……).

Max Damage Angle = θ corresponding to RF Illustrative 
Example 

For example, consider a composite joint under a stress 
state shown in the adjacent sketch.

(6)

The fatigue RF is determined by following the below 
process.

(7)

RAINFLOW COUNTING OF NORMALIZED      SPECTRUM

MINER’S RULE TO DETERMINE THE N

DETERMINE S% FROM SN CURVE
CORRESPONDING TO N

σmean (1* DSO )
S% NDETERMINE  RF   =

σmean (1* DSO)COMPARE WITH     
                         

 AS SHOWN IN FIGUREE 7

FOR EACH   , DETERMINE SPECTRUM OF      AND “NORMALIZE”  THE
SPECTRUM AS EXPLAINED EARLIER

REPEAT THE
PROCEDURE FOR

= 0O TO 180O

Figure 9: Flowchart to Determine Fatigue RF

Let us assume a composite to be made by stacking 
layers of lamina with a normalized curve for field 
stresses as shown below in Figure 10.

For the given stress state, a strain equivalent stress σε 
can be determined for various θ values, for various 1g 
and incremental cases, so that a spectrum of σε-θ for 
each θ is obtained.

σy

σx

τxy
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Post-processing the spectrum using the rainflow 
counting technique, the Nθ can be determined 
corresponding to each σε-θ spectrum. Using the results 

Figure 10: Example Normalized SN Curve for the Material (σmean(1*DSO) = 42%)

Table 4: Illustration of the Process in Figure 9

* - All data presented in the table is for illustration purposes only In Table 4

of the rainflow counting and the normalized SN curves, 
the RFθ can be determined for various θ values, as 
shown in Table 4  and Figure 11.
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•  σε-θ-n is the strain equivalent stress (eq. (7)) and N 
 θ-n is the number of cycles at the corresponding   
 stress level. This data is obtained by applying the   
 Rainflow Counting algorithm to the normalized   
 spectrum of the strain equivalent stress σε    
 corresponding to an angle of resolution θ

•  Nθ can be obtained after rainflow counting using the  
 relation:

As can be seen from Table 4, RFθ is minimum for θ = 0˚. 
Hence,

•  σEQ for each θ value can be obtained from the SN  
 Curve, as shown in Figure 11.
•  σmean(1*DSO) = 42%, as shown in Figure 11

Figure 10: Example Normalized SN Curve for the Material (σmean(1*DSO) = 42%)

(8)
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42%

35.5%

30%
27.7%

1000000 Cycles (DSO)

17000000 Cycles

200000000 Cycles

1000000000 Cycles

Maximum damage angle = 0˚
RF = 1.18

Limitations

This approach can only be applied in the presence of 
material specific normalized SN curves corresponding to 
the failure mode. It is imperative that a coupon test 
program is undertaken to develop the curves. The test 
program needs to be adequately extensive, and needs 
to include parametric studies to study the effects of 
laminate thickness, hole diameter, environmental 
conditioning etc., so that appropriate knockdown factors 
could be used as and when applicable.

Certain assumptions are necessary if this approach has 
to be used for filled hole locations, such as determination 
of an “equivalent bypass” flow corresponding to a given 
bearing load. A complete understanding of the time 
history is a pre-requisite before the application of this 
methodology. Automation is necessary to perform 
repetitive, time consuming calculations such as rainflow 
counting. This approach is applicable only for laminated 
composites, and cannot be used for sandwich 
structures.
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Scope for Future Work

A set of normalized SN curves can be developed for the 
most commonly used laminae in aircrafts for future 
references. Also, parametric studies can be performed 
and knockdown factors can be developed by generating 
SN curves using coupons of different diameters, and at 
various environmental conditions.

Similar methodologies can be developed for other 
commonly occurring failure modes in composite aircraft 
structures, such as corner unfolding, buckling etc.

Another closely related topic to the fatigue behavior of 
composite laminates is the residual strength analysis of 
laminates, which has not been discussed in this paper. 
Further studies that will be able to relate the effect of 
mean static strength, the predicted life from normalized 
SN curves and the residual strength of laminates will be 
able to provide a thorough understanding.

Conclusion

The high use of fastener joints, combined with the shift 
towards more composite structures in modern aircrafts 
demands an efficient way to quantify the fastener 
locations for fatigue failure. The methodology presented 
in this paper can be used to determine fatigue reserve 
factors at fastener locations with minimum need for 
testing. The approach can also be suitably used for open 
hole locations such as penetrations and cut outs. The 
maximum damage angle can also be determined from 
this approach, and is a useful input during joint design.
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