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Abstract— This study investigated the axial sensitivity of the aircraft structure to fatigue. Fatigue analysis for an aircraft needs to be done
during a design stage to prevent fatigue failure during operation. Fatigue analysis can be done in a time domain or a frequency domain, and
frequency domain analysis is more frequently used. Frequency domain analysis for an aircraft normally uses PSD data translated from the vi-
bration experienced for its whole lifetime. If vibration information is insufϐicient in the PSD, it is supplemented by adding speciϐic loads. In this
study, the analysis was done using the PSD data with 7 different additional loads. The life was sensitive to the magnitude and direction of the
load, and some loads increase the life. It was found that the aircraft structure is safe from fatigue failure. Since the fatigue test has not yet been
carried out, further testing should be done. Also, further study will investigate how to quantify the sensitivity ratio of direction and magnitude
of loads under various conditions.
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I. INTRODUCTION

It is important to predict fatigue failure at the design stage of an
aircraft. Because if fatigue failure occurs during operation of an aircraft,
a serious human injury will occur. Fatigue analysis is done to prevent fa-
tigue failure. Although fatigue analysis can be done in a time domain or
a frequency domain, a frequency domain analysis is more frequently used
due to limited resource. Aircraft frequency domain fatigue analysis uses
PSD data based on measurement or prediction through the vibration of its
whole lifetime. In MIL-STD-810G, PSD data is calculated and classiϐied ac-
cording to the aircraft type [1].

There may be a case where the vibration for the reference of the
PSD data is insufϐicient for use. For example, for the PSD of a truck, the
vibration PSD data of a truck running on a highway and the PSD data of a
truck running on an unpaved road have different values. While it is best to
use the PSD of an unpaved road when designing a truck to run on unpaved
roads, there may be no PSD data available for the unpaved road. In this
case, the additional load is added to highway PSD data and used for fatigue
analysis.

Since the PSD data is essential for predicting the life of parts, var-
ious studies have been conducted on PSD data. There was a study com-
paring time domain fatigue analysis with frequency domain fatigue anal-
ysis (using PSD) using a test specimen[2]. Theoretical background to ϐind
equivalent fatigue load in the time domain and frequency domain was de-
scribed, and fatigue loads were obtained by applying uniaxial andmultiax-
ial loads to the cantilever beams [3]. Various fatigue damage models ap-

plied to fatigue damage analysis of a broadband response spectrum were
introduced, and numerical comparative studies for selecting fatigue dam-
age models suitable for riser fatigue analysis were conducted [4, 5] Eight
types of PSD analysis methods were introduced, and their accuracies and
errors were analyzed [6, 7]. Four types of PSD analysis methods used for
the frequency domain fatigue analysis were compared, and the fatigue life
of the aircraft was predicted using Dirlik and Benasciutti-Tovomethods [8]
Time domain and frequency domain fatigue analysis were performed for
a F-5 plane and compared [9]. A gearbox housings of high-speed trains
were analyzed by time domain, frequency domain, and time-frequency do-
main analysis [10]. A general methodology to predict the fatigue life of the
Package-on-Package under random vibration loading by means of vibra-
tion tests and ϐinite element simulation was presented [11, 12]. The rela-
tionship between mean stress effect and two kinds of frequency domain
fatigue life was introduced. Also, a mean stress correction model was pro-
posed [13].

Most studies have dealt onlywithmethods of PSD analysis [14, 15,
16, 17, 18, 19, 20, 21]. However, since there is insufϐicient PSDdata inmany
cases, study to compensate for the insufϐicient PSD data is also important.
In this study, the method of aircraft fatigue analysis with insufϐicient PSD
data is investigated. The PSD data used in the study consists of the vibra-
tion generated only in a general ϐlight. Therefore, there is no data about
the vibration that occurs during special missions. Therefore, seven types
of load caused by special missions are added to the general PSD data to
predict the fatigue life and the fatigue lives are compared with the fatigue
life predicted with only the PSD data.
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II. FATIGUE ANALYSIS PROCESS

The fatigue life is estimated using FRF and PSD. After obtaining
FRF that has a dynamic characteristic of the object to be analyzed, the PSD
is probabilistically analyzed to obtain PDF of the stress range distribution,
and then rainϐlow counting is performed. After that, the life is predicted
by the counted cycles, Miner’s rule and S-N curve. In this case, Miner’s
rule assumes that fatigue failure is caused by an accumulation of damages
when the stress over the fatigue limit is repeatedly applied to the structure.
Miner’s rule is expressed as Eq. 1[22].∑
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N1
+

n2

N2
+
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where,ni is repeat number at Si stress,Ni is fatigue life at Si stress.
Di means damage, and fatigue failure occurs when the sum of damages is
over 1.

Depending on the analysis method of PSD, the value of PDF will
change and rainϐlow countings using PDF will be different. Therefore, ac-
cording to the analysis method of PSD, fatigue life will be changed. There-
fore, it is important to analyze the PSD using an appropriate analysis
method. In this study, the PSD data is analyzed by Steinbergmethod. Stein-
bergmethod is oftenusedbecause of its simplicity and is primarily used for
electronic equipment. And it assumes that the cumulative fatigue damage
is calculated assuming that the stress amplitude response at a given posi-
tion has a Gaussian distribution having 68.3% time at 1 sigma, 27.1% time
at 2 sigma, and 4.3% time at 3 sigma. It also shows conservative results
compared to other methods [23, 24].

III. FREQUENCY DOMAIN FATIGUE ANALYSIS

The study is performed by frequency domain fatigue analysis. FRF
is estimated by Modal and Harmonic analysis of ANSYS workbench, and
fatigue analysis is performed based on FRF, PSD and load using Ncode tool.
In this study, a POD structure attached to the bottom of the aircraft wing
is considered important, and thus the POD structure is analyzed rather
than the whole aircraft model. The FEM model of the POD structure used
in analysis consists of 1,255,358 nodes and 733,659 elements. Material
properties are shown in Table I, and the POD model is similar to Fig. 1.
Most parts are made of Al6061. Although the interior contains sensors
and electronic equipment, the internal parts are replaced by a point mass
because the purpose of the study is fatigue analysis of the frame structure.
The POD structure consists of the sum of parts, and the results of fatigue
analysis vary depending on how the connection of parts is implemented.
Using solid elements is the most accurate, but takes the longest analysis
time. Therefore, the fastening parts between the frames are implemented
using solid elements in the form of a screw, and the remaining fastening
parts such as frame-to-case or case-to-case connection are implemented
using beam elements in this study.

PSD data similar to Fig. 2 was used [1]. Because the PSD data
used was based on general ϐlight, loads received when aircraft performs
special missions are classiϐied into seven conditions and added to the PSD
data. Seven classiϐied loads are shown in Table II. In this time, X-axis is
fore direction, Y-axis is lateral direction, and Z-axis is vertical direction
[25, 26, 27, 28].

 

Fig. 1. POD structure

TABLE I
MATERIAL PROPERTY

Material Ultimate Strength Poisson’s ratio Density (g/cm3)
PH13-Steel 1105 MPa 0.3 7.8
17-4PH Steel 1158 MPa 0.3 7.75
SUS304 310 MPa 0.33 2.85
AL6061 520 MPa 0.3 7.85

 

Fig. 2. PSD proϐile

TABLE II
LOAD CONDITION

No. 1 2 3 4 5 6 7
X (g) 0 0 0 0 5 4 -3
Y (g) 0 0 2 2 0 0 0
Z (g) 10 -5 7 1 2 10 10
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Fig. 3. FRF of POD structure

III. RESULTS

FRF of weak points in the POD structure is shown in Fig. 3. When
PSD data is estimated only and when the load for each case is added, the
weakest point appears in the binding points of the POD adaptor. To com-
pare cycles and damage with and without additional loads, the cycle his-
togram and damage histogram using the PSD data only are shown in Fig. 4,
and the cycle histogram and damage histogram at PSD + 1 condition are
shown in Fig. 5.

The resultwith onlyPSDdata and resultswith adding load for each
case are shown in Table III. The life is higher in order of PSD + 5, PSD + 6,
PSD + 2, PSD + 4, PSD + 1, PSD + 3, and PSD + 7. Among these, the PSD + 5
and PSD + 6 conditions have higher lives than the PSD data only.

Fig. 4. Result of PSD condition a) Cycle Histogram. b) Damage Histogram

Fig. 5. Result of PSD+1 condition a) Cycle Histogram. b) Damage Histogram
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TABLE III
LIFE OF THEWEAKEST NODE IN POD STRUCTURE

Condition RMS stress [MPa] Mean stress [MPa] Life
PSD 31.02 11.28 4.705
PSD + 1 31.02 29.2 2.561
PSD + 2 29.95 20.77 4.285
PSD + 3 31.02 34.2 2.146
PSD + 4 31.02 19.8 3.539
PSD + 5 28.93 19.46 8.661
PSD + 6 31.02 10.99 4.75
PSD + 7 31.02 41.68 1.638

V. DISCUSSION

Analyzing the FRF graph, the POD structure has high sensitivity
on the X-axis and similar sensitivity on the Y-axis or Z-axis in the entire
frequency range. The X-axis is most sensitive at about 250 Hz, and the Y-
axis and Z-axis aremost sensitive below 100 Hz. Also, when only vibration
below 100 Hz is applied, the sensitivities between the X-axis, Y-axis, and
Z-axis are similar.

As shown in the cycle histogram, the stresses applied to the nodes
are classiϐied into three types of stress bars because the Steinberg method
is used. Also, low stress has a high number of cycles, and high stress has
a low number of cycles. However, as shown in the damage histogram, the
ϐirst stress bar with the highest cycle in the cycle histogram does not af-
fect the life, while the third stress bar with the lowest cycle has the largest
effect on the life. This phenomenon occurs because the ϐirst stress bar is
lower than the fatigue limit of Al6061. When the additional load is applied,
some of the stresses in the ϐirst stress bar move to the second stress bar.
Since the second stress bar is greater than the fatigue limit, it affects the
life. Likewise, some of the stresses in the second stress bar move to the
third stress bar, and they affect the life.

Analysis results obtained when loads are added, conditions with
the lowest life are 1, 3 and7 conditions. These conditions are common con-
ditions in which positive Z-axis force is 7g to 10g. From this, it can be seen
that the force in the positive Z-axis direction has a big inϐluence on life. As
seen in condition 2, the force in the negative Z-axis direction doesn’t have
a big effect. On the other hand, in case of condition 6, the effect of the life is
similar even though the force in the positive Z-axis is 10g. It is found that
the force in the positive X-axis direction is inϐluential. As in condition 6,
condition 5 with the positive X-axis force results in double of the existing
life, which seems to have a positive effect on the life for the positive X-axis
force. Therefore, in the case of condition 6, the inϐluence of force in the pos-
itive X-axis direction and the force in the Z-axis direction are cancelled, and
the results are similar to the existing life. Conversely, the negative X-axis
force appears to have a negative effect on life, as shown by the compari-
son of conditions 1 and 7. In the case of the 3 conditions, compared with
1 condition, the force in the positive Z-axis direction is decreased, and the
force in the positive Y-axis direction is increased, and the life is decreased
than that of 1 condition. It can be seen that the force in the positive Y-axis
direction has a negative effect on the life.

In summary, most loads have a negative effect on life, but positive
X-axis direction loads have a positive effect on life. In addition, the sen-
sitivity is largest in positive X-axis, followed by Y-axis and Z-axis. This is
consistent with FRF results. These results indicate that the more vertical
and horizontalmaneuver during themission of aircraft reduces the life and
the more deceleration maneuver increases the life. In general, additional
loads are expected to have a negative effect on the life, but some additional
loads can actually have a positive effect on the life. In addition, the POD
structure used in this study satisϐies the minimum required life under all
conditions.

VI. CONCLUSION AND IMPLICATIONS

The fatigue analysis result using PSD data only and the fatigue
analysis results using seven additional loadswere compared in a frequency
domain. The following conclusions were drawn in this study.

• The POD structure is susceptible to the 250 Hz vibration in the X-
axis direction.

• Since the majority of the stresses counted are below the fatigue
limit of Al6061, they do not affect the life.

• When the additional load is applied, some of the stresses below the
fatigue limit exceed the fatigue limit, and they affect the life.

• Positive X-axis direction load had a positive effect on the life, but
other direction loads had a negative effect on the life.

• Life had load sensitivity in the order of X-axis, Y-axis and Z-axis, and
FRF analysis showed a similar result.

• The POD structure satisϐied the minimum required life under all
conditions.
In this study, fatigue life is predicted successfully by insufϐicient

PSD data with the additional load. However, since the fatigue test has not
yet been carried out, further testing should be done. Also, further study
will investigate how to quantify the sensitivity ratio of direction and mag-
nitude of loads under various conditions.
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