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Abstract: In fatigue damage tolerance verification tests of aircraft structures, the simulation and loading of flight-by-
flight spectra require considerable time and resources. To improve the efficiency of load spectrum design and testing,
an equivalent constant-amplitude spectrum design method for flight-by-flight spectra is proposed based on the
equivalence of crack growth behavior. By combining the Paris crack growth model with the Walker stress ratio
correction, the equivalent stress amplitude is directly calculated using structural parameters and load spectrum
characteristics, enabling a rapid transformation from variable-amplitude spectra to constant-amplitude spectra. The
original spectrum is discretized based on the load-exceedance curve, and the equivalence relationship between multi-
level block spectra and constant-amplitude spectra is established. Taking a typical lower wing skin structure of a
transport aircraft as an example, two equivalent spectra are designed and validated through fatigue crack growth tests
on 2024-T351 center-hole plate specimens. The experimental results show that the fatigue life deviation between the
equivalent spectra and the original flight-by-flight spectrum is within 10% , demonstrating the effectiveness of the
proposed method. Moreover, the equivalent spectrum constructed under the condition of invariant mean flight stress
exhibits higher equivalence accuracy. The influence of spectral shape on the equivalent stress amplitude is further
analyzed, revealing that the equivalent stress amplitude increases with the spectrum shape coefficient. The proposed

method provides a useful reference for load spectrum design in aircraft structural damage tolerance verification tests.
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0 Introduction

In modern aircraft design, the damage toler-
ance design principle has become a key concept for
ensuring that aircraft structures can still operate safe-
ly even after initial defects or cracks occur'’’. Verify-
ing the damage tolerance characteristics of structure
through tests is an indispensable part of aircraft mod-

el development process”.

In damage tolerance
tests, the selection of load spectrum directly deter-
mines the reliability and economy of tests. Tradition-

al verification methods require the compilation of
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flight-by-flight spectra under simulated service load
conditions"*™, but the actual flight load environment
is complex, with variable spectra and large disper-
sion'”®. The design and testing of flight-by-flight
spectra often consume a significant amount of time
and resources, significantly affecting the efficiency
of verifying the damage tolerance performance of air-
craft structures. Therefore, developing simple and
user-friendly equivalent load spectra has significant
engineering application value and economic benefits.

Since the development of flight-by-flight spec-

trum compilation method, the simplification and
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equivalence of load spectrum have extensive re-
search. Short spectra such as the short-FAL-
STAFF and the mini-TWIST have significantly

shortened the verification time'?.

Subsequent
scholars have proposed different load spectrum
equivalence methods based on different load spec-
trum characteristics, different structural material
properties, and different fatigue damage models'™.
Among them, the construction of the constant am-
plitude spectrum has received considerable atten-
tion. Sui et al.""*" and Wang et al."””’ transformed the
flight-by-flight random spectrum into a constant am-
plitude stress spectrum and calculated the equivalent
damage, considering multiple fatigue critical parts,
and established the constant amplitude load spec-
trum through optimization calculations. Liu et al."'*
based on the probabilistic fatigue damage model con-
sidering the load sequence effect, proposed an
equivalent fatigue damage simplification model for
multi-level load spectra. Xiang et al."""' based on the
equivalent stress transformation and inverse first-or-
der reliability method (IFORM), converted the am-
plitude load of random variables into an equivalent
constant amplitude load spectrum, and proposed a
general probabilistic fatigue crack propagation pre-

diction method. Sonsino et al.[™

compared two
methods of converting stress or load spectra into
damage equivalent constant amplitude loads, name-
ly the modified equivalent stress (MES) and the re-
quired fatigue strength (RFS) concept. In addition
to constructing the constant amplitude spectrum,
some scholars have also conducted research on other
load equivalence methods. Refs.[19-21] etc. con-
structed different load spectrum damage conversion
methods based on the detail fatigue rating value
(DFR) method. Zhao et al."™' proposed a multi-axis
fatigue test spectrum compilation method based on
damage equivalence for the single-axis stress failure
mode under multi-axis loads. Xiong et al."* pro-
posed the identification principle of small loads and
the equivalent damage fusion method, and accelerat-
ed the full-scale structure fatigue test while retaining

2 considered the

the original load history. Jin et al.
dispersion of fatigue life and established the equiva-

lent damage spectrum by small loads damage con-

version, and measured the equivalent effect of load
spectrum using the Bhattacharyya distance. Raoult
et al."”’ proposed a general framework for construct-
ing equivalent fatigue loads, aiming to consider
some uncertainties of structure.

It can be seen that most of the existing studies
adopt deterministic fatigue analysis theories to de-
sign equivalent load spectra, and most of them focus
on the design of equivalent load spectra of the dura-
bility verification stage. There is relatively little re-
search on the equivalent methods for complex load
spectra in the damage tolerance verification test
stage. The related research relies on complex dam-
age accumulation iterative calculations and lacks di-
rect representation and equivalence of structural
crack propagation characteristics. This leads to the
lack of a fast, convenient and efficient load spectrum
equivalence method when dealing with complex and
variable new flight mission profile load spectra.

This paper presents an equivalent constant am-
plitude spectrum design method for the flight-by-
flight spectrum. Based on the direct calculation of
equivalent loads using structural parameters and
load spectrum parameters, an equivalent constant
amplitude test spectrum is compiled to achieve rapid
verification of structural crack propagation. A design
example of equivalent spectrum is given in combina-
tion with typical transport aircraft load spectra, and
fatigue crack propagation life tests of 2024-T351
center-hole plate specimens are conducted to verify
the effectiveness of relevant equivalent methods.
The variation laws of equivalent loads under differ-
ent spectrum shape characteristics are further dis-
cussed to provide a reference for the design of load

spectra in aircraft structural damage tolerance tests.

1 Equivalent Constant Amplitude
Load Spectrum Design Method

1.1 Calculation of equivalent stress in the vari-

able amplitude spectrum

The main variable that affects the structural
crack propagation rate da/dN is the stress intensity
factor range AK. Crack propagation calculations are

generally carried out based on the Paris equation ',



No. 1 ZHU Gaoshang, et al. Equivalent Constant Amplitude Spectrum Design Method and--+ 87

which is described as
da
dN

where a represents the crack length and N the num-

= CAK" (D

ber of cycles; C and m are both material constants.

The crack propagation calculation under the
variable amplitude load spectrum needs to take into
account the influence of stress ratio. The Walker
equation provides a method for modifying the stress
intensity factor'””’. By making the modification, the
equivalent stress intensity factor range AK,, under
the stress ratio R=0 is obtained, and the corre-
sponding propagation rate is the same as the crack
propagation rate under the actual stress intensity fac-
tor range.

MK, = Kuul(1—R)’ (2)
where K, represents the peak stress intensity fac-
tor under actual stress cycles, R the stress ratio,
and y a material constant.

The stress intensity factor is calculated as
K=FS+vra (3)
where F represents the structural shape factor. For a
center-through crack in a flat tensile specimen, F

can be calculated as"*’

11— 050+ 0.3261
s
where 7 is the ratio of central crack full length 2a to
the plate width W, that is, r = 2a/W.
Based on Eqs.(2,3), the equivalent stress cy-
cle can be calculated as
AS,=S,.(1—R)’ (5)
Combining Eqs.(1, 2) ,

rate can be calculated as

da oo
dN !

where C, is a constant, which is obtained by fitting

(4)

the crack propagation

R)m(y*l)AKm (6)

the fatigue crack propagation performance test data
of the relevant material specimens under the stress
ratio R=0.

Assuming that the load spectrum consists of 4
load cycles, the crack propagation length under the
ith load cycle Aa;, can be equivalently regarded as
the crack propagation length under a stress cycle
with R=0. Then

Aa;= C,AKZ (7)

where AK,, ; represents the equivalent stress intensi-
ty factor range.

If the crack length does not change significantly
within a block spectrum period, then the F' can be
approximately regarded as constant. The crack prop-
agation length under a block spectrum Aag can be
expressed as

3 3
=>10a,= > C MK, 8)
i=1 i=1

The average crack propagation rate within a

block spectrum period is
4

( da ) _ Aas ZAK:‘;'

e i=1 — C AKW 9
dN k k KL O)

where AK,, represents the equivalent stress intensi-
ty factor range for a constant amplitude load spec-
trum
ZAK@Z‘ (10)
k
Consequently, the equivalent stress range of
constant amplitude load spectrum can be determined

as

Agr
A, — 2 St —
FM_ I

3
Z( Smax .a( 1—
i=1

k

where AS.,, represents the equivalent stress range

R.)") (1)

of the 7th stress cycle when it is corrected to R=0.
The stress peak and stress ratio of the ith stress cy-

cle are respectively S, ; and R.,.

1.2 Discretization and equivalence of load spec-

trum

The fatigue load spectrum of aircraft structure
is generally compiled based on the discrete load-ex-
ceedance curve obtained through actual measure-

% The exceedance represents the

ment statistics
number of fatigue loads that exceed a certain level in
the load spectrum, and the load-exceedance curve
visually represents the composition of different lev-
els of loads in the load spectrum. Particularly, under

the condition that the mean load value is constant,
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for the multi-level block spectrum composed of p-
level loads obtained by discretizing the load ampli-

tude-exceedance curve'™

, as shown in Fig.1(a).
Assuming that the stress peak, stress valley, stress
ratio, stress amplitude, and quantity of the 7th level
load are Spu.;s Swn.» Ri, S.:., n,, respectively,
where i €[ 1, p ], the total number of load cycles of
the multi-level block spectrum is 4. This load spec-
trum can be equivalent to a set of constant ampli-
tude load spectra (stress ratio R=0) , and similar
crack propagation effects can be achieved. The
stress peak of the equivalent constant amplitude

load spectrum is S,.x..,» Which can be calculated as

m

»

2{[sm,,< - R,.)V]”.nl_}

Smax.cq - Ach - = (12)

Based on the above method, the flight-by-

Stress amplitude
|_Level-1 load block

a, max

Level-i load block

Level-p load block

I~

0

Exceedance
(a) A multi-level block spectrum obtained from
the discretization of load-exceedance curve

Stress

S, Constant amplitude load block

max,eq

0

Load sequence
(b) Equivalent constant amplitude load spectrum (R=0)

Str
s Constant amplitude load block

I e
} S’,eq

Load sequence
(c) Equivalent constant amplitude load
spectrum (specified mean stress S, .,)

Fig.1 Discretization and equivalence of load spectrum

flight spectrum can be equivalently regarded as a
constant amplitude spectrum for fatigue crack propa-
gation tests, as shown in Fig.1(b). Further, if it is
necessary to establish an equivalent constant ampli-
tude load spectrum under a specified mean stress
Sp.» as shown in Fig.1(c). By combining Eq.(5),
the corresponding equivalent stress amplitude S, .,
can be calculated as follows, and it i1s solved

through numerical methods

Ve
253,(:(
AS.,=Sun(1—R) =(S, .+ Su . )( ‘ )

Sicat Sueg
(13)
Finally, the flowchart of generating an equiva-
lent constant amplitude load spectrum based on the

flight-by-flight spectrum is shown in Fig.2.

Input: Original flight-by

flight load spectrum
* Cycle counting Draw the load-exceedance
method —
v

SIS eSS atiolR=0 [ Discrete load spectrum ]
* Mean stress S, {

remains unchanged . .
€ Determine the equivalent
= conditions

* Structural material 4{ Calculate equivalent stress ]

parameters 7
« Physical equation: -
Walker equation Output: Equivalent constant

amplitude load spectrum

!

Fatigue crack propagation
verification test

Paris equation

Fig.2 Equivalent constant amplitude load spectrum design

flowchart

2 Experimental Verification

2.1 Specimen and material

To verify the implementation effect of the
above load spectrum equivalent method, crack prop-
agation tests are conducted on typical structures un-
der the flight-by-flight spectrum and the equivalent
spectrum. The specimens are taken and designed
from the lower skin panel of a transport aircraft
wing, using 2024-T351 aluminum alloy material.
The specimen dimensions are shown in Fig.3. By

using wire-cutting to pre-form cracks at the center
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hole and loading them with the E-type flight load
spectrum given in Section 2.2 of this paper to form
natural cracks. The loading is stopped when the new
increase in the length of single-sided crack reached
1 mm, and this length is taken as the initial crack
length. The crack propagation rate curves and mate-
rial parameters are shown in Fig.4 and Table 1,
which are obtained from the material performance

data provided by the specimen supplier.

600

300

230
1)

an
6

o R=0
a R=0.33
o R=0.50
o R=0.70
0 10 20 . 30
AK/(MPa + m?)

Fig.4 Crack propagation rate curves of 2024-T351

Table 1 Material parameters of 2024-T351 (R=0)
C,/ (mm-+(MPa-

fracture toughness
1 1 m Yy
K,/ (MPa+-m?) m2 ) "ecycle ")

34 1.42X10°°

3.99 0.68

2.2 Load spectrum

2.2.1 Development of original load spectrum
The original test load spectrum SPO is com-
piled based on the service load measured data of this
transport aircraft and then transformed into a stress
spectrum. The stress spectrum of specimen repre-
sents the actual stress conditions of the critical part
of aircraft. The entire flight-by-flight spectrum block
includes 5 types of flights and 6 000 take-offs and
landings, as shown in Fig.5. The quantity and

length of the flight spectrum, as well as the stress
peak values, are presented in Table 2. The mean
flight stress of specimen (corresponding to the
stress at 1g load factor of aircraft) is S,,=—66 MPa.
Assuming that the compressive load has no effect on
crack propagation, the minimum stress of the stress
spectrum is set to 0. Under the entire spectrum
block, the stress amplitude vs. exceedance curve of
flight load and the stress peak vs. exceedance curve
of ground-air-ground cyclic load are shown in Fig.6.
The stress amplitude of flight load spectrum is ran-
domly distributed. The load-exceedance curve is

smooth. There are 5 types of {lights in 6 000 {lights.
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a0 ) ) )
0 200 400 600
Load sequence
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E 100
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» 0 . . .
0 20 400 600
Load sequence
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a0 ) ) )
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E 100
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0 200 400 600
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@n oF ) ) )
0 200 400 600
Load sequence
(e) Flight E
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oy
= 100
é 50
[ZI)

600 800 10001200 14001600 18002000
Load sequence
(f) Flight-by-flight stress spectrum

Fig.5 Generation of flight-by-flight spectrum
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The maximum and minimum stress values for each
flight type are fixed. The stress peak-exceedance
curve of ground-air-ground load presents a discrete

step-like shape.

Table 2 Statistics on various flight types in a block spec-

trum
Flight Flight Peak stress
& b Load spectrum length cak stress/
type cycle MPa
A 1 627 135
B 13 321 123
C 215 147 102
D 1431 59 89
E 4 340 27 81
Total 6 000 23 8014 —
80
<
§ oot
°
E
= 40f
S
g
8 20t
wn
0 A \
10’ 10° 10* 10°
Exceedance
(a) Stress amplitude vs. exceedance curve of flight load
140 Flight A
Flight B
& 1207
E Flight C
g 100f )
= Flight D
Fligh{ E
80r
60 * !
10° 10° 10*
Exceedance

(b) Stress peak vs. exceedance curve of ground-air-ground cyclic load
Fig.6 Load composition of flight load and ground-air-

ground cyclic load in the spectrum block

2.2.2 Equivalent load spectrum design

Based on the load spectrum given in Fig.6 and
the discretization and equivalence methods of load
spectrum presented in Section 1, the equivalent con-
stant amplitude spectrum SP1 with a stress ratio
R=0 is designed according to Eq.(12), as shown
in Fig.7(a), and the peak stress S,...,=57.2 MPa.
Furthermore, if the mean flight stress remains un-

changed, the equivalent constant amplitude spec-

trum SP2 can be designed based on Eq.(13) , as
shown in Fig.7(b), and the stress amplitude S, ., =
23.3 MPa.

150
]
E 100
g s0
p=]
2

0.0 0.5 1.0 1.5 2.0 2:5
Load sequence / 10°
(a) Equivalent spectrum SP1 based on R= 0

150
<
v 1 1

%.0 0.5 1.0 L5 2.0 2.5

Load sequence / 10
(b) Equivalent spectrum SP2 based on the invariant mean flight stress

Fig.7 Equivalent constant amplitude spectrum

2.3 Fatigue test and results

The fatigue crack propagation test on the 2024~
T351 plate specimens is conducted using the electro-
hydraulic servo fatigue test system MTS 370.10.
Three specimens are tested under each spectrum of
the original spectrum SPO, equivalent spectrum
SP1, and equivalent spectrum SP2. The test fre-
quency is 5 Hz. The crack propagation process is ob-
served and recorded until fracture. The typical mor-
phologies of the specimens after fracture and the
curves of crack length varying with the flight cycles
are shown in Fig.8 and Fig.9. The cracks in the

(a) Under the SPO spectrum (b) Under the SP1 spectrum

(¢) Under the SP2 spectrum
Fig.8 Morphologies of typical failure specimens
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Fig.9 Crack propagation curves of specimens

specimens all start from the center and extend per-
pendicularly to the tensile load direction to the edge
of the plate. The crack growth begins at the initial
location and gradually accelerated. The crack
growth paths and growth curves of specimens are
relatively consistent. The crack lengths, fatigue
lives at the moment of fracture, and the correspond-
ing deviation data of the equivalent spectra com-
pared to the original spectrum are statistically shown

in Table 3.

Table 3 Statistics of crack length and fatigue life for failed specimens

Failure crack length

Fatigue life

Load spectrum  Failure crack  Mean failure crack

length a; /mm

Relative
length a,,, /mm  deviation 6 /% N, (Flight cycles) N, (Flight cycles) deviation & /%

Fatigue life Mean fatigue life Relative

70.4 104 889

SPO 68.3 69.6 — 108 265 108 963 —
70.0 113 734
72.7 108 196

SP1 74.7 73.0 4.9 118 619 117 153 7.5
71.5 124 643
69.0 97 680

SP2 74.1 71.2 2.3 105 639 104 840 —3.7
70.5 111 201

2.4 Discussion

As can be seen from Table 3, the relative devi-
ations of failure crack lengths and fatigue lives of
specimens between the equivalent spectra and the
original spectrum are all within 10% , indicating that
the equivalent spectrum design method presented in
this paper can effectively simplify the structural dam-
age tolerance verification tests. The mean failure
crack length under the equivalent spectrum is slight-
ly greater than that under the original spectrum,
which is related to the maximum loads of the equiva-
lent spectra SP1 and SP2 being lower than that of
the original spectrum. The relative deviation of the
mean fatigue life between the equivalent spectrum
SP2 and the original spectrum is small, indicating
that the equivalent load spectrum established by
maintaining the mean flight stress unchanged and re-
taining the original characteristics of spectrum has a
better equivalent effect. Meanwhile, the fatigue life
under SP2 is slightly shorter than that under the

original spectrum. The test results under this spec-

trum are relatively conservative, and therefore it is
also the more recommended equivalent spectrum.

It 1s worth noting that the classical Walker
equation is primarily formulated for uniaxial loading
conditions and mode [ crack growth. Therefore,
for multiaxial stress states or mixed-mode crack
growth (mode [ -I[-Ill), the applicability of this

method is limited and further validation is required.

2.5 [Influence of spectral shape

Obviously, as can be seen from Eq.(12) and
Fig.1, the determination of equivalent load level is
influenced by the load distribution characteristics in
the load spectrum. These distribution characteristics
are reflected in the shape of load-exceedance curve.
The load-exceedance curve of stress spectrum of
structural details can be described as*"

InH,=1InH,*[1-(S,./S...;]  (14)
where H, represents the exceedances of the ith am-
plitude stress S, ;, H, the total number of cycles in
the load spectrum, S, ... the maximum stress ampli-

tude in the load spectrum, and v the spectral shape
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coefficient. The magnitude of v reflects the concavi-
ty or convexity degree of load-exceedance curve * .
As shown in Fig.10, in a steep spectrum (v<<1) ,
there are fewer high-load quantities and more low-
load quantities, while in a flat spectrum (v>>1), the

quantity of high loads significantly increases.

1.0

V=/00
0.8F
{06l Y=4.0
f
i L V=2.0
Ozt v=10.5 y=1.0
0.2}
0.0 L 1 L 1
10° 10' 10° 10° 10* 10°

Exceedance
Fig.10 Load-exceedance curves under typical spectral

shape coefficient

The equivalent spectrum stress levels corre-
sponding to different spectral shapes are also differ-
ent. For the load spectrum given in Fig.6, assuming
that the maximum stress, minimum stress, length,
mean flight stress and other characteristic parame-
ters of the spectral blocks remain unchanged, only
the spectral shape is changed. Taking the spectral
shape coefficient of 0.3—5 as the calculation condi-
tion, based on the mean flight stress unchanged in
Fig.7(b), equivalent constant amplitude spectra are
designed, and the corresponding equivalent stress
spectrum amplitudes are given. The curve of equiva-
lent stress amplitude varying with the spectral shape
coefficient is established, as shown in Fig.11. It can
be seen that as the spectral shape coefficient increas-

es, the proportion of high load in the load spectrum

65

W (=)
W (=
T T

spectrum / MPa
&~ W
(] (=]

Amplitude of equivalent stress

0.5 1.0 1.5 2.0
Spectral shape coefficient

Fig.11 Variation relationship curve between amplitude of
equivalent stress spectrum and spectral shape coeffi-

clent

gradually increases, and the corresponding equiva-
lent stress spectrum amplitude also increases. Based
on this curve, the equivalent spectrum correspond-
ing to different spectral shapes can be quickly deter-
mined to meet the needs of rapid verification tests
for structural damage tolerance under different flight

tasks.
3 Conclusions

This paper presents a constant amplitude equiv-
alent spectrum design method for the flight-by-flight
spectrum, providing a reference for the load spec-
trum design in fatigue damage tolerance verification
tests for aircraft structures. The specific conclusions
are as follows:

(1) The crack propagation test results of the
2024-T351 center-hole plate specimens show that
the crack propagation life deviation under the equiva-
lent spectrum compared to the original spectrum is
within 10%, verifying the feasibility and reliability
of the method proposed in this paper.

(2) The equivalent spectrum based on the
mean stress invariance has a smaller crack propaga-
tion life deviation compared to the equivalent spec-
trum based on the stress ratio R=0, indicating that
the design of equivalent spectrum should try to
maintain the characteristics of original load spectrum
as much as possible.

(3) The amplitude of equivalent load spectrum
increases with the increase of spectral shape coeffi-
cient of load-exceedance curve. By establishing the
curve of equivalent load versus spectrum shape coef-
ficient, the equivalent constant amplitude spectrum
design under different flight mission spectral shapes

can be quickly achieved.
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