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This work elaborates an aircraft pre-design process that integrates loads analysis, load alleviation, 
structural optimization and fatigue analysis. The consideration of maneuver and gust load alleviation in 
early design stages is a promising concept to reduce wing bending moments, structural mass and extend 
the fatigue life, as shown on two mid-range configurations: one with a backward and another one with a 
forward swept wing respectively. In the loads analysis, quasi-steady maneuvers and dynamic 1-cos gusts 
are considered. For the load alleviation, the ailerons are deflected symmetrically. While the maneuver 
load alleviation reacts to the commanded load factor, the gust load alleviation reacts to fluctuations in 
the angle of attack. With the selected loads from the simulations, the structure of the wing and horizontal 
tailplane (HTP) is optimized toward mass minimization. The constraints considered are material strength, 
buckling stability and static aeroelastic requirements. The steps comprising loads analysis and structure 
optimization are conducted iteratively until the wing box mass converges. The load alleviation yields a 
reduction of wing box mass by 2.8% on the backward and 6.1% on the forward swept wing configuration. 
A subsequent, qualitative fatigue analysis is carried out to compare the fatigue behaviors of the active and 
passive aircraft (with and without load alleviation). For the reference missions, loads due to continuous 
turbulence and ground-air-ground cycles are considered, and the fatigue life of the active aircraft is 
improved by 28% and 12% respectively, on top of the mass benefit. As a conclusion, the proposed process 
can serve to gain an insight into the effects of load alleviation on the design loads, mass reduction and 
the resulting change in the fatigue behavior of a given aircraft in the pre-design phase, before it advances 
to the next design stage.

© 2022 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The design of new aircraft is a long, complex multidisciplinary 
process. To minimize the aircraft’s development and operational 
costs, it is advisable to shift as many analyses and calculations as 
possible to earlier stages of the design.

One solution to lower the aircraft’s operational cost is by mini-
mizing the fuel consumption. This can be achieved e.g. by reducing 
the structural mass. At the same time, the structural mass di-
rectly depends on the design loads. Hence, structural mass can be 
reduced by alleviating the design loads. Nowadays, active load alle-
viation is implemented on commercial transport aircraft as a part 
of the electronic flight control system (EFCS) [1]. However, before 
the load alleviation is well adjusted to the aircraft, it has to be 
modeled in the design process first – the earlier the better.

In the conceptual stage, empirical regression formulae – includ-
ing technology factors for load alleviation – are often used since 
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information about the aircraft is insufficient. In the preliminary 
design stage, the aircraft configuration is frozen and more details 
about the aircraft are known. In this case, a physics based model-
ing of load alleviation systems is seen as appropriate since it can 
be efficiently integrated into the physics-based loads analysis as 
shown by this work. With a physics based method, there are more 
degrees of freedom in setting the load alleviation architecture/pa-
rameters to maximize the load reduction. However, the algorithm 
should be computer-time efficient so that the load calculations, 
which can comprise hundreds or more load cases, are consider-
ably fast. This large number of load cases argue against the use of 
high-fidelity methods such as computational fluid dynamics (CFD). 
Besides, CFD models are not always available for any aircraft in the 
early design stages.

Regarding previous works in load alleviation, Binder et al. inves-
tigated the influences of active aeroelastic control, passive aeroe-
lastic tailoring and their combination on the structural mass of the 
wing [2]. To achieve the largest mass reduction, maneuver load 
alleviation (MLA), gust load alleviation (GLA) and aeroelastic tailor-
ing should be implemented simultaneously [2]. Xu et al. shows the 
ess article under the CC BY-NC-ND license 
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influence of load alleviation among others on the reduction of the 
structural mass and operational cost with a conceptual design pro-
cess [3]. Paletta investigated the loads and fatigue benefit of load 
alleviation on a business jet configuration [4]. With load allevia-
tion, the fatigue life is extended by 44-67% [4]. Teufel shows the 
effects of load alleviation on the gust and turbulence loads, and 
discusses the influence of 2D turbulence on various load quanti-
ties [5]. However, the chain of impact of load alleviation on design 
loads, structural mass and fatigue has not been addressed. There-
fore, to gain insight of the interdependency between those aspects, 
they are investigated simultaneously in this work. Fig. 1 visualizes 
the workflow: the influence of load alleviation on the design loads 
and the structural mass is investigated in an iterative process, and 
a subsequent fatigue analysis is carried out. This work is based 
on the dissertation [6]. In the dissertation, further aspects regard-
ing operational aspects of load alleviation and its influence on the 
structural fatigue are discussed.

Fig. 1. Global workflow of the investigation.

2. Reference aircraft and simulation models

2.1. Reference aircraft

Two reference aircraft are investigated: the backward swept 
D150 configuration and the forward swept ALLEGRA configuration. 
The D150 configuration [7] is similar to the Airbus A320, a typical 
mid-range commercial aircraft with aluminum structure, engines 
mounted under the wing and fuselage mounted empennage.

The ALLEGRA configuration, that originates from the LamAiR 
configuration [8], is selected as the second reference aircraft. Its 
parameters such as payload, operating Mach number and design 
masses are similar to the D150 configuration. ALLEGRA has an un-
conventional forward swept wing and T-tail configuration and is 
made of composite materials with fixed ply angle distributions. 
The configuration aspects are expected to evoke aeroelastic effects 
that are not observable on the D150 configuration. Fig. 2 and 3
show the geometry of the D150 and ALLEGRA configuration.

Fig. 2. Geometry of the D150 configuration.
2

Fig. 3. Geometry of the ALLEGRA configuration.

2.2. Simulation models

For the loads analysis and structural optimization, MSC.Nastran 
models of the reference aircraft generated with the DLR in-house 
MONA process [9] are used. The primary structure on the lifting 
surfaces and control surfaces is modeled with shell elements for 
the spars, skins and ribs, as well as with bar elements for the 
stiffeners. The fuselage is modeled with beam elements. In the 
MONA process, the finite element (FE) models undergo a prelimi-
nary structural sizing using analytic-empirical methods [10]. Fig. 4
shows the FE model of the D150 configuration, while the shell el-
ements of the fuselage and engines are represented for illustration 
purpose only.

Fig. 4. FE model of the D150 configuration.

The total mass of both aircraft models consists of structural 
masses, secondary masses, systems, fuel modeled according to 
Klimmek [10] and payload. To reduce computing time in the loads 
analysis, the stiffness and mass properties of the reference aircraft 
are condensed onto the load reference axis (LRA) nodes. Fig. 5
shows those nodes using the triangular markers.

The aerodynamic forces on the lifting surfaces are modeled us-
ing the vortex lattice method (VLM) for the steady cases or doublet 
lattice method (DLM) for the unsteady cases [11,12]. To consider 
the aerodynamic effect of the fuselage, the subsonic wing-body in-
terference theory is used [13]. Fig. 6 shows the aerodynamic model 
of the D150 configuration. To consider the aerodynamic effects 
due to the twist and camber of the wing, a downwash correction 
with W2GJ matrix [10] created using ModGen is implemented. For 
transonic flow conditions, a correction of the AIC matrices can be 
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Fig. 5. Condensed FE model of the D150 configuration.

Fig. 6. Aerodynamic model of the D150 configuration.

considered, for example using data from CFD. However, CFD mod-
els are not always available in the early stages of the aircraft design 
process, so that CFD based corrections are not always possible.

3. Design process of loads analysis and structural optimization

This section describes the steps conducted in the design pro-
cess.

3.1. Loads analysis

The loads analysis part considers symmetric maneuvers (+2.5 g
pull-ups and -1.0 g push-downs) and vertical 1-cos gusts with gust 
gradients ranging from 9 to 107 m according to CS25 [14]. The 
maneuver and gust simulations are carried out with the elastic 
aircraft using MSC.Nastran [12] (SOL144 and SOL146 respectively). 
The maneuver loads are calculated in quasi-steady equilibria with 
the prescribed load factors nz and pitching rate q:

q = (nz − 1) · g

V T A S
, (1)

with the gravitational acceleration g and the aircraft true airspeed 
V T A S .

The dynamic gust loads are calculated in the frequency domain 
with a maximum analysis frequency fmax of 50 Hz. Regarding the 
3

unsteady aerodynamics, reduced frequencies up to 1.0 are consid-
ered. The reduced frequency k is defined by:

k = 2π f · c̄

2V T A S
, (2)

with the frequency f and the reference chord c̄. With the flight 
parameters of the reference aircraft, a reduced frequency of 1.0, as 
stated in Equation (2), is equivalent to a frequency of up to 20 Hz. 
This is seen as sufficient since more than 99% of the energy of 1-
cos gusts is contained in frequencies up to twice of the gust base 
frequency f g defined by:

f g = V T A S

2 · H
, (3)

with the gust gradient H . Gust base frequencies, that are poten-
tially relevant for the structural optimization, are expected to be 
close to the first wing bending frequency. For commercial trans-
port aircraft, the first wing bending mode typically occurs between 
1 Hz and 5 Hz, depending on the aircraft geometry and mass con-
figuration. As a conclusion, unsteady aerodynamics for frequencies 
up to 10 Hz are seen as sufficient for the gust loads analysis.

The calculated gust loads represent the incremental loads only. 
Thus, to obtain the total loads, the gust loads have to be super-
posed with the corresponding 1 g trim loads.

Remark: continuous turbulence is not included in the limit 
load calculations, since the equations in CS25.341(b) [14] yield 
curves of equal probability of occurrence instead of time-correlated 
loads. The latter are necessary for structural optimizations with 
MSC.Nastran. Mathematically, it is possible to generate concrete 
time-correlated loads with continuous turbulence, e.g. using a ran-
dom phase distribution, see Section 5. However, this method is not 
suitable for limit load calculations, since the maximum values of 
the loads might change unpredictably, depending on the phase dis-
tribution. On the other hand, for fatigue loads analysis as described 
in Section 5, the load histogram (load amplitude distribution) is 
more important, and it stays more constant regardless of the phase 
distribution. Hence, time-correlated loads with continuous turbu-
lence are seen to be more suitable for fatigue analysis instead of 
limit load calculations.

Following the maneuver and gust simulations, the loads are 
post-processed to identify the relevant load cases for the struc-
tural optimization using 2D load envelopes with the combination 
Mx/My and Mx/Fz. The 2D envelopes are generated at six span po-
sitions on the wing and two positions on the HTP. Fig. 7 shows an 
exemplary 2D envelope. The load cases appearing on the edges of 
the 2D envelopes comprise the loads considered in the structural 
optimization.

Fig. 7. 2D envelope surrounding gust and maneuver loads.
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3.2. Structural optimization

With the post-processed loads, the structure of the wing and 
the HTP is optimized using SOL200 of MSC.Nastran [15] that imple-
ments gradient-based algorithms. The considered constraints are 
material strength, buckling stability and minimum thickness that 
are described in more detail in Section 6. Within the optimiza-
tion run, the structure is updated iteratively until the convergence 
criterion is satisfied. For the D150 configuration, the defined con-
vergence criterion is a relative mass change of 5.0·10-4 between 
two design iterations, while a relative mass change of 1.0·10-3 is 
set for the ALLEGRA configuration due to its non-isotropic material 
properties and thus longer computing time within the structural 
optimization. The objective of the structural optimization lies in 
minimizing the structural mass while complying with the con-
straints under the applied loads, and the design variables are the 
material thicknesses - also for the composite ALLEGRA wing, since 
the ply angle distributions on the skins, spars and ribs are kept 
constant.

The resulting design is then inputted into a subsequent op-
timization with aeroelastic constraints since it is faster to solve 
multiple, smaller optimization problems compared to a large one. 
On the D150 configuration, the considered constraint is the aileron 
effectiveness that has to stay positive at speeds up to V D +15% 
according to CS25.629 [14]. On the forward swept ALLEGRA config-
uration, the design has to be free of torsional divergence at speeds 
up to V D +15%. If the aeroelastic constraints are not satisfied, the 
wing is re-optimized and only an increase of the material thick-
nesses is allowed [10].

3.3. Workflow

Fig. 8 visualizes the workflow with the loads analysis and struc-
tural optimization. With the initial presized design from ModGen, 
the steps comprising the loads analysis (3 to 6) and the structural 
optimization (7 to 9) are conducted iteratively until the relative 
change in wing structural mass between two cycles of loads and 
optimization is below 0.5%. Subsequently, a subsonic flutter check 
is carried out to ensure that the aircraft does not flutter in the 
prescribed range of dynamic pressure.

Fig. 8. Workflow of loads analysis and structural optimization.
4

4. Load alleviation functions

The considered load alleviation functions comprise maneuver 
and gust load alleviation.

4.1. Maneuver load alleviation

The maneuver load alleviation (MLA) is carried out by deflect-
ing the ailerons symmetrically (aileron deflection is denoted as ξ ). 
To avoid interference with the flight mechanic controller, the MLA 
should only react to the commanded load factor. The aileron de-
flection for MLA is set to -8◦ (trailing edge up) at the design cruise 
speed V C and a load factor of 2.5. To achieve a more constant load 
alleviation effect in the entire flight envelope, the MLA amplitude 
ξML A is set inversely proportional to the dynamic pressure q̄. In ad-
dition, the MLA amplitude is set proportional to the commanded 
load factor deviation (nz,c − 1.0), so that the following algorithm 
results:

ξML A(q̄,nz,c) =
{ −8◦ · q̄C

q̄ · nz,c−1.0
nz,max−1.0 for nz,c > 1

−8◦ · q̄C
q̄ · nz,c−1.0

1.0−nz,min
for nz,c < 1

, (4)

with the commanded load factor nz,c , the maximum design load 
factor nz,max of 2.5, the minimum design load factor nz,min of -1.0 
and the dynamic pressure at the design cruise speed q̄C .

As an example: at the maneuvering speed V A of the D150, 
where the dynamic pressure is low with q̄A ≈ 0.52 q̄C , the MLA 
deflection at 2.5 g is -15◦ . This value is comparable to the MLA of 
the Lockheed L-1011 (-13◦ at 2.5 g) [16].

4.2. Gust load alleviation

Analogous to the MLA, the gust load alleviation (GLA) is car-
ried out by deflecting the ailerons symmetrically. The main input 
for the controller comes from the aerodynamic sensors that are 
assumed to be located at the aircraft nose. To filter out flight me-
chanical effects on the aerodynamic data, the gust angle of attack 
αg as defined by König et al. [17] is considered in the control al-
gorithm:

αg = αm − θ + ż

V T A S
+ q · rC G

V T A S
≈ w g

V T A S
, (5)

with the measured angle of attack αm , the aircraft pitch angle θ , 
the aircraft vertical speed ż, the aircraft true airspeed V T A S , the 
aircraft pitch rate q, the distance between aerodynamic sensor and 
aircraft CG rC G and the vertical wind speed w g .

For the first step, the symmetric aileron deflection is set pro-
portional to the gust angle of attack. The gain is set to −2.0

cosϕhinge

where ϕhinge is the sweep angle of the control surface hinge. The 
correction for the hinge sweep angle is necessary, since the ac-
tuator deflection is always larger than the aerodynamic deflection 
of a swept control surface. As an example: for a control surface 
with 45◦ sweep angle, an actuator deflection of 1.0◦ would yield 
an aerodynamic deflection of only cos (45◦) · 1.0◦ ≈ 0.71◦ . The se-
lected gain is based on the potential theory of an unswept wing 
[18]: for a trailing edge control surface with a relative chord of 
0.25 and an aerodynamic effectiveness of 0.75, a control surface 
(aerodynamic) deflection of -2.0◦ would compensate the lift due 
to a change in the angle of attack of 1.0◦ .

Since discrete gust encounters are transient phenomena and the 
maximum loads are reached within a second after the gust is de-
tected at the aircraft nose, an integral term is not necessary. A 
second-order low pass filter for the GLA is set at 10 Hz to avoid ex-
cessive aileron deflection rates. To avoid having aileron deflection 
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in a constant vertical wind field, a second-order high-pass filter is 
set at 0.1 Hz.

Concerning the delay time tdel , the flight control computer is 
assumed to process the angle of attack signal measured at the nose 
and output the aileron deflection command when the gust arrives 
at the wing, while a minimum delay time of 60 ms – as applied 
by Wildschek [19] – is considered for the computing time:

tdel = max

(
xwing

V T A S
,0.06 s

)
, (6)

where xwing is the x-position of the wing. However, the latter is 
not exactly defined yet. By trying out different positions for xwing , 
it turns out that setting it to 16 m on D150 and 18 m on ALLE-
GRA yields the largest reduction of the wing root bending moment. 
Fig. 9 and 10 visualize the two positions, and it is apparent that 
the ailerons should start deflecting relatively soon after the gust 
hits the foremost leading edge of the wing.

Fig. 9. Reference position xwing on the D150 configuration.

Fig. 10. Reference position xwing on the ALLEGRA configuration.

Thus, the GLA transfer function T FGL A is:

T FGL A ( f ) = ξc,GL A

αg
= kGL A · T F L P · T F H P · T Fdel, (7)

with:

T Fdel = e−2π ·i f ·tdel , (8)

and the commanded aileron deflection ξc,GL A , the frequency f , the 
GLA gain kGL A = −2.0

cosϕhinge
, the second order low pass T F L P at 10 

Hz, the second order high pass T F H P at 0.1 Hz and the transfer 
function of the delay time T Fdel .

The term commanded deflection implies that the time domain 
rate limiter is not applied yet. For the actual aileron deflection, a 
rate limiter at 40◦/s is implemented. This step requires a transfor-
mation of the aileron deflection into the time domain, and after 
the rate limiter is applied, the aileron deflection is transformed 
back into the frequency domain.
5

5. Turbulence loads and fatigue analysis

For the fatigue analysis, the considered loading conditions are 
turbulence loads and ground-air-ground cycles.

5.1. Turbulence loads

For the first step, a reference flight mission along with its pa-
rameters is defined. To evoke the largest loads on the wing, the 
aircraft are assumed to carry the maximum payload, and fuel is 
added until the maximum take-off mass (MTOM) is approximately 
reached. The fueling sequence is outer tank – inner tank – center 
tank. With the available fuel mass, the longest possible routes are 
searched using fuelplanner [20] to estimate the duration of each 
reference flight phase (climb, cruise, descent). In doing so, the fuel 
consumption estimation is based on the A320 and the JAR inter-
national standard [21] is considered for the reserve fuel mass. The 
D150 is assigned for the route from Berlin-Tegel (EDDT) to Porto 
(LPPR), while the route Berlin-Tegel (EDDT)-Athens International 
(LGAV) is selected for the ALLEGRA configuration. More details re-
garding the fuel masses can be found in Section 6 and 7.

During the reference mission, the aircraft are assumed to fly 
in continuous turbulence that has the von Kármán spectrum 
and a scale of turbulence of 762 m (2500 ft) as prescribed in 
CS25.341(b)(2) [14]. For each flight phase, a reference root mean 
square (RMS) of the vertical wind speed is defined. It is assumed 
that the turbulence intensity is moderate such that the probabil-
ity of exceedance of the RMS is approximately 10-3 according to 
MIL-STD-1797A [22]. The nominal values of the RMS are listed in 
Section 6.

Since the turbulence spectrum � ( f ) is given in the power 
spectral density form while the vertical wind speed w g,turb ( f ) is 
necessary for the aircraft response calculation, the latter is calcu-
lated by:

w g,turb ( f ) =
√(

�( f ) · fmax · 2n f
) · ei·rand(ϕ( f )), (9)

with the maximum analysis frequency fmax of 50 Hz, the num-
ber of frequency samples n f of 5·104 and the random phase angle 
rand(ϕ( f )). The selected fmax of 50 Hz is analogous to the dy-
namic gust simulations, and n f of 5·104 is seen as adequate to 
generate statistically relevant load collectives without requiring ex-
cessive memory and performance for the computation.

With the vertical speed in the frequency domain, the aircraft 
response is calculated using transfer functions (TF) that are calcu-
lated using SOL146 of MSC.Nastran. In doing so, the input quanti-
ties are unit vertical wind speed and unit aileron deflection, while 
the main output quantities for the fatigue analysis are the ma-
jor principal stresses/strains of selected structure elements on the 
lower wing skin.

For the active aircraft, the GLA algorithm from Equation (7) and 
a rate limiter at 40◦/s (see Subsection 4.2) are considered. Thus, 
the aircraft response in the frequency domain x ( f ) is calculated 
by:

x ( f ) = T F w g→x ( f ) · w g ( f ) + T Fξ→x ( f ) · ξ ( f ) , (10)

with the transfer function with vertical wind as input T F w g→x ( f )
and another one with aileron deflection as input T Fξ→x ( f ). In 
general, the aircraft response x ( f ) itself can contain any quantity, 
such as the wing root bending moment, the major principal stress 
of a wing element, or the acceleration of the wing tip, depending 
on the aim of the transfer function calculation.

Subsequently, the responses are transformed into the time do-
main and a rainflow-counting algorithm [23] is applied to derive 
load collectives based on the aircraft response in the turbulence.
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5.2. Ground-air-ground cycles

Since ground-air-ground cyclic loads are relevant for the struc-
ture fatigue [24], a simplified ground-air-ground cycle is also con-
sidered. The aircraft is assumed to have zero stress on the ground, 
and the stresses during flight are taken from a reference +1.3 g
maneuver calculation. The load factor of 1.3 should represent the 
typical maximum load factor reached in a flight mission, particu-
larly during take-off [25]. The focus of the fatigue analysis is the 
major principal stress on the lower skin of the wing and the HTP. 
Therefore, landing cases are not considered since large parts of the 
lower skin are loaded with compressive stress during the impact. 
Moreover, +1.15 g turns – which correspond to 30◦ bank angle 
– are seen as irrelevant since the load factor fluctuation is only 
0.15 g, compared to 1.3 g during the ground-air-ground cycle.

For the 1.3 g maneuver simulation, the aircraft are assumed to 
have the take-off mass according to Subsection 5.1, and the flight 
condition of the climb phase is considered, see Table 1. The climb 
condition is selected instead of the take-off condition since the 
high-lift systems are not modeled. For the active aircraft, Equation 
(4) yields an MLA deflection of -2.5◦ for the active aircraft.

Table 1
Parameters of the climb condition.

Parameter Value

Altitude 4572 m (FL150)
Airspeed 181.6 m/s TAS (280 KEAS)
Mach number 0.563
Dynamic pressure 12700 Pa
Load factor 1.3

With the assumption that the aircraft has zero stress on the 
ground, the stresses during the +1.3 g maneuver represent the 
peak-to-peak differences in a ground-air-ground cycle. Thus, the 
stress amplitudes considered in the fatigue damage calculation are 
half of those stresses during the +1.3 g maneuver.

5.3. Fatigue damage accumulation

For the linear fatigue damage accumulation, the Palmgren-
Miner’s rule [26] is applied. With a given S-N (stress-cycle) curve 
for the respective material and stress ratio, the fatigue damage per 
hour D F /h is accumulated as follows:

D F /h =
∑

i

ni/h

Ni
(11)

with the index i for the stress amplitude classes, the number of 
load cycles per hour for the respective amplitude class ni/h, and 
the fatigue life limit of the respective amplitude derived from S-N 
curves Ni . While this method is commonly used for metal fatigue, 
it is also taken as a first approximation for composite fatigue. The 
considered S-N curves are described in Section 6 and 7.

6. Results - D150 configuration

6.1. Parameter space

For the loads analysis part, nine mass configurations ranging 
from the operating empty mass (OEM) to the MTOM covering cen-
ter of gravity (CG) positions between 13% and 42% of the reference 
chord are considered. For the flight conditions, three altitudes be-
tween 0 m and 7000 m are taken into account. The latter is the 
altitude where V C coincides with MC .

In the 1-cos gust simulations, seven gust gradients ranging from 
9 to 107 m (30 to 350 ft) are considered, and the gust speeds 
6

are calculated according to CS25.341 [14]. The largest gust loads 
tend to emerge at V C and altitudes between 0 m and Z(V C = MC )

because there the combination between the highest dynamic pres-
sures and the highest gust speeds is found. Thus, only flight condi-
tions at V C are taken into account. With nine mass configurations, 
three altitudes, seven gust gradients and two gust directions – ver-
tical upward and downward – each, a total of 378 gust cases are 
included in the loads analysis.

The maneuver simulations cover symmetrical 2.5 g pull-ups and 
-1.0 g push-downs. The pull-up maneuvers are calculated at V A

and V D , while the push-downs are simulated at V A (instead of 
V H to simplify the airspeed calculations) and V C . V H is the stall 
speed when performing a -1.0 g push-down. With nine mass con-
figurations, three altitudes and four maneuvers each, there are 108 
maneuver cases that are considered.

In the structural optimization, the strength constraint is the 
von-Mises stress (441 MPa ultimate stress for the aluminum). 
The buckling stability constraint is represented by simplified two-
dimensional buckling phenomena as applied by Klimmek [10]:

σbc = π2kc E

12(1 − ν2)

(
t

b

)2

, (12)

with the compressive buckling stress σbc , the compressive buckling 
coefficient kc , the tensile modulus E , the Poisson ratio ν , the mate-
rial thickness t and the buckling field width b that is the distance 
between two stringers.

In addition, a minimum skin thickness of 2 mm is consid-
ered. Regarding the aeroelastic stability, the aileron effectiveness 
clξ (elastic)
clξ (rigid)

has to be positive at V D/MD +15%, where clξ is the 
rolling moment induced by an aileron deflection.

6.2. Design loads and structural masses

Fig. 11 visualizes the resulting wing bending moment envelopes 
of the D150 configuration after ten cycles of loads analysis and 
structural optimization. The active aircraft (with load alleviation) 
shows lower wing bending moment values along the half span, 
and it has 6.2% less bending moment at the root compared to the 
passive counterpart. In both cases, the largest bending moments 
are reached during maneuvers.

Fig. 11. Bending moment envelope - D150.

Regarding the structural mass, the wing box of the active air-
craft is 2.8% lighter compared to the passive aircraft, whereas the 
difference in the HTP mass is negligible (<1 kg). Fig. 12 and 13
show the thickness distribution on the wing box. On the upper 
skin of the passive aircraft, the area with a thickness around 6.5 
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Fig. 12. Wing box thickness distribution of the passive D150. (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 13. Wing box thickness distribution of the active D150.

mm in the middle wing section is larger compared to the active 
aircraft. On the lower skin, a larger patch with thicknesses around 
5.0 mm is visible on the passive aircraft. Near the wing root, the 
lower skin of the passive aircraft is approx. 0.2 mm thicker that 
is explained by the higher wing bending moment magnitude com-
pared to the active aircraft. Near the wing tip, the area with the 
minimum thickness on the lower skin of the passive aircraft is also 
smaller.

The wing box mass difference of 2.8% would be equal to 90 
kg if only ideal load-carrying masses are considered (no additional 
masses due to joints, fasteners, access holes and their reinforce-
ments). According to Pinho Chiozzotto [27], an empirical mass fac-
tor of 1.45, that is multiplied with the obtained wing box masses, 
delivers a reliable estimate for the total wing box mass. Hence, 
with a mass factor of 1.45, the wing mass difference between the 
active and passive aircraft would be 1.45·90 kg = 130.5 kg, as-
suming that the secondary masses comprising the systems remain 
unchanged.

Regarding the aeroelastic constraints, both aircraft do not 
show aileron reversal nor flutter problems at airspeeds up to 
V D/MD +15%.

6.3. Turbulence loads and fatigue analysis

For the route EDDT-LPPR, the great circle distance is 2076 km 
and the zero fuel mass of the aircraft is 60548 kg. With the take-
off fuel of 10450 kg and the trip fuel of 7736 kg obtained using 
fuelplanner [20], the remaining fuel mass for each flight phase is 
estimated. Table 2 lists the parameters for each flight phase for the 
turbulence loads calculation.

For the fatigue analysis, two shell elements on the wing lower 
skin are monitored: one is located at the root (50% wing box 
chord) and the other at around 70% span (50% wing box chord). 
These positions are selected to gain an insight into the fatigue be-
havior at different positions on the wing. Fig. 14 shows exemplary 
collectives of the major principal stress during the climb phase. It 
is apparent that the active aircraft shows lower stress amplitudes: 
up to 21% at the root and up to 39% at the outer section. In addi-
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Table 2
Parameters of each flight phase - D150.

Flight phase Parameter Value

Climb Altitude FL150
Airspeed 280 KEAS
Fuel mass 10086 kg
Turbulence RMS 2.743 m/s TAS
Duration per flight 0.4 hours

Cruise Altitude FL350
Airspeed Mach 0.78
Fuel mass 6456 kg
Turbulence RMS 1.372 m/s TAS
Duration per flight 2.0 hours

Descent Altitude FL040
Airspeed 250 KEAS
Fuel mass 2826 kg
Turbulence RMS 3.048 m/s TAS
Duration per flight 0.5 hours

tion, to monitor the effect of load alleviation on HTP fatigue, a shell 
element at the HTP root (50% HTP box chord) is also observed.

To quantify the fatigue damage, S-N curves from a fatigue ex-
periment campaign by Mayer et al. [28] are taken as reference, and 
following assumptions are made:

• S-N curves with a stress ratio of 0.1 are considered, because: 
during the 1 g-flight, the major principal stress at the ob-
served element at the root is 88 MPa. According to Fig. 14, 
the maximum amplitude of the major principal stress during 
turbulence is 50 MPa. This yields a stress ratio of (88 MPa-
50 MPa)/(88 MPa+50 MPa)=0.28. Furthermore, the stress ratio 
for ground-air-ground cycles is assumed to be 0.0, see Subsec-
tion 5.2. For these reasons, S-N curves with a stress ratio of 
0.1 are seen as an acceptable compromise.

• Since the stress amplitudes in the collectives are below 70 
MPa, the respective S-N curve approximation function for am-
plitudes below 70 MPa is selected and extrapolated towards 
higher number of cycles.

• A fatigue limit is not considered. This means, there is a finite 
number of cycles to failure for every stress amplitude.

• Since a scatter of cycle numbers, at which failure occurs, is 
observed in the fatigue experiments, a safety factor of 10 is 
assumed for the stress cycles to failure.

• Stress amplifications due to structural discontinuities are not 
considered since the FE-models are optimized without consid-
ering those aspects.

With those assumptions, the approximation function for the S-N 
curve is:

N f = C ·
(σ1,a

1Pa

)−n · 1

F S
, (13)

with the number of cycles to failure N f , the S-N curve constant 
C of 1.31·1066, the major principal stress amplitude σ1,a , the S-N 
curve exponent n of 30.69 and the safety factor F S .

Table 3 lists the fatigue damage values induced by turbulence 
in one reference flight mission according to Table 2. Table 4 lists 
the fatigue damage per ground-air-ground cycle derived from the 
loads during a +1.3 g maneuver (see Subsection 5.2). To acquire 
the total fatigue damage in one flight, the values from Table 3 and 
Table 4 are added, and Table 5 shows the sums.

With the fatigue damage values in Table 3, Table 4 and Table 5, 
it is concluded that:

• In turbulence, there is a clear trend that the wing of the 
passive aircraft shows significantly more fatigue damage com-
pared to the active aircraft. On the other hand, the HTP of the 
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Fig. 14. Stress collectives of D150 during climb.
Table 3
Turbulence fatigue damage per flight - D150.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 2.15·10-12 9.97·10-15

Outer section 1.05·10-15 4.19·10-21

HTP root 2.67·10-21 4.58·10-21

Table 4
Fatigue damage per ground-air-ground cycle - D150.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 5.48·10-12 5.93·10-12

Outer section 3.25·10-12 5.70·10-12

HTP root 3.10·10-28 2.10·10-27

Table 5
Fatigue damage per flight cycle - D150.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 7.62·10-12 5.94·10-12

Outer section 3.25·10-12 5.70·10-12

HTP root 2.67·10-21 4.58·10-21

active aircraft exhibits slightly more damage. This is caused by 
the GLA creating a small amount of additional pitching mo-
ment due to the aileron deflections. Hence, the root mean 
square of the pitching acceleration on the active aircraft is up 
to 8.4% higher. This induces additional vertical movements and 
also loads on the HTP.

• One ground-air-ground cycle tends to cause more wing fatigue 
damage to the active aircraft than to the passive aircraft, al-
though the active aircraft already uses MLA. This means, if 
the aircraft only flew through calm air with no turbulence 
throughout their service life, the active aircraft would reach 
its fatigue limit earlier compared to the passive counterpart.

• On both aircraft, the wing receives more fatigue damage from 
the ground-air-ground cycle compared to turbulence. On the 
passive aircraft, the ground-air-ground cycle makes up to 72% 
of the total fatigue damage. On the active aircraft, the ground-
air-ground cycle causes more than 99% of the total fatigue 
damage.

• Due to the higher stress amplitudes in general, the wing root 
receives more fatigue damage compared to the outer wing sec-
tion.

• Judging by the highest damage values of each aircraft (the 
largest numbers in every column in Table 5) with 7.62·10-12

on the passive and 5.94·10-12 on the active aircraft, the ex-
pected fatigue life of the active aircraft is 1.28 times longer 
than that of the passive aircraft.
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If the fatigue damage values listed in Table 5 are extrapolated to 
e.g. 40000 flight cycles, those are still significantly below 1.0. The 
extrapolation is valid with the assumption that the turbulence in-
tensity is equal to the values in Table 2 and there is no stress 
amplification due to structural discontinuities that can significantly 
increase the fatigue damage values.

7. Results - ALLEGRA configuration

7.1. Parameter space

The parameter space for the ALLEGRA configuration is defined 
analogous to the D150 configuration (see Subsection 6.1) in gen-
eral.

A total of nine mass configurations between the OEM and 
MTOM are considered, with the CG position ranging between 10% 
and 35% of the reference chord. The flight conditions, maneuver 
and gust load cases are analogous to the D150 configuration. Re-
garding the constraints in the structural optimization, von-Mises 
strain is considered instead of stress (5·10-3 for ultimate loads, as 
based on IJsselmuiden for a composite rib design [29])., and the 
compressive buckling stress according to Tetlow σbcT [30] is taken:

σbcT = π

6λ

(√
E11 E22 + ν12 E22

2
+ ν21 E11

2
+ 2λG12

)(
t

b

)2

,

(14)

with:

λ = 1 − ν12ν21, (15)

and the longitudinal tensile modulus E11, the lateral tensile mod-
ulus E22, the Poisson ratios ν12, ν21, the shear modulus G12, the 
material thickness t and the buckling field width b.

7.2. Design loads and structural masses

Fig. 15 shows the wing bending moment envelopes of the AL-
LEGRA configuration after seven cycles of loads analysis and struc-
tural optimization. The active aircraft shows lower levels of wing 
bending moment compared to the passive aircraft, and the differ-
ence at the root is 10.7%. The largest bending moments on the 
passive aircraft are reached during gust encounters, while maneu-
vers yield the largest bending moments on the active aircraft.

Concerning the structural mass, the wing box of the active air-
craft is 6.1% lighter compared to the passive counterpart, while the 
difference in the HTP mass is negligible (<1 kg). Fig. 16 and 17
visualize the wing box thickness distribution. On the upper and 
lower skin of the passive aircraft, the areas with 18 mm thickness 
around the root are larger compared to the active aircraft. In the 
outer part, the skin areas with the minimum thickness are smaller 
on the passive aircraft. This indicates that the outer wing section 
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Fig. 15. Bending moment envelope - ALLEGRA.

Fig. 16. Wing box thickness distribution of the passive ALLEGRA.

Fig. 17. Wing box thickness distribution of the active ALLEGRA.

of the passive aircraft is more heavily loaded due to the absence 
of load alleviation.

The difference of 6.1% would be equal to 283 kg on an ideal 
structure. With the mass factor of 1.45 (see Subsection 6.2), the 
mass reduction on the active aircraft would be 410 kg.

Regarding the aeroelastic constraints, both aircraft do not show 
divergence nor flutter problems at airspeeds up to V D/MD +15%.

7.3. Turbulence loads and fatigue analysis

The route EDDT-LGAV has a great circle distance of 1823 km 
and the zero fuel mass of the aircraft for the mission is 62962 kg. 
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Table 6
Parameters of each flight phase - ALLEGRA.

Flight phase Parameter Value

Climb Altitude FL150
Airspeed 280 KEAS
Fuel mass 9010 kg
Turbulence RMS 2.743 m/s TAS
Duration per flight 0.4 hours

Cruise Altitude FL350
Airspeed Mach 0.78
Fuel mass 5892 kg
Turbulence RMS 1.372 m/s TAS
Duration per flight 1.8 hours

Descent Altitude FL040
Airspeed 250 KEAS
Fuel mass 2810 kg
Turbulence RMS 3.048 m/s TAS
Duration per flight 0.5 hours

Table 6 lists the parameters for each flight phase for the turbulence 
loads calculation, and the respective fuel masses are estimated 
analogous to the D150 configuration.

Analogous to D150, two shell elements on the wing lower skin 
are monitored in the fatigue analysis: one is located at the root 
(50% wing box chord) and the other at around 70% span (50% wing 
box chord). Fig. 18 shows exemplary strain collectives during the 
climb phase. The active aircraft shows lower strain amplitudes up 
to 17% at the root and up to 23% at the outer section. In addi-
tion, a shell element at the HTP root (50% HTP box chord) is also 
observed.

To quantify the fatigue damage, reference S-N curves of IM7 
composite approximated by Tan et al. [31] are applied with:

σmax

σult
= 1.037 · N f

−0.03269, (16)

with the ratio between maximum stress and ultimate tensile stress 
σmax
σult

and the number of cycles to failure N f .
In the damage accumulation, following assumptions are made:

• The ratio between actual stress and ultimate stress is replaced 
by the ratio between actual strain and allowable strain.

• The allowable strain is set to 5·10-3, see Subsection 7.1.
• There is no fatigue limit; the S-N curve is monotonously de-

creasing.
• S-N curves with a stress ratio of 0.1 are taken as reference, 

analogous to the stress ratio of the D150 configuration.
• Since a scatter of cycle numbers, at which failures occur, is 

observed in the fatigue experiments, a safety factor of 10 is 
assumed for the strain cycles to failure.

• Strain amplifications due to structural discontinuities are not 
considered.

With those assumptions, the approximation function for the S-N 
curve is:

N f =
(εrel

C

)n · 1

F S
, (17)

with:

εrel = ε1,max

εult
= 2ε1,a

εult (1 − rs)
(18)

and the number of cycles to failure N f , the relative strain εrel , 
the S-N curve coefficient C of 1.037, the S-N curve exponent n
of -30.59=1/-0.03269, the safety factor F S , the maximum major 
principal strain ε1,max , the ultimate strain εult of 5·10-3, the major 
principal strain amplitude ε1,a and the strain ratio rs .
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Fig. 18. Strain collectives of ALLEGRA during climb.
Table 7
Turbulence fatigue damage per flight - ALLEGRA.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 2.74·10-23 4.49·10-26

Outer section 2.83·10-26 9.36·10-30

HTP root 6.24·10-34 2.26·10-33

Table 8
Fatigue damage per ground-air-ground cycle - ALLEGRA.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 5.77·10-24 2.97·10-23

Outer section 5.18·10-25 1.24·10-24

HTP root 3.40·10-38 4.31·10-38

Table 9
Fatigue damage per flight cycle - ALLEGRA.

Observed 
shell element

Damage per flight:

passive aircraft active aircraft

Wing root 3.32·10-23 2.97·10-23

Outer section 8.01·10-25 1.24·10-24

HTP root 6.24·10-34 2.26·10-33

Table 7 lists the turbulence damage for one reference flight mis-
sion according to Table 6. Table 8 lists the fatigue damage per 
ground-air-ground cycle obtained from the loads during a +1.3 g
maneuver. An addition of the values from Table 7 and Table 8
yields the total fatigue damage in one flight, see Table 9.

With the fatigue damage values in Table 7, Table 8 and Table 9, 
it is concluded that:

• In turbulence, there is a clear tendency that the wing of the 
active aircraft shows significantly less fatigue damage com-
pared to the passive aircraft. However, the HTP of the active 
aircraft receives slightly more damage. This is caused by the 
GLA evoking a small amount of pitching moments due to the 
aileron deflections. This results in the pitching acceleration on 
the active aircraft being up to 2.2% higher (in terms of root 
mean square). This in turn causes additional vertical move-
ments and also loads at the HTP.

• One ground-air-ground cycle causes higher fatigue damage 
values on the wing of the active aircraft compared to the 
passive aircraft. On the passive aircraft, the ground-air-ground 
cycle causes up to 17% of the total fatigue damage. On the 
active aircraft, more than 99% of the total fatigue damage is 
inflicted by the ground-air-ground cycle.

• In general, the wing root receives more fatigue damage com-
pared to the outer wing section.
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• Judging by the highest damage values of each aircraft (the 
largest numbers in every column in Table 9) which are 
3.32·10-23 on the passive and 2.97·10-23 on the active aircraft, 
the expected fatigue life of the active aircraft is 1.12 times 
longer than the passive counterpart.

If the fatigue damage values listed in Table 9 are accumulated for 
e.g. 40000 flight cycles, those are still significantly below 1.0, as-
suming that the turbulence RMS is equal to the values in Table 6
and there is no strain amplification due to structure discontinu-
ities.

8. Conclusions

The described method provides an insight into the effects of 
load alleviation on the design loads, mass reduction and the re-
sulting change in the fatigue behavior of a given aircraft in the 
pre-design phase before it advances to the next design stage. The 
analyses cover multiple disciplines (loads, aeroelasticity, aerody-
namics, structure, flight mechanics, control theory, fatigue) and 
can help in understanding the interdependencies between each in-
volved discipline.

Concerning the wing structural mass reduction on the back-
ward swept D150 configuration, 130.5 kg (0.18% of MTOM, 0.32% of 
OEM) can be saved in total. On the forward swept ALLEGRA con-
figuration, the wing mass decrease is 410.4 kg (0.56% of MTOM, 
0.94% of OEM). As a comparison: Wildschek et al. [19] stated in 
2013 that on a large blended wing-body configuration, load alle-
viation using a feed-forward L∞-optimal control can yield a mass 
reduction by 0.5% of the maximum take-off mass. A further ref-
erence is the active load alleviation system on the Lockheed C-5A 
[1] documented in 1976. The system was initially developed to ex-
tend the fatigue life of the structure, however it was discarded and 
a structural modification was introduced. The structural modifica-
tion increased the empty mass of the aircraft by 5.5%. However, it 
cannot be concluded that the active load alleviation can yield that 
mass reduction since the structure of the C-5A is not likely to be 
completely re-optimized after discarding the load alleviation.

Concerning fatigue, no comparison with literature results could 
be made since no data of fatigue comparisons with a separate 
optimization of the active aircraft could be found. If load allevi-
ation functions are implemented without updating the structure, 
the fatigue benefits are expected to be higher compared to Subsec-
tion 6.3 and 7.3. On the Lockheed C-5A, the active load alleviation 
yields a fatigue life improvement of 25-50% [32] in 1977. On a 
business jet configuration investigated by Paletta [4] in 2011, the 
fatigue life is extended by 44-67%.

In addition, the following aspects are seen as worth mention-
ing:

• An implementation of load alleviation can reduce the flight 
loads, wing structural mass and extend the wing’s fatigue life 
in turbulent weather. For ground-air-ground cycles, the wing 
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of the active aircraft tends to receive more fatigue damage 
than a passive one. Overall however, the active aircraft show 
fatigue life improvement compared to the passive counterpart.

• With the current fatigue analysis method, a comparative anal-
ysis between the active and passive aircraft is possible. For 
absolute numbers of the fatigue damage values however, more 
detailed FE models including the stress/strain amplification 
factors are necessary.

There are several potential aspects that could be considered in 
the future. The first one concerns the design load calculations. In 
this aspect, the load case variety can be extended to reproduce the 
design load cases of a certified aircraft as close as possible. For the 
wing, this includes landing, roll and asymmetric load cases as well 
as gust cases with extended airbrakes. Regarding the aerodynamics 
in the transonic regime, reduced order models that are based on 
CFD as shown by Bekemeyer et al. [33] and Li et al. [34] can be 
taken into account. Furthermore, flight mechanical control can be 
implemented in the gust simulations, as shown by Voß [35]. In 
the fatigue analysis, further flight missions as well as a probability 
distribution of turbulence intensities can be considered to have a 
more realistic model of an aircraft’s service life.
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