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Abstract. The aerospace industry increasingly demands performance and efficiency, therefore ensuring the struc-
tural integrity of aircraft components such as wings is crucial. In this context, reliability analysis methods offer a
more robust assessment than classical deterministic approaches, once those consider the uncertainties present in
the system. This work aims to determine the probability of failure of aircraft wing structures through the Monte
Carlo Simulation (MCS), treating material properties and applied loads as random variables. Different profiles
of wings were modeled in a computer-aided design (CAD) environment and their geometries were exported to
MATLAB®, where the limit state function was evaluated using the finite element method (FEM).
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1 Introduction

Classical aircraft design methods rely on deterministic structural analysis, where both loading and structural
resistance are assumed to be fixed values. This approach involves assessing various loading conditions that may oc-
cur during the structure’s lifetime, setting maximum values for the loading and minimum values for the resistance,
with the aim of achieving satisfactory structural safety in a “worst-case” scenario [1, 2]. A safety factor, usually
1.5, is also applied to provide an additional safety layer to cover cases where the loading exceeds the expected
maximum or any inaccuracies in the design calculations [1]. This deterministic method of addressing structural
safety corresponds to the level zero of reliability methods [3], which may not adequately address structural safety
from scientific, probabilistic or economic perspectives, since stress and strain are not always linear and allowable
stress does not ensure the same level of safety for all structural components [4]. In this context, the structural
reliability evolved due to the need to combine concepts of safety and costs of engineering projects, and studies and
applications of reliability methods in aircraft structures have been conducted.

Ning et al. [5] combined FEM and MCS to calculate the reliability of structural stress and determine the
sensitivity of design variables for an aircraft wing under gust load. Pradlwarter et al. [2] proposed a method
for reliability computation of aerospace structures, using a gradient estimation sampling procedure to reduce the
computational cost compared to MCS. El Maani et al. [6] analyzed the fluid-structure interaction of an aircraft wing
to determine its reliability using both FORM and SORM. The analysis focused on the first natural frequency of the
coupled system, constrained by a certain value. Hraiba et al. [7] conducted a reliability study of an aircraft wing in
the presence of uncertainties due to manufacturing tolerance or material inhomogeneity, with Young’s modulus and
material density as random variables. The authors used MCS and a reduced order model formulation to examine the
dynamic response of the system. Wansaseub et al. [8] applied a surrogate-assisted method to perform reliability-
based design optmisation (RBDO) of an aircraft wing structure, modeling a bi-objective optmization problem to
minimise the wing mass and increase its reliability index, subject to structural and aeroelastic constraints. Kumar
et al. [9] implemented an algorithm based on FORM for flutter reliability analysis of an aircraft wing in the
frequency domain, where aeroelastic reliability of the wing is investigated considering geometric, structural and
aerodynamic properties as Gaussian random variables.

In this work, we investigate the structural reliability of two types of aircraft wings using MCS and FEM. The
study is conducted in the MATLAB® environment using the Partial Differential Equation Toolbox, with the wing
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geometries modeled in Solidworks®. Three cases are evaluated: static, modal, and transient.

2 Theory of strucutral reliability

The reliability of an engineering system is the probability that it will not fail, within a specified useful life
and as long as its operating and design conditions are respected. When evaluating the reliability of a structural
component, the aim is to determine the probability that the result load S acting on it will exceed its resistance R.
This is called probability of failure and is defined as:

Pf = P[S ≥ R] =

∫
Ωf

fRS(r, s)drds, (1)

where Ωf is the failure domain and fRS is the joint probability density function of R and S [10].

2.1 Reliability index

The structural reliability can be determined by the safety margin M = R−S, where negative values indicate
failure and positive values indicate survival. If R and S are random variables, then M will also be a random
variable, and the probability of failure can be calculated from M as [10]:

Pf = P[M ≤ 0] =

∫ 0

−∞
fM (m)dm. (2)

Given that R and S are both normally distributed and uncorrelated, M will also be normally distributed, and
its parameters are calculated as follows:

µM = µR − µS and (3a)

σM =
√
σ2
R − σ2

S . (3b)

The reliability index, which is a measure of safety defined as the distance from the mean of M to the failure surface
can be expressed as [10]:

β =
µM

σM
. (4)

By using the Hasofer-Lind transformation, one can convert M into a standard normal variable Y :

Y =
M − µM

σM
. (5)

This enables assessing probabilities related to M through the standard cumulative distribution funcition Φ. The
probability of failure then becomes [10]:

Pf = Φ(−β). (6)

2.2 Limit states

Let x ∈ Rn be a vector of all basic random variables. For each failure mode i, one can define a function of
the design parameters p, the random variables x and time t, so:

gi = gi(p, x, t), (7)

called limit state function, which is positive only when a structure characterized by p is safe in mode i at time t.
The limit state functions establish, for each failure mode, the boundary between the failure and survival

domains. It is convenient to consider gi(x) = 0 in the failure domain. Therefore, the failure and survival domains
are defined according to Eqs. (8a) and (8b), repectively [3]:

Ωf = {x|gi(x) ≤ 0} and (8a)

Ωs = {x|gi(x) > 0} . (8b)
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3 Monte Carlo simulation

The Monte Carlo simulation consists of generating random samples to artificially simulate a large number of
experiments and then observing the result. Applied to structural reliability, a sampling of each random variable
is performed, and then the limit state function g(x) is evaluated. If this function is violated (i.e. g(x) ≤ 0), the
structure has failed. The process is then repeated many times, and if N attempts are made, the probability of failure
can be estimated as:

Pf ≈ P̂f =
n(g(x) ≤ 0)

N
, (9)

where n(g(x) ≤ 0) is the number of attempts in which the limit state function was violeted [10].

4 Applications and results

Two NACA 2412 wing structural models are shown in Fig. 1, one straight and the other tapered. Face F4 is
completed clamped to the aircraft fuselage, and a uniform load P is normally applied to face F1. The wings have a
semi-span of 5 m and a chord of 1.5 m. The taper ratio of the tapered wing is 0.5. The wings are constructed from
Al 2024-T3 aluminum alloy.

(a) Straight wing. (b) Tapered wing.

Figure 1. Wing structural models.

Table 1 presents the statistical parameters of the system’s random variables. Additionally, the Poisson’s ratio
is assumed to be deterministic with value ν = 0.33.

Table 1. Statistical parameters of the random variables

Random variable Symbol Distribution Mean Coefficient of variation

Young’s modulus (GPa) E Normal 72 5%

Density (kg/m3) ρ Normal 2800 5%

Load (kN) P Extreme Type II 40 25%

Yield strength (MPa) σY Lognormal 345 5%

4.1 Static case

The first study involves assessing the reliability of the wings under a static load applied to the upper surface
to simulate lift, where the wing stress caused by the load should not exceed its yield strength. Thus, the limit state
function is defined as:

g(X) = σY − σmax. (10)

By using MCS with 10000 samples, the reliability of the wings over the number of simulations and the 95%
confidence interval (CI) are shown in Fig. 2. This shows that the curves tend to a stable value as the number of
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Figure 2. Probability of failure over the number of simulations.

simulations increases. It is also observed that the tapered wing presents a lower probability of failure compared to
the straight one, with P̂f tap ≈ 10−3 versus P̂f str ≈ 10−2.

The calculated P̂f and the related β are shown in Fig. 3, wich presents the relationship of both measures.

Figure 3. Relationship between probability of failure and reliability index.

A deterministc approach, using the mean values as input, shows that the safety factors of the wings are
SFstr = 1.70 and SFtap = 2.47 for the straight and tapered wing types, respectively, as shown in Fig. 4.

(a) Straight wing. (b) Tapered wing.

Figure 4. Von Mises stress applied to the wings.
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4.2 Modal case

The modal case study focuses on the first natural frequency, which should exceed F0 = 4.5 Hz. The limit
state function is defined as:

g(X) = F1 − F0, (11)

where F1 is the first natural frequency. The number of simulations is N = 10000 and the calculated reliability
index of the straight wing is βstr = 2.4949, with a coefficient of variation covstr = 12.6%. No sample has
fallen into the failure domain for the tapered wing, indicating a high level of reliability for the proposed limit
state function. In cases like this, a higher number of simulations should be conducted to achieve a more accurate
reliability assessment.

Using the mean values as input, the first three natural frequencies and their respective vibration modes are
show in the Fig. 5:

(a) Straight wing.

(b) Tapered wing.

Figure 5. First three modes shapes and respectives vibrational frequencies of the wings.

It is observed in Fig. 5b that the first natural frequency of the tapered wing is F1 = 6.61 Hz, significantly
higher than F0.

4.3 Transient case

To assess the impact of inertial forces on structural reliability, a transient analysis was performed using a
sinusoidal force with amplitude P and a frequency Ω = 2 Hz applied to the face F1 of the wings. The limit state
function (Eq. (10)) was resolved using modal superposition, with a damping ratio ζ = 5%.

The chart in Fig. 6 illustrates that both straight and tapered wings exhibit a lower reliability index under
dynamic analysis compared to static analysis, with reductions of 13% and 16%, respectively.

Figure 6. Comparison of reliability indexes for static and dynamic analysis.
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5 Conclusions

This study assessed the structural reliability of two wing configurations, one straight and one tapered, using
Monte Carlo simulation and finite element analysis. Applied forces and material properties were treated as random
variables to account the uncertainties in the system. Three types of analyses were conducted: static, modal, and
transient. The static and transient analyses focused on ensuring that the maximum stress within the wings did not
exceed the material’s yield strength, while the modal analysis verified that the first vibrational frequency of the
wings was above a specified threshold. The results showed that the tapered wing demonstrated greater reliability
than the straight wing. Additionally, inertial forces impacted wing reliability, as indicated by a decrease in the
reliability index during dynamic analysis compared to the static analysis. This emphasizes the importance of
considering dynamic forces in the design and evaluation of structural components to ensure their performance and
reliability in real-world conditions.
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