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Abstract

Based on high order finite elements, this work proposes the use of progressive failure analysis outcomes to
conceive new strain allowable curves to be used in aeroelastic tailoring of innovative composite wing design.
The new allowable curves are generated by simulating coupons whose layup sequence may not fulfil some of
the standard design rules considered in aircraft design. This allows us to explore different stacking sequences
whose experimental testing would be unaffordable for the industry.
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1. Introduction

In an aeroelastic tailoring framework, the main aim is minimising the mass of the aircraft while guaran-
teeing specific mechanical performance and respecting constraints imposed during the design phase
of the aircraft. These limitations can be referred to as physical and manufacturing constraints, re-
spectively. Some examples of the former are requirements on the flutter speed, buckling loads and
failure index. On the other hand, manufacturing constraints might be related to the layup sequence
in the case of composite components. A list gathering the most spread manufacturing constraints is
available in the works by Silva et al. [1] and Irisarri et al. [2].

Regarding the physical constraints, flutter speed and buckling loads are typically calculated through
simulations comprising the aircraft's Global Finite Element Model (GFEM). In the case of metallic
components, the failure indices are written in terms of strain components. Each component or a
well-known combination, such as Von Mises, is limited. Contrariwise, when considering composites,
strains are constrained by evaluating the strain resultant angles at 0°, +45° or 90°, and comparing
them to their Angle Minus Longitudinal (AML) allowable for both tension and compression. This is a
standard procedure in the industry, as explained by Feraboli [3].

Considering manufacturing constraints and AML strain-based failure criteria limit the design space to
just a tiny region of lamination parameters [4] and, hence, a limited number of stacking sequences.
Such limitations penalise the aircraft designs and make them heavier.

One possible solution to minimise the structural weight could be the relaxation of some manufacturing
constraints. Thus, more layups could be considered during the design phase. As a side effect,
additional experimental testing would be necessary to characterise the mechanical behaviour of the
new stacking sequences. Increasing the number of tests to perform is something the industry cannot
afford. Therefore, there is a need for virtual testing campaigns that will complement the already
existing experimental tests.

Virtual tests are a relatively straightforward manner of individuating the mechanical behaviour of
laminates. The engineer modifies the fibre angle orientation associated with the individual laminae
and runs a progressive failure analysis. This work provides a methodology for virtual testing based
on FE models derived within the Carrera Unified Formulation (CUF) [5] framework. CUF serves as



AEROELASTIC TAILORING BASED ON VIRTUALLY-GENERATED ALLOWABLES FOR COMPOSITE WING DESIGN

7000 —

Allowable Strain (micro-strain)

S0 -60 -40 -20 0 20 40 60 80
AML Parameter

Figure 1 — Example of an AML versus strain allowable curve. Taken from [7].

a generator of structural theories for beam, plate and shell models and permits considering various
theories of structures within the same analysis [6].

The document is organised as follows: First, the AML parameter is introduced, and the AML versus
strain allowable curves are explained in Section[2. Then, CUF and the damage model are described in
Section[3. Afterwards, the validation and application of the progressive failure analyses are discussed
in Section [4. Finally, the concluding remarks are gathered in Section [§.

2. AML as an aeroelastic tailoring constraint
AML is a parameter that facilitates the characterisation of composite laminates [7]. It is computed as
follows:

AML[%) = 1245 —Mload 4 (1)

Ntot

where ni45 is the number of layers oriented at +45° with respect to the loading directions, njy. is
the number of layers oriented in the loading direction, and n,,, is the total number of layers of the
laminate.
The AML strain allowables are obtained by experimental testing for a fixed number of stacking se-
qguence combinations. For instance, [0,45,0,90,0,—45,0,45,0,—45];, [45,0,—45,90],; and
[£45,0,1+45,90,+45,], laminates, which correspond to AML equal to —10%, 25% and 70%, respec-
tively. The tests performed are un-notched tension (UNT) and compression (UNC), open-hole ten-
sion (OHT) and compression (OHC), and filled-hole tension (FHT) and compression (FHC) tests. Be-
sides, different environmental operating conditions, material suppliers and curing cycle temperatures,
among others, are considered during the experimental material characterisation. Subsequently, A-
and B-basis statistics are computed to retrieve the strain allowable versus AML curves included as
constraints in the aeroelastic tailoring framework. An example of these curves is available in Fig.
Further information regarding the generation of AML strain-based allowables can be found in [8].
Figure [2] illustrates how the design space is limited by applying the design rules depicted in [} 12].
The unconstrained domain corresponds to the lamination parameter curve proposed by Fukunaga
and Sekine [4]. Then, imposing a minimum AML percentage equal to —10%, and the 10% ply rule,
the constrained design space corresponds to the inner rhomboid. The markers inside the rhomboid
denote the different stacking sequences fulfilling the design rules. Each marker shape corresponds
to a fixed number of layers in the layup.

3. Progressive failure modelling

3.1 Unified Formulation

The Carrera Unified Formulation (CUF) is employed in this work to generate high-order 2D FEs.
Acoording to [5], within the CUF framework the 3D displacement field of a plate can be expressed in
terms of arbitrary through-the-thickness expansion functions, F;(z), of the generalized unknowns of
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Figure 2 — Lamination parameter design space. The inner rhomboid corresponds to the design
space after application of all the design rules.

the x —y plane. The equation can be written as follows:
u(x,y,z)ZFT(Z)ur(x,y), Tzlv"'vM (2)

where M indicates the number of expansion terms and u; the vector of the generalized displacements.
The index T means summation. The analysis of multi-layered structures is carried out by adopting a
Layer-Wise (LW) approach [9]. It makes use of Lagrange polynomials as expansion functions over
the single layers for the thickness direction, and then imposes the continuity of displacements at layer
interfaces. The adoption of Lagrange Displacement-based (LD) expansion functions is indicated by
the expression LDn, where a Lagrange polynomials of n-th order is used to describe each layer of the
laminate.

A finite element formulation has been adopted within the CUF framework to solve the structural
problem. The coupling of CUF formulation with FEM allows to deal with arbitrary geometry, loadings
and boundary conditions. Independently of the adopted plate model kinematics, the FEM is used to
discretize the generalized displacements vector u; in the x — y plane as reported below:

ur(X7Y):M(x7Y)QTi7 i:17'--7Nn (3)

where N; are the shape functions, q.; denotes the unknown nodal variables, N, stands for the number
of nodes per element and the i indicates summation. Combining the FE approximation in Eq. [3|and
CUF in Eq. |2} the 3D displacement field becomes:

u(x,y,z) = Fe(2)Ni(x,y)qz, t=1,....M i=1,...,N, (4)

The derivation of the governing equations for the elasticity problem is made by means of the Principle
of Virtual Displacements (PVD). According to PVD, for all kinematically admissible virtual displace-
ments, a body is in equilibrium if the virtual work done by the internal stresses and inertial loads
equals the work done by the external loads:

6Lint = 5Lext - 5Line (5)

where 6L;,, 6L., and 6L;, represent the virtual variation of the strain energy, the virtual variation
of the work of external loads and the virtual variation of the inertia loads. In the case of linear static
analysis, Eq. [B|reads:

6Lint = 5Lext (6)

3
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The term related to the internal strain energy can be written as follows:
SLipy = / 5eTo dv (7)
\%4

where V is the volume of the body. Equation [7| can be rewritten by using Eq. [3] the constitutive law
and the geometrical relations between strains and displacement, leading to the following:

6Lint = 5qukij’rs5q‘ci (8)

where k;jz; is a 3 x 3 matrix called Fundamental Nucleus (FN) of the structural stiffness matrix. It
should be noted that the formal expression of the FN remains invariable with respect to the structural
theory or FE scheme chosen. Therefore, by simply looping on the indexes ,i, j,s, any structural
model can be created.

3.2 Damage model

This section describes the orthotropic damage model used in the current work, featured originally in
[10] 11]. First, the constitutive relation for a damaged material is shown, including the definition of
the damage variables. Then, the failure initiations are introduced in terms of failure criteria. Finally,
the linear damage evolution law describing the failure progression of the independent crack modes is
illustrated.

3.2.1 Stiffness formulation

The current orthotropic model deals with the assembly of the secant stiffness matrix in the dam-
aged state C9, employed to compute the constitutive elastic stress-strain relation. By inverting the
compliance matrix 8¢ (Eq. |§[) the stiffness matrix C9 is then computed.

(24 Sz S5 0 0 0]
S 2% S 0 0 0
gi_ |1 S» o2 0 0 0 )
0 0 0 %0 0
0 0 0 0 0
0 0 0 0 0 |

Wlth 1 Vik Vii . .
Sjjzﬁ, Sjk:Skj:ﬁ:ETi’ ],k:1,2,3, ]#k
S44 = G2, Ss55 =G3, Se6 = G23
The compliance matrix, assembled with the damage terms along the main diagonal, guarantees
the consistency of the model and the thermodynamic admissibility [12]. The damage variables dy,
dn, d; refer to the fibre, matrix, and interlaminar failure modes, respectively, and both tensile and

compressive behaviour are activated defining the relative effective stress 6; [13]:

(10)

~ O; .
i =1,2,... 11
G] l—dj, J PEad) >6 ( )
With
d if 6y >0
df=di = ft .Cfl_
dfc If61§0
dw 116,>0
dp=dy =" " 27 (12)
dpe 62<0
dy if63>0
dl_d3: ' .GA3_
di. if63<0

The terms dsiz, ds;3 and dsys regulate the shear damage evolution, which depends on the fibre,
matrix, and interlaminar damages, as stated in the following equation:
dslz = d4 =1- (1 —df,) (1 —dfc) (1 —dm,) (1 —dmc)
dS13 :d5:1—(1—df,)(1—dfc)(1—d,'t)(l—dic) (13)
dsyy=de=1—(1—dp) (1 —dpe) (1 —dy) (1 —di)
4
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3.2.2 Failure onset and damage evolution

The onset of damage depends on the current stress field over the material. The damages involved in
this framework include both tensile and compressive failure modes, and the simplifications adopted
for the proposed model are described in [14] and [10]. The fibre damage initiation in the longitudinal
direction occurs when the failure criterion Fy = 1, where:

N2 22 a2
Fj = (g) F Rt 6y >0
Fr= L\ 2 t . (14)
Fre= (%) if 6 <0

X, and X, represent the fibre tensile and compressive strengths, whereas S, is the longitudinal shear
strength. In the same manner, matrix F,, and interlaminar F; failure criteria are defined,

A \2 A A A A2 | A2 o .
Fo = "2;"3) + R 4 AL if 63+63>0
Fn = v \? 646 6463\ 2 | Bh—6:65 | 4+ oA A (15)
Foe=|(3%) =11 (%52) + (%2) + B2+ 855, if6+6;<0
F‘,—<@>2+(@>2+(@>2 if 63 >0
u - 9 -
F, = ZAI ) St S (16)
Fe=(2) if 65 <0

Y; and Y, are the matrix tensile and compressive strengths, Z; and Z, are the interlaminar tensile and
compressive strengths, whereas S; and S; indicate the transversal and interlaminar shear strengths.
According to [10], the computation of equivalent stress and strain is as follows:

Oeqbeq = Y, Oij€ij, With &4=1/) €}, i,j=1,2,...6 (17)

£, and o, are the equivalent strain and stress consistent with [15],

Eeqpr =\ () + ¥+ 7

Eeq.fe = (—€1)

Eeqmt = \/<€2>2 + (&) + Vi Vs +
Eeqme = \/<—82>2 +(—&) 7+ IR
Eeq,it = (e3)* + B+

8eq,ic — <*83>

(o1){e)+TY2+T1373
\/(81 >2+7122+7123

Geq,fc = <_G]>
(02)(&2) +{(03)(&3) + D21 o1 + 123 Y23+ T31 V51

Oeq,ft =

Oecqgmt =
V(e e B B+ (19)
G _ (o) (—8)+(—03)(—8)+ 11 1+ 133+ T1 %1
eq,mc — ) ) > > >
\/(*52> H=8) 1)
G, . = (03)(&3)+ 131151+ 32732
eq,it —

\/<83>2+7321+7322

Geq,ic - <_G3>

where (-) denotes the Macaulay bracket. By solving the failure criteria defined in Egs. and[16]
the initial equivalent stress o, and strain &, are then retrieved. The calculation of equivalent stress
and strain in the onset of damage is required to define the constitutive evolution law. In this work,
the damage evolution follows a linear softening path, and the damage d in the post-peak branch is
defined using the following equation:

5¢qu (Seq_52/) H 0 u
a= a0 = =%

1, if 8eq > O

(20)
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Figure 3 — Constitutive relation for the equivalent stress and displacement.

Table 1 — Material properties and strength characteristics used for the model validation analysis.

Material properties Strength characteristics
E, [GPa] 139.0 Xr [MPa] 2170.0
E,, E; [GPa] 10.0 Xc¢ [MPa] 2013.2
Gy, Gis [GPa] 5.2 Yr, Zy [MPa] 73.0

Go3 [GPa] 10.0 Ye, Zc [MPa] 400.35
V12, V13 [-] 0.32 Sr, St [MPa] 77.84
vas [] 0.32 S, [MPa] 77.84

where é,, is the equivalent displacement, and é,, is considered as the equivalent displacement when

the damage d = 1.
2G,

Ocq

Ocg = Lc€oy and Sef‘q = (21)

L. stands for the characteristic length [16], used to reduce the mesh dependency. The current work
considers L. = (VGP)-%, where Vip is the Gauss point volume of the given element, as previously done
in [17,18]. G, represents the fracture energy of the independent damage mode a, corresponding to
the area ABC = (&,,(d = 0)) under the curve of the linear evolution law, see Fig.

4. Results

4.1 Progressive failure analyses

This section provides the numerical outcomes for the progressive failure analysis of laminated coupons.
As of now, only OHT tests are replicated. The coupons follow the ASTM D5766 guidelines. Each
coupon has a 300 mm length, 36 mm width, and a hole diameter equal to 6 mm. The numerical
models use nine-node bi-quadratic FE and a linear through-the-thickness LD expansion.

4.1.1 Validation

The [90,0]», coupon from [19] is used for the validation of the proposed numerical framework. Table
[1]lists the material properties and strengths.

Figure 4| shows the stress-strain curve of the [90,0],, specimen from the reference [19] and with the
present progressive failure approach. A good agreement in predicting the strain at peak load is found.
However, there is a mismatch in the expected peak load. It is due to eventual differences between
the Young’s modulus of the physical and virtual coupons. Despite the disagreement in the ultimate
load, a remarkable prediction of strain failure point has been obtained. It is of utmost importance as
the AML failure index curves provide allowable strains.

4.1.2 Virtual testing of multi-layered coupons

In this section, coupons comprising seven and eight layers are investigated. The material used is
Hexcel IM7/8552, whose elastic properties and strengths are reported in Table The stacking
sequences of the studied coupons are available in Tables Note that LAM 7.1 and 7.6 are the

6
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Figure 4 — Stress-strain curve of the [90,0],, coupon used for validation.

Table 2 — Material properties and strength characteristics used for the seven- and eight-layered
coupons analyses.

Material properties Strength characteristics
E, [GPa] 152.0 Xy [MPa] 2438.0
E,, E; [GPa] 9.3 Xc [MPa] 2013.2
Gy, Gi3 [GPa] 4.7 Yr, Zr [MPa] 66.19

Gy; [GPa] 4.7 Ye, Zc [MPa]  381.35
Vi2, Vi3 [-] 0.27 S5, Sy [MPa] 77.84
Va3 [-] 0.27  S;[MPa] 77.84

only ones that do not respect all the manufacturing constraints used. Indeed, they are unbalanced
laminates since there is no equal number of 45° and —45° layers. They are considered to investigate
how the strain curves may vary if some design rules are not fulfilled. The AML in the 0° direction,
calculated through Eq. (), is included in the tables.

The stress-strain curves of the eight-layered coupons are illustrated in Fig. The six laminates
show practically identical curves. They all fail at the same strain with a similar peak load value.
Furthermore, the damage evolution around the coupon hole is illustrated in Fig. [6|

Figure[7]shows the strains at peak load of the seven- and eight-layered coupons. The experimental A-
and B-basis strain allowable curves are also reported. Two additional curves are represented. They
are traced using the virtual testing data. One corresponds to the strain lower bound of the coupons,
respecting all the design rules. The other is the lower bound when unbalanced stacking sequences
are considered.

From Fig. [/} it is inferred that A- and B-basis allowable are too conservative compared to the virtual
testing curves. Indeed, a 131% and 25% relative difference in the strain allowable is observed be-
tween A- and B-basis with respect to the unbalanced lower bound. Of course, the unbalanced bound
did not consider any uncertainty in the material properties, environmental operating conditions, or
other factors implicit in the experimental allowables.

4.2 Aeroelastic tailoring

The new AML strain allowable curve, considering the unbalanced coupons, was included as a phys-
ical constraint in Embraer’s aeroelastic tailoring methodology [1]. An FE model of Embraer’s bench-
mark wing was considered for the application of the new constraint. The benchmark wing was design
for a generic aircraft with requirements similar to those of the Embraer E-Jets family. The optimal so-
lutions that used the experimental (B-basis) and CUF-based virtual testing allowable are compared.
Table [4{ shows the wing’s initial mass and the mass after the optimisation processes. A 5% weight
reduction is obtained with the virtual allowables. Figure [8]displays the history of the optimisation pro-

7
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Table 3 — Stacking sequences of the seven- and eight-layered coupons.

Identifier AML [%] Layup
LAM 7.1 14.28 [90,-45,0,45,0,-45,90]
LAM 7.2 28.57 [45,0,-45,90,-45,0,45]
Seven-layered LAM 7.3 28.57 [-45,90,45,0,45,90,-45]
LAM 7.4 28.57 [-45,0,45,90,45,0,-45]
LAM 7.5 42.86 [45,90,-45,0,-45,90,45]
LAM 7.6 14.28 [90,45,0,-45,0,45,90]
LAM 8.1 25 [90,-45,0,45,45,0,-45,90]
LAM 8.2 25 [45,0,-45,90,90,-45,0,45]
Eight-layered LAM 8.3 25 [-45,90,45,0,0,45,90,-45]
LAM 8.4 25 [-45,0,45,90,90,45,0,-45]
LAM 8.5 25 [45,90,-45,0,0,-45,90,45]
LAM 8.6 25 [90,45,0,-45,-45,0,45,90]

600 . . ‘ :
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500 | A\
/
e ¥
400 | / i
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Figure 5 — Stress-strain curves of the eight-layered coupons.

Table 4 — Mass optimisation results using experimental and CUF-based allowables.

Initial mass [kg] 1621.75
Non structural mass [kg] 166.9
Total mass w/ Exp. Allowables [kg] 1386.4
Total mass w/ CUF OHT 1316.4
Total mass difference [kg] -70.0
Total mass difference [%)] -5.0
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Figure 6 — Evolution of fibre and matrix tension damage around the coupon hole.
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Figure 7 — Strain allowables versus AML curves obtained by virtual testing of seven- and
eight-layered coupons.
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Figure 8 — Optimisation history using (a) experimental and (b) virtual allowables as physical
constraint.

cess. ltis observed that the virtual allowable results converge faster than the experimental allowables.
This is due to the relaxation of the failure constraint. In addition, the local buckling modes occurring
at the loading condition are illustrated in Fig. [9] Slight differences are observed. For instance, Fig.
[94] presents some undulations at the leading and trailing edge at midspan, while in Fig/9b these
are present chord-wise. Last, failure constraints are reported in Fig. The main discrepancies
between the two optimised results are observed in the highlighted region, where cutouts are present,
and in the right wing close to the engine pylon.

5. Conclusions

This document showed the validity of the present approach for virtual testing of laminated composite
coupons. OHT tests were carried out, and the strains at coupon failure were used to build strain
allowable curves. The input of those curves is the AML percentage of a laminate, which allows
straightforwardly retrieving the ultimate strain.

After the validation of the presented CUF-based FE models, two sets of coupons were simulated. One
of the sets, comprising seven- and eight-layered coupons, fulfilled all the design rules; the other set
did not guarantee the balanced laminate condition. The virtual strain allowables had a similar order
of magnitude as the experimental ones. The difference in the strain value is due to not considering
the uncertainty associated with the manufacturing processes, working environmental conditions, and
material suppliers, among others.

Later, the virtually generated curve was introduced as a constraint of the aeroelastic optimisation
solver. A lighter wing design was retrieved. It satisfied the buckling and failure index constraints
similarly to the optimal solution that used the experimental allowables as a constraint.

The main conclusions that can be drawn from this work are the following:

» Generating new allowable curves, combining physical and virtual tests, can help relax the failure
index constraints during the aeroelastic optimisation and, thus, conceiving lighter aircraft.

» The tailoring design space can be enlarged by considering new stacking sequence combina-
tions that do not necessarily fulfil the design rules imposed so far and whose testing cost would
be unaffordable for the industry.

10
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(a) Experimental allowables.

(b) Virtual allowables

Figure 9 — Buckling constraint using (a) experimental and (b) virtual allowables as physical
constraint.

(b) Virtual allowables

Figure 10 — Failure constraint using (a) experimental and (b) virtual allowables as physical constraint.
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