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Damage Tolerance Allowable Calculation for the Aircraft Design with
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• Calculation of a damage tolerance allowable for arbitrary laminates

• Analysis chain for impact damage, detectability, and residual strength

• Identification of design points for set damage tolerance requirements

• Composite wing design using refined allowables
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Abstract

Accounting for damage tolerance (DT) is crucial during the design process of aerospace

composite structures. Typically, a DT design allowable limits the permitted strain

level. Calculating this design allowable requires an assessment of the expected damage,

the damage detectability, and the residual strength. Current state-of-the-art methods

rely on empirical data, offering little flexibility and constraining the design space

for a structural optimization. For a tailored calculation of the design allowable for

arbitrary laminates and materials, we present an analytical analysis chain, composed

from existing methods for the assessment of accidental damage (impact), the damage

detectability, and the residual strength. We employ the assembled process in three

steps. The determination of a DT design point for a given laminate, the calculation of

a laminate-specific allowable, and the obtainment of a ply-share specific and general

design allowables through minimization procedures . The highest allowables are

achieved by stacking [−45, 90, 45]n-blocks in the outermost plies while moving the

0°-plies to the laminate center. Compared to a standard legacy quad configuration,
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an allowable increase between approx. 30 % and 50 % was identified. Applied in

a structural optimization procedure for a composite wing, this corresponds a mass

reduction of up to 5 %.

Keywords: Damage tolerance, Aircraft Design, Allowable, Impact, Composite

structures

1. Introduction

A transport aircraft must be able to maintain its structural integrity even in the

event of damage. This is crucial to prevent catastrophic failure during the aircraft’s

service life. The damage tolerance (DT) design philosophy is employed to ensure that

this essential requirement is met [1]. The DT design approach involves taking into5

account the potential damage modes and determining the structural strength and

endurance accordingly. This includes considering any damage that may be caused by

manufacturing defects or foreign object impacts, as it is acknowledged that preventing

damage entirely is hardly possible in aircraft structures [2].

The DT analysis procedures are well-established for metallic aircraft structures,10

as documented for example in the structural analysis handbook (HSB) [3]. Particular

DT requirements for composites are specified in the Advisory Circular AC20-107B by

the FAA [4] and the Acceptable Means of Compliance AMC-20 (listed as Annex II

to the Decision 2010/003/R) by the EASA [5]. The no-growth approach is mostly

applied in the aircraft design. Pascoe descriptively outlined in a recent review [6].15

During a structural design process, the no-growth concept is realized through strain

allowables, which may not be exceeded [7, 8]. Specific values for this threshold are, for

example, given by Riccio with 2000 µε [9] and Baker with 3000 µε [10] (The symbol

µε stands for microstrain and represents µm
m

). These values represent material specific

limits that must not be exceeded at Ultimate Load (UL) or Limit Load (LL) [11, 12].20
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The requirement for a certain residual strength level depends on the damage size

and detectability (defined in the AC20-107B [13]). For that purpose, the guidelines

classify structural damage into the five categories shown in the diagram in Figure

1. Each category, defined by a detectability level, corresponds to a residual strength

requirement for the associated damage size. Hence, the design-relevant scenario is the25

maximum damage size of each category, as indicated by the red points in Figure 1.

This maximum damage size derives from the detectability threshold of the next-larger

category. Any damage below the threshold of reliable detection will remain in the

structure. For example, the maximum barely visible impact damage (BVID) is the

largest damage that might remain in the structure throughout the entire service life30

as a BVID unlikely to be detected. Consequently, the maximum BVID derives from

the detectability threshold in the most detailed inspection that the structure will

undergo.

Figure 1: Overview of the design-relevant damages, the respective load levels and the design principles
according to design guidelines for composite aircraft [4].
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DT design allowables for composite laminates can be determined for the damage

categories 1 and 2. For larger damages of the categories 3 and 4 the pure calculation35

of a design allowable is not sufficient to fulfill the DT requirements of this category

as the damage modes are too diverse affecting multiple structural elements.

Structural design aims for minimum weight, while holding several constraints [14].

On composite wings, further design criteria, like stability, have to be considered. The

constraints drive the structural weight and the stiffness of the wing in certain regions40

of the wing. Wunderlich et al. [15] demonstrated a coupled design process for flexible

wings and shows the benefit of more elastic wings. An increased DT allowable is one

of the enabler for more elasticity.

Aircraft manufacturers determine the DT strain allowable through extensive

experimental effort and derive empirical correlations through curve-fitting, as outlined45

by Dienel et al. [16]. Such correlations are specific to each material and laminate.

Thus, their validity is limited to the configurations with available test data. An

analysis procedure is required to gain more flexibility for the determination of a DT

allowable. The procedure must encompass all steps to determine a DT scenario’s

critical damage size and residual strength. A valid allowable has to be derived from50

minimization across all possible laminate configurations. Currently, no method fulfills

these requirements comprehensively.

In this work, we introduce a DT assessment method for preliminary aircraft design,

determining DT allowable values for compression-loaded composite laminates. The

method considers layup and laminate thickness. We eventually explore its impact on55

the structural design of a composite wing.

4



2. Methods and procedures

The primary goal of this study is to enhance the aircraft design process, particularly

the structural optimization, by a tailored DT assessment. Figure 2 offers a flow chart

that illustrates the individual methods involved and their incorporation into a tiered60

DT assessment process. The bottom layer 1) in Figure 2 entails the computation of a

DT allowable for a specific laminate, given set DT requirements. This involves the

accidental impact damage determination, a detectability assessment, and a residual

strength evaluation. These components collectively result in a laminate-specific DT

allowable.65

The next layer integrates the laminate DT analysis, aiming to determine an

allowable based on designated ply orientation percentages or ’ply shares’. For a set

sublaminate configuration and each thickness value, discrete stacking sequences are

formulated. The minimum allowable from all thicknesses provides an allowable for

the respective ply share.70

Eventually, in layer 3) an examination of every pertinent ply share configuration

to ascertain a universal DT allowable is conducted to find the global minimum

allowable. This determined allowable, accompanied by the foundational sublaminate

configurations, is then integrated into the broader aircraft design process. Here, these

constraints shape the contours of structural optimization.75

The subsequent sections present the specific methods utilized within this process.

2.1. Examination of the damage tolerance scenario

The DT scenario is the design case resulting from a particular damage category

marked by a detectability threshold. The design-relevant damage size is determined

either by this threshold or, if not met, by the maximum energy level. Figure 3 shows80

accordingly the surpassing of either the detectability or energy cutoffs in a generic
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Figure 2: Illustration of the DT analysis, the allowable determination and the aircraft design process.

impact energy vs. detectability chart. The point where the energy-visibility curve

intersects with the detection threshold or maximum energy establishes the DT design

point for a laminate. It’s essential to compute the residual strength for this DT design

point as the allowable is later derived from this it.85

In determining the energy cutoff depicted in Figure 3 requires accidental impact

scenarios to be defined. Using Rouchon’s probabilistic method [17], Fualdes identified

impact energy levels: Erealistic = 35 J for a typical impact with UL requirements,

and a maximum of Emax = 90 J for a very unlikely scenario with a LL residual

strength requirement. Dubinskii [2] cites design values from both the Russian Tsagi90
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Figure 3: DT design points defining the design-relevant damage size for each laminate and a given
impact threat and detectability cutoff [4].

(Erealistic = 110 J) and Boeing (Erealistic = 136 J). This widely accepted value traces

back to Fawcett and Oakes [18] and is representative of a substantial tool drop impact,

characterized by an impactor diameter of 1 inch. This aligns with Fualdes’ data,

which recommends an impactor diameter ranging between 6 mm and 25 mm for DT

impact analysis.95

For DT design points influenced by the energy cut-off shown in Figure 3, the

corresponding damage size is a direct result of an impact analysis. However, for

detectable damages, pinpointing the relevant damage size for design demands more

intricate steps. Specifically, one needs to establish a metric for damage detectability

depending on the impact energy (as seen in Figure 3). This calls for either empirical100

data or an appropriate modeling approach.

For comprehensive DT evaluation on an actual structure, myriad damage scenarios

would need examination. The extent of damage from a given impact energy is

contingent upon the laminate’s local indentation stiffness at the impact site [19].

Regions with high indentation stiffness, such as adjacent to laminate supports or105

near stiffeners, tend to experience more significant damage. However, during the
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preliminary design, it’s unfeasible to address diverse damage scenarios individually,

especially when the potential impact scenarios themselves depend on the design in

progress. Hence, the CAI standard coupon, sized 150×100mm2, acts as a conservative

benchmark for impact damage determination [16]. This method is apt for assessing110

BVID presenting as localized laminate damage.

2.2. Impact damage determination

Assessing the damage size for a specified impact threat is fundamental to the

DT analysis process. Yet, during the early design phase, only a streamlined impact

analysis meets the requirements. Both numerical analyses and empirical correlations115

fall short due to their complexities. An analytical spring mass model offers a swift

estimation of the elastic response and the delamination area for a designated impact

scenario. Building on the tri-spring model of Olsson (cf. Figure 4a) [20, 21, 22],

Wagih et al. [23] recently showcased an expansive analytical analysis approach. It

employs a non-linear spring with stiffness Km to depict membrane forces, while two120

linear springs in series represent the reactive forces from bending (Kb) and shear (Ks)

deformations. Altogether permit to calculate the force displacement response F (u)

according to Equation (1). A brief description of the spring parameter calculation,

following Wagih et al., can be found in Appendix A of this paper.

F =
(
K−1
b +K−1

s

)−1
u+Kmu

3 (1)

Delamination, the predominant damage mode in BVID, primarily diminishes the125

laminate bending stiffness Kb [20]. Wagih et al. [23] elucidated this stiffness decline

in relation to the damage radius ad, as presented in Equation (2).
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tlam

R
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Ei, mi
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(b)

Figure 4: Spring-mass model describing the elastic impact response through three spring (a) and a
geometry sketch of the impacted laminate with delamination (b).

Kb = t3lam

(
R2

kb
+
n∗d(n

∗
d + 2)a2

d

kbc

)
(2)

Wagih’s method provides the elastic force-displacement relationship in Equation

(3) for a specified damage radius ad. Since the assumptions underpinning the stiffness

parameter calculations are based on a circular plate with the thickness tlam, the130

effective radius R is derived for a rectangular plate using Equation (4). Specifically,

in the context of the DT analysis for a CAI standard specimen, l and w represent

the supported length (125 mm) and width (75 mm), respectively. The parameter kb is

determined as per Equation (A.2) in Appendix A, while kbc represents the bending

stiffness of a clamped circular plate.135

F =
t3lam
R2

(
1

kb
+
n∗d(n

∗
d + 2)

kbc

a2
d

R2
+

1

ks

t2lam
R2

)−1

+ km
tlam
R2

u3 (3)

R =

√
l · w
π

(4)
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To dynamically adjust the damage radius based on displacement, Equation (5)

augments the model, determining the inelastic force-displacement behavior. Here, Ad

depends on the displacement u, the critical SERR for mode II GIIc, the threshold force

Fdn (as seen in Equation (6)), the laminate thickness tlam and stiffness parameters, as

well as the effective number of delamination-prone interfaces, n∗d. In essence, Wagih140

et al.’s model facilitates the computation of Ad for a specified impact energy, which

is determined by integrating the force-displacement curve.

Ad =
Fdn

2n∗dGIIc

u−
(

1

kb
+

t2lam
ksR2

)
R2

t3lam

F 2
dn

2n∗dGIIc

(5)

Fdn =

√
2πGIIckbct3lam

n∗d + 2
(6)

n∗d = 0.3nd (7)

A pivotal laminate-dependent parameter influencing the calculated delamination

area is the effective number of delamination-prone interfaces, n∗d. Olsson [22] derived

n∗d from the number of actual interfaces nd within the laminate, as presented in145

Equation (7). Wagih et al. [23] also investigated the role of n∗d, finding that a value

of n∗d = 5 yielded the best match with experimental data, regardless of the actual

number of interfaces in the laminate. Both Olsson’s and Wagih’s approaches are

evaluated in the present study.

Upon computing the delamination area Ad, it is applied to each delamination-prone150

interface of the laminate. Notably, while Ad represents the projected delamination

area, individual delaminations are likely significantly smaller. However, distributing

this projected area across all interfaces offers a conservative approach, obviating the

10



need to model the detailed distribution of delamination throughout the laminate

thickness.155

2.3. Damage visibility assessment

Design guidelines widely agree that the metric defining damage visibility is the

depth of the local dent associated with the impact damage [11, 12, 24]. A depth

threshold for this dent sets the upper boundary for the BVID during a visual inspection.

As stipulated in CMH17, the typical detectability threshold during a DET ranges160

from 0.3 mm to 0.5 mm [25, 26, 24].

When it comes to determining the permanent indentation caused by a specific

impact threat on a particular laminate, a comprehensive analytical method is elusive.

Nevertheless, one can amalgamate distinct methods from existing literature to formu-

late such a comprehensive analysis. Hertz’s contact law [27], given in Equations (8)165

and (9), relates the current local surface dent, represented as α, with the impact force

F . Eavg is the harmonic mean stiffness of both contact partners’ Young’s modulus.

F = kcα
2
3 (8)

kc =
4

3
Eavg
√
ri (9)

For a given maximum value of αmax (occurring with the maximum contact force),

the calculation of the permanent indentation can be traced back to Abrate [28], who

utilized the empirical correlation presented in equation (10). This correlation was170

originally introduced by Crook in 1952 [29]. Central to this equation is the threshold

value, αcr. A permanent dent emerges when the indentation surpasses this threshold:

α > αcr. Abrate’s proposed Equation (11) provides a viable means to determine

11



this threshold, drawing on the laminate’s compression strength in the out-of-plane

direction X33c, its thickness tlam, and the elastic modulus E33c. This methodology175

operates under the premise that the permanent dent predominantly stems from the

laminate’s local deformation.

α0 = αmax

[
1−

(
αcr
αmax

) 2
5

]
(10)

αcr =
X33ctlam
E33c

(11)

The validity of Hertz’s law is maintained until the critical value, αcr, is reached.

Beyond this point, it’s improbable that the dent stiffness will continue to grow linearly

as predicted by the Hertzian law. Big-Alabo proposed an extrended contact model180

that augments the Hertzian contact law with phases of elasto-plastic and entirely

plastic behavior [30]. Eventually, the equations by Big-Alabo’s yield in a linear

force-dent relationship within the plastic domain as proposed by Abrate [28]. Thus,

we adopt a linear force-dent relationship via equations (12) and (13) once αcr is

surpassed. The parameter kl represents the tangential stiffness derived from Hertz’s185

correlation at the point αcr.

αmax = αcr + (F−F (αcr))
kl

for α > αcr (12)

kl =
3

2
kc
√
αcr (13)

2.3.1. Dent depth after relaxation

In visual inspections, the initial dent depth immediately post-impact isn’t the

proper measure for detectability. Instead, it’s the ”decayed dent” depth – accounting

12



for subsequent relaxation – that serves as the relevant metric, as delineated in section190

2.6.5.2 of CMH17 Volume 3 [12]. The decay has to consider the relaxation over

the time and service conditions, including ageing, environmental exposure, and

fatigue loading [11, 31]. All these factors diminish the damage detectability. Michele

Thomas [31] proposed the empirical correlation in equation (14) to describe dent after

relaxation αrelaxed, comprising all relevant influence factors, for a given initial dent195

α0. An experimental study by Bogenfeld and Gorsky [32] approved the suitability of

equation (14) to describe the dent relaxation of BVID impacts in carbon/epoxy CAI

coupons.

αrelaxed = 0.45 · α0 − 0.1 mm (14)

For αrelaxed to meet the visibility threshold of 0.5 mm, the permanent indentation

directly after the impact has to be αBV ID05
0 ≈ 1.3 mm. This value is similar to the200

BVID threshold employed by Ostré et al. for their experimental analysis of edge

impact [33]. Analogously, a visibility threshold of 0.3 mm would be met by an initial

dent of αBV ID03
0 ≈ 0.9 mm.

2.4. Residual compression strength

The damage categorization in Figure 1 defines the load carrying capacity for205

each DT scenario and the respective design interval. For a Category 1 BVID, it’s

imperative to demonstrate UL static strength capability. Accomplishing this proof

during the structural sizing demands an efficient residual strength analysis. For the

present analysis process, the method proposed by Bogenfeld et al. is employed [34].

Based on the idea of Rhead et al. [35, 36], the residual strength is determined through210

a fracture-mechanical approach building on sublaminate buckling. First, the critical

buckling load fc is calculated for the sublaminate separated by the delamination. We

13



apply the analytical Equations (15) and (16) from Tarján and Kollar [37] to calculate

buckling load per unit length for simply supported and built-in edges, respectively.

Both equations are simplified for the case of circular damage. The values Dij and Aij215

are the sublaminate’s stiffness values according to the classical laminate theory. The

sublaminate’s critical buckling strain εc−sublam is calculated according to Equation

(17).

f simplyc,tarjan =

(
π

2ad

)2

(D11 +D22 + 2 (D12 + 2D66)) (15)

f builtinc,tarjan =

(
π

2ad

)2

(3.928D11 + 3.928D22 + 2.62 (D12 + 2D66)) (16)

f simplyc,tarjan + f builtinc,tarjan

2A11

= εc−sublam (17)

Sublaminate buckling triggers the delamination tip opening in fracture mode

I. For that mode we have to the calculate the mode I strain energy release rate220

(SERR), denoted as GI . The SERR derives from the reduction in the laminate’s

elastic potential Π with an increment in the delamination area Ad (cf. Equation (18)).

The constituent parts of Π are the external work W and the internal energy Uj for

every zone j within the laminate. The corresponding zones are the intact laminate

regions and the sublaminates separated by a delamination. The potential energy225

for each specified zone is computed utilizing the classical laminate theory stiffness

matrices A, B, and D, as detailed in Equation (19). It’s crucial to note that, for the

buckling sublaminate scenario, the tangential stiffness of the buckling sublaminate is

set to zero beyond the buckling strain εc−sublam.

14



GI(ε, Ad) = −dΠ (ε)

dAd
=
dW

dAd
−
d(
∑
j

Uj)

dAd
(18)

Uj =
1

2
( εκ )T ( A B

B D )j ( εκ )Aj (19)

When the strain energy release rate GI matches its critical value GIc, the strain230

magnitude εcrit designates the quasi-static residual strength. For an in-depth under-

standing of the SERR computation using the virtual crack extension method, readers

can consult the comprehensive article by Bogenfeld et al. 2020 [34].

To determine the critical residual stress of the impact-damaged laminate, the

damage area Ad is iteratively taken to exist within every delamination-prone interface235

of the laminate. The iteration across these interfaces is formulated by the minimization

in Equation (20). Within the total set I, which comprises nint interfaces, each

interface i yields a unique residual strength, denoted as εDT i. Among all interfaces,

the smallest value is termed the laminate-specific DT allowable, symbolized as εDTlam

for the damaged composite. This εDTlam value stands as the static laminate-specific240

allowable, reflecting the outcome of the laminate DT analysis illustrated in Figure 2.

εDTlam = min
i∈I

(
εDTi

)
for I = {1, 2, .., nint} , G

(
εDTi , Ad, i

) !
= GIc (20)

2.5. Structural optimization

In the context of optimizing an aircraft wing, the primary objective of the

structural sizing and optimization process revolves around minimizing the wing box

mass, denoted as mW,box, while adhering to specific failure criteria. External loads245

are calculated within the flow simulation and afterwards mapped onto the automatic

15



generated FE model. Internal loads are calculated with linear-static FE calculations

using MSC Nastran™ as finite element solver. Subsequently the FE model with its

geometry, material properties and loads is passed to the sizing and optimization

module. This module is based on the commercial software HyperSizer® inside a250

framework for adaptive and automatic analyses. Further information is given by

Dähne et al. [14].

The module for sizing and optimization is based on fast analytic evaluations at

panel component level. Therefor, an analytical representation of the stiffened panels

is used to evaluate failure criteria for each optimization component. It should be255

noticed that skin and stringer are optimized together. With this approach, a change

in the stiffness distribution between skin and stringer results in stress redistribution,

so an optimum design can be found. Analytical criteria for global buckling, local

buckling and maximum strain for skin and stiffener are used for the sizing of the

structural components.260

The allowable DT-strains are determined by the method presented in section 2.4

and used in the structural sizing and optimization process within the max strain

criteria for tension, compression, and shear. The corresponding failure indexes RF

are given in the subsequent Equation (21).

εi > 0 RFi = εi
εDT
tension

i = 1, 2

εi < 0 RFi = −εi
εDT
compression

i = 1, 2

RF12 = ε12
2·εDT

compression

(21)

Stability is considered globally for the whole optimisation region, typically a rib265

bay and locally for the skin cover between stringer and for all stringer parts like web,

flange, . . . . The buckling analysis uses a Rayleigh-Ritz implementation developed by

16



Wilkins [38] and is applied to the individual plate element considering the individual

boundary condition.

In addition to the aforementioned criteria, manufacturing and operational aspects270

are factored in. Specifically, constraints like a minimum stringer web height of

(40 mm), a maximum height of (100 mm), and a baseline skin thickness of (2 mm) for

repair purposes are taken into account.

Fast analytical evaluations allow a brute force method to find the lightest panel

configuration. The structural design parameters are therefore discretized between275

their actual bounds. For each optimization region, a list of all possible design concepts

is created and sorted by weight. For each concept, the failure criteria are evaluated,

beginning from the lightest design. The first design fulfilling all criteria is, thus, the

lightest concept for the present load.

Composite materials are difficult to optimize due to their discrete nature. To280

handle composite materials in a continuous process, a smeared approach is used. The

membrane stiffness is based on the ply share. The ply share represents the percentage

share of 0°, 90◦ and ±45◦ plies. Assuming an equal distribution of each ply through

thickness leads to the corresponding bending-stiffness based on the membrane stiffness

and the thickness.285

The ply share can be either hold fix to ensure a desired material behavior or it can

be optimized in terms of minimum weight. The ply share optimization varies each

ply share value and adds an additional structural design variable. This additional

degree of freedom can improve the structural design in terms of weight. Minimum

and maximum ply shares in 0°/90◦ and ±45◦ direction are considered to ensure the290

validity of common design guidelines like the ten-percent rule [39].
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2.6. Laminate derivation

A discrete stacking sequence is a mandatory input to the residual strength eval-

uation based on sublaminate buckling. On the optimization side, definitions with

predefined ply angles are used with a continuous thickness. At this point we define295

that the laminate has to be built from plies oriented in ±45°,0°, or ±90° directions.

Transitioning to the DT analysis, it’s crucial to correlate the prescribed ply-shares

with unique stacking sequences. To facilitate this, we define tply as the thickness

of an individual ply from a selected material. Furthermore, the ply count for each

orientation, represented as nφ, must be an even integer. This constraint ensures the300

formation of a symmetrical laminate. Equation (22), utilizing the ceiling function,

ensures the symmetry by rounding up half of the total ply count for each orientation.

It’s noteworthy that, especially in the context of slender laminates, this method

can potentially amplify the overall laminate thickness beyond the structural sizing.

Additionally, due to the ceiling function’s influence, the actual attainable thickness305

for a laminate might vary across different ply share configurations.

nφ = 2 · dpφ
tlam
tply

1

2
e (22)

After the number of plies are known, their arrangement in the stack must be defined

adhering to design rules that pertain to ply positioning and grouping [40]. However,

the definition of a DT allowable according to the presented process imposes a further

design rule with regard to the outer plies: It is well known, that the configuration310

of the buckling sublaminate is meaningful to the DT. As highlighted by Rhead et

al. 2010 and 2015 [41, 42], ±45° layers mitigate sublaminate buckling. Moreover,

excluding 0° plies from the outer layers reduces the strain energy accumulation in a

buckling sublaminate.
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Evidently, the sublaminate stacking sequence offers a possibility to enhance the315

DT strain allowable. With regard to the allowable determination, the definition of a

sublaminate configuration is key. We can compute a valid allowable for a specific ply

share configuration only by applying distinct sublaminate design rules, as outlined in

layer 2 of our proposed process (see Figure 2).

To explore the influence of sublaminate design rules on the allowable, we devised320

two configurations for our parametric study: [−45, 90, 45]n and [−45, 90, 45, 0]n. The

repetitions of the respective sublaminate block are defined by the variable n which

shall adhere to the number of plies per orientation calculated through Equation (22).

With an imposed maximum of n ≤ 3, Equation (23) defines n for each configuration.

[−45, 90, 45] : n = min(n90

2
, n45+n−45

4
, 3)

[−45, 90, 45, 0] : n = min(n90

2
, n45+n−45

4
, n0

2
, 3)

(23)

If n is smaller than 3 for the [−45, 90, 45] configuration, the following rules apply325

subsequently:

n45 + n−45 > 4n → [−45, 45]min(3−n,n45−n)

n90 > 2n → [90]min(3−n,n90−n)

(24)

For a laminate built from plies of the thickness tply = 0.184mm, the critical

interface determining the allowable (according to Equation (20)) will be part of the

above defined sublaminate stack. We finish the stack by integrating the remaining

plies to achieve the designated number nφ for each orientation. Given the disparities330

in the number of leftover plies across orientations, we group them into clusters, with

each cluster having up to three plies from a single orientation. Only the orientation

with the highest count of remaining plies necessitates such clustering. To maintain

balance and order, we interpose plies from other orientations between these clusters.
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Unfortunately, the latter is not feasible for all ply share and thickness combinations.335

Hence, large accumulations of 0° plies can appear in the middle of the laminate.

The resulting stacking sequences for different ply shares and laminate thicknesses is

provided in tables B.5 and B.6 in the Appendix Appendix B.

2.7. Aero-structural wing optimization

To investigate the influence of the DT allowable on aircraft level an aerostructural340

wing optimization process [43, 15] is used. In this process, the cruise performance

under transsonic flight conditions and maneuver loads are computed by solving

the Reynolds-averaged Navier–Stokes equations. The structural mass and elastic

characteristics of the wing are determined from the structural sizing of the composite

wing box for essential maneuver load cases using computational structural mechanics.345

The process chain applied is illustrated in terms of XDSM-diagrams (Extended

Design Structure Matrix) [44]. Each component in the diagram receives input data in

vertical direction and provides output data in horizontal direction. Input and output

data are marked by parallelograms. Thick gray lines show the data flow, and thin

black arrows indicate the process flow. The numbering system defines the order in350

which the components are executed.

The process chain flowchart for the aero-structural wing analysis is illustrated

in Fig. 5. Each optimization step recalculates and updates the aircraft’s geometric

baseline description based on current design parameters.

The subsequent phase involves updating the parametric CAD model, deforming355

the aerodynamic volume mesh, and generating the structural model. This parametric

CAD model, constructed in CATIA® V5, guarantees precise surface depiction and

efficient geometry modifications.

In the CFD volume mesh deformation, the baseline configuration mesh is adjusted
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Figure 5: Flow chart of the process chain for aero-structural wing analysis.

according to geometry differences between the baseline and current states, using the360

Elasticity Analogy method [45] in the FlowSimulator environment [46, 47, 48].

The DLR tool, DELiS [49, 50], facilitates the structural model creation. This

tool employs the open-source Gmsh [51] to produce a consistent finite element mesh,

composed of shell elements, enriched with wing component properties, and prepped

for the MSC Nastran™ FE solver.365
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The fluid-structure coupling loop, highlighted with a yellow rounded box, examines

convergence by assessing design mission lift-to-drag ratio, wing mass, and the objective

function value. Embedding the structural sizing in this loop reduces iteration count

by introducing damping behavior.

Aerodynamic forces and coefficients across all flight conditions derive from RANS-370

based CFD simulations using the DLR TAU-Code [52, 53], housed in the FlowSim-

ulator framework [46]. This method ensures precise evaluations of cruise flight

performance and selected maneuver loads.

The structural analysis and sizing process [54], detailed in section 2.5, yields

results like wing mass and deformed wing shapes for observed flight conditions. These375

deformations instruct the CFD volume mesh deformation using a radial basis function

method [55] in FlowSimulator.

Subsequently, the objective function’s evaluation and static aeroelastic analysis

convergence criteria, based on lift-to-drag ratio, wing mass, and objective function

value shifts, are scrutinized. Once converged, the objective function value feeds into380

the global optimizer. The process concludes when the optimized design parameter

vector is ascertained for the associated optimization problem.”

After the optimization run has finished the optimized vector of design parameters

represents the main result of the process chain for the corresponding optimization

problem.385

3. Results and discussion

Initially, we provide the outcomes stemming from each method of the laminate

DT analysis (cf. Figure 2) delineated in the Section 2. These findings are compared

with experimental reference data, drawn both from existing literature and original

research conducted by this paper’s authors. While this comparison establishes a basis390
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for the plausibility of the analysis steps, it notably stops short of full validation due to

the existing experimental data’s inability to encompass the entire breadth of relevant

design parameters.

Subsequently, we present the elaborate calculation of the DT design points for

different laminate configurations, from which we derive the DT design allowable.395

Eventually, we discuss of the sensitivity to primary DT parameters and an evaluation

of the reliability of the results we obtained

The experimental data under consideration is primarily sourced from the works

of Bogenfeld (2019) [19], Dienel (2019) [56], and Jiang et al. (2021) [57]. Notably,

Jiang et al.’s work doesn’t include fracture toughness parameters. Therefore, for400

IMA/M21e tape, we’ve incorporated values presented by Linde et al. [58]. The initial

two sources conducted their experiments at the Institute of Lightweight Structures of

the German Aerospace Center. Given this nexus, the authors had the privilege of

accessing raw data. All three sources have presented impact test outcomes for CAI

standard coupons, with relevant material properties summarized in Table 1.405

3.1. Impact analysis

The impact analysis outputs the damage area as calculated for given impact

parameters on the CAI specimen. Figure 6(a) depicts the damage prediction against

impact energy for three coupon test series. The computation utilizes two methods

for determining the effective delaminations, nd. While Wagih et al. [23] found the410

optimal correlation at n=
d 5, Olsson [22] initially suggested a value of n=

d 0.3nd. The

former value, n=
d 5, is unaffected by the number of interfaces in a layup and is largely

invariable to stacking changes, provided ply share is consistent. Yet, studies by

Gonzalez et al. [60], comparing various laminate stacks with similar ply share, found

fewer interfaces to be associated with increased delamination areas. Owing to better415
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Material IM7/M91 prepreg IMA/M21e prepreg IMA/M21e tape

Sources
Dienel 2019 [56]
Dienel 2016 [59] Bogenfeld 2019 [19]

Jiang 2021 [57]
Linde 2015 [58]

E11 146.2 GPa 150 GPa 154 GPa

E22 8.6 GPa 8.9 GPa 8.5 GPa

E33 8.6 GPa 8.6 GPa 8.5 GPa

G12 5.6 GPa 5.0 GPa 4.2 GPa

X33c 237 MPa 220 MPa 220 MPa

GIc 0.45 mJ
mm2 0.8 mJ

mm2 0.35 mJ
mm2

GIIc 2.5 mJ
mm2 2.5 mJ

mm2 2.0 mJ
mm2

tply 0.184 mm 0.184 mm 0.184 mm

tlam 4 mm 4 mm 3 mm

layup [453, 0, -453, 90, 45, -45, 0]s, [(45, -45, 0, 90)2, 45, -45, 0]s [45, 0, -45, 90]2s

nd 12 20 12

Table 1: Material data for the analysis.

alignment with the depicted curves in 6(a), Olsson’s approach is chosen for the DT

analysis.

Quantifying the damage area gains relevance when paired with a dent depth

assessment. The latter informs the DT design point, dictating the requisite damage

area calculation. Consequently, another focal correlation is the delamination area420

relative to the permanent dent depth, α0. This relationship serves as a foundation

for pinpointing DT design points, as illustrated in Figure 3. Figure 6(b) offers a com-

parison between the analytically predicted dent and the corresponding experimental

data across three CAI coupon test series. Despite deviations reaching up to 50 %,

the alignment between data is reasonably coherent. Given the substantial variability,425

such discrepancies are acceptable.

The current analytical approach doesn’t consider the abrupt rise in dent depth

upon laminate penetration by the impactor. In empirical data, a pronounced shift
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Figure 6: Elastic spring-mass models in the idealized version (a) and the variant accounting for local
indentation (b).

can be observed within the energy-dent curve, as indicated by Jiang et al. [57]. This

significant shift, though suggestive of the moment where the damage detectability430

threshold is surpassed, remains unpredicted. To capture this abrupt dent growth, a

refined criterion forecasting laminate penetration is essential.

We have refrained from separately analyzing dent depth relaxation at this juncture.

Bogenfeld and Gorsky [32] have already validated the plausibility of dent relaxation

using equation (14) through a similar series of CAI coupon tests.435

3.2. Residual strength analysis

Following the identification of the DT design point, the subsequent phase involves

predicting residual strength corresponding to the identified damage dimensions. Figure

7 illustrates the process, showcasing the SERR against the nominal laminate strain

for a 746 mm2 delamination at each interface of a quasi-isotropic laminate. As the440
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sublaminate thickness rises, there’s a concurrent increase in the SERR curve’s gradient

and the buckling threshold of the sublaminate. The strength is identified where the

curve first intersects the critical SERR, GIc. For the laminate portrayed in Figure 7,

the SERR at the fourth interface surpasses the critical threshold first. This correlates

closely with the strain values derived from experimental observations.445
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Figure 7: SERR response depending on the damage position in a 4.4 mm quasi-isotropic stack,
with the legacy quad ([(−45, 90, 45, 0)n, ...]s) sublaminate configuration and a 35 J impact causing a
746 mm2 delamination1.

To grasp the behavior of the computed allowable across varying laminate thick-

nesses, we present additional findings in Figure 8. These depict results for a consistent

damage size (Figure 8a) and a set impact energy (Figure 8b). Intriguingly, when

the damage size is fixed, the allowable per interface remains relatively constant,

irrespective of laminate thickness. This consistency can be attributed to the similar450

buckling characteristics of the sublaminates. The load-bearing capacity of the thicker

laminate base has only a minor influence. It’s only in the case of exceptionally thin

laminates that the base buckling (from the thicker sublaminate) becomes a primary
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determinant of residual strength.

In contrast, when considering a set impact energy, the allowable curves per in-455

terface exhibit greater variation due to each laminate thickness producing unique

damage dimensions. Yet, the predominant influence stems from the damaged in-

terface, overshadowing the effects of laminate thickness. Such findings underscore

the laminate’s stacking order as crucial, especially the ply arrangement within the

buckling sublaminate.460
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Figure 8: Strain allowables per interface for different thicknesses of a quasi-isotropic stack (24/50/25),
with the [(−45, 90, 45, 0)n, ...]s sublaminate configuration.

1The depicted experimental data is sourced from the DLR’s final report on the SCHACH
project [61]. The failure strain values correspond to 4.0 mm CAI specimens of IMA/M21e material.
Notably, the innermost 90-degree ply was excluded from the quasi-isotropic stacking. To ensure the
comparability with the 4.0 mm layup, four specimens with delamination areas between 659 mm2

and 835 mm2 were selected to establish the presented strain range
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3.3. Laminate-specific DT allowables

The cornerstone of the allowable determination is the laminate DT analysis

procedure, depicted as level 1 in Figure 2. This procedure encompasses the impact

analysis (refer to Section 2.2), damage detectability assessment (Section 2.3), and

the subsequent evaluation of residual strength (Section 2.4), cumulating in the465

establishment of an allowable for the investigated laminate. Figure 9 illustrates these

specific DT allowables for a quasi-isotropic ply composition, with laminate thicknesses

ranging from 3 mm to 14 mm. Every laminate analyzed possesses its unique DT

design point. The diagram’s backdrop signifies the detectability thresholds tailored to

each ply composition, with a detectability limit set at 0.3 mm. Before this threshold,470

the detectability boundary establishes the damage magnitude linked to the DT design

point. Beyond this threshold, even the maximum relevant impact energy doesn’t

produce a discernible dent in the laminate. Consequently, this peak energy level

defines the damage size relevant to the design.
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Figure 9: Laminate-specific strain allowable εDTlam and damage size for each DT design point of a
quasi-isotropic stack (0°,±45°, 90° : 24/50/25) with a [(−45, 90, 45)n, ...]s sublaminate design.

We investigate the influence of the damage and the sublaminate configuration,475
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to gain a deeper understanding of the results. The Figure 10 depicts, depending on

the laminate thickness, the laminate-specific allowables for quasi-isotropic laminates

with different sublaminate configurations. These configurations are a standard legacy

quad ([(−45, 90, 45, 0)n]s, Table B.6), a clustered legacy quad consisting of double

plies ([(−452, 902, 452, 02)n/2]s), and the DT-improved configuration with 0°-plies in480

the laminate center (Table B.5).

In subfigure 10 (a), we address scenarios where damage size is predetermined,

representing manufacturing defects that might manifest similarly in any ply interface.

Noteworthily, the configuration of the sublaminate holds more sway over the allowable

than the thickness of the laminate itself. With laminates featuring no fewer than485

16 plies—enabling each sublaminate pattern to repeat a minimum of twice—the

allowable observes a minor uptick. Reflecting on the connection between laminate

thickness and the per-interface allowable (as illustrated in Figure 8), the congruence

in sublaminates rationalizes this trend. The most influential interface is situated at

the fourth slot. With at least 16 plies in total, the configurations mirror each other490

up to the sixth interface. Nevertheless, a denser laminate enhances load transfer

capabilities from damaged areas, resulting in a marginal surge in the allowable.

Subfigure 10 (b) shifts focus to scenarios dictated by a specified impact risk. The

damage magnitude that determines design relevancy is then deduced based on the

methodologies described in Section 2.2 for every laminate’s thickness and stacking495

pattern. Analysis of the damage curves intimates that both the conventional legacy

quad and the DT-enhanced layouts exhibit analogous damage resilience. However, a

pronounced DT emerges for the upgraded configuration, accentuating even further

with increasing laminate thickness.
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Figure 10: Laminate-specific strain allowables εDTlam 0f quasi-isotropic stacks (0°,±45°, 90° :
24/50/25) with different sublaminate configurations.

3.4. Damage tolerance design allowable in the design space500

The subsequent phases, as depicted as the processes 2 and 3 of Figure 2, hinge

upon the outcomes of the level 1 DT analysis extended across a diverse set of laminates.

Grounded in the stipulations of Section 2.6, our approach stratifies the laminate

design universe using ply shares. To pinpoint the lowest design allowable across all

laminates representing a specific ply share. The minimum is found by generating505

all respective laminates for the required thickness range and iterating over the DT

design points as presented in Figure 9.

Equation (25) characterizes the iteration across all laminate thicknesses. The

culmination of this is the derivation of the most stringent ply-share-specific DT

allowable, denoted as εDTp−share . This value marks the utmost permissible strain level510

for laminates of any thickness, specifically within the delineated thickness confines of

tmin and tmax, corresponding to that ply share.
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εDTp−share = min
t∈T

(
εDTlamt

)
for T = {tmin, .., tmax} (25)

Ply shares
0°/± 45°/90°

DT Allowable [µε] for
Erealistic

35 J 90 J 110 J 136 J
[(
−
4
5
,9

0
,4

5
,0

) n
,.
..
] s 80/10/10 (4894) (3825) (3613) (3408)

70/20/10 4859 3847 3686 3474

60/30/10 4882 4170 4026 3924

40/50/10 4924 4529 4406 4330

40/40/20 4989 4545 4531 4531

25/50/25 5152 4593 4593 4593

20/60/20 5152 4592 4592 4592

[(
−
4
5
,9

0
,4

5
) n
,.
..
] s 80/10/10 (6645) (4827) (4566) (4424)

70/20/10 6465 5594 5564 5377

60/30/10 6581 5719 5654 5619

40/50/10 6408 5305 5305 5305

40/40/20 6938 6098 6098 6098

25/50/25 7528 6533 6533 6533

20/60/20 7483 6533 6533 6533

rel. allowable
increase 32 % 38 % 44 % 54 %

Table 2: UL static strength design allowables for two
sublaminate configurations, different impact energy lev-
els, a (decayed) dent detectability threshold of 0.3 mm,
and an impactor diameter of 25 mm.

Table 2 presents the ply-share-specific DT allowables across diverse energy levels,

featuring two distinct sublaminate configurations. For a comprehensive list of results,

encompassing various laminate configurations and damage tolerance parameters,515

readers are directed to Appendix B. The enhancement in allowable achieved via the

altered sublaminate stacking varies based on the impact energy scenario, registering
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a range between 32 % and 54 %. In examining the allowable for each ply share, we

categorize the scenarios into two primary cases:

• Case 1 – detectability-driven allowable: The minimum allowable corresponds to520

a detectability driven DT point. At the crucial design point, a detectable impact

damage evolves before the maximum energy level is reached. This damage

reduces the laminate residual strength more severely than any damage caused

to thicker laminates by the maximum impact energy. Thus, the detectability

threshold is the fundamental driver to the ply share specific allowable. Significant525

factors of influence are parameters influencing the detectability: the impactor

radius, the laminate compression strength and stiffness. In contrast to that, the

maximum impact energy does not influence the allowable.

• Case 2 – energy-driven allowable: The minimum allowable corresponds to a

DT point with an undetectable damage. At this design point, the maximum530

impact energy does not result in a detectable dent in the laminate. Thus, the

maximum impact energy is the fundamental driver to the ply share’s allowable.

Any parameters affecting only the dent or the detectability do not affect the

allowable.

In our analysis, beyond the consistent ply-share specific allowables observed535

for different energy levels and detectability thresholds, identical allowables emerge

for various ply-share configurations. This uniformity results from the similarity in

sublaminate configurations across closely matched ply-shares. Specifically, for thinner

laminates, exact adherence to the ply-share is unattainable due to the ceiling function

used in computing the ply count from a given ply-share. As illustrated in Tables540

B.5 and B.6, identical laminates can correspond to distinct ply-shares, especially in
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the context of thinner laminates. Given that the DT analysis hinges on the actual

stacking sequence, consistent stacking naturally yields consistent allowables.

As laminate thickness grows, the damage size also tends to increase. Within

the realm of detectable damage (case 1), this trend is predictable: αcr has a direct545

proportionality to thickness (see Equation (11)). Consequently, inducing visible

damage demands a greater impact force, leading to more extensive damage. Even

when transitioning to energy-driven allowables, the damage size can still grow with

laminate thickness. This growth can be attributed to the rising indentation stiffness,

which has a positive correlation with both the peak contact force and the damage550

size, as given by Equation (5).

In Figure 2, each of the processes from 1 to 3 incorporates a distinct iterative min-

imization: The first minimization involves iterating over all damage-prone interfaces

in a layup, as outlined in Equation (20), yielding laminate-specific allowables. The

second minimization goes through every relevant thickness associated with each ply555

share configuration, as described by Equation (25), producing the ply share specific

allowable. Finally, the design’s DT allowable is determined as the smallest value

among all required ply share configurations.

To identify the design-relevant allowable minimum, we examine several factors

influencing the ply-share specific allowable. The Equations (5) and (7) suggest an560

inverse relationship between nd (damage-prone interfaces) and the delamination area

Ad. As unbalanced ply share configurations require clustering of similarly oriented

plies, which reduces nd, the maximum delamination area is typically associated with

a configuration dominated by a single orientation. We also recognize that residual

strength largely depends on sublaminate buckling properties; notably, more elastic565

energy in a buckling sublaminate increases the chances of exceeding GIc. Although

a 90° ply marginally boosts the elastic energy, it does delay sublaminate buckling.
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Consequently, we set the 90° ply share to its minimum threshold of 10 %. For

legacy quad laminates, this approach leaves us with a single adjustable parameter,

represented by the 0° ply share. Accordingly, the expression in Equation (26) defines570

the minimization resulting in the damage tolerance design allowable εDT . The index

p in this expression stands for the free parameter, the ply share of the 0° orientation.

εDT = min
p∈P0

(
ε
DTp−share
p

)
for P0 = {10 %, 20 %, .., 70 %} , p90

!
= 10 % (26)

3.5. Structural wing design

The influence of the DT allowable on the design of a composite wing is investigated

using an aero-structural wing optimization process presented in section 2.7.575

Twist optimizations with various DT allowables are performed for a long-haul

aircraft with a high aspect ratio wing. The aircraft represents a conventional twin-

engine wide-body configuration in the ICAO Code E [62] category. To find the optimal

trade-off between cruise performance and wing mass, the combined fuel consumption

per range and payload of three flight missions is defined in Equation (27) as the580

objective function.

mF

R mP

=
3∑
i=1

wi

(
mF

R mP

)
i

(27)

The combined fuel consumption per range and payload is the weighted sum of the

mission fuel mass mF per range R and payload mP of the selected flight missions. In

Table 3 an overview of the selected flight missions and weighting factors wi is shown.

With the selected weighting factors the expected relative frequency of the missions in585

operation has been considered.
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Study mission High speed mission Design mission
Weighting factor wi 0.6 0.1 0.3

Flight missions Mach number Ma 0.83 0.85 0.83
Range R 4000 nm (7408 km) 4000 nm (7408 km) 6000 nm (11 112 km)
Payload mP 40 800 kg 40 800 kg -

Pull up maneuver Push over maneuver Roll maneuver
Altitude H 0 m 6096 m 0 m

Load cases Mach number Ma 0.552 0.655 0.552
Lift coefficient CL 0.744 −0.303 0.593
Load factor n 2.5 −1.0 2.0

Table 3: Flight missions and load cases.

For the study and design mission the design Mach number of the Airbus A330

has been selected. The design mission range is set to 6000 nm and the corresponding

payload is a result of the aero-structural wing analysis. The selection of range and

payload for the study mission is based on a typical long range mission with a load factor590

of 0.85 and represents the mission for which the aircraft will be optimized primarily.

The difference between the high speed and the study mission is the increased cruise

Mach number to consider off-design conditions in the wing optimization.

For the structural sizing of the wing box the maneuver load cases with the

maximum loads have to be defined. These maneuver load cases have been derived595

from the flight envelope limits and the limits of the maneuvering load factor resulting

from the certification regulations CS-25/FAR 25. In Tab. 3 an overview of the selected

maneuver load cases is given.

Table 4 provides an overview of the selected ply share distributions and the twist

optimization results for the DT allowables studied. The ply share distribution is600

adapted to the increased DT allowables and the covers and ribs use I-stringers as

stiffeners.

The results of the twist optimizations show the expected reduction in combined

fuel consumption for increased DT allowables due to the lower wing mass. Figure 11

shows the masses of the wing structure components as a function of the DT allowable.605
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DT allowable DT allowable DT allowable
4000 µm/m 5000 µm/m 6000 µm/m

Strain allowable
εmax,tension 4000 µm/m 5000 µm/m 6000 µm/m
εmax,compression 3500 µm/m 5000 µm/m 6000 µm/m

Wing region 0°/± 45°/90° 0°/± 45°/90° 0°/± 45°/90°

Covers center 70/20/10 20/70/10 20/70/10
Percentage Covers inboard 40/50/10 20/70/10 20/70/10
ply share Covers mid wing 40/50/10 20/70/10 20/70/10

Covers outboard 30/60/10 20/70/10 20/70/10
Spars 50/40/10 20/70/10 20/70/10
Ribs 40/50/10 20/70/10 20/70/10

Operational empty mass mOEM in kg 113360 112660 112170
Wing mass mW in kg 22750 22050 21550
Lift-to-drag ratio cruise L/D 17.95 17.95 17.92

Combined mF /(R mP )
1.510 1.496 1.489

fuel consumption in 10−4 km−1

CO2 emissions per mCO2/(R mP )
49.9 49.5 49.2

passenger kilometera in gCO2/pkm
a Values of 3.15 kgCO2/kgFuel for a turbofan engine that burns kerosene [63] and 105 kg for a

passenger with baggage are assumed.

Table 4: Results overview of the twist optimized wings for various DT allowables.

The masses of the covers and spars decrease with increased strain allowable. In

contrast, the mass of the ribs increases slightly. Optimizing the twist distribution

maintained the lift-to-drag ratio in cruise flight despite an increase in wing deformation

as shown in Figure 12.

The structural sizing with increased DT allowables results in a more flexible wing,610

leading to reduced maneuver loads due to static aeroelastic effects. Further reduction

in fuel consumption can be achieved by extending the design space to include the

optimization of the wing shape and the airfoil thickness, as shown by Wunderlich et

al. [15].

Figure 13 shows the result of the structural sizing in the form of the element615
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Figure 11: Wing component masses. Figure 12: Wing deformation at cruise flight.

thicknesses and the design criterion locally dimensioning the structure. As expected,

the increase in DT allowable leads to a larger area of the wing covers being sized

according to stability criteria.
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Figure 13: Structural sizing overview of the twist optimized wings for various DT allowables.

3.6. Validity assessment

The models used in the DT analysis are grounded in physical principles. Their620

accuracy is confirmed by matching calculation outcomes with experimental data.

While we assert that the process is rooted in physical reality, several assumptions

tied to specific methods and design parameters do constrain the applicability of our

proposed DT analysis.

• The analysis relies on a CAI standard specimen measuring 150 × 100mm2.625

This size inherently limits the investigation to damages that don’t exceed the

specimen’s supported width and length (125×75mm2), as larger damages would

not be representative.
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• The analytical model, which predicts dent depth, is based on elasto-plastic

deformation behavior. This doesn’t account for sudden increases in dent depth630

upon the impactor’s penetration of the laminate. Further, the model overlooks

non-linear effects, such as fiber fracture and ply-debris obstructing crack closure,

which can amplify the permanent dent. As the model doesn’t represent the

knee-point in the energy-dent curve, there’s a likelihood of underestimating

damage detectability.635

• Large damage under high load levels are not necessarily covered by the presented

method. High load levels with local strain concentration might initiate the

propagation of an existing damage. Addressing this limitation would necessitate

a modified approach to residual strength analysis.

• The delamination area Ad is inversely related to the number of effective de-640

laminations in a laminate n∗d. This implies n∗d having a pronounced effect on

the delamination area Ad and the resulting residual strength. However, the

correlation of n∗d and Ad is unambiguous for any laminate configuration, as

Wagih et al. reported the best results for a constant number of interfaces n∗d = 5.

In contrast that, the experimental study about ply clustering by González et al.645

suggests that an increasing number of delamination-prone interfaces reduces

the delamination area.

• The determination of the design allowable is based on the minimum value

selected from predetermined ply share configurations. This method inherently

restricts the design space, especially when it comes to ply shares derived from650

optimized lamination parameters. Shifting focus towards a broader approach

that centers on the sublaminate configuration—without getting bound by the
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specifics of the actual stack—could offer a more versatile way to compute a DT

allowable that is independent of ply shares.

4. Conclusion and outlook655

In this article, we introduced a novel method designed to incorporate DT con-

siderations into the composite structural optimization process during an aircraft’s

preliminary design phase. Adhering to the guidelines set for damage-tolerant aircraft

design, our approach calculates a DT allowable that meets the UL static strength

requirement, specifically for a BVID within damage category 1. This method builds660

upon established analysis techniques pertaining to impact, detectability, and residual

strength. The analysis procedure we presented necessitates a more in-depth validity

examination, especially considering the concerns highlighted in the validity assessment

section (cf. Section 3.6). Still, we’ve streamlined these techniques into a comprehen-

sive DT assessment process, wherein the DT allowable is ascertained step-by-step via665

three distinct minimization procedures

1. The combination of impact analysis and assessment of residual compression

strength yields a laminate-specific DT allowable, denoted as εDTlam .

2. To determine DT design points, we utilize both the detectability and energy

cutoffs from the design specifications. These design points help identify the cor-670

responding allowable for each thickness within a specific ply share configuration.

Among all DT design points, the lowest allowable value is recognized as the ply

share specific allowable, εDTp−share .

3. By examining a preselected set of ply shares, we can pinpoint the overarching

DT design allowable. This value then serves as a key criterion during the675

optimization phase.
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We observed an increase in the DT allowable of up to 54 % when using an optimized

sublaminate configuration. This adjustment, when applied to the aero-structural

design of a composite wing, offers a potential weight reduction of 5 % in the wing’s

mass. Consequently, this translates to an approximate decrease in fuel consumption680

by 1.4 %.

To perform a comprehensive DT analysis that accounts for the LL domain and load

spectrum, our method needs to incorporate a fatigue analysis. This analysis would

monitor the degradation of the laminate throughout cyclic loading. Additionally, we

require details about the load spectrum pertinent to the design.685

As we refine this methodology, it’s crucial to incorporate spectrum loading related

to the structure’s lifespan. This would involve evaluating the laminate’s endurance

post-damage, in alignment with authoritative design guidelines. Furthermore, we

should individually assess the design norms for tensile loading. Theoretical frameworks

and experimental results suggest that tension can endure a greater strain than690

compression [64, 32]. To harness this potential advantage, a scientifically grounded

DT criterion for tension load is imperative.
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Appendix A. Equations for the analytical impact analysis

The stiffness constants Kb, Ks, and Km, describing the bending, shear, and the

membrane deformation in Equation (1) according to the model depicted in Figure 4a945

need to be calculated from the properties of the laminate. Wagih et al. [23] provide

the Equations to determine the parameters depending on the boundary conditions.

The clamped-movable configuration is considered the most representative for the

standard CAI impact configuration. The laminate is considered to be 125× 75mm2,
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the size of the cutout window in the support frame. For further details about the950

spring mass models the reader is referred to the original publication of Wagih et al.
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Appendix B. Stacking sequences and detailed results

The following tables B.6 and B.5 provide an insight about the stacking sequences

generated for a given ply shares and laminate thicknesses. The first row for each

ply share shows the respective minimum laminate thickness. Remarkably, only for955

laminates with a share of less than 70 % for one orientation can be constructed to
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follow all design rules. Particularly, for thin laminates the grouping rule for plies of

similar orientation is violated by a large cluster of 0°-plies in the middle.
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Ply shares
0°,±45°, 90°

tlam Stacking sequence with the [(−45, 90, 45)n, ...]s design rule

80/10/10

4.4 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

5.1 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45, 90, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

15.1 [−45, 90, 45,−45, 90, 45, 0, 0, 0, 90, 0, 0, 0, 0, 0, 0, 90, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

70/20/10

3.3 [−45, 90, 45, 0, 0, 0, 0, 0, 0]s

4.8 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

15.1 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 90, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

60/30/10

2.6 [−45, 90, 45, 0, 0, 0, 0]s

4.8 [−45, 90, 45,−45, 45, 0, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 90, 0, 0, 0,−45, 0, 0, 0, 45, 0,
0, 0,−45, 0, 0, 0, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

50/40/10

2.2 [−45, 90, 45, 0, 0, 0]s

5.5 [−45, 90, 45,−45, 45,−45, 45, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45,−45, 45,−45, 0, 0, 0, 45, 0, 0, 0, 0, 0, 0, 0, 0]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 90, 0, 0, 0,−45, 0, 0, 0, 45, 0,
0, 0,−45, 0, 0, 45, 0, 0,−45, 0, 45, 0,−45, 0, 45, 0]s

40/50/10

2.9 [−45, 90, 45,−45, 45, 0, 0, 0]s

4.4 [−45, 90, 45,−45, 45,−45, 45, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45,−45, 0, 0, 45, 0, 0,−45, 0, 0, 45, 0, 0,−45, 0, 45]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 45, 90, 0, 0,−45, 0, 45, 0,−45, 0, 45,
0,−45, 0, 45, 0,−45, 0, 45, 0,−45, 0, 45, 0,−45, 0, 45, 0]s

40/40/20

2.2 [−45, 90, 45, 0, 0, 0]s

5.1 [−45, 90, 45,−45, 90, 45,−45, 90, 45, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 90, 0, 0, 0, 0, 0, 0]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 45, 90, 0, 0,−45, 0, 45, 90, 0,−45, 0, 0,
45, 90, 0, 0,−45, 0, 45, 90, 0,−45, 0, 0, 45, 90, 0, 0]s

25/50/25
(QI)

2.9 [−45, 90, 45,−45, 90, 45, 0, 0]s

4.4 [−45, 90, 45,−45, 90, 45,−45, 90, 45, 0, 0, 0]s

7.4 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0, 0]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90,
0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 45, 90,−45, 45, 90]s

20/60/20

2.2 [−45, 90, 45,−45, 45, 0]s

5.1 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 45, 0, 0]s

8.1 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 45, 90, 0,−45, 0, 45, 0,−45,−45, 45, 45]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,
−45, 0, 45, 90, 0,−45,−45, 45, 45, 90,−45,−45, 45, 45,−45, 45]s

Table B.5: Stacking sequences for the [(−45, 90, 45)n, ...]s sublaminate design rule.
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Ply shares
0°,±45°, 90°

tlam Stacking sequence with the [(−45, 90, 45, 0)n, ...]s design rule

80/10/10

4.4 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

5.1 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45, 0, 90, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

15.1 [−45, 90, 45, 0,−45, 90, 45, 0, 0, 0, 0, 90, 0, 0, 0, 0, 0, 0, 90, 0, 0, 0, 0,
0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

70/20/10

3.3 [−45, 90, 45, 0, 0, 0, 0, 0, 0]s

4.8 [−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45, 0,−45, 90, 45, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

15.1 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 0, 0, 45, 90, 0, 0, 0,−45, 0, 0, 0,
45, 90, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]s

60/30/10

2.6 [−45, 90, 45, 0, 0, 0, 0]s

4.8 [−45, 90, 45, 0,−45, 45, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 0, 0, 45, 0, 0, 0, 0, 0, 0, 0, 0]s

14.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 0, 0, 45, 90, 0, 0, 0,−45, 0, 0, 0, 45, 90,
0, 0, 0,−45, 0, 0, 0, 45, 0, 0, 0,−45, 0, 0, 45, 0, 0]s

50/40/10

2.2 [−45, 90, 45, 0, 0, 0]s

5.5 [−45, 90, 45,−45, 45,−45, 45, 0, 0, 0, 0, 0, 0, 0]s

7.7 [−45, 90, 45,−45, 90, 45,−45, 45,−45, 0, 0, 0, 45, 0, 0, 0, 0, 0, 0, 0, 0]s

14.7 [−45, 90, 45,−45, 90, 45,−45, 90, 45,−45, 0, 0, 0, 45, 90, 0, 0, 0,−45, 0, 0, 0, 45, 0,
0, 0,−45, 0, 0, 45, 0, 0,−45, 0, 45, 0,−45, 0, 45, 0]s

40/50/10

2.9 [−45, 90, 45, 0,−45, 45, 0, 0]s

4.4 [−45, 90, 45, 0,−45, 45,−45, 45, 0, 0, 0, 0]s

7.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 0, 45, 0, 0,−45, 0, 45, 0,−45, 0, 45]s

14.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 0,
−45, 0, 45, 0,−45, 0, 45, 0,−45, 0, 45, 0,−45, 0, 45, 0,−45, 45]s

40/40/20

2.2 [−45, 90, 45, 0, 0, 0]s

5.1 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0, 0]s

7.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 0, 45, 90, 0, 0,−45, 0, 45, 90, 0, 0]s

14.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,
−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 0, 45, 90, 0, 0]s

25/50/25
(QI)

2.9 [−45, 90, 45, 0,−45, 90, 45, 0]s

4.4 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90]s

7.4 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90,−45, 45, 90]s

14.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,
−45, 0, 45, 90, 0,−45, 45, 90,−45, 45, 90,−45, 45, 90,−45, 45, 90]s

20/60/20

2.2 [−45, 90, 45,−45, 45, 0]s

5.1 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90,−45, 45]s

8.1 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45,−45, 45, 45, 90,−45,−45, 45, 45]s

14.7 [−45, 90, 45, 0,−45, 90, 45, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,−45, 0, 45, 90, 0,
−45,−45, 45, 45, 90,−45,−45, 45, 45, 90,−45,−45, 45, 45, 90,−45, 45]s

Table B.6: Stacking sequences for the [(−45, 90, 45, 0)n, ...]s sublaminate design rule.
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Table B.7: Diagram with calculated DT allowable curves and BVID sizes depending on the laminate thickness (similar to Figures
9 and 10) for [(−45, 90, 45)n, ...]s sublaminates, and four impact energies (35 J: dotted, 90 J: dash-dot, 110 J: dashed, 136 J: solid
lines), and different dent detectability thresholds, and impactor diameters.57



Ply shares
0°/± 45°/90°

Ply-share-specific DT Allowable [µε] per
Erealistic and sublaminate configuration

[(−45, 90, 45)n, ...]s [(−45, 90, 45, 0)n, ...]s
35 J 90 J 110 J 136 J 35 J 90 J 110 J 136 J
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0.
3

m
m 80/10/10 (6768) (3880) (3569) (3394) (4972) (3520) (3257) (3086)

70/20/10 6459 5594 5492 5320 4711 4214 4172 4124

60/30/10 6114 5336 5336 5157 4725 4306 4252 4248

50/40/10 6051 5144 5144 5144 5037 4481 4392 4392

40/50/10 6217 5148 5148 5148 5151 4657 4620 4620

40/40/20 6239 5166 5166 5166 5120 4584 4584 4584

25/50/25 6760 5937 5937 5937 5090 4993 4993 4993

20/60/20 7483 6185 6185 6185 5090 4925 4831 4742

im
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m
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e
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ta

b
il
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y

0.
3

m
m 80/10/10 (6757) (3870) (3563) (3390) (4971) (3512) (3252) (3083)

70/20/10 6445 5594 5487 5317 4708 4212 4171 4120

60/30/10 6110 5017 5017 5017 4722 4305 4251 4203

50/40/10 6047 5017 5017 5017 5033 4479 4281 4281

40/50/10 6212 4609 4441 4441 5150 4602 4426 4426

40/40/20 6236 4632 4632 4632 5119 4569 4512 4512

25/50/25 6745 5229 5229 5229 5089 4823 4823 4823

20/60/20 7476 5582 5582 5582 5089 4823 4823 4741

im
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d
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il
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5

m
m 80/10/10 (6757) (3870) (3563) (3390) (4971) (3512) (3252) (3083)

70/20/10 6445 5594 5487 5317 4708 4212 4171 4120

60/30/10 6110 4597 4362 4299 4722 4305 4251 4203

50/40/10 6047 4597 4362 4238 5033 4479 4190 4095

40/50/10 6212 4304 4075 4075 5150 4304 4075 4075

40/40/20 6236 4304 4075 4075 5119 4304 4075 4075

25/50/25 6745 4558 4457 4457 5089 4558 4457 4457

20/60/20 7476 5366 5113 5015 5089 4823 4723 4602

Table B.8: UL static strength design allowables for two sublaminate configurations, four impact
energy levels, and different dent detectability thresholds, and impactor diameters.

58


	Introduction
	Methods and procedures
	Examination of the damage tolerance scenario
	Impact damage determination
	Damage visibility assessment
	Dent depth after relaxation

	Residual compression strength
	Structural optimization
	Laminate derivation
	Aero-structural wing optimization

	Results and discussion
	Impact analysis
	Residual strength analysis
	Laminate-specific DT allowables
	Damage tolerance design allowable in the design space
	Structural wing design
	Validity assessment

	Conclusion and outlook
	Acknowledgements
	Equations for the analytical impact analysis
	Stacking sequences and detailed results

