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This paper proposes an analytical model that uses historical damage dimension data to deduce physical
impactor characteristics (size and energy) that has caused a certain resulting damage. Maintenance tasks
occur in operations due to impact, however the source of the damage caused in the event remains in most
cases unknown. Consequently, by inferring what has caused a certain type of damage from the distribu-
tion of the damage type and severity relative to impactor types, maintainers can be better prepared in
terms of what to expect from a given impactor source. The developed model introduces a novel transition

Is(fr); ngl‘:asl impact deformation region between the local deformation and the global plate deflection, allowing for fast and
Dents P accurate predictions of the impact event. Using the known aluminium structural properties and damage

dimensions, the damage data is converted into impactor data. The model is applied in a case study using
120 fuselage dent damages dimensions (length, width, and depth) from a Boeing 777 fleet. The results
show that the model deduces impactor characteristics for 94% of the considered damages, ranging up
to 240 J and 110 mm for impactor energy and radius respectively.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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Impact damage
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creativecommons.org/licenses/by/4.0/).

1. Introduction

Airworthiness, in terms of the external structure (fuselage and
wing skin), is challenged daily by damage occurrence caused by
impact events. In addition to airworthiness and safety issues, airli-
nes are continually challenged by maintenance decision-making
(Dhanisetty et al., 2019; Dhanisetty et al., 2017) and the associated
cost and downtime which affects maintenance cost and aircraft/
fleet availability and Direct Operating Cost (Curran et al., 2002;
Curran et al., 2003; Curran et al., 2007). Current state-of-the-art
considers impact damage and the effect it has on aircraft mainte-
nance, as demonstrated by Chen et al. showing that impacts cause
more than 50% of all aircraft structural damage such as dents,
delamination and holes (Chen et al., 2014). These types of damage
vary in size (diameter and depth) (Chen et al., 2014), requiring
temporary or permanent repairs based on severity. By extension
the sources of these damages can be just as varied in terms of type
(runway debris, tool drops, ground service equipment or wildlife)
and energy of impactor (Soldatini et al., 2010; Martin et al.,
2011; Shupikov et al., 2012; Honomichl et al., 2013; Chen et al,,
2011; Federal Aviation Administration, 2010). Identifying the
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impactors from historical damage dimensions will benefit aircraft
operators and Maintenance, Repair and Overhaul (MRO) organisa-
tions, by shifting the viewpoint away from damage and towards
the actual origin/source of the impact event. Thereby mitigation
plans can be proactive in preventing impactors that cause
unplanned repairs and achieve higher up-time of aircraft with less
annual maintenance cost. In addition, extensive historical data
from metal aircraft can be used to identify potential threats for
composite aircraft for which there is much less service history.
Federal Aviation Administration (FAA) have conducted surveys
to capture the variability of non-wildlife impactor material type
and size (Federal Aviation Administration, 2010). Such surveys of
hazardous debris around an aircraft can find a collection of poten-
tial impact threats, but the relation between impactor and the
resulting damage is unknown because human inspectors can only
observe the final resultant damage. Therefore, to understand the
types of impactors that would strike an aircraft, this paper pro-
poses that, given the impactor material, the characteristics (R;,
radius and Uj;, energy) can be deduced from a set of structural dam-
age dimensions and material properties of the damaged structure.
The focus of the present work is attributed to low-speed impact
damage which covers tool and equipment drops, walk traffic dur-
ing maintenance, luggage drops, and some ground collisions. These
correspond to the majority of reported impact events in service.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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For low speed impact, where stress waves have not reached the
boundary, the impact event can be treated as quasi-static with
the boundary conditions affecting only the global deformation of
the plate as computed by a quasi-static analysis. It is recognised
that there are various criteria for determining whether an impact
event is quasi-static which are not only dependent on mass
Olsson, 2000, see for example (Swanson, 1992). Here, the model
focuses on response dominated by structural deflections as those
characterised by large mass impacts. To execute the process of pre-
dicting impactors from damage dimensions, an analytical model
has been developed called Modelling Impact Damage on Metal Air-
craft Structures (MIDAS-M).

The modelling process of MIDAS-M is defined in two steps. First,
for a given impactor an impact event is approximated, and the cor-
responding damage (i.e., a permanent dent) is estimated. Second,
the analytical model is reverse engineered to deduce the impactor
characteristics (radius and energy) from the permanent damage as
an input. These two steps are respectively referred to as the induc-
tive problem (i.e. determine the damage) and deductive problem
(i.e. estimate the impactor). To the best of the authors’ knowledge,
methods found in literature solely focus on the inductive problem
(Simonsen and Lauridsen, 2000; Abrate, 2001; Davies and Olsson,
2004; Lee et al., 2004), while the deductive problem is not explic-
itly addressed.

This paper differentiates itself from earlier work on metal struc-
ture impacts in regards to the assumed mode of deformation:
where earlier works superimposed the local deformation on the
global deflection (Shivakumar et al., 1983; Abrate, 2001), MIDAS-
M considers an additional ‘transition’ region between the local
and global deformation modes. As a result, the deformation shape
of the plate during an impact is more realistically modelled.

Furthermore, the analytical model MIDAS-M has been verified
using a finite element model (FEM), which is validated by experi-
mental results from Fagerholt et al. (2010). By comparing specific
impact cases with the analytical model and the computational
model, the MIDAS-M range of applicability is determined.

2. Development of MIDAS-M for metal plates

The structural response of metals during an impact has been
explored by various researchers in literature (Abrate, 2001; Yigit
and Christoforou, 2007; Singh and Mahajan, 2016; Davies and
Zhang, 1993; Esrail and Kassapoglou, 2014; Jones, 2011; Langseth
and Larsen, 1988; Langseth and Larsen, 1990; Langseth and
Larsen, 1994). MIDAS-M model has been developed to address
some gaps in modelling the different modes of deformations for
impact damages on metal plates.

2.1. Plate deformation and key assumptions

The key assumptions regarding the type of impact event and
shape of plate during impact, scope the model development. These
assumptions help define the modes of deformations to be modelled
in MIDAS-M.

2.1.1. Type of impact event

Within literature, a variety of methods have been used to model
impact responses. Depending on the type of impact event,
researchers have emphasised different aspects of the structural
response (Abrate, 2001; Yigit and Christoforou, 2007; Singh and
Mahajan, 2016; Davies and Zhang, 1993; Esrail and Kassapoglou,
2014; Mittal, 1987; Schonberg et al., 1987; Langseth and Larsen,
1994; Langseth and Larsen, 1990). However, it is generally agreed
that an impact response consists of both a structural deflection and
local deformation. In addition to material effects, the local beha-

viour is often seen as both boundary- and time-independent,
whereas the global response’s boundary- and time-dependency is
influenced by the type of impact event (Cantwell and Morton,
1991; Richardson and Wisheart, 1996; Abrate, 1994; N. Razali
et al., 2014; Davies and Olsson, 2004). For example, Olsson
(2000) defines a mass criterion to distinguish boundary dependent
and independent events, whereas (Cantwell and Morton, 1991;
Richardson and Wisheart, 1996; and Abrate, 1994) use various
velocity regimes to define different types of impact. Within this
study, the following is assumed in the development of MIDAS-M:
The impact event is a quasi-static event.

2.1.2. Shape of plate

Another key assumption that influences the development of the
proposed analytical model is the shape of plate:

The structural deformation consists of the three distinct regions:
local deformation, transition, and plate deflection.

These three regions are illustrated in Part (b) of Fig. 1, which
includes an alternative local contact model based on penetration
limits, and consecutively the interaction with, and transition to a
global plate deflection.

2.1.3. Mode of deformation

Within literature, contact or impact on metallic structures is
generally approached by two different methods: either based on
contact laws or penetration limits. On the one hand, contact laws
are based on deformations within the contact area (i.e. r < R.),
whereas penetration limits focus on the region outside the contact
area (i.e. r > R.). The local contact laws are often modifications of
the elastic theory of Hertz. These modifications are intended to
capture the changes in stiffness due to plasticity. Cairns and
Simple (1991) therefore proposes an elasto-plastic model, while
Big-Alabo et al. (2015) argue that a four-step (elastic, bi-elasto-
plastic and fully plastic) model is more applicable. In an earlier
study, Chen and Engel (1972) studied how the contact stresses
change as a function of plate stiffness and thickness. However,
these contact laws are developed by assuming that the target is
an elastic half-space or has a rigid foundation. The global deforma-
tion of flexible targets is typically superimposed, but the deforma-
tion behaviour outside the contact area is thereby neglected.
Experiments as reported by both Fagerholt et al. (2010) and
Mohotti et al. (2013), however, indicate that deformation beha-
viour of steel and aluminium targets upon impact is dominated
by the region outside the contact area. This is also shown by their
reported residual deformation radii, which are larger than the
indentor radii. Penetration limit approaches focus on this outer
region, and are intended for flexible or deformable targets.

By combining the penetration limit methods of Simonsen and
Lauridsen (2000) and Lee et al. (2004), with the conventional inter-
action of local and global deformations using a Lumped Parametric
Model (LPM) (Abrate, 2001; Shivakumar et al., 1983) (Fig. 2),
MIDAS-M attempts to model deformation over a wider range of
impact energies.

2.2. Loading phase

MIDAS-M introduces a novel transition region within the theo-
retical superposition of local deformation and plate deflection. The
transition region combines the contribution of membrane
approach and plate deflection theory to obtain a more realistic
deformation shape. The loading phase and the interaction of the
different contributions are detailed in this section.

2.2.1. Contact model
Penetration of metal plates typically occurs at impactor dis-
placements (5) significantly larger than the plate thickness (t)
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Fig. 2. Simplification of structural response of boundary dependent impact in a two
lumped parameter system (Abrate, 2001; Shivakumar et al., 1983).

(Lee et al., 2004). Both Lee et al. (2004) and Mohotti et al. (2013)
have shown that at these large deflections membrane strains dom-
inate around the contact region. Both Simonsen and Lauridsen
(2000) and Lee et al. (2004) developed an axi-symmetric theoreti-
cal model based on a clamped circular plate (Ry) indented in the
centre with a spherical impactor (R;), as shown in Fig. 3. The plate
wraps around the punch and exhibits a pure tensile (membrane)

77

Fig. 3. Definition of loading state of plate during quasi-static deformation (modified
from Lee et al., 2004).

stress (o) outside the contact area. This defines the vertical equi-
librium as:

Fo=2mr toy, siny(r)
=27r Coto B sin® lp(r)r cosy(r) siny(r), r € (Re,Ro)
with o = Coglh (M
&r =1 sin*y
to =t cosy(r)

in which y represents the deflection angle of the plate as function of
distance (r) to the impact centre. Yielding of the material is
accounted by a power hardening law, which depends on the
strength coefficient (Co) and work hardening exponent (n). The
Almansi strain tensor is used to approximate the radial strain
(&). This approximation, which differs from both Lee et al. (2004)
(logarithmic strain) and Simonsen and Lauridsen (2000) (Green
strain), is based on finite element simulations of Liu et al. (2014).
The contact force as a function of local deflection («) is obtained
from the force equilibrium by substitution of the known contact
radius (R:) and contact angle (Y. = y,_g,). This reference point
allows solving for the deflection angle of the remainder of the plate
by Eq. (2). In addition, for the indicated clamped circular plate, the
corresponding displacement is determined by Eq. (3) (Simonsen
and Lauridsen, 2000). The penetration limit (y.,), as defined by
Liu et al. (2014), follows from the peak of the force displacement
curve (i.e % =0).

r_ [% sin’ l/":]n cose sin’ be with cosy, =1-=
R [ysind ()] "cosy(r) sinu(r) :
@)

Ro
5=t [ siny(r)(r.odr ®)

[ 1
Ccos l//Cf = m (4)

The procedure just described approximates the deformation
state of the entire plate close to penetration, assuming pure mem-
brane stains and clamped boundary conditions. MIDAS-M, how-
ever, should approximate the entire impact event, which includes
bending strains further away from penetration state. In addition,
the deformation shape is highly dependent on the geometry and
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support conditions of the structure. It is assumed that the
described behaviour in close vicinity of the point of contact can
be assumed to be valid independent of the boundary conditions,
whereas the dependency on boundary conditions further away
from the point of contact needs to be defined.

2.2.2. Interaction plate deflection and deformation due to contact

The interaction between the local and global impact response is
typically described by a LPM, as shown in Fig. 2. Local deformations
can be neglected in most quasi-static impact cases. The relative
magnitude of “contact” and “structural” stiffness can be assessed
with diagrams such as the one proposed by Christoforou et al.
(2012). The lower half of the LPM describes the global structural
response, whereas the top refers to the local deformation. Both
deformation contributions are effectively superimposed on each
other. This results in the following energy equilibrium and force
equivalence:

1
5Miv* = En + Eps + Ec (5)
Fc:Fm+Fbs (6)

The deformation resistance of the structure consists of contact,
membrane, and combined shear and bending contributions (indi-
cated by the subscripts c,m and bs respectively). The distinction
between m and bs in the lower half of the LPM relates to the bend-
ing dominating behaviour at small deflections (ws < t), compared
to membrane behaviour at large deflections (ws > t). The shear
deformations are typically neglected for thin plates, which are
the primary focus in this research. This relates to the shear stiffness
(Ks) being significantly larger than the bending stiffness (K, ). The
resulting dominating behaviour can be seen in Eq. (8) and (7)
describing the force- and energy-deflection of the structure
(Shivakumar et al., 1983; Olsson, 2015).

Ws
Ey +En = /0 Fy + Frn dw; = %K,,wg + }lxmw;‘. (7)

Fb + Fm = KbWs + KmW§7 (8)

The definitions of the respective stiffness terms are dependent
on various structural properties, such as geometry and support
structures. Within this research, the target structure is assumed
to be a flat rectangular plate, which is either clamped or simply
supported on all sides (indicated by subscripts SS and CC respec-
tively). The definitions of K, and K, as given by Shivakumar
et al. (1983) for circular plates, are summarised in Table 1.

Table 1
Definition of bending and membrane stiffness of a centrally loaded circular flat plate*
(Shivakumar et al., 1983).

Boundary Bending Membrane
Conditions Stiffness Stiffness
(BC) (KEP) (K,Cnp)
Clamped (CC) 47, t3 nE t
31— 12)R2 648R5
Simply Supported (SS) ATE,t3 TE t 191 4
At T s
3(3 + Vr)(1 - VV)R(J RO(3 +V ) 648
411
+55 (14w
32
+5 (4w’
40
s+

* Er and v, are the Young’s modulus and Poisson ratio.
** Based on circular plates with radius Ry, but applicable to rectangular plates using
an inscribed circle.

The membrane stiffness terms have been used consistently to
be applicable for rectangular plates (Abrate, 1991; Abrate, 2001;
Olsson, 2015; Christoforou, 2001). Alternatively, the bending stiff-
ness of simply supported flat square plates can be obtained from
plate deflection theory (Eq. (9) and (10) (Kassapoglou, 2013;
Olsson, 2015)).

4F. sin™X sin Y

Wsss(xy) = ab a D[(m) (M) ] 9)
a b

Fe

kro— "¢
b.SS WS,SS(X _ %7y _ %)

(10)
with a, b, F and D being respectively the plate width, length, applied
force and the bending rigidity. Comparison between the circular
plate (CP) and the plate theory (PT) stiffness approximation shows
differences as large as 10%. A similar trend is expected for clamped
supports. The bending stiffness for clamped square plates (K, ) is
therefore adjusted using Eq. (11). The global deflection shape of a
clamped plate is approximated by Eq. (12), using the resulting
clamped bending stiffness and an assumed trigonometric deflection
shape (Taylor and Govindjee, 2002).

K
Kycc = 1<§PCC< ’g,fs) (11)
Kb SS
F Ky, 27X 27ry
Wscc(xy) = 4 c« (1 — COS a ) (1 — T) (12)

It is recognised here that the approximation of Eqs. 11 12, while
within 10% for square plates, can be very inaccurate for rectangular
plates with aspect ratios > 1.2. However, in such cases, using an
equivalent circular plate with a radius given by Eq. (13) provides
exactly the same deflection as a rectangular plate with dimensions
a and b.

/32 a2+2v sin % sin %t
b 3+v ZZ ] (13)

It should also be pomted out that Eq. (10) refers to bending
deflections and is obtained using small deflection theory. The plate
behaviour is dominated by membrane effects, as shown in subse-
quent sections herein where both plasticity and large deflections
are included. Thus, the effect of this small deflection approxima-
tion is expected to be small.

2.2.3. Transition of plate deflection to local deformation

The assumed deformation shape within MIDAS-M consists of
three regions, as shown in Fig. 4. The local deformation follows
from the geometric shape of the impactor (given by Eq. (14a)),
and the global deflection (without local deformation) is given by
Eq. (14c). The transition region between the local and global
responses allows a more accurate combination of membrane and
bending effects during plate deformation. The deformation within
the transition region is deﬁned by the integration of the event’s
deflection angle (i.e y, = ).

()r

[ ws(r) for R<r <Ry (a)
wo(r) = T ws(R)+ Jg, siny(r)dr for R.<r <R, (b)
I we(R)+Ri—/RE—12 for r<R, (©)

(14)

The deflection angle within the transition region is yet to be
defined. The contact and global deflection approximations,
described in Section 2.2.1 and 2.2.2, are essentially limit case solu-
tions for the transition region, illustrated in Fig. 4. These cases refer
to either a complete membrane or bending state of loading, while a
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Fig. 4. The combined plate deflection based on weighted average of bending and membrane limit case solutions.

combination of both is present during an impact event. The result-
ing plate deformation, illustrated in Fig. 4 as the line labelled ‘Com-
bined’, is effectively a weighted average of these limit cases. The
respective weights are the relative force contributions given by
the bending/membrane interaction in the LPM.

0er) = (1) 2+ () (15)

in which y,,(r) and y,(r) are the deflection angles of both limit
cases. These angles follow from the penetration limit approach in
Eq. (2) and the derivatives of the global plates deflection (i.e 2%
where w; is given by either Eqs. (9) or (12)). The transition point
(Ry) is defined as the intersection of the deflection angle of both
limit cases (i.e ¥, (1) = Y, (1)).

The resulting deflection allows one to solve for the contact
energy, which can be seen as additional work of the contact force
over the relative displacement (Aw) between the plate bending
deflection (w;s) and the impactor displacement(s):

AW

E. = F. dAw
Jo

with  Aw = 6 — Wy—q). (16)

The definitions of local and global impact of the plates allows
solving the loading phase of the impact event, using Eq. (5).

2.3. Unloading phase - Permanent dent creation

The goal of the unloading phase is to obtain the residual dent by
quantifying both the elastic and plastic deformation contributions.
These contributions follow from the strain distribution of the plate,
which is defined as solution for:

&(r) = em(r) + (1) (17a)

en(r) = % sin (Z—‘f)z (17b)
d2

&(r) = —szer (17¢)

where ¢,,&, and z respectively refer to the bending, membrane
strains and distance to the neutral axis. The plastic portion of the
strains cause the residual dent, while elastic strains are assumed
to restore to the original geometry. The plastic radius (R,) is
obtained by solving Eq. (17a)a for the yield strain (&,). The resulting
residual deflection (w,) is given by

We(r) — (Ry —r)tan (¢, ) for Re<r <R, (a)
mm:{ ’ (ve0) ’

Wy(R)+R —VR?*—r2  for r<R. (b)
(17d)

in which Equation (17e) defines the relaxed impactor radius (R").
This relaxed radius is a consequence of the relaxation of the dent,
while the permanent dent radius remains constant.

* RC

T siny,(Ry)” (17€)

3. Set-up of FEM to verify MIDAS-M

A Finite Element Model (FEM) is developed to evaluate the
applicability of MIDAS-M. The accuracy of the FEM is verified with
experimental results obtained from literature. Thereby, the FEM
will represent a generalised realistic depiction of impact events
against which the performance of MIDAS-M is compared.

3.1. General model

The model is developed using the commercially available finite
element program Abaqus. The general model consists of two parts:
the impactor and the impacted structure (respectively referred to
as punch and target). The punch is modelled as a Discrete Rigid Sur-
face using 3D bi-linear rigid 4-node quadrilateral elements (R3D4).
The impactor mass and impact velocity are assigned to a reference
point at the punch’s centre of mass, which is rigidly constrained to
its surface. The reference point is only allowed to move perpendic-
ular to the target surface. The target is modelled as a Deformable
Solid, using 8-node linear brick elements with reduced integration
(C3D8R). Enhanced Hourglassing Control is applied to minimise
uncontrolled element distortions, which could occur due to zero
strains at the single integration point of C3D8R elements
(Systemes, 2013). The contact behaviour is modelled using Abaqus’
General Contact algorithm including both tangential and normal
contact behaviour. A penalty friction formulation is applied to
the tangential behaviour using a friction coefficient of 0.15, while
hard contact is enforced in the normal direction. This allows sepa-
ration after contact but restricts penetration of the surface nodes
(Systemes, 2013). It should be noted that different friction coeffi-
cient values from almost 0 to 2 were examined and found to have
negligible effect on the artificial strain energy (biggest change less
than 4%) and maximum displacement (biggest change less than
0.15%). The constitutive behaviour of metals is modelled using a
bi-linear stress-strain relation using the material’s yield and ulti-
mate strength (in terms of engineering stress and strain). The use
of true stress and strain in a Johnson-Cook material model showed
less than 1% difference from the bi-linear model for the cases stud-
ied here. This is shown as a function of mesh size for one of the
cases in Fig. 5. The intended goal of the computational model is
to compare deformation characteristics for low-velocity impact



P.F.R. Massart et al./ International Journal of Solids and Structures 200-201 (2020) 94-105 99

® & - 30
15 1 =
- o € €, CI =
o —
= A Cla a a [~ 24
N
5 FPle o o g
~— 10 1 =)
g - 12 -2
S 5 g
E A 6 :
- @ N 6 E
B a L. S
o R e g [P°
g 0~
- 1%

g

AN A% O 45 a5 AD 15 o
A G g8 D S O g (5P

A N\
Element Size () [mm)]

Fig. 5. (LHS) Relative error of displacement/force and (RHS) Computation time
versus element size.

events, in which perforation does not typically occur. Damage
characteristics and corresponding element deletion settings are
therefore not considered. The dynamic nature of the impact event
is modelled using Abaqus’ Dynamic/Explicit step. The explicit
direct integration procedure applies an automatic time incremen-
tation scheme using a global estimator to determine stable time
increments (Systémes, 2013).

3.2. Dimensional and geometry dependent model characteristics
The reference results and MIDAS-M concern centrally impacted

rectangular or circular flat plates that are either clamped or simply
supported. This allows stimulating only a quarter of the model. The

target plates consist of a free moving surface and a boundary
region. Symmetry conditions are enforced on the inner boundaries
of both regions, and the boundary region is constrained depending
on the support condition (i.e. simply supported or clamped). As a
result, either only the displacement or both displacement and rota-
tional degrees of freedom of the respective nodes are fixed. A uni-
form meshing strategy is employed using element sizes of
respectively 0.5 mm and 1.0 mm in the thickness and in-plane
directions (indicated with subscripts t and n). The in-plane element
size follows from a mesh convergence, as described in Section 3.3.1.
Fig. 6 shows the FEM models for two different impact scenarios.
These correspond to meshes for either a clamped circular or a sim-
ply supported square plate used in respectively the comparison
with experimental results and the verification of MIDAS-M.

3.3. Comparison computational model with literature results

The validity of the FEM is determined based on experimental
results found in literature. Fagerholt et al. (2010) reported a study
dedicated to the out-of-plane deformation measurements of
AA5083-H116 plates subject to impact at three different velocities
(i.e. 7.31, 7.92 and 10.69 m/s). In comparison to the assumed
spherical impactor in MIDAS-M, Fagerholt et al. (2010) used a
30 mm diameter steel hardened blunt-nose projectile of 19.0 kg.
The target plate consisted of 5 mm thick square plate with sides
of 600 mm, which was mounted between two steel rings with an
inner diameter of 500 mm. The relevant material properties of
AA5083-H116 are summarised in Table 2.

3.3.1. Mesh convergence of FEM

The reference case of 7.31 m/s is used to perform a mesh con-
vergence. The convergence of the FEM is based on the relative error
of the maximum displacement &; and force ¢, which is defined as

(a) Clamped circular plate with Ro = 250mm and t = 5mm impacted by cylindrical impactor of R; =

15mm

[ Boundary Region
== Simply Supported Axes

.

(b) Simply supported square plate with Ryp = 100mm and t = 5mm impacted by spherical impactor of

R; = 25mm

Fig. 6. Representation of FE model indicating the respective boundary regions and using y, = 0.5 mm and y, = 1.0 mm.
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Table 2
Material properties of AA5083-H116 (Grytten et al., 2009) and Al2524 (Baptista et al.,
2524; Botvina et al., 2017).

Material

gy oy &y
MPa MPa %
AA5083-H116 261 360 13.1
AL-2524 275.8 413.7 21
Oy — Oy
&5 = |k C2=05mmiq g0, and
51:0.5mm
F,—F,
g = |-L——£=05mm 100, (17f)
Fz:O.Smm

The left-hand side of Fig. 7a shows that both relative errors
become within 1% for element size of 1.0 mm or smaller, while
the computation time (CT) on the right-hand side rapidly increases.
An alternative measure of convergence is the maximum artificial
strain energy (AE), which should be minimised for an acceptable
solution. Fig. 7b confirms that acceptable convergence is achieved
with an element size 1.0 mm (i.e. AE < 0.35%). The resulting mesh
was shown in Fig. 6a.

53 30
415 @ . —
.y o @ Force Error (Ep) =
1 A =~
% O Displacement Error (8§> 24 H
5 A Computation Time (CT) E
— 10
5 E
= o =
=8 ° -
s F12 -3
5 5 g
= 8 A a,
T) [ ] A o6 g
5 ° g L3 O
= A A A A Q 8 g o
g 0 & b bt ! T T T A hd

AN A% o0 45 45 9 AN 9 P

N\ A5 O @3}\?5’*\.‘ \;\\}:45»"\\“ \\")\\
A Q-

* Element Size (%) [mm]

(a) (Left y-axis) Relative error of displace-
ment/force and (Right y-axis) Computation Time

versus element size

P.F.R. Massart et al./ International Journal of Solids and Structures 200-201 (2020) 94-105

3.3.2. Result comparison

The impact responses of the two cases are evaluated in terms of
the force history and the out-of-plane deflection profile, is shown
in Fig. 8 and 9 respectively. The numerically predicted out-of-
plane deflection profiles are in good agreement with the reported
experimental results of Fagerholt et al. (2010). Comparison of the
force histories shows that the duration of impact is properly pre-
dicted, but the impact force is consistently overestimated. Note
that within the experiments the plate was perforated at the highest
impact velocity, whereas damage characteristics and correspond-
ing element deletion settings have not been included in the FEM.
However, the impact response is properly reproduced up to the ini-
tiation of penetration (i.e. up to 2.6 ms).

3.4. Verification of Metal MIDAS-M

The FE model was validated by comparing it to tests presented
in Figs. 8 and 9. It can now be used as the reference to which the
predictions of MIDAS-M will be compared using an aerospace-
grade alloy. The comparison is performed over a range of scenarios
to determine a range of confidence in which MIDAS-M can be used.
The range of scenarios considered is based on dimensions of wide-

w
1

Artificial Strain Energy (AE) [ % ]

'y

Element Size (x ) [mm]

(b) Artificial strain energy as fraction of impact

energy versus element size

Fig. 7. Mesh convergence of FEM model with respect to Fagerholt's impact scenario with a velocity of 7.31 m/s (Fagerholt et al., 2010).
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Fig. 8. Comparison of deformation profiles between the FEM and Fagerholt’s experimental results at two different impact velocities (Fagerholt et al., 2010).
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Fig. 9. Comparison of load history between the FEM and Fagerholt’s experimental results at two different impact velocities (Fagerholt et al., 2010).

body aircraft. The verification of MIDAS-M is performed in two
steps. The initial verification step considers the loading phase of
the impact event, and the second step evaluates the permanent
deformation estimates.

3.4.1. Reference cases for verification

The described model simplifies aircraft structures to a flat plate
with a size equal to the stringer and frame pitch. An overview of
fuselage designs of wide-body aircraft is given by CODAMEIN
(Composite Damage Metrics and Inspection) (Haase and Mikulik,
2012). According to the CODAMEIN report, metal aircraft, such as
the B777, use aluminium Al2524 as the primary material for skin,
frame, and stringers. The range of fuselage dimensions and rele-
vant material properties of aluminium Al2524 are summarised in
respectively Tables 2 and 3.

The inscribed circle of the plate (i.e. the smallest side) governs
the membrane behaviour of the plate. To that extent, the verifica-
tion of MIDAS-M is based on square plates using the stringer pitch
estimates. This work focuses on the B777 aircraft fleet, which has
relatively large stringer pitch compared to the indicated range.
The verification uses a plate size of 200 and 300 mm, which are

Table 3
Range of wide-body aircraft fuselage dimensions (Haase and Mikulik, 2012).

Stringer pitch Frame pitch Skin thickness
mm mm mm

150-250 457.2-533.4

1.0-2.6

ABAQUS:
4/0 R, =10 mm
A/A R, =25 mm
®/0 R, =75 mm
MIDAS:
------ W=200 mm
=== W=300 mm
+ Estimates at E!

FE;=5,10,25a0d 50]

Force () [kN]

Displacement ( §) [mm]

(a) Variation of impactor and plate size

the boundaries for practical scenarios. In addition, the indicated
thickness range is relatively small. A thickness range of 1-4 mm
is considered and impactor radii of 10, 25 and 75 mm are used.

3.4.2. Result comparison

The inductive solution procedure consists of a loading and
unloading step. The end of loading is achieved when the specimen
fully absorbs the kinetic impact energy (i.e. impactor velocity is
zero). The maximum force and displacement characterise this
moment. The comparison of the predicted and simulated maxi-
mum force and displacement can, therefore, be seen as an indicator
of the validity of the energy conversion. Various combinations of
plate and impactor dimensions are compared. These scenarios
are all evaluated at four reference energy levels (5, 10, 25 and
50 J). Fig. 10a shows a comparison of three different impactor radii
(10, 25 and 75 mm) on two different plates sizes (200 and 300 mm)
using a constant thickness of 2 mm. Using constant plate size and
impactor radius (i.e. respectively 200 mm and 25 mm), Fig. 10b
compares the effect of thickness. In both figures, the predicted
loading path of MIDAS-M is shown and the crosses indicated the
individual case predictions at the four reference energy levels (5,
10, 25 and 50 ]). The results from the FEM simulations are indi-
cated at the same energy levels with various marker types depend-
ing on the comparison scenario.

The trends shown in both Fig. 10a and b indicate that predicted
loading paths of MIDAS-M are in good agreement with the FEM
simulations. The effect of changing the impactor radius, plate
width or thickness is properly captured by MIDAS-M. Even though
the differences increase at higher impact energies, the error

ABAQUS:
¢ t=1.0mm
‘v - ® t=15mm
3 t=2.0 mm
t=3.0 mm
¥ t=40mm

4,

4
MIDAS:
@ | e W=200 mm
+ Estimates at E/|

FE;=5,10,2520d 50

Force (F) [kN]

Displacement (§) [mm]

(b) Variation of plate thickness

Fig. 10. Comparison of MIDAS with FEM simulations.



102

remains within 10% except for plates with a thickness of 1 mm. The
error of predicted force increases between impact energies of 25
and 50 ] for these 1 mm plates. Investigation of the FEM results
shows that this discrepancy results from excessive element distor-
tion in the boundary region. MIDAS-M does not include this distor-
tion, and further work is required to investigate the behaviour of
thin flexible targets. The exact reason for this discrepancy for very
thin plates is not clear. It is believed that the membrane and bend-
ing effects are not captured by the present model with sufficient
accuracy. In addition, the extent to which the assumptions of
quasi-static impact are valid for such plates should be investigated.
This topic is the subject of on-going work.

In addition to the force-displacement paths, the deformation
shape, contact radius and plastic limit are relevant characteristics
to compare. The maximum and permanent deformations of several
scenarios are compared in Figs. 11-13. Figs. 11 and 12 compare
results at four energy levels for 2 mm thick and 200 mm wide
plates with impactor radii of respectively 10 and 75 mm, while
Fig. 13 compares the deformation shapes of different thicknesses
with an impactor radius of 25 mm and impact energy 50 J. The con-
tact radii estimates of both the FEM and MIDAS-M are approxi-
mately the same, while the validity of the deformation shape
approximation varies. Effectively, it can be said that the validity
of the deformation shape varies with plate thickness. Fig. 13 shows
the deformation shape is not properly reproduced for thicker
plates (t = 3-4 mm) compared to the estimates for thin plates
(t = 1.5-2 mm). Similarly, the error in plastic radius estimates is
significant for the thicker plates. The estimates for plates of 1.5-
2 mm are in good agreement with FEM. The plastic range is under-
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estimated at lower impact energies, but the differences become
smaller at 25 and 50 J. Similarly, comparison of the permanent
dent estimates show differences of approximately 20% around
25-50 J, while the error is larger at 5-10 ].

4. Application - Impactor characteristics from field data

Data collected on damage created during service of aircraft are
used here to define the impact threats which may have caused it.
There are two steps in the process of using damage dimensions
as input to then deduce and present the calculated threats: gener-
ate a contour map of all possible damage dimensions and plot the
reference data to interpolate the impactor size and energy. The
deductive problem will simulate multiple events of impact on an
aluminium plate to create a contour map of all possible damages.
Using a sample dataset of impact damage dimensions and the con-
tour map, the impactor radius and energy will be estimated.

The model runs simulations for multiple impactor radii (ranging
from 1 mm to 250 mm) striking the aluminium plate. This pro-
duces a contour map of a wide range of impact events with their
associated damage dimensions, as shown in Fig. 14. On the one
hand, the simulation shows that for a fixed impactor radius more
severe damage is created with increasing energy, both in terms
of damage depth and radius. The simulation continues for an
impactor radius until it reaches fracture limits as stated by Sec-
tion 2.2.1, producing the upper bound of the contour map. On
the other hand, with an increasing impactor radius and fixed
energy, the damage depth decreases but the damage radius
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Fig. 14. Reference damage data superimposed on impact threat map.

increases. This trend is due to the larger contact radius between
the impactor and the plate, leading to a shallower but larger dam-
age area. The variation in the balance between impactor radii and
energy generates a wide range of possible aluminium damages.

The deductive problem approach was able to interpolate the
impactor radii and energy for 110 out of the 120 data points as
shown in Fig. 14. The remaining data points fell out of the bounds
of the contour map for impactor sizes smaller than 1 mm. At these
values, MIDAS-M is at the limit of its capabilities to model a signif-
icantly small impactor.

5. Discussion

In the setup of developing MIDAS-M and the case study using
maintenance data, key assumptions are made. These assumptions
and their effect on the results are discussed in the framework of
the theoretical approach presented.

Superimposing the bending and membrane deformation in
MIDAS-M introduced a transition region. In the verification of
MIDAS-M against the FEM model, its applicability is linked to the

thickness of the plates. The limitation of the plate thickness follows
from the assumed interaction of bending and membrane deforma-
tion contributions occurring in this transition region. The differ-
ence in deformation shape for the 3-4 mm thick plates can be
attributed to an overestimation of the bending contribution. The
maximum force estimation errors can also be significant for thin-
ner skins (<1.5 mm) at high energies. Although this can be consid-
ered a drawback, the scatter in indentation measurements is still of
the same order of magnitude. Nevertheless, to address these errors
and broaden the application of the model to a wider range of plate
thicknesses, the definition of the assumed state of strain of the
plate should be revisited. In addition, the analysis here was carried
out assuming all impacts were at the centre of the panel. This was
done in order to obtain preliminary trends. In future, the effect of
impacts anywhere on the panel should be accounted for.

6. Conclusion

The usual approach of determining the damage resulting from a
certain impactor, characterised by material, size, and energy, has
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been reversed to test the degree to which damage dimensions can
be used to deduce and identify the source characteristics of the
damage. The deductive approach captures the variability in the
impact threat characteristics (size and energy).

The analytical approach, Modelling Impact Damage on Metal
Aircraft Structures (MIDAS-M), is based on the combined contribu-
tion of global plate deflection theory and penetration limits. The
resulting model gives maximum force predictions which are
within 10% of measured results, and only for thin plates (1 mm
or less) the error is, in some cases, as high as 20%. The errors in
the shape of the deformation and by extension the final permanent
damage dimension are more influenced by the thickness of the
plate than any other factor. For highest accuracy when compared
to the validated Finite Element Model, the plate thickness range
of MIDAS-M applicability was determined to be 1.5-3 mm. With
the range of validity in mind, the deductive approach was able to
predict the impact threats of 110 out of the 120 maintenance dam-
age dimensions. Despite some deviation, the main advantage
MIDAS-M has over computational (FEM) models is the number of
cases it can process in a fraction of the time it takes the computa-
tional model to calculate even a single case.

Several recommendations can be identified for MIDAS-M.
Beyond the manner in which deformation theory is implemented,
the range of impact scenarios for MIDAS-M can be extended. Cur-
rently, the model only considers flat plates with perpendicular
impacts. However, fuselage sections can be single or double curved
surfaces that have different responses to both perpendicular and
oblique impacts. Accounting for these factors may also lead to
modelling of elliptical damages. Additionally, the development of
MIDAS-M started with the assumption of quasi-static impact, but
this may not apply to certain impactor size or energies. Further-
more, adding stringer and frame interactions could allow for more
accurate modelling of off-centre impacts, covering a larger area of
the aircraft. Consequently, this research has indeed presented a
model that is able to estimate the physical characteristics of an
impactor that has caused a certain resulting damage. Therefore,
one is able to infer what has caused a certain type of damage,
the distribution of the damage type and severity relative to impac-
tor types, and how to in future reduce such occurrences while also
being better prepared in terms of what to expect from a given
impactor source.
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