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Assessing the vulnerability of a platform is crucial in its design. In fact, the results obtained from
vulnerability analyses provide valuable information, leading to precise design choices or corrective so-
lutions that enhance the platform's chances of surviving different scenarios. Such scenarios can involve
various types of threats that can affect the platform's survivability. Among such, blast waves impacting
the platform's structure represent critical conditions that have not yet been studied in detail. That is,
frameworks for vulnerability assessment that can deal with blast loading have not been presented yet. In
this context, this work presents a fast-running engineering tool that can quantify the risk that a structure
fails when it is subjected to blast loading from the detonation of high explosive-driven threats detonating
at various distances from the structure itself. The tool has been implemented in an in-house software
that calculates vulnerability to various impacting objects, and its capabilities have been shown through a
simplified, yet realistic, case study. The novelty of this research lies in the development of an integrated
computational environment capable of calculating the platform's vulnerability to blast waves, without
the need for running expensive finite element simulations. In fact, the proposed tool is fully based on
analytical models integrated with a probabilistic approach for vulnerability calculation.
© 2024 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

Aircraft survivability refers to a platform's capacity to evade or
endure hostile conditions created by humans, while killability, or
kill probability, quantifies the likelihood of the platform being
destroyed when encountering a threat [1].

Survivability evaluation has been applied to aerial, naval, and
terrestrial platforms with the aim of identifying criticalities and
eventually driving corrective actions. Such corrective actions can be
considered both in the design phase and after the platform has
been built up. In the former case, for example, the position of the
platform's components can be modified so as to lower the identi-
fied vulnerabilities. In the latter case, instead, protective compo-
nents can be designed so to reduce the kill probability andmake the
chances of concluding the assigned mission higher [2].

The discipline of survivability originated in the early days of the
20th century [3], and was further developed during World War I
from the main necessity of protecting the platform's occupants
Annunziata).
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from threats. Pilots in that era adopted two primary tactics to
enhance survivability: flying above the maximum altitude of en-
emy weapons and using stove lids as protective shields against
potential threats. The former tactic addresses susceptibility, defined
as the aircraft's inability to evade the components of an enemy's
defense constituting the hostile environment. Instead, the latter
tactic addresses vulnerability, defined as the aircraft's inability to
survive the encounter with a threat.

Significant advancements in the combat survivability discipline
date back to the 80s, when the concepts of survivability and
vulnerability were first formalized [1]. Moreover, in 1984, the
Survivability/Vulnerability Information Analysis Center (SURVIAC)
was established, with the objective of providing technical support
in non-nuclear survivability [4]. The decision to improve aircraft's
survivability taken in the '80s resulted in 1991 in 1800 successful
strikes at night by F-117s, during Operation Desert Storm (Gulf
War), as a result of the combination of stealth and electronic attack
capabilities [5]. More recently, the JSF program, which began be-
tween the '80s and '90s and culminated in the development of the
F35 aircraft, was the first case in which survivability assessment
was emphasized during the design process [1,2]. This fighter
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-
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Fig. 1. Representative pressure-time history of the blast load on a structure. Reprint
from Ref. [21].
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aircraft, together with the F22, was characterized by survival
probability approaching 100% when considering the enemy's
threats against which the jet was designed [6].

So far, studies on survivability have been mainly focused on
ballistic threats. Among the many contributions, a study published
in 1986 about single-hit vulnerability assessment is worth
mentioning [7]. Survivability analyses typically adopt a statistical
approach, requiring a substantial amount of data. The advancement
in calculating capacity and the development of dedicated software
packages, such as FASTGEN and COVART [8e10], have facilitated
this process. These advancements allowed the introduction of
direct simulation methods to assess the multi-hit vulnerability of
aircraft with overlapping components, such as in Ref. [11], which is
based on the statistical framework of the Monte Carlo method
proposed in Ref. [12].

Research has also been conducted on threats posed by missiles
equipped with fragmentation warheads. A simplified, yet compre-
hensive, approach for assessing the vulnerability of military aircraft
to multiple-hit scenarios involving fragmentation warheads was
outlined in Ref. [13]. This approach involved analyzing various as-
pects, such as the dispersion of missile fragments to determine hit
locations, the penetration of fragments into target components, and
ultimately estimating the overall likelihood of the aircraft being
disabled using a fault tree analysis. Additionally, a criterion for
assessing the potential explosion of fuel tanks was incorporated to
evaluate platform vulnerability. Subsequently, in Ref. [14], the
framework was further refined by introducing the concept of the
mean volume of the effectiveness of the warhead. However, the
work did not address damage caused by the blast wave resulting
from the detonation of the high explosive material contained
within the missile core.

Damage from blast wave has been addressed more recently in
Ref. [15], which expanded upon the initial investigation of the blast
event proposed in Ref. [1]. This refinement allowed for determining
the platform's kill state by modeling and assessing the structural
vibration of aircraft components within an elastoplastic frame-
work. A maximum allowable displacement criterion was consid-
ered to assess the probability of the target being disabled due to
blast loads. To the authors' best knowledge, no other publicly
available studies have been presented concerning blast loading of
aerial structures yet, while extensive literature can be found for
other fields, such as for buildings and civil vehicles [16]. Addition-
ally, structural damage induced by blast waves is assessed most of
the time by finite element simulations, which are expensive and
cannot be considered for platform design [17].

In this context, this work presents a vulnerability-driven
approach that leverages state-of-the-art methods for analyzing
blast-loaded aeronautical structures, particularly wings. The pro-
posed approach consists of an analytical model integrated into in-
house software for vulnerability assessment, which was previ-
ously developed considering other types of threats, such as pro-
jectiles and fragments. The updated environment aims to efficiently
assess structural vulnerability under blast loads, relying on
simplified analytical approaches to avoid the computational cost of
finite element simulations.

This paper is organized as follows. Section 2 is dedicated to the
description of the approach and the software package. Section 3
presents a case study to test the proposed approach against a
wing of a Northrop Grumman RQ-4A Global Hawk. The case study
also demonstrated the proposed framework by conducting a full
vulnerability assessment of the wing and some platform's compo-
nents to bothmulti-hits andmissile threats. Finally, the conclusions
of the work are drawn out in Section 4.
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2. Methods

Comprehensively assessing the vulnerability of blast-loaded
structures requires evaluating the structural response when the
detonation occurs at several points in space, so as to study the
structure's weak points from different directions. Then, the infor-
mation gained at all detonation points needs to be combined into a
single probabilistic indicator that defines the vulnerability of the
structure. According to this approach, many simulations need to be
carried out to thoroughly evaluate the structure under consider-
ation. Consequently, this Section presents an efficient and fast-
running computational method for assessing the vulnerability of
blast-loaded structures, focusing on aeronautical structures.

The method employs an analytical module for evaluating the
pressure load, a two-step geometrical modeling of the structure,
and finally a module for the evaluation of the structural dynamic
response. In regard to the geometrical modeling, first, the structure
and its constraints are modeled as an equivalent beam with
appropriate boundary conditions. Then, such a beam is modeled as
a single-degree-of-freedom system (SDOF method) to study its
dynamic response under blast loading. A criterion based on the
maximum deflection of the equivalent system is considered to
define when the structure becomes inoperative. Such inoperative
condition also requires computing an allowable limit for the
structural deflection, which is estimated by calculating the plastic
limit of the equivalent beam, assuming that the structure cannot
work anymore after the moment capacity at the supports reaches a
defined threshold due to the blast load.

The proposed methodology is demonstrated below by consid-
ering the wing of a representative aeronautical platform. Twomain
assumptions have been made: (i) the equivalent beam represen-
tation of the wing is assumed to be a cantilever beam, and (ii) the
structure is no longer operative when plastic hinges start to appear
at the clamp.
2.1. Load evaluation

The pressure load generated by the blast is analytically modeled
through the TNT equivalent method, which allows predicting the
load based on the scaled distance Z ¼ R,W�1=3, where R is the
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distance from the center of the detonation and W the TNT equiv-
alent weight of the explosive charge [16e18]. Upon impact, the
incident blast waves generate a reflected blast wave, with a more
critical pressure-time history. This behavior is shown in Fig. 1,
where Pr indicates the reflected overpressure, Ps the incident
overpressure, and tpos the positive phase duration of the load. In the
figure, the pressure-time history concerning the blast wave that
interacts perpendicularly with the front face of a structure is
depicted. However, this behavior is qualitatively valid also for
waves that impact the structure with a different incidence angle.
Quantitatively, the theory is extended by computing the new re-
flected overpressure Pr by means of Eq. (1).

Pr¼ craPs (1)

where cra is the reflected pressure coefficient, which depends on
the incidence angle a and is obtained by fitting to experimental
curves [19]. The incident overpressure value Ps is evaluated through
Eq. (2) [20]:

Ps ¼
808,P0,
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where P0 is the ambient pressure. Finally, the positive phase
duration tpos can be evaluated through Eq. (3):
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2.2. Geometrical modeling

The geometrical modeling module is used to define a simplified
structure that is dynamically equivalent to the structure under
assessment. In the interest of clarity, the case of a beam as the
dynamic equivalent of an aeronautical wing is described here. The
simplification requires evaluating the wing total mass Mtot and
moment of inertia Jtot.

Based on typical solutions adopted in aeronautical platform
design, the wing structure is supposed to be made of (i) a single
spar with a hollow rectangular cross-section, (ii) the skin, and (iii)
several ribs. The former two elements contribute to both the mass
and the equivalent moment of inertia of the wing, while the ribs,
due to their low thickness, provide no resistance to longitudinal
deflection, and their presence is accounted for only in terms of
mass. Exploiting the additive property of the moment of inertia, Jtot
is evaluated by summing up the moments of inertia of the spar and
the skin. While the geometrical properties of the spar are
straightforward to calculate given its hollow rectangular shape, a
numerical approach has been developed for the skin: the approach
takes in the NACA codification string, which provides information
about the airfoil shape, then the skin cross-section is discretized
into small rectangular elements (Fig. 2), and the value of the
moment of inertia of each element is calculated with respect to its
local neutral axis. The global neutral axis of the skin is inclined with
respect to the local neutral axis of each element, and it is located at
a certain distance from it. Eqs. (4) and (5), namely, the trans-
formation equation and the parallel axis theorem are then
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employed.

Jloc;i ¼ Jxi;loc cos ðqiÞ2 þ Jyi;loc sin ðqiÞ2Jskin ¼
XNel

i¼1
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where qi is the inclination angle between the local neutral axis of
the i-th rectangular element and the global neutral axis of the skin,
and di is the distance between them. Jloc, i is the local moment of
inertia of the i-th element without considering the parallel axis
contribution. The NACA codification is also exploited to calculate
the cross-sectional area of the ribs through Eq. (6) [22]:

Arib ¼
ðc
0
ð2 , ytðxÞÞdx (6)

where ytðxÞ is the thickness function, which provides the co-
ordinates of the airfoil profile, as shown in Fig. 3. The total mass of
the wing Mtot can then be calculated by defining the material
density.
2.3. Dynamic analysis

The behavior of the equivalent system is described by Newton's
equation of motion shown in Eq. (7)

F � kx¼
�
KM

KL

�
Ma (7)

where x is the displacement and a the acceleration of the SDOF
system. The blast load acting on the structure is represented by F,
and it is modeled with a linearly decaying triangular profile in time
described by overpressure peak Pr and duration tpos. The mass of
the equivalent structure is M, and it considers all the relevant
structural elements of the wing, as mentioned above. The stiffness
of the equivalent structure is represented by k, whose value for
cantilever beams subjected to uniformly distributed loads is tabu-
lated in Ref. [16]. Stiffness k is influenced by the inertia of the wing,
Jtot, and by Young's modulus E. Themass factor KM and load factor KL



Fig. 3. Airfoil construction through NACA thickness function.

Fig. 4. Detonation distances considered in the assessment.
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are two transformation factors that allow obtaining the equivalent
lumped mass and the equivalent concentrated load of the SDOF
system, respectively. These factors are evaluated as in Eqs. (8) and
(9):

KM ¼ME

M
(8)

KL ¼
FE
F

(9)

whereME and FE are the mass and the force of the equivalent beam
element, and are evaluated by integrating the shape function fðxÞ
of such element along its length L, as in Eqs. (10) and (11):

ME ¼
ðL
0
mðxÞf2ðxÞdx (10)

FE ¼
ðL
0
pðxÞfðxÞdx (11)

At each time instant t, the equivalent system deflection x(t) is
evaluated through the predictor-corrector method [16]. At the first
time instant, the initial acceleration a0 is found through Eq. (7) by
imposing the initial conditions v0 ¼ x0 ¼ 0. Then, at each step of the
analysis, the updated value of the deflection is evaluated based on
the values of velocity and acceleration calculated at the previous
step (prediction-correction). The procedure terminates either
when x(t) exceeds the value of maximum allowable deflection xu,
meaning that the plasticity condition has been reached, or when
the time of the analysis exceeds a certain threshold, meaning that
no plasticization has occurred. The maximum allowable deflection
xu is estimated through Eq. (12) [16].

xu ¼ 2Mu

k,L2
(12)

where Mu, as defined in Ref. [16], is the ultimate moment capacity
of the structure, accounting for the plasticization criterion of the
wing. As shown in Eq. (13), Mu is a function of the yield strength sy
and Young's modulus E.

Mu ¼ fds,Z (13)

where fds is the dynamic design stress of the material and Z is the
plastic section modulus, which is calculated through Eqs. (14) and
(15)

fds ¼DIF,a,sy (14)

Z¼1:5,S (15)

where DIF and a are coefficients that take into account the dynamic
response of the structure when it is subjected to dynamic loadings.
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S is the static section modulus. It must be noted that Eqs. (13)e(15)
are valid for materials with values of the ductility ratio m ranging
between 3 and 10 [16,23]. The ductility ratio is defined as the ratio
between themaximumdeflection Xm and the equivalent elastic one
XE.
2.4. Vulnerability assessment

The modules described above have been integrated into the in-
house vulnerability software already presented by the authors in
Refs. [2,3]. The software can now deal with impacting projectiles in
single-hit and multi-hit scenarios, fragments from detonating
threats, and blast waves. The description of the whole software is
out of the scope of this work. The interested reader is referred to
Refs. [2,3] for additional details. Hence, only the vulnerability
assessment to blast waves is described below. A hemispherical grid,
namely the detonation grid, is constructed around the target plat-
form model, and detonation points are defined within such a grid.
Each detonation point represents the position from which the
detonating object goes off. That is, each detonation point generates
a blast wave that the software will consider in the assessment. The
hemispherical grid is centered on the geometric center of the
platform, and its radius identifies the detonation distance between
the threat and the target. To provide more informative results, the
software allows for defining multiple detonation distances, within
a single analysis, as shown in Fig. 4 for five detonation distances.
The distances are defined as the length of the line connecting the
center of the target with the detonation point. Each detonation
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point is considered independently during the vulnerability
assessment, meaning that one blast wave at a time impacts the
target platform. The description of how the hemispherical grids are
constructed is reported in Ref. [2], and it is not written here in the
interest of brevity. Fig. 5 shows the 2D projection of a representa-
tive hemispherical grid. In this case, the detonation points are
identified by black dots, and numbers identify the outcome of the
vulnerability assessment at each considered point (1: damaged
platform, 0: undamaged platform).

According to what has already been mentioned above in
subsection 2.2, the geometric module of the software determines
the structural characteristics of the target platform, the wing in this
case, necessary to evaluate its deflection. Subsequently, considering
a detonation distance, the software calculates the characteristics of
the pressure waves originating from each detonation point
composing the grid at the analyzed distance. These characteristics
are derived according to subsection 2.1. Then, the dynamic module
described in subsection 2.3 is used to evaluate the deflection of the
equivalent structure and, consequently, assess its operability. This
evaluation is performed for each detonation point within the
considered hemispherical grid, and subsequently repeated for each
detonation distance.

During each vulnerability assessment, the blast-loaded struc-
ture is considered inoperative if it undergoes a larger deflection
than the allowable deflection. In such case, the software assigns a
kill probability of 1 to the detonation point, while 0 is assigned
otherwise, as shown in Fig. 5. Then, the average of the kill proba-
bilities of all detonation points within the same hemispherical grid
is computed. This value is the vulnerability of the platform at the
detonation distance that corresponds to the considered hemi-
spherical grid.

3. Case study

This section first goes through the validation of the dynamic
module described in subsection 2.3 by comparing the analytical
predictions for blast-loaded Representative beams with the results
Fig. 5. Two-dimensional projection of a representative hemispherical grid around the
platform.
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of finite element simulations run in the Abaqus©/CAE environment.
Then, a wing of an aerial platform is considered to show the ca-
pabilities of the proposed framework for vulnerability assessment
to blast loading.
3.1. Dynamic module validation against blast-loaded beams

The dynamic module described in subsection 2.3 was validated
against six beam configurations obtained by combining.

C Three different beam cross-sections;
C Two boundary conditions: cantilever beam and beam clam-

ped at both ends.

Double-clamped beams were expected to undergo a fully elastic
phase, followed by an elastic-plastic phase during which plastic
hinges appear, and by a fully plastic phase during which the
midsection undergoes plasticity. Instead, cantilever beams were
anticipated to only present a fully elastic phase followed by a fully
plastic phase, which happens as soon as the clamped section un-
dergoes plasticity. All the structures are 500 mm long, have a
rectangular cross-section, and are made of Steel 4340, whose
physical properties are reported in Table 1. The six structural con-
figurations considered for validation are summarized in Table 2.
Several loading conditions were considered for each structural
configuration, as shown in Tables 3 and 4 for double-clamped and
cantilever beams, respectively.

The analytical deflections computed by the proposed approach
were compared to those from numerical simulations. Beams were
numerically modeled through 2D wires with a fixed length of
500 mm. The material parameters for the Johnson-Cook constitu-
tive law are reported in Table 5.

The load in the numerical simulations was modeled as a line
load with a triangular distribution in time. Two representative
configurations are shown in Figs. 6 and 7.

The results for the double-clamped beams are shown in Fig. 8,
where the predicted deflection at the midpoint of the beams is
shown.

It turned out that the beam's slenderness influenced the pre-
dictions. That is, the numerically predicted deflection for beams
with high slenderness was lower than that predicted by the
deflection module, while the opposite occurred for the beam with
cross-section 20 mm � 50 mm. Moreover, evidence was brought
that the proposed method adhered to the numerical results when
the load was not enough to induce plasticity (first two loads re-
ported in Table 3).

The results for cantilever beams are shown in Fig. 9. In this case,
the predictions of the proposed method adhered to the numerical
simulations for all configurations and load cases.
3.2. Dynamic module validation against a representative blast-
loaded wing

The structure considered in this work is based on the wing re-
ported in Ref. [25], since detailed information is provided in the
article. The wing, which was designed without taking into account
Table 1
Physical properties of Steel 4340 [24].

Property Value Units

Density 7800 kg,m�3

Young's modulus 210 GPa
Poisson's Ratio 0.33 e



Table 2
Beam configurations considered for validating the dynamic module.

Boundary condition Cross-section/mm2

Double-clamped beam 20 � 10
Double-clamped beam 20 � 20
Double-clamped beam 20 � 50
Cantilever beam 20 � 10
Cantilever beam 20 � 20
Cantilever beam 20 � 50

Table 3
Loads considered for double-clamped beams.

Section 20 mm � 10 mm 20 mm � 20 mm 20 mm � 50 mm

Loads/Pa 1.0 � 106 1.0 � 106 1.0 � 107

2.0 � 106 5.0 � 106 3.0 � 107

4.0 � 106 7.0 � 106 4.5 � 107

7.0 � 106 1.0 � 107 7.0 � 107

1.0 � 106 1.5 � 107 8.0 � 107

1.2 � 106 2.0 � 107 1.0 � 108

Table 4
Loads considered for cantilever beams.

Section 20 mm � 10 mm 20 mm � 20 mm 20 mm � 50 mm

Loads/Pa 1.0 � 105 1.0 � 105 1.0 � 106

2.0 � 105 5.0 � 105 3.0 � 106

4.0 � 105 7.0 � 105 5.0 � 106

7.0 � 105 1.0 � 106 7.0 � 106

1.0 � 106 1.5 � 106 1.0 � 107

1.2 � 106 2.0 � 106 1.3 � 107

1.5 � 106 2.5 1.6
2.0 � 106 3.0 1.8
3.0 � 106 5.5 2.0

Table 5
Steel 4340 Johnson-Cook parameters [24].

Property Value

Strain rate correlation e First-order
Initial yield stress 792 MPa
Hardening constant 510 MPa
Hardening exponent 0.26 e

Strain rate constant 0.014 e

Thermal softening exponent 1.03 e

Melting temperature 1793 K
Reference strain rate 1 e

Fig. 6. Double-clamped beam with 20 mm � 20 mm rectangular section, with line
load applied.

xxz

y

z x

y

Fig. 7. Cantilever beam with20 mm � 20 mm rectangular section, with line load
applied.

Fig. 8. Results of the deflection module and of the numerical simulations for double-
clamped beams.
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Fig. 9. Results of the deflection module and of the numerical simulations for cantilever
beams.

Fig. 10. Cross-section of the spar.
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any blast load alleviation solution, consists of (i) a box-shaped spar
with a hollow rectangular cross-section, web thickness of
3.175 mm, and flange thickness of 9.525 mm, (ii) 9 ribs with
thickness 1.6 mm, and (iii) the skin wrapping all the structural
components mentioned above. The spar, with a hollow rectangular
section, has the dimensions reported in Table 6, corresponding to
the geometry shown in Fig. 10. Only half of the wing was modeled
due to the symmetry of the aircraft.

The wing was simplified as an equivalent beam, and the method
implemented into the dynamic module was used for predicting the
Table 6
Spar dimensions [25].

Dimensions Values/m

Length 4
B 0.15
B 0.144
H 0.1
H 0.08

250
wing deflection due to blast loading. the results were then
compared to expected values computed through numerical
simulations.

The wing was made of Aluminum 7075T6, whose physical
properties are reported in Table 7.

In the numerical models, the material behavior was described
through the Johnson-Cook model using the parameters reported in
Table 8.

The structural components of the wing, i.e., ribs, spars, and skin,
were modeled using 2D shell elements with reduced integration: a
triangular mesh with S3R elements was used for the ribs, while
linear four-node shell elements (S4R) for the spars and the skin. The
global mesh size was 12 mm for the ribs, and 20 mm for the spars
and the skin. The element size was defined after a convergence
analysis, which is not reported here for conciseness. The wing was
clamped at the root by fixing all degrees of freedom of (i) the rib
located at the wing root, and (ii) the spar edge at the wing root. The
half-wing assembly and the boundary conditions are shown in
Fig. 11.

The blast load was applied in the numerical models by
exploiting the Conwep module in Abaqus©/CAE [27], which com-
putes the overpressure profile and applies it to the structure. The
only required input parameters for computing the blast load were
the detonation position and the TNT equivalent charge. Several
detonation positions and explosive charges were considered, and
themaximum deflection of thewing tip was extracted for each load
case. Moreover, the plastic deformation of the structural elements
was also monitored.

First, the proposed approach was validated by comparing the
overpressure profile parameters against those determined by the
Conwepmethod. Two parameters were considered: the arrival time
of the pressure wave at the wing, and the reflected overpressure
value. For validation, a simulation involving a charge of 10 kg of TNT
detonating 20 m from the wing surface along the y direction was
considered. The numerical maximum reflected overpressure
Table 7
Physical properties of Aluminum 7075T6.

Property Value Units

Density 2810.01 kg,m�3

Young's modulus 68.947 GPa
Poisson's Ratio 0.33 e

Yield strength 441 Mpa
Ultimate tensile strength 517 Mpa



Table 8
Johnson-Cook parameters for Aluminum 7075T6 Ref. [26].

Property Value

Strain rate correlation e First-order
Initial yield stress 546 MPa
Hardening constant 678 MPa
Hardening exponent 0.71 e

Strain rate constant 0.024 e

Thermal softening exponent 1.56 e

Melting temperature 893 K
Reference strain rate 0.005 e

Fig. 11. Half-wing assembly.

Fig. 12. Reflected overpressure predicted by Abaqus©.
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obtained was 22.94 kPa (Fig. 12), and the arrival timewas 44.55 ms.
The method described in subsection 2.1 predicted similar values.
That is, a maximum reflected pressure of 25.02 kPa, and an arrival
time of 40.29 ms were predicted by the proposed approach. The
results are summarized in Table 9.
Table 9
Comparison of the blast load parameters obtained from Abaqus© and from the
proposed approach.

Parameters Numerics Proposed approach Difference/%

Pressure/kPa 22.94 25.02 �8.31
Time of arrival/ms 44.55 40.29 10.57
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After validation, several simulations were carried out by
changing the explosive charge mass. That is, charges of 5 kg, 10 kg,
and 30 kg at 20 m from the wing surface were considered. The tip
deflections computed through the proposed approach and in the
numerical simulations are compared in Table 10.

The detonation point was also moved along the wing span to
identify any influence on the results. However, the deflection at the
wing tip did not significantly change when moving the detonation
point, as shown in Table 11 for a charge of 5 kg detonating at a
vertical distance (y direction in Fig. 12) of 10 m from the wing, and
considering five positions along the half-wing span. The difference
between the maximum deflection, which happened when the
charge detonated above the root of thewing, and theminimum one
was 7 mm, which was considered negligible compared to the
predicted deflection.

Based on such results, the dynamic module was validated by
considering all the detonation points at a fixed position along the
span of the half-wing, i.e. 3000 mm. Thus, only the detonation
distance along the y direction and the charge mass were varied.
Similarly to the assumption made for the deflection module, in the
numerical simulations, the wing was considered no longer opera-
tive when the spar underwent plasticity. The results of a repre-
sentative simulation involving a 10 kg charge detonating at 5 m
distance from the wing are shown in Fig. 13. In such a load case, the
wing underwent plasticity and was considered no longer operative.

The results obtained from the numerical simulations and those
provided by the proposed approach are shown in Table 12. The
results bring evidence that the proposed approach adhered to the
observations provided by the numerical simulations.

3.3. Case study vulnerability assessment

The proposed method for assessing the vulnerability of blast-
loaded structures was implemented into the in-house vulnera-
bility assessment presented by the authors in Refs. [2,3]. The soft-
ware was demonstrated by means of a case study involving the
half-wing already described in subsection 3.2 as the target. The
process consists of constructing a hemispherical grid around the
target platform. Detonation points are then defined within this grid
to represent various possible explosion origins. Each detonation
point generates a blast wave, with the software assessing the effect
of each blast wave independently on the target platform.

The grid's radius indicates the distance between the detonation
points and the platform, allowing for the analysis of multiple
detonation distances within a single assessment. For each distance,
the geometric module of the software first evaluates the structural
characteristics of the platform, which are crucial for determining
the deflection caused by the blast waves. Using this information,
the software calculates the pressure wave characteristics from each
detonation point, as described in subsection 2.1. The dynamic
module (subsection 2.3) then assesses the wing's deflection and
determines its operability under blast loading.

The software classifies the structure as inoperative if the
deflection exceeds the allowable limit, assigning a kill probability of
1 to that detonation point, and 0 otherwise. Finally, it calculates the
average kill probability for all detonation points within a
Table 10
Comparison of the tip deflection obtained by the proposed approach and through
numerical simulations.

Charge/kg Numerics/mm Proposed approach/mm Difference/%

5 129 126 �2.38
10 215 203 5.91
30 489 441 10.88



Table 11
Numerical deflection at the wing tip at different detonation positions along the half-
wing span. Distance refers to the distance from the wing root along the z-axis.

Distance/mm 4000 3000 2000 1000 0

Deflection/mm 229 230 232 228 235

xxz

y

PEEQEEQ
SNEG, (fraction=SNEG, (fraction= 1.0)1.0)
(Avg: 75%)(Avg: 75%)

2.899×10.899×10 1

2.416×102.416×10 1

1.933×101.933×10 1

1.449×101.449×10 1

9.663×109.663×10 2

4.831×104.831×10 2

0

Fig. 13. Results of the numerical simulation with a charge of 10 kg detonating at 5 m
distance. The skin was removed from the view to better show the spar and the ribs.

Table 12
Results of the validation analysis.

Detonation dist./m Mass/kg Numerics Proposed approach

5 5 Inoperative Inoperative
10 Inoperative Inoperative
30 Inoperative Inoperative

10 5 Operative Operative
10 Operative Operative
30 Inoperative Inoperative

20 5 Operative Operative
10 Operative Operative
30 Operative Operative

Fig. 14. Vulnerability values for each detonation distance.
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hemispherical grid, representing the platform's vulnerability at
that specific detonation distance. This process is repeated for each
distance to provide a comprehensive vulnerability assessment of
the target platform under different blast scenarios. The input var-
iables used for this specific case study are summarized in Table 13.

The assessment results are shown in Fig. 14 in terms of platform
vulnerability versus detonation distance. The vulnerability at each
considered detonation distance was computed as the average
probability that the wing would be made inoperative by an object
detonating at that detonation distance. Such probabilities were
computed by averaging the vulnerability at all points within the
Table 13
Input variables of the specific case study.

Input variable Value

Range of detonation distances 7e10 m
Number of detonation distances 4e10 m
Number of detonation points 197
Detonation height (sea level) 500 m
Warhead case length 381 mm
Warhead case diameter 177.8 mm
Warhead case thickness 10.16 mm
Explosive's energy per unit mass 3780 kJ,kg�1

Explosive's density 1560 kJ,kg�1
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same hemispherical surface. Four curves are shown, each one cor-
responding to a different discretization of the detonation distance
range. The computational cost of the simulations is reported in the
legend. It turns out that the computational cost linearly depends on
the number of detonation distances considered within the range.
Notably, the overall trend in the results is unaffected by the dis-
cretization, with the vulnerability curves exhibiting similar
behavior across all cases.

Specifically, vulnerability decreased as the distance between the
detonation point and the center of mass of the platform increased.
This behavior is intuitive and adheres to the physics of the problem.
In fact, the larger the detonation distance, the less critical the
pressure time-history exerted on the structure. Specifically,
vulnerability values ranged from 0% to 14%. The vulnerability values
are reported in Table 14 for the curve with six detonation distances
within the user-defined range.
4. Conclusions

Considering vulnerability as a parameter in platform design, of
any type, has become increasingly important in recent years. The
results of these analyses can be taken into account during the
preliminary conceptualization phase of the prototype as well as
when the platform is already operational, for instance, if any
measures are needed to reduce the platform's probability of
becoming inoperative. In this context, this work aims to develop a
module that enhances software designed and developed for
vulnerability calculation. Specifically, this module can now calcu-
late vulnerability by considering a shock wave impacting the
structure as a threat. The module can analytically assess the resis-
tance of the impacted structure without the need for finite element
analysis, and subsequently evaluate the probability of the structure
Table 14
Vulnerability of the blast-loaded half-wing.

Detonation distance/m Vulnerability/%

7.0 14.2
7.6 8.6
8.2 1.5
8.8 0.0
9.4 0.0
10.0 0.0
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becoming inoperative.
Initially, the paper introduces the problem and presents the

theoretical principles that enabled the assessment of loads acting
on structures undergoing vulnerability analysis. A constant-section
wing serves as a case study to illustrate the methodologies used to
model its geometry correctly, analytically evaluate its dynamic
properties, and ultimately calculate its vulnerability.

The described methodologies have been validated for the
analyzed case study, with the conducted simulations reported.
Specifically, the paper first presents simulations regarding the
behavior of a beam impacted by blast loads. The beam, with a
rectangular cross-section, is analyzed considering various di-
mensions and two different boundary conditions: fixed at one end
and fixed at both ends. These simulations were conducted to vali-
date the implemented SDOF approach for calculating accelerations,
velocities, and displacements of the structure under shock wave
stresses.

This work also validated the methodology used to evaluate pa-
rameters related to the shock wave and the software's capability to
accurately predict the failure of the structure. Simulations were
performed using the CONWEPmodule of the ABAQUS software on a
wing model composed of a rectangular spar, ribs, and skin.

Finally, the results obtained from applying the software to the
analyzed case study are reported, particularly the vulnerability
values obtained at various detonation distances. For the analyzed
case study, the implemented software can converge to the pre-
sented results within a few seconds, providing a significant update
to the built-in software developed for vulnerability calculation. One
of the key advantages of the developed tool lies in its computational
efficiency. In fact, by using an approach based on the analytical
calculation of the deflection and the vulnerability of the structure,
finite element analyses (FEA) conducted for each detonation point
are no longer required. A traditional FE approach would require
conducting separate simulations for each detonation point and
assessing if the displacement of the wing exceeds its structural
limit to determine failure. Such an approach would require several
hours to conduct a comprehensive vulnerability analysis due to the
extensive computational requirements. In contrast, the developed
tool computes the structure's vulnerability in just a few seconds,
significantly reducing computation time while maintaining a
reasonable level of accuracy. This makes the method particularly
suited for rapid assessments and scenarios requiring numerous
iterations or probabilistic analyses. Given the nature of the meth-
odology used, the results obtained by considering shock waves
impacting the structure are probability values that should not be
interpreted as absolute probabilities of the structure becoming
inoperative, but rather as comparative tools when multiple ana-
lyses on different structures are conducted.

Moreover, the limitations of the analytical models should be
considered. The models are based on assumptions that make them
efficient for simplified geometries. That is, their accuracy di-
minishes when applied to complex structures due to the inability to
fully capture intricate geometric details, stress concentrations, and
non-linear material behaviors that may arise in real-world sce-
narios. However, the primary aim of the analytical model consid-
ered in this work is to offer a balance between computational
efficiency and accuracy, so to make the framework suitable for
preliminary design phases or probabilistic assessments.

Evaluating vulnerability to shock waves represents an innova-
tive element in this field, especially in the context of a developed
algorithm using analytical theoretical models without necessarily
using finite element simulations. The results obtained from
vulnerability analyses can generate useful information at various
stages of design, leading to precise design choices or corrective
solutions that increase the probability of the platform surviving this
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type of scenario.
Future work may involve implementing deep learning algo-

rithms to construct more accurate surrogate models for more
complex simulations of structures subjected to extreme loading
conditions, such as shock waves. These surrogate models could
allow for faster and more precise predictions of structural behavior
under a wide range of blast scenarios, bridging the gap between
fully analytical models and detailed numerical simulations.

Additionally, future research may explore extending the tool's
capabilities to address a broader variety of loading conditions, such
as combined blast and impact scenarios or highly asymmetric load
distributions. Moreover, once vulnerability values are obtained,
they can be contextualized to drive the design process more
effectively. This could involve integrating the tool into an iterative
design optimization loop, where different structural layouts or
material choices can be evaluated to mitigate the effects of shock
waves on the structure, thereby reducing the probability of failure.
Extending the current tool for use in real-time decision-making, for
example in operational risk assessments, is another potential di-
rection, providing immediate assessments to support strategic
decisions in critical scenarios.
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