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Lightning strike damage can severely affect the thermo-mechanical performance of composite laminates. 
It is essential to quantify the effect of lightning strikes considering the inevitable influence of ma-
terial and geometric uncertainties for ensuring the operational safety of aircraft. This paper presents 
an efficient support vector machine (SVM)-based surrogate approach coupled with computationally in-
tensive transient thermal-electrical finite element simulations to quantify the uncertainty in lightning 
strike damage. The uncertainty in epoxy matrix thermal damage and electrical responses of unpro-
tected carbon/epoxy composite laminates is probabilistically quantified considering the stochasticity in 
temperature-dependent multi-physical material properties and ply orientations. Further, the SVM models 
are exploited for variance-based global sensitivity analysis to investigate the input parameters’ relative 
influence on the lightning strike-induced damage behavior. Due to the adoption of a coupled SVM-based 
simulation approach here, it has become possible to carry out a comprehensive uncertainty quantifi-
cation leading to complete probabilistic descriptions of the electrical and lightning damage parameters 
despite the requirement of performing a large number of computationally intensive function evaluations. 
The results reveal that source-uncertainty of the unprotected laminates significantly influences the epoxy 
matrix decomposition, electrical current density and electric potential, wherein longitudinal electrical 
conductivity is most sensitive to stochastic variations followed by other electrical, thermal and geometric 
parameters.
© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

Lightning strike-induced damage poses a serious natural threat 
to aircraft flight safety [1,2]. Such damage in aircraft can differ 
depending on its damage sources and mechanisms: i) thermal 
damage involving intense and highly localized heat sources (i.e., 
Joule heat and convective/radiative flux) and ii) dynamic mechani-
cal damage resulting from associated plasma-charged particles in-
teracting with incident/external electromagnetic fields (i.e., shock-
wave overpressure, Lorentz force). Thermal damage from lightning 
strikes on composite components of aircraft is mainly due to the 
high orthotropic electric resistive heating [3–8]. Although involved 
with complex plasma physics and electromagnetic interactions, 
lightning mechanical damage is often minimal and less significant 
than lightning thermal damage, thus it is often ignored.
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Physical damage to the fiber-reinforced polymeric (FRP) com-
posites at the lightning strike area involves intense fiber fail-
ure/splitting, widespread matrix cracking/decomposition/ablation, 
and inter- and intra-ply delamination. Protection of aircraft com-
posite structures and flight safety remains a challenge from light-
ning strike damage even after employing anti-lightning strike de-
vices. In this article, for ensuring adequate operational flight safety, 
we would quantify lightning strike damage probabilistically ac-
counting for the effect of inevitable source-uncertainties. This will 
allow us to develop an improved design paradigm through inclu-
sive analysis and design of aircraft structures considering proba-
bilistic information to avert catastrophic structural failure and fur-
ther assessment of residual structural performance.

Fig. 1(A) provides three lightning strike zones of a typical air-
craft, depending on their probability of occurrence and severity: 
Zone 1 - High possibility of initial lightning attachment, Zone 2 -
High possibility of lightning being moved away from the initial at-
tachment point (swept stroke), and Zone 3 – Parts of the aircraft 
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Fig. 1. Introductory overview of probabilistic characterization concerning lightening strike damage. (A) Standard lightning strike zones of an aircraft [11]. (B) Lightning 
current waveform components A, B, C and D showing peak amplitudes and time durations [12]. (C) A typical representation of surrogate-based stochastic analysis. Here x(ω)) 
and v(x(ω)) are the vectors of stochastic input parameters and stochastic responses respectively, wherein ω denotes the stochastic character.
which experience currents without a lightning strike. As evident 
from the figure, Zone 2 covers most external aircraft surfaces. Four 
current components of the standard lightning current waveform 
are shown in Fig. 1(B). Component A is the first return stroke. This 
component is followed by an intermediate current component B of 
longer duration and lower magnitude. Continuing current Compo-
nent C follows component B and it has an even lower amplitude 
and longer duration. Component D is a re-strike. Due to relatively 
high peak current amplitudes, Components A and B are typically 
used in physical lightning damage assessment. Many experimental 
studies are reported on the characterization of the damages that 
occur due to lightning strikes on carbon fiber-reinforced composite 
laminates by tailoring the impulse current waveform parameters 
[3,4,9,10]. We provide a brief review of the lightning strike effect 
on composite laminates following primarily a deterministic frame-
work in the following paragraph.

Feraboli et al. [3] performed a series of artificial lightning strike 
tests at different current amplitudes to understand the lightning 
damage resistance of composite laminates. The presence of metal-
lic fasteners in the skin significantly affected the lightning damage 
in the laminate and its residual strength. Hirano et al. [4] per-
formed experiments concerning lightning strikes on graphite/epoxy 
composite laminates for different current waveforms parameters. 
The effects of electrical charges, action integrals and peak cur-
rent amplitudes were investigated on the lightning damage that 
occurred in carbon/epoxy laminates and different damage modes 
such as fiber damage, epoxy matrix thermal decomposition, and 
delamination were noticed. They found that the electrical con-
ductivities have a strong effect on the thermal damage of car-
bon/epoxy composite laminates and lightning damage can be re-
duced by improving laminate electrical conductivity. Ogasawara 
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et al. [6] developed a coupled thermal-electrical ABAQUS model 
to predict damage from a lightning strike and validated with 
the experimental work done by Hirano et al. [4]. The proposed 
model was developed using room-temperature material properties 
for carbon/epoxy laminate, capable of estimating the extent and 
shape of in-plane lightning thermal damage areas and through-
the-thickness damage development. This work assumed the linear 
variation of through-thickness electrical conductivity as a func-
tion of temperature in the range from epoxy decomposition tem-
perature to carbon sublimation temperature. Abdelal and Murphy 
[13] predicted the lightning thermal damage in baseline (unpro-
tected) and copper mesh protected carbon/epoxy laminates us-
ing temperature-dependent material properties. Several subrou-
tines were used to calculate the degree of epoxy matrix thermal 
decomposition and internal heat generation resulting from a light-
ning strike. The model proposed in this work clearly showed that 
the presence of conductive metallic mesh mitigates lightning dam-
age to the underlying carbon/epoxy laminate. Dong et al. [14] nu-
merically analyzed the effects of the lightning current waveform 
parameters on the lightning damage area, lightning damage vol-
ume and lightning damage depth. Wang et al. [15] used different 
aluminum coatings on the composite laminates to design a pro-
tection system for the lightning strike and compared the results 
with the unprotected laminates. The aluminum coating was found 
to be an effective protective layer to be used as an anti-lightning 
strike arrangement. Lee et al. [16] evaluated the lightning protec-
tion performance of pitch-based carbon fiber paper (PCFP) and 
copper mesh (CM) outer layer. Epoxy matrix thermal decompo-
sition, indicative of lightning thermal damage, was characterized 
using temperature-dependent properties. The copper mesh was 
found to be an excellent protection system for composite laminates 
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allowing only the top carbon/epoxy layer to be damaged while 
with a PCFP outer layer, the thermal damage was up to the 3rd 
carbon/epoxy ply. This work noted that the lightning strike perfor-
mance of a PCFP layer can be improved by tailoring carbon fiber 
volume fraction/orientation (leading to a huge increase in electrical 
conductivity), thus it can be used for a potential non-metallic light-
ning strike protection material. In the work of Lee et al. [17], light-
ning thermal damage in carbon/epoxy laminates was predicted 
with various matrix decomposition profiles (i.e., damage variation 
within decomposition temperatures). For instance, the extent of 
epoxy matrix decomposition was assumed to vary either linearly 
or quadratically throughout 300-500 °C and 300-600 °C. A linear 
damage approximation in the temperature ranges between 300 °C 
and 500 °C showed the best agreement with experimental obser-
vation. Shah and Lee [18] investigated the influence of randomly 
distributed voids and random electrical conductivity on the dam-
age behavior of carbon/epoxy composites under lightning strike 
based on a limited number of realizations. They conducted two 
case studies for two different 40 kA current waveforms. In each 
case study, only nine simulations were performed with randomly 
generated and distributed electrical conductivities and voids (i.e., 
zero material properties). It was reported that electrical conductiv-
ity affects lightning thermal damage somewhat, whereas voids do 
not affect it much. However, there is a strong rationale to carry 
out further studies on uncertainty quantification and sensitivity 
analysis comprehensively in a probabilistic framework where thou-
sands of simulations are required to be carried out corresponding 
to different random combinations of the stochastic lightning strike 
and composite material parameters. It has not been possible so far 
since each of the lightning strike simulations are computationally 
very expensive and it is practically impossible to perform Monte 
Carlo simulations based on thousands of finite element simulations 
concerning lightning strike damage prediction. In this work, we 
would overcome this by introducing support vector machine-based 
surrogate models in conjunction with the actual finite element 
simulations.

In general, since laminated composite structures are complex to 
manufacture according to exact material and geometric specifica-
tions [19,20] and the parameters involving the operational condi-
tions during the service life of composites can vary widely, it is im-
perative to adopt a stochastic analysis approach for quantifying the 
associated uncertainties. Researchers have performed surrogate-
based stochastic analyses to quantify the uncertain global re-
sponses in the fiber-reinforced composites (such as natural fre-
quency, buckling, static deformation and progressive failure) con-
sidering the material and geometric properties uncertainty in the 
last decade [21–26]. However, uncertainty quantification of the 
lightning damage in composite laminates has not been thoroughly 
investigated yet. Earlier Shah and Lee [18] reported the results of 
nine random realizations only considering the variation of electri-
cal conductivity without accounting for the interactions with other 
material and geometric properties. While the computationally in-
tensive nature of each realization restricts a large number of direct 
finite element simulations, the variations reported in the paper 
create a strong case for performing a full-scale probabilistic analy-
sis concerning lightning strike damage in composite laminates. Fol-
lowing a comprehensive probabilistic framework, this paper aims 
to present the uncertainty quantification of in-plane and out-of-
plane lightning thermal damage in unprotected carbon/epoxy lam-
inates based on stochastic temperature-dependent material prop-
erties and ply orientations. A finite element (FE) model of fully 
coupled transient thermal-electrical analysis would be developed 
to provide uncertainty estimates for the lightning thermal damage 
in the laminates. The deterministic model predictions would be 
compared with the experimental results of Hirano et al. [4], and FE 
model results of Ogasawara et al. [6] and Lee et al. [16] for estab-
3

lishing adequate confidence in the baseline FE model. To mitigate 
the computationally intensive nature of Monte Carlo simulation-
assisted probabilistic analysis using exorbitantly expensive FE sim-
ulations of lightning strike, we would develop a hybrid stochastic 
framework by coupling support vector machine (SVM) based sur-
rogates [27,28] therein. Quasi-random Sobol sequence algorithm 
[29,30] would be adopted to train the machine learning models 
(i.e. computationally efficient surrogates of the expensive finite el-
ement simulations) efficiently (refer to Fig. 1(C)). Subsequently, the 
probabilistic uncertainty quantification and global sensitivity anal-
ysis would be carried out based on the machine learning models 
considering stochasticity in multi-physical material properties and 
geometric parameters.

The remainder of this article is organized as follows: Section 2
describes the FE modeling for transient thermal-electrical analy-
sis of lightning strike damage and its validation with deterministic 
models; Section 3 discusses preliminary screening of important pa-
rameters for stochastic analysis; Section 4 explains SVM based sur-
rogate modeling approach that is coupled subsequently with the 
FE model for carrying out Monte Carlo simulations and variance-
based global sensitivity analysis; Section 5 presents numerical re-
sults for uncertainty quantification and global sensitivity analysis 
of lightning damage; Section 6 presents concluding remarks.

2. Finite element modeling for lightning strike analysis

2.1. Description of the finite element model

In this study, a baseline FE model is developed consisting of a 
transient coupled thermal-electrical analysis (30 μs), followed by a 
transient heat transfer analysis (10s). The FE code ABAQUS is used 
to simulate the lighting thermal damage in a 32-ply carbon/epoxy 
laminate with quasi-isotropic lay-up of ([45/0/ − 45/90])4S . The 
ply thickness is 0.125 mm, leading to the total laminate thickness 
of 4 mm. The simulated laminate is 100 mm in width and 150 
mm in length. Each carbon/epoxy laminae are meshed using three-
dimensional 8-node linear coupled thermal-electric brick (DC3D8E) 
elements. As the effect of lightning damage is negligible after top 
16 plies, top 16 plies are taken as orthotropic and remaining 16 
plies are taken as quasi-isotropic (modeled using single DC3D8E 
element). Note that the temperature increase in the inner plies is 
minor compared to the outer plies. Thus, the implementation of a 
single quasi-isotropic layer, equivalent to 16 orthotropic layers for 
the bottom half, is computationally efficient while maintaining the 
same level of modeling accuracy [16]. The total number of finite 
elements used in the model is 43200, as finalized based on a mesh 
convergence study [16].

Electrical and thermal boundary conditions imposed on AS4/

3506a laminate are shown in Fig. 2(A) and Fig. 2(B) for coupled 
thermal electric and subsequent heat transfer analysis respectively. 
The bottom surface of the laminate is electrically grounded by 
applying zero electrical potentials on the lateral and bottom sur-
faces. Thermal radiation, with a surface emissivity of 0.85 and the 
ambient temperature of 25 ◦C, is imposed on the top and lateral 
surfaces of the laminate whereas the bottom surface is adiabatic 
during all simulations. Thermal convection becomes more intense 
during thermal equilibrium. Thus, thermal convection with a coef-
ficient 200 W/m2/K is imposed on the laminate’s top and lateral 
surfaces only during subsequent heat transfer analysis.

In this study, a 10 mm diameter arc channel, typically corre-
sponding to a 40kA peak current amplitude, is used in all lightning 
strike simulations. The red region in Fig. 2(A) and Fig. 2(B) indi-
cates the initial lightning attachment region (D = 10 mm) used 
in the current FE model. In practice, the lightning arc channel ex-
pands and shrinks during its evolution stage. The rate of arc chan-
nel front evolution depends on the surface conductivity of a ma-
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Fig. 2. Boundary conditions of the finite element model with component D current waveform. (A) Thermal and electrical boundary conditions imposed on unprotected 
32-ply AS4/3506a laminate subjected to uniformly distributed surface current with 40 kA peak current amplitude of modified component D waveform in coupled thermal 
electric analysis. (B) Thermal and electrical boundary conditions imposed on the laminate in subsequent heat transfer analyses in lightning strike FE simulations. The red 
regions on the laminate top ply are lightning attachment regions and the black dotted circle is a lightning arc channel having a diameter of 10 mm. (C) Double exponential 
impulse current waveform. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1
Material properties of AS4/3506a carbon/epoxy composite laminate [32–35].

Temp, 
T (◦C)

Density, ρa

(kg/mm2)
Specific 
Heat, Ca

p
(J/(kg.K))

Thermal Conductivity, ka Electrical Conductivity, σ b

Long. Trans. Thick. Long. Trans. Thick.
(W/(mm.K)) (W/(mm.K)) (W/(mm.K)) (S/mm) (S/mm) (S/mm)

25 1.52E-06 1065 466E-02 6.87E-04 6.87E-04 34.63 1.21E-03 3.23E-06
334 1.52E-06 2100 2.47E-02 3.728E-04 3.728E-04 34.63 1.21E-03 3.23E-06
500 1.1E-06 2100 1.463E-02 1.788E-04 1.788E-04 34.63 2 2
1000 1.1E-06 1900 1.172E-02 1.317E-04 1.317E-04 34.63 2 2
3316 1.1E-06 2509 1.00E-04 1.00E-04 1.00E-04 34.63 2 2
3367 1.1E-06c 5875c 1.00E-04c 1.00E-04c 1.00E-04c 1c 0.2c 1.0E+06c

a Refs. [32] and [33].
b Refs. [34] and [35].
c Extrapolated material properties over the temperature range (25 ◦C - 3316 ◦C).
terial, the magnitude of the peak current and temporal character-
istics of an impulse waveform [31]. The incorporation of spatially-
and temporally-varying arc channel can better characterize struc-
tural response and associated lightning damage, but drastically in-
creases computational time. Therefore, the majority of lightning 
damage models available in the open literature assume that the 
arc channel planner area remains constant. There exists a trade-off 
between model accuracy and computational performance. As the 
primary focus of this paper is uncertainty analysis resulting from 
the inherent stochasticity, the effects of varying arc channel on 
lightning damage in composites are not considered in the current 
4

work. However, more accurate lightning strike modeling can be 
adopted in the future following a similar stochastic analysis frame-
work as proposed here. A uniformly distributed surface current 
with 40 kA peak amplitude of modified component D waveform 
(as per SAE-ARP 5412 [11]) is applied over a 10 mm diameter arc 
channel. A double exponential impulse current waveform produc-
ing a 40 kA peak amplitude (refer to Fig. 2(C)) is implemented in 
a user-defined amplitude subroutine (UAMP) as follows:

I(t) = I A(e−α̂t − e−β̂t) (1)

where I A = 43762 A, α̂ = 22708 1/s, and β̂ = 1294530 1/s.
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Fig. 3. Comparison between experimental and numerically predicted (literature and current FE model) lightning damage and electrical response in the outermost 
AS4/3506a layer. (A) Visual inspection from Hirano et al. [4] (B, C, D) Predicted matrix decomposition indicative of lightning thermal damage from Ogasawara et al. [6], 
Lee et al. [16], and the present FE model, respectively. In Fig. 3 (C) and 3 (D), SDV1 is the state variable used in the HETVAL user subroutine which represents the degree 
of thermal decomposition. (E, F) Electrical potential (EPOT) distributions from Lee et al. [16] and the current study, respectively. (G, H) Electrical current density (ECD) dis-
tributions from Lee et al. [16] and the present FE model, respectively. Note that the results from the current FE model are captured at the end of coupled thermal-electrical 
analysis (30 μs).
A user-defined heat generation subroutine (HETVAL) is devel-
oped to calculate the extent of epoxy matrix thermal decomposi-
tion at each time increment. The onset of matrix decomposition 
is assumed to start at 300 ◦C and vary linearly up to 500 ◦C. This 
indicates that the degree of matrix decomposition is 0 (undam-
aged at 300 ◦C) and 1 (fully damaged at 500 ◦C). The damaged 
material properties (due to irreversible permanent epoxy matrix 
damage) are updated using a user-defined field subroutine (US-
DFLD). Temperature-dependent orthotropic material properties for 
AS4/3506a laminate used in the present work are presented in Ta-
ble 1.
5

2.2. Validation of deterministic lightning strike damage model

The experimental test results of Hirano et al. [4] and FE model 
results of Ogasawara et al. [6] and Lee et al. [16] are used to val-
idate the current FE model. Fig. 3(A) shows the lightning damage 
in a composite laminate experimentally tested by Hirano et al. [4]. 
Fig. 3(B) and Fig. 3(C) show the matrix decomposition predicted 
by Ogasawara et al. [6] and Lee et al. [16] respectively. Fig. 3(D) 
shows the epoxy matrix decomposition predicted by the present 
FE model in the top ply of AS4/3506a carbon/epoxy laminate. In 
Fig. 3(B), thermal damage is defined in terms of temperature which 
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Fig. 4. Comparative results from literature and the current FE model concerning matrix thermal decomposition in 2nd, 3rd and 4th plies and thermal damage penetration 
in AS4/3506a carbon/epoxy laminate. (A, C, E) Matrix thermal decomposition in 2nd , 3rd and 4th plies respectively predicted by Lee et al. [16] (B, D, F) Matrix thermal 
decomposition in 2nd , 3rd and 4th plies respectively predicted by the current FE model. (G) Thermal damage penetration predicted by Lee et al. [16] (H) Thermal damage 
penetration predicted by the current FE model. Note that the results are captured at the end of heat transfer analysis (10 s).
ranges from 300 ◦C to 500 ◦C. In Figs. 3(C) and 3(D), thermal dam-
age is defined in terms of SDV1 which is the degree of thermal 
damage calculated in the HETVAL user subroutine based on the 
temperature ranging from 300 ◦C to 500 ◦C. Hence Fig. 3(B) can be 
compared with Figs. 3(C) and 3(D) qualitatively. In Fig. 3 (C) and 
3 (D), SDV1 is the state variable used in the HETVAL user subrou-
tine which represents the degree of thermal damage. Further, note 
that Avg. 75% is the 75% threshold value for averaging results in 
Abaqus cae. To visualize the results in contour plots, the saved re-
sults from element integration points need to be extrapolated to 
element nodes. Averaging computation converts values from the 
different extrapolated nodal results into a single nodal result. This 
threshold can be controlled by the user in Abaqus result options. 
Here the thermal damage was dominant in the nearby areas of the 
lightning attachment point (i.e. at the center of the laminate). The 
damage was spread along the fiber direction (i.e., the dominant 
6

electrical conduction path) as observed from the physical experi-
ment conducted by Hirano et al. [4]. Fig. 3(E) and Fig. 3(G) show 
the electrical potential (EPOT) and electrical current density (ECD) 
distributions respectively in the top composite ply predicted by Lee 
et al. [16], whereas Fig. 3(F) and Fig. 3(H) show those predicted by 
the present FE model. The current FE model results are found to 
be nearly identical to the experimental results of Hirano et al. [4]
and FE results of Ogasawara et al. [6] and Lee et al. [16]. Small 
variations in values obtained from the current analyses and ref-
erence literature may be due to solver version issues and other 
compatibility-related issues. These results essentially establish that 
the present deterministic FE model is accurate enough for subse-
quent analyses following a stochastic regime.

We further compare the deterministic results of lightning strike 
damage in the inner plies. Fig. 4(A, C, E) are the predicted matrix 
damage in the inner (2nd , 3rd and 4th) plies predicted by Lee et al. 
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[16] and Fig. 4(B, D, F) are those from the present FE model. For 
inner plies, the damage domains were found to be more elliptical. 
The major axis of elliptical-shaped thermal damage is not perfectly 
aligned along the local fiber direction, indicating somewhat consid-
erable Joule heating occurring through the thickness direction. The 
domain with intense matrix damage decreases for the successive 
inner layer. This is reasonable since the amount of current reach-
ing (i.e. correspondingly Joule heating occurring) the underlying 
plies decreases with depth. Fig. 4(G) is the thermal damage pene-
tration through the laminate thickness predicted by Lee et al. [16]
whereas Fig. 4(H) is the thermal damage penetration predicted by 
the present FE model. In both models, the predicted thermal dam-
age penetration was up to the 6th ply (0.75 mm). Along with the 
numerical results presented in the preceding paragraph for outer 
ply, the current results establish that the baseline FE model de-
veloped in this study is successfully validated with available ex-
perimental observation [4] and quantitative/qualitative numerical 
analysis of lightning thermal damage characteristics [6,16].

2.3. Quantification of damage through damage severity level

For probabilistic quantification, it is essential to have numerical 
representation of damage that can correlate with the visual charac-
terization of damage areas. Here the severity of lightning thermal 
damage is categorized into three damage severity level (DSL) zones 
based on the degree of damage (SDV1): i) DSL-1 representing the 
minor damage region (0.4 ≤ SDV1 ≤ 0.55), ii) DSL-2 represent-
ing to the intermediate damage region (0.55 < SDV1 ≤ 0.75), and 
iii) DSL-3 representing the severe damage region (SDV1 > 0.76). 
These values are chosen based on engineering judgment and ac-
cording to the overall range/ distribution of SDV1. The ranges of 
DSLs can be further adjusted in future studies. Fig. 5(A) presents 
DSL zones for the top ply of the laminate given for reference pur-
poses. Fig. 5(B) shows the detailed and zoomed view of damaged 
portions of Fig. 5(A). The predicted domain (outermost ply) from 
40kA peak current waveform is 55.5948 mm2 for the DSL-1 zone, 
54.8821 mm2 for the DSL-2 zone, and 138.0869 mm2 for the DSL-3 
zone. These areas can be used for quantifying the damage severity, 
along with inclusion of weights if necessary for defining a repre-
sentative parameter for damage.

In the present context, area of lightning thermal damage is the 
response parameter. However, there are three different damage 
severity levels as defined in the preceding paragraph. To have a 
unified quantifiable measure, we propose weighted damage by as-
signing appropriate weights corresponding to the areas of damage 
with different severity level. The parameter of weighted damage 
for damage severity levels (WDDSL), which allows to assign differ-
ent importance to each DSL, is calculated as follows:

W D D S L =
∑n

j=1 μD S L( j) AD S L( j)(ω)∑n
j=1 AD S L( j)(ω)

(2)

where, n is the number of DSL (i.e., n = 3 in this work), μD S L( j) is 
the mean of jth DSL and AD S L( j)(ω) is stochastic damage area of 
jth DSL. In a mean sense based on their respective defined bounds, 
μD S L(1) , μD S L(2) , and μD S L(3) are taken as 0.45, 0.65, and 0.85, re-
spectively. The values are kept constant for uncertainty analysis in 
this work for obtaining a consistent understanding in the following 
sections.

3. Preliminary screening of important parameters for stochastic 
analysis

In this study, there are nine primary potential input parameters 
(three orthogonal thermal conductivities, three orthogonal electri-
cal conductivities, specific heat, density, and outermost ply fiber 
7

orientation) that can impact the lightning damage of the composite 
laminate. All the input parameters may not significantly affect the 
damage of the laminates while a higher number of input param-
eter would increase the complexity and computational expenses 
of machine learning model formation. Making all the input pa-
rameters stochastic and inclusive of the analysis will increase the 
number of FE simulations to be performed drastically for analy-
sis. Hence to screen out less important stochastic parameters, a 
preliminary sensitivity analysis is performed here based on the 
first-order perturbation theory (FOPT) [36,37] that builds a Taylor 
series expansion of stochastic variables. A small degree of stochas-
ticity around the mean values of deterministic input parameters 
(μū = {μū1 , μū2 , ..., μūm }, where m = 9) is considered, resulting in 
stochastic responses N Res

0 (ū). The deterministic input parameters 
used in this work are the experimentally measured material prop-
erties, as listed in Table 1. Implementing Taylor series expansion of 
each stochastic variable, stochastic responses are expressed as

N Res
0 (ū) = N Res

0 (μū) +
m∑

i=1

[
∂N Res

0 (ū)

∂ ūi
|ū=μū

](
ūi − μūi

)

+ 1

2

m∑
i=1

m∑
j=1

[
∂N Res

0 (ū)

∂ ūi∂ ū j
|ū=μū

](
ūi − μūi

)(
ū j − μū j

)

+ H (ū) (3)

where μūi denotes the mean of the ith random input variable, 
H (ū) represents higher-order terms of the Taylor series expansion 
for uncertainty ū. After neglecting the second-order and higher-
order terms in the above expression, the mean μ and variance σ 2

of the stochastic responses N Res
0 can be estimated as

μN Res
0 (ū) = N Res

0 (μū) (4)

σ 2
N Res

0 (ū)
=

m∑
i=1

m∑
j=1

[
∂N Res

0 (ū)

∂ ūi
|ū=μū

]

×
[

∂N Res
0 (ū)

∂ ū j
|ū=μū

]
.cov

(
ūi, ū j

)
(5)

where cov 
(
ūi, ū j

)
is the covariance between the ith and jth input 

variables, i.e., cov 
(
ūi, ū j

) = 0 if ūi and ū j are uncorrelated, and 
cov 

(
ūi, ū j

) = σ 2
ūi

= σ 2
ū j

if i = j. Assuming negligible correlation 
among the input variables, the stochastic uncertainty in responses 
can be obtained using one factor at a time based on the central 
difference scheme

∂N Res
0

∂ ūi
= N Res

0

(
μūi + pi

) − N Res
0

(
μūi − pi

)
2pi

(6)

Here, pi denotes the perturbation size for ith input variable (the 
input variables are perturbed here taking ±10% variation around 
mean deterministic values). After calculating the mean μ and stan-
dard deviation σ , the sensitivity of ith input variable ( S̃ i ) is calcu-
lated as

S̃ i =

(
σ

N Res
0 (ū)

μ
N Res

0 (ū)

)
i∑m

i=1

(
σ

N Res
0 (ū)

μ
N Res

0 (ū)

)
i

(7)

In the present context, area of lightning thermal damage is the 
response parameter. However, there are three different damage 
severity levels as defined in the preceding section. To have a 
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Fig. 5. Definition of damage severity level (DSL) and subsequent preliminary screening of input parameters. (A) DSLs for the top ply of laminate. (B) Damaged portions 
of DSL 1, 2 and 3 in zoomed view. (C, D) First-order perturbation theory-based preliminary screening of input parameters considering DSL 3 and WDDSL. Here k1, k2, k3, 
σ 1, σ 2, σ 3, Cp , ρ , and θ represent thermal conductivities in the longitudinal, transverse, and thickness directions, electrical conductivity in the longitudinal, transverse, and 
thickness directions, specific heat, density and top ply fiber orientation, respectively. The sensitivity index ( S̃ i) is described in section 3.
unified quantifiable measure, we have proposed the concept of 
WDDSL in this study. The entire set of input parameters involve 
k1, k2, k3, σ 1, σ 2, σ 3, Cp , ρ , and θ that represent the longitudinal, 
transverse, through-thickness thermal conductivities, the longitudi-
nal, transverse, through-thickness electrical conductivities, specific 
heat, density, and top ply orientation, respectively. Through the 
FOPT based screening approach explained in this section, we would 
try to identify the most influential input parameters for light-
ning strike damage. FOPT based sensitivity analysis is performed 
here for the most severe damage (DSL-3) and weighted damage 
(WDDSL). Note that the weighted damage includes data from all 
damage severity levels (DSL-1, DSL-2, DSL-3). Thus, separate sensi-
tivity analysis results for DSL-1 and DSL-2 are not presented.

Fig. 5(C) and Fig. 5(D) present FOPT-based sensitivity analysis 
of lightning thermal damage in top composite ply based on DSL 
3 and weighted damage for damage severity levels (WDDSL), re-
spectively. This figure allows us to screen out insignificant input 
parameters, the variation of which are not sensitive to the damage 
areas. This preliminary sensitivity analysis suggests that the ther-
mal conductivities in all orthogonal directions (k1, k2, k3) are the 
least sensitive to the lightning thermal damage in the laminate. 
8

This is consistent with findings from recent studies [18,38]. Hence, 
thermal conductivities in all orthogonal directions are dropped in 
the following stochastic analyses. We would construct the machine 
learning models and carry out subsequent stochastic analysis based 
on the remaining sensitive input parameters only. In this context, 
it may be noted that FOPT only gives a preliminary idea of the 
sensitivity of different input parameters (for preliminary screen-
ing purposes) based on a very limited number of FE simulations 
(three simulations are performed for each input variable, one at 
mean deterministic value and the other two at perturbed mini-
mum and maximum values). We have presented a comprehensive 
global sensitivity analysis based on support vector machine based 
surrogate models later in this study.

4. Support vector machine based stochastic analysis

4.1. Surrogate modeling based on support vector machine

The machine learning model based on Support vector machine 
(SVM) is exploited here as a computationally efficient mapping be-
tween the sets of stochastic input parameter space and uncertain 
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response quantities of interest [39,40]. SVM regression is a super-
vised machine learning algorithm where the regression hyperplane 
is determined by optimizing the distances from the nearest data 
points, called support vectors [41–45,49,46]. Given that (xi, vi ) are 
training data points, i = 1, 2, 3, ...ñ, where ñ is the number of 
training data points. The training data is mapped to a high dimen-
sional feature space. After mapping, linear decision function v(x)
can be written as

v(x) = wT x + α (8)

where w is weight vector; α is a bias. The training data which 
is outside of the ε-insensitive tube can be tolerated using slack 
variables (ηi, η∗

i ) [47]. The optimization is done by minimizing the 
objective function ( J ) with the constraints

J = 1

2
||w||2 + K

ñ∑
i=1

(ηi + η∗
i ) (9)

subject to⎧⎪⎨
⎪⎩

vi − wT xi − α ≤ ε + ηi

wT xi + α − vi ≤ ε + η∗
i

ηi, η
∗
i ≥ 0

where K is constant regularization parameter and slack variables 
(ηi, η∗

i ) measure the deviation of points which are outside of ε . 
The non-linear regression problem can be solved using Lagrange 
equation [48] and its solution can be given as

v(x) =
ñ∑

i=1

(βi − β∗
i )C(xi, x) + α (10)

where (βi − β∗
i ) are Lagrange multipliers and C(xi, x) is kernel 

function. Polynomial kernel function is given as

C(xi, x) = (xi .x + 1)p (11)

where p is the order of the polynomial. The probabilistic responses 
are predicted at new stochastic data points for uncertainty quan-
tification concerning lightning damage using full scale Monte Carlo 
simulations [49–51]. Fig. 1(C) shows a schematic representation of 
the surrogate model-based stochastic analysis adopted here. Proba-
bility density function (PDF) of the responses v(x(ω)) (such as DSL, 
WDDSL, ECD, and EPOT) is shown considering the stochasticity in 
input parameters x(ω) (material properties and ply orientation, re-
fer to Fig. 6(B)) where ω denotes the stochasticity of parameters. 
SVM regression is coupled with Sobol sequence sampling algo-
rithm [29,30,52] in this work for the training and validation of 
surrogate models.

4.2. Stochastic analysis of lightning thermal damage

Based on the initial sensitivity analysis and studies in avail-
able literature [18,38], the thermal conductivities are found to be 
the least important material properties for lightning thermal dam-
age in composite, and thus ignored in the following stochastic 
analysis. Instead, we have considered two outermost ply fiber ori-
entations (+45◦ and 0◦) since the extent and shape of lightning 
thermal damage is strongly influenced by local ply orientation. As 
consequence, in the following section, a total of seven material 
properties, including three electrical conductivities (σ 1, σ 2, σ 3), 
specific heat (Cp), density (ρ), and two outermost ply fiber orien-
tation (+45◦ and 0◦), are considered to study the effect of source-
uncertainty on the lightning thermal damage in carbon/epoxy lam-
inate. A random variation of ±10% is taken with respect to the 
9

nominal values (as per common industry standards) for all uncer-
tain parameters for performing the stochastic analysis. Monte Carlo 
(MC) simulation that predicts the response of the system for ran-
domly distributed input variables is adopted in conjunction with 
support vector machine based surrogates for complete probabilistic 
quantification. The following stochastic individual and compound 
cases (denoted as, gI , gI I ,..., gV ) are considered for performing 
Monte Carlo simulations in the present study for a comprehen-
sive understanding of the corresponding stochastic effects. 

(1) Only randomly-varying electrical conductivities (σ 1, σ 2, σ 3) 
which can be written as:

gI {σ1(ω),σ2(ω),

σ3(ω)} = {ψ1 (
σ1(1). . .σ1(l)

)
,ψ2 (

σ2(1)...σ2(l)
)
,ψ3 (

σ3(1)...σ3(l)
)}

(2) Only randomly-varying specific heat (Cp) which can be written 
as:

gI I {C p(ω)} = {
ψ1

(
C p(1)...C p(l)

)}

(3) Only randomly-varying density (ρ) which can be written as:

gI I I {ρ(ω)} = {
ψ1

(
ρ(1)...ρ(l)

)}

(4) Only randomly-varying fiber orientations (θ1, θ2) which can be 
written as:

gI V {θ1(ω), θ2(ω)} = {
ψ1

(
θ1(1)...θ1(l)

)
,ψ2

(
θ2(1)...θ2(l)

)}

(5) Compound effect of randomly-varying all stochastic input prop-
erties (σ 1, σ 2, σ 3, Cp , ρ , θ1, θ2) which can be written as:

gV {σ1(ω), sigma2(ω),σ3(ω), C p(ω),ρ(ω), θ1(ω), θ2(ω)}

=
⎧⎨
⎩

ψ1
(
σ1(1)...σ1(l)

)
,ψ2

(
σ2(1)...σ2(l)

)
,ψ3

(
σ3(1)...σ3(l)

)
,

ψ4
(
C p(1)...C p(l)

)
,ψ5

(
ρ(1)...ρ(l)

)
,ψ6

(
θ1(1)...θ1(l)

)
,

ψ7
(
θ2(1)...θ2(l)

)
⎫⎬
⎭

Operator ψ generates the set of random input parameters for per-
forming MC simulations. σ1(i) , σ2(i) , σ3(i) , C p(i) , ρ(i) and θ1(i) , θ2(i)

are material properties and ply orientations respectively, for ith

data point. Symbol l denotes the total number of the data point 
used in MC simulations. We have used ω to represent the stochas-
tic characteristic of the respective parameters.

Fig. 6(A) presents a flow chart of surrogate-based stochastic 
analysis for uncertainty quantification of lightning thermal dam-
age. The stochastic input variables (i.e., material properties and 
ply orientation) and corresponding stochastic responses (i.e., DSL, 
WDDSL, ECD, and EPOT) are shown in Fig. 6(B). In-plane epoxy 
decomposition in the individual plies of the laminate for a typ-
ical random realization of the input parameters is presented in 
Fig. 6(C-J). The epoxy decomposition contours here are a result of 
the compound stochastic effect of the involved source uncertainties 
and these will change from sample to sample. Note that we essen-
tially analyze thousands of such random realization for analyzing 
the stochastic effects of lightning strike damage in a probabilistic 
framework.
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Fig. 6. Description of the computational algorithm for SVM surrogate-based stochastic analysis concerning lightning strike damage. (A) Flow chart of surrogate-based 
stochastic analysis for uncertainty quantification of in-plane epoxy decomposition in unprotected AS4/3506a carbon/epoxy laminate.(B) Stochastic input variables and 
stochastic outputs of the laminate under lightning strike. (C-J) In-plane epoxy decomposition in the individual plies of the laminate for a typical random realization of 
a set of stochastic input parameters. For a Monte Carlo simulation based stochastic analysis, thousands of such random realizations are analyzed.
4.3. Variance-based global sensitivity analysis

Global sensitivity analysis classifies the relative importance of 
uncertain input parameters based on the variance of uncertain 
outputs. First-order sensitivity indices represent the fractional con-
tributions of uncertain inputs in the variance of the output, while 
total sensitivity indices represent the sum of the main effects of 
uncertain parameters and all interactions in which those param-
eters are involved [53]. The algorithm involved in the sensitivity 
analysis is discussed in the following paragraphs.

Given that N is the number of evaluations, we obtain two 
(N, k) matrices called P and Q using the Latin hypercube sam-
10
pling method for the k dimensional model. We define a matrix Ri , 
which has all columns of the matrix Q except ith column that has 
been taken from matrix P . Taking input from P , Q and Ri matri-
ces, three outputs (N, 1) are written as

ỹ P = f (P ), ỹ Q = f (Q ), ỹRi = f (Ri) (12)

The first-order indices are calculated as [54]

Si = V ar [E (Y |Xi)]

V ar (Y )
= ỹ P . ỹRi − f̄ 2

ỹ P . ỹ P − f̄ 2
= (1/N)

∑N
j=1 ỹ( j)

P ỹ( j)
Ri

− f̄ 2

(1/N)
∑N

j=1

(
ỹ( j)

P

)2 − f̄ 2

(13)
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Fig. 7. Mean absolute percentage error (MAPE) of DSLs obtained from squared exponential Gaussian process regression (SE-GPR), and cubic and quadratic SVM regression 
models considering various training sample sizes. (A, B, C) Top ply. (D, E, F) 2nd ply. (G, H, I) 3rd ply.
where

f̄ 2 =
⎛
⎝ 1

N

N∑
j=1

ỹ( j)
P

⎞
⎠

2

The total effects are calculated as

S T
i = 1 − V ar [E (Y |X∼i)]

V ar (Y )
= 1 − ỹ P . ỹRi − f̄ 2

ỹR . ỹ P − f̄ 2

= 1 − (1/N)
∑N

j=1 ỹ( j)
P ỹ( j)

Ri
− f̄ 2

(1/N)
∑N

j=1

(
ỹ( j)

P

)2 − f̄ 2
(14)
11
The notation X∼i denotes the set of all variables except Xi . The 
simplest way of computing sensitivity indices is by brute force, 
which is computationally intensive. N2 number of evaluations are 
required in brute force method. The number of evaluations in the 
given method is less than the brute force method. Matrix P , Q , 
and Ri , in total, give N(k + 2) points in the input space; hence 
a total of N(k + 2) runs are required to calculate the sensitivity 
indices. If we take the sample size as 10000 (i.e. N = 10000) for 
a 7-dimensional model (i.e. k = 7) then in the brute force method, 
108 number of runs are required, whereas the present method will 
require only 90000 runs to evaluate the sensitivity indices.



R.S. Chahar, J. Lee and T. Mukhopadhyay Aerospace Science and Technology 142 (2023) 108597

Fig. 8. Mean absolute percentage error (MAPE) as a function of training sample size for WDDSL, ECD and EPOT. (A, B, C) MAPE for WDDSL of top, 2nd and 3rd plies. (D) MAPE 
for electrical current density (ECD). (E) MAPE for electrical potential (EPOT). Here responses ECD and EPOT are considered for the maximum values in each sample’s top ply 
of the laminate.
5. Uncertainty quantification and global sensitivity analysis of 
lightning strike damage

5.1. SVM-based surrogate model validation

The validation of the baseline (deterministic) FE model is al-
ready presented in Section 2.2. This section discusses the details 
on the prediction accuracy of SVM based surrogate models. After 
having adequate confidence based on such validation (involving 
both the deterministic FE model and the prediction capability of 
the machine learning models), we have carried out uncertainty 
quantification and global sensitivity analysis by exploiting the ef-
ficient surrogates of the baseline lightning damage model (refer 
to Figs. 3 and 4). As discussed previously, the simulated com-
posite considered in this work is a AS4/3506 carbon/epoxy lami-
nate [45/0/ − 45/90]4S under the effect of a modified component 
D waveform (40 kA peak amplitude). The stochastic variation in 
the material properties and ply orientation are taken to quantify 
the uncertainty in in-plane epoxy matrix thermal decomposition 
(indicative of lightning thermal damage) and electrical responses 
of the laminate. Training samples are generated from an optimal 
Sobol sequence algorithm [29]. Abaqus/standard 2016 version with 
the following computer specification is used to run FEA simula-
tions: Intel(R) Xeon(R) W-1290 CPU at 3.20 GHz processor speed 
and 64 GB RAM, wherein 8 cores are utilized in parallel computing 
for surrogate model construction. The accuracy of surrogate models 
is investigated by considering different sample sizes for deciding 
12
the converged number of training sample data. For quantifying the 
prediction accuracy of surrogates, mean absolute percentage error 
(MAPE) is calculated as follows

M A P E = 1

Ñ

Ñ∑
p=1

AB S(Actualp − Predictedp).100%

Predictedp
(15)

where Ñ is number of samples used for prediction, AB S is ab-
solute of the percentage error, Actualp is actual response from 
finite element simulations, Predictedp is prediction of the surro-
gate model (for p-th realization).

Fig. 7 presents the mean absolute percentage error (MAPE) of 
each DSL in the 1st , 2nd , and 3rd carbon/epoxy plies, respectively, 
plotted for various training sample sizes Ñ . Similar MAPE plots are 
generated for WDDSL, ECD, and EPOT in Fig. 8. In theses figures, 
each group of bar plots represents the prediction of three differ-
ent surrogates, while the results are presented for different sample 
sizes. Surrogate model accuracy depends on the type of supervised 
machine learning algorithm along with the training sample size, 
size of input parameter space, degree of complexity involved in 
the actual simulation model (i.e. the finite element model in the 
current analysis) and other surrogate tuning parameters. As per 
earlier studies concerning composites [23], three best-performing 
machine learning algorithms are shown for comparison in predic-
tion capability including two SVM regression models (cubic and 
quadratic) and Gaussian process regression (GPR) with squared 
exponential (SE) kernel. GPR is a nonparametric probabilistic re-
gression method based on Bayesian statistics, the further detail of 
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Fig. 9. Box plots of DSLs, WDDSL, EPOT, and ECD. (A, B, C) DSLs for the top, 2nd , and 3rd plies. (D) WDDSL for the 1st , 2nd and 3rd plies. (E) Maximum value of EPOT for top 
ply. (F) Maximum value of ECD for top ply.
which can be found in literature [28,55]. In Fig. 7, MAPE estimated 
by GPR and two SVM regression models are compared for each DSL 
in the top three carbon/epoxy plies. The MAPE decreases (indicat-
ing better prediction) with increasing training sample size, wherein 
we try to identify an optimal size of the training samples that pro-
vide adequate accuracy. Based on the presented results, the sample 
size is chosen as 200 for DSL-1, 160 for DSL-2, DSL-3 and WDDSL, 
while 220 for ECD and EPOT. Note that, along with the considera-
tion of avoiding overfitting, we have tried to identify the optimal 
sample size for each of the response parameters as the compu-
tational time increases for the surrogate model formation in case 
of more training data. The prediction performance of Quad SVM 
13
and SE GPR are quite comparable. In this context, the prediction 
accuracy of Cubic and Quad SVM reveals interesting insights. Cu-
bic SVM is a SVM based surrogate trained using cubic polynomial 
kernels. It is a higher-order polynomial kernel and may require 
more training data for obtaining adequate prediction accuracy de-
pending on the nature of the underlying physics of the system. In 
such situations, lower-order kernels (such as quadratic) may obtain 
better prediction accuracy for a lower sample size [56–59]. How-
ever, the higher-order kernels would provide better accuracy when 
more training data is available. Keeping the constraint of sample 
size (due to computational expenses) and the required level of ac-
curacy in mind, one needs to select the order of polynomial kernel 
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Fig. 10. Effect of deterministic individual variation in the critical input parameters on DSLs, ECD, and EPOT in the top ply of the laminate. (A-G), (H-N), (O-U), (V-AB), (AC-AI)
Influence of deterministic variation in input parameters on DSL-1, DSL-2, DSL-3, ECD, and EPOT, respectively in the top ply of the laminate. Here, σ 1, σ 2, σ 3, Cp , ρ , θ1, and 
θ2 represent electrical conductivities in the longitudinal, transverse, and thickness directions, specific heat, density, and +45◦ and 0◦ outer layers’ ply orientations. In all the 
presented subplots, 10000 data points are taken along x axis and corresponding y values are obtained using ML model. Since we have used ML model here, it is possible to 
perform the analysis quite efficiently without using actual expensive FE simulations directly.
through appropriate engineering judgment. In general, SVM based 
regression methods are robust to outliers in the data, as the deci-
sion boundary is determined by the support vectors. This feature 
of SVMs gives an advantage in the current work as the output 
data has some outliers here (refer to Fig. 9). In the subsequent 
section, we present the uncertainty quantification and sensitivity 
analysis based on Quad SVM considering the training sample sizes 
discussed above. Here, for all the response parameters correspond-
ing to the chosen optimized training sample sizes, the low values 
14
of MAPE (below 2 to 7%) ensure the accurate prediction ability of 
the surrogates for further analyses.

5.2. Results and discussion

5.2.1. SVM-assisted prediction and uncertainty quantification
In this section, we first present a critical deterministic analysis 

on the effect of the influencing parameters on the multi-physical 
responses concerning lightning strike and a statistical analysis of 
the related physics-based data. Subsequently, complete probabilis-
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Fig. 11. Through-thickness analysis of stochastic thermal damage penetration (TDP). (A) Box plot of thermal damage penetration (TDP) severity levels. (B) Histogram of the 
number of damaged plies for a stochastic simulation. (C) Typical representation of thermal damage penetration (TDP) showing the depths of different damage severity levels 
for a random realization of set of input parameters.
tic characterization and global sensitivity analysis are presented. 
Fig. 9 shows the box plots of the lightning thermal damage in the 
top three outer plies, WDDSL, EPOT, and ECD, respectively. It can 
be observed that the median of thermal damage area (the hori-
zontal red line in the box) for the DSL-3 reduces from 146.1479 
mm2 in the top ply to 107.9253 mm2 in the 3rd ply. Similarly, 
the damaged area in the inner plies reduces for DSL-1 and DSL-
2. This makes sense physically since lightning thermal damage in 
successive carbon/epoxy plies gradually decreases. The box plot 
for WDDSL (Fig. 9(D)) shows a comparable median with the DSLs 
(since WDDSL is the weighted average of all DSLs), decreasing 
slightly for the inner plies. The box plots of ECD and EPOT are 
presented in Figs. 9(E) and 9(F). Here ECD and EPOT values are 
found to be maximum in the top ply of the laminate. However, 
it can be noted that the maximum values of ECD and EPOT re-
main mostly unchanged till 3rd ply from the top of the laminate 
since electrical conduction occurs much faster than heat conduc-
tion. Hence results are shown here only for the top ply. ECD value 
varies from 12059.1162 A/mm2 to 75939.23 A/mm2 with a median 
of 24960.33 A/mm2 whereas EPOT value varies from 1100.2 V to 
2007.43 V with a median of 1491.6037 V.

The variations in deterministic DSLs, EPOT, and ECD in the top 
ply of the laminate concerning influencing input parameters are 
investigated through the SVM-based surrogate model, as presented 
in Fig. 10. We follow a one-at-a-time (OAT) method here and it 
shows how each input variable, throughout their design bounds, 
influences the thermal and electrical responses of the laminate 
without considering any correlation. Fig. 10(A, H, O) shows that 
lightning damage reduces with an increase in the electrical con-
ductivity in the longitudinal direction (σ 1) and density (ρ). The 
maximum values of ECD and EPOT in the top ply also reduce with 
an increase in σ 1 (refer to Fig. 10(V, AC)). Fig. 10(F, M, T) shows 
that the thermal damage increases with an increase in ply orienta-
tion angle (top ply). However, Fig. 10(N, U) shows that DSL-2 and 
DSL-3 decrease with an increase in ply orientation angle of the 
15
second ply. Interestingly, we notice maxima and minima of DSLs, 
ECD and EPOT corresponding to multiple influencing input param-
eters (such as Figs. 10(B-E, G, I, J, P, Q, V-Z, AB, AE, AH, AI)). Such a 
thorough understanding of the multiphysical responses would have 
significant implications for optimum designs.

It can be noted that DSL or WDDSL are defined here for char-
acterizing in-plane lightning thermal damage. It is also critically 
important to investigate the through-thickness damage propaga-
tion to quantify the extent of lightning strike effect. To address 
this, a new parameter called thermal damage penetration (TDP) 
is introduced here. It is defined by the maximum damage pen-
etration depth corresponding to different damage severity levels, 
as explained in Fig. 11(C) for a random realization. Based on the 
stochastic simulations, it is noted from Fig. 11(A) that TDP level-1 
ranges from 0.65 mm to 1.3369 mm whereas TDP level-2 ranges 
from 0.33549 mm to 1.2198 mm. The histogram presented in 
Fig. 11(B) considers TDP of top plies which are severely affected 
as well as the bottom plies which are less affected by the damage. 
It is noted that 10 plies are damaged in most of the realizations, 
while it may range up to 12 plies depending on the compound 
influence of stochastic parameters. A combined understanding of 
ply-wise DSL, WDDSL and TDP can reflect the extent of lightning 
strike damage comprehensively. As we notice that the area of light-
ning damage corresponding to different DSL reduces significantly 
after first few plies from the top, we only concentrate on the first 
three layers in the subsequent probabilistic analysis for presenting 
numerical results.

The complete probabilistic descriptions for ECD, EPOT, DSLs, and 
WDDSLs are presented in Figs. 12 to 14 based on Monte Carlo 
simulation considering large-scale realizations (∼ 104) taking the 
individual and combined effect of stochasticity in the temperature-
dependent material properties and fiber orientation angles. Fig. 12
shows that the longitudinal electrical conductivity (Electrical Cond 
1 in the label) has the highest stochastic bounds, which means that 
this parameter is most sensitive to ECD and EPOT of the laminate. 
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Fig. 12. Probability density function (PDF) plots for electrical current density (ECD) and electrical potential (EPOT). (A, B) PDFs of ECD representing individual and compound 
stochastic effects of the input variables. (C, D) PDFs of EPOT showing individual and compound stochastic effects of the input variables (refer to section 4.2 for individual and 
combined stochastic effects). The input variables are electrical conductivity in the longitudinal (1), transverse (2), and thickness (3) directions, specific heat, density, and the 
+45◦ and 0◦ ply orientations (denoted by 1 and 2 in the label).
This is consistent with the experimental observation [1] and our 
earlier study [60]. As shown in Fig. 13, top ply orientation (Ply ori-
entation in the label), specific heat and electrical conductivity in 
the longitudinal direction have the highest stochastic bounds for 
all DSLs in the top composite ply. Although not included in the 
figure, the PDFs generated for DSLs in the 2nd and 3rd ply are also 
found to be consistent with Fig. 13.

Probabilistic descriptions of WDDSLs for the top, 2nd and 3rd

composite plies are presented in Fig. 14, wherein it can be ob-
served that the stochastic output bounds and probabilistic distri-
bution depend strongly on the nature of the source uncertainty 
under consideration. The combined effect of all the uncertain in-
put variables leads to the highest stochastic response bounds for 
all the output quantities of interest (refer to section 4.2 for com-
bined stochastic effect). We notice that the stochastic bounds of 
different individual stochastic parameters follow the order of cor-
responding sensitivity for all the output quantities of interest. In-
terestingly, eventhough the probabilistic descriptions of individual 
stochasticity cases are non-gaussian, the compound stochastic ef-
fects become more Gaussian in nature probabilistically. Such obser-
vation is consistent with the central limit theorem of probability 
theory.
16
5.2.2. Global sensitivity analysis
A variance-based global sensitivity analysis [54] is presented 

here. The global sensitivity analysis indices (Refer to section 4.3) 
are found to converge at ∼ 104 samples. The lightning strike elec-
trical charge transfer is a measure of the amount of the electrical 
energy dissipated by current flowing through a material, which 
is the product of the ECD vector and the electric field intensity 
(equivalent to EPOT gradient) vector [16]. Hence, a global sensi-
tivity analysis is performed to evaluate the importance of each 
stochastic input parameter for ECD and EPOT distributions, as 
shown in Fig. 15. As stated previously, σ 1, σ 2, σ 3, Cp , ρ , θ1, and 
θ2 in the figure label denote electrical conductivities in the longi-
tudinal, transverse, and thickness directions, specific heat, density, 
and ply orientations of +45◦ and 0◦ , respectively. From the global 
sensitivity analysis for ECD and EPOT, σ 1 is found to be the most 
sensitive parameter, i.e., a small variance in σ 1 can lead to a sig-
nificant change in electrical behavior of the composite subjected to 
lightning strike. This makes sense since electrical current flow pri-
marily depends on the optimal conduction path (i.e., in the fiber 
direction). In turn, the sensitivity of DSL and WDDSL would de-
pend on such outcomes and can be correlated to the sensitivity of 
ECD and EPOT.
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Fig. 13. Probability density function (PDF) plots for each DSL of the top ply. (A, C, E) PDFs for DSL-1, DSL-2 and DSL-3 taking individual stochastic effects of input variables.
(B, D, F) Corresponding PDFs having compound stochastic effects of the input variables.
Fig. 16 shows the global sensitivity analysis results performed 
for DSLs and WDDSL of the top ply of the laminate. Considering 
different output quantities of interest, for DSL-1 (i.e., the minor 
damage region), θ1, σ 1, and Cp are the most sensitive (in de-
scending order of sensitivity) parameters, while σ 2, σ 3, ρ , and 
θ2 are least sensitive input parameters. In addition, for DSL-2 (i.e., 
17
the intermediate damage region), Cp , θ1, ρ , σ 1, and σ 3 are the 
most sensitive parameters. In contrast to DSL-1 and DSL-2, the 
global sensitivity analysis result for DSL-3 shows that σ 1, ρ , Cp , 
and θ1 are the most sensitive parameters. This result shows good 
agreement with the existing experimental and numerical studies. 
However, it becomes evident that the relative sensitivity of differ-



R.S. Chahar, J. Lee and T. Mukhopadhyay Aerospace Science and Technology 142 (2023) 108597

Fig. 14. Probability density function (PDF) plots for WDDSL of the top, 2nd and 3rd plies. (A, C, E) PDFs for WDDSL of the top, 2nd and 3rd plies respectively taking individual 
stochastic effects of input variables. (B, D, F) Corresponding PDFs having compound stochastic effects of the input variables.
18
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Fig. 15. Variance-based global sensitivity analysis for ECD and EPOT to understand the relative importance of the uncertain input parameters. (A, B) 1st order and total 
sensitivity indices for ECD. (C, D) 1st order and total sensitivity indices for EPOT.
ent influencing input parameters depend on the damage sensitivity 
level, which has not received attention so far from the scien-
tific community. Although there is little work on varying ρ , Cp , 
and θ1 on lightning damage assessment, it is well accepted that 
lightning thermal damage in carbon/epoxy composite strongly de-
pends on its σ 1. Interestingly, the global sensitivity analysis result 
for WDDSL shows that Cp is the most significant material prop-
erty followed by the other parameters due to the incorporation 
of weights in the definition of WDDSL. This makes sense since 
Cp is the heat capacity divided by the weight of a material, indi-
cating a measure of the material’s heat storage ability. In general, 
while the results for first order and total sensitivity analysis are 
consistent to identify the most sensitive input parameter (both 
of these indices are presented here for giving a comparative per-
spective), the total sensitivity can be regarded as a more accurate 
measure.

6. Conclusions and perspective

This paper presents an efficient support vector machine based 
surrogate approach coupled with computationally intensive tran-
sient thermal-electrical finite element simulations to quantify the 
uncertainty in lightning strike damage of carbon-epoxy com-
posites. The uncertainty in epoxy matrix damage and electri-
cal responses of unprotected carbon/epoxy composite laminates 
is probabilistically quantified considering the stochasticity in 
temperature-dependent multi-physical material properties and ply 
orientations. Such source-uncertainties can be regarded as the con-
sequence of inevitable random variabilities in manufacturing com-
plex material and structural systems like laminated composites, 
service-life degradations and operational variabilities in extreme 
environments. For quantifying damage we have proposed the con-
cepts of damage severity levels (DSL) and their weighted vari-
ants (WDDSL) along with thermal damage penetration (TDP) for 
through-thickness damage. The source uncertainty in temperature-
dependent material properties (i.e., electrical conductivities, spe-
cific heat, density) and geometric attributes like ply orientation 
angle is propagated here from the input level to the global re-
sponse level of lightning strike damage characteristics through 
19
Monte Carlo simulations. Due to the adoption of a coupled sup-
port vector machine based simulation approach in the bottom-
up uncertainty propagation framework, it has become possible 
to carry out a comprehensive uncertainty quantification leading 
to complete probabilistic descriptions of the electrical and dam-
age parameters despite the requirement of performing a large 
number of computationally intensive function evaluations. Fur-
ther, the surrogate models are exploited for an efficient variance-
based global sensitivity analysis to investigate the input param-
eters’ relative influence on the lightning strike-induced damage 
behavior. The results reveal that source-uncertainty of the un-
protected laminates significantly influences the epoxy decompo-
sition, electrical current density and electric potential, wherein 
longitudinal electrical conductivity is most sensitive to stochas-
tic variations followed by other electrical, thermal and geometric 
parameters.

In summary, for ensuring adequate operational flight safety, we 
have quantified the uncertainty involved in lightning strike damage 
probabilistically accounting for the effect of inevitable stochasticity 
in the material and geometric parameters. This will allow us to 
develop an improved optimum design paradigm through inclusive 
analysis and modeling of aircraft structures considering probabilis-
tic information to avert structural failure and further assessment 
of residual structural performance incorporating the notion of reli-
ability.
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Fig. 16. Variance-based global sensitivity analysis for DSLs and WDDSL to understand the relative importance of the uncertain input parameters. (A, C, E) Ist order sensitivity 
indices for DSLs. (B, D, F) Total sensitivity indices DSLs. (G) Ist order sensitivity indices for WDDSL. (H) Total sensitivity indices for WDDSL.
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