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A B S T R A C T   

A novel integrated modelling framework is proposed as a set of coupled virtual tests to predict the residual 
compressive strength of carbon/epoxy composites after a lightning strike. Sequentially-coupled thermal-electric 
and thermo-mechanical models were combined with Compression After Lightning Strike (CAL) analyses, 
considering both thermal and mechanical lightning strike damage. The predicted lightning damage was validated 
using experimental images and X-ray Computed Tomography. Delamination and ply degradation information 
were mapped to a compression model, with a maximum stress criterion, using python scripts. Experimental data, 
in which artificial lightning strike and compression testing were performed, was used to assess the predictive 
capabilities of the framework, considering three lightning strike peak current amplitudes (25, 50, and 75 kA). 
The framework herein achieved a residual strength prediction within 6% of the experimental values for all peak 
currents. The relationship between individual lightning damage morphologies (thermal, mechanical and 
delamination damage) and CAL strength has been numerically established.   

1. Introduction 

Composite materials are more susceptible to lightning strike damage 
than legacy metal airframes. Therefore, research into lightning strike 
damage and protection systems, has been receiving increasing attention. 
Experimental and numerical research has been conducted on lightning 
strikes, with primary focus on high peak current Waveforms A or D 
[1–9]. 

1.1. Literature review 

Lightning strike simulations have primarily focussed on the thermal- 
electric effect in the specimen due to resistive heating [5,6,10,11]. For 
example, Shah and Lee [10] presented a novel stochastic modelling 
framework predicting lightning thermal damage considering random 
distributions of electrical conductivity and voids. Other works have 
focussed on dynamic mechanical pressure loading [12–14], (e.g. Li et al. 
[14] studied the shock wave pressure induced by impulse currents on 
carbon fibre reinforced polymers (CFRP) laminates), thermal expansion 

[15–17], (e.g. Foster et al. [17] quantified the magnitude of internal 
specimen mechanical loading resulting from electrical load induced 
thermal expansion), or representing electrical, thermal and mechanical 
effects [5,16,18] (e.g. Millen et al. [18] used predictions from a lightning 
plasma model and represented a pressure load, current load, and the 
resulting thermal and mechanical damage mechanisms). 

Simulations have been used to a limited degree to predict residual 
strength after lightning strikes. Wang et al. [19,20] performed numerical 
and experimental investigations to predict the residual strength of 
composite specimens exposed to lightning strikes. In ref. [20], lightning 
thermal damage in the composite specimen was calculated using a 
thermal-electric analysis before transferring a damaged state to a 
structural analysis, and residual tensile strength was predicted using the 
Hashin failure criteria. Mechanical properties of the remaining elements 
were degraded with respect to their temperature. However, the model-
ling approach developed in the work solely considered thermal damage 
resulting from Joule heating, and thus dynamic mechanical pressure 
loading and thermal-expansion effects were ignored. In ref. [19], post- 
lightning strike residual strength under axial compression loading was 
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considered, and simulation and experimental data were compared. The 
authors found that compressive failure load decreased with increased 
applied action integral (defined as the time integral of the current 
squared), and therefore increased specimen damage. As before, the 
lightning strike modelling was limited to thermal-electric loading, i.e. 
without representation of the lightning mechanical loading. In addition, 
no delamination behaviour was explicitly modelled through cohesive 
interactions or other means. Therefore, the detailed failure mechanisms 
between the pristine specimens and the lightning damaged specimens 
could not be fully compared. 

Most recently, Harrell et al. [5,21] proposed a modelling framework 
to predict dielectric breakdown, using a quarter model and a radially 
expanding lightning arc. The authors validated their model [5] with 
conventional damage models [16]. However, this comparison did not 
make use of the actual referenced conventional damage model, rather, 
the authors modified their own model and compared prediction varia-
tion. Harrell et al. [21] used sequential simulations, in which lightning 
damage was transferred using a point cloud transformation approach, to 
a structural scale model which was used to predict the structural 
response of the damaged CFRP laminate. The simulation chain only 
considered dielectric breakdown and Joule heating as the primary 
contributors to lightning damage. 

Literature is replete with studies on the compression after impact 
(CAI) strength of composite specimens e.g. [22–26]. In contrast, only 
three of the previously discussed papers on modelling lightning damage 
considered in-plane compressive residual strength [19,27,28]. From the 
literature clear methods have been developed to illuminate the damage 
considering the key lightning physics (plasma, thermal-electric, pres-
sure/thermal-expansion) [16,18]. In addition, methods to represent 
lightning strike damage within post-strike mechanical testing has been 
demonstrated [20,21]. However, preceding work has clearly not rep-
resented all forms of loading and damage in a complete simulation 
chain. Preceding works have therefore neglected some of the key 
lightning physics in the prediction of residual strength. 

Experimental works have studied the residual strength of composite 
specimens subjected to lightning strikes with the use of tensile, 
compressive, or flexural testing [8,19,20,27,29–34]. Recently, attempts 
have been made to adapt the standard CAI test method for the assess-
ment of post-strike compressive strength [19,35]. In preceding work by 
the authors, Xu et al. [35], a systematic experimental study was 
completed to find an optimal Compression after Lightning Strike (CAL) 
test method. CAL tests were completed on composite specimens after 
lightning strikes of modified Waveform D between 25 and 100 kA peak 
amplitudes. For peak currents of 50 and 75 kA, compression failure did 
not occur at the lightning damage area (central failure), rather at the test 
boundary conditions (edge failure). The authors identified an unsup-
ported gap in the CAI jig as the determining factor in central versus edge 
failure. The unsupported gap is defined as the region of material on each 
side of the test specimen which is not gripped by the test machine. Re-
sults showed that CAL strength at 25 kA reduced by 28% from the 
pristine compressive strength of the specimen. Results were in agree-
ment with the majority of works that increasing peak current reduces the 
composite residual strength [20,28,35,36]. 

1.2. Summary 

Lightning strike experimental and simulation research has produced 
limited study of the residual strength following lightning strikes. A near 
universal observation has been made that increasing peak current is 
directly correlated with a reduction in residual strength. However, the 
details of composite specimen failure, experimental evidence of 
different damage modes (thermal, mechanical, and delamination dam-
age) and the link between each damage mode and residual strength have 
not received as much attention. For example, none of the previously 
published experimental works studying post-lightning compressive re-
sidual strength have described the detailed failure mechanisms 

associated with the lightning damage and how these influence the fail-
ure mechanics under compressive loading. 

A small number of simulation studies have attempted to model the 
residual strength tests, but again these are not focused on representing 
failure considering all potential forms of damage, that would enable the 
detailed and accurate prediction of both interlaminar and intralaminar 
failure initiation and propagation. Therefore, there is incomplete 
knowledge on how lightning (i.e., high impulse current waveform 
loading) influences the extent and shape of damage in composite spec-
imens, and how this damaged state is correlated to the mechanisms of 
failure which are witnessed in the overall reduction in residual strength. 

Therefore, the novelty of this work is to make use of experimental 
observations [35], and a mature simulation chain, which has been 
verified previously [11,16] to create a virtual test framework to predict 
residual compressive strength after lightning strikes. The requirements 
of this virtual test framework are to accurately predict the thermal 
damage from Joule heating, inter-ply delamination and mechanical 
damage, resulting from the combination of mechanical and thermal 
strains and the resulting CAL strength for a given combination of peak 
current waveform, layup, material and boundary conditions. Once 
validated this framework will correlate both lightning damage and re-
sidual strength with a peak current amplitude and illuminate the likely 
contributions of thermal, mechanical and delamination damage to re-
sidual strength. 

2. Methodology 

2.1. Combination of models 

An appropriate set of simulation methods was assembled from 
existing open literature to study the residual CAL strength and associ-
ated damage mechanisms. Fig. 1 shows an analysis workflow assembled 
for the work herein, extending the workflow outlined in ref. [11], with 
the consideration of lightning test Waveform D and the addition of a CAL 
simulation step and novel damage mapping with python scripts. This 
workflow of simulations provides a complete package for the numerical 
study of lightning damage tolerance in laminated composites. When 
combined with a single set of material data and waveform/loading 
definitions, this approach allows for the individual study and combi-
nation of lightning thermal and mechanical damage and residual 
compressive strength. This workflow of simulations can be considered a 
step towards a virtual test framework to predict residual compressive 
strength after lightning strikes. 

In Fig. 1, the first step in the sequential analysis procedure is 
modelling of the thermal-electric behaviour using well established 
lightning damage models [11,37]. The results from thermal-electric 
simulations are transferred to structural models to predict lightning 
mechanical damage (i.e., fibre/matrix failure or delamination), 
considering strain and heating rates. Finally, the CAL strength is pre-
dicted using Abaqus/Explicit with a VUMAT subroutine after damage 
mapping with python scripts. Each model will now be discussed in more 
detail. 

2.2. Material and layup 

Herein the simulation workflow will be used to represent a series of 
experimental tests undertaken by the authors in ref. [35]. Fig. 2a shows 
the experimental boundary conditions in which a large panel was struck 
in four quadrants. The specimen was supported between two reinforced 
stainless-steel frames (underneath and above) with bolts on each short 
side. This test area was 500 mm × 440 mm resulting in a quadrant size of 
275 mm × 250 mm (shown in the blue region in Fig. 2a). Further details 
of the experimental tests can be found in ref. [35]. 

The experimental specimens were made using IM7/8552 carbon/ 
epoxy pre-preg. The laminate had a nominal ply thickness of 0.125 mm 
and quasi-isotropic [45/90/-45/0]4s stacking sequence, producing a 4 
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mm total thickness. Since there was a lack of published temperature- 
dependent thermal-electric material properties for the IM7/8552 car-
bon/epoxy material system, properties were used for a similar material 
(IM600/133), following the observations of ref. [2], in which it was 
shown the variation in properties was small. These are shown in Table 1, 
and can be found in more detail in a published dataset [38]. Mechanical 
material properties, used in the thermo-mechanical and CAL simula-
tions, are shown in Table 2 [22]. 

2.3. Thermal-electric damage modelling 

A thermal-electric finite element (FE) damage model was generated 
in Abaqus/Standard. Boundary conditions were adapted from the 
experimental tests [35]. The simulated laminate measured 275 mm ×
250 mm × 4 mm. Each specimen was discretised into twenty individual 
plies on the top and a 1.5 mm thick bulk, homogenised region to make 
up the remaining specimen thickness at the bottom, since damage was 
only expected in the upper most plies, close to the top, struck surface. 
Interlaminar conductivity (or gap conductance), due to contact between 
neighbouring plies, was included using surface-to-surface contact 

Fig. 1. Model flow scheme with corresponding inputs and outputs from literature.  

Fig. 2. Experimental and thermal-electric model boundary conditions.  

Table 1 
Material properties for thermal-electric damage modelling [38].    

Thermal Conductivity (W/mm K) 

Temperature 
(oC) 

Specific Heat 
(J/kgoC) 

Fibre Transverse Through- 
Thickness 

25 1065 0.008 0.00067 0.00067 
500 2100 0.00439 0.00034 0.00034 
800 2100 0.00261 0.00018 0.00018 
1000 2171 0.00174 0.0001 0.0001 
3316 2500 0.00174 0.0001 0.0001    

Electrical Conductivity (1/ Ω mm) 
Temperature 

(oC) 
Density 
(kg/mm3) 

Fibre Transverse  Through- 
Thickness 

25 1.52x10-6 35.97 0.001145 1.79x10-6 

500 1.52x10-6 35.97 0.001145 1.79x10-6 

800 1.10x10-6 35.97 0.001145 1.79x10-6 

3316 1.10x10-6 35.97 0.001145 1.79x10-6 

3334 1.11x10-9 35.97 2 1x106  
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[1,39]. The interlaminar thermal conductivity was 500 W/m/K and the 
electrical conductivity was 1 × 105 1/Ω.mm. 

Zero electrical potential boundary conditions were applied to the 
four sides of the specimen. To accurately replicate experimental condi-
tions [35], additional zero potential boundary conditions were applied 
to 25 mm of the top and bottom surface of one side of the model, where 
the specimen was clamped, as shown in Fig. 2b. In the experiment [35], 
metallic bolts were used to ensure tight contact between the specimen 
surfaces and the grounding clamps. A very small fraction of the induced 
current may flow through these bolts from the specimen to the 
grounding clamps. However, the distance from the lightning attachment 
to the bolts within the grounding upper/lower clamps was approxi-
mately 150 mm, thus local current loss through the bolts was minimal. 
Therefore, the bolts and bolt holes were not considered within the 
simulations. 

Each specimen was meshed with 46,451 DC3D8E elements (8-node 
linear coupled thermal-electrical brick) with a minimum size of 1.5 mm 
× 1.5 mm at the lightning attachment point and mesh biasing used at the 
extremes of the specimen, Fig. 2b, resulting in a mesh-insensitive solu-
tion [10,37]. The specimen was loaded using an expanding elliptical arc 
with an analytical field method, as used in previous work [37], shown in 
Eqn. (1), where a and b are the major and minor axis lengths of the el-
lipse, respectively: 

Field =

⎡

⎢
⎢
⎢
⎢
⎢

⎢
⎢
⎢
⎢
⎢
⎣

1
̅̅̅̅̅̅̅̅̅̅̅̅
x2

a2 +
y2

b2

√

⎥
⎥
⎥
⎥
⎥
⎦

/
⎛

⎜
⎜
⎝

⎢
⎢
⎢
⎢
⎢
⎣

1
̅̅̅̅̅̅̅̅̅̅̅̅
x2

a2 +
y2

b2

√

⎥
⎥
⎥
⎥
⎥
⎦+ 1

⎞

⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎥

(1) 

Three variants of modified test Waveform D were applied to different 
specimens with peak currents of 25, 50, and 75 kA, shown in Fig. 3. 
These current vs time profiles were specified using the amplitude 
functionality in Abaqus. The total current vs time amplitude profile was 
divided into individual loads with their own time period. As the arc 
expanded or moved, new loads were added and old loads were removed 
as the amplitude was reduced to zero [37,40]. 

A predefined field was used to set the initial specimen temperature to 
25 ◦C. When current loading was applied to the surface of the specimen, 
Joule heating occurred due to current flow through the top ply. This 
Joule heating effect locally increased the temperature of the elements 
and material degradation resulted. Material degradation was repre-
sented by changes in material properties (e.g., temperature dependent 
conductivity) which was dependent on the temperature history of the 
material which transitions from virgin polymer properties through to 
charred polymer properties, ultimately through to fully charred or fully 
degraded polymer (represented by extremely high electrical conduc-
tivity). As a result, more current flowed to neighbouring plies. This 
process repeats until the end of the simulation producing a prediction of 
thermal damage in the specimen. 

Thermal damage which accumulates in the thermal-electric 

Table 2 
Mechanical properties for thermo-mechanical model and CAL model [22].  

E1 

(GPa) 
E2 = E3 

(GPa) 
G12 = G13 

(GPa) 
G23 

(GPa) 
ν12 = ν13 ν23 α11 

(oC-1) 
α22 
(oC-1) 

α33 
(oC-1) 

161 11.4 5.17 3.98 0.32 0.44 0.0 3x10-5 3x10-5  

Xt 
(MPa) 

Xc 
(MPa) 

Yt 
(MPa) 

Yc 
(MPa) 

S12 = S13 = S23 (MPa) Γ11
C 

(N/mm) 
Γ11

T 

(N/mm) 
Γ22

C 

(N/mm) 
Γ22

T 

(N/mm) 

2723 1200 60 200 95.8 24 80 0.28 1.3  

Cohesive Interface Properties 
t0n (MPa) t0s = t0t (MPa) GC

n (kJ/m2) GC
s =GC

t 
(kJ/m2)      

60 90 0.2 1.0       

Fig. 3. Waveform D test waveforms and CAL specimen sectioning from experimental test panel.  
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simulations, as a result of Joule heating, is assessed using a temperature 
criterion, and is characterised as moderate or severe. To define the 
moderate and severe damage areas, surface images of experiments were 
examined and the regions with ‘shiny matrix, fibre fracture, matrix 
cracking and fibre blow out’ were manually bounded to define the 
moderate damage area. For the severe damage area, a single region with 
a ‘deep region of ablated polymer material with char residue, fibre 
fracture/blow-out’ was manually bounded. Moderate thermal damage 
was correlated with the 300 ◦C temperature contour representing the 
onset of epoxy matrix thermal decomposition [37]. Severe thermal 
damage was correlated with the 500 ◦C temperature contour (and ele-
ments >500 ◦C), representing the approximate completion of the epoxy 
matrix thermal decomposition. Fig. 4 compares the areas from the 
observation of experimental results and the corresponding temperature 
contours in the relevant simulation. Note that carbon fibres are ther-
mally stable up to ~2000-3000 ◦C [41], thus any fibre damage (i.e., 
fracture, blow-out, tow-separation) observed in Fig. 4a is attributed 
from combined mechanical and thermal loading. 

2.4. Thermo-mechanical modelling 

Thermo-mechanical analysis was completed with a dynamic, 
temperature-displacement, explicit analysis step in Abaqus/Explicit and 
could predict lightning mechanical damage due to the combined effects 
of mechanical strain (from dynamic loading) and thermal strain (due to 
temperature transferred from the previous thermal damage simulation). 

This strain and heating rate dependent failure model used the Hashin 
failure initiation criteria for both tension and compression in the fibre 
direction and transverse tension. The Puck [42] criterion was used for 
compressive failure in the transverse and through-thickness directions. 
A linear damage evolution law was defined after damage initiation i.e., 
when the criterion was greater than 0.99. The initiation strain was 
determined using failure stress and modulus i.e., εi = XT/E11. The fail-
ure strain was determined using fracture toughness, strength and the 
characteristic length (l* = V

A ≤ 2ΓE
X2 , where the variables Γ, E and X are the 

intralaminar fracture toughness, elastic modulus or strength for the fibre 
or matrix [43]) of the given element, εf = 2Γ/XTl*. Strain rate effects 
were included by calculating the rate and then the strain rate regime 
(quasi-static, intermediate or high-rate). Scale factors based on strain 
rate were then applied to E2, E3 and the intralaminar strength and 
fracture toughness properties. Heating rate effects were included by 
offsetting the temperature at which the moduli and strength of the 
material changed. Further details of the development of this model and 

its implementation are given in ref. [16]. 
The temperature profile from each node of each element of the FE 

mesh in the thermal-electric simulation was passed to an equivalent 
thermo-mechanical model using Python scripts, as discussed in previous 
works [16,17]. Thus, the temporal variation in temperature is repre-
sented throughout the duration of the thermo-mechanical simulation 
when predicting total lightning damage in the simulated laminates. 
C3D8RT (8-node trilinear displacement and temperature, reduced 
integration with default hourglass control) elements were used in each 
thermo-mechanical simulation [44] with material behaviour controlled 
by the strain and heating rate dependent failure model developed in ref. 
[16]. Pressure loading was applied to the specimen using the same 
analytical field method with arc expansion as in Section 2.3. 

To determine the lightning-induced dynamic mechanical loading 
from the peak current waveform, a conversion procedure was used. Lee 
et al. [3,45] proposed a simple conversion procedure from a peak cur-
rent amplitude to equivalent lightning shockwave overpressure and 
provided a conversion table. Note that lightning mechanical damage in 
the structure is associated with two primary sources (i.e., shockwave 
overpressure and electromagnetic pinch pressure/force) but shockwave 
overpressure is most dominant [45]. Fig. 5a shows the magnitude of 
equivalent lightning mechanical loading as a function of the peak 
amplitude of a current impulse waveform. In this work, the magnitudes 
of mechanical loading corresponding to 25, 50, and 75 kA peak currents, 
were calculated as 4.7, 8.0, and 11.4 MPa, respectively. Fig. 5b shows 
the dynamic lightning mechanical loading which was assumed to follow 
identical temporal characteristics of the current waveforms (Fig. 3a). 

Delamination between neighbouring plies was captured using 
cohesive surfaces with a bi-linear traction-separation law [16]. The 
onset of interfacial damage was governed by the quadratic stress crite-
rion, and fracture energy dissipation during damage propagation was 
governed by the Benzeggagh and Kenane (B-K) criterion [13,46]: 

GC = GC
n +

(
GC

s − GC
n

)
(

Gs + Gt

GnGs + Gt

)ηC
BK

(2)  

where ηC
BK is the mixed-mode interaction property and GC

n and GC
s are the 

critical fracture energies required to cause failure in the normal and 
shear directions, respectively. 

The same regions of each specimen were constrained in terms of both 
electrical and mechanical clamping in the relevant experiments. 
Therefore, the previous electrical potential boundary conditions were 
converted to mechanical boundary conditions. Therefore, in the case of 

Fig. 4. Experimental damage areas and simulation temperature contours.  
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the thermo-mechanical simulations, the regions shown in Fig. 2b, were 
constrained in all directions to replicate the clamping arrangement used 
in the corresponding experiments [35]. 

2.5. Compression after lightning strike (CAL) modelling for residual 
strength 

The final simulation step, CAL simulation, was completed using 
Abaqus/Explicit. The models for the study of CAL residual strength 
follow exactly the same specimen dimensions used in the corresponding 
experiments [35], which were sectioned from the main lightning strike 
experimental quadrants as shown in Fig. 3b. Therefore, the in-plane 
dimensions of the simulated laminates were reduced to 150 × 120 
mm. In this analysis the element type was changed to C3D8R (8-noded 
continuum elements, reduced integration with default hourglass con-
trol). The FE mesh in the CAL models was different from that used in 
lightning simulations and had a uniform size of 1.5 × 1.5 mm across its 
length and width. This uniform mesh would allow the location of failure 
to change and avoid a localising effect that could be caused by local 
mesh refinement. The uniform mesh could also better capture the stress 
distribution at the boundaries. A simple mesh study was completed on 
the 25kA case and found that varying the element size had little effect on 
the predicted CAL strength. For example, a 0.75 mm × 0.75 mm mesh 
predicted a CAL strength of 336 MPa while the 1.5 mm × 1.5 mm mesh 
predicted a CAL strength of 334 MPa. At most the CAL strength varied 
by ≤ 1% with changes to the mesh. Therefore, based on this mesh study, 
a 1.5 mm × 1.5 mm mesh was chosen across all models for easy com-
parison and improved computational performance. 

The elastic constants, strengths, and interfacial/cohesive properties 
used in this model are shown in Table 2. Given the damage in the 
lightning models was confined to the upper plies and in the interests of 
minimising simulation run-time, the CAL models were also discretised 
into individual plies on the top and a thick bulk, homogenised region to 
make up the remaining specimen thickness. Multiple elements were 
used through the thickness of the bulk region to account for bending 
behaviour. Two sets of material data were used. One set was used for ply 
failure in the upper individual plies while composite laminate theory 
(and experimental data in literature [47]) was used to determine the 
homogenised properties of the bulk region. 

The compressive failure criterion used herein was a simple maximum 
stress criterion with the inputs from the open literature in Table 2: 

Fc
1 =

|σ1|

Xc
≥ 1 (3) 

When the maximum fibre-direction compressive stress (σ1) reaches 
the critical value (Xc), the elements are flagged, and their fibre-direction 
stress in the individual plies or loading direction stress in the bulk region 
is reduced to zero. This was found to be sudden by nature with the blunt 
lightning damage, hence no attempt was made to capture stable kink 
band propagation. The ultimate failure of the model was not determined 
by the timing of the flagged “first failure” but by the peak load in the 
stress-displacement graph, though the two events were very closely 
related. Further delamination was captured in this model using the same 
approach as the thermo-mechanical models in Section 2.4. 

2.5.1. Variation of CAL boundary conditions 
The recently published work on CAL testing [35] demonstrated that 

the failure of the 25 kA case developed from the centre of the specimen. 
Therefore, this case will be used for verification of the 25 kA model. It 
was also found that for higher peak currents (50 and 75 kA) compression 
failure did not initiate at the lightning damage area (central failure), 
rather failure occurred at the test boundary conditions (edge failure), 
due to the unsupported gap in the CAI jig, Fig. 6a. Therefore, two sim-
ulations were completed for each 50 and 75 kA case, using the boundary 
conditions derived from the preceding experimental work [35]. The 
simulations with the unsupported gap (Fig. 6c) could then be correlated 
with the experimental results from ref. [35]. The simulations without 
the unsupported gap (Fig. 6d) could be used to better understand the 
effect of the unsupported gap on CAL residual strength. A summary of 
these simulations and their purpose is presented in Table 3 where NGCF 
refers to the cases with no unsupported gap leading to central failure 
around the lightning attachment point and UGEF indicates the presence 
of an unsupported gap leading to edge failure at the test boundary 
conditions. 

2.6. Transfer of damage between simulations 

The models used herein, required different specimen sizes Fig. 3b 
and mesh densities (Fig. 2b and Fig. 6c) depending on the physics being 
studied. Therefore, it was important to develop a simple, but robust 
strategy to transfer damage from one mechanical simulation to the next 
(i.e. thermo-mechanical lightning simulation to CAL simulation). Two 
forms of damage, mechanical damage to the ply (intralaminar) and 
delamination (interlaminar) were transferred using Python scripts. 
Mechanical damage was transferred by analysing areas of element 
deletion on each ply, which represented the hole produced in the 
specimen, following the thermo-mechanical analysis, shown in Fig. 7a 
for the first ply. Nodal coordinates were extracted to describe the hole, 

Fig. 5. Graphs of conversion from peak current amplitude to lightning mechanical pressure.  
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converted to create element sets and transferred to make equivalent 
element sets within the CAL model, shown in red in Fig. 7b. Some loss of 
damage area occurred transferring from one model to the next but this 
was analysed and was around 2–3%. Since the difference was small, this 
reconstructed (or mapped) damage in the CAL analysis reasonably 
captures lightning thermal and mechanical damage areas. The elements 
in this set were then assigned near-zero mechanical properties to avoid 
potential computational errors due to zero stiffness specification. A 
second element set was created on each ply to represent undamaged 
regions and were assigned pristine mechanical properties. 

As mentioned, delamination was captured using cohesive surfaces in 
the CAL simulations. Delamination was transferred by analysing the 
CSDMG area (scalar damage variable for delamination) from the 
thermo-mechanical analysis for each ply-ply interface. A similar pro-
cedure was used as before to create element sets and then corresponding 
surfaces. The SurfaceFromElsets functionality was used to create the 
relevant delaminated and pristine surfaces. Therefore, delaminated 

surface areas were assigned near-zero stiffness while corresponding 
pristine surface areas were assigned properties as shown in Table 2. 

3. Results 

The extent of lightning damage is grouped in three broad categories 
based on either temperature contours or deleted elements; moderate 
thermal damage, severe thermal damage, and mechanical damage. 

Moderate and severe thermal damage have been determined visually 
from the experiments for each peak current. Fig. 8 shows the moderate 
(orange) and severe (red) thermal damage areas highlighted for each of 
the 25, 50, and 75 kA test specimens. In the 25 and 50 kA cases, mod-
erate and severe thermal damage could not be easily differentiated from 
the top-down photographs using image binarisation techniques. There-
fore, only moderate thermal damage is highlighted for these cases. 

In thermo-mechanical simulations, moderate and severe thermal 
damage can still be assessed. However, inter-ply delamination and me-
chanical damage, resulting from the combination of mechanical and 
thermal strains are more relevant. Mechanical damage has been defined 
to represent the hole produced in the specimen due to the combined 
effects of thermal and mechanical loading, illustrated by deleted ele-
ments in the simulation. 

In CAL simulations, further delamination can be predicted under 
compressive loading, as can compressive failure initiation. Residual 
stress values (in MPa) were calculated from the peak compressive force 
(in N) divided by the gross-section area. A summary of the predicted 

Fig. 6. The CAL FE model with the boundary conditions labelled.  

Table 3 
CAL simulation variations.  

Peak current (kA) Boundary Conditions Purpose 

25 NGCF Experimental verification 
50 UGEF Experimental verification 
50 NGCF Boundary condition variation 
75 UGEF Experimental verification 
75 NGCF Boundary condition variation  
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damage in all simulations along with relevant measured experimental 
values are provided in Table 4. 

3.1. Thermal-electric and thermo-mechanical results 

3.1.1. Thermal-electric results 
Initially current applied to the top surface of the specimen flowed 

predominantly in the fibre direction (the optimal conduction path). 
However, some current flowed in the transverse and through thickness 
directions due to the difference in conductivity in each direction. Note 
that electrical conductivity in the fibre direction is much higher than in 

the transverse or through thickness directions. As the temperature of the 
top ply increased, due to Joule heating, matrix thermal decomposition 
occurred and through-thickness conductivity drastically increased 
which allowed current to reach the second ply and beyond. This 
behaviour created a pattern of damage through the specimen thickness 
based on the fibre orientation of each ply. Since less current flowed into 
each subsequent ply, the size of the damaged area reduced with each ply 
through the specimen thickness. 

Thermal-electric results are summarised in Table 4. Fig. 9 shows 
predicted temperature contours overlaid on the lightning damage in 
carbon/epoxy composite laminate subjected to 25, 50, and 75 kA peak 

Fig. 7. Comparison of a) thermo-mechanical damage and b) mapped damage region on compression model.  

Fig. 8. Highlighted moderate and severe damage areas on different test specimens [35].  

Table 4 
Damage results summary.    

Experiments Simulations   

25 kA 50 kA 75 kA 25 kA 50 kA 75 kA 

Thermal-electric model(s) Moderate Thermal Damage Area (mm2) 791 1461 1606 795 1333 1506 
Severe Thermal Damage Area (mm2) – – 437 164 623 725 
Damage Depth (plies/mm) 4 / 0.5 – – 4 / 0.5 9 / 1.125 11 / 1.375 

Thermo-mechanical model(s) Critical Damage Area (mm2) – – – 438 932 1071 
Critical Damage Volume (mm3) – – – 122 622 752 
Delamination Area (mm2) – – – 955 1426 1409  
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current tests from ref. [35] and can be compared with the experimental 
damage in Fig. 8. In the 25 kA case, the experimental moderate damage 
area was approximately 791 mm2 (orange region on Fig. 8a). The pre-
dicted moderate damage was within 1% of the experimental area at 795 
mm2 (green region on Fig. 9a). The predicted severe damage area was 
164 mm2. The predicted damage penetration was up to the fourth ply 
(0.5 mm). 

Fig. 10 shows the highlighted thermal damage in each ply through 
the thickness of the 25 kA test specimen, outlined manually in green, 
and the corresponding thermal damage predicted in the thermal-electric 
simulation, represented by temperature contours. The green lines on the 
experimental CT images outline the moderate damage area. It can be 
seen that there is good correlation between the simulation temperature 
contours and the CT scans, in particular in plies one and two. However, 
there is less correlation between the thermal contours in plies 3 and 4 
and the CT scans. 

In the 50 kA case, the experimental moderate damage area was 
approximately 1461 mm2. The predicted moderate damage was within 
9% of the experimental area at 1333 mm2, while the predicted severe 
damage area was 623 mm2. The predicted damage depth was nine plies 
(1.125 mm). In the 75 kA case, the experimental moderate and severe 
damage areas were 1606 mm2 and 437 mm2, respectively. The predicted 
moderate damage area was 1506 mm2 (within 7%), while the predicted 
severe damage area was 725 mm2 (within 40%). The predicted damage 
depth was twelve plies, 1.5 mm. 

3.1.2. Thermo-mechanical results 
Fig. 11 compares the X-ray Computed Tomography (CT) images from 

Xu et al. [35] with the lightning mechanical damage predictions, from 
the thermo-mechanical simulations, at the centre of each specimen for 
the three peak currents. In this figure, the coloured regions represent 
delamination while the deleted elements represent mechanical damage, 
which describes the hole produced in the specimen due to the combined 
effects of thermal and mechanical loads. 

In the 25 kA case, mechanical damage, which represents the hole 
produced in the specimen due to the combined effects of thermal and 
mechanical loads was 438 mm2, defined as an area of deleted elements. 
This mechanical damage area corresponded to a damage volume of 122 
mm3. The predicted delamination area and depth were 955 mm2 and 
0.625 mm (up to the 5th ply), respectively which were 20% and 25% 
greater than the moderate thermal damage area and depth. 

In the 50 kA peak current case, the mechanical damage area for the 
50 kA case was 932 mm2 while the mechanical damage volume was 622 
mm3. The delamination area increased by 50% from the 25 kA case to 
1426 mm2. 

In the 75 kA case, the mechanical damage area for the 75 kA case was 
1071 mm2 while the mechanical damage volume was 752 mm3. The 
delamination area was within 2% of the 50 kA case. 

3.2. CAL residual strength results 

Fig. 12 shows the predicted CAL strengths, and those obtained from 
the CAL tests [35], for all three peak currents and both boundary 

Fig. 9. Comparison of experimental damage and thermal-electric simulation predictions (green contour represents moderate thermal damage, red contour represents 
severe thermal damage). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Predicted ply-by-ply temperature contours compared with experimental C-scan observations from ref. [35] for 25 kA peak current (units on simulations 
= oC). 
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conditions. Fig. 12a compares the experimental CAL strength and the 
corresponding simulation with varying boundary conditions to match 
the experiments. Fig. 12b compares the predicted CAL strength versus 
peak current with fixed boundary conditions. In these figures, NGCF 
refers to the cases with no unsupported gap leading to central failure 
around the lightning attachment point. UGEF indicates the presence of 
an unsupported gap leading to edge failure at the test boundary 
conditions. 

Comparing the results for the 25 kA model the CAL strength pre-
diction (334 MPa) was within 6% of the experimental result (317 MPa). 
The CAL modelling results for 50 and 75 kA peak currents (incorporating 
the unsupported gap, leading to edge failure) are shown in orange in 

Fig. 12a and agree well with the corresponding experiments, both within 
2%. In the 50 kA case, the predicted CAL strength was 271 MPa while 
the experimental CAL strength was 267 MPa (within 1.5%). In the 75 kA 
case, the predicted CAL strength was 267 MPa while the experimental 
CAL strength was 264 MPa (within 1.2%). 

The results for 25, 50, and 75 kA peak currents without the unsup-
ported gap (NGCF) are shown in Fig. 12b. The models captured a change 
of failure mode from undesirable edge failure to central failure, around 
the lightning attachment and damage zone, when eliminating the gap 
between the loading edges and the end of anti-buckling constraints. This 
agrees with the experimental observation and confirms the effectiveness 
of the CAL test design recommendation in Xu et al. [35]. The predicted 

Fig. 11. Comparison of experimental X-ray Computed Tomography (CT) and thermo-mechanical damage predictions (colours represent delamination area).  

Fig. 12. Comparison of CAL strengths for experimental specimens from ref. [35] and different simulation predictions (NGCF = no gap, central failure, UGEF =
unsupported gap, edge failure). 
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CAL strength of the 50 kA without the gap was 312 MPa, 14% higher 
than the result with the unsupported gap. A similar observation was seen 
in the 75 kA case, 275 MPa without the gap, 3% higher than the result 
with the unsupported gap. 

The change of failure mode from central to edge failure, associated 
with the change in boundary conditions is shown in Fig. 13. The 
delamination profile, from superimposed interfacial damage from all ply 
interfaces, and predicted compressive failure initiation are shown for 
both failure modes following a 50 kA strike. When the unsupported gap 
was removed (Fig. 13a and c), the specimen failed at its centre and 
delamination propagated from the existing lightning strike delamination 
to the specimen edges. 

However, when the unsupported gap was included (Fig. 13b and d), 
the specimen failed at the edges. In this case delamination occurred at 
the loading grip. The existing lightning strike delamination, resulting 
from lightning mechanical loading and neglecting compressive CAL 
loading, did not propagate further. 

3.3. Correlating lightning damage with CAL strength 

The results produced herein significantly allow for the relationships 
between different lightning damage types and CAL strength to be 
established. Fig. 14a shows a strong linear relationship between the 
lightning peak current and the CAL strength, which is in excellent 
agreement with similar works in literature [20,21], with an R2 value of 
0.99. Fig. 14b shows the relationship between the predicted area of 
different lightning damage types (severe thermal damage, mechanical 
damage and delamination) and the resulting CAL strength. Strong linear 
relationships are observed between each damage type and the CAL 
strength. Mechanical damage produced in the thermo-mechanical 
simulation, due to the combined effects of mechanical strain (from dy-
namic loading) and thermal strain (due to Joule heating), had the 
greatest correlation (R2 = 0.82). Delamination area had the lowest 
correlation of these three damage types, R2 = 0.61. Severe thermal 
damage, as a result of Joule heating, had the second greatest correlation, 
R2 = 0.79, since this represents areas of complete matrix decomposition. 
Moderate thermal damage, partial matrix decomposition, not shown 

Fig. 13. Delamination and compressive failure locations for different failure modes after 50 kA strike (where red represents failed elements). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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here for brevity, had an R2 = 0.84. Damage depth had a correlation of R2 

= 0.93 with CAL strength, Fig. 14c. This is likely due to the number of 
damaged plies, in particular 0◦ plies, through the specimen thickness. 
0◦ plies align with the compressive loading direction and there is one 
damaged 0◦ ply at 25 kA peak current but two damaged 0◦ plies at 50 kA 
peak current. 

3.4. Results discussion 

The experiments conducted in ref. [35] demonstrated that the stan-
dard CAI test setup had the potential for CAL application. However, 
careful modifications are required depending on the peak amplitude of 
the applied lightning current waveform. The models presented herein 
have created a simulation workflow which could form the basis of a 
virtual test framework to predict thermal damage, mechanical damage, 
and inter-ply delamination, and the resulting CAL strength for an arti-
ficial lightning strike. These virtual tests have the potential to reduce the 
need for expensive lightning strike tests and residual strength experi-
ments given these high-fidelity simulations have been well-verified in a 
variety of cases. 

The component parts of this virtual test framework have been pre-
viously applied to a number of different waveforms (A and B) [16], 
layups ([45/0/-45/90]4s and [45/90/-45/0]4s) [40], and boundary 
conditions (two edges clamped to a base, four edges clamped to a base, 
and the specimen placed on a surface) [11]. Indeed, the existing work-
flow, without the addition of a CAL simulation step, has been applied at 
different levels of analysis (mesoscale and microscale) [16,48]. 

However, to-date, validation is only based on a comparatively small 
number of experimental tests and to have complete confidence in the 
virtual test framework, further, significant physical validation would be 
required. 

The models presented herein have been validated against the rele-
vant experiments. For example, it was shown that all models produced 
CAL residual strength predictions within 6% of each experimental result 
even with a change in boundary conditions and failure mode. The 
models therefore can help point to the direction of improvements in 
future experiments such as determining the transition lightning current 
from the undesirable edge failure to central failure near the strike site. 

The models herein, have also established the correlation between 
different lightning damage types and the resulting CAL strength. Me-
chanical damage due to the combined effects of mechanical and thermal 
strains had the greatest correlation while in this study lightning strike 
induced delamination was relatively weakly correlated. Peak current 
has a strong correlation to residual strength, a relationship seen in other 
works [20,21]. 

4. Conclusions 

This work has conducted a comprehensive modelling study and 
assessment of the Compression after Lightning Strike (CAL) residual 
strength of composite laminates exposed to 25, 50 and 75 kA peak 
current variants of test Waveform D. Two existing and established 
lightning strike simulation techniques, thermal-electric and dynamic, 
temperature-displacement, explicit analyses, have been combined with 
a CAL modelling methodology to create a virtual test framework and to 
determine the expected strength knock-down due to combined thermal 
and mechanical lightning damage and different CAL boundary 
conditions. 

The requirements of this virtual test framework were to accurately 
predict thermal damage, inter-ply delamination and mechanical dam-
age, and the resulting CAL strength. Lightning strike models were 
compared with experimental results in terms of predicted damage and 
were shown to capture moderate thermal damage areas within 9% of the 
experimental damage. Thermo-mechanical models were then completed 
to predict the damage profile (both mechanical damage and delamina-
tion) due to combined thermal (Joule heating) and mechanical (shock-
wave overpressure) loading and resulting mechanical and thermal 
strains. These damage profiles were transferred to a CAL model using a 
novel lightning damage mapping technique using python scripts. The 
residual CAL strength was predicted using a maximum stress failure 
criterion for ply failure, combined with cohesive surfaces for delami-
nation. Together with the simulated lightning damage, this modelling 
framework could predict the residual CAL strength within 6% of the 
experimental values after 25, 50, and 75 kA peak current strikes. The 
model was also able to capture the change of failure mode at higher peak 
currents when considering boundary condition modifications in the CAL 
experimental test. 

This work has also established the link between individual lighting 
damage morphologies and the resulting CAL strength. It has been shown 
that, mechanical damage to the individual plies, due to the combined 
effects of mechanical and thermal strains during the strike had a sig-
nificant effect on CAL strength, R2 = 0.82. The current modelling 
framework provides a complete numerical solution for predicting CAL 
strength, potentially reducing the need for expensive lightning and re-
sidual strength experiments. 

While the proposed framework was successfully validated for three 
peak current cases with a single material type and layup, further veri-
fication with different layups and boundary conditions would enhance 
the usage of this framework as a virtual test tool. However, given the 
extensive previous application of component parts of this framework to 
other problems (considering different layups, boundary conditions, 
waveforms and length scales) this work presents a pathway towards a 
virtual test framework. It can also accelerate the design of lightning 
resistant and damage tolerant composite structures. 

Fig. 14. Relationship between CAL strength and a) peak current, b) lightning damage areas and c) lightning damage depth.  
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analysis and simulation of low-velocity impact damage of composite laminates. 
Compos Struct 2022;287:115278. https://doi.org/10.1016/j. 
compstruct.2022.115278. 

[24] Sun XC, Hallett SR. Failure mechanisms and damage evolution of laminated 
composites under compression after impact (CAI): experimental and numerical 
study. Compos A Appl Sci Manuf 2018;104:41–59. https://doi.org/10.1016/j. 
compositesa.2017.10.026. 
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