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A B S T R A C T

The study of post lightning strike residual strength is still relatively underdeveloped in the literature. Different 
approaches including in-plane compression or flexural testing have been used, but in-plane tensile loading post- 
strike has not been studied in detail. Although previous attempts have been made to determine the residual 
strength using Compression-After-Lightning (CAL) tests on composite laminates, these have been limited and not 
readily applicable under tensile loads. Therefore, this work completes Tension-After-Lightning (TAL) testing at 
75 kA on composite laminates, a more realistic peak current than previously reported for TAL tests, to assess the 
knock-down in strength post-strike. The measured average TAL failure stress was 716 MPa, a reduction of 23 % 
from the baseline tensile failure stress of 929 MPa in the literature. This confirms a similar knock-down factor 
reported at lower peak currents (e.g. 50 kA), but the new TAL specimen geometry ensures that the lightning 
damage is contained within both the lightning and TAL specimen widths. In addition, a new Finite Element (FE) 
based virtual test was conducted, considering 0◦ ply splitting, and validated with the TAL tests herein. The TAL 
simulation predicted the residual tensile failure stress well, within 6 % of the measured value.

1. Introduction

The effect of lightning strikes on composite structures has been 
studied for a number of years, either computationally e.g. [1] or 
experimentally [2,3], focussing on the highest peak current Waveform A 
(characterised as the first return stroke of a natural lightning strike) or 
Waveform D (a subsequent stroke) [4]. It has been established that 
lightning strikes on Carbon Fibre-reinforced Polymer (CFRP) composites 
can produce significant damage [5]. The influence of the strike on 
structural performance has been quantified using visual inspection, Non- 
destructive Testing (NDT) methods such as X-ray Computed Tomogra-
phy (CT-scans), and other techniques such as pulse thermography [6].

An informative assessment of the effect of lightning damage is 
through the quantification of the structure’s residual strength post- 
strike. The study of residual strength post lightning strike has been 
growing in recent years with works focusing on compressive [5,7–9], 
flexural [10–12] and to a lesser extent Tension-After-Lightning strike 
(TAL) [9,13]. Tension-After-Impact (TAI) studies are more common in 
the literature, and some have considered laminates with scarf-repairs 
[14–17]. The fundamental mechanisms of failure between TAI and TAL 

are assumed to be similar i.e. fracture and delamination at the damage 
site. While Compression-After-Impact (CAI)/Compression-After-Light-
ning (CAL) specimens typically measure 150 mm × 100 mm, TAI testing 
has been completed with specimens measuring 200 mm× 50 mm [17]. 
To the authors best knowledge only two studies have considered TAL 
testing or modelling in the open literature. One experimental study used 
long thin specimens measuring 305 mm× 38 mm exposed to 10–50 kA 
variations of Waveform D [9]. However, these specimen dimensions 
caused lightning damage areas to reach the edges of the test specimen 
and did not accurately reflect the size of a typical test specimen. Feraboli 
and Miller [9] acknowledged that the small specimen dimensions could 
introduce finite-width effects relating to both the damage formation, i.e. 
lightning damage reached the edges, and residual strength, likely to 
artificially reduce the tensile strength of the specimen. The other study, 
focussed on FE modelling, used 10–40 kA variations of Waveform A 
[13], however, did not include experimental validation. As such a 
detailed study of TAL using repeated experiments and complimentary 
modelling is underdeveloped and will be addressed herein. Despite these 
limitations, these works were able to quantify the reduction in load 
carrying capacity and conclude that residual strength decreases with 
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increasing peak current, Ipeak (kA), the rise time from 10 % to 90 % of the 
maximum current, T1 (ms), or the time to reach the post-peak value of 
50 % of the maximum current, T2 (ms). Generally speaking, previous 
works have established that residual TAL failure stress decreases 
approximately linearly with peak current for unnotched specimens but 
shows a modest increase for filled-hole tension specimens [9,13]. 
However, the previous experimental studies of TAL tests did not effec-
tively contain the strike damage in the specimen or test at more realistic 
peak currents above 50 kA so the tests were not representative of the 
situation in a real structure. The hypothesis of the work herein is that a 
thorough assessment of the TAL failure stress can only be determined 
following repeated tests at high peak current, worst-case strike condi-
tions. While previous attempts have been made to determine the 
Compression-After-Lightning strike (CAL) failure stress of CFRP lami-
nates, these have not included repeated experiments [5]. In contrast, 
this work, completes a combined experimental and numerical study of 
TAL with repeated testing on CFRP laminates to assess the knock-down 
in strength post-strike. In addition, a new Finite Element (FE) based 
virtual test framework is validated against experiments and is used to 
predict tensile failure initiation during TAL testing.

2. Methodology and experimental results

2.1. Lightning strike tests

A large test panel measuring 650 mm × 440 mm × 4 mm with a 
stacking sequence of [45/90/-45/0]4s was manufactured using Hexcel’s 
HexPly® IM7/8552 carbon/epoxy pre-preg. The test panel was bolted 
into a grounded rig, below an electrode as shown in Fig. 1a, to ensure 
firm contact between the specimen and grounding clamps, forming a 
route to ground for the injected current. It was demonstrated previously 
that only a small portion of the injected current flows through the bolts 
to the grounding clamps due to the distance between the local attach-
ment point and these bolts, and the bolt holes do not have a tangible 
effect on the residual strength of the specimen [5]. Lightning strike tests 
were performed at Cardiff University’s Lightning Laboratory, part of the 
Advanced High Voltage Engineering Research Centre. A 100 µs long 
lightning Waveform D with a peak current of 75 kA and T1/T2 of 18/40 
µs, following the EUROCAE ED-84 standard [18], as shown in Fig. 1b, 
was injected into each quadrant in turn, following a previously estab-
lished procedure [5]. Current injection in the centre of one quadrant 
allows grounding into that corner with minimal impact on the other 
three quadrants of the panel. In the lighting tests, a small insulating 
plastic diverter sphere (to prevent contamination between the electrode 
and the specimen) and a thin metallic fuse wire (50 mm long) were used 
to guide the lightning arc to the exact point at the centre of each 
quadrant on the panel [19]. These points in the four quadrants are far 
apart thus the lightning damage is not expected to overlap into neigh-
bouring quadrants, as confirmed by the previous study [5]. Previous 

results showed that a full 100 kA Waveform D strike extended 90 mm 
wide and towards the quadrant boundary on the test panel, while a 50 
kA strike generated limited lightning damage [5]. Therefore, in this 
work, modified 75 kA Waveform D strikes were used to produce sig-
nificant damage and assess the effect of more realistic peak currents, but 
still allow the resulting damage to be contained within the limits of each 
quadrant and within the limits of the resulting TAL specimen.

2.2. Ultrasound inspection post-lightning strike

An initial visual inspection of the post-strike damage showed many 
broken, lifted, and separated fibres and a large amount of surface pitting 
around the strike area, as shown in Fig. 4a. Matrix damage (i.e., cracking 
or thermal decomposition) and further surface pitting was also observed 
a short distance from the initial lightning attachment point. The light-
ning struck panel was further inspected at the Bristol Composites Insti-
tute using an ultrasound scanner with a multi-format coherent receiver 
developed for advanced modulation format signals. The time-of-flight 
information is presented in Fig. 2a, indicating the extent of damage 
caused by the lightning strikes. The lightning damage is comparable to 
the previously reported CT scan image in Fig. 2b from Ref. [5], for a 75 
kA Waveform D strike on the same material and stacking sequence, 
confirming repeatability. The scans show that the lightning damage is 
superficial and unsymmetrical through the thickness.

2.3. Tension-after-lightning (TAL) tests

After lightning strike testing and ultrasound scanning were com-
plete, the panel was carefully cut into its respective quadrants using a 
diamond-coated disk to assess residual tensile strength. The size of each 
tensile specimen was 220 mm × 85 mm × 4 mm to sufficiently cover the 
lightning damage site in each specimen.

TAL tests were completed at the Bristol Composites Institute using an 
Instron 250 kN hydraulic-servo universal test machine. The tensile 
specimens were gripped by the test machine, leaving a gauge length of 
approximately 120 mm. The tests were completed under displacement 
control at a loading rate of 1 mm/min. The load–displacement response 
from all four tests is shown in Fig. 3. The response was approximately 
linear; however, some minor non-linearity was observed, likely because 
the displacements were measured at the crossheads. Small load drops 
were observed just prior to the ultimate failure in some tests. Gross- 
section stress was used to calculate the failure stress based on the 
nominal thickness and measured width. The average failure stress is 715 
MPa (C.V. 1.3 %). This is 23 % lower than the reported pristine tensile 
failure stress of 929 MPa for the same material with the same stacking 
sequence [20]. The current test condition is also comparable to the 
previous [20] with a similar gauge length, test set-up, and only the width 
being about three times wider. This different dimension would not 
greatly affect the unnotched strength, because previous research has 

Fig. 1. Laboratory lightning strike test with a) clamping used and b) waveform used.
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shown that there is only a 3.4 % reduction in unnotched strength for four 
times increase in linear dimensions [21]. In comparison, a previous 
study [9] reported a drop in tensile failure stress of approximately 20 % 
after a 50 kA strike. However, the previous work used long, thin speci-
mens and observed that TAL failure stress varied from approximately 
120 MPa to 140 MPa with an approximate C.V. of 7.7 %. The results 
herein, using larger specimens containing the lightning damage within 
the specimen limits show that TAL failure stress varied from approxi-
mately 701 MPa to 728 MPa. Given the low C.V. of 1.3 % it can be 
assumed that the physical behaviours of the strike are sufficiently 
repeatable that further tests are not necessary.

Gauge section failure around the lightning damage site was observed 
in all four tensile tests, with exemplar failures shown in Fig. 4. During 
tensile loading the specimen failed at its centre and delamination 
propagated from the existing lightning strike delamination and damage 
regions to the specimen edges. The in-plane damage was extensive, 
owing to the complexity of the lightning damage pattern shown in Fig. 2. 
The majority of post-tension damage is observed in the upper plies 
which is directly correlated to the locality of severe lightning damage, 
discussed previously. Inspection of the specimen post-strike and post- 
TAL indicate that only the top few 0◦ plies have been damaged, which 
has limited the reduction in TAL failure stress to 23 %. While these re-
sults can indicate the global failure of the specimen, it is important to 
analyse contributions to failure and residual strength at a ply level.

3. Finite Element (FE) modelling

A virtual test framework [22], previously developed for CAL failure 

Fig. 2. Lightning damage in a typical specimen after lightning strikes with a 75kA peak current.

Fig. 3. Stress-displacement curves from four TAL tests.

Fig. 4. Images showing Specimens 3 and 4 (L-R) a) before TAL testing and b) after TAL with failures at the gauge section.
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stress predictions, was applied to predict the TAL failure stress. 
Sequentially coupled thermal-electric and thermo-mechanical models 
were combined with TAL analyses. Thermal-electric models were used 
to predict thermal damage resulting from Joule or resistive heating, 
while thermo-mechanical models were used to predict lightning me-
chanical 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). Both the thermal- 
electric and thermo-mechanical models completed previously [22]
measured 275 mm × 250 mm to replicate the quadrant of the larger 
lightning test panel. Since the TAL specimens measured 220 mm × 85 
mm, the geometric size of the TAL model was reduced to match the 
experimental arrangement. Given the repeatability of the lightning 
strike damage between studies (Fig. 2), predicted thermal-electric and 
thermo-mechanical results presented previously were reused [22,23]. 
Fig. 5 compares the ultrasound scan, including an approximate outline 
of the overlaid damage area, with the predicted lightning mechanical 
damage and delamination from the thermo-mechanical simulation.

TAL simulations were completed in ABAQUS/Explicit with C3D8R 
elements (1.5 mm × 1.5 mm × 0.125 mm uniform, similar to Ref. [22]). 
In a similar manner to the thermal-electrical and thermo-mechanical 
models, only the first 12 plies of the TAL model were represented ply- 
by-ply within which the key lightning damage characteristics were 
transferred from Fig. 5b, using a Python script. Two forms of damage, 
intralaminar mechanical damage, within the ply, and interlaminar 
delamination, between the plies, were analysed and transferred. Areas of 
element deletion on each ply were chosen to represent intralaminar 
mechanical damage and were captured using nodal coordinates to 
describe the hole. These coordinates were then converted to create 
corresponding damaged element sets in the TAL model. A similar pro-
cess was used for the transfer of delamination. In this case, areas 
captured by the CSDMG area (scalar damage variable for delamination) 
from the thermo-mechanical analysis for each ply-ply interface was 
used. The rest of the 20 plies were lumped into a block using homoge-
nised properties, using the same strategy as before [22].

Along the loading direction, the TAL model was fixed at one end, 
while prescribed displacements were applied at the opposite end at a 
constant rate of 1 mm/second. Semi-automatic mass scaling was used 
with a target timestep of 1 × 10-6 s. Despite a higher loading rate than 
that in the experiments, and the use of mass scaling, there was no sig-
nificant dynamic effect observed. Therefore, the TAL simulation could 
be considered quasi-static.

The maximum stress criterion was used to predict fibre failure, 
shown in Equation (1): 

F = |σ|/Xt ≥ 1 (1) 

When the maximum fibre-direction stress (σ) reached the tensile 
strength (Xt), the elements were flagged, and their fibre-direction stress 
was reduced to zero. This is effectively a failure initiation criterion 
assuming first ply failure which may give conservative predictions.

The current model is not a fully ply-by-ply model. Cohesive surfaces 
were defined between the first twelve plies within which lightning 
damage was present, and between the 12th ply and the remaining 20-ply 
block. Within the three 0◦ plies of the laminate, potential splitting paths 
were created at the edge of the lightning fibre damage as shown in 
Fig. 6a. No splitting was modelled in other plies because the 0◦ splitting 
was found to be critical for predicting sharp-notched [24] and open-hole 
tensile failures [25] of the same material and stacking sequence. The 
same cohesive surface approach and properties were used for 0◦ splitting 
as for other interfaces. The properties for the cohesive surfaces used are 
shown in Table 1 [22].

During TAL simulation, separation of cohesive surfaces initiated and 
propagated from the lightning damaged area along the pre-defined 
splitting paths. This is demonstrated by the stress distribution in a 
typical 0◦ ply as shown in Fig. 6. Fig. 6 includes the approximate 
lightning fibre damage, transferred from the thermo-mechanical simu-
lation, which is smaller than the area in Fig. 5 given Fig. 6a only shows 
the critical fibre damage in the 3rd 0◦ ply while Fig. 5 shows overlaid 
delamination for multiple plies. Early on, high stresses occurred near the 
lightning damage site (Fig. 6b). As splitting and delamination grew, the 
high stresses spread beyond the lightning fibre damage site and their 
concentration was reduced (Fig. 6c). The 0◦ splitting and delamination 
are represented by the degraded cohesive surfaces (Fig. 6d). The TAL 
model fails from its centre near the existing lightning damage site to the 
model edges (Fig. 6e), but some elements to the left are also affected post 
failure. The delayed fibre failure initiation immediately triggered the 
ultimate failure in the TAL model.

The predicted TAL failure stress was 670 MPa, which is the 
maximum gross-section stress at the predicted failure load of 228 kN. It 
is only 6 % less than the measured average TAL failure stress of 716 MPa 
(C.V. 1.3 %). Further improvements to the TAL failure stress prediction 
could be achieved by using a more detailed ply-by-ply FE model, similar 
to Ref. [28] which considers progressive fibre failure combined with 
multiple 0◦ splitting paths parallel to the lightning damage site. It is 
particularly relevant for future cases with less severe lighting damage 
which may see more complex failure modes and prolonged damage 
evolution.

4. Conclusions

This work completed a combined experimental and numerical study 

Fig. 5. Comparison of experimental ultrasound scan and thermo-mechanical damage predictions where colours represent delamination damage.
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of residual tensile strength after lightning strikes. Four repeated tests 
were successfully conducted on quasi-isotropic carbon/epoxy laminates. 
The specimens were subjected to Waveform D laboratory generated 
lightning strike with a 75 kA peak current, more realistic than the pre-
viously reported TAL tests. The lightning damage was extensive and 
unsymmetrical through the thickness, but was contained within the 
specimen width and so was representative of damage on a real structure. 
The damage resulted in a 23 % reduction from the baseline tensile 
failure stress reported in the literature. A new virtual test incorporating 

0◦ splitting was validated by the Tension-After-Lightning (TAL) tests 
herein. The TAL simulation predicted the residual tensile failure stress 
well, within 6 % of the measured value. The new TAL test results and 
model can inform the design of lightning resistant composite structures.
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60 90 0.2 1.0 1.45 1.28 × 105 
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