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 10 

Abstract 11 

One of the great strengths of X-ray computed tomography over conventional inspection 12 

methods (ultrasound, thermography, radiography) is that it can image damage in 3D. 13 

However for curved or deformed composite panels it can be difficult to automatically ascribe 14 

the damage to specific plies or inter-ply interfaces. An X-ray computed tomography (CT) 15 

data processing methodology is developed to extract the through-thickness distribution of 16 

damage in curved or deformed composite panels. The method is applied to [(0°/90°)2]s carbon 17 

fibre reinforced polymer (CFRP) panels subjected low velocity impact damage (5 J up to 18 

20 J) providing 3D ply-by-ply damage visualisation and analysis. Our distance transform 19 

approach allows slices to be taken that approximately follow the composite curvature 20 

allowing the impact damage to be separated, visualised and quantified in 3D on a ply-by-ply 21 

basis. In this way the interply delaminations have been mapped, showing characteristic 22 

peanut shaped delaminations with the major axis oriented with the fibres in the ply below the 23 

interface. This registry to the profile of the panel constitutes a significant improvement in our 24 
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ability to characterise impact damage in composite laminates and extract relevant 25 

measurements from X-ray CT datasets. 26 

Keywords:    B. Delamination; B. Impact behaviour; D. Non-destructive testing; X-ray 27 

computed tomography; Distance transform 28 

1 Introduction 29 

The aerospace industry has always needed to be at the forefront of materials research and 30 

development, driven by the requirement for ever lighter, yet stronger, structures. Over the last 31 

few decades, new requirements have emerged regarding efficiency, environmental impact, 32 

safety, and affordability. As a result, the industrial research focus has shifted towards 33 

materials that allow for tailored, cost effective, function oriented, and lightweight 34 

components and structures [1]. In the light of this, carbon fibre reinforced polymers (CFRP) 35 

have begun to replace conventional light metal alloys, such as aluminium and titanium, for 36 

primary and secondary aircraft structures [2]. The growing use of CFRPs has arisen from 37 

their high specific strength and stiffness compared to those of light alloys, but also from the 38 

ability to tailor their structure to produce more aerodynamically and mechanically efficient 39 

configurations [3]. These advantages are however balanced by a lower impact damage 40 

tolerance, mainly due to the layered (no through-thickness fibre reinforcement), anisotropic, 41 

and heterogeneous structure of CFRP laminates [4-6]. Impact damage, especially barely 42 

visible impact damage (BVID), is therefore of primary concern for design and maintenance 43 

of modern aircraft composite structures [7]. 44 

During their life cycle, composite structures can be subjected to high- and low-velocity 45 

impact loading [8]. High velocity impact damage is usually easy to detect as it creates visible 46 

external damage. Low-velocity impacts are more complex to assess because, although 47 

significant damage can be generated internally, there can be little indication of external 48 
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damage on the impacted surface, leading to the term BVID. The internal damage appears 49 

primarily as matrix cracking and delamination between plies of dissimilar orientation [6] and 50 

can lead to loss of strength and stiffness. Ultimately, the load-bearing capability can be 51 

significantly reduced in both tension and compression, and catastrophic failure can occur 52 

under relatively low applied loads. As a result there is a concerted research effort to improve 53 

the damage resistance and tolerance of these materials. 54 

A wide range of characterisation techniques, both destructive and non-destructive, can be 55 

employed to improve our understanding of the damage mechanisms occurring in CFRP 56 

panels. As regards destructive methods, thermal de-plying [9] or more commonly sectioning 57 

followed by optical and/or scanning electron microscopy [10, 11] are employed for 58 

determining the cause of failure, as well as establishing the area of crack initiation [12]. The 59 

main limitations are the partial, or total, loss of the specimen, the introduction of new damage 60 

(during the cutting, sectioning process), and the relaxation of residual stresses occurring 61 

during the analysis. With respect to non-destructive methods, the most widely used 62 

techniques are ultrasound (typically C-scan) [8, 13], X-ray radiography [14], and 63 

thermography [15, 16]. These techniques are well suited to the detection of delamination 64 

modes of damage, but are limited in terms of resolution and their ability to detect fibre 65 

fracture or matrix cracking [12]. In addition, they provide damage analysis largely in two 66 

dimensions. To obtain a better damage representation in three dimensions, ultrasonic time-of-67 

flight methods [17, 18] can be employed. It provides an image which is a superimposition of 68 

the through-laminate thickness damage network but means that the overlapping damage can 69 

be difficult to distinguish and near surface damage can obscure the damage beneath. 70 

X-ray computed tomography (CT) is capable of providing 3D images of damage non-71 

destructively, as reviewed by Withers and Preuss [19]. As a rapidly improving non-72 

destructive evaluation (NDE) method, its capabilities to evaluate and assess composite 73 
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materials and their structure are still at an early stage of development. Nevertheless, an 74 

increasing number of studies have been performed using CT to characterise composite 75 

materials, mainly for the assessment of porosity and defects [20-24]. The use of CT for the 76 

study of impact damage in composite structures has received less attention [18, 25-27]. 77 

Accurate quantification of damage in carbon fibre composites to date has been limited partly 78 

by the difficulty of obtaining sufficient defect contrast (related to low contrast and 79 

insufficient spatial resolution) [26, 28] and partly by the lack of sufficiently sophisticated 80 

image analysis procedures to segment and quantify the resulting low contrast images and 81 

complex geometry of the damage. 82 

The study by McCombe et al. [18] was the first to report on the through-thickness 83 

distribution of the damage, i.e. the mapping of the damage as a function of depth; in their 84 

case through a self-healing laminate. While damage was quantified for every slice in the CT 85 

volume a significant shortcoming of this methodology is that it neglects the curvature of the 86 

panel. This means that a slice in the CT volume may contain information from more than one 87 

ply. Since composite panels can be non-planar by design, or as a result of loading, a method 88 

that can take account of this is needed so that the damage can be located with respect to the 89 

underlying ply architecture. The consideration of impact damage is an important case in 90 

point.  The virtual X-ray CT orthoslices in Figure 1 clearly show the distortion in the centre 91 

of an impacted panel, resulting from an impact energy of 20 J. As a result of the out-of-plane 92 

curvature, many laminae are apparent in any one 2D CT slice (as illustrated in Figure 1c). 93 

Consequently, the damage in any one orthoslice comes from a number of separate plies and 94 

inter-ply interfaces, hindering the interpretation of the damage levels recorded. Clearly, while 95 

2D analysis tools maybe appropriate for pristine composite laminates they are not appropriate 96 

for the accurate quantification of complex 3D structures such as those that characterise 97 

extensive impact damage. 98 
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Figure 1: Illustration of how an out-of-plane distortion affects 2D orthoslices from 

a reconstructed CT scan for a composite laminate impacted at 20 J showing  a) an 

XZ plane (including the impact site), b) a YZ, plane  (including the impact site) 

and c) an XY plane. (Air appears black, matrix and carbon fibers grey, and glass 

filament yarns white) 

The paper describes a novel data analysis methodology able to quantify damage in non-planar 99 

as well as flat composite laminates. The objective is to obtain the through-thickness damage 100 

distribution in three dimensions, thereby allowing inter-ply and intra-ply cracking to be 101 

segmented and assessed qualitatively and quantitatively at the ply-by-ply level. This is 102 

needed to improve our understanding of the type (failure mode) and extent of the impact 103 
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damage and its relation to the composite architecture. This information is essential both in 104 

terms of designing impact resistant composite architectures and validating numerical models 105 

of impact failure.  106 

2 Materials and Methods 107 

2.1 Material 108 

The composite material under investigation was aimed at primary structures for aerospace 109 

applications. It was a unidirectional carbon fibre fabric with 22 Tex glass filament yarns 110 

woven at 6 mm intervals into the fabric to hold together the 12 k carbon tows. The areal 111 

density of the fabric was 445 g/m2 and the average density of carbon fibre was 1.76 g/cm3. 112 

The matrix comprised a high glass transition temperature epoxy resin system specially 113 

formulated for aerospace applications [29, 30].  114 

2.2 Panel manufacture 115 

All test specimens used in this study were manufactured using vacuum assisted resin film 116 

infusion (VARFI) due the high viscosity of the resin [30] as shown in Figure 2. To produce 117 

enough impact test coupons for statistically significant results, two 200 x 250 mm panels 118 

were manufactured for each impact energy level. 119 

 

Figure 2: Schematic of vacuum assisted resin film infusion VARFI set up. 120 

Each panel was made up of 8 plies stacked in a [(0°/90°)2]s stacking sequence as presented in 121 

Figure 3. A vacuum bagged panel was placed in an oven preheated to 130 °C. The bag was 122 

connected to a vacuum pump and the panel cured under vacuum only (no applied pressure) 123 
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throughout the full 6 hours cure cycle comprising 2 hours at temperatures of 130 °C, 165 °C, 124 

and 200 °C in turn. The resulting mean laminate thickness was 3.08 mm ± 0.03 mm. Once the 125 

laminates were cured, impact test coupons measuring 89 mm x 55 mm were cut from the 126 

cured panels using a diamond saw. Although there is no official standard for the miniaturised 127 

impact samples used in this work, the samples were cut so that edge parallelism was within 128 

the tolerance of British Standard 18352 [31] (0.02 mm) and of an appropriate length in order 129 

to prevent Euler buckling during compression after impact testing (CAI). 130 

Ply No. Orientation (°)  Interface 

1 0  
1 

2 90 
2 

3 0 
3 

4 90 
4 

5 90 
5 

6 0 
6 

7 90 
7 

8 0 
 

 

 

Figure 3: [(0°/90°)2]s stacking sequence of the composite panel. 

2.3 Impact testing 131 

In order to generate damage in the composite coupons, a drop weight impact testing machine 132 

was used to deliver a low velocity impact. Impact testing was performed using an Instron 133 

CEAST 9350 drop weight impact testing machine controlled by CeastVIEW 5.94 3C 134 

software. The tests were carried out according to the methodology of Prichard and Hogg [32] 135 

with a specimen size of 89 mm x 55 mm, an impactor mass of 5.048 kg and a hemispherical 136 

tup 20 mm in diameter. The sample was clamped at the bottom of the tower by a rigid 137 

holding device which consists of steel plates, clamps, and a 40 mm circular aperture. An 138 

overview of the drop weight impact testing set-up is presented in Figure 4. 139 
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Figure 4: Drop weight impact testing set-up with a) schematic showing impact test set-

up, and b) photograph of specimen holder. 

The impact testing machine was fitted with light sensors and force transducers which allowed 140 

for impactor velocity, force and test time durations to be acquired. The equipment was also 141 

fitted with an anti-rebound device to prevent repeated impact of the sample. Although strain 142 

gauges were not attached to the samples, it was assumed that the forces measured for the 143 

impactor were representative of the forces experienced by the specimen due to the very high 144 

stiffness of the impacting object and test rig. In these tests, the maximum velocity of the 145 

impactor was approximately 3.15 m/s for an impact energy of 20 J. Four samples were tested 146 

at different energies 5 J, 10 J, 15 J and 20 J, to simulate the range of impact energies thin 147 

laminates experience during service, such as those resulting from tool drops. Pictures of the 148 

specimen impacted at 20 J in Figure 5 show visible damage on the front and back faces. After 149 

impact, the specimens were evaluated for damage using two non-destructive techniques: C-150 

scan and X-ray computed tomography, the details of which are introduced hereafter. 151 
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 152 

Figure 5: Photo macrographs showing visible external damage on a) front face and b) back 153 

face of panel tested at 20 J.  154 

2.4 C-scan 155 

A Midas NDT Systems C-scan system with Zeus v3.0 software was used in this study. It was 156 

a two-dimensional C-scanner with two transducers, the transmitter and the receiver. The 157 

impacted specimens were scanned using a 5 MHz transducer (probe). The tests were run at 158 

125 mm/min with a 200 µm grid size and 200 µm index step. 159 

2.5 Laboratory X-ray computed tomography 160 

The impacted specimens were scanned on a Nikon Metrology 225/320 kV Custom Bay [33]. 161 

The system was equipped with a 225 kV static multi-metal anode source (Cu, Mo, Ag, and 162 

W) with a minimum focal spot size of 3 µm [34] and a PerkinElmer 2048 x 2048 pixels 16-163 

bit amorphous silicon flat panel detector. The X-rays were generated by the copper target 164 

using a voltage of 60 kV and a current of 175 µA. The data acquisition was carried out with 165 

an exposure time of 1415 ms and no pre-filtration. The number of projections was set to 3142 166 

(optimum number) and the number of frames per projection was 1, resulting in an acquisition 167 

time of 75 minutes. The 3D volumes were reconstructed at full resolution with a voxel size of 168 

35.7 µm along the X, Y, and Z directions, using CT Pro software [35]. Avizo Fire 169 

version 8.0 [36] was employed for the data visualisation, processing, and quantification. 170 

2.6 CT impact data processing methodologies 171 

89 mm 

55 
m
m 

X 
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The simplest way to obtain the damage distribution from CT data is to consider the damage 172 

segmented in each orthoslice as illustrated in Figures 6a and 1c. In order to obtain a better 173 

correlation between damage and laminate structure McCombe et al. [18] extended this by 174 

summing and interpolating the slice damage data over a thickness equivalent to that of a ply 175 

(3.2 slices at a 35 µm voxel size). As discussed above, such approaches are only successful 176 

when the plies are flat since this method fails to address the curvature of the panel resulting 177 

from impact. As a result for distorted panels an orthoslice such as Figure 1c contains the 178 

damage from multiple plies and there is no direct or clear correlation between measured 179 

damage and panel architecture, particularly as impact energy (and therefore distortion of the 180 

panel) increases. Even for flat panels the orthoslices must be carefully oriented to match the 181 

ply orientations which can be complex and time consuming.  182 

Here we take an alternative approach which is to follow the surface profile of the composite 183 

(Figure 6b). Ideally one would like to follow the profile of each ply in turn, but the low X-ray 184 

contrast between the plies makes this difficult.  Here as a first approximation we assume that 185 

each ply follows the profile of the impacted face, then we measure the depth of the impact 186 

damage in the panel with respect to this curved reference. In this way, the curvature of the 187 

panel top face is taken into account in the analysis and the damage is recorded as a function 188 

of depth from this face. The impact face is chosen as the reference surface, because it is the 189 

most reliable surface for automated detection from the CT dataset regardless of the panel 190 

structure, panel material (polymers only, polymer-metal composite), or impact energy. While 191 

the mid-plane might ideally be a good choice as a reference to minimise the difference in 192 

curvature between the various plies through thickness – there is no X-ray contrast to clearly 193 

delineate this interface. 194 
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Figure 6: comparison between a) orthoslice-by-orthoslice (standard) CT data 

visualisation and b) the distance transform approach. 

The methodology developed in this work in order to obtain, from CT data, a quantitative 195 

assessment of the damage distribution in composite laminates ply by ply and interface by 196 

interface, is based on establishing the distance at which damage lies below the reference 197 

impact face. We call this a distance transform method.  The data processing workflow is 198 

illustrated in Figure 7 and described below. 199 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

Figure 7: Workflow for 3D damage distribution characterisation on specimen tested at 10 J, 200 

a) raw 2D XZ slice, b) binary segmented damage, c) distance transform showing the distance 201 

of each voxel from the impact face (lighter colour indicates greater distance), and d) damage 202 

distance transform (multiplication of b and c). 203 

 204 

After CT reconstruction (Fig 7a) the volume is segmented. This is the process whereby 205 

every voxel (volume element) of the full 3D volume is ascribed one of four labels 206 

corresponding to the different phases namely: the ‘air’ on the impact face, the matrix and 207 

carbon fibers (not distinguishable at this resolution), the impact damage (Fig. 7b), and the 208 

fibre yarns. In the present case, the four different phases were segmented using a seed based 209 

watershed algorithm. To distinguish the impact damage inside the panel from the air outside 210 

it, the composite panel was first digitally in-filled. This was carried out by a series of 211 

dilatation/erosion operations (between 3 and 5) on the matrix and carbon fibers selection, 212 

followed by a 3D filling operation. For high impact energies (high panel distortions, energy 213 

> 10 J), some manual segmentation was required to fully close the panel, particularly 214 

directly beneath the impact on the back face. For the segmentation of the damage, most can 215 

be captured with a simple threshold segmentation method performed on the filled panel 216 

selection. An extra step was required to capture the finest cracks and delaminations. This 217 

X 
Z 

0 mm 

6 mm 
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step was based on a top hat segmentation with a kernel size of 3, thereby considering the 26 218 

neighbouring voxels. 219 

The distance of each voxel beneath the reference surface was then determined. Rather than 220 

fit a curve to the reference surface and measure the distance of each voxel from this curve, 221 

the distance transform defined by Gustavson and Strand [36] was used. This is defined as 222 

“the mapping from each foreground picture element (i.e. each composite/damage pixel) to 223 

its distance from the closest background pixel (i.e. the air above the reference surface)”, was 224 

employed to calculate the Euclidean distance from each voxel to the impacted face (Fig. 7c). 225 

The output from this operation (Fig. 7c) is then combined with the damage label (Fig. 7b) in 226 

order to create the damage distance transform (fig. 7d), relative to the impact face. In this 227 

manner each damage voxel is assigned a distance from the reference surface. 228 

3 Experimental results and discussion 229 

3.1 Comparison of C-scan and 2D CT data 230 

The damaged areas measured by the C-scan are compared with the 2D projected images of 231 

the damage obtained by CT in Figure 8. It is evident that there is broad agreement between 232 

the lateral extents of the damage defined by the two techniques. Unsurprisingly, both 233 

methods suggest that the damaged area increases with increasing impact energy. However, 234 

the projected area of damage determined by CT appears to be systematically lower than that 235 

captured by C-scan, particularly at low impact energy (< 10 J). Inspection of Figure 7b 236 

suggests that the lateral extent of the damaged region is primarily associated with the 237 

delamination and in particular that between the 3rd and 4th plies.  While C-scan will record a 238 

signal for narrowly separated plies, CT is able to resolve delaminations only when they are 239 

greater than a couple of pixels or so (this represents a spatial resolution around 70 µm in our 240 

case).  This explains why the extent of damage is recorded by CT as slightly smaller. 241 
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C-scan 5 J C-scan 10 J C-scan 15 J C-scan 20 J 

    

CT 5 J CT 10 J CT 15 J CT 20 J 

Figure 8: Plan view of the damaged area evaluated by C-scan (top) and CT (bottom) as a 242 

function of impact energy. 243 

3.2 Panel architecture and damage profile 244 

A key aspect of this work is that the distance transform allows the damage to be evaluated as 245 

a function of depth from the (distorted) impacted surface. In order to understand the 246 

significance of the damage profile it is important to relate it to the ply architecture, i.e. the 247 

stacking sequence, of the composite panel. Before doing this, it is useful to verify the method 248 

by applying the distance transform to determine the locations of the glass binder yarn. The 249 

sinusoidal trajectory of binder yarn means that its volume fraction peaks at the interfaces 250 

between the plies thereby acting as a reference, delimiting the individual layers. The results 251 

obtained for the specimen tested at 5 J are plotted in Figure 9.  252 
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 253 

Figure 9: Damage profile and binder yarn profile for panel impacted at 5 J. 254 

The binder yarn profile comprises 9 peaks. The first (corresponding to the top surface) and 255 

last (corresponding to the bottom surface) peak in Figure 9 are of much lower intensity than 256 

those corresponding to the 7 internal interfaces. 257 

The corresponding damage profile in Figure 9 comprises six peaks of varying intensity. The 258 

registry between the peaks in the binder yarn profile and the damage profile confirms that the 259 

damage peaks at the interfaces: the damage volume of these peaks reflects the amount of 260 

delamination at each interply interface whereas the damage volume minima reflect matrix 261 

cracking within each ply. It should be noted that there is no peak for the central 90°/90° 262 

interface suggesting that no delamination occurs, which is consistent with previous 263 

studies [18]. It should be noted that the present methodology does not give any direct 264 

indication as to the crack opening displacement nor does it allow for the direct separation of 265 

the damage based on damage type, i.e. delamination, matrix cracking, and fibre breakage if 266 

present. 267 
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A comparison between the damage profiles obtained by the standard methodology, i.e. 268 

orthoslice-by-orthoslice, and using the distance transform, is presented in Figure 10. In both 269 

cases 6 peaks with increasing maxima, except that of peak 5, are obtained. The main 270 

differences are the range of distances from the impact face and the peak shapes and maxima. 271 

The mean panel thickness measured after impact by CT was 2.97 mm ± 0.08 mm with a 272 

maximum thickness value of 3.25 mm. The maximum distance value of 3.50 mm for the 273 

damage obtained by the standard methodology clearly indicates the lack of correlation 274 

between the damage profile and the panel structure. On the other hand, the value of 3.08 mm 275 

for the damage obtained by the advanced methodology in addition to the noticeably better 276 

defined peaks and increased peak maxima show improved correlation with the panel 277 

structure. Figure 10 clearly highlights the inadequacy of the standard method and the 278 

improvements the distance transform brings to the damage distribution characterisation. 279 

 

Figure 10: Comparison between standard (orthoslice-by-orthoslice method) and the advanced 

(distance transform) methodologies. 

3.3 Characterisation of through-thickness damage distribution  280 
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The through thickness damage distribution, i.e. the evolution of the damage volume as a 281 

function of the distance from the impact face, has been obtained for all four impact energies 282 

tested (5 J to 20 J) using the distance transform approach presented in section 2.6. The results 283 

presented in Figure 11 demonstrate that for all energies, the damage profiles comprise six 284 

peaks corresponding to the six ply interfaces (alternating 0°/90° and 90°/0°). Larger length 285 

splits and hence induced delaminations develop in the lower part of the plate since it is loaded 286 

in tension. As the impact energy increases, the peak intensity increases and the peaks broaden 287 

but the evolution is different for each peak. Figure 11 demonstrates that the increase in 288 

damage resulting from the increase in impact energy is not distributed isotropically, due to 289 

the three-dimensional stress field, throughout the laminate structure, highlighting the 290 

complexity of the impact damage process on polymer composites. The peaks that broaden are 291 

the ones corresponding to interfaces 3 and 7, i.e., the 0°/90° interface just before the mid-292 

plane and the 90°/0° interface just before the back face. The peak of interface 6 shows for all 293 

energies a maximum volume which is lower than what would be expected and this ‘anomaly’ 294 

is still under investigation. As shown in Figure 11, no clear peak was observed at ply 295 

interface 4 at any of the impact energies. In all the cases the largest amount of damage is 296 

observed at ply interface 7, which is the closest to where the highest tensile stresses exist. 297 

For impact energies above 10 J, the damage profiles show secondary peaks before the first 298 

peak and after the last peak. These lower disturbances have been identified to be fibre 299 

breakage damage, as illustrated in Figure 12. Fibre breakage occurs under the impactor 300 

(impacted face) due to locally high stresses and indentation effects (mainly governed by shear 301 

forces) and on the back (non-impacted) face due to high bending stresses [6]. Fibre breakage 302 

is a precursor to catastrophic penetration mode and is consistent with the high impact energy 303 

required (> 10 J) for such laminate thicknesses. It is also observed that impact energies of 15 304 
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and 20 J, larger size delaminations develop at the first 0°/90° interface, which may be 305 

attributed to flexing back that sets the plate into tension. 306 

Figure 11: Damage histograms for all 4 energies. The numbers correspond to the interface 

number (1, 3, 6 are 0°/90° interface type; 2, 5, 7 are 90°/0° interface type, as introduced 

in Figure 2). 

 

Figure 12: Examples of fibre fracture for a specimen impacted at 15J, a) 2D slice and b) 3D 

rendering (with a quadrant removed to aid viewing). 

In order to obtain a full 3D analysis, the damage corresponding to each peak needs to be 307 

separated. The peak separation and analysis are described in the next section.  308 
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3.4 Damage separation and quantification 309 

The distance transform allows the damage between each ply to be separated and visualized. 310 

The voxels corresponding to each peak are assigned different labels in Avizo, so that each 311 

damage layer can be visualised independently. The results for the specimens tested at 5 J and 312 

20 J are shown in Figures 13 and 14, respectively. 313 

 

interface 1 (0°/90°) 

 

interface 2 (90°/0°) 

 

interface 3 (0°/90°) 

 

interface 5 (90°/0°) 

 

interface 6 (0°/90°) 

 

interface 7 (90°/0°) 

Figure 13: ply-by-ply damage separation according to individual peaks from damage profile 314 

for 5 J impact energy. 315 
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interface 1 (0°/90°) 

 

interface 2 (90°/0°) 

 

interface 3 (0°/90°) 

 

interface 5 (90°/0°) 

 

interface 6 (0°/90°) 

 

interface 7 (90°/0°) 

Figure 14: ply-by-ply damage separation according to individual peaks from damage profile 316 

for 20 J impact energy.  317 

Figures 13 and 14 demonstrate that the ply-by-ply separation of the impact damage can be 318 

performed over the range of impact energies investigated. At 5 J (Figure 13), the 319 

delamination areas are peanut-shaped, as previously reported widely in the literature [7, 39], 320 

with their main axis being coincident with the fibre orientation of the layer below the 321 

interface (splitting parallel to the fibre that triggers delamination at the interface). The 322 

alternation of the major axes appears to be consistent with the lay-up of the laminate, i.e. 323 

aligned with the ply below the interface. At 20 J (Figure 14), the delamination volumes are 324 

more oblong-shaped due to extensive damage but they follow the same alternation of their 325 

major axes in accordance with the lay-up sequence. It can also be clearly observed (see 326 

supplementary material provided) that the 3D distortion in the central part of the specimen is 327 
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fully captured (large out-of-plane permanent deflection), demonstrating that the methodology 328 

presented in this paper improves the of the damage distribution by taking into account the 329 

panel curvature. 330 

Since the distance transform allows the quantification of the depth of the damage relative to 331 

the locations of the plies rather than orthogonal coordinates, new types of information can be 332 

extracted, in addition to the standard global measures. For the global characterisation, i.e. 333 

referring to a measurement over the entire volume, the maximum distance of the impact 334 

damage to the impact face and the total damaged volume can be plotted as a function of the 335 

impact energy. Regarding the local characterisation, the damaged volume relating to each 336 

peak, i.e., each asymmetrical interface, can be plotted for each energy. Another level of 337 

information is accessible through a distance transform operation performed on the individual 338 

damage peak labels. Assuming that the matrix cracking is narrower than the delamination, the 339 

maximum distance value obtained corresponds to the maximum crack opening of the 340 

delamination.  341 

4 Discussion 342 

The comparison between the standard (orthoslice by orthoslice) and the distance transform 343 

approach applied here to automatically map damage has clearly demonstrated the limitations 344 

and benefits of each approach. As presented by McCombe et al. [18], the standard 345 

methodology is simple to apply but is really only meaningful when the plies remain 346 

essentially flat otherwise it is not possible to correlate the 3D damage map with the 347 

underlying composite architecture. By taking into account the curvature of the panel after 348 

impact, the distance transform delivers a more useful representation of the impact damage in 349 

3D because the damage is referred to the deformed coordinates of the panel. As shown in 350 
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Figure 9 and 10, the damage peaks are sharper and more in line with the panel geometry, both 351 

in terms of panel thickness and the locations of the ply interfaces.  352 

The distance transform approach however has some limitations. Firstly, while we have 353 

developed a method of extracting a physically useful measure of the depth of the damage 354 

relative to the individual plies we have not attempted to distinguish the different damage 355 

modes (delamination, transverse ply splitting, fibre fracture etc). This is an intrinsic limitation 356 

of grey-scale based segmentation as the grey-scales values corresponding to matrix cracking 357 

and delamination are similar. Advanced morphological filtering operations could be 358 

performed in order to distinguish these features, but the focus in the composite field has been 359 

on fibre separation [40-42] so far. Indication of significant fibre breakage occurring for the 360 

higher impact energies (> 10 J) has been demonstrated with the appearance of shoulders on 361 

the damage profiles (see Figure 11).  The method can successfully map the damage between 362 

the plies and could be used to produce 3D images of thick slices corresponding to each of the 363 

8 plies which could help with the visual assessment of the damage modes operative in each 364 

ply. 365 

Secondly, the damage volume, while easy to calculate, does not relate to the essential physics 366 

determining the residual properties of the panel. For example the delaminated area and the 367 

crack opening displacement are more important than the total volume occupied by a 368 

delamination. In this respect more sophisticated damage segmentation and quantification 369 

procedures are needed, however the value of relating the damage to the depth through the 370 

composite panel remains. 371 

Finally, the current implementation of the distance transform assumes that the thickness of 372 

the panel is the same across the whole surface – this is patently not the case for the higher 373 

impact energies and hence the depth of the damage is mis-recorded in the immediate vicinity 374 
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of the impact, especially for the plies nearest to the backface where the mis-registry is 375 

greatest.  Were this taken into account then the profiles in figure 11 would be narrower and 376 

more distinct. This problem was only important for the specimen impacted at 20 J, where 377 

extensive damage is generated and near panel perforation is reached. While this variation in 378 

curvatures between the plies could be taken into account manually to assign damage to the 379 

correct ply, or interface, it is not easy to automate. One approach would be to use multiple 380 

distance transforms to capture more accurately the changes in through-thickness panel 381 

curvature or combining the distance transform from the impact surface to a radial distance 382 

transform centered on the impact indent.  383 

5 Conclusions 384 

A distance transform approach has been developed for the automated registry of the depth of 385 

features to the 3D shape of a composite panel.  This approach has been applied to the 386 

mapping of damage caused by impact. The distance transform approach allows the location 387 

of the damage to be more accurately registered to the architecture of the composite enabling 388 

intra-ply and inter-ply cracking to be quantified ply by ply than traditional orthoslice methods 389 

which assume the plies are flat. The damage depth profile comprises peaks in damage which 390 

correspond to inter-ply cracking and the minima correspond to intra-ply cracking.  The 391 

individual inter-ply damage maps are useful in guiding lay-up designs to minimise impact 392 

damage and to validate analytical and numerical failure theories [43]. Further thick sections 393 

of the laminate corresponding to each ply in turn could be imaged to virtually inspect each 394 

ply individually.  The areas of delamination are peanut-shaped in accordance with the 395 

literature [7, 39], with their major axes aligned with the fibre orientation of the layer below 396 

the interface (splitting parallel to the fibre that triggers delamination at the interface). Taken 397 

together this significantly extends our ability to characterise impact damage and extract 398 
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meaningful measurements from X-ray CT datasets to extend our understanding of impact 399 

damage mechanisms in multi-directional composite laminates. 400 
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