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Abstract

The sudden compressive failure of unidirectional (UD) fibre reinforced compos-

ites at loads well below their tensile strengths is a cause of practical concern. In

this respect and more generally, analytical and numerical models that describe

composite behaviour have been hard to verify due to a lack of experimental

observation, particularly in 3D. The aim of this paper is to combine fast in-situ

X-ray computed tomography (CT) with advanced image analysis to capture the

changes in fibre orientation in 3D during uninterrupted progressive loading in

compression of a UD glass fibre reinforced polymer (GFRP). By analysing and

establishing correspondence between a sequence of time-lapse X-ray CT images

of the composite, we are able for the first time to follow each fibre and quantify

the progressive deflection that takes place during axial compression in the steps

leading up to fibre micro-buckling and kinking. Even at just 25% of the failure

load, fibres have started to tilt in approximately the direction of the ultimate

kink band. The rate of tilting increases as the composite approaches the collapse

load. More generally, our approach can be applied to investigate the behaviour

of a wide range of fibrous materials under changing loading conditions.
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1. Introduction

Composite materials are used extensively in advanced structures where prop-

erties such as high stiffness and low weight are required. In particular, carbon

and glass fibre reinforced polymers (CFRP and GFRP) are being employed in-

creasingly in aero [1] and ground transportation, as well as in environmentally5

sustainable energy production systems, such as wind turbines [2]. Therefore,

it is crucial to understand their performance under realistic loading conditions

with the ultimate goal of optimising performance through the use of analyti-

cal or numerical models [3]. Currently, the lack of confidence in these models

means that expensive experimental mechanical testing is relied upon in the de-10

velopment of new composite structures, and is still the gold standard for quality

control in industry [4]. What is more, this lack of confidence in the prediction

of composite behaviour, together with high safety requirements, leads to an

unnecessary over-engineering of the components.

The compressive strengths of unidirectional (UD) composites are typically15

significantly below their tensile strengths [5]. This is because many of the mech-

anisms of compressive failure are dictated largely by the matrix properties, in

contrast to the tensile properties which are dictated by the fibres. A number of

failure mechanisms under compression have been described in [6–8], the most

important of which for the current study is fibre micro-buckling (see Fig. 1(b-20

c)). Longitudinal splitting along the fibre direction is also a potential damage

mode (see Fig. 1(d)). Fibre micro-buckling is highly sensitive to the initial fibre

misalignment [6, 9]. As a result of the composite manufacturing process, the

fibres are, in general, not perfectly aligned with the axial direction. This means

that when compression is applied, some level of shear is induced in the region25

of the misaligned fibres. When the local shear stress exceeds the matrix shear

yield strength, the matrix yields and fibres buckle. In other words, the compres-

sion strength of a UD composite relies on the ability of the matrix material to
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keep the fibres straight [5]. Fibres finally fracture when the strain on the com-

pressive/tensile side of the fibre exceeds the fibre’s compressive/tensile failure30

strain, and a kink band is formed [10]. Although for the reasons discussed above

many researchers believe that fibre misalignment plays a big role [11, 12], and

the degree of lateral constraint on the fibres from the matrix is important [13],

the initiation mechanism for fibre micro-buckling is still a subject of debate.

This is largely because of the lack of direct evidence of the fibre movements in35

the moments leading up to micro-buckling and the point at which this becomes

a kink band. The difficulty in capturing experimentally the precursors to failure

is partly due to the small levels of misalignment required to trigger instability,

and partly because of the sudden and catastrophic nature of the instability when

the kink bands form.40

Figure 1: Schematic illustration of a loaded specimen and damage modes associ-

ated with axial compression. (a) Composite specimen geometry and loading condition,

and potential damage modes associated with axial compression failure of unidirectional fibre

composite, namely (b-c) fibre micro-buckling and (d) longitudinal splitting.

In recent years, optical and scanning electron microscopy have increased in

image acquisition speeds. This has been exploited to study the development

of kink bands in composites loaded in-situ [14] by observing the surface of the

composites. Guynn et al. [14] and more recently Moran et al. [15] have observed

experimentally in 2D that fibres buckle before a kink band is formed. However,45

the stage of fibre deflection prior to the onset of kink-band formation, which is
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expected to influence the kink-band geometry, has not yet been captured exper-

imentally. This is partly because 2D characterisation techniques cannot capture

information out of the observed plane. X-ray computed tomography (CT) en-

ables 3D imaging of FRP specimens containing many fibres at a resolution where50

individual fibres can be resolved [16]. Wang et al. [17] employed post-mortem

X-ray CT to study kink-band formation and reported the 3D morphology of

kink bands for the first time, where deformation out of the kinking plane was

also observed within the damage zone. Moreover, it is possible to scan a sample

while it is loaded in-situ in compression so that the evolution in fibre orientation55

under load can be observed in 3D from no load towards failure. Conventional

tomography, even at synchrotron sources, is too slow to capture the onset of

micro-buckling [18, 19]. However, ultra-fast imaging (∼ 500 − 10, 000 2D im-

ages per second) is now possible on some beamlines, which enables the events

leading up to failure to be captured by X-ray CT [20]. Using ultra-fast in-situ60

imaging, Wang [21] obtained a time-series of 3D X-ray CT images leading up

to kink bands, extending on the work [17]; while the quantification of the small

preceding fibre reorientation requires advanced image analysis.

The focus of this paper is on combining in-situ X-ray CT with advanced

image analysis with the purpose of providing an experimental description of the65

changes in fibre orientation during progressive loading in compression. Fibre

orientations have been estimated from tomograms [22–24] without previously

segmenting individual fibres, but the accuracy of these estimates is highly de-

pendent on the quality of the tomograms. However, if individual fibres can be

segmented beforehand, the accuracy of the individual fibre trajectories can be70

ascertained prior to computing fibre orientations. Additionally, segmentation

of individual fibres opens up the possibility of following the changes in trajec-

tory for each individual fibre across successive loading steps. Methods that can

segment individual fibres from tomograms of UD FRPs, where fibres are closely

packed, have been applied to measure fibre geometry from high-quality data [25]75

and also from lower quality scans [26–28]. The method by Czabaj et al. [26]

involves a time-consuming validation of the determined fibre trajectories and
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is therefore applicable to small volumes containing a limited amount of fibres.

Sencu et al. [27] built a micro-mechanical model with a few fibres that had been

segmented from bundles orientated in different directions. The focus of Emer-80

son et al. [28] was on determining individual fibre orientations. The method

by Emerson et al. ensures a representative characterisation of the composite’s

microstructure due to its ability to find a large amount of fibres and delineate

their centre line with high precision, even at resolutions where a fibre diameter

is covered by just 4 pixels [29].85

Our proposed methodology is to characterise the trajectory of individual

fibres in the as-manufactured condition in 3D from X-ray CT images and then

to quantify, as compressive loading progresses, the deflections by the analysis

of a time-lapse CT image sequence. The aim is to capture precursors to fibre

micro-buckling and kinking in 3D for the first time, in the moments leading up90

to kink-band formation. The material system employed in the experiment was

an end-tabbed UD GFRP rod specimen (see Fig. 1(a)).

2. Materials and experimental procedures

2.1. Manufacturing and preparation of composite sample

A modified resin infusion technique referred to as small-scale resin infusion,95

as reported by Wang et al. [17], was used to fabricate the 2 mm diameter UD

E-glass fibre (12 µm in diameter)/epoxy (Huntsman Araldite LY564/XB3486)

composite rods. Specimens with a reduced gauge section of around 1.5 mm in

diameter over 3 mm in length were prepared from the manufactured composite

rods. Fig. 1(a) shows the specimen geometry for in-situ testing. So as to100

localise the damage site, a groove around the circumference was made using a

razor blade giving a notch depth between 100 µm and 200 µm. The two ends of

the specimen were then glued with an epoxy adhesive into chamfered steel end

caps so that end-splitting damage could be avoided. This resulted in a length

of the composite rod equal to 20 mm and an overall length of the specimen of105

∼ 28 mm.
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2.2. Ultra-fast synchrotron X-ray computed tomography (CT) imaging under

in-situ compression

Ultra-fast imaging was performed at the TOMCAT beamline from the Swiss

Light Source (SLS). A monochromatic beam with a mean energy of 20 keV was110

used, and the specimen-detector distance was set so as to aid micro-crack de-

tection with a level of phase contrast. 500 projections were acquired over 180◦

rotation and the exposure time for each projection was 2 ms. These settings

equate to a fast acquisition at 1 scan per second. The data-sets were recon-

structed at TOMCAT using the Paganin algorithm [30]. The pixel size of the115

reconstructed CT data-sets is 1.1 µm.

Specimens were end-loaded in a tension-compression in-situ loading rig de-

veloped at INSA-Lyon [31], which could be accommodated for dynamic imaging.

The compression tests were conducted under displacement control at the rate

of 1 µm s−1. For the sample presented in this paper, an initial static scan was120

performed at 0 N, followed by interrupted scans at intermediate loads (200 N

and 600 N), and then by continuous dynamic scans as the expected failure load

was approached. Each interrupted CT scan started at an arbitrary angle, so

there is an angular difference between each data-set in the xy plane.

The evolution of individual fibre orientations is analysed in 3D at instances125

corresponding to four loads for the region of interest (RoI) shown in Fig. 2. The

height of the RoI is defined by the region within the FoV that is common to all

data-sets. As illustrated in Fig. 1, the overall length of the FoV - and thus of

the RoI - is short compared to the 20 mm long composite rod, meaning that we

capture only a partial view of the fibre deflections along the sample height.130

3. Methods

To follow the evolution of individual fibres from tomogram to tomogram

as the load is increased, we employ the segmentation method by Emerson et

al. [28] for its ability to segment large fields of view and its robustness to im-

age quality [29]. After delineating the fibres within each tomographic volume,135
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Figure 2: X-ray CT longitudinal slices from the centre of the composite rod in the

direction of the kink-band plane. The composite rod of length 20 mm and of diameter

1.5 mm at the reduced gauge section was scanned with a field of view (FoV) of 1.5 mm in

height during uninterrupted in-situ axial compression loading from 0 N to 900 N. Images

corresponding to four loads are selected for the analysis: i) 0 N, ii) 200 N, iii) 600 N and iv)

895 N; and the analysed region of interest (RoI) has a height of approximately 1.4 mm. The

coordinate system is defined according to the loading direction (z-axis, inclination φ = 0) and

the kink-band plane (x-axis, azimuth θ = 0).

correspondence is established between the individual fibres across data-sets.

Once individual fibre trajectories are obtained and matched across the four

data-sets, individual fibre orientations are computed at every load step, and

individual fibre deflections are calculated as the change in fibre orientation with

respect to the as-manufactured fibre orientation.140

3.1. Determination of individual fibre trajectories

The UD fibres are essentially aligned with the z-axis, so in each horizontal

- also called cross-sectional - slice through the volume fibres appear as circles,

as shown in Fig. 3. This allows the detection of fibre centres in each cross-

sectional slice, after which the detections are connected through the volume to145

form individual fibres. Each individual fibre centre line is called a ‘trajectory’,

which is the curve that connects the centres of a fibre through the volume. These

trajectories are extracted in two steps: i) centre coordinates are detected for

every fibre in each 2D tomographic cross-sectional slice, obtained by slicing the

3D volume in the direction orthogonal to the fibres, and ii) 3D fibre trajectories150
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are determined by tracking, i.e. connecting the 2D detected centres that belong

to the same fibre.

The process of centre coordinate detection is illustrated and explained in

Fig. 3. First, a dictionary-based probabilistic segmentation is applied so as to

estimate pixel-wise probabilities of belonging to the centre region. Then, the155

resulting probability map is thresholded to obtain the individual centre regions.

Finally, centre coordinates are computed as the centres of mass of the connected

regions. For more details refer to Emerson et al. [28].

(a) Intensity image (b) Probability map (d) Detected fibre centres(c) Segmentation

Figure 3: The steps in detecting fibre centres from 2D cross-sectional slices. The in-

tensity image in (a) is segmented into two classes (fibre centre regions or not). The probability

map in (b) is obtained using the dictionary-based probabilistic segmentation method in [28],

and indicates the likelihood of each pixel belonging to the fibre centre class. The probability

map is thresholded to obtain the segmentation in (c), which determines what are fibre centre

regions (pink) or not (blue). The centre coordinates for the individual fibres, marked in black

over (c-d), are found as the centroids of the pink connected regions.

A new implementation of the dictionary-based segmentation method is avail-

able [32]. The main improvements are lower computational time for training the160

dictionary model as well as for the segmentation phase and, most importantly,

the development of a graphical user interface (GUI) in Matlab R©. The GUI

wraps up the algorithm and provides a user-friendly interactive segmentation

tool. The segmentation algorithm behind the GUI requires minimal user input

for training the dictionary and, thanks to the interactive nature of the GUI, the165

amount of input is adaptable to the complexity and quality of the data-set at

hand.

The process of fibre tracking for connecting the detected centres across the

8
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2D slices is explained in Emerson et al. [28]. The fibre tracking used here is an

improved version that can deal with the problems encountered in the previous170

version. This includes handling of i) double detections, by merging 2D fibre

centre detections when these are closer than the manufacturer specified fibre

radius, and handling of ii) merging fibres, by matching fibre centres from one

slice to the next only if the match between the points is bidirectional, as opposed

to utilising the unidirectional backward tracking approach in Emerson et al. [28].175

3.2. Matching corresponding fibre trajectories across loading steps

As mentioned in Section 2.2, there is an angular disregistry between each

data-set in the xy plane and this needs to be corrected so that individual fi-

bres can be followed across the data-sets. Corresponding fibre trajectories are

matched across the four microtomograms using a rigid registration for align-180

ment, followed by a nearest neighbour search algorithm for matching corre-

sponding fibres.

Tomograms are aligned manually, first in the z direction by visual inspection

and then in the horizontal direction by choosing three corresponding points and

calculating a rigid transformation (rotation plus translation). The correspond-185

ing points are selected as far as possible from each other and towards the edges

of the cross-sectional slice to ensure precision in the registration.

3.3. Definition of the vectors inside the deflection model

Fig. 4 illustrates the evolution of a few randomly selected fibre trajectories

as the composite is loaded in compression from 0 N to 895 N. In essence, each190

slightly curved fibre trajectory can be approximated by a sequence of straight

line segments computed for different horizontal segments. Since the curvature

of the fibres is small within the RoI, for our current analysis we approximate

each fibre by a single straight line through the RoI. This approximation implies

that our analysis is based on the position of the fibre centres in the first slice of195

the RoI and in the last slice of the RoI, while the intermediate slices are used

only for tracking individual fibres.

9
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Figure 4: The evolution of the fibre trajectories under load. In (a) a 3D side view and

in (b) a plan view showing the evolution under compression of randomly selected fibres inside

the RoI. The coordinate system, defined according to the loading direction and the kink-band

plane, is indicated in (b).

We quantify the fibre trajectories and deflections during loading by analysing

the straight line segments that approximate the fibres. We have a time series of

four line segments per fibre, one for each loading step. For the sake of analysis,200

we define a set of vectors to describe the orientation and deflection of both the

individual fibres and the composite as a whole. These vectors are described

pictorially in Fig. 5.

The fibre trajectory for the n-th fibre under the i-th load state is captured

by the fibre vector vi
fn

. This vector joins the points where the fibre fn enters205

and leaves the RoI, and is defined for Fi ∈ {0 N, 200 N, 600 N, 895 N} and n ∈

{1, ..., N}, with N = 4957 the number of fibres considered in this study. The

corresponding vector for the composite is the average of all the fibre vectors and

is denoted by the composite vector vi
c = 1

N

∑N
n=1 vi

fn
.

The fibre deflection for the n-th fibre at the i-th load state considers only210

the lateral deflection of the fibre end relative to its orientation in the 0 N load

case, and is represented by the fibre deflection vector di
fn . It is calculated

for fibre fn as the difference between the fibre vector for fn at load step i and

the fibre vector for fn at load F1 = 0 N, i.e. di
fn

= vi
fn
− v1

fn
. The composite

10
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deflection vector di
c captures the deflection of the composite rod and is given215

by the mean of all the fibre deflection vectors, i.e. di
c = 1

N

∑N
n=1 di

fn
. Notice

that di
c = vi

c − v1
c and that the deflection vectors at load F1 = 0 N, d1, are all

zero.

Since fibres are not free to move independently of one another, an additional

important composite movement is given by the twist, as observed by Ueda et220

al. [33]. The twist is caused by the torque induced by the compression load-

ing and involves the fibres rotating collectively around the central axis of the

composite rod. To estimate the angle of the twist, we introduce the relative

deflection, which expresses the movement of a fibre relative to the deflection

of the composite rod as a whole. It is represented by the relative deflection225

vector rifn = di
fn − di

c. The twist angle γc is estimated by fitting a rotation to

the relative deflection vectors and minimising the residual in the least squares

sense [34].

Figure 5: Definition of fibre and composite vectors, deflection vectors and relative

deflection vectors.

When interpreting our results, the vectors are described using either Carte-

sian or spherical coordinates where i) the z-axis (inclination φ = 0) is aligned230

with the loading z-axis and points in the direction opposite to the loading di-

rection, and ii) the x-axis (azimuth θ = 0) is aligned with the kink-band plane,

pointing towards the shallowest part of the notch (for clarification see Figs. 2

and 5).

11
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4. Results and discussion235

4.1. Characterisation of fibre orientations before loading

It has been widely accepted that fibre misalignment in the as-manufactured

composite can have a significant effect on the compressive failure load at which

catastrophic kink bands form [6]. Fig. 6 shows the fibre trajectories in the

as-manufactured data-set under 0 N load. It is evident from the figure that240

the fibres are predominantly straight over the 1.5 mm high FoV, and that the

orientation of the fibres is to a large extent grouped into clusters.

(b)

Figure 6: The as-manufactured fibre trajectories. In (a) a 3D side view and in (b) a

plan view of all the fibre trajectories extracted from the RoI for the as-manufactured test

piece prior to the application of load. The colour of each fibre encodes the azimuth θ of its

fibre vector (defined in Fig. 5). The projected length in the plan view shows the amount

of misalignment, fibres appear as points when they are completely aligned with the z-axis

(φ = 0). The coordinate system, defined according to the loading direction and the kink-band

plane, is indicated in (b).

4.2. Characterisation of fibre orientations during loading

The spatial clustering of fibre orientations as a function of loading is shown

in Fig. 7. The scatter plots (top) show the end points of the individual fibre245

vectors vi
fn

projected onto the horizontal plane. The colour-coding reflects the

inclination and the azimuth of each fibre vector, such that saturation is low for

12
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fibres aligned with z. The hue indicates the azimuth of the fibre vector, and thus

represents the in-plane misorientation direction of a fibre. Had all fibres been

perfectly aligned, all points would be on top of each other and all colours the250

same. When looking at the scatter plots one might underestimate the number

of highly aligned fibres, as the scatter plots do not show the density of points

when these are closely clustered together. That is, there are many more aligned

fibres than it seems when looking at the scatter plots.

With regards to the fibre orientations displayed in Fig. 7, it can be concluded255

that both the degree of fibre misalignment relative to the loading axis φ (fibre

tilt) and the direction of the misalignment θ (fibre direction) cluster spatially.

It is noteworthy that the clustering of the fibre direction is correlated with the

local fibre volume fraction. Where fibres are very close together they tend to be

orientated in the same direction whereas there tends to be a resin-rich region260

in between the differently orientated clusters of fibres. This is a reflection of

the packing efficiency which drops when fibres are not similarly aligned. It is

notable that while there is a gradual drift of the composite (as indicated by the

black crosses over the scatter plots in Fig. 7) there are no significant changes in

the clustering of fibre misalignments as the load is increased. This confirms that265

the fibres deform in a cooperative way in FRPs with relatively high fibre volume

fraction. As to the evolution of the fibre vectors under progressive loading, a

gradual deflection in the direction of the ultimate kink-band plane is observed

in the scatter plots as the loading increases. This shift translates to an increase

of green colour in the cross-sectional images under increasing load.270

4.3. Evolution of fibre deflections under load

The spatial distribution of the deflection introduced by loading the sample is

analysed by looking at the deflection vectors and the relative deflection vectors.

As was mentioned previously, the fibre deflection vectors di
fn capture the

change in orientation that each individual fibre undergoes with respect to the275

0 N state as a consequence of applying a certain load Fi. The deflection vectors

are displayed in the scatter plots of Fig. 8 - we omit the illustration of the

13



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

895 Newtons

=
2
.5
°

=
5
.0
°

=
7
.5
°

=0

200 Newtons

=
2
.5
°

=
5
.0
°

=
7
.5
°

=0

600 Newtons

=
2
.5
°

=
5
.0
°

=
7
.5
°

=0

0 Newtons

=
2
.5
°

=
5
.0
°

=
7
.5
°

=0

Figure 7: Spatial clustering of fibre orientations under load. The top row shows scatter

plots of the fibre vectors vi
fn

for the four considered loading steps. Each point corresponds

to a certain fibre fn and is coloured according to: i) inclination φ (colour saturation) and ii)

azimuth θ (colour hue) of the fibre vector. The black crosses indicate the composite orientation

vi
c (average over all fibres). In the bottom row the X-ray CT cross-section for the middle slice

of the RoI is shown with the fibres displayed using the same colour as in the top row, but at

their actual spatial location in the material.

unloaded sample where all deflections are zero. They show that even at the

200 N most of the fibres have already deflected towards the direction defined by

the kink-band plane, although the magnitude of the deflection is still small.280

The deflection vectors in these scatter plots have been colour-coded relative

to the composite deflection di
c, which is indicated with a black cross over each

scatter plot. The colours therefore indicate the inclination and the azimuth of

the relative deflection vectors rfin (recall that these capture the deflection of

individual fibres with respect to the composite deflection). Thus, the colours285

in the cross-sectional slices in the bottom of Fig. 8 illustrate how the fibres in

the different parts of the composite deflect relative to the mean. By looking

at the spatial distribution of the relative deflection vectors it can be concluded

that the deflection behaviour is not influenced by the initial orientation, as the

clustering is not similar to that of the fibre vectors (see Fig. 7). Instead, all290

the fibres in the composite rod primarily undergo a cooperative deflection, as
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indicated by the black crosses over the scatter plots in Fig. 8, and a twist in an

anti-clockwise direction with respect to the centre of the rod, indicated by the

yellow arrows over the cross-sectional slices in Fig. 8.

200 Newtons

=
2
.5
°

=
5
.0
°

=0

600 Newtons

=
2
.5
°

=
5
.0
°

=0

895 Newtons

=
2
.5
°

=
5
.0
°

=0

Figure 8: Evolution of deflection vectors and spatial distribution of relative deflec-

tion vectors under load. In the top row the scatter plots of the deflection vectors dfn .

The colour-coding has been set relative to the deflection of the composite rod, indicated by

the black crosses. Thus, when shown at their actual location in the bottom row, the colours

show the orientation of the relative deflection vectors rfn . The yellow arrows indicate the

twist observed around the centre of the sample, note that the length of the arrows does not

represent the absolute magnitude of the twist, which is 1.06◦ at 895 N.

4.4. Evolution of composite deflection under load295

The histograms for the inclination and azimuth of the fibre vectors are re-

ported for all loads in Fig. 9(a-b). Note in Fig. 9(a) that the spread of fibre

inclinations increases somewhat as the load increases, and that fibres are tilting.

The direction in which the fibres are tilting is reported in Fig. 9(b). There, it

can be seen that fibres are not uniformly distributed around the full 360◦ circle.300

Preferential directions exist and it is noticeable that there is a deficit of fibres

at −180/180◦ to the kink-band direction (0◦). This might be the reason for the

kink band forming in this specific direction, however it could also be due to the

freedom of movement in the xy plane, due to end-loading the sample without
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being clamped. Additionally, the (all fibre averaged) composite behaviour is305

shown as a function of loading in terms of i) the composite deflection (inclina-

tion of the composite segment in the FoV), in Fig. 9(c), and ii) the twist of the

composite rod about its central axis, in Fig. 9(d). Unsurprisingly, the angle of

inclination of the rod segment moves off axis faster as the load increases, but

it is perhaps surprising that the fibres deflect in approximately the direction310

of the final kink band (see the scatter plots in Fig. 8), already at 25% of the

kink-band collapse load.

The twist angle increases with axial compression load, and amounts to 1.06◦

just prior to failure. On the one hand, the twist could arise from non-ideal load-

ing, which could introduce some torque onto the specimen. While a rotational315

moment was not intentionally applied, it is possible that imprecise alignment of

top and bottom jaws introduced some degree of rotational movement. On the

other hand, the twist could have already been inside the unloaded sample. Re-

garding the effect of this twist on the damage evolution, it is expected that the

twist will result in some degree of fibre deflection out of the dominant kink-band320

plane, such that the collapse mechanism has a 3D nature.

5. Conclusions

In this study the 3D orientations of individual fibres under load have been

measured and tracked experimentally for the first time by means of time-lapse X-

ray CT and advanced image analysis. In this way, we have been able to quantify325

the changes in fibre orientation to a very high level of accuracy, tracking the

great majority of fibres in the composite. This approach has allowed to better

visualise and understand precursors to fibre micro-buckling in a GFRP under

compression loading. The main findings are considered below.

It is a good question to ask whether the ultimate kink-band location and330

failure direction is predestined from the start. This paper reports only the av-

erage orientations of individual fibres along the RoI and does not set out to

measure the change in the curvature of the fibres. This will be the subject of
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Figure 9: Progression of histograms capturing the magnitude and direction of fibre

misalignment for the fibre vectors and the trend of the composite behaviour under

load. In (a) and (b) the histograms for the inclination and azimuth of the fibre vectors. In

(c) and (d) the trends for the composite tilt and twist.

a further paper. It is clear from Fig. 6 that the gauge section contains a num-

ber of misaligned clusters of around 200 µm in diameter. It is worthwhile to335

consider whether the gauge is large enough to be statistically representative of

the composite as a whole. It seems that the test piece contains around 30− 40

clusters and so it is probably just large enough for it to be unlikely that a par-

ticular cluster would dominate the compressive failure behaviour. Nevertheless,

it is useful to ask whether the average misalignment angle/direction of all the340

fibres affects the initiation of the micro-buckling behaviour. Certainly it was

remarked upon earlier that there appears to be few fibres orientated at 180◦ to

the kink direction (Fig. 9(b)) and this may help explain why the fibre tilting

and eventual micro-buckling occurs in the direction it does. When considering

the relative deflection vectors in Fig. 8, we can infer that there is no tendency345
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for longitudinal splitting between fibres (no neighbouring clusters move in op-

posite directions laterally, as illustrated in Fig. 1(d)). Without information

about the local curvature we are not able to identify whether the fibres buckle

solely as depicted in Fig. 1(c) or whether there is an increase in the local cur-

vatures as in Fig. 1(b). Certainly our work shows for the first time that the350

deflection initiates at very low loads and is in a direction close to the ultimate

kink-band direction. Furthermore, this deflection increase accelerates as load

increases such that the composite segment in the RoI is inclined by 1.81◦ at

895 N (just prior to buckling instability). It is also clear that despite aiming to

impose solely axial compression, there is a tendency for the composite to twist355

under increasing load, introducing another loading mode onto the composite.

If the shear modulus of the composite is around 3 GPa (adapted from Hull and

Clyne [35]), the 1.06◦ of twist equates to a torque of around 0.02 N m. Ulti-

mately, the notch does ensure that the final failure sequence occurs local to it,

but the current analysis method does not pick up any local reorientation of the360

fibres in the periphery of the gauge volume associated with the notch because

it approximates each measured fibre trajectory with a single straight line. Of

course future measurements of the fibre curvature may provide indication of

notch localised fibre curvature in the gauge volume. Finally, it should be re-

marked that the methodology presented in this paper, which can follow changes365

in individual fibres under load, is applicable to a wide range of materials based

on UD fibres, including carbon fibre reinforced polymers.
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