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ARTICLE INFO ABSTRACT

Keywords: Local imperfections in microstructures are a key factor influencing the compressive performance of fibre-
Polymer-matrix composites reinforced polymer composites (FRPs); this can be investigated through micromechanical finite element (pFE)
Microstructures i simulations of representative volume elements (RVEs) reconstructed from computed tomography of real FRP
E::Z:tc[;lzzitcznalym (FEA) microstructures. This is the first paper that identifies and addresses three key open challenges in pFE simulations

of real FRPs under longitudinal compression: firstly, we introduce a new method for generating continuum pFE
models of RVEs with high fibre content (up to 55%) and without unrealistic resin-rich boundaries or fibre
interpenetration. Secondly, we propose new microstructural metrics to characterise misalignment and twisting,
novel deformation metrics to quantify kinking and torsion during compression, and we analyse their relation-
ships. Thirdly, we validate our recently proposed, computationally efficient, shell-beam (SB) methodology at the
microstructural level. The results highlight the importance of simulating FRP microstructures with a realistic

fibre content and microstructural twist and demonstrate the very good predictive performance of SB models.

1. Introduction

The longitudinal compressive strength of unidirectional fibre-
reinforced polymer composites (FRPs), which is often inferior to ten-
sile strength, is strongly influenced by local microstructural imperfec-
tions [1-5]. Understanding the effect of these imperfections, particularly
on the sequence of failure events under compression, is essential for
improving composite performance and guiding the design of advanced
architectures. Realistic micromechanical finite element models (LFEM),
using fibre paths reconstructed from micro-computed tomography of
FRP samples (LCT-RVEs), are often proposed to investigate the effect of
real composite imperfections on FRP’s compressive strength [6-8]. In
principle, pCT-RVEs provide an accurate representation of the fibre and
matrix architecture at a sufficiently fine scale to enable the simulation of
the complete sequence of failure events under compression while
resolving detailed local stress and strain fields within the constituents
and their interactions. However, three key challenges have so far limited
the success of this approach, as outlined next.

* Corresponding authors.

Firstly, all simulated pCT-RVEs so far [6-9] have fibre volume frac-
tions (between Vf = 9.1-51.1 %) significantly lower than those of the
experimental samples. This reduction arises partially from idealising
RVEs as perfectly prismatic volumes (with circular or square cross-
sections) and deleting all fibres intersecting the RVE’s lateral bound-
aries; this creates unrealistic resin-rich zones [6-9]. In addition, the fibre
diameter is usually reduced [6,7,9] to avoid spurious interpenetration of
neighbouring fibres. Fibre interpenetrations are likely caused by limi-
tations in pCT image resolution (typically 0.48-0.78 pm for carbon FRPs
[10,11]), uncertainties in the fibre-tracking algorithms (e.g., centre
detection accuracy), and variability in fibre diameter (typical coefficient
of variation for carbon fibres of 4.6-6.7 % [12]). These effects, combined
with the fact that real fibres are often non-circular [8,10] (a feature
largely overlooked in the literature), contribute to the fibre content in-
consistencies observed in uCT-RVEs. To date, only one study [8] has
considered variability of fibre diameters in pCT-RVEs, by imposing an
artificial distribution of fibre diameters with a controlled mean and
standard deviation; but unfortunately, the RVE still had spurious resin
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rich zones at the lateral boundaries.

Secondly, there is a need to better relate the effect of different
microstructural imperfections and their length-scales on the compres-
sive response of FRPs. Fibre misalignment is known to be critical, as it
couples longitudinal compression with longitudinal-transverse shear.
This triggers shear instability of the matrix in the inter-fibre space,
allowing fibres to bend locally and leading to kink-band formation
[3,13-16]. In contrast, the effect of microstructural twisting, i.e. a co-
ordinated helical motion of groups of fibres [17], has been severely
overlooked. A torsional deformation of specimens during longitudinal
compression has been recently observed experimentally [1,8] and
numerically [8,9] in pCT-RVEs; however, its connection to an initial
microstructural twist in the fibre architecture has not been investigated.
Only one study [1] has highlighted the critical role of torsional de-
formations (~2.2° over ~ 1400 pm, and for a volume containing 5229
fibres) in kink-band formation and its potential link to manufacturing-
induced microstructural twist, although this twist was not directly
quantified. Hence, the relationships between microstructural twist,
torsional motion under compression, and their interaction with kinking
remain unquantified and unexplored.

Thirdly, pCT-RVE FE simulations are limited by extremely high
computational cost. Typical analyses can require several weeks and yet
are often restricted to small, simulated domains containing only a few
dozen fibres, up to 400 pm long. These small-scale models are prone to
global buckling effects [6-9], and lack the microstructural variability
needed to be statistically representative [4].

In our previous work [9], we introduced a new computationally-
efficient micromechanical finite element (WFE) methodology that sim-
ulates matrix and fibres using shell and beam (SB) elements respectively.
When compared to the conventional continuum-element based (CC)
approach, the SB methodology reduced the simulation time by over
99.9 % and predicted the compressive strength with at least 94 % ac-
curacy. In addition to improvement in computational cost, the SB
methodology inherently avoids the spurious creation of resin-rich zones
at the lateral boundary of pCT-RVEs, since it does not require a cylin-
drical or prismatic cross-section; however, in our previous work [9], this
created a discrepancy between the SB and the CC simulations, which did
not allow for a full validation of the former, especially at the microscale.

In this paper, we address these three challenges in pCT-RVE FE
simulations. We first present the pCT-RVE selected from a literature
dataset (Section 2) and outline the key FE simulation parameters,
including the constitutive laws and boundary conditions (Section 3).
Then, in Section 4, we introduce new metrics to decouple the effects of
fibre misalignment, twist, and local variability, examine their role in
kinking and torsional motions, and relate them to the compressive
response. In Section 5, we propose a pCT-RVE methodology with con-
tinuum finite-elements capable of achieving realistic fibre volume
fractions without resin-rich boundaries or fibre interpenetrations. In
Section 6, we validate the computationally efficient shell-beam (SB)
approach against these continuum pFEM, both at macro- and micro-
scales. We then discuss the key mechanisms and the sequence of fail-
ure events under longitudinal compression, and analyse the current
limitations and opportunities in pCT-RVE FE simulations (Section 7),
before summarising the main conclusions (Section 8).

2. Microstructure
2.1. Original uCT dataset

This paper uses a carbon/epoxy pCT-RVE generated from an avail-
able fibre-path dataset tracked experimentally by Emerson et al. [10].

The composite was manufactured through filament winding and vac-
uum infusion; overall properties are shown in Table 1.
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Table 1

Properties of the original carbon/epoxy composite as obtained experimentally
[10]. Further details about the experimental distribution of fibre misalignments
are provided in Emerson et al. [10], whilst our definition and computation of
fibre misalignment angles are described in Section 4.1.

Property Variable & Value

. —f
Average fibre diameter Pexy = 70
A fib 1 fracti v

verage fibre volume fraction Vixp —53.0+0.3%

Average fibre misalignment angle Oexp = 1.61°
Experimentally measured compressive strength Xﬁ‘e/fp =900 + 60 MPa
Voxel size of original CT scan dataset 0.482 ym

2.2. Selection of fibre paths for uCT-FEM

A pCT-RVE with a total of Ny = 98 fibres and a length L = 350 pm was
isolated from the original dataset of fibre paths [10], as shown in Fig. 1,
where the overall longitudinal direction of the original dataset is aligned
with the z-axis. The fibre-path data in the selected pCT-RVE consist of x;;
and y;; fibre centres coordinates, where:

e Variablei = {1,---,N; = 98} identifies each fibre’s ID;

e Variable j = {1, ---,N,} identifies each transverse cross-section (at a
longitudinal position 2z = z;), sampled with a uniform spacing Az =
lpm (z-intervals of the original dataset).

The pCT-RVE fibre paths were smoothed and down-sampled from the
original dataset to Az = $f = 7pm(using MATLAB’s “smoothdata”

function with a “lowess” filter and a window size $f), resulting in N, =
51 transverse sections. This window size was chosen because it suc-
cessfully removed the high-frequency oscillations in the puCT data, is
consistent with the element size (along the fibre length direction) that
will be used in the SB FE simulations (in Section 6), and is linked to a
physical dimension that should act as a lower bound for the wavelength

of fibre waviness (Ef). This choice will be further corroborated by the
statistical analysis of fibre misalignments (in Section 4.1.1. Fig. 4),
where the statistical distributions of misalignments sampled globally
(over the full length L) and locally (along the spacing Az) are relatively
similar (meaning that further increasing Az, as done in the literature
[10,11], would have a very small effect on the local distribution only).

The location and size of the pCT-RVE were selected based on the
following criteria:

a. A volume small enough to be simulated in a reasonable simulation
time (e.g., maximum 6 days using the computer specifications in
Section 5.3), through conventional pFE modelling with continuum
elements;

b. A length sufficiently short to avoid global buckling, based on esti-
mates from the Euler buckling load and from the linear-elastic sim-
ulations presented in Supplementary Material (Section 1.4).

c. A region with frequent changes in fibre neighbourhood (as depicted
in Fig. 2);

d. A region with an average fibre misalignment similar to the global
value reported for the original dataset (i.e., 1.61° in Table 1)[10],
along with a sufficiently broad distribution of misalignment angles
(as characterised in Section 2.2) and noticeable local variations in
fibre content;

e. A region with a mostly circular cross-section to facilitate the gener-
ation of pFEM with continuum elements (see Section 5).

The selection of the pCT-RVE was based on these criteria was ach-
ieved through manual inspection of the reconstructed microstructure.
Criteria (c)-(d) were imposed to demonstrate the effectiveness of the FE
modelling approaches to deal with the complexity of realistic fibre paths
with typical microstructural features observed in larger volumes. In any
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a) top view with fibre IDs shown

b) side view (not to scale)

Fig. 1. Fibre paths in the selected pCT-RVE. The numbers next to the fibre paths in Subfigure b represent the variable i that identifies each fibre. The global co-
ordinates in the original pCT dataset are X, Y, Z, while the local coordinates of the selected pCT-RVE are shifted to x,y,z (all in pm).

a) z=-175 um (back end)

b) z = 0 um (middle section)

c) z =175 um (front end)

Fig. 2. Position of fibre centres (with fibre ID (i) shown) and corresponding alpha triangulation (with a = 10.69pm) for three z —sections. Changes in fibre
neighbourhood between these three adjacent sections, i.e. connectivities present in one section but absent in the previous or next section, are shown in red.

case, comparisons between predicted mechanical properties and
experimental data should be interpreted with caution since (i) the
selected pCT-RVE may not be statistically representative of the entire
material and (ii) the full dataset (in Fig. 1a) itself corresponds to only
0.08 % of the tested gauge volume of the specimens from which the
experimental properties were determined [10].

Fig. 2 illustrates the centre positions of the 98 fibres at three distinct
z-sections, along with the alpha triangulation connecting neighbouring
fibre centres (generated using the MATLAB function “alphaShape” [18]).
The alpha triangulation is a non-convex generalisation of the Delaunay
triangulation, thus allowing for re-entrant features at the boundary,
whose extent is controlled by a user-specified alpha radius, 0 < a < oo,
as further discussed in Section 5.

3. Numerical modelling
3.1. Constitutive laws

The fibre are assumed axisymmetric around the local fibre direction
(1), with an isotropic Poisson’s ratio (v} ,=v{;=v5, = %) independent of
the applied strain, as defined in Table 2. Their longitudinal response was
assumed as non-linear elastic up to failure, with a quadratic stress-strain
(of; vs. f,) relationship:

AEf 2
‘721 (%1) :E§1.06§1 + zneil ) _Xl: < Ugl < va @

where the initial modulus (Ef; ), the quadratic coefficient (AE},), and
the tensile strength (Xf) were obtained from single-fibre tensile tests on
T300 fibres [12], while the compressive strength (Xﬁ) was assumed as a
commonly reported value in the literature for T300 fibres [6,19].

The quadratic expression of Eq. (1) was fitted to the experimentally
measured tensile behaviour for T300 fibres, which exhibit an approxi-
mately linear increase in elastic modulus with strain [12]; the expression
was then extrapolated to the compression regime to ensure continuity at
zero strain. Beyond the corresponding longitudinal strains at peak (ef; X
under tension and e{LXC under compression shown in Table 2), the
longitudinal modulus at peak was linearly degraded by a factor of 103
over a 1 % relative increase in strain (i.e. between the strain at peak and
el =1.01el, x or el (. = 1.01¢f, ), thus simulating fibre failure.

The full nonlinear of; vs. e}, curve is shown in Fig. 3a, with parameters
defined in Table 2.

A proportionally similar strain-dependent relationship was applied
to the remaining fibre moduli, E5,, Gf,, and Gi;, by using the same
longitudinal strain-based scaling factor as for Ef;. In the pFEM, this
nonlinearity was implemented by assigning all local moduli as depen-
dent on the local longitudinal strain, using Abaqus' keyword *User
defined field, type = specified [21].

The epoxy matrix was modelled with a linear-elastic-nonlinear-
plastic response (Fig. 3b), based on experimental shear data for EPON
682 [16]. The initial linear elastic response was defined by the Young’s
modulus (E™) and Poisson’s ratio (#™) shown in Table 2, with a shear
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Table 2
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Constituent properties for the pFEM with continuum elements (uncalibrated properties) [12,19,20]. The full matrix plasticity hardening

data are summarised in Supplementary Material (Section 1.3).

Material Property

Variable & value

Fibre (T300) Longitudinal Young’s modulus at ef; =0
Rate of longitudinal stiffness

Longitudinal tensile strength (L = 0.35 mm)
Longitudinal tensile strain at peak
Longitudinal compressive strength
Longitudinal compressive strain at peak
Transverse Young’s moduli at ef; =0

Longitudinal Shear moduli at ¢f; =0

Ef), = 226.5GPa
AEf, , = 4240GPa

X! =7353GPa
el =261%
Xt = 3700GPa

el =201%
Efzz,o :Egan = 27.6GPa
Gl,o = Gly, = 10.9GPa

Poisson’s ratio (independent of strain) v =03
Matrix (EPON 682) Young’s modulus E™ = 2900MPa
Poisson’s ratio vy =04

Initial yield stress (“o” in Fig. 3b)

Yield stress at first local peak (“peak” in Fig. 3b)
Yield strain at first local peak (“peak” in Fig. 3b)
End yield stress point (“end” in Fig. 3b)

End yield strain point (“end” in Fig. 3b)

o7, = 47.6MPa
O eaic = 95.3MPa

Eppeak = 0.110
ﬁgfend = 100.5MPa

€ g = 0.375

modulus G™ calculated using Eq. (2).

The nonlinear plastic response was modelled through J2 (von Mises)
plasticity with isotropic hardening. The hardening curve was imple-
mented in Abaqus in tabular form (Supplementary Material, Section
1.3); the yield stress (ag‘) vs plastic strain (epm) values were converted
from the shear data (shown in Fig. 3b), using Eq. (2). The initial yield
point (a7,), first local peak values (67, and &7, ), and yield point at
the end of the measured constitutive law (o}',q and &}},,4) are sum-

marised in Table 2.

e n_g
G _ oM = V3em em = " “om ©

201 +om) ®

This von Mises plasticity model, based on bulk-epoxy data, ignores
pressure-dependency and dilatancy of the matrix, as well as in-situ
curing effects; these simplifications are common in the literature
[6,9,22], and further discussed in Section 7.2.

An additional pCT-RVE simulation (Supplementary Material, Section
1.4) using a purely linear elastic matrix confirmed that the pCT-RVE
response was governed primarily by matrix plasticity rather than global
elastic buckling.

f

f
2 €11t
0 11,fc ft |

o%, [GPa]

X
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a) T300 fibre
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3.2. Boundary conditions

Longitudinal compression was applied to the pCT-RVE through a
velocity-controlled boundary condition at the front end (z = L/2), while
the back end (z = —L/2) was constrained in the z-direction. To prevent
rigid body translation and rotation, two additional nodes on 2 =—L/2
(Q: at the centre, and Q, with the same y-coordinate), were also con-
strained. These boundary conditions (BCs) are commonly used in the
literature [6,8,9] and are defined as follows:

Front end : z:-&-gzv{/:l, 3)
Backend: z=-L/2:w(x,y,2=0)=0,{u,v}(Q)=0,v(Q2) =0

4

where u, v, w represent displacements in the x —,y —, andz — directions,
respectively.

No constraints were imposed on the lateral faces of the nCT-RVE,
which remained free to move. While such BCs neglect the influence of
the surrounding material (i.e., neighbouring regions of the UD specimen
or adjacent plies), implementing an appropriate strategy to account for
this influence is not trivial: for instance, introducing a homogenised
surrounding material would require arguably arbitrary decisions about
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Fig. 3. Nonlinear stress-strain constitutive response of composite constituents [12,20]. The scatter on the curves represents the data points used as inputs in Abaqus
(for the matrix, this required converting to yield stresses and plastic strains using Eq. (2), and the labelled points are referred throughout the text).
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the ideal size, misalignment field, and homogenised properties for that
region (this is further discussed in Section 7.2.i and 7.2.iii); alterna-
tively, applying periodic boundary conditions (PBCs) would impose an
artificial, infinite repetition of fibre paths, inconsistent with the inherent
variability observed experimentally in uCT datasets.

3.3. Simulation outputs

The results from PFE simulations are presented as defined below
(subscript “t” identifies the simulation increment, and superscript “RVE”
indicates an overall pCT-RVE quantity).

3.3.1. Global stress—strain response
The remote longitudinal stress-strain response (cR'E —eRVE) of the
uCT-RVE is computed as:

FRVE
RVE 7zt
[ T 2 3 5)
(7 /4)/Veag
WRVE
e =Y ©

where FRVE is the total reaction force at front end (z = L/2), wRVE is the

displacement in the longitudinal direction at z = L/2, and VL, is the
fibre volume fraction obtained using Abaqus CAE “mass-properties” tool
(shown in Table 3, Section 5.3).

3.3.2. Local strain fields

Results concerning matrix yielding are expressed as equivalent
plastic strain, &y ,, extracted from matrix locations corresponding to the
integration points of the shell elements in the SB-RVEs (details of the SB
meshing are given in Fig. 14). This allows direct comparison between

CC-RVEs and SB-RVEs, discussed in Section 6. Fibre response is repre-

sented by the longitudinal strain, si‘f“", corresponding to the maximum

absolute value across the beam’s section points (envelope).

4. Metrics for combined analysis of microstructures and
micromechanical deformation modes

4.1. Microstructural metrics

In this section, microstructural and micromechanical metrics are
defined at three levels:

e Local metrics (superscript “f”, subscripts “i,j”"), for individual sections
(of length Az) of individual fibres;

e Fibre metrics (superscript “f”, subscript “i”), along the full length (L)
of individual fibres;

e RVE metrics (superscript “RVE”), for the overall deformation of the
RVE.

4.1.1. Fibre-based misalignment metrics
The misalignments of the fibres in the pCT-RVE are characterised
through two angles, the misalignment magnitude:

\/ Axo i+ Ayo \/ Axo.i.j2 + Ao @

of = atan
0 L Az ’

) Hg_i j = atan

and the misalignment phase (relatively to the y-direction, equivalent to
the azimuth angle):

AXo AXoij

f 0,0 f 0,ij

.=atan| —= |, . =atan| —2 . (8)
Poi <A_)’o‘i> Poij <Ay0,i.j>
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These definitions distinguish between full-fibre and local misalignments
of each fibre i:

e Full-fibre misalignments are calculated between the back (j = 1) and
front (j = N,;) sections (so along a gz-distance L), with
AXo; = Xoij-N, —Xo,ij—1 (and similarly defined Ayq);

e Local misalignments are calculated between consecutive sections j

and j+1 (so along a z-distance Az = $f), with Axgj = Xo4j11 —Xo,ij
(and similarly defined Ayq;;).

Since the subscript “0” indicates the undeformed state of the pCT-
RVE, each vector A{).i‘(j) = (Axo.i,o), Ayoyl-_,(j)) represents the microstruc-

tural imperfection of fibre i.

The distributions of full-fibre and local misalignments for the 98-fi-
bres pCT-RVE are presented in Fig. 4a-d, including key statistical met-
rics. For the misalignment magnitudes, which are directionless and
small (Hf)’im <107), the arithmetic mean and standard deviation are
shown. For the misalignment phase, which can take values in the entire
range 0" < [/)f).i,(j) < 360, the circular mean:

- > sin(h)
f _ i0)
Qo) = atan| =——————~ |, 9
040) <§:COS((/’S.LU’))

best represent the central tendency, while the circular interquartile
distance (IQD [23], computed as the minimum arc length that contains
50 % (/]{),i.(j) data about the circular mean) best represents dispersion.

4.1.2. RVE-based misalignment metrics

Like the metrics defined in Section 4.1.1. for individual fibres, the
overall misalignment magnitude and phase of the pCT-RVE can be
characterised by the following equivalent metrics:

/AXRVE2 +A RVE2 VE
V2% T oRVE = atan <Ax§ >, (10)

0RVE
0 L ’ 0 Ayng

= atan

where Ax§"F = Axo; and Ayg'F = Ayy;. The values of 0§ '© and ¢§'E are

shown in Fig. 4e-f; note that these misalignment metrics quantify the
coordinated misalignment of the overall RVE, and are therefore naturally

different from the fibre-/local-based means (:95_110? and (/)571._0)).

4.1.3. New metric to characterise RVE twisting

To quantify the overall level of twisting imperfections of the pCT-
RVE, we propose a new metric: the RVE twisting angle, denoted as y§E.
The RVE twisting angle is calculated using MATLAB’s “Procrustes”
function [18]; this is based on the orthogonal Procrustes analysis [24],
which identifies the rigid-body transformation (with rotation and
translation components, but no scaling nor reflections) that best aligns
two corresponding sets of points (by minimising the sum of squared
errors). Here, the input sets of points are the fibre centres at the back
(x0,1j=1,¥04j-1) and front (xo;j-n,,Yo0j-n,) sections, as shown in Fig. 5.

The Procrustes analysis returns a rotation matrix [Tﬁ“} (corre-

sponding to a rotation or twisting angle 5"

RVE
A0

E) and a translation vector
= (AxEVE, Ay§VE)(coincident with the components used in Eq.
(10)), from which the total imperfection of each individual fibre (i.e.

each vector Agvi = (Axo4, Ayo;)) is decomposed into three distinct
components:

e A translational component Af)’fim = ANVE (uniform for all fibres),
which characterises the overall misalignment of the pCT-RVE;
e A rotational component Agfi‘“ = [5YE]-(x04j-1 — Xoij—1;Yoij1—

Yo.ij—1), which characterises the twisting of the pCT-RVE;
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Fig. 4. Characterisation of misalignments of the pCT-RVE with 98 fibres. Key statistics of the distributions are shown at the top of each histogram (a-d): the
arithmetic mean and standard deviation for 0&,-, 6, j» and circular mean (Eq. (9)) and interquartile distance (IQD) [23] for Cf’f),i’ o, ;- In Subfigures e and f, the start

and the end of the fibre are denoted with “x” and “@” respectively, and 6‘}}‘"5 and gogVE refer to the RVE misalignment and phase (as described in Section 4.1.2).

o A residual component A¢'® = A}, —(Ag’fira +Ag’fi°t>, which charac-
terises the individual fibre imperfection (decoupled from the overall
coordinated RVE misalignment and twisting).

This decomposition of fibre imperfection components is illustrated in
Fig. 5 for the pCT-RVE analysed. The RVE twisting angle is y5'E = 9.8;
the relevance of this large value will be discussed in Section 5.5. The
mean magnitudes of the rotational, translational, and residual compo-
nents of fibre imperfections are very similar, indicating that none can be
considered negligible.

4.2. Micromechanical deformation metrics

Building on the metrics defined in Section 4.1 to characterise the
microstructure, in this section we propose analogous metrics to

characterise the micromechanical deformation. These metrics are based
on the transverse displacements uf_i‘o.) and Vf.i,(j) of fibre nodes at a given
loading increment t, and decouple translational (labelled as kinking) and
rotational (labelled as torsion) motions.

4.2.1. Fibre-based metrics

We define the kinking magnitude (gf.i,g)) and kinking phase (qa{’i‘(j)) of
individual fibre i at a given increment ¢ in an analogous way to the fibre
misalignments in Egs. (7)-(8):

2 2
AU T AV
ef t,1,(j) i (j) (11)

1) = atan i
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Fig. 5. Decomposition of the fibre imperfection vectors AL, = (Axo;, Ayo;) between back (j = 1) and front (j = N;) sections using the Procrustes analysis.

Auf
f 240))
. = atan 12
P < Avfiw> 12)

These can be computed either at the full-fibre scale (subscript j omitted,

f

with Augi =uf, j=n, —Uj—1 and similarly defined AVE)) or at the local

scale (with Au{gi = uf.’i i —uf, ; and similarly defined AV, D2
4.2.2. New metrics to characterise RVE kinking

We characterise the pCT-RVE kinking deformation by the magnitude
(6"VE) and the phase (¢RVE) angles, defined in an analogous way to the

RVE misalignment in Eq. (10):

\JURVE? RV
- as)

= atan
L

HFVE

uRVE
oME = atan (v‘[‘VE> ; 14)
t

i =Vy;j-n, (computed at the RVE’s front
end (z = L/2) due to the BCs that constrain the rigid body motion at the
back end of the RVE). Instantaneous values of the phase angle ((p&‘é&)

where uf¥® = uf, .\ and vPVE =

can be obtained by replacing the total displacements u®VE and vRVE with

their change during the FE increment: 6ufVE = ufVE —uRVE and SVRVE =

RVE RVE
Vel —Vesee

The shear strain equivalent associated with the kinking motion,
RVE kink
t

Y , is defined as follows:
_ uRVE2 | RVE2
yiiVE‘kmk _ tan(g}:{VE) _ t T t (15)

4.2.3. New metrics to characterise RVE torsion

We propose two new metrics to quantify the global torsional defor-
mation of the RVE. The overall torsion angle of the RVE (yR'E) is defined
in an analogous way to the microstructural twisting angle introduced in
Section 4.1.3, and is calculated through a similar Procrustes analysis; the
first input set of points is the fibre centres at the back section of the pCT-
RVE (x¢j-1,Ytij-1), and the second set of points is obtained by adding
the full-fibre displacement vectors (Auf,, Avf7i). Analogous to the
decomposition of fibre imperfection vectors into translational, twisting,
and residual components in Section 4.1.3, the fibre displacement vectors
were decomposed into kinking, torsional and residual components.

We also define the shear strain equivalent associated with the

torsional motion(yRVE1"™):
RVE pRVE
W "R
,YFVE,tors _rt outer (16)
L
where RRVE s the equivalent radius of a cylinder with the same volume

and length as the RVE.
5. PFEM with continuum elements and realistic fibre content
5.1. Assignment of fibre diameters

This section addresses the problem of avoiding interpenetration be-
tween neighbouring fibres. This problem is illustrated in Fig. 6a, which
shows the histogram of inter-fibre-centre distances (dlffi, J) for the pCT-
RVE; this is calculated as the length of the alpha-triangulation edge
between each fibre i and it neighbours i in each j-section, as introduced

in Section 2.2 and illustrated in Fig. 2. This means thatd! ; j includes the
width of the matrix in between fibres i and i, as well as the fibre radii.

Fig. 6a shows that approximately 1.2 % of the inter-fibre distances are

smaller than the average fibre diameter (Ef = 7pm in Table 1), with a

minimum value of min{df , j} =6.77um. Such cases prevent generating

RVEs with a uniform fibre diameter equal to $f, as they lead to inter-
penetration of neighbouring fibres; the often-used solution [6,7,9] of
artificially reducing the fibre diameter would lower the fibre volume
fraction, which is also unsatisfactory.

To overcome this problem, we propose generating a statistical dis-
tribution of fibre diameters (identified as 45{) that simultaneously (i)
fulfils the non-interpenetration condition:

f f
wigj=d_, — <";+";> >0, a7

where w;_;, is the inter-fibre-surface distance, and (ii) is physically
realistic (in the absence of uCT measurements of fibre diameters). Any
variation in diameter along the fibre length (z-direction) and the non-
circularity of fibre cross-sections are neglected. Therefore, fibre di-
ameters are assigned following an artificial normal distribution [25,26]

with a mean equal to the original dataset’s average (Ef =7pm in
Table 1), and a standard deviation consistent with laser diffraction
measurements on similar fibres (i.e., T700SC: std = 0.3 pm) [12].

This normal distribution of fibre diameters is assigned spatially to
fulfil Eq. (17) according to the following steps:
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Fig. 6. Fibre distribution statistics and spatial variability in the pCT-RVE with 98 fibres.

a. Generate deterministically a list of Nf fibre diameters that follow the
normal distribution, then sort them in ascending order.
b. Determine the minimum inter-fibre distance along each fibre i, i.e.

df = min{d{fw}.
c. Sort the fibre IDs in ascending order of d.

d. Assign the sorted fibre diameters to the sorted fibres IDs.
e. Verify the absence of interpenetrations through Eq. (17).

This process has successfully generated a pCT-RVE where all neigh-
bouring inter-fibre distances fulfil Eq. (17), as shown by the histogram in
Fig. 6b. The resulting assignment of fibre diameters (:/)lf) in the pCT-RVE
is illustrated in Fig. 6d, as well as the local fibre volume fraction (Vlf_j,
calculated using a Voronoi diagram as explained in Supplementary
Material (Section 1.2), with histogram in Fig. 6¢).

The local fibre volume fraction at the boundaries of the section (as
shown in Fig. 6d) depends on the alpha triangulation chosen for the pCT-
RVE (controlled by alpha-shape value). Regardless of this choice,
without the fibres at the boundaries and the corresponding (trimmed)
Voronoi cells, the average fibre volume fraction in the inner portion of

= 51.2%.

the pCT-RVE is

inner

5.2. Generation of RVEs with different lateral boundaries (using
continuum elements)

5.2.1. Nominal RVE with alpha-shape boundary

This section addresses the problem of avoiding resin-rich areas at the
lateral boundary of a pCT-RVE, by using the alpha-shaped cross-sections
illustrated in Fig. 2. The 3D fibre geometry (shown in Fig. 1b-c) were
constructed using Abaqus’ sweep tool, which extrudes circular profiles
along the defined fibre centrelines [21]. The fibres were then embedded
within a matrix volume generated as follows:

1. For each j-section in the uCT-RVE, the alpha-shape triangulation was
generated (as explained in Section 2.1) using an alpha-shape value of

a=10.69 pm. The alpha-shape value controls the cross-sectional
shape of the RVE, and needs to be selected though trial-and-error:
smaller values produce more concave cross-sections, thus avoiding
resin-rich regions at the boundaries but potentially leading to severe
discontinuities between consecutive sections, which can hinder the
generation and meshing of a 3D volume; larger values yield more
convex and more uniformity between consecutive sections, making it
easier to generate and mesh a 3D volume, but leading to more resin-
rich regions.

2. The geometric centre of each j alpha-shape was computed, to define a
centreline for the pCT-RVE along the z — axis.

3. Using Abaqus’ Loft tool [21], a 3D irregular-shaped volume was
created by connecting the N, alpha-boundaries along the RVE
centreline.

4. The alpha-shaped volume was then merged with the 3D fibres (using
Abaqus’s function InstanceFromBooleanMerge [21], partitioning the
fibres and matrix), as shown in Fig. 3a.

5. The merged volume was then partitioned at each j-section.

The resulting alpha-shaped RVE meshed with continuum elements
(CC-RVE) is shown in Fig. 7a. Its fibre volume fraction Vi, = 54.81% is
similar to that observed in the overall original dataset (in Table 1) [10],
thus validating the selected alpha-shaped value (a = 10.69 pm).

5.2.2. Alternative RVEs

To investigate how the cross-sectional shape and matrix-rich regions
on the lateral boundary affect the pCT-RVE response, two alternative
CC-RVEs were generated using similar steps as outlined in Section 5.2.1,
but modifying the shape of the j-sections as follows:

e Generating convex-hull j-sections in Step 1, as illustrated in Fig. 7b
(corresponding to a—c0);

e Generating a circular-cylindrical volume enclosing all fibres instead
of Steps 1-3 (as often done in the literature [6,9]), which leads to
resin-rich regions near the lateral circular boundary.
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An modified CC-RVE was generated using the same circular RVE
boundary as in Fig. 7c, but with uniform fibre diameters; to prevent fibre
interpenetration, the fibre diameter was reduced from 7 pm to 6.6 pm
(consistent with previous studies [6,9]). The resulting fibre volume
fraction of all CC-RVEs is shown in Table 3.

5.3. Mesh and model parameters

All CC-RVE models discussed in Section 5.2 were meshed using 10-
node quadratic tetrahedral elements (C3D10), using a global seed of
2.5 pm. Table 3 summarises their geometrical and mesh parameters. The
difference in element count between CC-RVEs with alpha-shape and
convex-hull boundary is primarily because the latter required a more
refined mesh “curvature control” in Abaqus CAE [21], to better capture
the geometry of fibres with small inter-fibre distance near the RVE
boundary (as highlighted in Fig. 7b).

All simulations in this study (unless stated otherwise) were carried
out on Abaqus/Standard 2023, employing the Static Riks implicit, on a
high-performance computer (HPC) equipped with a maximum of 80
cores and 750 GB of RAM, using an AMD EPYC 7742 server [27].

5.4. Baseline results of yFE-simulation of the alpha-shaped CC-RVE

Fig. 8 presents the global response of the alpha-shape pCT-RVE and
reveals the following trends:

1. At and immediately after XXVE (“@” in Fig. 8), the results show
that:

a. The predicted compressive strength is XXVE = 705.9 MPa (see
Fig. 8a), 21 % lower than experimentally measured for the same
material [10] (ngfp shown in Table 1). However, no conclusive
argument can be extracted regarding the accuracy of the CC-RVE,
as the selected volume may not be statistically representative of
the overall microstructure.

[y
N/

=

a) alpha-shape CC-RVE

b) convex-hull CC-RVE
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b. The kinking shear strain (yRVEX"k in Fig. 8c) increases signifi-
cantly, as expected for compressive failure due to kink-band
initiation.

c. The instantaneous kinking phase (¢RVE

tinst
distinct change in slope, indicating a change in the kinking
direction.

d. The torsional deformation (in Fig. 8d) also increases significantly;
the magnitude of the torsional shear strain (yRVE°') is similar to
the kinking shear strain, indicating the potential significance of
torsion in the compression failure process.

2. After X®VE and up to eR'E = 0.85% (“A” in Fig. 8), the results show
that:

a. The torsional angle reaches its maximum (yRE =165 in
Fig. 8d); this corresponds to an inflection point in all other curves
in Fig. 8.

b. This inflection suggests that the torsional deformation was
contributing significantly to the stress drop in Fig. 8a.

c. This inflection also suggests that the torsional deformation was
exacerbating the magnitude of overall kinking (in Fig. 8c) and

influencing the kinking direction (i.e. pf\y, in Fig. 8b). This will

in Fig. 8b) shows a

be further discussed in the analysis of matrix yielding in Fig. 9.
3. After the peak in torsional deformation (between “A” and “x” in
Fig. 8), the results show that:
a. The direction of torsional deformation reverses (i.e. the torsional
angle decreases), and for the first time yRVEKnk > RVEtors (pigg g
d).
b. This is followed by a rapid decrease in stresses (see Fig. 8a) which

RVE gRVE
t

coincides with a rapid increase in ¢ ¢,

and rapid increase of
(see Figs. 8b,c). This phenomenon suggests excessive matrix
yielding and lack of matrix support, allowing the RVE to kink

significantly.

Fig. 9 illustrates the fibre displacements and plastic equivalent ma-
trix strain for the CC-RVE with an alpha-shape boundary at the two

FAV YA
BN,
<R 5
L |

c) circular CC-RVE

Fig. 7. Isometric and front-end view (from the positive z-axis) of the RVEs with different boundaries (with continuum elements). The zoomed-in images next to each
RVE show the mesh in a location where neighbouring fibres exhibit small inter-fibre distance. The fibre marked in red in image b is discussed in Section 5.3.

Table 3
Global geometrical and mesh parameters for RVEs with continuum elements (CC). V&, is the fibre volume fraction as obtained from the “mass properties” tool in
Abaqus.
alpha-shape RVE convex-hull RVE circular RVE and ¢f distribution circular RVE and uniform ¢f

Mesh curvature control 0.1 0.08 0.1 0.1

No. elements 2,014,643 2,507,862 2,601,344 2,779,870

No. distorted elements 1,271 1,109 20 58

Cross-sectional matrix area [pmz] 3,116.18 3,381.02 6,429.19 6,796.84

VE e [%] 54.81 52.79 36.95 31.72
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Fig. 8. Overall response of the CC-RVE with alpha-shape boundary. The solid (—) and dotted (-) lines on images (b)-(d) represent measurements in the left and right
axis respectively. The “@” and “A” markers correspond to the fields illustrated in Fig. 9b. The “x” marker corresponds to the first fully-failed fibre (with all inte-

gration points across a section fulfilling &f; < 7s§1‘xg).

characteristic increments denoted with “@” and “A” in Fig. 8. Fig. 9
reveals the following trends:

L.

II.

III.

Initially, at an increment corresponding to XX'E, yielding
occurs primarily at the positive x-boundary region of the RVE
(Fig. 9b), where higher misalignment angles are present,
including the most misaligned fibre of the RVE (as shown in
Fig. 4a). Based on the longitudinal section view, yielding occurs
nearly throughout the entire length of the RVE.

Progressing to eRVE = 0.85%, matrix yielding localises in bands
running radially from a x-negative point near the cross-section
boundary (Fig. 9b), and high s‘eﬂ‘igc values are localised in the
central region (near z =~ 0) of the RVE, indicating fibre kinking.
Lastly, when comparing results at X8'E vs. at eR'E = 0.85,
the trends reveal that:

a. There is a coordinated kinking and torsional deformation of
the entire RVE (Fig. 9a).

b. Regions with yielded matrix coincide with areas of elevated
kinking magnitudes (~1.8° in Fig. 9a at XX'E), showing that
severe fibre kinking coincides with matrix yielding.

c. The evolution of the locations of matrix yielding, as well as the
radial yield-band patterns of ¢, fields, is aligned with the

global RVE torsion suggested by Fig. 9a.

5.5. Effect of cross-section shape

To investigate the effect of cross-sectional shape on composite’s
compressive performance, pFE simulations results of CC-RVEs with
alpha-shape, convex-hull, and circular boundaries are presented in
Fig. 10, and reveal the following mechanisms:

10

1.

All CC-RVEs have similar stiffness in the force-displacement plot of
Fig. 10a, as expected since the fibres are the primary load-bearing
components. However, in the circular CC-RVE, matrix-rich bound-
ary regions reduce the fibre content and consequently lower the
apparent Young’s modulus in the stress-strain response;

. Although the fibre imperfections are the same across the CC-RVEs,

differences in boundary matrix content significantly affect the
maximum force (Fig. 10a); this is likely due to a significant increase
in bending and torsional rigidity with increasing matrix content, as
supported by the torsion simulations in Supplementary Material
(Section 1.5);

. The stability of the kinking phase angle throughout the entire

loading history (¢RVE in Fig. 10c¢) is positively correlated with the

torsional rigidity of the CC-RVE (both are maximum for the circular
boundary, and minimum for the alpha-shape boundary). Similarly,
although the initial RVE misalignment phase (p§'F = 12.85°) aligns
well with the observed RVE kinking phase (8.5" < ¢fE < 16.5°) in
all cases (Fig. 10c), this alignment is also positively correlated with
the RVE torsional rigidity. This suggests that the overall direction of
kinking is mainly governed by the preferential initial RVE
misalignment direction, but also influenced by the torsional rigidity;

. The hypothesised influence of cross-sectional geometry on bending/

torsional rigidity from our previous study [9] is confirmed by the
torsion angle trends in Fig. 10d (and validated by torsion pFE sim-
ulations, Supplementary Material, Section 1.5);

. Compared to the alpha-shape CC-RVE, the resin-rich boundary re-

gions in the circular CC-RVE reduce the torsion angle by a factor over
2 (Fig. 10d).

The cross-sectional shape, which influences both fibre kinking and

torsion deformations, also affects the initiation and evolution of local
matrix yielding, as shown by the correlation plots in Fig. 11. The trends
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fields at the xy-section at z = 0.0 um (AA’, left) and yz- section at x = 7.0 um (BB, right).

Fig. 9. Deformation of the alpha-shape CC-RVE, at two characteristic increments in 6% & —¢RVE in Fig. 8a. The colour maps in image a indicate the kinking magnitude
angle as defined by Eq. (13) from the initial fibre centre (arrow base) to the displaced fibre centre (arrow tip) at the corresponding increment.

indicate:

e An overall higher degree of correlation in ¢J;%° is observed between
the alpha-shape and convex-hull RVEs, particularly at X?VE (Fig. 11a.
iii). This is attributed to their similar matrix cross-sectional areas (see
Table 3) and comparable fibre kinking behaviour (Fig. 10b-d).
However, even small differences in fibre displacement can cause
significant divergence in the e‘e‘agc fields once deformation becomes
severe (see Fig. 11b.iii);

The circular-boundary RVE exhibits consistently weaker correlations
with the other two CC-RVEs (Fig. 11, “i” and “ii”).

The results in Fig. 10 and Fig. 11 indicate that pCT- RVE with a
circular cross-section exhibits two critical limitations:

o It significantly underestimates the fibre volume fraction (by 29.1 %),
leading to an unrealistic prediction of mechanical response (as
shown in Fig. 10a);

e The artificially regular cross-sectional shape alters the torsional
stiffness, thereby affecting both the global kinking and torsion de-
formations (see Fig. 10a-c) and the localisation of matrix yielding
(see rows “i” and “ii” in Fig. 11).

In contrast, the pCT-RVE with an alpha-shape boundary produces a
microstructure with a smaller cross-sectional area, reducing the total
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number of elements needed by at least 40 % (Table 3). This allows
simulations of RVEs twice as large for the same computational time,
partially mitigating edge effects associated with smaller RVEs.

5.6. Effect of fibre diameter

To assess the impact of using a realistic fibre diameter distribution
versus a uniform diameter, CC-RVEs with circular cross-sections but
different diameter distributions were compared, with key results sum-
marised in Fig. 12. Based on Fig. 12a, notable differences in the com-
posite’s stress—strain behaviour are observed between the two cases,

primarily due to differences in fibre volume fraction
(Vf:AE‘C‘msLQjf = 31.72% vs. VEAE_Varyizf = 36.95%). In contrast, no sig-

nificant difference is observed in the kinking phase (¢fE in Fig. 12b).
This supports the hypothesis made in Section 5.5 (observation 3) that
the kinking direction is primarily influenced by the mean misalignment
phase angle of the misalignments in the microstructure, and secondarily
by the torsional rigidity of the RVE.

The correlation plots of e , in Fig. 13 indicate a mostly consistent
response of the CC-RVEs irrespective of fibre-diameter distributions, but
with discrepancies attributed to two phenomena:

1. Differences in the fibre volume fractions (due to the reduction of the
average diameter from 7 pm to 6.6 pm), which alters the overall ri-
gidity of the RVE.
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Fig. 10. Overall response of CC-RVEs with alpha-shape (black lines), convex-hull (dark-grey lines), and circular (light-grey lines) cross-sectional shapes. The solid
(—) and dotted (-) lines on image (a) represent measurements in the left and right axis respectively. The “@” and “A” markers correspond to the fields illustrated in
Fig. 11. The dashed line in Subfigure (c) indicates the initial RVE misalignment phase.

2. Differences in inter-fibre spacing caused by the diameter distribu-
tion, which affects the initiation and evolution of matrix yielding
(delayed in the CC-RVE with uniform fibre diameters, due to the
larger average inter-fibre-surface distance / matrix width).

However, as these two phenomena are closely interlinked, the main
cause of the discrepancies seen in Fig. 12 and Fig. 13 is debatable. In any
case, accounting for a realistic fibre diameter distribution is essential for
accurately simulating the RVE’s true inter-fibre spacing distribution and
true fibre content.

6. Computationally efficient pFEM

The computationally-efficient Shell-Beam (SB) micromechanical FE-
methodology initially introduced in our previous work [9] is employed
in this section and compared to the CC-RVE counterpart with alpha-
shape boundary (proposed for the first time in Section 5.5). Since the
SB- and CC-RVEs are based on the same cross-sectional alpha-shapes,
this comparison minimises discrepancies in the pCT-RVE response that
would appear with a circular CC-RVE; such discrepancies were a limi-
tation in our previous work [10], as suggested in Section 1, and
corroborated by the significant effects of cross-sectional shape shown in
Section 5.5.

6.1. Overview of the SB uFEM

6.1.1. SB variations and RVE generation

The two Shell-Beam (SB) formulations, SBs (Shell-Beam variation
with sharing nodes) and SBy (Shell-Beam variation with kinematic links)
are illustrated in Fig. 14, and consist of the following elements:

12

e Linear Timoshenko beam elements (B31) are used to model the
imperfect paths of each individual fibre [9] using the fibre centre
coordinates defined in Section 2. A circular beam cross-section is
defined, with a fibre diameter ((/Jf) that follows the distribution
shown in Fig. 6d and assigned as described in Section 5.1. The fibre’s
constitutive properties used for both SB variations are identical to the

CC-RVE counterpart, as described in Section 3.1.

4-node linear shell elements (S4R) are used to model the matrix

between neighbouring fibres [9], placed based on alpha-shape tri-

angulations, as shown in Fig. 2 (and Fig. 14).

o In the SBq: shell elements are positioned between the centrelines
of neighbouring fibres and share nodes with the adjacent beam
elements, matching the triangulation edges shown in Fig. 6 and
illustrated in Fig. 14a.

o In the SBy: shell elements do not share the nodes with beam ele-
ments. Instead, they reflect the actual matrix width between fibres.
Kinematic links are employed to couple the fibre and matrix ele-
ments in this variation, as shown in Fig. 14b.

6.1.2. Calibration of matrix constitutive shear strains

The matrix material model used in the shell elements must be cali-
brated from the constitutive shear response (defined in Section 3.1) to
account for the discrete nature of the shell elements connecting neigh-
bouring fibres. This calibration process was proposed and explained in
our previous work [9]; while the calibration of equivalent stresses re-
mains unchanged, we have improved the calibration of strains (which is
required only for the SBy variation), as we describe below. The full de-
tails and governing equations required to calibrate the matrix yield
stresses, yield strains, and elastic constants are provided in the Supple-
mentary Material (Section 1.2). Supplementary Material also contains
the resulting Abaqus inputs of the calibrated properties of the matrix
used in the SB-RVEs, along with the uncalibrated properties for the CC-
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Fig. 11. egzl-ff correlation plots among the CC-RVEs with different cross-sectional shapes, for the two characteristic increments defined in Fig. 10. The scatter is

colour-coded according to their distance (|z|) from the mid-plane (z = 0), where red-coloured points suggest locations near the central region of the RVE

0 L/Z The solid black regression line quantifies the correlation, while the dotted (-) grey line represents a one-to-one agreement (y = x).
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Fig. 12. Overall response of the alpha-shape CC-RVEs with varying (continuous “ —” lines, filled markers “@A”) and uniform (dotted “ — —” lines, open markers

“0/\)) fibre diameters. The markers correspond to the fields illustrated in Fig. 13.

RVEs.

Based on our previous work [9], the calibrated matrix shear strains
for the SB; variation, y™5B, are linked to the uncalibrated constitutive
shear strains, y™C, through a strain independent calibration factor K55,
as follows:

ym,SBs — K?BS'}’m’CCA (18)
In our previous work, KB was defined as
ym,SBs 1
K = = —=1- V), 19
m,CC
™ 1+

hex

13

where VD) is the fibre volume fraction in a 2D layered composite with
the same inter-fibre-surface distance (or matrix width) as in a composite
with hexagonal packing [28]. However, based on Chamis’s modified
rule of mixtures [29], the right-hand side of Eq. (19) can alternatively be
expressed as:

(20)

ém.cc
KfBS—lx/W<1 = )

12

where G is the secant shear modulus of the constitutive matrix
response. Assuming shear-rigid fibres, as in many micromechanical
models [15], this further simplifies to:
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Fig. 13. g‘e‘agc correlation plots among the cc-rves with circular cross-section and with uniform and varying fibre diameter. The scatter is colour-coded according to

their distance (|z|) from the mid-plane (z = 0), where red-coloured points suggest locations near the central region of the RVE 0

L/2 The solid black

regression line quantifies the correlation, while the dotted (-) grey line represents a one-to-one agreement (y = x).

K =1 - VL (21)
Preliminary pFE simulations (not shown here) have demonstrated re-
sults of improved accuracy using Eq. (21) compared to the original
expression (Eq. (19)) used in our previous work [9]. Therefore, Eq. (21)
is adopted in the present paper to calibrate the matrix shear strains for

the SBs model.

6.1.3. Boundary conditions

For both SB model formulations, the boundary conditions described
in Section 3.2 are applied to the fibre nodes at the end sections of the
RVE (z =-L/2 and z = L/2). In addition, the bending rotations of the
fibre nodes at these end sections are constrained, i.e. {v,,w;}(z = {2z = —
L/2,2=L/2}) = 0, to ensure kinematics consistency between the
SB-RVEs and the CC-RVEs (as such rotations are implicitly restricted by
the uniform longitudinal displacement boundary conditions in the
latter).

For the SBy formulation, kinematic coupling constraints are applied
to connect each fibre node to its corresponding neighbouring matrix
nodes, as shown in Fig. 14b. In Abaqus, this is realised using the
*kinematic coupling keyword [21], where all degrees of freedom — both
translational and rotational — of the secondary matrix nodes are coupled
to the corresponding fibre main node (i.e. each coupling behaves as a

rigid beam).

6.2. SB validation against CC-RVEs

Fig. 15 summarises the global response for the CC-, SBy-, and
SBs-RVEs. The comparison across the different FE methodologies reveals
the following:

1. On one hand, there is an excellent agreement among the RVEs in
terms of:

a. The initial stiffness (maximum error CC vs. SBs: 0.36 %) and
compressive strength (maximum error CC vs. SBg: 13.41 %), as
shown by Fig. 15a, which is aligned with previous comparisons
between CC and SB models [9];

b. The kinking phase (Fig. 15b) and kinking magnitude (Fig. 15c)
throughout the compression simulation. This constitutes an
improvement over previous results [9], confirming that these
metrics are highly sensitive to the RVE’s cross-sectional shape and
torsional rigidity;

2. On the other hand, larger differences among the RVEs are
observed in terms of:

a. The shape of the oR'E —BVE curve after XXV, where CC-RVE has

2z
more pronounced changes in o%'C —XVE slopes compared to the

2z

a) SBg formulation

b) SBy formulation

Fig. 14. Isometric and front-end views of the SB- RVEs. The triangulation network used to generate the shell elements is based on the alpha-shape with a = 10.69 pm,
resulting into a geometry directly equivalent to the CC-RVE with alpha-shape boundary (Fig. 7a). The two SB formulations are visualised accounting for the shell
thickness (scaled by a factor of “0.2”) and the fibre radius (scaled by a factor of “0.3).

14
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SB cases. As discussed in Section 5.4 (observations 2b-2c), dif- distance in the SB;-RVE, which reduces the effective local fibre vol-
ferences in the shape of 6R'E —¢RVE are potentially associated with ume fraction and delays yielding, potentially affecting XRVE.

the difference in torsion angles, yXVE (see Fig. 15d), which are also

expected to affect the evolution of matrix yielding. Fig. 17a presents the e‘e‘}]_p fields at the mid-section of the RVE (z = 0)
b. The torsion angles (Fig. 15d), which are higher for the CC-RVE at XRVE, for the CC-, SBy- and SB,-RVEs. Additionally, Fig. 17b overlays
case compared to the SB counterparts (with a maximum of 31.5 the 7 | histograms onto the matrix’s constitutive response, also at XRVE,

% difference when comparing CC vs. SBy). This difference arises
from variations in matrix content: SB models include a boundary
matrix layer defined by the shell element thickness, resulting in a

The following observations are made:

5 ' ) o The locations where matrix yielding initiates (Fig. 17a) are consis-
slightly filfferent matrix volume compared to the CC andel' The tent across all FE methodologies; however, the SB;-RVE consistently
larger discrepancy between SB; and the other cases likely stems underpredicts the magnitudes of equivalent plastic strains (as shown

from the calibration process and the altered stress-component in Fig. 16), the CC— and SBy-RVE show excellent agreement.

contributions under compression in the SB; formulation, specif- e The proportion of regions where the matrix is near its constitutive

ically G™%8 ~ G™CCKZP: /K3 and E™SP: = E™CC. This modifica- peak is significantly lower in the SBs-RVE (0.11 %) than in the CC-
tion potentially limits the RVE’s torsional deformation (as RVE (1.28 %) and SB,-RVE (1.92 %) (Fig. 17b). This discrepancy is
indicated by the difference torsional modulus in Supplementary also observed in unit cell simulations with hexagonal and square
Material among the cases) and leads to smaller torsional angles. fibre packing, where the SB;-UC and CC-UC share equivalent ge-

ometries [9].
Fig. 16 illustrates correlation plots of e for the three FE meth-

eq,p
odologies (CC, SBy, and SB;), compared in pairs at two characteristic Fig. 18 shows the eg‘w fields on the mid- yz plane at the increment
loading increments. The correlation plots reveal the following: corresponding to the first fibre failure (defined in Fig. 15a), for the three

FE methodologies. All cases show a full matrix-yield band across the
o There is excellent agreement between CC- and SBi-RVEs at both width (y-direction) of the RVEs. The location and dimensions of the yield

increments. Despite differences in torsional behaviour (Fig. 15d), the band are consistent across all FE methodologies, appearing in the central
€aq,p fields are well aligned across the two models; region of the specimen, with a width - 86 < z < 93 pm, and an orien-

e For the same increment, the SBs-RVE systematically predicts lower tation 11 < # < 16 . These values are lower than typically reported in
magnitudes of equivalent plastic strain compared to both CC- and the literature for fully-formed kink-band (with widths often from 125
SBy-RVE. This is consistent with the calibration-related differences pm to 400 pm) and kink-band orientations of (approximately 30°
discussed in the same section (observation 2b), which may limit [5,30]); this discrepancy is potentially explained by the small di-
torsional motion and reduce values of e™-CC. An additional contrib- mensions of the uCT-RVE.

eq,p
uting factor could be the increased (artificial) inter-fibre centre
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Fig. 15. Overall response of the alpha-shape CC (black lines), SBy (blue lines), and SBs (red lines) RVEs. The “@” and “A” markers correspond to the fields illustrated
in Figs. 16 and 17. The solid (—) and dotted (-) lines on images (c-d) represent measurements in the left and right axis respectively. The “x” marker corresponds to
the first fully-failed fibre (with all integration points across a section fulfilling ef; < —sgl ) and to the kink-band geometry shown in Fig. 18 (the CC simulations

aborted after the first fibre was fully failed).
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7. Discussion

7.1. Failure mechanisms during longitudinal compression

The comparative investigation presented in Sections 5 and 6 revealed
novel microscopic mechanisms during longitudinal compression. These
are summarised in Fig. 19 for the case of the SBi-RVE (with alpha-shape
boundary), which demonstrated excellent agreement with the CC-RVE
and allowed the simulation to progress beyond the first fibre failure to
the formation of a kink-band with edges fully defined by broken fibres,
revealing the following sequence of events:

Composites Part A 203 (2026) 109515

peak, while that due to kinking continues to increase mono-
tonically (Fig. 19g). Again, there is a negligible residual compo-

nent, Ai’fes (Fig. 19¢).

3. Fibre failure initiation (Fig. 19a-c, “A”), when the following
happens:

a.

A fully developed yield band appears in the matrix, as shown in
Fig. 19b, with large plastic strains reaching or exceeding the end

of the input constitutive law (i.e., &7,y Fig. 3b). Beyond this

point, the results should be interpreted with caution, as matrix
cracking is likely to occur and may influence the subsequent
failure response of the composite;

1. Matrix yield initiation (Fig. 19a-c, “4”), when the following b. 'ljhe loc.atloniof flbre bending shifts to inside t.he yield pand, and
happens: fibre failure initiates near the lateral boundaries (see Fig. 19b);
a. Matrix yielding begins in isolated regions at the lateral boundary c. The c0(.)rd1nate.d torsional dfeformatl(?n .Of the “CT'R.VE starts

of the RVE: decreasing, while the coordinated kinking deformation mode
b. Fibres experience nearly-uniform compression as evidenced by a . contlr}ues growing m{;mﬁca.n'dy (Fig. ‘1‘9?’)' X
homogeneous stress field; 4. Fibre failure propagation (Fig. 19a-c, “@”), when the following
c. The entire RVE undergoes coordinated deformation through tor- happens: o ) . . .
sion and kinking, with only a small component for the residual a. The mat.rlx yu?ld—band (Fig. 19a? exhibits .extensw? plastic
def on of individual fib s deformation, with a large proportion of matrix reaching &'
eformation of individual fibres, ;™ (Fig. 19¢). X (Fig. 3b). This is driven by intense shear due to fibre kinking and

2. Remote peak stress (Fig. 19a-c, “ll”), when the following continued fibre failure:
happen.s: o ) . ) b. The kink-band boundaries (Fig. 19b) are fully formed as fibre
a. Matrix .ylel(.img becomes widespread in the middle of the RVE, as failure propagates across the RVE's lateral surface (y-direction)

show'n mn Flg: 19a; . . . and the through its core (x-direction);
b. Be.ndlng strains develop in the fibres, peaking at the RVE ends c. The coordinated torsional deformation of the RVE further di-
(Fig. 19b); . . . o . minishes (Fig. 19¢ and Fig. 19e). The coordinated kinking defor-
c. The RVE continues to deform in coordinated kinking and torsion mation of the RVE continues increasing in magnitude; however, as
modes. The equivalent shear strain due to torsion might reach a
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Slope = 1.207
0.30 0.30 0.30
0.20 0.20 ,»;2 0578 0.20
" Slope o " R?=0.655
Slope = 0.407 Slope = 0.340
010 0.10 0.10
i) CCvs SBy
0.00 0.00 0.00
0.00 0.10 0.20 0.30 0.40 0.00 0.10 0.20 0.30 0.40 0.00 0.10 0.20 0.30 0.40
a) At XRVE (e in Figure 15)
1.60 1.60 1.60
i) CC vs SB, ’ if) CC vs SB, iii) SB, vs SB,
1.20 1.20 1.20
0.80 0.80
R? = 0.887 080 R? = 0.535
Slope = 0.725 Slope = 0.377 R? = 0.629
Sl =0.638
0.40 0.40 0.40 oPe
0.00 0.00 0.0
0.00 0.40 0.80 1.20 1.60 0.00 0.40 0.80 1.20 1.60 0.00 0.40 0.80 1.20 1.60
b) At £RVE = 0.85% (A in Figure 15)
Fig. 16. ey ,Correlation plots among cc—, SBy-, and SB-RVEs with alpha-shape boundary. The scatter is colour-coded according to their distance (|z]) from the mid-

plane (z = 0), where red-coloured points suggest locations near the central region of the RVE 0

correlation, while the dotted (-) grey line represents a one-to-one agreement (y = x).
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shown in Fig. 15b, the kinking phase remains unstable and
fluctuates.

7.2. Limitations and opportunities

The comparison between the predictions from the CC- and SB-RVEs
(Section 6) demonstrates the excellent accuracy of the SBy models in
capturing the compressive strength, RVE kinking and torsion deforma-
tion modes (Fig. 15), the evolution and location of matrix yielding
(Fig. 17), and the matrix yield-band dimensions (Fig. 18). The strong
correlation between the Eeqp fields predicted by the SBy- and CC-RVEs,
shown by the histograms in Fig. 17 and correlation plots in Fig. 16,
signifies the ability of the SBy methodology to predict the microscale
features and mechanisms involved in compressive failure. The accuracy
of the SBy methodology is further put into context through the corre-
lation plots for matrix yielding strains among the CC-RVEs with different
cross-sections (Fig. 11) and fibre diameter distributions (Fig. 13), which
presented similar or even worse correlations.

€peq
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Therefore, this paper confirms the predictive power of the SB
methodology and establishes it as an efficient approach for investigating
the effects of real fibre imperfections derived from pCT data. It advances
our previous work [9] by ensuring geometric equivalence in cross-
sectional shape between the CC and SB models. As demonstrated here,
and consistent with earlier findings [9], matrix-rich boundary regions in
uCT-RVEs can significantly obscure the effects of microstructural
twisting and the coupling between compression and torsion, which have
also been reported in much larger RVEs [1].

Nevertheless, the SB methodologies can be further improved,
particularly regarding the calibration of the matrix constitutive law. The
calibration required to match the shear response between CC- and SB-
RVEs results in the development of inconsistent direct matrix stresses
(especially for the SB; variation), as discussed in our previous work [9].
Although this has a limited influence on matrix plasticity under the von
Mises criterion used here, the effect may become more pronounced with
a pressure-dependent constitutive law.

Future developments should therefore decouple the calibration of
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shear from other stress components and incorporate additional mecha-
nisms, such as pressure-dependent plasticity, matrix failure, and local
variations in matrix behaviour arising from geometric confinement
during curing and size effects in narrow inter-fibre regions [31,32].
Further developments should also include additional failure mecha-
nisms, such as fibre-matrix debonding and splitting to more accurately
capture the complex evolution of composite failure.

Recent parametric unit-cell simulations [15,33,34] have examined
the influence of matrix constitutive plasticity parameters, such as dila-
tion and friction angles, on composite performance. Supported by recent
experimental evidence on dilation angle [34] and friction angle [15,33],
these studies show that, within realistic parameter ranges, matrix
pressure-dependent effects have only a secondary influence on
compressive strength. Instead, the dominant contribution arises from
fibre imperfections and their associated microstructural variability,
reinforcing the central focus of the present study: capturing the effects of
realistic fibre architectures and imperfections on the compressive
response.

The SB-RVE methodology, combining accuracy and computational
efficiency, opens several avenues for future research:

i. Critical RVE size: Determine the minimum RVE size under lon-
gitudinal loading (a topic extensively explored only for transverse
loading) that ensures converged strength predictions and statis-
tically representative fibre architectures of the overall UD ply;

ii. Characterisation of critical imperfections: Identify the key
microstructural features that drive kink-band initiation and
propagation, and relate them to the initial fibre architecture. As
the current work highlights the coupling between fibre

y
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imperfections, RVE misalignment and twisting, and torsional and
kinking deformation modes, future studies should aim to
decouple these features and mechanisms and quantify their
respective contributions to compressive response. Such analyses
would benefit from synthetic yet statistically representative
RVEs.

iii. Bridging the length scales: Explicitly model critical micro-
structural regions within otherwise homogenised domains that
also account for the influence of adjacent plies in a laminate. This
multiscale approach would enable a more accurate connection
between the micro- and meso-scales, and also improve the un-
derstanding of the coupled kinking-torsion mechanisms (as
recently evidenced in the literature [1]) at larger or even
laminate-level scales. As these mechanisms are inherently 3D,
bridging the length-scales requires fully 3D modelling to capture
their complex interactions, making the SB-pFEM ideally suited for
such investigations.

iv. SB validation: Conduct direct validation against compression
experiments of UD-FRPs with well-characterised constituent and
microstructures. Leveraging on its computational efficiency, the
SB methodology could be benchmarked against full pCT-scanned
volumes and in-situ experimental data (e.g., [1]), providing a
robust and verified methodology for testing and interpreting
hypotheses from in-situ experimental observations.

8. Conclusions

This is the first study that addresses the following three challenges in
WFE simulations of real FRPs microstructures obtained from pCT data:
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1. It proposes new advanced microstructural metrics to characterise
misalignment and twisting of fibres and RVEs, new deformation
metrics to quantify kinking and torsion during compression, and
analyses their relationships;

2. It presents a new methodology for generating continuum pFEM of
RVEs with high fibre content (up to 55 %) and without unrealistic
resin rich boundaries or fibre interpenetration;

3. It presents a thorough validation of our recently proposed,
computationally-efficient shell-beam (SB) methodology at the
microstructural level.

While addressing these challenges, the following conclusions have
been drawn:

e The sequence of failure mechanisms under longitudinal compression
includes not only kinking (i.e. shearing in the transverse direction),
but also a torsional deformation. This coupling between compres-
sion, kinking and torsion evolves non-linearly during loading and
can only be captured by fully 3D models, as 2D planar approaches
inherently neglect torsion effects.
Realistic microstructures are essential for accurately predicting the
compressive performance of composites and assessing the influence
of fibre imperfections. The inherently 3D nature of the mechanisms
requires realistic 3D fibre paths. The coupling between kinking and
torsion requires RVEs with appropriate matrix content and without
artefactual matrix-rich boundary regions.

e The new combined metrics for analysing real FRP microstructural
imperfections and micromechanical deformation modes confirm, for
the first time at the micromechanical level, the well-established link
between the direction of coordinated fibre misalignments and kink-
ing. Moreover, these metrics reveal a previously unreported link
between coordinated twisting of bundles of fibres and the coupling
between compression and torsion.

e The SBy variation offers the best combination of computational ef-
ficiency and accuracy for predicting the micromechanical features of
the FRP compressive response. Its accuracy has been demonstrated
against CC-uFEM in terms of homogenised stress-strain response,
evolution of matrix plasticity, onset of fibre failure, and the devel-
opment of kinking-torsion mechanisms.

Overall, the SBx methodology and new microstructural metrics have
the potential to help composite manufacturers assessing how micro-
structural imperfections introduced during different manufacturing
stages influence compressive failure and overall composite performance.
This provides a pathway towards using pFE simulations for quality
assessment in composite manufacturing.
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