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a b s t r a c t

The Bouligand structure, prominent in arthropod cuticles and fish scales, is a fibrous laminate where
the orientation of the fibers increases incrementally across the thickness. Complex three-dimensional
fracture mechanisms (crack twisting) have recently been intriguing researchers as a potential source of
toughness. Capturing the interaction of propagating cracks with this complex architecture, however,
remains a challenge and usually requires computationally expensive models. We ask the question:
Given identical fibers and interfaces, is the Bouligand architecture tougher than other types of cross-
plies? Here we use the discrete element method (DEM) to capture the main fracture mechanisms in
fibrous laminates: crack deflection, crack twisting, delamination, process zone and fiber fracture, and
to capture how various contrasts of properties between fibers and matrix affect these mechanisms. Our
main conclusion is that in terms of fracture toughness (initiation and propagation), the Bouligand is
outperformed by the (0◦/90◦) cross-ply for any crack orientation. The Bouligand structure is however
more isotropic in-plane in terms of both stiffness and toughness, which may confer some advantage
for multiaxial loading and could explain why this architecture is often found in nature.

© 2020 Published by Elsevier Ltd.
1. Introduction

Fibrous lamellar structures are ubiquitous in biological materi-
ls [1] and consist of fibers ordered in unidirectional ‘plies’, which
onfer these materials with high stiffness and exceptionally high
racture toughness [2–5]. Crossply structures (0◦/90◦) are found
n plant and wood [6], lamellar bone [7], conch shell [8], fish
cales [9], and rodent enamel [10–13]. In the Bouligand structure
he orientation of the fibers increases incrementally across the
hickness, forming a helical 3D structure. The Bouligand structure
s found in arthropod cuticles [14,15] including crab exoskeleton,
obster claws, beetle shells, mantis shrimp [16–18], as well as in
ertain fish scales including Arapaima gigas, Coelacanth, and the
ustralian lung fish [19]. Interestingly, some fish scales exhibit
haracteristics of both a Bouligand and a crossply architecture,
ost notably the Arapaima gigas; therefore fish scales fall in
oth categories [19–21]. While many experimental investigations
f the mechanics of crossply and Bouligand structures were re-
orted [10–12,17,18,22–26], numerical and analytical models of
rack propagation are lacking substantially. Theoretical fracture
echanics has been used to capture the effect of the helicoidal ar-
hitecture on the crack driving force in Bouligand structures [27,
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28], but these models are bound by LEFM limitations and do
not predict fracture toughness/resistance. Intrinsic cohesive zone
models (CZM) have been proposed for Bouligand structures [23]
to capture crack twisting. However these models are limited to
pre-defined crack paths that ignore the fracture of individual
fibers, and post-initiation crack resistance (R-curve) data was
not reported. Recent phase field models considered crack prop-
agation in single and double twisted Bouligand architectures,
but only reported the initiation fracture toughness and did not
study in-depth the effects of the relative pitch angle between
the plies [19]. Capturing crack propagation in the Bouligand ar-
chitecture is challenging and computationally expensive because
the architecture, crack propagation and micro-mechanisms are
fully three-dimensional and cannot be reduced to two dimen-
sional problems. The problem is further complicated by multiple
possible failure modes (interface delamination, fiber pullout, fiber
fracture), multiple toughening mechanisms occurring simultane-
ously (crack deflection, twisting, bridging), and large inelastic
process zones developing near the crack tip, requiring non-linear
approaches to fracture mechanics. Computational costs are of-
ten prohibitive using standard methods such as finite elements.
Recently we have used the discrete element method (DEM) to
capture interacting failure mechanisms (simultaneous rod and in-
terface fracture), crack propagation, and toughening mechanisms
in tooth enamel, a complex 3D biocomposite [29,30]. These mod-

els were inspired from the micro-architecture found in human
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namel and many other species, where the rods form a criss-
rossing pattern (or ‘decussating’) that resembles a crossply at a
ocal level; this feature has been reproduced by biological growth
odels and is known to enhance fracture toughness [13,31].

n this report we use our DEM based fracture mechanics mod-
ls to capture crack propagation in fibrous lamellar structures,
ncluding the Bouligand architecture and (0◦/90◦) cross plies.

2. Material model & fracture simulation setup

The fibrous composite architectures and their corresponding
DEM models are shown on Fig. 1. To simplify the computation
and to ensure space filling we assumed fibers with a square
cross section w × w. While the cross sections in most biologi-
cal materials are generally more complex and non-square, more
recent synthetic systems use fibers with cross-sections that are
nearly square and therefore we would expect our models to
represent these systems more closely [25]. In general the DEM
approach is robust and can model other types of fiber cross
sections, but this simple representation captures the main effects
of the twisting lamellar architecture. The fibers are arranged in
plies, each consisting of one layer of uniformly spaced parallel
fibers. Different types of fibrous lamellar structures were created
from this basic building block. As a reference fibrous architecture
we considered the classical crossply, denoted C(0◦/90◦) , where
fiber orientation alternates between 0◦ and 90◦ (Fig. 1a). In the
Bouligand architecture the angle of the fiber increases from one
ply to the next incrementally and by a relative ply angle γ ≤

90◦, with the first ply oriented at + 1
2γ so that the horizontal

ymmetry plane bisects two adjacent plies at + 1
2γ and 1

2γ ; here
he Bouligand structure is denoted as B(γ ) (Fig. 1b). The C(0◦/90◦)
rossply and B(γ ) Bouligand can therefore be differentiated by the
bsolute angle between the plies and by the stacking sequence: In
he C(0◦/90◦) crossply the sequence of angles alternates between
◦ and 90◦, while in the B(γ ) Bouligand the angle increases
ncrementally by the relative ply angle γ . To delineate the effect
f stacking sequence and fiber angles we consider a third crossply
rchitecture, where the ply angle alternates between + 1

2γ and -
1
2γ (Fig. 1c), denoted as C(+ 1

2γ /- 12γ ). Using this formulation, the
(γ ) Bouligand and C(+ 1

2γ /− 1
2γ ) are identical when γ =90o, and

re equivalent to a 45o rotation of the C(0o/90o) crossply about
he z-axis. Note that by using this model of the ply configuration,
e restrict our attention to fibrous systems where the relative ply
ngle is constant in magnitude (but may alternate in sign). Indeed
n some biological systems, in particular the Arapaima gigas [19],
he ply orientation follows a ‘‘double Bouligand’’ structure with
ly layup γ i/(γ + π/2) i/γ (i + 1)/ (γ + π/2)(i+ 1) . . . /γ n/(γ +

/2)(n), where i is the layer index and n is the total number of
ayers.

We built DEM models of these architectures by first seeding
he fibers with nodes of uniform spacing le along their center-
ines. We use the nodes to mesh individual fibers with standard
D Bernoulli–Euler beam elements (modulus Ef and density ρf )
hat captured bending, axial, and torsional deformation of the
ndividual fibers (Fig. 1d). The fibers were assumed to com-
letely fracture when the maximum tensile stress in the fiber
xceeded the ultimate fiber strength σf . This is a stress-based
ailure criterion that assumes the fiber constituents are perfectly
rittle, which is reasonable for highly mineralized (95%–99%)
ard biological composite systems (e.g., enamel, etc.) [32]. We
lso idealized the fiber strengths to be completely uniform with
o statistical distribution; future DEM models could implement
eibull-type failure statistics in the fibers as in our previous
EM models [30,33,34]. Multi-axial interface cohesive elements
ere inserted between the fibers within a single ply (intra-ply)
rthogonal to the fiber elements and also between all fibers in
2

wo adjacent plies (inter-ply). The force generated by the indi-
idual cohesive elements was function of cohesive law (described
elow) and of the overlap area between the neighboring fibers.
he effective area of the intra-ply elements was simply Ai = w ×

e where w is the width of the fibers and le is the length of the ele-
ent. The inter-ply elements had a more complex parallelogram
eometry (Fig. 1e), with an effective area given by Ai = w2/sin(γ )
or γ > 0oand Ai = w × le for the special case where the fibers
re all aligned (γ = 0o). Note that this interface representation
ssumes nearest neighbor connectivity between crossing fibers in
djacent plies, which is only valid when the fiber volume fraction
f = w/(2t i+w) is large, where ti is the interface thickness; this
equirement for φf presents a central limitation of the DEMmodel
pplicability. The cohesive law used for both interply and intraply
nterfaces (Fig. 1f) was defined by four independent parameters:
he interface stiffness ki (per unit area), strength σi, work of
eparation Γi, and ultimate separation ∆U as in our previous
ork of enamel structures [29,30]. Many studies have shown that
he cohesive law parameters have little effect on the calculation
esults provided that the ratio kiΓi/σ 2

i is sufficiently large relative
o the mesh size le [35,36], therefore we set kiΓi/σ 2

i le ≈10 in
ll calculations. Note that this assumption places a restriction on
he minimum interface ductility (∆R/∆Y > 10) [37,38] for the
nterface model to be valid. The maximum displacement ever
eached by the interface over the history of the simulation is
efined as ∆max, as shown in Fig. 1. This interface representation
erves as a basic mixed-mode damage model with a circular
ailure surface. When the total displacement jump in multi-axial
eparation

√
∆2

n + ∆2
t (where ∆n is the normal separation and ∆t

is the tangential separation, Fig. 1f) across an interface exceeds
the larger of ∆max or ∆Y , the interface stiffness per unit area
is updated to represent permanent energy dissipation, and the
interface unloads along a new slope defined by ∆max/σi. Using
hese cohesive parameters, the interface law was then converted
o a multi-axial force–displacement relationship by scaling the
nterface stiffness ki (N/m3) and strength σi (N/m2) by the in-
terface area Ai. This scaling implies that the interface tractions
are constant along the faces of the fibers, which is only valid in
the limit that the relative fiber-to-interface stiffness mismatch
Ef /kiw = (E f /E i)(t i/w) is sufficiently large (Ef /kiw ≈ 5-10 [38,39]),
where ti is the interface thickness, Ei is the interface modulus,
nd kiw is the Reuss modulus of a single ply. Combined with the
equirement for high fiber volume fraction φf this implies very
igh modulus mismatches are required (φf ∼w/t i) which presents
nother DEM model limitation.

. ‘‘Thick’’ models: in-plane and transverse cracking directions

A large volume of the idealized fibrous microstructure was
enerated and clipped into a virtual fracture specimen (Lm × Lm ×

m with Lm = 50w) with an initial crack (length a0 = Lm/2) shown in
ig. 2a,e. We considered two cracking directions (Fig. 2a,e): The
‘transverse cracking’’ direction is relevant to cases of moderate
amage, where the crack progresses through the thickness of
he laminated panel, as could occur from flexural loading in a
ish scale or an insect cuticle. The ‘‘in-plane cracking’’ direction
orresponds to more severe cases where cracks already present
hrough the thickness of the panel propagate in the plane of the
anel, which could occur from flexural stresses or from puncture
y a large wedge-like object.
To achieve stable and quasi-static crack propagation, a sym-

etric gradient of displacement was applied as shown on
ig. 2a,e, with the magnitude of the displacement increased
lowly to propagate the crack [29,33,37,40]. This loading sce-
ario corresponds to a mode I loading state which is typically
he most dangerous in structures with pre-existing cracks [41];
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Fig. 1. Overview of the discrete element model (DEM) of the fibrous laminate structures. (a–c): Idealized composite geometry and ply stacking for the different
architectures; (d) Example of full DEM mesh showing beam elements (purple) and interface elements (blue); (e) interface area definition used to compute the
cohesive force and (f) Cohesive law.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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moreover the mode I loading configuration is consistent with
previous studies on Bouligand type structures [23,25,27]. The full
governing dynamic equations were solved using explicit time
stepping via the Newmark-β method with β = 0 [42] and with
a small amount of mass and stiffness damping to eliminate high
frequency dynamic effects [30]. The code was implemented in
C++ and we verified the results were quasi-static by running cases
with 1/2x slower loading.

Fig. 2 shows crack propagation patterns for the C(0o/90o),
(30o) and C(+15o/-15o) architectures in the transverse (Fig. 2b)
nd in-plane (Fig. 2f) cracking directions, obtained for fixed stiff-
ess contrast Ef /kiw = 5 and fixed strength contrast of σf /σi = 7.1.
e note that the strength contrast was defined as the ratio of the

iber strength σf relative to the single-ply transverse strength σi.
he maximum strength contrast explored in this section (σf /σi

=7.1) was kept on the lower end of what would be expected in
hard & soft printed polymers [43] due to computational limita-
tions posed by edge effects; larger strength contrasts are explored
in the next section. Both in-plane and transverse cracking of the
C(0o/90o) crossply consisted of crack deflection at the interfaces
accompanied by stress pile-up at the fibers directly ahead of
the crack (Fig. 2b), which eventually fractured and restarted the
deflection onto the next interface, ultimately forming a volumet-
ric process zone. The emergent crack path consisted of broken
interfaces in the first layer and broken fibers in the next layer and
was on average straight. Both in-plane and transverse cracking
in the B(30o) Bouligand displayed a periodic corkscrew fracture
mechanism similar to experiments [18]. This mechanism was
prominent when the cracks intersected plies at low angle with
the crack front. In contrast, when the cracks encountered plies
at high angle with the initial crack line the driving force became
3

very small [44] and fiber fracture became prominent. In-plane
failure in the C(+15o/-15o) crossply (Fig. 2b) consisted of failure
mechanisms similar to those reported in our previous simulations
of enamel crossplies [29] as well as experiments [31]: The crack
tended to deflect along interfaces forming a kink-branch path fol-
lowed by periodic pinning of the branch. In this mechanism, the
interface crack would get pinned at the fiber crossing points caus-
ing fiber stress to increase; ultimately the fibers would break and
the process would repeat itself with a spatial period aligned with
the periodic microstructure. As the pinning was more prolonged
at the fiber junctions, greater spreading of the inelastic region
and enhanced energy dissipation occurred. Transverse failure of
the C(+15o/-15o) crossply was similar except the kink-branch
formed and grew perpendicular to the main crack. Fig. 2c,g shows
the non-dimensional load–deflection curves for the in-plane and
transverse cracking directions corresponding to the three archi-
tectures for σf /σi = 7.1. In all cases the curves showed an initial
linear elastic region until a peak force was reached, correspond-
ing to the onset of crack propagation. After that point the load
decreased progressively as the crack propagated, except for the
C(0o/90o) in the transverse cracking direction for which the load
was sustained. The work of fracture (WOF) was computed as the
area under the non-dimensional force–displacement curves up to
the peak load and is indicated on Fig. 2c,g under each curve. The
B(30o) and C(+15o/-15o) displayed comparable WOF for a given
oading orientation and both were consistently higher in the
ransverse direction; the C(0◦/90◦) crossply showed the highest
nergy absorption which was also in the transverse direction.
For each case we also computed the 3D J-integral [45], which

e used to determine the initiation toughness Rinit for both
racking directions and as function of ply angle and strength
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c

Fig. 2. Results for crack models in the transverse and in-plane cracking directions. (a,e): Model setup and crack orientations; (b,f): Snapshots of crack propagation
for the different architectures showing elastically deformed interfaces, yielded interfaces, softened interfaces, broken interface as well as broken fibers; (c,g): Example
of force–displacement responses for the different architectures, also showing values for work of fracture (areas under curved up to peak); (d,h): Initiation toughness
as computed from 3D J-integrals as function of relative ply angle γ for the different architectures, and for two contrasts of strength σf /σi = 3.6 and 7.1. Stiffness
ontrast is fixed to Ef /kiw = 5.
contrast (Fig. 2d,h). The J-integral is a fracture mechanics based
criterion and in the limit that the specimen is much larger than
the nonlinear damage region, it represents the crack resistance
as a true material property that is independent of specimen size,
shape, and loading configuration [41,44]. We verified that this
limit was achieved for most cases by running 2x larger speci-
mens (Lm*=2Lm) and comparing the results. Thus, the results for
crack resistance and toughness shown subsequently are material
properties and apply to any loading scenario, including far field
loading or direct loading on the crack faces (e.g., ‘biting’ load).
For low strength contrast (i.e. relatively weak fibers) the effect of
architecture on Rinit was minimal because the fracture of individ-
ual fibers was prominent and little crack deflection was observed.
As the strength contrast was increased the type of architecture
and the ply angle had a much more pronounced effect on crack
propagation and toughness, with the C(0◦/90◦) crossply emerging
as the toughest architecture across all ply angles by a factor of
∼2-4x. The initiation toughness for the C(0◦/90◦) crossply was
unaffected by strength contrast (indicated by overlapping data
points in Fig. 2d) because for this architecture crack initiation was
governed by the fracture of the interfaces.
4

4. ‘‘Thin’’ models with periodicity, in-plane direction

In this section we considered models that are semi-infinite and
periodic in the out-of-plane (z) direction (Fig. 1). This allowed for
larger in-plane dimensions (Lm × Lm × ∞ with Lm=150w) to be
modeled because the out-of-plane dimensions only consisted of a
single period of the microstructure. These models could capture
large process zones and enabled higher strength contrasts (up to
σf /σi = 14.3) at a reasonable computational cost, however these
models were specialized to in-plane crack propagation. In the
semi-infinite models, full periodicity could be represented with
just three plies in the crossply models, and 180o /γ (integer)
plies in the Bouligand models. Periodic boundary conditions were
enforced by inserting tie constraints between nodes in the first
and last ply. Due to periodicity of the microarchitecture and
loading in the z-direction (Fig. 1), the emergent crack pattern
was also assumed periodic for the in-plane direction (this was
confirmed in Section 3, e.g. Fig. 2). Fig. 3 shows the effect of
ply angle for B(γ ) Bouligand and C(+ 1

2γ /− 1
2γ ) crossply for fixed

strength contrast σf /σi= 10.7 and fixed stiffness contrast Ef /ki w
= 5 (for reference the C(0◦/90◦) is also shown).

We observed crack deflection, delamination, fiber fracture and
process zone, the extent of these mechanisms being strong func-
tions of the type of architecture and of ply angle. The Bouligand
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Fig. 3. Snapshots of models taken at a crack propagation ∆a/w ≈ 30 for three types of architectures and at three different ply angles γ . The snapshots show the
amage zones and reflect the amount of energy dissipated locally around the crack. The fiber strength contrast was fixed at σf /σi = 10.7. The corresponding crack
ropagation curves (obtained from 3D J-integrals) are also shown. Snapshots are shown clipped at 1/3 of the total specimen size.
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howed a larger process zone for smaller ply angle, while the
(+ 1

2γ /− 1
2γ ) showed a larger process zone for large ply angle. In

oth the B(γ ) Bouligand and C(+ 1
2γ /− 1

2γ ) crossply, the process
one became asymmetric for γ = 90◦. In all cases, the amount
f crack deflection (indicated by softening of the cohesive law)
nd process zone size was much larger in the C(0◦/90◦) crossply.
ll models showed a rising crack resistance curve indicative of
rogressive toughening mechanisms. Interestingly the crack re-
istance of the Bouligand architecture decreased with increasing
while the C(+ 1

2γ /− 1
2γ ) crossply toughness increased, but for

ll angles both composites were outperformed by the C(0◦/90◦)
rossply. The C(+ 1

2γ /− 1
2γ ) crossply consistently shows the low-

st crack resistance. Fig. 4 shows the effect of relative fiber
trength for a fixed relative ply angle. For all models, stronger
ibers delayed fiber fracture, increased the amount of crack de-
lection and caused the process zone to spread over larger vol-
mes, in a way consistent with our previous simulations on tooth
namel [29,30]. The Bouligand structure developed delamination
atterns along a periodic twisted-corkscrew, creating a ‘‘flower-
ike’’ process zone. In each ply the inelastic region is skewed
long the fibers in that ply, a phenomenon which is similar to
lastic zone ahead of a crack in an anisotropic elastic–plastic
aterials [46]. Interestingly, this presents an advantage for the
ouligand structure: the flower process zone (also observed in the
hase field models in [19]) spreads more uniformly in all direc-
ions which tends to keep the damage localized, as opposed to the
(0◦/90◦) crossply where the damage zone is highly eccentric and
an reach specimen boundaries faster. In both the C(+ 1

2γ /− 1
2γ )

crossply and the C(0◦/90◦) crossply the respective mechanisms
were similar as described in the models above (Fig. 3). The crack
resistance curves show that increasing relative fiber strength
increased overall toughness and toughening as crack propagated
5

(higher slope or ‘‘tear modulus’’ on the crack resistance curve);
this trend is expected and again consistent with our previous
DEM models of enamel [29,30]. The C(0◦/90◦) crossply outper-
formed the other architectures in terms of initiation toughness,
propagation toughness and tear modulus except for the case of
low fiber strength (σf /σi= 7.1) and a γ = 30◦, which was the only
case where the toughness of the Bouligand was the highest.

Fig. 5a,b summarizes the effect of ply angle and relative fiber
strength on initiation and average crack resistance (average of
fracture toughness over a crack propagation distance of 10w). For
the lowest strength contrast (i.e. low relative fiber strength) fiber
fracture was prominent, there was less crack deflection and the
crack ‘‘ignored’’ the architecture. As a result, the B(γ ) Bouligand,
C(+ 1

2γ /− 1
2γ ) crossply, and C(0◦/90◦) crossply had comparable

rack resistance (R∼2-5Γi). Increasing the strength contrast in-
reased crack deflection, the size of the process zone and the
racture toughness. In general fracture toughness increased for
igher ply angles. Interestingly, the Bouligand structures showed
o substantial increase in average crack resistance for γ > 20-30◦

Fig. 5b). The C(0◦/90◦) crossply consistently outperformed both
(γ ) Bouligand and C(+ 1

2γ /− 1
2γ ) crossplies and in terms initia-

tion toughness (∼1.2-10x greater) and average crack resistance
(∼5-10x greater). When comparing the respective performance
f Bouligand with other types of crossply laminates, mechanical
sotropy must be taken into account. Fig. 5c shows the modulus
s a function of loading angle θ derived using a simple elasticity

model [25] with Ef /ki w = 5 and γ = 30o for the Bouligand archi-
tecture. As expected the C(0◦/90◦) crossply is more anisotropic
in-plane compared to the Bouligand structure. C(0◦/90◦) is the
tiffest laminate, but only when pulled along or near the direction
f the fibers (θ =0◦ or θ =b90◦). When pulled at 45◦ from the

fibers (θ =b45◦), the C(0◦/90◦) laminate is much softer: three
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Fig. 4. Snapshots of models taken at a crack propagation ∆a/w ≈ 30 for three types of architectures and at three different strength contrasts σf /σi . The ply angles
was fixed at γ = 30o . The fiber strength contrast was fixed at σf /σi = 10.7. The corresponding crack propagation curves (obtained from 3D J-integrals) are also
shown. Snapshots are shown clipped at 1/3 of the total specimen size. Note that in the last curve for σf /σi = 14.3, we have only shown limited data prior to the
process zone reaching the specimen boundaries; after this point the R-curve data is no longer valid due to size effects.
times less stiff than along the fibers and about half the stiffness
of the Bouligand. This result is well known in laminates: a larger
distribution of ply angles across the thickness of the laminate
tends to average out extreme values, and produces more isotropic
responses [47]. Interestingly the in-plane fracture toughness for
these materials, computed using the DEM models presented here,
follows a different scenario. Fig. 5d shows the initiation and
propagation toughness for the Bouligand structure (γ =30o, in-
terpolated across θ ), which is near isotropic in plane for low
ply angles. The fracture toughness for the C(0◦/90◦) crossply is
the highest when the crack propagates at 0◦ or 90◦ from the
fibers, because half of the fibers act as obstacles at 90◦ from the
crack line, which is the orientation that produces the strongest
crack pinning. In that configuration the C(0◦/90◦) is significantly
tougher than the Bouligand, in terms of both initiation and propa-
gation toughness. Propagating a crack at 45◦ from the fibers in the
C(0◦/90◦) crossply produces less toughness because the efficacy
of the fibers as obstacles and as bridging elements are reduced.
A surprising result is that in this weakest cracking direction, the
toughness of the C(0◦/90◦) is still higher or near equal to the
Bouligand toughness. This illustrates that the combined effect of
the offset asymmetric process zone and partial fiber bridging in
the C(0◦/90◦) case offset at 45◦ is still act in more powerful ways
than the flower-like process zone in the Bouligand B(30◦).

Therefore the C(0◦/90◦) is more anisotropic than the Bouli-
gand, but it is also tougher in any in-plane direction. This result
is in contrast with modulus, where very high stiffness in some
directions imply that the laminate is much softer in other direc-
tions. Fracture toughness is indeed not simply about averaging
different directions and homogenization, as is done to predict
in plane modulus. The interaction between a crack and fibers
involve local mechanisms (crack pinning, deflection, bridging)
6

which produce more complex dependence on crack orientation.
In this case, the DEM models show that the in-plane toughness of
C(0◦/90) is higher than the Bouligand for any in-plane direction.

5. Discussion and conclusions

Crack propagation and fracture toughness in fibrous laminates
involves crack deflection, twisting, delamination, bridging, pro-
cess zone and fiber fracture, which can be extremely expensive or
even prohibitive to capture computationally. Here we show that
the discrete element method can capture these mechanisms at a
fraction of computational cost of other numerical methods. Here
we use these capabilities to run a large number of fracture models
that aim to compare different types of 3D fibrous cross plies. The
main conclusions are summarized as follows:

• Our DEM simulations captured the main failure mechanisms
observed in experiments and other simulations for different
types of lamellar composites. Corkscrew type fracture with
periodic fiber fracture was observed in the Bouligand mod-
els [18]. Crack deflection, alternating kink-branching, and
periodic pinning was observed in the C(+ 1

2γ /− 1
2γ ) crossply

models [29,31]. Interface deflection, direct fiber fracture,
and periodic pinning were the main mechanisms observed
in the C(0◦/90◦) crossply models.

• When relatively weak fibers are considered, the fracture of
individual fibers is the prevailing failure mode and the crack
‘‘ignores’’ the fibrous architecture. Overall fracture tough-
ness was similar in the C(+ 1

2γ /− 1
2γ ) crossply, C(0◦/90◦)

crossply , and B(γ ) Bouligand models for weak fibers. While
not considered here, we hypothesize that introducing duc-
tility into the fibers (e.g., using a strain-controlled failure
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Fig. 5. Overview of in-plane properties for the three different architectures: (a) initiation toughness and (b) average crack resistance as a function of relative ply
angle γ and strength contrast σf /σi for the B(γ ) Bouligand, C(+ 1

2 γ /− 1
2 γ ) crossply, and C(0◦/90◦) crossply. The average crack resistance was taken over the range

<∆a<10w. (c) In-plane modulus and (d) In-plane toughness (initiation and propagation) as function of loading direction θ for the B(30◦) Bouligand and the C(0◦/90◦)
rossply for σf /σi = 14.3.
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criterion) would enhance the toughness through fiber bridg-
ing.

• When higher fiber strength was considered, many
architecture-dependent fracture mechanisms were
observed. Crack twisting was captured in the Bouligand
structure, but this particular toughening mechanisms was
not as effective as crack pinning by fibers positioned as
obstacles directly ahead of the crack, which in turn spread
a process zone over larger volume and amplifying crack
resistance or energy absorption. These mechanisms were
prominent in crossply designs with strong fibers.

• The Bouligand structures obtained a small but consistent
relative maximum in toughness for γ ≈ 20-30◦.

• Our DEM simulations predict that the C(0◦/90◦) crossply
laminate is the toughest of all designs, for all cracking ori-
entations (through cracks, in-plane cracks with various ori-
entations). As opposed to Bouligand, the toughness of the
C(0◦/90◦) shows a strong anisotropy in-plane, but surpris-
ingly toughness is consistently higher than Bouligand for
any cracking orientation.

ore refinements may be brought to our DEM models in the
uture, including more detailed postprocessing of the interface
train state (parsing of shear/normal components) and better
eometric representation of the fibers and interfaces. In partic-
lar waviness could be implemented into the fiber geometry,
hich has been observed in some hard biocomposites such as
7

namel and captured in biological growth models [13,48]; It is
ypothesized that waviness would reduce deformation in the off-
xis plies (e.g., the C(0o/90o) crossply) and provide a bridging
echanism that could increase toughness. Additionally, the DEM
odels could be improved by considering fibers with more com-
lex (non-square) cross-sections; this would require calibration
ith partial 3D FEA models and combining them into the DEM

ormulation (e.g., similar to Dugue et al. [49]), as the fiber ‘in-
erfaces’ are 3D and nonplanar. In future DEM models we could
lso relax the assumption of the existence of an initial pre-crack.
his would allow us to capture crack nucleation events due to
ighly localized sharp biting (arthropod cuticle) or far-field cyclic
ear and tear (plants, wood, bone) and offer a more complete
omparison of evolutionary features. In general other types of
EM-based virtual experiments could be considered for more de-
ailed comparisons such as Mode II/III cracking, dynamic impact
oading, open-hole tests, and fatigue. The models presented here
nly capture trends in crack resistance and are not necessarily
xpected to carry over to other properties such as ballistic impact
esistance, where studies have shown that the 0◦/90◦ crossply
nd Bouligand structures perform similarly [50]. Overall, how-
ver, we believe that the DEM models as presented here capture
he main fracture mechanisms for natural fibrous crossplies and
nable the prediction of fracture toughness to a level of accu-
acy that allows comparison between different designs. The main
esult is that the C(0◦/90◦) crossply, present in plants, woods,
one or fish scales, outperforms the Bouligand structure found
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n arthropod cuticle and some fish scales. Despite this result,
he Bouligand structure has persisted across billions of year of
volution, which suggests that features other than toughness
ake this particular architecture functionally attractive: in plane

sotropy that could be beneficial for multiaxial loading, damage
one confinement, or perhaps advantages in growth efficiency or
epair.
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ppendix. Glossary of symbols

a0 Initial crack length
Ai Interface area at fiber intersections
B(γ ) Bouligand structure
C(+ 1

2γ /− 1
2γ ) Crossply structure

C(0o/90o) Standard 0o/90ocrossply structure
Ef Fiber modulus
Ei Interface modulus
Ex In-plane elastic modulus
F Total specimen reaction force
ki Interface stiffness
le Fiber element length & mesh size
Lm Fracture specimen model size
R Crack resistance of fracture model
Rave Average propagation toughness
Rinit Initiation toughness
ti Interface thickness
w Fiber cross section width & height
∆a Instantaneous crack length
∆ Applied displacement magnitude
∆max Interface maximum displacement
∆n interface normal displacement
∆S Interface softening displacement
∆t Interface tangential displacement
∆U Interface ultimate displacement
∆Y Interface yielding displacement
Γi Interface work of separation
φf Fiber volume fraction
γ Relative ply angle
ρf Fiber mass density
σf Fiber strength
σi Interface strength
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