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A laboratory model for plastic fragmentation in the turbulent ocean
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The fragmentation of solid objects in turbulence is of paramount importance in a large number
of situations, especially for marine plastic pollution where small plastic debris are formed by the
fragmentation of plastic litter under hydrodynamic forces. Up to now, investigations have focussed
on the fragmentation of particle aggregates in turbulent flows. Here we study the fragmentation of a
single deformable object that behaves elastically up to breakage, in the inertial range of turbulence.
Using laboratory experiments with glass fibres as a model system, complemented by numerical
simulations and theoretical analyses, we exhibit a comprehensive fragmentation scenario, further
modeled by an evolution equation. Our results demonstrate that the fragmentation process is
limited at small scales by a physical cut-off length originating from the fluid-structure interactions
between the objects and the turbulence, and therefore independent of the brittleness of the fibres.
This scenario leads to the accumulation of fragments with a typical length slightly longer than the
cut-off scale, as smaller fragments are too short to be deformed and broken by the turbulence.
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I. INTRODUCTION

Plastic is one of the most abundant man-made materials on Earth, with a current global production estimated at
more than 300 million metric tons a year [1–4]. What makes its strength for a global use in our society, i.e. durability
and low cost, leads to detrimental issues once it is released in natural environments [2, 3, 5]. Indeed, plastic debris are
known to affect marine animals by ingestion or entanglement [6–8]. They also carry some persistent organic pollutants
which can impact the entire food web by being transferred to water or animals [3, 6, 7, 9]. Moreover, it is established
that plastic debris host a diverse microbial community that can travel across the globe on such durable substrates
and impact the microbial loop in oceans [9, 10].

The global fragmentation process of large plastic items is described qualitatively in the literature [3, 5–8, 11–13].
Once in the ocean, these items are weathered by different mechanisms, mainly photo-degradation but also chemical,
mechanical and bio-deterioration. The ensuing embrittlement of the plastic further leads to fragmentation into smaller
pieces through wave action. However, as pointed out by Filella [5], this fragmentation process is mainly descriptive
and a quantitative prediction of macroplastic fragmentation under relevant flow conditions is still missing [14]. Indeed,
using results from studies of large plastic particle impacts on a wall [15, 16], Cózar et al. [17] suggested that the size
distributions of floating plastic debris should exhibit a power law. Similar conclusions have been reached by Eriksen et
al. [7] using conservative estimates of the fragmentation rates. Size distributions of floating plastic debris obtained
from field measurements [7, 8, 12, 13, 17–19] have recently gained attention by clearly exhibiting an accumulation of
plastic debris around 1 mm and therefore a lack of small debris compared to the expected power law. To explain this
gap, four main possible sinks for small microplastic debris have been proposed and discussed in the literature: shore
deposition, nano-fragmentation, biofouling, and ingestion by marine organisms [8, 12, 17]. Despite slight discrepancies
due to different locations where they have been measured [19], the size distributions however show that a general
mechanism is at play during plastic fragmentation in the ocean.

Nevertheless, the fragmentation models mentioned above [15, 16] consider impact fragmentation [20] and are clearly
disputable [5] for the fragmentation of brittle plastic debris in the ocean under wave action. For an in-depth under-
standing of the size distributions, it is therefore necessary to consider the influence of the turbulent environment [21]
surrounding the particles, leading to their deformation and fragmentation. Therefore, we want to address the two
following questions. What is the physical mechanism leading to such fragment size distributions ? Can we explain
the main features of the distributions using arguments solely based on fluid-structure interactions ?

The fragmentation of solid objects by turbulent flows is poorly understood. Previous works have been mainly
related to floc or aggregates fragmentation, whose cohesion is given by the interactions between the particules in the
aggregates [22–28]. However, the mechanical properties of such structures are very different from those of a single
and brittle object. To our knowledge, single particle fragmentation in a turbulent flow has been scarcely investigated
and remains limited to polymer scission [29, 30]. In addition, most of these studies have been focused on objects
smaller [23–25, 29, 30] or comparable [22, 26] with the Kolmogorov length scale, the smallest scale of a turbulent flow.
Since the Kolmogorov length scale near the ocean surface can be smaller than 1 mm [31, 32], macroplastic debris
typically belong to the inertial range and interact with multiple scales of the turbulent flow.

In order to answer the questions discussed above, we study as a model system the fragmentation of flexible and
brittle fibres in a laboratory turbulent flow, whose length ` lies within the inertial range of the turbulence. This
study is particularly focused on the fragment length distributions obtained at long time scales, relevant for plastic
fragmentation in oceans. We have chosen to focus on fibres for two reasons. First, as a fibre is a one-dimensional
object, it is easier to describe mathematically [33] and both length and mass are conserved during the fragmentation
process, contrary to two- or three-dimensional objects where only the mass is conserved [8]. Moreover, the behaviour
of flexible fibres in the inertial range of a turbulent flow has been recently discussed [34–37]. In particular, one can
define an elastic length for fibres in turbulence [35], which scales as [34]

`e ≈
(EI)

1/4

(ηρfε)
1/8

, (1)

where E is the Young modulus of the fibre, I = πd4/64 its moment of inertia, d its diameter, η and ρf the fluid
dynamic viscosity and density, and ε the mean turbulent dissipation rate. This length defines the transition between
rigid (` < `e) and flexible fibres (` > `e), and corresponds to the correlation scale of the deformations for long flexible
fibres [35]. In the remainder of the paper, all fibre lengths ` and curvatures κ are made dimensionless using the elastic
length, respectively as

L ≡ `/`e and K ≡ κ`e. (2)

Here, we show that the elastic length plays a key role in the fragmentation process of flexible and brittle fibres in
the inertial range of a turbulent flow. Indeed, by monitoring the deformation along the fibres, we demonstrate that it
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controls the fragmentation process and leads to specific fragment length distributions, with a minimal fragment length
close to the elastic length. These fragment length distributions are first observed in both experiments and numerical
simulations. We then explicit a comprehensive fragmentation scenario, modeled theoretically by an evolution equation.
This equation is first solved analytically in a simplified version, yet able to recover the main features of the fragment
length distributions observed experimentally and numerically. We then solve numerically this evolution equation and
compare quantitatively the fragment length distributions obtained in the experiments, the numerical simulations and
the model. Finally, by evaluating the elastic length for typical plastic debris in the ocean, we demonstrate that the
fragmentation scenario described here is fully compatible with the observed fragment length distributions of plastic
debris in the ocean. Our model laboratory experiments, numerical simulations and theoretical derivations therefore
provide a unified framework for understanding the fragmentation of plastic in the turbulent ocean, going beyond
heuristic models currently used in oceanography.

II. LABORATORY SETUPS

A. Experiments

1. Turbulent flow

Laboratory experiments are performed in a turbulent von Kármán flow [28, 34, 35] generated in a cubic tank by
two contra-rotating propellers, as shown in Fig. 1(a). This well-known flow has been extensively used in turbulence
studies [38] and is here considered as a model turbulent flow, despite that the fluid and particle dynamics close to the
free-surface of the ocean are much more complex [21, 39–42]. The tank is the same than the one used in a previous
work of our group [28], without the grids close to the propellers. It is a transparent acrylic cube with a typical size
of 200 mm, containing a volume V of approximately 8 litres of liquid. Each propeller has a radius R = 86 mm, fitted
with 8 straight blades with a height of 5 mm. The two propellers rotate at the same frequency f = 15 Hz in a classical
contra-rotating configuration [28, 34, 35, 38, 43]. Two fluids have been used in the tank in order to vary the dynamic
viscosity η: pure water (η = 1 mPa.s) and a mixture of water and 30% Ucon oil (η ≈ 100 mPa.s). The turbulence
generated by a von Kármán flow is known to be non homogeneous and more intense close to the propellers [38]. The
global turbulent dissipation rate ε is about 50 m2/s3, independently of the fluid used as the forcing is inertial and not
viscous. The corresponding Kolmogorov length scale ηK and time scale τK , together with the Reynolds number Re
of the flow are given in Table I. The integral scale `I is about 30 mm while the integral time scale TI ≈ 1/f is about
67 ms for all experiments. Experiments have always been performed in a dilute regime [44], i.e. with a number of
initial fibres N0 such that

N0 <
V

`30
, (3)

where V is the volume of the tank and `0 the initial fibre length. This means that the fibres do not interact with each
other and do not modulate the intensity or the properties of the turbulent flow.

2. Flexible fibres

The fibres used in the laboratory experiments are glass fibres. They all originate from the same batch and have been
given by Owens Corning company. The diameter of the fibres has been measured by taking several images of different
fibres using a microscope, as shown in Fig. 1(b). All the measured fibres have shown a diameter d = 20 µm with
a very small dispersion, as specified by the manufacturer. The Young modulus E has been obtained by measuring
the deflection δ from the horizontality for fibres placed at the edge of an horizontal plate (see Appendix A 1). The
measured value of E = 41 GPa corresponds to the order of magnitude expected for glass [45, 46]. These fibre

TABLE I. Fluids, flow characteristics, elastic lengths and breaking parameters for the experiments performed in this study.

Fluid ηK ≡ (ν3/ε)1/4 τK ≡ (ν/ε)1/2 Re = 2πR2f/ν `e KB ≡ κB`e
Water 12 µm 0.14 ms 7× 105 2.6 mm 4.3± 0.9 / 2.1± 0.5

Water + Ucon oil mixture 375 µm 1.4 ms 7× 103 1.5 mm 2.5± 0.5 / 1.2± 0.3
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FIG. 1. Plastic fragmentation: from oceans to the laboratory. (a) Picture of the von Kármán turbulent flow used in the exper-
imental setup and described in section II A 1. The black arrows indicate the direction of rotation of the two motors. (b) Glass
fibre observed under a microscope for diameter measurement. (c) 2D image of a glass fibre deformed by the experimental tur-
bulent flow observed using a schlieren technique. (d) Breakup event obtained in the numerical simulations that are described in
section II B. The event is illustrated using the superimposition of different time steps, with time going from left to right. The
colors correspond to the local curvature K and the location of the upcoming event on the fibre is shown by a dashed dotted
line. More details on the fragmentation mechanism are given in section II C. (e) Random sets of fibre fragments collected in the
experimental turbulent flow (see section II D), for different times and breaking parameters KB . The fibre fragments are used
to obtain fragment length distributions, shown in Fig. 2 and discussed in section III A. The scale bars in panels (c) and (e) all
indicate 10 mm, while the diameter of the circles in panel (e) is equivalent to 20 `e for all cases.

characteristics allow us to estimate the elastic length in the two different fluids used. As shown in Table I, the elastic
length `e belongs to the millimeter range.

The glass fibres are placed in the turbulent flow with an initial length `0 = 50 or 80 mm. In this range, we see
no influence on the fragmentation process on long time scales or for short fragments, providing that L0 ≡ `0/`e is
significantly larger than 1. More details about the effect of the initial length on the fragmentation process are given
in Appendix B. With the typical length scales used in the laboratory experiments and given above, it is important to
note two main points. First, the fibres have a typical length much longer than the Kolmogorov scale and a diameter
of the same order or smaller (depending on the fluid used). This means that the fibres are effectively in the inertial
range of the laboratory turbulent flow, with a forcing which is mainly viscous. Second, the initial fibre length is also
much larger than the elastic length. This therefore shows that the fibres are indeed deformed by the turbulence (for
more details on fibre deformation, see [35]). They are therefore considered as flexible in the following of the paper.
An example of a glass fibre deformed by the experimental flow is shown in Fig. 1(c).

In addition, note that the gravity has a negligible influence on the fibre dynamics in the experiments, despite the
large density difference between the glass fibres and the fluid. Indeed, the typical settling velocity can be estimated
to be about 2 to 5× 10−2 m/s depending on the fibre length [47], while the typical root mean square (rms) velocity U
of the flow is of the order of 1 m/s, and therefore much larger than the settling velocity of the fibre.
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B. Numerical simulations

The laboratory experiments are complemented by numerical simulations, using a numerical setup described re-
cently [35]. In these idealised simulations, the equation for a 1D inextensible elastic rod is solved

ρpS
∂2~r

∂t2
− ∂

∂s

(
T
∂~r

∂s

)
+ EI

∂4~r

∂s4
= ~ξ, (4)

where ρp and S are respectively the fibre density and cross-section, ~r the position of the fibre centre line, s the

curvilinear coordinate, T the tension term ensuring the inextensibility, and ~ξ the hydrodynamic forcing term. As the
particle Reynolds number is small and by ignoring the anisotropic nature of the viscous drag for slender bodies [48],

the forcing term can be approximated by ~ξ ≈ 4πη~uslip/ ln(2`/d), where ~uslip = ~u− ∂~r/∂t is the slip velocity between
the fluid and the fibre. Kinematic Simulations [49] are used to generate the turbulent flow field ~u, as a superposition
of incompressible random Fourier modes. By rescaling space with the integral length scale of the turbulent flow `I ,
velocity with the rms velocity U , time with the integral time scale TI = `I/U , tension T with ρpSU

2, and bending
rigidity EI with ρpSU

2`2I , Eq. (4) can be made dimensionless and depends on two dimensionless parameters, the
bending rigidity

B =
EI

ρpSU2`2I
, (5)

and the Stokes number

St =
d2

16ν

ρp
ρf

U

`I
ln(2`/d). (6)

These two parameters have been set to B = 10−2 and St = 2 × 10−2. The value for the Stokes number is similar
to the one in the experimental setup. This means that the fibres tend to follow the flow and do not behave as
inertial particles, even if particle density is larger than the fluid density. The bending rigidity is smaller than in the
experiments and the consequences of this choice are discussed in the following section. With these parameters, note
that the elastic length in the simulations is about `I/10 while the initial length `0 of the fibres is set to the integral
scale `I . This means that the simulations also focus on fibres in the inertial range of turbulence and that the fibres
are flexible and deformed by the turbulence, as shown in Fig. 1(d).

C. Fragmentation mechanism

As marine plastic items are weathered by oceanic conditions and become brittle [3, 5, 6], our laboratory model
focuses on the fragmentation of brittle objects in turbulence. This has therefore motivated the choice of the material
for the fibres used in this study, as glass is known to be brittle [50]. For a brittle object, the deformation at break
remains in the elastic regime and there is no significative permanent deformation before breaking. As a consequence,
fragmentation is here assumed to occur locally when the local curvature κ of the fibre, elastically deformed by the
turbulence (see Figs. 1(c) and (d)), reaches a critical breaking curvature κB . We therefore define a dimensionless
control parameter of the fragmentation process by balancing the critical curvature with the typical length scale of the
deformation: KB ≡ κB`e. Even though the fragmentation process of brittle materials and especially of glass [51] is
more complex [52], the breaking parameter KB directly quantifies the brittleness of a given fibre in the flow.

Experimentally, the critical curvature κB where fragmentation occurs is delicate to define for brittle materials [51,
52]. However, it can be estimated using the tensile strength of the fibres σB as

κBd = 2
σB
E
. (7)

The tensile strength of glass fibres is governed by defects located randomly on the fibres [45, 46, 50] and is naturally
broadly dispersed (see Appendix A 2). As a consequence, it is possible to increase the brittleness of the fibres by
using a heat-treatment on the fibres. Indeed, this leads to the growth of pre-existing surface defects and/or to the
creation of new ones [46], thus reducing the tensile strength. In our case, raw fibres have been placed in an oven at
550◦C during 60 min, with a heating phase from ambient temperature to 550◦C of about 30 min. Such heat-treatment
reduces the tensile strength of the fibres by a factor 2 on average (see Appendix A 2), but does not affect their Young
modulus (see Appendix A 1), as reported earlier [46]. This means that the Young modulus value of E = 41 GPa
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can always be used in this study for the calculation of the elastic length `e (see Eq. (1)) or for the estimation of
the critical curvature κB (see Eq. (7)), whether the fibres have been heat-treated or not. By decreasing the elastic
length `e through changes in the viscosity of the fluid (see Eq. (1)) and by reducing the tensile strength of the fibres,
and therefore their critical curvature κB (see Eq. (7), through heat-treatment [46], we have explored four different
breaking parameters KB in the experiments, as summed up in Table I.

Moreover, each breakup event is assumed to produce only two fragments. Classically for impact fragmentation
of brittle fibres [20], a breakup event leads to a relaxation bending wave along the fibre, inducing higher curvatures
elsewhere on the fibre and causing other breakup events. This phenomenon produces broader fragment length dis-
tributions, including the existence of tiny fragments called fines. However, in our experiments and simulations, the
Stokes number is much smaller than 1. So inertia is negligible and relaxation bending waves are rapidly damped.
Therefore, a breakup event always leads to the production of only two fragments, contrary to the fragmentation in air
of a spaghetti for example [20]. Note that this low inertia also minimizes the risk of direct impact with the propellers,
because the fibres tend to follow the flow.

Such fragmentation mechanism has been implemented in the numerical simulations where the breaking parame-
ter KB is comparable to that of the experiments. For numerical convenience, the bending rigidity B (see Eq. (5))
is about one order of magnitude smaller than in the experiments, in order to have more flexible fibres and therefore
fragmentation events that are more probable. Indeed, as shown previously [35], the maximum curvature along the
fibre decreases with the bending rigidity B. For a given KB , a lower bending rigidity allows us to gather a large
number of fragmentation events. This is one possible explanation for the different orders of magnitude for the time
evolution of the fragment length distributions in the experiments (t/TI ∼ 105) and in the numerical simulations
(t/TI ∼ 102), even though the breaking parameters KB are similar (see Section III A).

In the simulations, each fibre is released individually and initially straight, with a random orientation and position
in the flow. We then track the evolution of the fibre curvature with time following Eq. (4): when the local curvature
reaches the critical threshold, the fibre is split into two fragments (see Fig. 1(c)). Each fragment is then evolved
independently until it breaks again or until it does not experience any more breakup event during an arbitrary time
after which we assume that no fragmentation will ever occur, fixed to 400 TI . This process is repeated until all
fragments have reached equilibrium, i.e. when they do not fragment after 400 TI . We checked that the sum of the
fragment lengths is always equal to the original fibre length. We then repeat this sequence for the same parameters
using a different random initialisation.

D. Fragment length distributions measurements

The fragment length distributions presented in this study contain more than 600 fragments for each experiment and
about 104 fragments for the numerical simulations. Note that the unbroken fibres of length L0 = `0/`e are excluded
from the statistics. Experimentally, a known number of fibres with an initial length L0 ≡ `0/`e � 1 (see Appendix B)
is introduced in the tank and the flow is then driven for a given time. As the fibres are transparent and have a
small diameter, fragment lengths cannot be directly measured in the flow using the available optical systems. All
the fragments are therefore collected directly in the tank one by one with tweezers and measured ex situ. Since long
fragments are easier to collect than shorter ones, we paid attention to collect everything that has been introduced
in the tank initially. By adding the lengths of all collected fragments, we recover the total length introduced in the
tank, with a maximum error of 5%. This is sufficient to ensure that there is no oversampling of long fibres compared
to shorter ones. Furthermore, as expected due to the small inertia of the fibres, this allows us to say that there is
probably no fine, i.e. tiny fragment, created during the fragmentation process. Fig. 1(e) shows examples of random
sets of fibres fragments collected in the experiments at different times and for different brittlenesses (i.e. different
breaking parameters KB). It qualitatively shows that typical fragment length reduces with time as expected, and
that the brittler fibres break faster.

III. EXPERIMENTAL AND NUMERICAL RESULTS

A. Fragment length distributions

The evolutions of the experimental fragment length distributions as a function of time t/TI and breaking param-
eter KB , qualitatively illustrated in Fig. 1(d), are shown in Figs. 2(a) and (b). As time increases or KB decreases,
long fragments disappear by creating shorter ones, thus leading to their accumulation. However, this process seems to
slow down and it is necessary to wait for a long time to capture a significative evolution in the length distributions in
Fig. 2(a). These laboratory length distributions all exhibit a minimal fragment length, a maximum of abundance close
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FIG. 2. Experimental (left) and numerical (right) fragment length distributions with L ≡ `/`e. Top line shows the time evolution
for a fixed breaking parameter KB = 2.1 in experiments (a) and KB = 2 in the simulations (c). Bottom line corresponds to
the evolution as a function of breaking parameter for a fixed time t/TI = 18 × 103 in experiments (b) and t/TI = 100 in
the simulations (d). With corresponding colors, the thin dashed lines represent the model discussed further in the text (see
Section IV C). The vertical dashed dotted lines indicate L = 1 in all panels and the error bars represent ±4 fragments for the
experiments.

to this minimal fragment length and a relatively long tail, leading to an asymmetry. Such characteristics ressemble
those of the plastic size distribution obtained in oceans [17–19]. In the laboratory, these characteristics are however
correlated to the elastic length `e, as the minimal fragment length is slightly lower than L = 1 and the maximum is
located around L? ≈ 1− 3.

The fragment length distributions obtained using the numerical simulations are shown in Figs. 2(c) and (d), for
different times t/TI and breaking parameters KB respectively. They clearly exhibit the same evolutions and charac-
teristics as the experimental fragment length distributions, showing that the fragmentation mechanism implemented
in the simulations is fully sufficient to recover a similar fragmentation scenario. We recall that the typical timescales
involved in the numerical model are much shorter than in the experiments. This is a consequence of the smaller
bending rigidity used in the numerics to reduce the numerical cost by speeding up the fragment process. The fact
that the fragment distributions are similar in both cases despite this difference indicates the robustness of the un-
derlying mechanism. Moreover, the simulations allow us to extract relevant statistics on the fibre deformations in
order to identify the physical ingredients of the fragmentation process leading to such length distributions. Indeed, as
fragmentation occurs when the fibres are significantly deformed by the turbulence, the fragmentation scenario directly
depends on the evolution of the fibre deformation statistics with the fibre length.

B. Deformation statistics

This section is based on the numerical results only. The local curvature along the fibre, averaged over time and
realisations, 〈K〉 ≡ 〈κ〉`e is shown in Fig. 3(a) for different fibre lengths. For long fibres, 〈K〉 is uniform on a plateau
near the centre of the fibre with a maximum defined as 〈K〉?, and drops to 0 on the two tips due to the free end
boundary condition, with a ”boundary layer” thickness fixed by the elastic length [35]. For shorter fibres less likely
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FIG. 3. Deformation statistics. (a) Local curvature 〈K〉 as a function of the curvilinear coordinate s/L along the fibre (solid
lines) and its approximation from Eq. (8) (thin dashed lines) for different fibre lengths. The notation 〈〉 denotes an average
over time and realisations. (b) Maximum amplitude 〈K〉? of the curvature 〈K〉 along the fibre as a function of length L.
The symbols represent the data from the numerical simulations while the dashed line correspond to the fit using Eq. (11).
(c) Curvature statistics CK2 obtained from the numerical simulations (solid lines) and their fit (thin dashed lines) by Eq. (12)
for different fibre lengths L. The gray region indicates the range of critical curvatures K2

B explored numerically.

to deform, the plateau for 〈K〉 in the centre is narrower and its amplitude 〈K〉? decreases with the fibre length. The
curvature 〈K〉 along the fibre can be approximated by the empirical formula

〈K〉(s, L) = 〈K〉? tanh(s) + tanh (L− s)− tanh(L)

2 tanh(L/2)− tanh(L)
, (8)

where s is the curvilinear coordinate from one tip to the other. The variation of the maximum amplitude 〈K〉? as a
function of fibre length L is shown in Fig. 3(b). While the maximum amplitude 〈K〉? on the plateau is constant for
long fibres, it behaves as 〈K〉? ∼ L3 for fibres shorter than L = 1, i.e. fibres shorter than the elastic length `e. Using
similar power argument than the one used for the definition of the elastic length scale [34], the scaling for short fibre
lengths can be understood by balancing the turbulent and bending powers

ρfε`
3 ∼ EIκ2`

τv
. (9)

Here, the bending power is expressed as the curvature energy EIκ2 integrated over the fibre length ` and divided by
the relaxation time τv ∼ η`4/(EI). This power balance leads to a scaling for the typical curvature of fibres shorter
than L = 1 as

κ ∼ (ρfηε)
1/2

EI
`3. (10)

The dependence of 〈K〉? as a function of fibre length L can therefore be fitted by

〈K〉?(L) =
1

β0L−3 + β∞
, (11)

with β0 ≈ 18.5 and β∞ = 2, as shown in Fig. 3(b). Note that 1/β∞ sets the maximum amplitude of the curvature 〈K〉
for the longest fibres and depends on the bending rigidity of the fibre given in Eq. (5) [35].

The breaking probability is given by the probability of the local curvature K to be greater than the critical
curvature KB . It can then be deduced from the distribution of the local curvature. By simplicity, we will consider in
the following the distribution of K2 which presents a plateau at small value, as shown in Fig. 3(c). The distributions
have been computed on the plateau for fibres longer than L = 1 and around the middle of the fibre for shorter fibres.
They can be empirically well fitted by the distribution

CK2(x) ∝ 1

1 + exp
(
β(L)(x1/2 + 1)

) , (12)
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shown by thin dashed lines in Fig. 3(c). Here β is the only fitting parameter, connected to the mean curvature K as

K ≡
∫ +∞

0

x1/2CK2(x)dx =
2

β(L)
. (13)

As K ∼ 〈K〉? because the curvature distributions in Fig. 3(c) corresponds to the fibre curvilinear coordinates s where
the curvature 〈K〉 is maximum, 2/β follows well the fit proposed in Eq. (11). The parameter β can be seen as the
inverse of an effective temperature in an analogy with polymer physics.

C. Fragmentation statistics

The deformation statistics are now used to obtain some key features of the fragmentation process, i.e. how often the
fibres break and where they break the most. To evaluate the breaking probability, noted p(L), one directly uses the
curvature distributions obtained in the numerical simulations, shown in Fig. 3(c). Obviously, when KB is larger than
the most extreme curvature events, i.e. beyond the grey zone in Fig. 3(c), there is no fragmentation. When KB is in
the range corresponding to the tails of the curvature statistics for fibres much longer than L = 1, i.e. in the grey zone
in Fig. 3(c), fragmentation starts to occur but is not so frequent. In this study, we mainly focus on the fragmentation
process in this regime. When KB is smaller than 1, i.e. before the grey zone in Fig. 3(c), fragmentation occurs
very easily and fibres shorter than L = 1, which are almost rigid, may nevertheless break. However, this last regime
remains very difficult to observe experimentally or numerically, due to the very large number of short fragments it
generates, and is only briefly discussed further in this study. The probability pL(KB) that the local curvature K
exceeds KB at a given position on a fibre of length L and per unit time is given by

pL(KB) =

∫ +∞

K2
B

CK2(x)dx. (14)

As the fragmentation results from local curvature events that are independent and as the correlation scale of the
deformations for long flexible fibres is the elastic length [35], one can then consider that the fibre is composed of L
independent pieces of unit length (i.e. `e in dimensional scale). The total breaking probability p(L) is therefore given
by the combination of the breaking probability of the individual pieces

p(KB , L) = 1− (1− pL(KB))
L
, (15)

and can be approximated by p(KB , L) ≈ pL(KB)L for finite L and small pL. This means that, for long fibres, the
breaking probability is extensive with the length of the fibre. The breaking probability p(KB , L) is shown with solid
lines in Fig. 4(a), as a function of fibre length L and for the four breaking parameters KB used in the numerical
simulations. For long fibres, the probability exhibits the scaling p(L) ∝ L as it is extensive (see dashed lines in
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Fig. 4(a)), but p(L) drops drastically for fibres shorter than L ≈ 3. Indeed, as shown in Fig. 3(c), these fibres have
almost no curvature events in the grey zone representing the critical curvatures KB considered here.

As each fragmentation event leads to only two pieces, the location where such event occurs on the fibre influences
drastically the fragment length distribution. The breaking location probability γ(L′, L) represents the statistics of
the breaking location along the fibre and gives the probability to obtain a fibre of length L by fragmentation of a
fibre of length L′. It can be estimated by examining the curvature 〈K〉 along the fibre, shown in Fig. 3(a). As the
curvature 〈K〉 is maximal in the centre of the fibre and goes to 0 at the two undeformed tips, we assume that the higher
this curvature at a given location on the fibre, the larger the curvature fluctuations, and the more likely a fibre is to
break at that location. Because the curvature statistics CK2 depend on the fibre length L, the mean curvature K (see
Eq. (13)) and the breaking probability pL (see Eq. (14)) are also functions of the same fibre length L. As both of these
functions are monotonic with L, one can therefore establish a bijection between the two, i.e. obtain the function pL(K).
This allows us to assign a given local breaking probability pL(〈K〉) to the fibre curvilinear coordinates s with a given
curvature 〈K〉 (see Eq. (8)) through the correspondance 〈K〉 = K. After a proper normalisation to verify that for
all L′ ∫ L′

0

γ(L′, L)dL = 1, (16)

we finally obtain a numerical evaluation of γ(L′, L), shown in Fig. 4(b). As expected, it indicates for long fibres that a
breaking event has the same probability to occur everywhere on the fibre except on the two tips where the probability
is much lower, while short fibres have the highest probability to break in the center.

D. Fragmentation scenario

Figure 4 therefore shows that fragmentation is far more probable for long fibres than for short ones, and mainly
occurs in the plateau where the curvature 〈K〉 is maximum but not close to the tips. It now allows us to establish
a comprehensive scenario for the fragment process when KB ≥ 1. Early in the process, Fig. 4(b) shows that long
fibres break everywhere except on the edges, with an extensive breaking probability (p ∝ L), as visible in Fig. 4(a).
This initially leads to flat length distributions depleted on the two sides, and therefore without fragments shorter
than L = 1. As fibre length is decreased through the fragmentation process, the fibres are less likely to deform and
to break. This leads to a drastic reduction of the breaking probability for fibres shorter than L ≈ 3 (see Fig. 4(a)),
responsible for the slow-down of the fragmentation process. As a consequence, short fibres break less frequently and
mainly at the centre in two equal pieces (see Fig. 4(b)), until L ≈ 2 where fibres do not fragment further as their
typical maximal curvature does not reach the critical one (see Fig. 3(c)). This maintains a minimal fragment length
around L = 1 and leads to the accumulation of fragments slightly longer than the minimal length, with a length
distribution peaking at L? ≈ 1 − 3. This fragmentation scenario shows that the elastic length `e, the deformation
length scale of the fibre, controls the fragment length distributions by acting as a cut-off length. It is important
to note that this length does not depend on the brittleness of the fibre, as shown by Eq. (1). In that regime, the
brittleness of the fibre, i.e. the breaking parameter KB , is shown to non-linearly control the time evolution of the
fragmentation process, but not the minimal fragment length.

However, when KB becomes smaller than 1, fragmentation can occur almost everywhere on the fibres as a small
curvature becomes sufficient to break a fibre. The ensuing fragmentation process is therefore different than the one
for KB ≥ 1. As the curvature fluctuations for fibres shorter than L = 1 are limited (see Fig. 3(c)), fragmentation
in that regime approximately stops when the typical curvature 〈K〉? of the fibre is smaller than the critical one KB .
As 〈K〉? scales with L3 for fibres shorter than L = 1 (see Eq. (10)), the typical fragment length obtained in this last
regime may therefore be given by

L? ∼ K1/3
B , (17)

showing here a dependency on the brittleness of the fibres for very brittle fibres (KB ≤ 1).

IV. STATISTICAL MODEL

A. Evolution equation

To validate such description of the fragmentation process, and compare quantitatively the numerical and experimen-
tal results discussed above, we now derive a simple statistical model where the key ingredients discussed previously are
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implemented. Here, we only focus on the situation with KB ≥ 1, corresponding to the regime where the experiments
and simulations have been performed. Fragmentation events are therefore rare and uncorrelated. We consider n(L, t)
the number of fibres of dimensionless length L at time t. For a given breaking parameter KB , the variation of n(L, t)
per unit time is given by the integro-differential equation

∂n(L, t)

∂t
= −n(L, t)p(L) + 2

∫ ∞
L

n(L′, t)p(L′)γ(L′, L)dL′. (18)

The first term on the right hand side of Eq. (18) corresponds to the loss of fibres of length L that break with a
probability p(L) per unit time. The second term represents the number of fibres of different lengths L′ > L that break
into a fibre of length L per unit time with a probability p(L′)γ(L′, L). Here, γ(L′, L) represents the breaking location
probability, i.e. the statistics on the breaking location along the fibre, as discussed previously. The factor 2 in front of
the integral expresses binary fragmentation: there are indeed two symmetric ways to produce fibres of length L with
a fibre of length L′. Equation (18) is rather classical and is relevant to several fragmentation processes [53–55]. As
two fragmentation events are considered to be independent due to the small fibre inertia, no memory effect is present
in this equation. It is also important to note that, here, the model time scale t is not properly defined, as it cannot
be related to any physical quantity. It can therefore be assimilated to an iteration time scale between different steps
of the fragmentation process.

B. Analytical solution for a simplified version of the probabilities

The previous evolution equation (18) cannot be solved analytically with the form of the probabilities p and γ shown
in Fig. 4. Before solving this equation numerically in Section IV C, we here obtain an analytical solution of Eq. (18)
through some simplifications on the probabilities p and γ. First, the breaking probability can be written in the form

p(KB , L) = pL0ζ(L)L, (19)

where pL0
is the local breaking probability (see Eq. (14)) of the longest fibres of length L = L0, and ζ a function of

the fibre length L. In order to approach the numerical evaluation of the breaking probability shown with solid lines
in Fig. 3(c), one sets

ζ(L) ≡ 1 for L > Lc and ζ(L) ≡ 0 for L < Lc, (20)

where Lc here stands for a critical length, from which the breaking probability p decays drastically. Such approximation
for the breaking probability p with Lc = 2 is shown with dashed lines in Fig. 3(c). In addition, the breaking location
probability is approximated by γ(L′, L) ≡ 1/L′, which means that the fragmentation events are equiprobable along
the fibre in that case. This simplification is of course not valid for relatively short fibres, which break mainly in half,
but is reasonable for very long fibres for which the contribution of the boundary layer is small. Such description is an
over-simplification of what happens on the tips of the fibres, since the tips stay rigid and cannot break. Thus, this
leads to an incorrect estimation of the presence of fragments shorter than L = 1. Nevertheless, these assumptions
might be useful to understand the flux of fragments larger than L = 1. They transform Eq. (18) into

∂n>
∂τ

(L, τ) = −n>(L, τ)L+ 2

∫ ∞
L

n>(L′, τ)dL′ (21)

for L > Lc, and

∂n<
∂τ

(L, τ) = 2

∫ ∞
Lc

n>(L′, τ)dL′, (22)

for L < Lc. The quantity τ = p0Lt is here defined as a non-dimensional time scale. Equation (21) is a standard form of
the so-called ”fragmentation equation” [53, 54]. In Eq. (22), only the integral starting from Lc remains, as fragments
shorter than Lc cannot break. It therefore represents the flux of fibres shorter than Lc produced by the fragmentation
of fibres longer than Lc. One first looks for an asymptotic solution of Eq. (21) as

n>(L, τ) = f(τ)e−Lτ , (23)

with f a function of the non-dimensional time τ . The time derivative of Eq. (23) injected into Eq. (21) leads to

ḟ

f
=

2

τ
, (24)
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FIG. 5. Exponential tails of the length distributions. (a) Temporal evolution of the fragment length distribution obtained with
the simplification of Eq. (18). The panel is in lin-log scales to emphasise on the exponential tail of the distribution. The vertical
dashed dotted line shows L = Lc ≡ 2. The inset shows the temporal evolution of the mean fragment length 〈L〉. (b) Temporal
evolution of the fragment length distribution with KB = 2, obtained in the numerical simulations (solid lines) and for the
numerical solution of the full evolution equation (thin dashed lines, see Section IV C). The exponential fits of the tails are
shown with dashed dotted thick lines. Note that this panel is also in lin-log scales to emphasise the tail of the distributions,
contrary to Fig. 2(c) which is in log-log scales. (c) Correspondance between the theoretical time scale τ/p0L and the physical
time scale t/TI for the numerical simulations and the numerical solution of the full evolution equation (see Section IV C).

and is independent of L. This gives a solution for f as τ2 and for the number of fragments longer than Lc as

n>(L, τ) ∼ τ2e−Lτ . (25)

This number of fragments first increases with time τ before decaying and vanishing for τ → +∞. To obtain the flux
of fragment shorter than Lc, this solution for n> is injected into Eq. (22), leading to

∂n<
∂τ

(L, τ) = 2

∫ ∞
Lc

τ2e−L
′τdL′ = 2τe−Lcτ . (26)

Note that this flux is independent of the fibre length L, as the fragmentation events are equiprobable along fibres
longer than Lc. The number of fragments shorter than Lc is finally obtained by integrating Eq. (26) as

n<(L, τ) =

∫ τ

0

2τ ′e−Lcτ
′
dτ ′, (27)

=
2

L2
c

(
1− e−Lcτ (1 + Lcτ)

)
. (28)

The number of fragments n< is also independent of the fibre length L and saturates at n< = 2/L2
c when τ → +∞.

The two distributions, n< and n>, are then gathered and normalised to obtain the fragment length distribution and
the mean fragment length 〈L〉, both shown in Fig. 5(a). Note that with this piecewise approach, there is a strong
discontinuity at L = Lc when time increases. However, it allows us to discuss two main features of the fragment
distributions also encountered in the simulations and experiments.

First, the relative fraction of fibres shorter than Lc with respect to fibres longer than Lc, given by

N<(τ)

N>(τ)
≡
∫ Lc

0
n<(L′, τ)dL′∫∞

Lc
n>(L′, τ)dL′

=
2

Lcτ

(
eLcτ − (1 + Lcτ)

)
, (29)

increases with time and finally diverges as τ−1eLcτ when τ → +∞. It therefore shows an accumulation of fibres shorter
than Lc while the fibres longer than Lc vanish after some time, as seen in Fig. 5(a) and also in Fig. 2 for the experiments
and numerical simulations. However, such accumulation does not present any minimal fragment length in Fig. 5(a)
as we remind that our simplified model cannot predict the length distribution of fragments shorter than L = 1. By
prohibiting any fibre to break too close to their tips, it is easy to imagine that the fragment length distributions shown
in Fig. 5(a) would be truncated for L < 1, thus exhibiting a minimal fragment length and a maximum. Using this
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simplified model, one can therefore decompose the role of the different ingredients in the fragmentation process: the
fact that fibres do not break close to their tips gives a minimal fragment length around L = 1, while the fact that fibres
shorter than a critical length Lc break much rarely leads to an accumulation of fragments in the range L = 1 − Lc,
and to a maximum in the distribution.

Secondly, the simplified model predicts an exponential tail for the length distribution, as e−Lτ (see Eq. (25) and
Fig. 5(a)). This particular feature is also verified in the fragment length distributions obtained with the numerical
simulations, shown in Fig. 5(b). By fitting the tail of the numerical fragment length distributions in Fig. 5(b), the
slope can be normalised by p0L and plotted in Fig. 5(c) as a function of physical time scale t/TI . This shows that
the tail behaves well as e−aLτ , with a ≈ 2 as a pre-factor. Such feature of the fragment length distribution arises
from the fact that long fibres break almost everywhere, and indicates that the approximation on the breaking location
probability γ(L′, L) ≈ 1/L′ is fully valid when one considers long fragments. Note that the tails of the experimental
fragment length distributions also exhibit an exponential scaling with fragment length L at different times, but this
scaling is however not linear with time. This may be due to several reasons, further discussed in the next section.

C. Comparison with experiments and simulations

The analytical solution of a simplified version of Eq. (18) has allowed us to recover some key features of the
fragment length distributions obtained both in the numerical simulations and experiments. However, in order to fully
compare between the two, Eq. (18) has been solved numerically with Matlab using the trapezoidal rule, a first-order
Euler temporal scheme, and the numerical evaluations of the breaking probability p(L) and of the breaking location
probability γ(L′, L) shown in Fig. 4.

The correspondance between the unknown fragmentation time scale in the model and the ones in the experiments or
simulations is obtained through one single free parameter by comparing the temporal evolution of the mean fragment
length 〈L〉, shown in Fig. 6. There is a good agreement between the model and the numerical simulations for the
different breaking parameters (see Fig. 6(a)). For the experiments, it is necessary to account for the defects in
the glass fibres that are randomly placed [46]. Indeed, they lead to a distribution of breaking parameters KB (see
Appendix A 2), while the numerical simulations have only one breaking parameter KB . As each breakup event is
independent, one can therefore combine the model length distributions for different breaking parameters, and obtain
the mean fragment length given by the dashed lines in Fig. 6(b). This matches well the experimental trend when
several experiments have been performed (blue and red points), while a model with only one breaking parameter
equal to the average of the distribution would lead to a faster time evolution like in Fig. 6(a). Note that when only
one experimental point is available (purple or black point), the model is used to guide the eyes and to show a global
evolution.

One can then compare the model fragment length distributions with the numerical and experimental ones. Across
different time scales and breaking parameters, the agreement between the model and the numerical simulations in
Figs. 2(c) (or Fig. 5(b)) and 2(d) is excellent. As expected, the tails of the fragment length distribution are exponential

10
-1

10
0

10
1

10
2

10
3

10
4

1

2

3

4

5

10
2

10
3

10
4

10
5

10
6

10
7

1

2

5

10

15

FIG. 6. Temporal evolution of mean fragment length 〈L〉. (a) Simulations (solid lines) and model (dashed lines). (b) Experi-
ments (symbols) and model with a distribution of breaking parameters centred around the value indicated in the legend (dashed
lines). The error bars on the experimental points are representative of the number of fragments collected for each experiment.
In both panels, L0/2 and L = 1 are indicated by the solid and dashed dotted horizontal black lines.



14

and behaves well as exp(−aLτ), as shown in Figs. 5(b) and (c). For short fragments, the small discrepancies are due
to the overestimation of the curvature 〈K〉 close to the fibre tips by the fit in Fig. 3(a). This shows that the key
ingredients implemented in the model are fully sufficient to describe the physics of the fragmentation process in the
numerical simulations. The comparison with the experimental fragment length distributions in Fig. 2 is qualitatively
good. The differences for very short and long fragments may be explained by the fact that fragmentation occurs in
the vicinity of the propellers in the experiments. Indeed, using high-speed cameras and a schlieren technique [56],
no fragmentation event has been observed in the bulk of the flow, while the regions close to the propellers are not
optically accessible. Note that the low Stokes number of the fibres imposes that they follow the flow and therefore
prevents them from touching the propellers directly (see Section II C). However, as large objects explore preferentially
the regions close to the propellers [43], where the turbulence intensity is larger than in the rest of tank and the elastic
length slightly shorter, long fibres may fragment more than what is predicted by the model and lead to a larger number
of short fragments. While these considerations may be necessary to model the full temporal evolution and shape of
the fragment length distributions (Fig. 2), a scenario purely based on rare fragmentation events in two equal pieces
within the most turbulent regions of the flow fails to describe the fragment length distribution (see Appendix C).
Thus, the local fibre-turbulence interactions, leading to the intrinsic role of the elastic length as a cut-off length, are
the main contributors to the fragmentation process and control the global shape of the fragment length distribution.

V. APPLICATION TO PLASTIC FRAGMENTATION IN THE OCEAN

As the fragmentation process in the laboratory is limited by the elastic length `e, we now extend the discussion on
the validity of our model to marine plastic fragmentation. Even though the laboratory model discussed here deals
with brittle fibres, one can reasonably expect that the fragmentation scenario is similar for brittle objects with other
shapes, such as stripes or surfaces. For these 2D or 3D objects, the physics and the scaling laws of the elastic length
may differ. Nevertheless, it is expected that small objects do not deform and therefore do not break in turbulence.
The fragmentation scenario of our laboratory model can therefore be applied to a large range of plastic debris in the
ocean, providing that they have been weathered enough to become brittle.

In addition, when the debris have a typical size much larger in one direction than in the others, one can expect the
fragmentation process in the ocean to be effectively limited by the elastic length `e shown in Eq. (1). Therefore, it
is worth evaluating this length scale in the ocean in order to compare to the typical measured size of marine plastic
debris [17–19]. Let us consider an elongated object with a Young modulus E ≈ 1 GPa and a diameter d ≈ 50 µm.
These values are rather classical for plastic materials, as plastic films for example [57, 58] which have a typical thickness
of 50 µm. The turbulent flow near the ocean surface experienced by plastic debris is most of the time weakly turbulent,
with turbulent dissipation rates of the order of ε ≈ 10−6−10−3 m2/s3 caused by wind shear on the ocean surface [21].
However, wave breaking events can lead to intermittent but intense and localised turbulent flows [59, 60], enhancing
the turbulent energy dissipation rate by several orders of magnitude [31, 32] leading to ε ≈ 10−1 − 102 m2/s3. These
intense values of the turbulent dissipation rate leads to an estimation of `e ≈ 2 − 5 mm for typical plastic debris
in oceans, close to the peak of the plastic size distribution in oceans [17–19]. It therefore shows that the cut-off
mechanism in the fragmentation process investigated in the laboratory is compatible with what is observed in oceans
for plastic fragmentation and can explain both the lack of small debris compared to an expected power law and the
existence of a peak in the distribution. Such features can therefore be explained by arguments solely based on fluid-
structure interactions and it is not necessary to introduce several sinks for small microplastics [17]. It is also important
to note that the elastic length depends only on the bulk properties of the material (Young modulus and diameter),
and not on other mechanical properties (tensile strength, extensibility) that are more affected by weathering [61, 62].
This length is thus independent of the debris brittleness (here KB), which plays only a role in the temporal evolution
of the process. As a consequence, enhanced degradable plastics [57, 61, 63] may also accumulate at a millimetric
size, like standard plastic debris, and therefore represent similar hazards through ingestion for example. However,
when KB becomes smaller than 1, the typical fragment length starts to depend on the fibre brittleness, as shown in
Eq. (17). Such scaling for KB ≤ 1 can explain why the fragment size distributions for plastic debris in oceans [17–19]
are not sharply truncated at small scales, contrary to the fragment length distributions shown in this study for which
the minimal length is independent of the brittleness of the fibres as KB ≥ 1.

The estimation of the elastic length shows that fragmentation events mainly occur in highly turbulent environments
encountered by the plastic debris, i.e. during wave breaking events. Predicting the complete temporal evolution and
shape of the fragment length distribution may therefore involve models based on rare events [64] as in Appendix C,
coupled with a thorough understanding of the highly non-linear effect of the breaking parameter KB , which is time-
dependent in the ocean due to the weathering of plastic debris. In addition, the existence of oceanic nanoplastic
debris reported recently [65, 66] cannot be explained by the fragmentation process described in this study. Indeed,
such debris are much smaller than the Kolmogorov scale while the fibres considered here are longer than this scale.
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Other fragmentation mechanisms have to be considered below the Kolmogorov length scale, such as stretching or
compression, leading to different length distributions [67]. It is however our hope that the physical considerations
in this paper about the fragmentation of flexible and brittle objects in turbulent flow will help to fill a gap in
knowledge [14] on plastic fragmentation in oceans.
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Appendix A: Mechanical properties of the fibres

1. Young modulus

The Young modulus E has been obtained by measuring the deflection δ from the horizontality for fibres placed at
the edge of an horizontal plate. With ` the length of the fibre out of the plate, the deflection under its own weight is
given using standard beam theory by

δ =
2ρpg`

4

Ed2
, (A1)

where ρp ' 2500 kg/m3 is the tabulated glass density and g the gravity acceleration. The deflection δ as a function of
the length ` is shown in Fig. 7(a), in log-log scales. These measurements have been performed for raw and heat-treated
fibres, as shown by the different colors and symbols. As expected from Eq. (A1), a power law δ ∝ `4 is clearly visible
for all data and shown by the dashed line. This gives a measure of the Young modulus of E = 41 GPa, independently
of the nature of the fibres (raw or heat-treated).

2. Estimation of the critical curvature

Experimentally, the critical curvature κB where fragmentation occurs has been estimated through measurements
of the tensile strength σB of the fibres (see Eq. (7)). The tensile strength of the glass fibres has been measured by
pulling on the fibres at constant speed. One tip was glued to a fixed stage while the other was glued to a moving

FIG. 7. Mechanical properties of the glass fibres used in this study. (a) Young modulus measurements: Vertical deflection δ
from the horizontal of the tip of a fibre as a function of the length `. The dashed line shows the power law δ ∝ `4 (see Eq. (A1)).
(b) Histograms of the critical curvature κB for raw fibres (blue) and heat-treated fibres (red). The dashed lines show Gaussian
fits of the two histograms.
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stage, equipped with a force sensor. For each fibre, the force at break is measured and normalized by the section of
the fibre to obtain the tensile strength. About 50 fibres have been tested for each batch, i.e. for raw and heat-treated
fibres. The pulling speed has been varied within the range 10−2−10 mm/s without any effect on the measured tensile
strength.

The statistics for the critical curvature κB using Eq. (7) are shown in Fig. 7(b). They exhibit large distributions,
typical of brittle materials where the tensile strength is governed by defects [45, 46, 50]. The dispersion of the critical
curvature thus reflects the dispersion of the strength of the defects. The empirical Gaussian fits of these histograms
allow us to determine the means and the variances of the critical curvature histograms. The critical curvature of the
raw fibres has been measured to be in average about κB = 1.68± 0.35 mm−1 while that of the heat-treated fibres is
reduced by a factor of two in average, with κB = 0.82± 0.22 mm−1. In the main body of the paper, the mean values
are used in the different figures and in Table I, while the Gaussian fits are used for combining the different fragment
length distributions of the model into one distribution, representative of the experiments and shown in Figs. 2(a)
and (b), and in Fig. 6(b).

Appendix B: Sensitivity to the initial fibre length L0

Fragmentation processes in the experiments, numerical simulations or model start with different initial fibre
length L0 ≡ `0/`e. Indeed, experiments have been performed with `0 = 50 or 80 mm and with two different
elastic lengths. This leads to different L0, from 19.2 to 53.3. In the numerics, all the simulations have been performed
with L0 = 10, which is also the integral scale of the flow. In the model, L0 is a free parameter and has been set to 10
to compare with the numerical simulations and to 30.8 to compare with the experiments. It is however relevant to
consider these data all together. Indeed, after a sufficient time, all the fragment length distributions with different
initial fibre length L0 collapse onto the same curve. This is shown in Fig. 8 for experiments and the model. The frag-
mentation length distributions are similar for experiments (panel (a)) and undistinguishable for the model (panel (b)).
The time evolution of the mean fragment length 〈L〉, shown in the inset in Fig. 8(b), demonstrates that the evolution
of the mean fragment length is different at early times but becomes independent of the initial fibre length L0 for long
time scales. Indeed, as the fragmentation process is governed by the elastic length that acts as a cut-off length, i.e. a
minimal fragment length, the physics of the fragmentation process at long time scale or for short fragments is similar
and does not depend on the fragment process of the long fragments, providing that L0 is significantly larger than 1. It
also shows that it is relevant to compare and describe fragmentation processes that have different initial fibre lengths,
as we do in the main body of the paper for experiments (L0 ∈ [19.2− 53.3]) and numerical simulations (L0 = 10).
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17

Appendix C: Model based on rare fragmentation events in two equal pieces within highly turbulent regions

The model presented above assumes that the fibres explore a large phase space of deformed configurations at each
time step. This corresponds well to the dynamics observed in the numerical simulations as the fragmentation occurs
rapidly. In the experiments, however, fragmentation events occur in the vicinity of the propellers, which are highly
turbulent regions. It is therefore necessary to modulate the breaking probability of the fibres depending on their
length, as short fibres explore similarly the whole tank while long fibres spend more time close to the propellers (see
the discussion in the main body of the paper). Here we discuss another model, purely based on rare fragmentation
events in the highest turbulent regions of the flow. In this model, we consider that the fragment length distribution is
caused by the different histories of different fibres, because the time scale T between two fragmentation events is very
long. We consider that each fibre roughly breaks in two equal pieces after each fragmentation event, i.e. that after k
breakups, we have L = 2−kL0. The fragment length distribution thus depends directly on the distribution of k itself.
The probability P that exactly k events occurred at time t is given by

P (k, t) =
(t/T )k exp(−t/T )

Γ(k + 1)
, (C1)

where Γ(k + 1) = kΓ(k) = k!. Equation (C1) shows an exponential decay of the probability P with time T , typical
for large deviation theories [64, 68]. The fragment length distribution, proportional to n(L, t), is therefore given by
n(L, t)dL = P (k, t)dk, with

k =
ln(L0/L)

ln 2
and

dL

dk
= L. (C2)

This leads to

n(L, t) ∼ 1

L

(t/T )
ln(L0/L) exp (−t/T )

Γ(1 + ln(L0/L))
. (C3)

One can then incorporate the breakage slow-down in the form of the divergence of T for L→ 1 as

T =
T0

1− exp(−(L− 1))
, (C4)

with T0 the mean time scale between two fragmentation events for long fibres, assumed to be a function of the breaking
parameter KB . Such divergence introduces the fact that long fibres break more easily than short ones, because they
are more distorted by the flow and reach more often the critical curvature, but also because long fibres preferentially
explore highly turbulent regions where fragmentation events occur. This naturally explains that it takes an infinite
time to obtain fragments of length L = 1 or shorter. Therefore, the corresponding fibres are inexistant in the flow
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FIG. 9. Results obtained with the model based on rare fragmentation events in highly turbulent regions. (a) Time evolution
of the fragment length distribution for L0 = 10. The vertical dashed line shows the initial length while the vertical dashed
dotted line indicates L = 1. (b) Time evolution of the mean fragment length 〈L〉, for 3 different initial fibre lengths L0. The
horizontal dashed lines show the initial length with corresponding colors and the horizontal dashed dotted line indicates L = 1.
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FIG. 10. Comparison with the experiments. (a) Temporal evolution of the mean fragment length 〈L〉 for experiments, and
for the two models: the one based on the rare fragmentation events (blue) and the statistical one (red). This last model is
mainly discussed in the main body of the paper (see Section IV C and Fig. 6(b)) and is here shown for a global comparison.
For each model, the dashed line corresponds to the results with a single parameter (T0 or KB) while the solid line represents
the result for a distribution of the parameter considered. The horizontal dashed dotted line indicates L = 1. (b) Distribution
of the mean time scale T0 between two fragmentation events for long fibres that allows us to match the temporal evolution of
the experimental mean fragment length in panel (a). (c) Time evolution of the laboratory fragment length distribution for a
fixed breaking parameter KB = 2.1, with error bars indicating ±4 fragments. With corresponding colors, the thin dashed lines
represent the model discussed in this section. The vertical dashed line indicates L0 for the model.

and the fragment length distribution has a minimal fragment length of L = 1 and a maximum at long time scales
around this value. Typical fragment length distributions are shown in Fig. 9(a). Compared to the fragment length
distributions obtained with the statistical model or in the experiments and simulations, the shape of the distributions
is here different at short time scales but is recovered for long time scales. The insensitivity of the length distributions
to the initial fibre length L0 is also recovered, as shown by the time evolution of the mean fragment length in Fig. 9(b).

In order to compare with the experiments, we again need to match the temporal evolution of the mean fragment
length 〈L〉 in the experiments and in the model to find the correspondance between the model and the experimental
time scales. Such matching is only possible when using a distribution of T0, similarly to what has been done in the
main body of the paper by using a distribution of breaking parameters KB . Indeed, the temporal evolution of the
mean fragment length for a single T0 is not able to match the experimental time evolution, as shown by the blue dashed
line in Fig. 10(a). However, choosing such distribution is rather arbitrary as the connection between the breaking
parameter KB and the mean time scale T0 between two fragmentation events for long fibres is not explicit. By testing
several Gaussian distributions for T0 in log-scale, we are able to obtain one distribution, represented in Fig. 10(b),
for which the temporal evolution of the model mean fragment length matches well the experimental one (see blue
solid line in Fig. 10(a)). Using such temporal evolution, it is however not possible to discriminate between this model
and the statistical one discussed in the main body of the paper, as both fall within the experimental errorbars. It
is therefore necessary to examine the fragment length distributions given by the model discussed in this section, and
shown in Fig. 10(c). However, the results are clearly incompatible with the experimental length distributions, contrary
to the statistical fragmentation model described in the main body of the paper (see Fig. 2). It therefore shows that,
despite the fact that it is necessary to take into account the particularities of the experiments to explain the complete
shape of the length distributions, the fragmentation process based on the cut-off mechanism originating from the
fluid-fibre interactions is responsible for the most significant part of the fragment length distribution. If applicable,
the effect of the presence of the fibres in highly turbulent environments susceptible to break them has then to be
taken into account in addition to this first mechanism, to predict precisely the time evolution and shape of the length
distribution.
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