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In this contribution, we apply a hierarchical fibre bundle model
(HFBM), previously developed to estimate the mechanical
properties of multiscale carbon nanotube (CNT)-based structures,
to the case of graphene macroscopic cables. The nonlinear elastic
properties of graphene and its exceptional intrinsic strength,
withmeanYoung’s modulus of 1 TPa, third-order elastic stiffness
of �2.0 TPa and intrinsic strength of 130 GPa, are drawn
from recent experimental studies. The model allows to derive
macroscopic characteristics like strength, stiffness, toughness as a

function of hierarchical structure, starting from statistically
distributed properties at the nanoscale and without the introduc-
tion of additional ad hoc parameters. The influence of the presence
of defects in the graphene bundles is evaluated. We also analyse
the properties of graphene-reinforced composites, including
the influence of the volume fraction of a ductile polymeric
matrix. We show that the composite properties can be engineered
to optimize strength and/or stiffness, and that the present model
can be a useful tool to help pursue this objective
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1 Introduction In recent years, much effort has gone
into investigating graphene for its exceptional electronic,
thermal, optical and mechanical properties. Various different
graphene nano/micro-structures have by now been synthesized
and characterized, including graphene paper [1], graphene
nanoribbons [2] and also macroscopic assembled graphene
fibres [3]. In addition, large area growth techniques have been
increasingly developed thanks to specific research in this
direction [4, 5]. Another important field is that of graphene-
based composites, which could provide the means to harness
graphene’s exceptional properties for applications [6].

From a mechanical point of view, graphene can be
considered ‘the strongest material ever measured’, ever since
Lee et al. managed to measure the elastic properties and
intrinsic breaking strength of free-standing monolayer
graphene membranes by nanoindentation in an atomic force
microscope [7]. In this study, graphene was found to display
a nonlinear elastic behaviour of the type

s ¼ Eeþ De2; ð1Þ

where s is the stress, e the strain, E ¼ (1.0 � 0.1) TPa and
D ¼ (�2.0 � 0.4) TPa. Moreover, its measured intrinsic
strength was sf ¼ (130 � 10) GPa, which is the highest
value found for any material in nature [7]. However, it is
unclear what the effect of defects, grain boundaries, etc.
could have on these values. In carbon nanotubes (CNTs), a
low-dimensional material like graphene, the introduction of a
single vacancy can determine a drop in strength of up to
20% [8]. CNT-based composites have been widely studied in
past years [9]. Although graphene can be considered as a two-
dimensional system, as opposed to CNTs that are usually
considered one-dimensional, both share high aspect ratios
and exceptional mechanical properties, which can be ex-
ploited in composites. Thus, another question is: in graphene
composites, how can we optimize mechanical performance
(stiffness, strength, toughness…) by varying constituent
material properties, mixing ratio, hierarchical structure or
other parameters? Clearly, experimental investigations to
reply to these questions would entail very cumbersome
studies, therefore it is convenient to develop numerical
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