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A B S T R A C T

Very thin carbon fiber composite shells can withstand large bending curvatures without failure. The resulting
high tensile and compressive strains require accurate modeling of the fiber-dominated non-linear effects
to predict the mechanical response. To date, no universal modeling technique can precisely capture the
behavior of such structures. In this work, successful representation of composite’s response was achieved
by utilizing single fiber tension and compression experimental data, implemented to extend a basal-plane-
realignment based non-linear carbon fiber material model. Numerical techniques were adopted to model the
bending behavior of unidirectional carbon fiber composites that was recorded in a comprehensive experimental
campaign. Observations show that high material non-linearity leads to a non-negligible neutral-axis shift
and drastic reduction of bending modulus due to compressive softening. Tensile fiber failure is the driving
mechanism in thin shells flexure allowing for elastic compressive strains of up to 3% without micro-buckling.
As a result, a remarkable flexibility in thin shells is realized. With increasing thickness, the elastic flexibility
is reduced as the failure-driving mode switches to compressive micro-buckling.
. Introduction

Thin, unidirectional (UD) carbon fiber (CF) composite shells can
e folded to impressively small bending radii without failure [1]. The
bility to elastically sustain and recover large deformations makes
hese materials highly beneficial for applications like deployable space
tructures [2], future medical devices [3] or shape adaptable meta-
aterials [4]. Non-linear structural response was observed in previous

xperimental investigations at high bending strains [5,6], an effect
ttributed to the non-linear constitutive behavior of the CF. The ac-
urate prediction of the elastic response of these structures is of crucial
mportance, as it strongly influences folding forces, shape recovery and
amage.

Although some analytical constitutive models for the non-linear
ingle fiber behavior in tension exist [7–9], none of them could so far
recisely capture large deformation bending load cases, which requires
ccurate representation of both tensile and compressive behavior over
large strain range. To date, this behavior could only be represented

y semi-empirical formulations [6], which matched the global stiffness
f the tested coupons. Moreover, the influence of the non-linear elastic
aterial behavior on the unique failure mechanisms found in highly
eformable shells is still under investigation. Overall, the lack of un-
erstanding and of modeling capabilities of such structures prevents
fficient and reliable design.

∗ Corresponding author.
E-mail address: arthursc@ethz.ch (A. Schlothauer).
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This paper presents a comprehensive experimental and numerical
approach to observe, understand and model highly deformable CF com-
posites in the elastic regime. The approach included the measurement
of underlying strain distribution and global response in thin shell com-
posites subjected to large bending deformation until failure. Emphasis
was layed on the accurate representation of the elastic behavior of
such structures and its consequences on damage and design. This was
achieved by utilizing single fiber tension and compression experimental
data [10,11] implemented to extend a basal-plane-realignment based
non-linear carbon fiber material model [8]. The applicability of the
extended model to bending load cases was verified by implementing
it into non-linear finite element (FE) simulations to predict the elas-
tic response of the experiments and highlight its influence on strain
distribution, neutral axis shift and stiffness. The technique was ex-
tended by an alternative, concise numerical algorithm, which allows
to capture the elastic behavior without FE. The consequences of the
novel elastic behavior on observed failure modes, especially on very
thin shells that show remarkable flexibility, were revealed. Thus, an
efficient design of highly deformable composite structures with failure
prediction, becomes possible.
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Fig. 1. Schematic (not to scale) of a PAN based CF, showing the nano-structure and
ertinent features that affect the elastic response.

. State-of-the-art in non-linear carbon fiber behavior

Some researchers in the past have approached non-linear CF be-
avior via polynomial stress–strain relations (strain energy density
ased) [7] while others utilized the reorientation of fibers’ crystalline
ano-structure [8] for constitutive modeling. Efforts were also ap-
lied in extending the latter work through mosaic models [12] or
ore recently with two-phase micro-mechanical modeling, considering

morphous and crystalline phases [9]. Although differing in grades of
omplexity, all modeling approaches pursue the same goal of match-
ng the exact stress–strain relation of single-fiber tensile tests, which
s showing an increasing fiber modulus with applied tensile strain,
specially in Polyacrylonitrile (PAN)-based CFs.

The material model of Northolt et al. [8] bears physical meaning
ince it is based on the reorientation of graphitic basal planes that
ominate the mechanical behavior. Fig. 1 illustrates the turbostratic
tructure of a PAN-based CF [13] consisting of a highly oriented
kin with circumferentially aligned graphitic basal planes, and a less
riented crystalline fiber core. Upon tension, the initially misaligned
raphitic layers with 𝑐-axis orientation, 𝜙0 (with respect to the fiber

axis), reorient with increasing strain, causing an increase in the angle
𝜙 and additionally shear between the graphitic basal planes. Hence, the
CF constituent behavior is influenced by the angle 𝜙0, the fiber’s initial
modulus, 𝐸0, the in-plane modulus of a graphitic basal plane, 𝑒1, as well
as the shear modulus between the graphitic basal planes, 𝑔. According
to [8], the aforementioned properties (𝐸0, 𝑔 and 𝑒1) can describe the
train–stress relation as in Eq. (1) (higher order terms are suppressed).

= 𝜎
𝑒1

+ 𝑐𝑜𝑠2(𝜙0)[1 − 𝑒𝑥𝑝(−𝜎
𝑔
)] , 𝑐𝑜𝑠2(𝜙0) = 𝑔( 1

𝐸0
− 1

𝑒1
) (1)

Although the tensile behavior was investigated and well matched by
multiple studies over the last three decades, the compressive behavior
of CF remains unclear. Yokozeki and Ishikawa observed increasing non-
linearity in compression [14] at strains up to 1.5% that contributed to
the reduction of the compressive strength of composite structures [15].
There, the compressive behavior was fitted using the polynomial strain
energy density model [7], which was originally intended for single fiber
tensile tests. Only recent findings by Ueda et al. [10,16] revealed the
full extent of the compressive non-linearity. Single fiber compression
tests show significantly higher non-linearity compared to tensile be-
havior, which, to date, has not been captured with existing models.
Moreover, the impressive elasticity of the fiber in compression was
observed with recoverable strains of up to ∼5% and a total strain to
failure of roughly 10%, making compressive fiber failure an unlikely
event.
2

Formation of fiber micro-buckling, due to matrix shear yielding
at low compressive strains, prevents the observation of these non-
linearities in conventional thick composite structures [17]. However,
pioneering work on ultra-thin composites by Murphey and collabora-
tors [1,6,18] shows that these structures do not fail by said instabilities
allowing the observation of non-linearity over a wider strain range.
In that work, non-linear elastic response was approached by a semi-
empirical model with different formulations for tensile and compressive
response [5,19].

3. Materials and methods

To date, no analytical model was found to simultaneously represent
tensile and compressive behavior of CF specimens subjected to high
strains that matched experimental results. Therefore, a comprehen-
sive approach for the efficient structural representation under large
bending deformation was adopted. The initial hypothesis was that
Northolt’s material model (Eq. (1)) can, not only cover tension, but
also compression, since it is based on the realignment of graphitic
basal planes, regardless of loading direction. To prove this hypothesis,
single CF constituent experimental data were initially used to derive
its nano-structural parameters (𝐸0, 𝑔 and 𝑒1). This was followed by
homogenization to composite level and implementation into numerical
models. These were compared to shell-buckling tests, which, for the
first time, allowed for the direct quantification of elastic non-linearities
affecting strain distribution in tension and compression until failure.
The applicability of the proposed concept was verified by the successful
prediction of global response, local stress and strain distributions and
its implications on failure.

3.1. Non-linear material modeling

The process of establishing the non-linear longitudinal UD lamina
material behavior is described as follows: Firstly, existing represen-
tative single fiber experimental data [11] (tensile T700) and [16]
(compressive T300) were fitted using Eq. (1) in the non-linear least
squares Trust-Region minimization scheme of Matlab®2019a, to obtain
𝐸0, 𝑒1, 𝑔 for this CF family. Both fiber types are PAN based, of standard
modulus and show similar nano-structure and stiffness. They mainly
deviate in nitrogen content, surface characteristics and porosity [20]
resulting in large difference of achievable strain, which is assumed not
to influence the elastic response. Inversion of Eq. (1), to represent the
stress response within the elastic domain for a given strain, 𝜀𝑖 ∈ [−5%,
2.1%], yields a non-analytical solution, approximated by the Lambert
function 𝑊 (𝑥) as in Eq. (2).

𝜎𝑖
(

𝜀𝑖
)

=
𝐸0 ⋅ 𝑔 ⋅𝑊

(

(𝑒1−𝐸0)⋅𝑒
−(𝐸0 ⋅𝑒1 ⋅𝜀𝑖+𝐸0 ⋅𝑔−𝑒1 ⋅𝑔) ∕(𝐸0 ⋅𝑔)

𝐸0

)

+ 𝐸0 ⋅ 𝑒1 ⋅ 𝜀𝑖 + 𝐸0 ⋅ 𝑔 − 𝑒1 ⋅ 𝑔

𝐸0

(2)

Note that the numerical nature of this process requires tabulated values
at different strains denoted by the index 𝑖. Next, an ‘instant’ fiber mod-
ulus, on the longitudinal direction can be calculated as 𝐸11,𝑓 ,𝑖(𝜀11,𝑖) =
𝜎11,𝑓 ,𝑖∕𝜀11,𝑖 (indexes 𝑓 and 11 are suppressed in Eq. (2)). Then, the
rule of mixture was applied to evaluate the ‘instant’ modulus of the
composite:

𝐸11,𝑖 = 𝐸11,𝑓 ,𝑖(𝜀11,𝑖) ⋅ 𝑉𝑓 + 𝐸𝑚 ⋅ (1 − 𝑉𝑓 ) (3)

The matrix is considered linear isotropic with 𝐸𝑚 = 3.4 GPa based
on [21] and a 𝜈𝑚 = 0.35. Plastic yielding or viscoelastic effects are
masked after homogenization in 1-direction, since fiber’s stiffness dom-
inates. For example, perfect elastoplastic response of the matrix in this

direction has an impact of less than 0.5%.
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Fig. 2. Schematic of the setup for the large deformation shell buckling test (not to
scale).

3.2. Testing procedure

To verify the modeling scheme within a highly non-linear regime,
large deformation bending tests were conducted using a shell buckling
test [1]. Two aluminum plates were traveling towards each other (plate
displacement, 𝛿) with 10mm∕min speed in a Zwick Roell universal test-
ing machine. A specimen mounted in between the plates, gets buckled
and forms an elliptical deformation curve (Figs. 2 & 3a). The desired
buckling direction is enforced by an initial gentle manual push. During
buckling, a barrier (step) in the plate (Fig. 3a) prevents the specimen
from sliding out of the set-up. Folding forces (𝐹 ) were measured by a
5 kN load cell. The underlying strain and curvature distributions until
failure were recorded with a two-sided 3D Digital Image Correlation
(DIC) technique, which can cope with the occurring large displace-
ments and capture the strains on highly curved surfaces. Strain gages
were not considered to avoid interaction with the very thin specimens.
The dual DIC system (Fig. 2) was synchronized and jointly calibrated.
DIC calibration parameters and the strain convergence analysis can
be found in the Supplementary Material (SM), Section 1. Acquired
data include tensile and compressive longitudinal (𝜀𝑥, fiber orientation
ollowing the bending curvature) and transverse strains (𝜀𝑧) as well as
urvatures (𝜅𝑚𝑖𝑑,𝐶 &𝜅𝑚𝑖𝑑,𝑇 ) on both sides of the specimen. The sampling
ate of the DIC systems was 500ms. Following noise and sensitivity
nalysis, this setup is able to capture strains with the precision of
.02%. For more details the reader is referred to the SM - Section 1.

.3. Specimen preparation

Thin-shell foldable composites are very prone to thickness varia-
ions [22]. Therefore, highest accuracy in specimen thickness, surface
uality and fiber volume content was ensured by laminating 30 gm−2

oray T700S CF and epoxy resin TP402 (NTPT Switzerland) in be-
ween two polished stainless steel plates following the manufacturers’
utoclave cycle [21]. Four different specimen families were produced
rom four different plates of 4-, 5-, 10- and 13-ply UD-layups. A 50 μm
hick Polyimide release film (Airtech Thermalimide RCBS) provided a
mooth surface finish while hardened stainless steel precision gauge
trips prevented over-compaction and controlled thickness. Breather
nd peel-ply were absent in this process as they would introduce
onsiderable surface imperfections resulting in non-negligible thickness
ariations in the thin shell composites. The composite plates were cut
nto L x B=100mm x 40mm specimens. The width, B, was chosen to
nsure uniform strain along the 𝑧-direction and length, L, to respect the
epth of field of the lenses during buckling while allowing to achieve
late tangency during the main portion of the test. Fig. 3b shows the
icrographs (using Keyence VHX6000 microscope) of specimens’ sec-

ions obtained using standard metallographic techniques. The resulting
hickness, 𝑡, was 130 ± 4μm, 164 ± 3μm, 335 ± 8μm and 403 ± 7μm
ith a fiber volume contents of 58%, 58%, 59% and 61% for the
,5,10 and 13 ply samples, respectively. Thicknesses were measured
sing optical microscopy. Volume fractions were calculated with the
3

nitial mass contents and verified using optical analysis (Matlab®) and
hermogravimetric analysis (Pyris TGA®).

The specimens were airbrushed with a fine layer of acrylic paint
f thickness 𝑡𝑝 = 6.2 ± 2μm (measured with microscopy) to reduce
eflections as well as to enable the creation of a fine and high-contrast
peckle pattern used for the DIC analysis. A special stamp was utilized
o introduce black 170 μm2 speckles onto the specimen. Subset and step
ize ensuring strain convergence of the DIC analysis were found to be
t 11 px2 and 4 px2, respectively, with a virtual strain gauge area of
mm2 (in Vic3D v7, see SM - Section 1). All data points along the

ine of highest curvature were averaged to reduce measurement noise.
or a given curvature and strain on both sides of the specimens, one
an directly calculate the neutral axis position (�̂�𝑛𝑎) and hence the
elative neutral axis shift (𝑆𝑟𝑒𝑙) compared to a linear material behavior
�̂�𝑛𝑎,𝑙𝑖𝑛 = 𝑡

2 , see Figure in Section 3.5), according to Eq. (4). Linear
strain distribution over the specimen thickness (Euler–Bernoulli) is
expected to be valid, as the relation 1

𝜅𝑚𝑖𝑑,𝑇
= 1

𝜅𝑚𝑖𝑑,𝐶
+ 𝑡 was confirmed

in all experiments. Consequently, hereafter the shell curvature will be
referred to as 𝜅𝑚𝑖𝑑 = 𝜅𝑚𝑖𝑑,𝑇 +𝜅𝑚𝑖𝑑,𝐶

2 .

𝑆𝑟𝑒𝑙 = 1 −
�̂�𝑛𝑎

�̂�𝑛𝑎,𝑙𝑖𝑛
=

(𝜀𝑥,𝐶 + 𝜀𝑥,𝑇 )
(𝜀𝑥,𝐶 − 𝜀𝑥,𝑇 )

(4)

The influence of non-bending related compressive strains due to the
load introduction is negligible (up to 0.023%, as stated in the SM -
Section 2). The strain on the (tensile or compressive) composite surface,
𝜀𝑥, was obtained by correcting the measured longitudinal strain data
from the DIC system, 𝜀𝑥,𝐷𝐼𝐶 , considering that this is practically the
strain measured on the additional thickness of acrylic paint, as:

|𝜀𝑥| = |𝜀𝑥,𝐷𝐼𝐶 | − 𝜅𝑚𝑖𝑑 ⋅ 𝑡𝑃 (5)

The obtained strain field also allows for the evaluation of Poisson’s
effect during testing. At every curvature, the corresponding effective
Poisson’s ratio on both sides of the specimen was calculated with
Eq. (6).

𝜈𝑒𝑓𝑓 = −
𝑑𝜀𝑥
𝑑𝜀𝑧

(6)

The derivatives were obtained using a finite difference scheme. Due to
the low transverse strain values compared with the measuring noise
(values below 0.02% were not evaluated, see Section 3.2), 𝜈𝑒𝑓𝑓 and 𝜀𝑧
ad to be smoothed using a moving average filter. Elastic response was
tudied up to initial damage events. These events were recognized by
inks in the 𝐹 − 𝛿 behavior. To exclude parasitic effects (e.g. slipping),

damage events were verified by visual inspection of the DIC images.
For the failure analysis, the failure point was defined as the peak point
of the 𝐹 − 𝛿 behavior.

3.4. Finite element analysis

The estimated material non-linear response derived from the afore-
mentioned procedure was implemented in FE modeling using Abaqus
Standard v6.12 to predict the experimental response. In these models
the geometry of the loading plates was approximated by two, 2mm
thick aluminum solid sections discretized using linear brick, reduced
integration elements (C3D8R) with the boundary conditions indicated
in Fig. 4. Thus, no bending was allowed. The plates could deform
on the free surface enabling the development of contact stresses. The
specimens were modeled as thin shells using 3D reduced integration,
shell elements (S4R), assuming plane stress approximation. To model
the non-linear elastic material response in the longitudinal direction,
orthotropic lamina engineering constants where implemented in a tab-
ular form (∼ 220 entries), allowing only 𝐸11,𝑖 to vary with a dependency
in 𝜀𝑥, employing the user defined field option (-USDFLD-) and a Fortran
based subroutine. Thus, the longitudinal stresses are evaluated as 𝜎𝑥 =
𝐸11,𝑖(𝜀𝑥,𝑖) ⋅𝜀𝑥 for every increment. The remaining engineering constants
of the composite lamina were approximated with the Halpin–Tsai
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Fig. 3. (a) Image of a 164 μm specimen undergoing flexural testing. (b) Representative micrographs of the specimens. A fine layer of acrylic paint used for DIC analysis can be
seen on the micrographs.
Fig. 4. FE of the conducted shell buckling experiments illustrating boundary conditions
and mesh size. Displayed are the maximum compressive strains of a 5-Ply specimen
(Comparable with Fig. 7) for equivalent 𝛿. Note that 𝑥, 𝑦 and 𝑧 are local coordinates
here.

micromechanical semi-empirical corrections [23] (𝜉1 = 2 for 𝐸22, 𝜉2 = 1
for 𝐺12), for fiber properties obtained from [24]. The corresponding
calculated constants for 𝑉𝑓 = 58% are: 𝐸22 = 8 GPa, 𝐺12 = 4.05 GPa,
𝐺13 = 2.6 GPa, 𝜈12 = 0.31 and 𝜈23 = 0.43. For simplicity, these properties
where considered independent of the applied strain given that the load
is predominantly longitudinal. In order to allow the non-linear through-
thickness stress profile, the shell section was discretized in 20 layers
with 3 integration points each (Simpson rule), using the composite
layup option of Abaqus with the aforementioned material constants
dependency. For every tested thickness, layer thickness was adapted
accordingly. This approach allowed the variation of 𝐸11,𝑖 within shell‘s
thickness depending on the imposed strain, and moreover allowed the
neutral axis to be defined based on laminate theory framework. A hard
contact (no penetration) algorithm with a tangential friction coefficient
𝜇 = 0.4 was implemented between the plate surface and the outer
surface of the shell-specimen, in order to mimic the actual testing
conditions as close as possible (also allowing separation). The barrier
(step) in the aluminum plates is also adopted in the model, preventing
slipping. The included tangential friction promotes convergence and is
expected to have no influence on the response as the barrier constrains
the maximum slip (less than 2.5 μm according to the simulation). A bias
seeding of the mesh was employed to ensure that even at the minimum
flexural radius (∼2mm) at least 13 elements existed. This value was
derived after convergence analysis. The surface of the solid plates
followed the same mesh pattern to facilitate the contact algorithm (see
Fig. 4). An initial step that causes buckling initiation was implemented
in the simulation with the shell forced to follow Euler’s first buckling
mode: 𝐶 ⋅ 𝑠𝑖𝑛[

𝜋⋅ 𝐿2 +|𝑥|
𝐿 ] with 𝐶 =2mm. The choice of initial buckling

amplitude is not expected to affect the FE model. 𝐶 was chosen after
parameter variations within 1–5mm to achieve the desired buckling
direction and contact initialization.
4

3.5. Concise numerical algorithm

A computationally efficient approach for determining neutral axis
and stress distribution, not requiring FE modeling, can be utilized as-
suming pure moment conditions during the shell buckling experiment.
For an Euler–Bernoulli beam, i.e. 𝜀 = −𝜅𝑦 (see Fig. 5a), 𝜎(𝑦) and 𝑦𝑛𝑎 for
a given 𝜅 were calculated using the process illustrated in Fig. 5b and
described as follows: For a given 𝜅 and 𝑡 the linear through-thickness
strain profile designates a stress profile that follows Eq. (2). The actual
stress distribution and neutral axis position is found by minimizing
∫ 𝑡
0 𝜎 (�̂�) 𝑑�̂� → 0, to fulfill the equilibrium condition on the 𝑥-axis,

i.e. ∑𝐹𝑥 = 0. The script for the calculation is written in Matlab®2019a,
employing the ‘fzero‘ function. The thickness is discretized in 100
increments while the integral is calculated by the trapezoidal rule.

4. Results and discussion

4.1. Material model

The stress–strain behavior of a CF as well as the respective fits with
Eq. (1) can be seen in Fig. 6. The corresponding fitting parameters with
the 95% confidence bounds can be found in Table 1. The resulting ini-
tial crystallite orientation parameter 𝑐𝑜𝑠2𝜙0 was calculated accordingly.
For comparison, the fit of solely the tensile regime [11] is also included.

The fit of the full range (tension/compression) predicts a softer 𝑒1 as
well as a drastically lower shear modulus between the graphitic basal
planes (𝑔) compared with values for PAN based CFs reported in the
literature [8,25]. Note that literature values for 𝑔 were previously deter-
mined on tensile testing data of fibers by fitting 𝑐𝑜𝑠(𝜙0) in Eq. (1), based
on highly scattered data. Given the marginal stiffening of the fibers
in tension (from 216 to 230GPa, see Fig. 6b), the quality of this fit is
doubtful as also demonstrated by the very wide 95% confidence bounds
of 𝑒1 and 𝑔 in Table 1. In fact, the values listed in the corresponding
row resemble the initial guess, which was based on [8].

Considering the full range fit, the compressive softening has the
highest impact on the identification of 𝑒1 and 𝑔. The higher the 𝑔,
the larger the shear stiffness in-between the basal planes and hence
the more linear the response, as can be seen in Eq. (1) (for 𝑔 → ∞
the non-linear part of the equation vanishes). Thus, the high non-
linearity in compression can only be captured with the relatively low
value identified herein. This value compares well to values determined
by static and ultrasonic experimental techniques [26] on pyrolytic
single crystal graphite. Notably, the full range fit is still able to depict
the tensile response with minimal deviation, while the compressive
softening, clearly dominant over the tensile stiffening, is well captured.
It is striking, that the maximum fiber modulus, 𝐸11,𝑓 ,𝑚𝑎𝑥, tends to the
identified 𝑒1. This relates to the fact that tension leads to alignment
of the graphitic basal planes with the loading direction. Thus, after a
certain point and on, the realignment saturates. The in-plane modulus
of perfect, single crystal graphite is about four times higher than the
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t

Fig. 5. (a) Strain distribution within the specimen assuming Euler–Bernoulli beam theory. (b) Numerical process of calculating the strain and corresponding stress distribution in
the specimen.
Fig. 6. Tensile and compressive test data from [11,16] fitted with Eq. (1). One fit only respects the tensile behavior while the other fits the full range.
.

Table 1
Fitting parameters of the constants in Eq. (1) with 95% confidence bounds. Subscripted values indicate the lower confidence bound, while superscripted values indicate the upper
bound. 𝐸0 denotes the fiber initial modulus, 𝑒1 the effective in-plane modulus of the graphitic basal planes, 𝑔 the shear modulus in between the graphitic basal planes and 𝑐𝑜𝑠2(𝜙0)
he resulting orientation parameter. The linear elastic value results from a linear fit according to ASTM D 3379–75, i.e. chord modulus, in [11] matched datasheet value of 230GPa

Type of fit 𝐸0 [GPa] 𝑒1 [GPa] 𝑔 [GPa] 𝑐𝑜𝑠2(𝜙0) [-] 𝜙0 [deg]

Eq. (1) Full range fit 216 3
−3

228 4
−4

0.588 0.02
−0.02

0.00014 89.3
Eq. (1) Tensile regime fit 196.5 5.2

−5.3
1182 1.94𝑒+04

−1.48𝑒+04
11.55 62.41

−16.2
0.049 77.2

Linear elastic (fit from [11]) 230.5 – – – –
value in the first row of Table 1 [8]. Consequently, 𝑒1 represents an
effective in-plane modulus of a graphitic layer with imperfect micro-
crystalline structure [13]. Hence, an initial guess for this parameter
shall be the highest recorded modulus of the fiber.

Overall, the model captures the tensile [11] and compressive behav-
ior [16] with a maximum deviation of ≈3%. The confidence bounds
of the full range fit are narrow, indicating high sensitivity with the
parameters of Eq. (1). The values in Table 1 were implemented in
Eqs. (2) & (3) and utilized in the FE and the concise numerical scheme.
The results were compared with the experimental elastic response.

4.2. Elastic response

To evaluate the behavior of a thin CF-reinforced specimen in bend-
ing, the force–curvature as well as the strain data from the DIC were
considered. The DIC results from both camera systems can be seen in
Fig. 7a, in increments from the moment the specimen reaches tangency
with the plate, until shortly before failure. The DIC results reveal a
uniform strain distribution over the width, confirming the choice of 𝐵.
Moreover, a clearly discernible strain peak can be captured with the
DIC in the middle of the flexure. Following the DIC strain convergence
analysis (SM — Section 1), the highly strained area is sufficiently large
5

to capture the highest strain peak. Furthermore, the material non-
linearity becomes evident by the neutral axis shift towards the tensile
side as seen in the increasing compressive strain as the experiment
advances. The evolution of nominal through-thickness strain distribu-
tion at the line of highest curvature on both specimen sides, can be
found in Fig. 7b. No significant dependency on thickness with respect
to non-linear behavior is observed. As a consequence of the compressive
softening and the corresponding neutral axis shift, compressive strains
in thin specimens reach up to 3%. This is significantly higher than the
finding of other studies with thicker unidirectional specimen [18,27],
where measured compressive strains were limited to lower values
(around 2.2%), due to fiber micro-buckling.

The required forces normalized with the second moment of inertia
(𝐹∕𝐼) versus specimen’s curvature are shown in Fig. 8, and are com-
pared with the FE models using the different parameter sets in Table 1.
Note that the complex buckling shape in this test does not allow for
the direct measurement or analytical estimation of folding moments
without assuming a governing material law. Fig. 8 clearly indicates that
a linear material model drastically overestimates specimen‘s stiffness
and hence folding forces. The reported values that solely match fiber
tensile test data are also clearly overestimating the stiffness. Only the
full range fit, that assembles compressive and tensile behavior of a
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Fig. 7. (a) Strain distribution over a 5-ply specimen at different stages of the shell buckling test on the tensile (left) and compressive side (right). (b) Strain measurements of the
tensile surface plotted against the strain on the compressive surface. The plot shows the behavior for 3 different thicknesses, averaged over 5 specimen per thickness. The shaded
region indicates the standard deviation of 5 specimens.
Fig. 8. Normalized Force–Curvature relations during shell buckling test averaged over five specimen per thickness. The results are compared with FE for different fitting parameters
of Eq. (1) (see Table 1). (b)–(d) show a detailed view of the different thicknesses and their comparison with the respective simulations.
single fiber [11,16] matches the 𝐹∕𝐼 − 𝜅 behavior. The agreement is
better for very thin specimens (4- and 5-ply) where resin bleed and
6

fiber volume content were well controlled, while for thicker specimen a
slightly higher standard deviation can be observed. Overall, the highly
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Fig. 9. (a) Measured neutral axis shift for different specimen thicknesses averaged over all specimens per family. (b–d) Detailed view on the respective thicknesses from (a)
compared to the numerical algorithm (Fig. 5). Gray regions indicate the 95% confidence region of the fit (Table 1). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
non-linear nature of this CF family in compression was confirmed,
which results in a drastic reduction of stiffness at very high curvatures.
Note that the overall stiffness behavior remains practically unaffected
within the 95% confidence bounds (see Fig. 8c).

The measurements of the non-linearity-induced neutral axis shift in
specimens of different thickness can be found in Fig. 9(a). These are
compared with the prediction of the neutral axis shift using the concise
numerical algorithm in Fig. 9(b) to (d). At high curvatures, the neutral
axis shifts up to ∼17% towards the tensile side of the specimen, due to
CF non-linearity. The very small bending radii of 5-ply specimen result
in a higher standard deviation due to larger measurement difficulties
related to the limited field of view, an effect that is reduced in 10-
and 13-ply specimens. The neutral axis shift prediction based on the
numerical algorithm agrees well with the measurements of the DIC,
validating the material modeling approach.

As shown in Fig. 10, the numerical algorithm (Fig. 5) as well as
the FE agree well in predicting the through-thickness stress distribu-
tion. The fiber softening effectively decreases stress gradients on the
compressive side leaving more fibers exposed to high strains. Slight
deviations can be explained due to the pure moment assumption on the
numerical algorithm, which is not completely met by the experiment or
the FE, as compressive loads induce buckling (see SM — Section 2).

4.3. Failure response

The force–displacement curves of 3 exemplary specimens per thick-
ness and the corresponding DIC pictures for selected points can be
found in Fig. 11a & b. The initial failure in all specimens except the
13-ply, coincides with the maximum force, i.e. initial ≡ ultimate failure.
The 13-ply specimens shows subsequent damage events, identifiable
by localized blister formation on the compressive surface, seen as
7

Fig. 10. Estimated through-thickness stress distribution exemplary for 5-Ply specimens
at different curvatures computed with the concise numerical algorithm compared to
the corresponding result from the FE at 𝜅 = 0.3 mm−1.

load-drops in the 𝐹 − 𝛿 graph. Substantial blistering leads to ultimate
failure.

Fig. 11a illustrates discernible initiation of failure events and their
progression. 10-ply specimens initiate failure from the tensile side
noticeable through a sharp drop in the 𝐹 − 𝛿 graph and clearly visible
fiber breakage at 𝜅 = 0.16 mm−1 (Point 2⃝). The compression side
stayed intact at roughly 3% compressive strain. At 𝜅 = 0.17 mm−1 (Point
3⃝) the damage reached the compressive side by means of first cracks

(fiber splitting) attributed to the large release of elastic energy from
the tensile fiber rupture. At this point, already more than 30% of the
visible area of the tensile side had failed completely. A stagnation of
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Fig. 11. (a) DIC pictures showing visible failure of the specimens with given strain and curvature values at the specific moment the pictures were taken. (b) 𝐹 − 𝛿 curves of 3
specimen per thickness. Initial loads correspond to the load needed to induce buckling of the respective thickness. Points indicated correspond to the pictures in (a). Dashed lines
indicate values after failure. (c) Average strain at catastrophic failure of all specimens measured at both sides of the bent specimen as a function of thickness.
the measured compressive strains on the intact domains was observed
due to the failure-induced shift of the neutral axis (back) towards
the symmetry plane. The ∼70 μm thicker 13-ply specimens show a
bifurcation in failure behavior. At 𝜅 = 0.08 mm−1 (Point 4⃝), blisters
formed on the compression side, highlighted by white rectangles in
Fig. 11a. The tensile side, being below tensile failure strain, stayed
intact during substantial blistering and cracking (a slight change in the
tensile strain distribution behind the blister can be seen). Hence, the
compressive strain at catastrophic failure does not reach the values of
the thinner specimen.

Fig. 11c summarizes the strains at catastrophic failure as a func-
tion of thickness. Fiber tensile strain to failure (2.1% according to
manufacturer) defined the failure for specimen with thickness up to
335 μm. Hence, for very thin, highly deformable structures, a maximum
fiber-tensile-strain criterion is suitable for estimating the achievable
curvature, after having accounted for non-linear constitutive behavior.
Neutral axis shift further delays the formation of high strains on the
tensile side leading to higher achievable curvatures. This effect is even
more pronounced for fiber types with high maximum tensile strain like
T700S. The trend changes for thicker specimens, which are not able
to achieve the maximum tensile fiber strain before compressive failure
(micro-buckling formation) is initiated, indicated by the overall lower
tensile and compressive strains at failure. Consequently, bending stress
gradients, which have been shown to affect the formation of micro-
buckling [27], can ultimately prevent compressive failure initiation.
Note that non-linear constitutive behavior reduces the compressive
stress gradients close to the surface at high strains (Fig. 10). The failure
mechanism bifurcation point was identified for thicknesses between
335 μm-410 μm for the given material combination. Further thickness
increase is expected to lead to further reduction in critical failure strain,
converging to data reported for typical thicknesses in standardized
composite testing. For an accurate prediction of the bifurcation point,
further investigations are required.
8

Given the large compressive strains in all specimens, one cannot
neglect transverse failure modes from Poisson’s effects, as the trans-
verse tensile strength of composites is known to be low, leading to
potential transverse cracking or splitting [28]. Note that the term trans-
verse cracking refers to damage caused by transverse loading, usually
related to fiber-matrix-interface failure or brittle matrix failure. Fig. 12
illustrates the relation between longitudinal and transverse strains and
the associated Poisson’s effect (Eq. (6)) during the shell buckling tests,
in exemplary 5-ply (Fig. 12a) and 10-ply specimens (Fig. 12b). Once
tangency is established, none of these specimens reaches the expected
𝜈12 = 0.31 (Section 3.4), which is attributed to boundary effects. The
higher the curvature, the shorter the arc length in between load appli-
cation points. The shorter the arc length in between load application,
the larger the influence of boundary effects such as friction locking.
Thicker specimens such as 10-ply in Fig. 12b, which intuitively achieve
higher longitudinal strains at lower curvatures, also exhibit higher
transverse strains as the influence of boundary effects decreases with
increasing free arc length. However, with increasing curvature (around
1.3% longitudinal strain) the influence of boundary effects increases
indicated by a stagnating 𝜈𝑒𝑓𝑓 . The 5-ply specimen in Fig. 12a does
not show such behavior, as the significantly lower curvatures con-
stantly cause friction locking effects and constrain transverse strains.
Consequently, boundary effects suppress transverse failure mechanisms
in highly deformable composites. Note that the effect of fibers nano-
structure rearrangement on the Poisson’s ratio cannot be resolved by
such measurements and further investigations are required.

4.4. Non linear effects and elastic recovery

Many highly deformable composite structures necessitate full elastic
recovery as in stowage and deployment of foldable structures. To verify
the extend of elastic response and discern non-recoverable non-linear
effects, some specimens were loaded to tensile strain levels up to

85% of their maximum sustained curvature, and then unloaded before
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Fig. 12. Comparison between transverse-, longitudinal strain and effective Poisson‘s ratio of a 5-ply specimen (a) and a 10-ply specimen (b). Red lines and markers indicate the
tensile side, whereas blue indicate the compression side. Dashed domains represent measurements before tangency. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 13. Force–Curvature (a) and Strain–Curvature plots (b) of 3 specimens of different thickness. The solid lines indicate a first loading step to induce tensile strain levels of
approximately 1.3–1.8%. Reloading till failure is indicated by the dashed line.
c
r
r
t

u

being reloaded until failure. The value of 85% is marginally out of
the standard deviation of the ultimate failure values. Reloading was
performed right after unloading, as this study serves to reveal the ex-
tend of elastic non-linearity. Long-term creeping or cyclic effects, even
though important, were not within the scope of this study. The force–
curvature as well as the strain–curvature plots of these experiments
can be seen in Fig. 13. The thinner specimens were able to follow the
initial strain and force paths indicating a fully elastic recovery. Only the
13-ply specimens showed a damage event resulting in a discontinuity
of the respective curves. After reloading, a decrease in stiffness could
be observed in Fig. 13a. The damage event, in the form of micro-
buckling/fiber blister formation, was identified on the compressive
side, also showing different strain–curvature behavior upon reloading
Fig. 13b. The 13-ply thick specimen appears to be close to the bifurca-
tion point between tensile and compressive failure for the given fiber
matrix combination, as this specimen was able to reach the maximum
tensile strain without any additional damage events upon reloading.
The results show that the observed non-linearity is fully reversible
for very thin structures, recovering the initial structural stiffness once
deformation is removed.

5. Conclusions

Accurate measurements of strain distributions and elastic response
of UD thin shell composites in bending until failure have shown that
9
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elastic non-linearity, especially in the compressive regime, is of much
higher extent than generally acknowledged. This is especially exposed
in very thin composite shells where compressive strains of up to 3%
without failure are observable. Linear material models or non-linear
material models fitted solely on tensile testing, fail to match local strain
distribution as well as global stiffness response. This leads to drastic
over prediction of required folding forces and drastic under prediction
of structure’s achievable curvature until failure.

This work demonstrated that Northolt‘s CF material model, which
accounts for the realignment of the graphitic basal planes in ten-
sion [8], can be successfully extended to describe highly non-linear
compressive constituent behavior [10]. This makes it suitable for bend-
ing load cases. However, precise representation of the complete regime
(tension/compression) lead to re-evaluation of the nano-structural
properties of the model (𝐸0, 𝑔, 𝑒1). Consequently, homogenization to
omposite level and implementation into numerical models can accu-
ately predict stress distribution, neutral axis shift and global stiffness
esponse in highly deformable thin shell structures, as corroborated by
he conducted experiments.

The identified elastic behavior has drastic implications on the fail-
re of such structures. Fiber tensile failure was observed as damage
riving mechanism for very thin shells and occurred at maximum fiber
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tensile strain. This failure is significantly delayed by the compressive-
softening-induced neutral axis shift, allowing for an remarkable flex-
ibility in UD CF composite shells. Taking full advantage of fiber‘s
tensile strength is only feasible due to the suppression of compressive
failure. The latter may be influenced by the reduced stresses and
stress-gradients at high curvatures caused by non-linearity. Notably
transverse cracking is also hindered in structures subjected to high
bending curvatures due to friction locking at the load application
points. Nevertheless, establishment of predictive modeling of the tran-
sition of failure modes, respecting the thickness dependence, needs
further investigation. The proposed material modeling approach is
suitable for treating and designing highly deformable, fully elastically
recoverable composite shells with compressive strains as high as 3%,
covering the full structural response until failure, especially when thin
enough to be dictated by tensile failure initiation. This approach can
be efficiently utilized to design deployable structures, flexible meta-
materials or novel applications, where high elastic flexibility at low
extensibility is required.
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