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Abstract

Carbon fiber reinforced plastic (CFRP) composite materials demonstrate significant
promise to further improve weight to performance in automotive engineering. Nevertheless,
design of CFRP components for crashworthiness criteria remains rather challenging and
typically requires laborious trial-and-error processes: This™ study aims to promote
computational design of CFRP structures by establishing effective constitutive model that is
implemented in the commercial finite element code Abaqus/Explicit. Two different numerical
models (namely, the single layer shell model and the stacked shell model) were developed to
simulate experimental crushing tests on the square CFRP tube. The effects of key parameters
for these two FE models were analyzed, respectively. The comparisons of numerical results
with experimental data indicated. that the 9 layers stacked shell model is capable of
reproducing experimental results with relatively high accuracy. Based on the validated
modeling approach; crushing behaviors of several CFRP thin-walled structures with different
cross sectional geometries and thicknesses were further explored. The failure modes and key
indicators-in relation to the structural crashworthiness were investigated for identifying a best
possible sectional configuration. It is found that the circular tube shows superior specific
energy absorption capacity of all different tubal configurations with the same wall thickness,
meaning that the tube with circular section is of good potential as a crashworthy CFRP

structure.
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1. Introduction

Over the past decades, composite materials have been gradually used in industry sectors
ranging from aerospace to automobile [1-5]. Compared with the traditional metallic materials,
composites exhibited higher specific strength and specific energy absorption capacity to the
weight, which provides great opportunity to save vehicular weight and enhance structural
performance [6-8].

Recently, carbon fibers reinforced plastics (CFRP), as one class of typical composite
materials, have been introduced in vehicular engineering for improving fuel economy and
structural safety [9-14]. There have been substantial studies on crashworthiness of various
CFREP structures in literature. For example, Mahdi et al. [15] conducted experimental studies
on the effect of fiber orientation on the energy absorption characteristics of composite tubes
subjected to axial loading. They showed the certain advantages of laying fiber orientations of
15°/—=75° and 75°/—15° for enhancing the load carrying capacity and energy absorption.
Israr et al. [16] carried out the quasi-static tests on different configurations of unidirectional
fiber and woven fiber composites to investigate the crushing behaviors of one ply under
crushing load. Mamalis et al. [6] explored the crushing characteristics of thin-walled square
CFRP tubes under static and-dynamic axial compressive loads, experimentally; and they
found that crushing behaviors of square CFRP tubes are fairly brittle due to the characteristics
of the constituent materials. From the previous studies reported in literature, it can be
concluded that_the crushing behaviors of CFRP structures are generally determined by
development of fracture, inter-ply delamination and extensive micro-cracking, which depend
on structural and material features, such as fiber orientation, number of stacking layers,
properties of each single layer, etc. These factors make the design of CFRP energy-absorbing
structures much more sophisticated and challenging than traditional metallic structures.

Typically, the development of crashworthy structures largely relies upon laborious and
costly experimental tests. With the fast advances in computational techniques, the ability of
numerical simulations for accurately predicting the crushing behaviors has improved
remarkably, thereby reducing the development cycle and cost of composite components
[17-20]. As the most representative methods, the finite element (FE) simulations have played

a very important role in the early phase of the crashworthiness design. For metal based



energy-absorbing structures, the FE models have been capable to generate excellent
prediction thanks to well-established constitutive behaviors [18, 21]. For modeling of CFRP
structures, it is essential to reproduce the complex crushing behaviors precisely by
establishing more complex constitutive models. There have been different modeling
approaches to study the numerical simulation for CFRP structures in literature to date.-The
first is to develop a micro-mechanical model that simulates the details on the level of
fiber/matrix interactions with a focus on fracture analysis and crack growth . simulation
[22-24]. However, such models could be too expensive to analyze large components with
complex microstructures. The second is macro-mechanical model that provides a macroscopic
description of the bulk structural behaviors for CFRP. In the macro-mechanical model, the
micro-mechanical materials are simplified into the homogeneous anisotropic medium.
Currently, it seems that the macro-mechanical model is‘more extensively used for engineering
design of CFRP structure attributable to its high computational efficiency. It is noted that Chiu
et al. [25] detailed the theory and implementation of a composite damage model based on
macro-mechanical 3D model, addressing intralaminar and interlaminar failure behaviors, for
the crushing simulation of unidirectional composite tubes; which showed good agreement
with the experimental results [25]. Alternatively, our presented study here aimed to develop a
macro-mechanical shell model for simulating crushing behaviors of woven fabric composites,
which have different constitutive model of unidirectional composites. This is mainly because
most of vehicle body components are made in thin-walled components and experimental tests
of out-of-plane behaviors of CFRP can be complex and time-consuming [9, 26].

The macro-mechanical shell model can be classified into the single shell layer model and
the stacked shell model. The single shell layer model employs a single layer of shell elements
to model the structure. Although it cannot be used to properly predict the inter-laminar failure
occurred in laminated CFRP subjected to crushing loads, it makes certain sense if only the
predictions of overall loading capacity and energy absorption are required. Note that there
have been substantial studies on crushing behaviors of various CFRP structures through the
single shell layer models. For example, Luo et al. [27] developed a stiffness degraded model
by incorporating the extended Hashin failure criterion and damage evolution law from the

continuum damage mechanics, to predict progressive failure of CFRP tubes under axial



dynamic impact. Their simulation results showed that the proposed single layer shell model
can be applied to estimate the energy-absorbing characteristics of CFRP tubes. Boria et al. [28]
used the single layer shell elements to investigate the impact behaviour of composite front
crash structures. Liu et al. [9] employed the single layer shell model to investigate the
structural crashworthiness of CFRP electric vehicle body under the roof crash and pole side
impact, respectively. Bussadori et al. [29] numerically investigated crashworthiness
characteristics of a CFRP tube by using single shell layer models, and the results
demonstrated the advantages of this modeling approach. It can be concluded from these
exemplified studies that the single shell layer modeling approach is suitable for engineering
applications thanks to its modeling simplicity and computational effectiveness. However, it
may be not capable to capture some detailed failure modes observed in the experimental tests.

The stacked shell modeling approach, on the other -hand, comprises of more than one
layer of shell elements by joining them together using. specific elements (such as cohesive
elements etc.) which allows modeling the CFRP structures more realistically. Such a model is
capable to simulate the inter-laminar failure due to the presence of the joining elements
between the layers. Not only does-it provide better physical representation of the complex
failure modes, but also keeps.the simplicity inherent of the macro-mechanical approach. In
this regard, for example; Sokolinsky et al. [30] presented a stacked shell model of a
corrugated CFRP plate subjected to quasi-static crushing, and the numerical results showed
very good quantitative and qualitative agreement with the experimental data. Xiao et al. [31]
examined the application of a composite damage model (i.e. MAT 58 in LS-DYNA) for crush
simulations of braided composite tube by adopting the stacked shell modeling. Joosten et al.
[7] described the quasi-static crushing behaviors of CFRP hat-shaped crush components by
using a four-layer stacked shell model. The numerical result indicated that this modeling
approach is capable to predict the failure modes more accurately and provide better agreement
with the load-displacement curves generated from the experiments. In other words, the
stacked shell modeling approach can better capture the failure details with a relatively simple
constitutive relation for numerical simulation of CFRP structures.

In review of aforementioned studies in literature, it is known that the macro-mechanical

model is more applicable for engineering crashing analysis of CFRP structure attributable to



its high computational efficiency. In this study, two different macro-mechanical modeling
approaches, namely the single layer shell modeling and the stacked shell modeling, were
adopted to investigate the axial crushing behaviors of square CFRP tubes. The effects of key
parameters were examined using these two modeling approaches respectively. By comparing
the numerical results with the experimental data, the overall suitability of these two models
was assessed for providing a better prediction accuracy. Further, based on the suitable
modeling approach, crushing behaviors of several CFRP thin-walled candidate structures with
different cross sectional shapes and wall thickness were then explored. The effect of several
key parameters on failure modes and crashing behaviors were vinvestigated in these
configurations, thereby providing technical guide for enhancing the crashing performance of

CFRP thin-walled structures.

2. Experimental methods
2.1 Crashworthiness metrics
The general goal of designing a crashworthy structure is to reduce occupant injury by
absorbing as much impact energy as possible and lowering the peak impact loads [32, 33].

The energy absorption during the crushing can be mathematically calculated as:

EA = deF(x)dx, (1)
where FA is energy absorption; d denotes crushing distance and F(x) represents crushing
force.

To evaluate weight efficiency of energy absorption of a structure, the specific energy

absorption (SEA) is often used as:

_ B4
SEA=—, )

where m is the mass of the crash structure. A higher SEA indicates a higher energy-absorbing
efficiency of the structure.

The peak crushing force (PCF) means the maximum impact load during the crashing
process, which is often associated with deceleration in dynamic crashing. The crush force

efficiency (CFE) indicates the ratio of the mean crushing force (Feq,) to the PCF, defined as:
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CFE should be as high as possible to balance the peak force and energy absorption efficiency.

2.2 Experimental specimens

Three thin-walled square CFRP tubes were considered in the experimental study here.
The tubes were fabricated in the woven fabric carbon—epoxy prepreg produced by Toray
industries through the bladder molding process [34-36], which basically consisted of cutting
prepregs, winding on mandrel, taking out the mandrel, placing into a metal mold, exerting
pressure inside from an inflatable bladder, and curing within a hot press. All specimen have
1.98 mm in thickness (9 plies) with a stacking sequence of (0°, 90°) 9, 50 mm in length and 60
mm in outer side length. The two different chamfers were also considered in T-2 and T-3, as

shown in Fig. 1.

Fig. 1 (a) The CFRP tube without chamfer (T-1); (b) The CFRP tube with single-sided chamfer (T-2); (c)

The CFRP tube with bar chamfer (T-3).

2.3 Material characterization

In order to develop effective'numerical models, a series of tensile tests was conducted to
obtain the mechanical properties of the CFRP tube. The specimens were cut from the plate
made of the same materials with the tube, in particular along 0° and 90° for the tensile tests,
and along 45° for the in-plane shear tests (Fig. 2(a) and (b)). The tensile and in-plane shear
tests were carried out according to the ASTM D3039 and D3518 procedures, respectively. The
strain of the specimens was measured by digital image correlation (DIC) test system, as

shown in Fig. 4(d). The typical stress—strain curves are illustrated in Fig. 3.

Fig. 2 Specimens for tensile tests and shear test: (a) The specimen and fiber orientations for tensile test; (b)
The specimen and fiber orientations for shear test; (c) The specimen with CFRP tabs and speckle for DIC;

(d) The specimen in the testing machine and set-up of DIC system.

Fig. 3 Typical stress—strain curves of CFRP materials: (a) Tensile tests; (b) Shear tests.



2.4 Quasi-static test

The CFRP tubes were tested in compression between two flat steel platens in a standard
universal testing machine INSTRON-5985 with a load capacity of 150 kN. The test was
performed in a quasi-static condition with a constant loading rate of 4 mm/min at-the room
temperature throughout the test. The final crushing displacement for axial compression test
was set to be 35 mm (i.e. 70% of the overall specimen’s height). The deformation details were
photographed during the entire quasi-static loading process, and the force and displacement

data were recorded.

2.5 Experimental results

The typical force—displacement curves and some snapshots of deformation modes for all
specimens at the several representative positions are provided in Fig. 4. The region before
reaching the initial peak force is named as the pre-crushing stage, where the
force—displacement relationship is-almost linear and an elastic deformation of the tube is
observed. The region after the initial peak load is known as the post-crushing stage. In light of
the curves, there is little difference between these three different tubes during the
post-crushing stage. This is mainly because all the specimens were crushed in a fairly similar
fashion during the post-crushing stage, where progressive crushing of the tube was initiated at
the incident(top) end with propagation of the intra/interlaminar cracks and the cracks split the
tube into external and internal fronds. As tubal compression progressed, four small external
fronds were observed at the corners of the tube as a result of fiber failure. Meanwhile, the
outward fronds were extensively bent and curled downwards, resulting in a series of
fluctuations of crushing force around the mean crush load. A similar final deformation mode
can be observed in all the specimens as shown in Fig. 5, indicating little influence of chamfer
on deformation mode of the tubes. Additionally, it is worth noting that the initial peak forces
with chamfer were much less than that without chamfer, and specimen T-3 showed a
relatively low load carrying capacity in the early stage of compression process due to the

presence of bar chamfer. Crashworthiness indicators obtained from the force and



displacement data are summarized in Table 1.

Fig. 4 (a) Typical force—displacement curves; (b) Crushing history in the axial crushing tests.

Fig. 5 All specimens after compressive test: (a) T-1; (b) T-2; (c) T-3.

Table 1 Crashworthiness indicators obtained from the crushing experimental tests.
3. Numerical modeling
3.1 Constitutive model
The FE models were developed using commercial FE software ABAQUS/Explicit. As
abovementioned, two FE models (i.e. single layer shell model and stacked shell model) were
created. The constitutive behavior of the single layer ‘shell model was based upon the
constitutive law for intra-laminar failure model. In the stacked shell model, the delamination
failure modes were included, and consequently its constitutive behavior was based upon two
individual constitutive laws for intra-laminar failure mode and inter-laminar failure mode.
The intra-laminar failure mechanism was related to the fiber damage and matrix cracking,
while the inter-laminar failure mechanism was associated with the delamination failure
between the layers. The constitutive models applied for modeling the intra-laminar and

inter-laminar failure mechanisms were outlined as follows.

3.1.1 Intra-laminar failure

The intra-laminar failure model was implemented by utilizing a user-defined material
subroutine VUMAT. The fiber damage under tensile or compressive loading and plastic
deformation under shear loading were involved. The model was governed by several material
properties and coefficients; and for completeness of the paper, a summary of the intra-laminar
failure model is given here.

The plain woven fabric reinforcement considered in the present material constitutive
model was assumed to have orthogonal fiber (tow) directions; and the intra-laminar

stress—strain relation is defined as [30],
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where subscripts 1 and 2 represent fiber directions (1 for longitudinal direction and 2 for
transversal direction); o = {011 022 012}7 is the stress vector; € = {g; &, &L} is
the elastic strain vector; E; and E, are the Young’s moduli in the longitudinal and transversal
directions respectively; v, is the in-plane Poisson ratio, and G, is the in-plane shear modulus.
d; and d, represent the damage variables related to fiber fracture in the longitudinal and
transversal directions respectively; di» is the damage variable associated with the matrix
micro-cracking under shear loading. The damage variables, di and d», are further
distinguished as di+, di., d»+, and d,., according to the:stress state in the corresponding
direction (subscripts + and - represent tensile and compressive states, respectively).

The initiation and evolution of the individual damage mechanisms were described by

means of the corresponding effective stress_& [30],as (i= 1, 2):

~ {(gii) ~ (—0ii) ~ g1z
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where angle brackets < > represent the Macaulay operator.

Considering characteristics of the woven fabric reinforcement, the mechanical properties
of longitudinal and transversal directions should be almost consistent. Based on that, the
failure criteria which include five different failure modes can be defined as follows:

Fiber tensile damage in longitudinal direction:

Fip =32 (6)

X4

Fiber compression damage in longitudinal direction:

Fo=—2 @

X1-

Fiber tensile damage in transversal direction:

Fp, =22 (8)

X2+

Fiber compression damage in transversal direction:
Fpo=—2 ©)

In-plane shearing:
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where X+ and X;. are the tensile and compressive strengths in the longitudinal direction; X»+
and X». are the tensile and compressive strengths in the transversal direction; S is in-plane
shear strength. Fi., F1., F24, F>. and Fy, are the failure coefficients corresponding to each
failure mode, and the value of 1.0 or higher of them indicates that the corresponding failure
criterion has been met.

Once the initial damage of materials appears, then the degradation of material properties
would take place according to the damage evolution law. The evolution law for fiber damage

was defined in the following equation (here a=1+, 2+) [30],

d, = 1——exp[ gf’gLOCLC(a—D] (11)

where L. denotes the characteristic length of the element; Gf. is the fracture energy per unit
area at the fiber tensile failure or fiber compressive failure; g¢ is the elastic energy per unit
volume under uniaxial tensile or compressive loading; r, is the damage threshold for fiber
damage and can be defined as (here i= 1, 2):
1+ = max(1, Fi,) (12)
;- = max(1, F;_) (13)
As for the shear damage evolution, it is assumed that d, increases with logarithm of
the damage threshold (77,) until a specified maximum value was reached [30], and it was
given by:
dy, = min [Bydn(r,), d5Y (14)
where f1, and d3** are the material properties that can be determined experimentally. r, is
the damage threshold for shear and can be defined as:
712 =max (1, Fi,) (15)
The damage thresholds, 7., ri- and rj2, reflect the historical damage of materials. They were
initially set to 1 before the initial damage and equal to each corresponding failure coefficient
when damage evolution occurs.
According to the experimental result shown in Fig. 3(b), it can be found that the in-plane
shear response is dominated by the plastic behavior due to the matrix micro-cracking. To

account for this plastic behavior, a plasticity model was implemented and the yield function
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was given by:
F =161,] = 6,(e") <0 (16)
and the hardening law was assumed to be of the form:

60(51)1) = 6}/0 + C(gpl)p (17)

where &

yo 18 the initial effective shear yield stress; C and p are the constants for the

calibration of the hardening curve; &P! is the equivalent plastic strain. Note that the values of
C,p,and Gy, canbe determined using a calibration procedure as presented inRef. [30].

In order to develop the constitutive model for intra-laminar failure, the experimental
results of the tensile test and the in-plane shear test (see Fig. 3) were completed with the
material parameters reported in Ref. [30], where the similar materials were used. The values
of elastic constants, damage initiation and fracture energies for a single ply along the fiber
directions are presented in Table 2. The parameters describing the plastic deformation and

failure behavior for a single ply under shear loading are summarized in Table 3.

Table 2 Material properties describing the elastic and failure behaviors along the fiber directions.

Table 3 Material properties describing the plastic deformation and failure behaviors under the shear loads.

3.1.2 Inter-laminar failure

The interface constitutive response was modeled using the cohesive contact method,
which was defined based on the traction—separation law including corresponding damage
criterion and evolution [30]. The inter-laminar behavior was considered to be linear elastic
before the delamination occurred; and normal and shear traction components were assumed to

be uncoupled within the elastic range. Therefore, the elastic behavior can be defined as:

th K, O 07 (¢n
t:{ts}: 0 K, 0 Es}:Ks (18)
tt 0 0 Kt &t

where t denotes traction stress vector and ¢ is the strain vector; subscripts n, s and ¢ are the
normal, first shear, and second shear directions, respectively; K is the stiffness matrix of

interaction.
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To describe the initiation of delamination damage, a quadratic interaction function can be
defined as [30]:
Iz g E2 4 (2= 19
G+ )+ (%) = (19)
n N t
where t2, t2 and t? represent the peak values of the traction stresses. Once the function

reaches a value of 1, the damage could take place and grow according to the damage

evolution laws:

GE + (GE — GE)(E% yn = g¢ (20)

Gn+Gs+Gy
where G is the fracture energy and superscript C represents the critical fracture energy; 7 is
a cohesive property parameter. Table 4 presents the material properties to describe the

inter-laminar damage model, and these parameters can be found in Ref. [30].

Table 4 Material properties describing the inter-laminar damage model.

3.2 The single shell layer model

The single shell layer model of the CFRP tube was implemented in commercial code
ABAQUS, in which the material properties for defining the FE model are listed in Table 2 and
Table 3. The single shell layer model for the tube without chamfer (T-1) is illustrated in Fig. 6,
in which both the upper and the lower platens were modeled in the rigid surfaces. According
to Eq. (11), the damage evolution law largely depends on the element size, which should be
sufficiently small to keep d, between O and 1. With consideration of the computational
efficiency, the tube was meshed by the conventional shell elements (S4R) with a mesh size of
1.0X1.0 mm, which is sufficient to predict the crushing behaviors of the CFRP tube [30,37].
The constant velocity of 1 m/s was assigned to the moving upper platen, and the lower platen
was fixed in all directions. Note that in the numerical simulation a much higher loading rate

was used in order to balance computational efficiency and accuracy [38].

Fig. 6 The single shell model of the square CFRP tube without chamfer (T-1).

3.3 The stacked shell model

12



The stacked shell model of the specimen T-1 is shown in Fig. 7(a), where the two platens
were modeled using the rigid surface. The detailed view as depicted in Fig. 7(b) indicates 9
layers, each representing one fiber ply of 0.22 mm in thickness; and each layer was meshed
using continuum shell elements (SC8R) with a mesh size of 1.0X1.0 mm. This type of
element has the geometry of the solid element, but the constitutive behaviors are similar to
those of conventional shell elements [30]. The material properties defining the intra-laminar
failure model are listed in Table 2 and Table 3. The cohesive contact model was used to
simulate the delamination between the layers, and the material parameters to describe the

cohesive contact are given in Table 4.

Fig. 7 (a) The stacked shell model of the specimen T-1; (b) The detail view of stacked-shell model.

4. Results and Discussion
In order to explore overall suitability of these two_different modeling approaches, this
section first depicts the effects of key modeling parameters by comparing with the
experimental data of specimen T-1. Then, the suitable modeling approach is further validated

by specimens T-2 and T-3.

4.1 Results of single layer model

This section discusses the simulation results of the single layer model for specimen T-1,
through which the effect of key parameters on results are analyzed in detail. According to the
literature [39], the frictional effect between fronds and platen can be observed during the
crushing, which can be a significant contributor to the energy absorption. Therefore, three
different values of friction coefficient p (0.1, 0.15 and 0.2) were examined herein.

Figs. 8 and 9 show the force-displacement curves and deformation modes during the
crushing process of T-1 with different coefficients (p). The field variable is used to represent
the damage of CFRP materials in the FE models, in which the red color indicates the failure
elements (see Fig. 9). According to the deformation patterns shown in Fig. 9, all these three
single layer models developed approximately the same deformation mode, in which
progressive end-crushing mode together with local buckling mode were observed, indicating

relatively little effect of friction coefficient on collapse modes. Compared with the
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experimental results (see Fig. 5(a)), these three FE models were incapable of representing the
delamination failure observed in the test, which implies the fundamental limitation of the
single layer modeling approach. In other words, such models cannot realistically capture the
failure mechanisms for energy absorption; thus these simulations significantly
under-predicted the crushing load recorded from the tests, as shown in Fig. 8. In addition, it
can be noted that the initial peak forces from the simulation are remarkably higher than that
from the experimental test. This may be due to the fact that the delamination failure occurred
in the experiment led to a relatively lower initial peak force.

Several crashworthiness indicators of T-1 calculated from the force-displacement curves
are listed in Table 5. Note that increasing the friction coefficient from 0:1 to 0.2 enhances the
energy absorption (EA), while the maximum EA value is still remarkably lower than the
experimental counterpart. In general, it is evident that the simulation based on the single shell
layer model was unable to capture the energy absorbing mechanisms properly and yielded
considerable discrepancy with the testing results, specifically underestimating the crushing

loads and EA.

Fig. 8 Force-displacement curves of the single shell layer models for T-1 with different p.

Fig. 9 Deformation patterns of the single shell layer models for T-1 with different p.

Table 5 Crashworthiness indicators of T-1 obtained from single shell layer models and the experimental

test.

4.2 Results of stacked shell model

This section depicts the simulation results of T-1 obtained from the stacked shell
modeling approach, and the effects of friction coefficient and the number of shell layers were
discussed. Fig. 10 plots the force-displacement curves for the 9 layer stacked shell models
(each shell layer represents one fiber ply) with three different friction coefficients (u=0.1, 0.15,
0.2) together with the test curve. Fig. 11 compares the deformation modes during the crushing

process. It can be seen that increasing friction coefficient did not change the main collapse
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mode. All the three configurations crushed in the same way; and the overall deformation
modes in terms of delamination failure and fiber failure showed good agreement with those of
the experimental test (see Fig. 5(a)). As shown in Fig. 10, increasing the friction coefficient
from 0.1 to 0.2 slightly increased crushing load; and the trends of the predicted (e.g. p = 0.2)
and tested curves are quite close. In view of these curves, it is worth noting that the predicted
crushing loads are slightly higher than the experimental value in the later crushing stage. This
may be due to the frictional effect in between the internal fronds and bottom platen. Further,
the crashworthiness indicators calculated from the curves are listed in Table 6, which shows
that FA raises slightly with increase in the friction coefficient. It can be concluded that the 9
layer stacked shell model with p = 0.2 is able to predict the crashworthiness indicators and

simulate all complex failure modes of CFRP tube properly.

Fig. 10 Force-displacement curves of the stacked shell models with different p.

Fig. 11 Deformation patterns of the stacked shell models with different p.

Further, two other FE models, developed by different number (3 and 5) of shell layers in
thickness, were also considered herein to explore the influence of number of shell layers. In
these analyses, the friction coefficient was set to be 0.2 for all the models. Figs. 12 and 13
illustrate the force-displacement curves and deformation patterns of each tested configuration.
It can be seen that'a delamination failure mode did not occur in the 3 layer (each shell layer
represents 3 fiber plies) and 5 layer (each shell layer represents 1.8 fiber plies) models,
indicating that reducing the number of layers changed the mode of collapse. Additionally, the
changes in deformation pattern led to an overestimated energy absorption, as shown in Table
6. As a result, it is shown that the 9 layer stacked shell model with p = 0.2 is capable of
predicting the damage progression, failure modes and all the crashworthiness indicators of the

specimen T-1 with relatively high accuracy.

Fig. 12 Force-displacement curves of the stacked shell models with different number of layers.
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Fig. 13 Deformation patterns of the stacked shell models with different number of layers.

Table 6 Crashworthiness indicators obtained from the stacked shell FE models and the experimental test.

In order to further validate the modeling approach, the 9 layer stacked shell model (n =
0.2) is adopted to predict crushing behaviors of tubes with the chamfer (T-2 and T-3). Figs. 14
and 15 illustrated the simulation results of force-displacement curves and deformation modes
for T-2 and T-3 respectively; and good agreement can be observed by comparing with the
experimental results, further indicating a high accuracy of the stacked shell modeling

approach.

Fig. 14 Force-displacement curves of the stacked shell models for T-2 and T-3: (a) T-2; (b) T-3.

Fig. 15 Deformation patterns of the stacked shell models for T-2 and T-3: (a) T-2; (b) T-3.

5. Comparison of crashworthiness between CFRP tubes with
different sectional profiles

From the previous experimental and numerical analyses, 9 layer stacked shell model
with p = 0.2 is able to provide sufficient accuracy for predicting the crushing behaviors of
CFRP square tubes. Based on this modeling approach, this section further explores the
crashworthiness characteristics of several other CFRP tubes with different sectional profiles,
which helps select the best tubal profiles. These cross-sectional profiles under consideration
include triangle, square, pentagon, hexagon and circle, as shown in Fig. 16. The perimeter of
the cross section and the length of the tubes were made as constants (i.e. the same weight) for
the purpose of comparison. The effects of tubal wall thickness on crashworthiness
characteristics were explored. From the experimental results presented in section 2.5, it was
known that there is little influence of chamfer on deformation mode and crashworthiness

indicators of the tubes. Thus, the following investigation would not consider the chamfer.

Fig. 16 CFRP tubes with different sectional profiles: (a) Triangle; (b) Square; (c) Pentagon; (d) Hexagon; (e)

Circle.
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5.1 Force—displacement curves and failure modes

The typical force—displacement curves and the crushing history for all these different
sectional configurations with 9 fiber plies across the wall thickness were plotted in Fig. 17
and Fig. 18, respectively. It is noticeable that the overall trends of loading response and the
values of PCF are fairly close to each other. Nevertheless, it is worth noting that the crushing
load increases slightly with growing number of the edge; and the circular tube<is of the
highest load carrying capacity, as shown in Fig. 17. From the crushing history plotted in Fig.
18, it can be seen that progressive crushing of all tubes was developed with the propagation of
the intra/interlaminar cracks which split the tubes into external and internal fronds. In addition,
it can be also observed that with raising number of edges, the. number of the axial cracks
increased. Since the circular tube developed more cracks in the axial direction, it absorbed
more energy, which explains why the circular tube has the highest crushing load and energy

absorption capacity.

Fig. 17 Comparison of force—displacement curves between the different tubes with 9 fiber plies across the

wall thickness.

Fig. 18 Comparison of deformation patterns between the different tubes with 9 fiber plies across the wall
thickness.

In order to investigate the effect of tubal wall thickness on crashworthiness
characteristics, the other two different wall thickness (7 fiber plies and 5 fiber plies) for all the
configurations were also considered here. Figs. 19 and 20 plot the force—displacement curves
and the crushing history for all the structures with 7 fiber plies across the wall thickness. In
view of these curves, the crushing load of tubes with triangle, square and circle sections were
seen a trend of gradual reduce towards the later stage of crushing process. This is due to the
fact that the unstable local buckling mode (see Fig. 20(a), (b) and (e)) was observed in these
tubes during the crushing, which led to a relatively low load carrying capacity. On the contrast,
the progressive failure mode was observed in the tubes with pentagon and hexagon sections;
and the crushing loads fluctuated around their means. Further, the deformation patterns of
tubes with pentagon and hexagon sections were approximately the same as those of their 9

fiber plies counterparts. It can be concluded that there is a little effect of thickness when
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changing from 9 fiber plies to 7 fiber plies on the deformation patterns for the tubes with

pentagon and hexagon sections.

Fig. 19 Comparison of force-displacement curves between the different tubes with 7 fiber plies across the

wall thickness.

Fig. 20 Comparison of deformation patterns between the different tubes with 7 fiber plies across.the wall
thickness.

Figs. 21 and 22 depict the force—displacement curves and some snapshots of deformation
modes for all the tubes with 5 fiber plies across the wall thickness. With increasing crushing
displacement, it can be seen that the crushing loads for all the configurations showed a trend
of decrease at different levels. This is mainly because that the excessive reduction in tubal
wall thickness led to the changes in deformation patterns; and unstable local buckling mode
can be observed in all the tubes, as shown in Fig. 22. As a result, it can be concluded that the
reduction in the wall thickness from 7 fiber plies to 5 fiber plies led to noticeable changes in
deformation patters for all the configurations; and thereby considerably reducing the crushing

loads.

Fig. 21 Comparison of force—displacement curves between the different tubes with 5 fiber plies across the

wall thickness.

Fig. 22 Comparison of deformation patterns between the different tubes with 5 fiber plies across the wall
thickness.

5.2 Comparison of energy absorption characteristics

The crashworthiness indicators were derived from the force-displacement curves to
investigate crashworthiness characteristics of all these configurations, as presented in Table 7.
Fig. 23 shows the bar chart of SEA for all the tubes with different thicknesses. It can be seen
that the effect of wall thickness on SEA of tubes with the pentagon, hexagon and circle
profiles is relatively small compared with the triangle and square profiles. The value of SEA
for hexagon tube reached the maximum value at the 7 fiber plies across the wall thickness.
For the tubes with the same wall thickness, the values of SEA increased with raising the

number of edges. Therefore, the circle tube shows superior specific energy absorption
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capacity over all the other tubes with the same wall thickness, indicating that the circular

CFRP tube section is of good potential as a crashworthy structure.

Table 7 Crashworthiness indicators for all configurations.

Fig. 23 SEA of all configurations.

6. Conclusions

This study developed two different numerical models (namely single layer shell model
and stacked shell model) based on a proposed constitutive model to simulate experimental
crush tests on a square CFRP tube. The influence of key modeling parameters for these two
FE models were analyzed; and their overall suitability was assessed to provide an effective
and accurate prediction. Further, the crushing behaviors of several CFRP tubes with different
cross sectional shapes and wall thickness have been investigated through numerical
simulations to explore the most suitable sectional configurations for crashworthiness design.
Within the limitations, the following conclusion can be drawn from this study:

(1) The simulation based on the single shell layer model is unable to realistically capture
the failure mechanism and energy absorption capacity obtained from the experimental tests,
specifically underestimating the crushing loads and EA considerably.

(2) The 9 layer stacked model with p = 0.2 is able to predict the damage progression,
failure modes and the crashworthiness indicators of the CFRP square tube most accurately in
comparison of the experimental results.

(3) Raising the friction coefficient increases the EA for both the FE models.

(4) In the stacked shell model, reducing the number of layers may change the main
collapse mode, and consequently vary the value of FA.

(5) For the tubes with different sectional profiles but the same wall thickness and
perimeter (this the same weight), the SEA increases with raising the number of edges. The
effect of thickness on SEA of tubes with pentagon, hexagon and circle profiles is relatively
small in comparison with the triangle and square profiles. The circular tube exhibits superior

energy absorption capacity of all these tubes concerned, thereby being of great potential to be
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a crashworthy structure.
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Figure Captions
Fig. 1 (a) The CFRP tube without chamfer (T-1); (b) The CFRP tube with single-sided chamfer (T-2); (c)
The CFRP tube with bar chamfer (T-3).
Fig. 2 Specimens for tensile tests and shear test: (a) The specimen and fiber orientations for tensile test; (b)
The specimen and fiber orientations for shear test; (c) The specimen with CFRP tabs and speckle for DIC;
(d) The specimen in the testing machine and set-up of DIC system.
Fig. 3 Typical stress—strain curves of CFRP materials: (a) Tensile tests; (b) Shear tests.
Fig. 4 (a) Typical force-displacement curves; (b) Crushing history of the CFRP tubes in axial crushing
tests.
Fig. 5 All specimens after compressive test: (a) T-1; (b) T-2; (c) T-3.
Fig. 6 The single shell model of the square CFRP tube.
Fig. 7 (a) The stacked shell model of the CFRP tube; (b) The detail view of stacked-shell model.
Fig. 8 Force-displacement curves of the single shell layer models for T-1with different p.
Fig. 9 Deformation patterns of the single shell layer models for T-1 with different p.
Fig. 10 Force-displacement curves of the stacked shell models for T-1 with different p.
Fig. 11 Deformation patterns of the stacked shell models for T-1 with different p.
Fig. 12 Force-displacement curves of the stacked shell models for T-1 with different number of layers.

Fig. 13 Deformation patterns of the stacked shell models for T-1 with different number of layers.

Fig. 14 Force-displacement curves of the stacked shell models for T-2 and T-3: (a) T-2; (b) T-3.
Fig. 15 Deformation patterns of the stacked shell models for T-2 and T-3: (a) T-2; (b) T-3.

Fig. 16 CFRP tubes with different sectional profiles: (a) Triangle; (b) Square; (c) Pentagon; (d) Hexagon; (e)
Circle.

Fig. 17 Comparison of force—displacement curves between the different tubes with 9 fiber plies across the
wall thickness.

Fig. 18 Comparison of deformation patterns between the different tubes with 9 fiber plies across the wall
thickness.

Fig. 19 Comparison of force-displacement curves between the different tubes with 7 fiber plies across the
wall thickness.

Fig. 20 Comparison of deformation patterns between the different tubes with 7 fiber plies across the wall

thickness.
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Fig. 21 Comparison of force—displacement curves between the different tubes with 5 fiber plies across the
wall thickness.

Fig. 22 Comparison of deformation patterns between the different tubes with 5 fiber plies across the wall
thickness.

Fig. 23 SEA of all configurations.
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(b) (©

Fig. 1 (a) The CFRP tube without chamfer (T-1); (b) The CFRP tube with single-sided chamfer (T-2); (c)

The CFRP tube with bar chamfer (T-3).
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Fig. 2 Specimens for tensile tests and shear test: (a) The specimen and fiber orientations for tensile test; (b)
The specimen and fiber orientations for shear test; (c) The specimen with CFRP tabs and speckle for DIC;

(d) The specimen in the testing machine and set-up of DIC system.
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Fig. 4 (a) Typical force—displacement curves; (b) Crushing history of the CFRP tubes'in axial crushing

tests.
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Fig. 7 (a) The stacked shell model of the CFRP tube; (b) The detail view of stacked-shell model.
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Fig. 8 Force-displacement curves of the single shell layer models for T-1 with different p.
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Fig. 10 Force-displacement curves of the stacked shell models for T-1 with different p.
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Fig. 16 CFRP tubes with different sectional profiles: (a) Triangle; (b) Square; (c) Pentagon; (d) Hexagon; (e)

Circle.
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Fig. 17 Comparison of force—displacement curves between the different tubes with 9 fiber plies across the
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Fig. 18 Comparison of deformation patterns between the different tubes with 9 fiber plies across the wall
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Table 1 Crashworthiness indicators obtained from the crushing experimental tests.

Specimens EA()) Fean (KN) PFC (kN) CFE SEA (J/g)
T-1 1808.93 52.38 104.38 0.50 50.25
T2 1796.93 51.14 66.22 0.77 50.61

T-3 1778.35 50.82 67.72 0.76 51.10

49



Table 2 Material properties describing the elastic and failure behaviors along the fiber directions.

Description Variable Value
Density (kg/m’) p 1560
Elastic properties (GPa) E, 65.1
E, 64.4
G 4.5
Vi2 0.037
Damage initiation (MPa) X, 776
X 704
X4 760
Xs. 698
S 95
Fracture energies (kJ/mz) Gflc+ 125
G 250
Gir 95
Gi 245
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Table 3 Material properties describing the plastic deformation and failure behaviors under the shear loads.

Description Variable Value
Coefficient in the shear damage variable (Eq. (14)) b1z 0.18
Maximum value of shear damage variable dpi 0.99
Initial effective shear yield stress (MPa) Gyo 185
Power term in the hardening equation (Eq. (17)) p 0.41
Coefficient in the hardening equation (Eq. (17)) C 1053
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Table 4 Material properties describing the inter-laminar damage model.

Description Variable Value
Damage initiation (MPa) t,? 54
t? 70
t? 70
Fracture energies (J/m®) G,f 504
GE¢ 1566
GE 1566
BK n 2.284
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Table 5 Crashworthiness indicators of T-1 obtained from single shell layer models and the experimental

test.

Type EA () Frean (KN) PCF (kN) CFE  SEA (/g
Experimental test 1808.93 52.38 104.38 0.50 50.25
model with u=0.1 1192.66 33.78 143.07 024  33.13
model with u=0.15 1137.66 3243 142.33 0.23 31.60
model with p=0.2 1307.90 37.39 142.01 0.26 36.33
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Table 6 Crashworthiness indicators obtained from the stacked shell FE models and the experimental test.

Type EA () Frean (RN)  PFC (kN) CFE  SEA(/g)
Experimental test 1808.93 52.38 104.38 0.50 50.25
9 layers model with u=0.1 1622.53 46.04 100.17 0.46 40.07
9 layers model with u=0.15 1759.34 49.88 115.24 043 48.87
9 layers model with p=0.2 1960.19 55.62 114.12 0.49 54.45
3 layers model with p=10.2 2101.74 59.53 130.82 0.46 58.38

5 layers model with u=0.2 2085.14 58.34 120.09 0.49 57.92
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Table 7 Crashworthiness indicators for all configurations.

Type Fiber plies EA (J) Frean (kRN)  PFC (kN) CFE  SEA(/g)
Triangle section 9 1920.49 54.49 114.47 0.48 53.35
Square section 9 1960.19 55.62 114.12 0.49 54.45
Pentagon section 9 1957.11 54.44 113.51 0.48 54.36
Hexagon section 9 1984.42 56.24 116.06 0.48 5512
Circle section 9 2219.93 63.07 110.91 0.57 61.66
Triangle section 7 1325.12 37.49 77.49 0.48 50.00
Square section 7 1362.46 38.57 77.86 0.50 51.41
Pentagon section 7 1451.27 41.14 77.43 0.53 54.76
Hexagon section 7 1565.26 44.38 77.06 0.58 59.07
Circle section 7 1482.24 42.00 77.16 0.54 55.93
Triangle section 5 681.99 19.28 58.19 0.33 35.71
Square section 5 800.99 22.70 57.50 0.39 41.94
Pentagon section 5 1003.94 28.46 58.05 0.49 52.56
Hexagon section 5 972.54 27.59 59.08 0.47 50.92
Circle section 5 1053.06 29.89 58.66 0.51 55.13
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