=
el ’ “
S8R materials m\p\py

Article

Energy Absorption and Failure Modes of Different Composite
Open-Section Crush Elements under Axial Crushing Loading

Xulong Xi 12, Pu Xue !, Xiaochuan Liu 2, Chunyu Bai 2, Xinyue Zhang 2, Xiaocheng Li 2, Chao Zhang !

and Xianfeng Yang 3*

check for
updates

Citation: Xi, X.; Xue, P; Liu, X,; Bai, C.;
Zhang, X.; Li, X.; Zhang, C.; Yang, X.
Energy Absorption and Failure Modes
of Different Composite Open-Section
Crush Elements under Axial Crushing
Loading. Materials 2024, 17, 3197.
https://doi.org/10.3390/
mal7133197

Academic Editor: Zulfigar
Ahmad Khan

Received: 26 May 2024
Revised: 22 June 2024
Accepted: 27 June 2024
Published: 30 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Aeronautics, Northwestern Polytechnical University, Xi’an 710072, China;

2020160673@mail. nwpu.edu.cn (X.X.); xuepu@nwpu.edu.cn (P.X.)

National Key Laboratory of Strength and Structural Integrity, Aircraft Strength Research Institute of China,
Xi’an 710065, China

National Key Laboratory of Strength and Structural Integrity, School of Aeronautic Science and Engineering,
Beihang University, Beijing 100191, China

*  Correspondence: yangxf@buaa.edu.cn

Abstract: In order to study the energy absorption characteristics of the open-section thin-walled
composite structures with different cross-sections, axial compression tests were carried out at loading
speeds of 0.01 m/s, 0.1 m/s, and 1 m/s. Finite element models were built to predict the crushing
response and energy absorption behaviors of these open-section structures. The effects of the cross-
section’s shape, cross-section aspect ratio, trigger mechanism, and loading speed on the energy
absorption characteristics of the composite structures were analyzed. The results show that the
average crushing loads of the hat-shaped and ()-shaped open-section structures are 14.1% and 14.6%
higher than those of C-shaped open-section structures, and the specific energy absorption (SEA)
values are 14.3% and 14.8% higher than that of C-shaped open-section structures, respectively. For
the C-shaped open-section structures, a 45° chamfer trigger is more effective in reducing the initial
peak load, while a 15° steeple trigger is more appropriate for the hat-shaped open-section structures.
The average crushing loads and SEA of C-shaped, hat-shaped, and Q)-shaped open-section structures
are reduced when the loading speed is increased from 0.01 m/s to 1 m/s. The increase in loading
speed leads to the splashing of debris and thus reduces the loading area and material utilization of
open-section structures, leading to a decrease in energy absorption efficiency.

Keywords: composite; failure mode; energy absorption; numerical simulation

1. Introduction

Composite materials have become the overwhelming choice for the structural com-
ponents of aircraft in recent years due to their excellent advantages in strength, weight
reduction, and energy absorption behaviors [1-3]. For example, the number of composite
materials used in Airbus A350 and Boeing 787 has exceeded 50% of their total structural
weights. However, aircraft structures are inevitably subjected to impact loads in the event of
a crash. In order to protect occupants from injury, the structural deformation and material
failure of aircraft components may be involved to absorb the impact’s kinetic energy [4,5].
It is a critical point that aerospace composite materials possess the same crashworthiness
as metal materials during an emergency landing. Thus, the energy absorption design of
aerospace composite structures has always remained a top priority to prevent catastrophic
structural failure and significant casualties.

Composite tubes have been increasingly used in aerospace applications. Existing
studies on crashworthiness have mainly focused on evaluating and improving the crushing
behavior and energy absorption capacity of various composite thin-walled structures, such
as circular carbon fiber-reinforced plastic (CFRP) tubes [6,7], squared CFRP tubes [8,9],
and double-hat-shaped CFRP tubes [10,11]. It was found that circular composite tubes
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exhibit the best specific energy absorption characteristics among all the various composite
tubes with different sectional profiles, but they have the same wall thickness [12]. A large
number of approaches have been proposed to enhance crashworthiness behaviors, such as
filling cellular materials in composite tubes. Lightweight foams are usually used as a core
material of composite tubes to improve buckling strength, stiffness, and impact resistance
while maintaining minimal mass [13,14]. However, the usage of cellular materials may
decrease weight efficiency, leading to undesirable specific energy absorption compared
with hollow composite tubes.

Composite materials also have disadvantages such as high cost and brittle fracture
behaviors. The hybrid material design strategy provides a good solution to meet the
requirements of lightweight property and energy absorption [15-17]. The SEA of the
metal-composite hybrid structure can be improved by 37% compared to pure aluminum
tubes. The external inversion mode of the metal-clad composite hybrid circular tube is the
main mechanism for energy absorption [18]. In addition, it is able to avoid the excessive
loads transferred to the entire structure and improve energy absorption behaviors by using
the trigger mechanism [19]. Traditional composite tubes usually exhibit Euler buckling,
shell buckling, and a brittle fracture mode. However, these composite tubes can collapse
with a progressive crushing mode after introducing a chamfer trigger mechanism [20,21].
The crashworthiness investigation of the double- and triple-coupling triggered composite
tubes reveals that the triple-coupled triggers improve the energy absorption capacity
while double-coupled triggers can weaken the triggered zones to decrease the initial peak
force [22]. In addition, multi-scale impact fracture mechanisms were investigated in hybrid
materials [23].

Open-section energy-absorbing structures are extensively used as the subfloor struc-
ture of modern airplanes. Thus, a number of studies have been conducted to investigate the
crushing behavior and energy absorption of open-section structures [24,25]. Bolukbasi and
Laananen [26] investigated the energy-absorbing characteristics of the composite flat plates,
angles, and channel sections under axial compression loading, and a semi-empirical analy-
sis methodology was developed to predict the energy absorption capability. Riccio et al. [27]
investigated the structural behavior of a channel section composite component subjected
to quasi-static compression and dynamic loads. The interfaces between plies oriented ac-
cording to the impact loading direction have been found more susceptible to inter-laminar
damage. Jackson et al. [28] studied the crushing response of the carbon fiber/epoxy crush
elements. The impact testing results indicate a 6-15% reduction in SEA compared to the
quasi-static crushing case. Waimer et al. [29] investigated the dynamic failure behavior
of the CFRP components assembled using a CFRP half-tube and an L-shaped strut. The
assembly of the half-tube and L-strut provides an Improved section modulus, which leads
to a progressive crushing mode.

The existing studies on open-section energy-absorbing structures have focused on
the crushing response with the impact velocity arranged from 1.8 m/s to 10 m/s, while
it still lacks the crushing data of the composite channel section structures with different
cross-sections when the impact velocity is arranged from 0.01 m/s to 1 m/s. In addition, the
crushing mechanism and energy absorption performance of different composite thin-walled
open-section structures have not been revealed. Accordingly, this paper aims to study the
energy absorption characteristics of different open-section thin-walled composite structures
using a high-speed hydraulic servo testing system. Then, a finite element model was built
to further study the crushing response and energy absorption performance of open-section
thin-walled composite structures. Finally, the influences of the cross-section’s shape, cross-
section aspect ratio, trigger mechanism, and impact velocity on the failure modes and
energy absorption characteristics of thin-walled composite structures were analyzed.
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2. Experimental Testing
2.1. Specimen Description

The testing specimens are fabricated via the hot-press molding process based on
CCF300/8552A high-temperature cured epoxy/carbon fiber prepregs (AVIC Composite
Co., Ltd., Beijing, China). The volume fraction of the carbon fibers is approximately
67% £ 2%, and the 0° tensile strength of a single-layer prepreg is 1500 Mpa. The material
density of the testing specimens is 1.6 g/cm?®. The testing specimens are laid at angles
of [45°/0°/90°/—45°/45°/0° /90° / —45°]s, and the subscript “s” means the symmetric
lay-up method. The axial compression direction aligns with the 0° direction of the carbon
fibers, and the specimen’s thickness is 2 mm. To investigate the effect of the cross-sectional
configuration, cross-section aspect ratio, and triggering method on the energy absorption
characteristics of composite thin-walled structures, three cross-sectional configurations are
considered, including the C-type, hat-type, and Q)-type configurations, as shown in Figure 1.
These geometric configurations have three different section aspect ratios, namely 1.65, 1.06,
and 2.31, and the three types of cross-section aspect ratios are denoted as C1, C2, and
C3, respectively. In addition, two different triggering methods, including the 45° chamfer
trigger mechanisms and the 15° steeple trigger mechanisms, have been adopted to improve
crushing responses. Figure 2 exhibits the testing specimens of the open-section crushing
elements. All specimens have a height of 100 mm and the same cross-sectional area. In
order to guarantee that these specimens are fixed in the material’s testing machine stably, a
composite base along the horizontal plane is added at the bottom of the testing specimens.
The composite base consists of a metal shell and a resin material with dimensions of
80 mm x 60 mm x 20 mm. The testing specimens are partially inserted into the composite
base during crushing experiments.
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Figure 1. The cross-section dimensions of the testing specimens.
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Figure 2. Cont.
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Figure 2. The testing specimens of the open-section crushing elements.

2.2. Testing Setup and Procedure

The axial compression tests of composite open-section thin-walled structures were
conducted using an Instron VHS 160/100-20 high-speed hydraulic servo testing machine
(Instron Inc., Norwood, MA, USA), as shown in Figure 3a. This testing machine consists
of a hydraulic system, water cooling system, frame, and control system. The constant
dynamic loading process is realized by the loading energy provided by the combination of
a hydraulic actuator and a gas accumulator. The maximum loading speed of the testing
machine is 20 m/s, and the maximum impact dynamic load is 100 kN. The testing load and
displacement are, respectively, measured by the force sensors and displacement sensors
installed in the testing machine. The impact velocity was setat 0.01 m/s, 0.1 m/s,and 1 m/s,
with a maximum compression stroke of 54 mm. The testing equipment and the specimen
clamping method are illustrated in Figure 3b. The testing specimen is fixed to the base of
the testing machine using two fixed blocks and bolted joints. The support can guarantee the
stability of the loading device and prevent the head of the testing machine from becoming
unstable during the loading process. Table 1 presents all experimental conditions of the
composite open-section thin-walled structures. During the loading process, a Photron SA-X
high-speed camera (Photron Inc., Tokyo, Japan), as shown in Figure 3c, was used to record
the deformation and failure behaviors of the composite open-section thin-walled structures.

. Head
| 1]
Support

Figure 3. Experimental setup for the dynamic crushing tests: (a) INSTRON VHS 160 high-speed
servo-hydraulic testing machine; (b) installation and schematic of the specimens; (c) Photron SA-X
high-speed camera.

2.3. Crashworthiness Evaluation Criterion

Several crashworthiness evaluation criteria are selected to evaluate and compare the
energy absorption performance of various structures [30]. Figure 4 shows a typical force-
displacement curve of energy-absorbing materials during a progressive crushing process.
The force-displacement curve can be classified into three typical stages: the initial crushing
stage (Stage I), the stable crushing stage (Stage 1I), and the densification stage (Stage III).
During Stage I, the crushing force shows an approximate linearity increase first and then
a certain degree of decrease after reaching the peak force. During Stage II, the crushing
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force maintains a relatively stable interval and fluctuates around the mean crushing load.
The following evaluation criteria are adopted to evaluate the energy absorption capacity of
open-section crushing elements.

Table 1. Experimental conditions of composite open-section thin-walled structures.

Configuration Triggering Mechanism Impact Velocity (m/s) Mass (g)
C1 45° Chamfer trigger 1.00 14.680
Hat 45° Chamfer trigger 1.00 14.678

Q 45° Chamfer trigger 1.00 14.677
c2 45° Chamfer trigger 1.00 14.680
C3 45° Chamfer trigger 1.00 14.680
C1 15° steeple trigger 1.00 13.507
Hat 15° steeple trigger 1.00 14.029
C1 45° Chamfer trigger 0.01 14.680
C1 45° Chamfer trigger 0.10 14.680
Hat 45° Chamfer trigger 0.01 14.678
Hat 45° Chamfer trigger 0.10 14.678

Q 45° Chamfer trigger 0.01 14.677

Q)] 45° Chamfer trigger 0.10 14.677

Force

Energy absorption

..

Displacement

Figure 4. A typical load-displacement curve of an energy-absorbing material.

)

@)

Initial peak force F,: The maximum force during the crushing process, and F,
should be controlled within an allowable range to avoid transmitting excessive loads
to passengers.

Average crushing force F,: The average crushing force during Stage II can be ex-
pressed as

Fdl
chf - fT (1)

where F is the instantaneous crushing force during the crushing process, and [ is the
effective compression stroke when an energy-absorbing material is fully compacted.

®G)

4)

Crushing force efficiency CFE: The crushing force efficiency is defined as the ratio of
the averaged load during the plateau stage to the initial peak force, which represents
the load uniformity of an energy-absorbing material. It can be given by

chf

CLE =
FP

@

Specific energy absorption SEA: It is the most significant evaluation criterion to
compare the energy absorption capacity of different energy-absorbing materials,
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which is defined as the energy absorbed per unit mass of a structure, and it can be
given by

SEA = % 3)

where m is the mass of the energy-absorbing material. In this work, the displacement when
the head of the material testing machine contacts the open-section crushing elements is
taken as the starting point for energy absorption.

3. Numerical Modeling
3.1. Finite Element Modeling

Numerical simulations can provide more detailed insights into failure mechanisms
and deformation evolution, which are not accessible via physical testing methods. This
section focuses on developing a finite element model to simulate the axial crushing response
of composite open-section thin-walled structures. Figure 5 shows the finite element model
of composite open-section thin-walled structures under axial crushing loads. The composite
laminated material is simulated using continuous shell elements (SC8R) with a mesh size
of 1.5 mm. These composite specimens are composed of sixteen layers, and a two-layer
unidirectional strip is set for each layer. In addition, cohesive elements are established
to simulate delamination failure between the adjacent layers. A schematic diagram of
the lay-up configuration and the cohesive elements is shown in Figure 6. The interlayer
adhesive layer is modeled using cohesive elements (C3H8) with a thickness of 0.01 mm. The
indenter is regarded as the rigid body in the finite element model. The clamping portion at
the bottom of the test specimens is neglected in the numerical model. The nodes located at
the bottom of the test specimens remain fixed by restricting all degrees of freedom. In order
to facilitate loading and obtain the reaction forces, a reference point RP-1 is established and
coupled with the indenter. The indenter moves downwards at a prescribed velocity. In
addition, a general automatic contact algorithm is adopted to simulate the contact interface,
the possible friction interactions between the different parts and the self-contact of the
specimen are defined in the tangential contact behavior. The modeling of friction contact is
based on the general contact algorithm, and its friction coefficient is set to 0.5. The hard
contact relationship is adopted to define the normal contact behaviors of the model. The
traction—separation model is adopted to define the cohesive contact behavior between the
adjacent layers.

(a) The C-shaped open-section element.

Figure 5. Cont.
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(b) The hat-shaped open-section element.

L

(c) The Q-shaped open-section element.

Figure 5. Finite element models of the open-section crushing elements.

8-layer elements

Cohesive layer

(a) Lay-up configuration

(b) Cohesive elements

Figure 6. Detailed modeling method for the open-section crushing elements.
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3.2. Material Damage Modeling

(1) Intralaminar properties

In this study, the 2D Hashin failure criterion is employed to determine the failure
initiation for open-section crushing elements. The Hashin criterion defines four types
of failure modes, including fiber tension, fiber compression, matrix tension, and matrix
compression. The expressions for these failure modes are as follows:

Fiber tension failure (o117 > 0):

2 2
011 012
Frp=1| = — ] =1 4
I/ (XT) —Hx(slz) @)
Fiber compression failure (11 < 0):
2
o
Matrix tension failure (07, > 0):
2 2
022 012
Fui= | = —= ) =1
" (YT) +ﬁ<512> ©

Matrix compression failure (2, < 0):

o\ o2\

= () rlse) = ”
Here, 0;; (i, j = 1, 2) denotes the stress components. Xt is the axial tension strength, Xc
is the axial compression strength, Yt is the transverse tension strength, Y is the transverse
compression strength, and Spy is the shear strength. «, B, and -y are scale coefficients.
When F¢ (¢ = f, m, t, c) reaches 1, this indicates the onset of material damage in the
open-section crushing elements. Here, after the initiation of failure, the material stiffness
gradually degrades, and it enters the damage evolution stage, as shown in Figure 7. Point
A represents the failure initiation point that satisfies the Hashin criterion, followed by linear

stiffness degradation until the material failure occurs.

O-eq
A
I ]
kd : (l_di)kd C
0 : -
5qu 5e’q 5eq

Figure 7. Constitutive model and damage evolution model.

Once the damage initiation criterion is satisfied, a damage evolution method is re-
quired to describe its subsequent development. A linear progressive damage evolution
is selected to represent the evolution process of intralaminar damage, and the damage
variable d; can be given by

- (Séq((sﬂl - 5Sq) )
e (0, — 60
g\ "eq eq

i
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where J, represents the equivalent displacement corresponding to the failure mode, (52,1
denotes the equivalent displacement at the initiation of the failure, while (55,7 represents
the equivalent displacement when the material is fully damaged. 527 and 52,1 can be

expressed as

1)
Soy = \/% )
2GC€
st — =2 10
eq qu/\/@ ( )

where ¢ is the variable related to the failure mode, GC is the fracture energy density, and
Ueq is the equivalent stress corresponding to the failure mode. In addition, the calculation
methods of the equivalent displacement and stress for every failure mode are shown
in Table 2.

Table 2. Equivalent displacement and stress for every failure mode.

Failure Mode Equivalent Stress Equivalent Displacement
telzril;iecfn Ofteq = w Ofteq = Lc (en)? + (en2)?

coml;i}‘):;sion Tfceq = W Ofceq = Le(—e11)
tl\(:[r?:iréﬁ Timt,eq = %ﬁ?mm) Omteq = Ley/ (e22)” + (e12)°

conll/;tersi;(ion Tmceq = LC(<_022>t<5;cizqz>+m€u) Omeeq = Le <*€22>2 + (512)2

In Table 2, L. represents the element’s characteristic length; the symbol “< >" is the
Macaulay operator, and it can be expressed as

x, x>0
<r>={5 320 ay

The elasticity constants and damage initiation coefficients of the composite materials
are exhibited in Table 3.

Table 3. Elasticity constants and damage initiation coefficients for the intra-laminar model [31].

Description Variable Value
Longitudinal Young modulus Eq 171,420 MPa
Transversal Young modulus E; 9080 MPa
Principal Poisson’s ratio 12 0.32
Shear modulus G2 5290 MPa
Longitudinal tensile strength Xt 1773 MPa
Longitudinal compressive strength Xc 1264 MPa
Transversal tensile strength Yr 62.3 MPa
Transversal compressive strength Yc 199.8 MPa
In-plane shear strength S12 92.3 MPa
Longitudinal tensile fracture energy G fct 120 N/mm
Longitudinal compressive fracture energy G ch 100 N/mm
Transverse tension fracture energy Gt 2N/mm
Transverse compression fracture energy Gic 5N/mm

(2) Interlaminar properties

To simulate the delamination failure of the composite open-section thin-walled struc-
tures during the crushing process, the cohesive elements based on the traction-separation
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law are used between the layers that are prone to failure. The elastic constitutive relation-
ships are described as follows:

On K, 0 0] /[d,
Os = 0 KS 0 55 (12)
J¢ 0 0 Kt (St

where oy (k =n, s, t) and Ky (k = n, s, t) denote the traction stress and stiffness in the normal
direction and two shear directions, and ¢ is the separation displacement. The quadratic
nominal stress criterion is adopted to determine the initiation of the delamination failure,

and it can be given by
(o) \2 0\ 2 o\ 2
(5) +(2) + (5 )

where 07, 0§, and o7 are the corresponding interface strengths of the interlaminar layer.

A power law fracture criterion is employed to predict the damage evolution of the
interlaminar properties. It indicates that the delamination failure under mixed-mode
conditions is governed by the power law interaction of the energies required to cause
failure in the individual modes:

G1>2 (G11>2 <G111>2
(GIC Giic Griic 14)
where Gy, Gy, and Gy are the interface energies; and Gjc, Gric, and Gyyc are the critical

fracture energy values required to cause failure in the different modes. In addition, the
material parameters of the cohesive element are given in Table 4.

Table 4. Material parameters of the cohesive elements [32].

Description Variable Value
The stiffness in the normal direction K 1 x 106 N/mm?3
The stiffness in the first shear direction K 5 x 10° N/mm?3
The stiffness in the second shear direction K; 5 x 10° N/mm?3
The interface strength in the normal direction oy, 60 MPa
The interface strength in the first shear direction os 110 MPa
The interface strength in the second shear direction of 110 MPa
Mode-I fracture toughness Gic 0.2 N/mm
Mode-II fracture toughness Gric, Gric 5N/mm

4. Results

To validate the crushing response of the testing specimens, the Cl-shaped and hat-
shaped specimens were selected to establish the finite element models at a loading velocity
of 1 m/s. The load-displacement curves obtained from the experimental and simulation
results are shown in Figure 8. The comparisons between the peak load and the average
crushing load of the testing specimens are presented in Table 5. It can be concluded that
the finite element models can effectively capture the crushing response of the open-section
crushing elements during the compression process. Furthermore, convergence analysis
is conducted with mesh sizes of 1 mm, 1.5 mm, 2mm, and 3 mm. The simulation results
shown in Figure 8c prove that 1.5 mm is an appropriate mesh size with acceptable accuracy
and computational costs. In addition, the oscillatory processes are noticeable for the force—
displacement curves of the specimens during the crushing process. The crushing force
decreases when composite thin-walled open-section structure fractures appear. Different
failure mechanisms, such as matrix cracking, fiber failure, and delamination, may be
involved during the impact process. In addition, local buckling may occur, which leads
to a folding sequence for composite thin-walled open-section structures; this folding
phenomenon can also result in the oscillatory process.
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(c) Convergence analysis results
Figure 8. Comparison of simulation and experimental results for the crushing process.

Table 5. Initial peak forces and mean crushing forces of different testing specimens.

Description Fp (Kn) Fyicr (Kn)
C1-Test 20.14 14.36
C1-Simulation 19.53 11.90
Error 3.01% 17.10%
Hat-Test 23.38 16.13
Hat-Simulation 22.57 14.65
Error 3.46% 9.18%

Figure 9 exhibits the failure modes of Cl-shaped and hat-shaped testing specimens
with a crushing displacement of 10 mm. It is evident that both Cl-shaped and hat-shaped
specimens primarily experience in-plane shear deformation and interlaminar delamination
during the compression failure process. For C1l-shaped open-section specimens, the stress
concentration at the corners leads to the formation of a relatively long axial matrix tensile
failure zone. However, no significant axial matrix tensile failure zone is observed at the
corners of the hat-shaped open-section specimens.
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(a) In-plane shear failure and matrix compression failure of the C-shaped element

(b) In-plane shear failure and matrix compression failure of the hat-shaped element

Figure 9. Simulation results of the failure modes of different open-section crushing elements.

5. Discussions
5.1. The Effect of the Cross-Section Configuration

To investigate the effect of the cross-section configuration on the energy absorption
characteristics of composite thin-walled structures, three geometric configurations, includ-
ing the Cl-shape, hat-shape, and ()-shape, were selected. The triggering mode for all the
configurations was a 45° chamfer triggering mechanism, and the loading speed was 1 m/s.
Figure 10 shows the typical load—displacement curves of the open-section elements with
three different cross-section configurations during the crushing process. It can be found that
all three specimens exhibit a progressive crushing failure mode. The Cl-shaped specimen
presents a more pronounced load decrease after reaching the peak force compared with
the hat-shaped and ()-shaped specimens. In addition, the crushing force of the C1-shaped
specimen at the stable crushing stage is lower than that of the other two configurations.
The initial peak force, the average crushing force, and specific energy absorption of the
hat-shaped and ()-shaped specimens are almost the same with respect to the triggering
mode and loading speed. The average crushing forces of the hat-shaped and ()-shaped
specimens are 14.1% and 14.6% higher than that of the Cl-shaped specimen. The specific
energy absorption increases by 14.3% and 14.8% for the hat-shaped and ()-shaped speci-
mens compared with the Cl-shaped specimen, as shown in Figure 11. The relatively higher
initial peak load of the hat-shaped and ()-shaped open-section specimens can be attributed
to the combined influence of the cross-section configuration and triggering mode.
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Figure 10. Typical force-displacement curves of the testing specimens with different cross-section shapes.
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Figure 11. Comparison of the energy absorption characteristics of the testing specimens with different
cross-section shapes.

During the crushing process of the testing specimens, material deformation primarily
occurs through bending, delamination failure, and shear failure. The top of the testing
specimen experiences bending due to interlaminar cracking, causing the inner carbon fiber
fabric to bend inward and the outer carbon fiber fabric to bend outward. Simultaneously,
numerous short intralaminar cracks form during the crushing process, and shear failure
occurs at the root of these short intralaminar cracks, leading to the formation of numerous
fragments, as shown in Figure 12.

Figure 13 exhibits the failure modes of the testing specimens with different cross-
section configurations. The Cl-shaped testing specimen has the largest fragment size,
while the ()-shaped testing specimen has the smallest fragment size. For the C1l-shaped
and hat-shaped specimens, a portion of the outer carbon fiber fabric forms a longer axial
tearing region due to stress concentration at the corners. Furthermore, a portion of the
inner carbon fiber fabric bends inward, and some relatively intact carbon fiber fabric
remains after these specimens are fully crushed. The larger size of the remaining fragments
and the presence of large intact carbon fiber fabrics in the Cl-shaped specimen indicate
insufficient damage during the crushing process, which is averse to energy absorption.
Consequently, the Cl-shaped specimen exhibits a lower average crushing force and specific
energy absorption. However, no evident stress concentration zone occurs for the ()-shaped
open-section specimen during the crushing process, resulting in more complete material
failure. Accordingly, the (2-shaped specimen shows a higher average crushing force and
better specific energy absorption. In addition, the stress concentration is relieved in the
hat-shaped specimen due to the smoother corners; thus, these materials are fully damaged,
leading to a considerable average crushing load and specific energy absorption compared
to the ()-shaped specimen.
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Figure 12. Crushing process of the testing specimens with different cross-section configurations.
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Figure 13. Failure modes of the testing specimens with different cross-section configurations.

5.2. The Effect of the Cross-Section Aspect Ratio

To investigate the effect of the cross-section aspect ratio on the energy absorption
characteristics of thin-walled composite material structures, the crushing responses of the
C1, C2, and C3 specimens were analyzed. The triggering mode of all specimens was a 45°
chamfer trigger. Figure 14 shows the typical load—displacement curves for the C-shaped
open-section elements with three different cross-section aspect ratios. It can be observed
that the load-displacement curves for the three C-shaped open-section elements are quite
similar. Figure 15 shows a comparison of the energy absorption characteristics of the testing
specimens with different cross-section aspect ratios. The average crushing load of the C1
specimen is simply 6.4% higher than that of the C2 specimen and 5.1% higher than that of
the C3 specimen. In addition, the SEA of the C1 specimen is 6.4% and 5.0% higher than
that of the C2 and C3 specimens. The C1, C2, and C3 specimens almost have the same
failure mode in that axial tearing occurs at the corners of the carbon fiber fabric. The width
of the residual fragments is comparable to the specimen’s thickness, as shown in Figure 16.
However, the length of the residual fragments during the crushing process is related to the
specimen’s dimensions, resulting in slight differences in energy absorption characteristics
for the specimens with three aspect ratios.
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Figure 14. Typical force-displacement curves of the testing specimens with different cross-section
aspect ratios.
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Figure 15. Comparison of the energy absorption characteristics of the testing specimens with different
cross-section aspect ratios.
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Figure 16. Failure modes of the testing specimens with different cross-section aspect ratios.

5.3. Trigger Mechanism

To investigate the influence of trigger mechanisms on the energy absorption charac-
teristics of composite thin-walled open-section structures, the crushing responses of the
Cl-shaped and hat-shaped open-section specimens with the 45° chamfer trigger and the 15°
steeple trigger are analyzed. Figure 16 shows the typical load—displacement curves of the
Cl-shaped and hat-shaped specimens with different triggering modes under axial crushing
loading. Figure 17 presents a comparison of the energy absorption characteristics of the
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testing specimens with different trigger methods. It can be observed that the time needed
to reach the peak force significantly increases for testing specimens with the 15° steeple
trigger at the initial stage of the crushing process. However, no evident differences can be
found for the load—displacement curves of the testing specimens with the two triggering
mechanisms during the stable crushing stage. For the Cl-shaped open-section specimens,
the 45° chamfer trigger is more effective in reducing the peak force during the crushing
process. For the testing specimens with the 15° steeple trigger, the load-displacement
curve exhibits a small plateau when crushing displacement reaches approximately 4 mm.
Subsequently, the crushing force continues to rise, and the slope of the load—displacement
curve also increases. This behavior is attributed to the excessive weakening of the testing
specimen above the corner by the 15° steeple trigger, while the weakening below the corner
is insufficient, resulting in the inadequate induction of the progressive failure.
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Figure 16. Typical force-displacement curves of the testing specimens with different trigger mechanisms.

For the hat-shaped open-section specimens, the initial peak force can be eliminated
by using the 15° steeple trigger, and the load efficiency can reach 89.50%, indicating that
the hat-shaped open-section specimen is well matched with the corresponding steeple
trigger. Figure 18 exhibits the failure modes of the testing specimens with the steeple trigger
method. It can be found that numerous material fragments occur during the crushing
process of the hat-shaped specimen with the 15° steeple trigger, which indicates that more
thorough material damage appears at the top of the testing specimen. In Section 5.1, the
initial peak forces of the hat-shaped and ()-shaped open-section specimens are relatively
high. The main reason is that the optimal triggering mechanism may be different compared
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Force (kN)

to composite thin-walled open-section structures with different cross-section configura-
tions. The 45° chamfer trigger does not sufficiently weaken the hat-shaped and ()-shaped
specimens, which is not the optimal triggering mode for this loading condition.
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Figure 17. Comparison of the energy absorption characteristics of the testing specimens with different

trigger mechanisms.
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Figure 18. Failure modes of the testing specimens with steeple triggers.

5.4. Impact Velocity

To study the effect of the loading rate on the energy absorption performance, the
crushing responses of Cl-shaped, hat-shaped, and ()-shaped open-section specimens at the
impact velocities of 0.01 m/s, 0.1 m/s, and 1 m/s are investigated in this section. Figure 19
shows the typical load—displacement curves for the three types of testing specimens with
different impact velocities. Figure 20 presents a comparison of the energy absorption
characteristics of testing specimens with different impact velocities. The initial peak force,
average crushing force, and specific energy absorption of three types of the testing speci-
men decrease as the impact velocity increases. When the loading speed is increased from
0.01 m/s to 1 m/s, the average crushing force of Cl-shaped, hat-shaped, and Q-shaped
open-section specimens decreases by 6.1%, 10.9%, and 6.1%, respectively. However, the
specific energy absorption of these testing specimens decreases by 6.2%, 11.0%, and 6.2%,
respectively. Figure 21 shows the variation in the specific energy absorption of these testing
specimens with different impact velocities. It can be concluded that the hat-shaped speci-
men experiences a more pronounced decline in specific energy absorption with an increase
in impact velocity compared with the C1-shaped and ()-shaped open-section specimens.

Figure 22 shows the failure modes of the testing specimens with a loading speed of
0.01 m/s, which were observed by comparing the failure behaviors of the testing specimens
at loading speeds of 0.01 m/s and 1 m/s. A few material fragments from the testing speci-
mens with a loading rate of 0.01 m/s appear during the crushing process, indicating that a
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thorough material failure occurs for this loading condition. The fracture morphology of the
testing specimens reveals that the end section of the crushed zone retains more material
fragments and exhibits more chaotic and twisted morphology, as shown in Figure 23. The
crushed zone experiences adequate friction and compaction with the indenter, which can
contribute to an increased structural load-bearing area. However, the testing specimens
with the loading rates of 1 m/s ejected a large number of material fragments during the
crushing process, reducing the load-bearing area and material utilization. Furthermore,
frictional energy absorption was observed between the indenter and the crushed zone, as
well as between the layers and fragments. Thus, the initial peak load, the average crushing
load, and the specific energy absorption of the specimens also decrease with an increase in
impact velocity.
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Figure 19. Typical force-displacement curves of the testing specimens with different loading rates.
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Figure 20. Comparison of the energy absorption characteristics of testing specimens with different
loading rates.
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Figure 23. Failure modes of the testing specimens with a loading speed of 0.01 m/s.

6. Conclusions

This work mainly studies the crushing response and energy absorption characteristics
of composite open-section thin-walled structures with different geometric configurations
and loading conditions. The main conclusions obtained are as follows:

(1) For the composite thin-walled open-section structures with different geometric con-
figurations, a brittle failure mode can be observed under different loading rates. The
impact kinetic energy is mainly absorbed via material bending, delamination failure,
shear failure, and friction between the crushing zone during the crushing.

(2) The cross-section configuration significantly influences the energy absorption char-
acteristics of composite thin-walled open-section structures. The insufficient mate-
rial damage caused by stress concentration is the main reason for the low energy
absorption efficiency of Cl-shaped specimens compared to the hat-shaped and Q-
shaped specimens.

(3) Different triggering mechanisms primarily affect the initial crushing stage of the
composite structures, while it has little influence on the stable crushing stage. For
C-shaped specimens, a 45° chamfer trigger yields better energy absorption. However,
the 15° steeple trigger is the optimal triggering mode for the hat-shaped structures.

(4) The average crushing force and specific energy absorption of composite thin-walled
structures decrease with an increasing in loading rates. More material fragments can
be ejected under higher loading rates, which reduces the structural load-bearing area,
material utilization, and frictional energy absorption in the crushing zone.

Author Contributions: Conceptualization, X.Y. and P.X.; methodology, X.X. and C.Z.; software, X.X.
and X.L. (Xiaochuan Liu); validation, X.X. and X.L. (Xiaochuan Liu); formal analysis, X.X.; investiga-
tion, X.X., X.Z. and X.L. (Xiaocheng Li); resources, C.B.; data curation, X.X.; writing—original draft
preparation, X.X., X.Z., X.L. (Xiaocheng Li) and C.B.; writing—review and editing, X.Y.; visualization,
X.Y,; supervision, X.Y. All authors have read and agreed to the published version of the manuscript.

Funding: The work described in this paper is financially supported by the National Natural Science
Foundation of China (Grant No. 12002027, 12272319) and the Beijing Nova Program (Grant No.
20230484360). The authors would like to gratefully acknowledge their support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Materials 2024, 17, 3197 21 of 22

References

1. Bhong, M,; Khan, TK.H.; Devade, K.; Krishna, B.V.; Sura, S.; Eftikhaar, H.K.; Thethi, H.P.; Gupta, N. Review of composite
materials and applications. Mater. Today Proc. 2023, in press. [CrossRef]

2. Mania, R.; Kowal-Michalska, K. Behaviour of composite columns of closed cross-section under in-plane compressive pulse
loading. Thin-Walled Struct. 2007, 45, 902-905. [CrossRef]

3. Krolak, M.; Kowal-Michalska, K.; Mania, R.; Swiniarski, J. Experimental tests of stability and load carrying capacity of compressed
thin-walled multi-cell columns of triangular cross-section. Thin-Walled Struct. 2007, 45, 883-887. [CrossRef]

4. Yang, X.F; Ma, ].X.;; Wen, D.S.; Yang, ].L. Crashworthy design and energy absorption mechanisms for helicopter structures:
A systematic literature review. Prog. Aerosp. Sci. 2020, 114, 100618. [CrossRef]

5. Ha,N.S,; Lu, G. Thin-walled corrugated structures: A review of crashworthiness designs and energy absorption characteristics.
Thin-Walled Struct. 2020, 157, 106995. [CrossRef]

6.  Sebaey, T.A. Crashworthiness of GFRP composite tubes after aggressive environmental aging in seawater and soil. Compos. Struct.
2022, 284, 115105. [CrossRef]

7. Chen, D,; Liu, Y.; Meng, M.; Li, B.; Sun, X.; Yang, B.; Xiao, S.; Wang, T. Dynamic axial crushing behaviors of circular composite
tubes with different reinforcing fibers and triggers. Int. . Mech. Sci. 2023, 244, 108083. [CrossRef]

8.  Batuwitage, C.; Fawzia, S.; Thambiratnam, D.; Liu, X.; Al-Mahaidi, R.; Elchalakani, M. Impact behaviour of carbon fibre reinforced
polymer (CFRP) strengthened square hollow steel tubes: A numerical simulation. Thin-Walled Struct. 2018, 131, 245-257.
[CrossRef]

9.  Mamalis, A.G.; Manolakos, D.E.; Ioannidis, M.B.; Papapostolou, D.P. Crashworthy characteristics of axially statically compressed
thin-walled square CFRP composite tubes: Experimental. Compos. Struct. 2004, 63, 347-360. [CrossRef]

10. Chen, D.; Sun, G;; Jin, X,; Li, Q. Quasi-static bending and transverse crushing behaviors for hat-shaped composite tubes made of
CFRP, GFRP and their hybrid structures. Compos. Struct. 2020, 239, 111842. [CrossRef]

11. Chen, D.; Sun, X;; Xiao, S.; Yang, G.; Yang, B.; Zhu, T.; Wang, M. On axial crushing behavior of double hat-shaped CFRP and
GFRP structures. Compos. Struct. 2023, 319, 117117. [CrossRef]

12. Zhu, G, Sun, G;; Li, G,; Cheng, A.; Li, Q. Modeling for CFRP structures subjected to quasi-static crushing. Compos. Struct. 2018,
184, 41-55. [CrossRef]

13. Bao, F; Wang, J.; Wang, J.; Zeng, S.; Guo, X. Static and impact responses of syntactic foam composites reinforced by multi-walled
carbon nanotubes. J. Mater. Res. Technol. 2020, 9, 12391-12403. [CrossRef]

14. Yang, H,; Lei, H.; Lu, G. Crashworthiness of circular fiber reinforced plastic tubes filled with composite skeletons/aluminum
foam under drop-weight impact loading. Thin-Walled Struct. 2021, 160, 107380. [CrossRef]

15. Chen, D.; Luo, Q.; Meng, M.; Li, Q.; Sun, G. Low velocity impact behavior of interlayer hybrid composite laminates with
carbon/glass/basalt fibres. Compos. Part B Eng. 2019, 176, 107191. [CrossRef]

16. Yang, H,; Lei, H.;; Lu, G.; Zhang, Z.; Li, X.; Liu, Y. Energy absorption and failure pattern of hybrid composite tubes under
quasi-static axial compression. Compos. Part B Eng. 2020, 198, 108217. [CrossRef]

17.  Zhu, G,; Liao, J.; Sun, G.; Li, Q. Comparative study on metal/CFRP hybrid structures under static and dynamic loading. Int. J.
Impact Eng. 2020, 141, 103509. [CrossRef]

18.  Reuter, C.; Troster, T. Crashworthiness and numerical simulation of hybrid aluminium-CFRP tubes under axial impact. Thin-Walled
Struct. 2017, 117, 1-9. [CrossRef]

19. Siromani, D.; Henderson, G.; Mikita, D.; Mirarchi, K.; Park, R.; Smolko, J.; Awerbuch, J.; Tan, T.-M. An experimental study on the
effect of failure trigger mechanisms on the energy absorption capability of CFRP tubes under axial compression. Compos. Part A
Appl. Sci. Manuf. 2014, 64, 25-35. [CrossRef]

20. Sigalas, I.; Kumosa, M.; Hull, D. Trigger mechanisms in energy-absorbing glass cloth/epoxy tubes. Compos. Sci. Technol. 1991,
40, 265-287. [CrossRef]

21. Hull, D. A unified approach to progressive crushing of fibre-reinforced composite tubes. Compos. Sci. Technol. 1991, 40, 377-421.
[CrossRef]

22. Ren, Y Jiang, H.; Liu, Z. Evaluation of double- and triple-coupled triggering mechanisms to improve crashworthiness of
composite tubes. Int. |. Mech. Sci. 2019, 157-158, 1-12. [CrossRef]

23. Stukhlyak, P.D.; Buketov, A.V.; Panin, S.V.; Maruschak, P.O.; Moroz, K.M.; Poltaranin, M.A.; Vukherer, T.; Kornienko, L.A;
Lyukshin, B.A. Structural fracture scales in shock-loaded epoxy composites. Phys. Mesomech. 2015, 18, 58-74. [CrossRef]

24. Joosten, M.W,; Dutton, S.; Kelly, D.; Thomson, R. Experimental and numerical investigation of the crushing response of an open
section composite energy absorbing element. Compos. Struct. 2011, 93, 682-689. [CrossRef]

25. Lv,R;Ren, Y; Liu, Z; Jiang, H. Energy Absorption Characteristics and Failure Mechanism of Fabric Composite Channel Section
Structure under Axial Crushing Loading. J. Aerosp. Eng. 2022, 35, 04022046. [CrossRef]

26. Bolukbasi, A.O.; Laananen, D.H. Energy absorption in composite stiffeners. Composites 1995, 26, 291-301. [CrossRef]

27. Riccio, A.; Raimondo, A.; Di Caprio, F; Fusco, M.; Sanita, P. Experimental and numerical investigation on the crashworthiness of
a composite fuselage sub-floor support system. Compos. Part B Eng. 2018, 150, 93-103. [CrossRef]

28. Jackson, A.; Dutton, S.; Gunnion, A].; Kelly, D. Investigation into laminate design of open carbon—fibre/epoxy sections by

quasi-static and dynamic crushing. Compos. Struct. 2011, 93, 2646-2654. [CrossRef]


https://doi.org/10.1016/j.matpr.2023.10.026
https://doi.org/10.1016/j.tws.2007.08.025
https://doi.org/10.1016/j.tws.2007.08.041
https://doi.org/10.1016/j.paerosci.2020.100618
https://doi.org/10.1016/j.tws.2020.106995
https://doi.org/10.1016/j.compstruct.2021.115105
https://doi.org/10.1016/j.ijmecsci.2022.108083
https://doi.org/10.1016/j.tws.2018.06.033
https://doi.org/10.1016/S0263-8223(03)00183-1
https://doi.org/10.1016/j.compstruct.2019.111842
https://doi.org/10.1016/j.compstruct.2023.117117
https://doi.org/10.1016/j.compstruct.2017.09.001
https://doi.org/10.1016/j.jmrt.2020.08.079
https://doi.org/10.1016/j.tws.2020.107380
https://doi.org/10.1016/j.compositesb.2019.107191
https://doi.org/10.1016/j.compositesb.2020.108217
https://doi.org/10.1016/j.ijimpeng.2020.103509
https://doi.org/10.1016/j.tws.2017.03.034
https://doi.org/10.1016/j.compositesa.2014.04.019
https://doi.org/10.1016/0266-3538(91)90085-4
https://doi.org/10.1016/0266-3538(91)90031-J
https://doi.org/10.1016/j.ijmecsci.2019.04.024
https://doi.org/10.1134/S1029959915010075
https://doi.org/10.1016/j.compstruct.2010.08.011
https://doi.org/10.1061/(ASCE)AS.1943-5525.0001440
https://doi.org/10.1016/0010-4361(95)93672-7
https://doi.org/10.1016/j.compositesb.2018.05.044
https://doi.org/10.1016/j.compstruct.2011.04.032

Materials 2024, 17, 3197 22 of 22

29.

30.
31.

32.

Waimer, M.; Kohlgriiber, D.; Hachenberg, D.; Voggenreiter, H. Experimental study of CFRP components subjected to dynamic
crash loads. Compos. Struct. 2013, 105, 288-299. [CrossRef]

Lu, G.T.; Yu, X. Energy Absorption of Structures and Materials; Elsevier: Amsterdam, The Netherlands, 2003.

Zhang, D.; Zheng, X.; Wu, T. Damage characteristics of open-hole laminated composites subjected to longitudinal loads. Compos.
Struct. 2019, 230, 111474. [CrossRef]

Jiang, H.; Ren, Y. Crashworthiness and failure analysis of steeple-triggered hat-shaped composite structure under the axial and
oblique crushing load. Compos. Struct. 2019, 229, 111375. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.compstruct.2013.05.030
https://doi.org/10.1016/j.compstruct.2019.111474
https://doi.org/10.1016/j.compstruct.2019.111375

	Introduction 
	Experimental Testing 
	Specimen Description 
	Testing Setup and Procedure 
	Crashworthiness Evaluation Criterion 

	Numerical Modeling 
	Finite Element Modeling 
	Material Damage Modeling 

	Results 
	Discussions 
	The Effect of the Cross-Section Configuration 
	The Effect of the Cross-Section Aspect Ratio 
	Trigger Mechanism 
	Impact Velocity 

	Conclusions 
	References

