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Abstract

The presence of holes in the crash boxes of vehicle parts is sometimes unavoidable to ac-
commodate connections, cables, and maintenance access. The effect of circular cutouts on
the crashworthiness of a Carbon-Fiber Reinforced Polymer (CFRP) rectangular laminate
used as a crash box, consisting of identical plies with different stacking sequences, was
investigated. Five tubes with different stacking sequences were prepared: an outer ply of
0°/90° twill-woven fiber and inner plies of 0°/0°, +45°, and 0°/90° unidirectional fibers. A
second set of tubes was prepared with circular cutouts of 6 mm diameter in the tube walls.
A quasi-static axial crushing test was done on the tubes. Crashworthiness indicators, in-
cluding initial peak load (Pip), mean crushing load (Pm), energy absorption (EA), specific
energy absorption (SEA), and crushing-force efficiency (CFE), were evaluated and statis-
tically analyzed using ANOVA. The results show that the neat tubes generally exhibit
higher energy absorption and more stable progressive crushing than the tubes with circu-
lar cutouts. The presence of cutouts reduces the initial Pip, Pm, EA, and SEA, while also
changing the failure mode from progressive splaying-dominated crushing to localized
micro-buckling, segmentation, sliding, and slicing. Among the tested configurations, sam-
ples with 0°/0° plies in the mid-laminate region showed the best crashworthiness perfor-
mance in both neat and with cutout tubes. These findings demonstrate that both stacking
sequence and geometric discontinuity strongly influence the crash response of CFRP tubes
and should be considered together in crashworthy design.

Keywords: CFRP crash boxes; stacking sequence; circular cutouts; crashworthiness;
quasi-static axial crushing

1. Introduction

Carbon-fiber reinforced polymer (CFRP) composite laminates have become im-
portant materials in advanced engineering applications, particularly in the aerospace, au-
tomotive, construction, and marine industries. The combination of high strength-to-
weight ratio, excellent fatigue resistance, and superior corrosion resistance makes them
suitable for structural components [1-3]. The increasing demand for lightweight struc-
tures with enhanced energy-absorption capabilities has driven extensive research into the
crashworthiness of composite materials, especially in applications where structural integ-
rity under impact loading is important [4,5].
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Crashworthiness is defined as the ability of a structure to absorb the kinetic energy
during a crash event with acceptable structural integrity and occupant protection [6].
Crashworthiness is an important design standard for safety-critical applications. One of
the most investigated methods to improve energy absorption and crashworthiness per-
formance in automotive structures is crash-box-geometry optimization [7-9]. Besides ge-
ometry design, the selection of materials plays an important role in determining the crash-
worthiness performance. Common materials are steel, aluminum, glass-fiber reinforced
polymer (GFRP), and carbon-fiber reinforced polymer (CFRP). The material properties,
geometric configuration, and loading conditions have a significant effect on the crashwor-
thiness of composite structures [10]. In particular, crash boxes with CFRP tubes have
shown great potential as energy-absorbing elements due to their ability to progressively
crush with predictable failure modes, including fiber fracture, matrix cracking, delamina-
tion, and fiber-matrix debonding [11].

Several recent studies have examined how CFRP systems respond under crushing
conditions. Xiang et al. [12] investigated foam-filled and geometrically modified CFRP
tubes under quasi-static loading. The results revealed that interactions between CFRP ma-
terial and structural configurations, such as tapering and foam filling, can significantly
enhance specific energy absorption compared to conventional configurations. Yao et al.
[13] have explored the structural response of orthotropic CFRP-sandwich structures un-
der loading and identified multiple failure mechanisms. The results showed that energy
absorption is governed by combined modes of fiber fracture, matrix cracking, and inter-
laminar delamination, which together control load distribution and damage evolution.
More recently, a study by Xiao et al. [14] has further emphasized that the crashworthiness
of CFRP thin-walled systems is strongly governed by the interaction between laminate
architecture, structural configuration, and progressive-failure mechanisms, particularly in
terms of controlling load-bearing capacity and energy dissipation under axial crushing
conditions.

The stacking sequence of composite laminates is of great importance for the mechan-
ical properties and failure mode of CFRP structures [15,16]. Different fiber orientations
and stacking arrangements during crushing can dramatically influence the energy-ab-
sorption capacity, peak load, and failure modes of CFRP tubes used as a crash box [17].
The combined effect of stacking sequence and geometric discontinuities is a complex phe-
nomenon and needs a systematic study to maximize the crashworthiness performance of
composite structures.

Other factors also influence crashworthiness, such as the presence of cutouts, which
could be introduced for functional reasons, like bolted joints, integration with other struc-
tural components, cable routes, or access for inspection and maintenance [18,19]. How-
ever, these cutouts introduce stress concentrations that can significantly modify the me-
chanical behavior and failure mechanisms of composite structures [20]. The existence of
cutouts or holes in CFRP structures has traditionally been considered a structural weak-
ness due to stress concentrations and the reduction in load paths. However, a well-de-
signed cutout configuration could tailor failure modes and enhance performance by con-
trolling damage propagation [21]. The effects of hole size, shape, and location on the me-
chanical performance of composites under static and dynamic loading have been studied
by researchers [21-24]. Holes can accelerate damage initiation and propagation in crash
applications, but they can also be strategically used to modify the properties and activate
desirable failure modes [25]. Recently, some studies have started to investigate the concept
of controlled cutouts to tune crash behavior [26,27].

Many studies have been conducted on the crashworthiness of composites, but there
is limited research on the combined effect of circular cutouts and a different stacking se-
quence on the crushing behavior of CFRP rectangular tubes. The interactions of these
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parameters and their effect on initiation, propagation, and energy-absorption characteris-
tics of failure need to be studied to formulate design guidelines for optimized crashworthy
composite structures. In contrast to previous studies, which studied stacking sequence or
cutout effects independently, this work quantifies the interaction between the two condi-
tions and identifies laminate structures that are less sensitive to geometric discontinuities.
Therefore, the purpose of this study is to investigate the effect of circular cutouts on the
crashworthiness behavior of CFRP rectangular tubes with different stacking sequences
under quasi-static axial compression. By comparing neat tubes and tubes with circular
cutouts, this work aims to clarify how laminate structures and geometric discontinuities
jointly influence crashworthiness properties. The study is important because circular cut-
outs are often required in practical composite structures for assembly, inspection, or ser-
vice integration. Understanding this interaction is essential for designing lightweight
composite crash boxes that can maintain stable progressive crushing and efficient energy
dissipation under crushing loading. The crashworthiness parameters, such as peak load,
mean crushing load, energy absorption, specific energy absorption, and crush-force effi-
ciency, were calculated and analyzed. The failure mechanisms of CFRP rectangular tubes
with circular cutouts under different stacking-sequence configurations will be character-
ized.

2. Materials and Methods

2.1. Materials, Fabrication, and Sample Preparation

The CFRP tubes were fabricated using the pre-preg technique, employing twill-wo-
ven fabric and unidirectional carbon-fiber fabrics (T300 grade) from Toray Composite
America Inc. (Tacoma, WA, USA) and a 2500 epoxy resin system. The pre-preg was roll-
wrapped around a steel mold in the specified ply sequence, then cured at 130 °C for 2 h.
The tube-laminate-fiber-volume fraction was 50%, with a density of 1.43 g/cm?.

CFRP rectangular tubes consisting of identical plies oriented with different stacking
sequences and a uniform cross-section were designed for this study. The orientation of
the plies is 0°/90° twill-woven fiber in the outer layer and a combination of 0°/0°, +45°, and
0°/90° unidirectional fibers in the inner layer. All tubes shared identical dimensions of 38.5
mm height x 18.5 mm width x 1.3 mm wall thickness, and a length of 50 mm, with a round
corner and an outer radius of 7 mm. Five different stacking sequences were selected to
investigate the effect of fiber orientation, as can be shown in Table 1. Two different speci-
men setups were selected, namely, neat tubes and tubes with circular cutouts, as can be
seen in Figure 1b. This resulted in 10 configurations with three replications per configura-
tion, for a total of 30 samples. For the tube with circular cutouts, the samples were drilled
by a mechanical drill with a 6 mm hole placed at mid-height and centered on both longer
sides of each tube. Following drilling, the edges of cut surfaces were deburred with 320-
grit sandpaper to eliminate surface roughness. Circular cutouts of 6 mm diameter were
chosen to simulate a realistic geometrical discontinuity often required in composite-crash-
box applications for fasteners, cable routing, or inspection access. The hole size, given the
specified tube dimensions and wall thickness, causes a large stress concentration that can
lead to local damage mechanisms without early global failure. The hole is at mid-height
and in the middle of the tube wall to produce a symmetric stress field and a repeatable
crushing response so that the influence of laminate stacking sequence on hole sensitivity
can be studied systematically. The schematic diagram of the experimental procedure and
testing setup is presented in Figure 1a,c.
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Figure 1. (a) Experimental-procedure schematic flowchart, (b) sample’s geometry and dimensions,
and (c) testing setup.

Table 1. Configuration of the tubes.

Sample No. Stacking Sequence *
1 (0°/90°)W/[0°/0°/+45°/90°/0°]UD
2 (0°/90°)W/[+45°/0°/0°/90°/0°]UD
3 (0°/90°)W/[90°/0°/+45°/0°/0°JUD
4 (0°/90°)W/[0°/0°/90°/0°/+45°JUD
5 (0°/90°)W/[90°/0°/0°/0°/+45°]UD

* Stacking sequence starting from the outer to the inner tube, W: woven and UD: unidirectional.

2.2. Quasi-Static Axial Crushing Tests

A quasi-static axial crushing test using a universal testing machine (WDW-300D, Ji-
nan, China) at a constant compression rate of 5 mm/min was performed on the tubes. The
tubes were positioned and aligned between two rigid, flat steel compression platens to
ensure uniform axial loading and to avoid eccentricity during testing. The tubes were ax-
ially crushed until a maximum displacement of 45 mm was achieved. Three repetitions
were done for each configuration. The force-displacement data were recorded continu-
ously. A digital camera recorded each test to observe deformation and failure progression.
All tests were conducted under laboratory ambient conditions (room temperature of ap-
proximately 23 + 2 °C), ensuring negligible environmental influence on the material re-
sponse. The primary performance metrics extracted from the tests included initial peak
crushing force (Pip), which is the maximum force at the beginning of the linear stage of the
crushing. Mean crushing force (Pm) is the average force, total energy absorbed (EA) is cal-
culated from the total area under the force-displacement curve, specific energy absorption
is defined as the energy absorbed per unit mass of the tube (SEA = EA/tube mass), and
crushing-force efficiency (CFE) is the ratio between mean crushing force and initial peak
force (CFE = Pm/Pip). The experimental procedure was designed based on established
methodologies widely adopted in previous research on composite crashworthiness and
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axial crushing of thin-walled structures [28,29]. Such approaches have been shown to pro-
vide reliable and comparable results for evaluating energy-absorption characteristics.

2.3. Statistical Analysis

Statistical analysis of the experimental data was performed using Minitab Statistical
Software 22. A one-way Analysis of Variance (ANOVA) was conducted to evaluate the
statistical significance of the effect of stacking sequence on the crashworthiness indicators
for both neat tubes and tubes with circular cutouts for each response variable, including
initial peak load (Pip), mean crushing load (Pm), energy absorption (EA), specific energy
absorption (SEA), and crushing-force efficiency (CFE).

The ANOVA test partitions the total variability of the data into between-group vari-
ance (due to stacking sequence differences) and within-group variance (due to experi-
mental variability). The F-value is calculated as the ratio of the mean square between
groups to the mean square within groups. A higher F-value indicates a stronger influence
of the independent variable (stacking sequence) on the response.

The p-value is used to determine statistical significance. A significance level of a =
0.05 was adopted in this study. When p < 0.05, it indicates that the stacking sequence has
a statistically significant effect on the response variable. Conversely, when p > 0.05, it is
considered statistically insignificant.

3. Results and Discussion

This section presents and analyzes the experimental results and findings on the
crashworthiness performance of CFRP rectangular tubes under quasi-static axial loading.
The results are discussed in terms of Pip, Pm, EA, SEA, CFE, and failure progression. The
effects of two parameters, stacking sequence and circular cutouts, were examined individ-
ually and in combination. Representative force-displacement from the quasi-static axial
crushing test, failure progression, and post-test-deformed-shapes specimens are provided
to support the discussion.

3.1. Failure Progression

Figure 2 shows the crushing progression of neat CFRP tubes across all stacking-se-
quence configurations. In all cases, the crushing process initiates at the loading end, fol-
lowed by progressive axial shortening accompanied by outward wall splaying. The dom-
inant failure modes are characterized by extensive interlaminar delamination and ply sep-
aration along the tube wall, resulting in the formation of outward-bending fronds. This
crushing morphology is consistent with the classical progressive-crushing behavior of
composite tubes reported by Mamalis et al. [30].

From a mechanistic point of view, the compressive load initially induces localized
microbuckling and matrix cracking at the tube end, resulting in interlaminar stress con-
centrations at the ply interfaces. These stresses promote delamination propagation along
the length of the tube, allowing individual ply or plies to delaminate and splay inwards
and outwards. During crushing, a clear alternating pattern of compacted plies near the
loading platen and splayed plies away from the centerline is observed, indicating a mixed
mode of progressive delamination-driven fragmentation and folding.

The post-test fracture morphologies provide further evidence of the layered-laminate
fragment structure of the crushed material, with clear fiber breakage, matrix cracking, and
delamination. The extent and orientation of splaying vary for the different stacking se-
quences, implying that the interlaminar constraint and the interaction between plies are
not the same. However, all neat tubes are resistant to wall instability, resulting in a crush-
ing response dominated primarily by delamination and folding of the plies around the
tube.
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Figure 2. Failure progression of neat tubes (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4,

and (e) sample 5.
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Sample 1 with cutouts

d=50 mm

Sample 2 with cutouts

Figure 3 shows representative crushed tubes for each configuration of tube with cir-
cular cutouts. The presence of cutouts significantly influences the crushing and fracturing
mechanisms compared to the neat tubes. The failure always initiates at the hole since it is
a geometric stress concentrator under axial compression, not by progressive walls splay-
ing at the end edge. Mechanistically, the presence of the hole breaks the load path in the
circumferential direction and greatly reduces the local bending stiffness, leading to in-
creased compressive and shear stresses at the periphery of the hole. This leads to prema-
ture matrix cracking, localized delamination, and circumferential crack propagation
around the tube wall. As the axial loading increases, the damage becomes localized in a
band of circumferential buckling around the hole. The Figure shows representative
crushed tube specimens for each tube configuration with holes, dividing the tube into ap-
parent upper and lower segments. During crushing, sliding between these segments oc-
curs, with wall slicing and delamination, until contact with the compression plate is
reached. Secondary crushing is then performed by partial splaying of walls and breakage
of fibers.

The global progressive crushing is prevented, and deformation is affected by relative
sliding and telescoping of the upper and lower halves of the tube. This collapse mode is
characterized by sliding with limited outward splaying as seen in the post-test fracture
morphologies. In contrast to the neat tubes, fiber fracture is limited to a narrow zone close
to the hole, and laminate splaying is limited to secondary crushing, indicating a transition
from distributed progressive crushing to localized instability-driven failure. This collapse
sequence is the same for all stacking configurations, which means that the hole has a
strong control on the failure mode, dominating the effect of the ply orientation on the
crushing progression. Similar localized micro-buckling, tube segmentation, and sliding
behavior of composite tubes with holes under axial loading have been reported in our
previous work [31].

(a)

Circumferential crack Sliding and telescoping Starting of secondary Wall fragmentation
propagation Slicing and delamination crushing progression v a
when upper and lower
segment touch the
crushing plate

2 ).
Wall splaying and
delamination

(b)
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Sample 3 with cutouts

d=50 mm
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d=50mm d=1.8mm d=13.1mm d=24.2mm
(e)

Sample 5 with cutouts

d=50 mm d=1.6mm d=12.7 mm d=24.6 mm

Figure 3. Failure progression of tubes with circular cutouts tubes (a) sample 1, (b) sample 2, (c)

sample 3, (d) sample 4, and (e) sample 5.

3.2. Effect of Stacking Sequence and Circular Cutouts

Figure 4a shows the typical force-displacement responses for five different laminate
stacking sequences of neat tubes. The stacking sequence is found to be an important factor
affecting the crushing behavior, load stability, and energy-absorption performance of the
CFRP tubes. In general, all samples exhibit a progressive-crushing response after the initial
peak load, suggesting controlled damage evolution rather than abrupt catastrophic failure.

The corresponding crashworthiness indicators extracted from these curves are sum-
marized in Table 2, where the values are reported as mean + standard deviation based on
three repeated tests. These quantitative results provide a clear comparison of the influence
of stacking sequence on key performance metrics, including Pip, Pm, EA, SEA, and CFE.

For the neat tubes, Samples 2 and 5 exhibit the most stable and sustained load-dis-
placement responses, which correspond to their superior energy-absorption performance.
On the contrary, Sample 1 exhibits clear load fluctuations and lower average crushing
loads, reflecting the lowest crushing performances. The high crashworthiness perfor-
mance of Samples 2 and 5 is due to the existence of 0°/0° plies in the mid-laminate region.
These plies, oriented parallel to the load direction, increase the efficiency of axial-load
transfer, encourage stable progressive crushing, and postpone premature global failure.
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The presence of fiber-controlled failure mechanisms, such as fiber fracture, splaying, and
progressive fragmentation, leads to more stable force-displacement curves and enhanced
energy absorption. On the other hand, the absence of 0°/0° plies in the mid-section of Sam-
ple 1 leads to less stable crushing, thereby reducing energy-absorption efficiency.

On the other hand, a significantly different crushing response is observed for tubes
with circular cutouts. Direct comparisons with the neat tubes show that the introduction
of circular cutouts lowers the progression crushing force. The introduction of the circular
cutouts significantly reduces the initial peak load and the crushing progression load for
all stacking configurations. The tubes with cutouts, as shown in Figure 4b, after the initial
collapse, exhibit a prolonged low-load region, followed by a delayed load rise at larger
displacements. Such behavior may indicate that premature micro-buckling and damage
initiation around the cutout area are occurring due to stress concentration and the break-
ing of the load-bearing fibers’ continuity. However, the degree of this degradation is
highly dependent on the stacking sequence. In the initial crushing stage, during sliding of
the upper and lower segments of the tubes, where up to approximately 25 mm of displace-
ment, the force response remains comparable. However, a secondary crushing stage is
initiated when the upper and lower segmented tubes come into contact with the crushing
plate (Figure 3), resulting in an increased force response that varies across configurations.
Samples 2 exhibit relatively higher force responses than the other configurations during
secondary crushing, suggesting that laminate designs with mid-plane 0°/0° plies are more
effective at reducing the negative effects of geometric discontinuities.

At large displacement levels (approximately 45 mm), the neat tubes exhibit a noticeable
increase in load, indicating the onset of densification stage. In contrast, this load increase is not
observed in tubes with circular cutouts, where the force response remains relatively stable or
does not show a significant rise at the same displacement level. This behavior can be explained
by the difference in crushing mechanisms between the two configurations. In neat tubes, pro-
gressive crushing leads to continuous folding, splaying, and accumulation of fragmented ma-
terial near the loading platen. As deformation proceeds, the crushed material becomes increas-
ingly compacted, reducing internal voids and increasing contact resistance. In contrast, tubes
with cutouts undergo localized failure dominated by sliding, segmentation, and limited fold-
ing. The presence of the cutouts disrupts the continuity of the structure and prevents uniform
accumulation of crushed material. Instead of progressive material buildup, the structure de-
forms through relative motion between segments, with limited compaction. As a result, the
densification phase is suppressed, and the corresponding load increase observed in neat tubes
at large displacements does not occur in the cutout configurations.
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Figure 4. Comparison of load-displacement curves from quasi-static axial crushing test for (a) neat

tubes and (b) tubes with cutouts.

Table 2. Crashworthiness indicator calculated from force-displacement curves (mean * standard

deviation).
Neat Tubes
Sample Initial Peak Load Mean Crushing Energy Absorbed Specific Energy Ab- Crushing-Force Effi-
No. (N) Load (N) () sorbed (J/g) ciency
1 34,440 + 2385 11,703 + 840 520 + 37 58+5 0.35+0.03
2 34,222 + 928 18,367 + 884 805 + 40 87+4 0.54 +0.03
3 31,092 + 3172 14,875 + 929 654 + 40 72+6 0.49 +0.09
4 32,112 +2172 15,842 + 398 697 £17 75+2 0.5+0.05
5 36,490 + 1160 17,984 + 891 791 £40 88+5 0.5+0.02
6 31,624 + 1268 12,317 + 646 545 +29 60 +4 0.39 +0.02

Tubes with Circular Cutouts

Sample Initial Peak Load Mean Crushing

Energy Absorbed (J) Specific Energy Ab- Crushing-Force Effi-

No. (N) Load (N) sorbed (J/g) ciency
1 23,877 £ 4424 8247 + 133 364 +7 41+2 0.36 £ 0.07
2 21,219 £ 1047 10,460 + 1001 458 £43 50+5 0.5+0.06
3 25,739 £1671 9836 + 844 433 + 37 49 +5 0.39 £ 0.02
4 23,750 + 3757 7350 + 1598 325+ 69 36+8 0.32 £ 0.06
5 24,174 + 3204 8452 + 671 373+30 42 +4 0.36 £ 0.03
6 23,624 + 698 9740 + 1009 428 +44 48+5 0.42 £0.04

3.3. Initial Peak Load

Figure 5 shows the initial peak load for neat tubes and tubes with circular cutouts for
all five samples. The presence of the cutouts results in a reduction in the Pip relative to the
neat tube across all configurations. The neat tubes have peak loads of 31-37 kN, whereas
the tubes with cutouts present lower values of 21-26 kN. Maximum load reduction is 20—
40%, depending on the sample setup. Sample 2 shows the maximum reduction and the
minimum in Pip, from 34 kN for the neat tube to 21 kN for the tube with cutouts, a reduc-
tion of almost 40%. On the other hand, Sample 3 had the smallest reduction and the high-
est Pip. The peak load decreased from 31 kN to approximately 25 kN, which is a reduction
of about 20%.

https://doi.org/10.3390/jcs10070339
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Figure 5. Effect of stacking sequences and holes on initial peak load.

The initial peak load corresponds to the onset of structural instability and the transi-
tion from elastic deformation to irreversible damage in the composite structure. At the
early stage of loading, the CFRP tube behaves elastically, with the applied load increasing
approximately linearly due to the global stiffness of the laminate. As the compressive
stress reaches a critical level, localized instability is initiated, marking the occurrence of
the initial peak load [32]. The magnitude of this peak is governed by a combination of
interacting failure mechanisms, including local buckling of the tube wall, matrix cracking,
fiber kinking and fracture, and interlaminar delamination. In particular, fibers aligned in
the loading direction (0° plies) play a dominant role in carrying axial load and delaying
failure initiation, resulting in higher peak loads [33]. Once these fibers or the surrounding
matrix reach their failure limits, localized damage rapidly propagates, leading to a sudden
drop in load and the onset of progressive crushing.

However, in the present study, all neat-tube configurations exhibit relatively similar
initial peak loads. This can be attributed to the fact that the overall laminate composition
and fiber orientations are comparable among the different configurations, with variations
limited to the stacking-sequence order. As a result, the global axial stiffness and load-car-
rying capacity remain similar across the specimens, leading to comparable levels of critical
stress at which instability is initiated. Therefore, the initial peak load is not significantly
affected by stacking-sequence variations in this case, but is primarily governed by the
overall laminate composition and structural geometry.

For neat tubes, the continuity of the laminate allows for a more uniform stress distri-
bution and higher resistance to initial failure, resulting in a higher initial peak load. In
contrast, the presence of circular cutouts introduces stress concentrations and disrupts the
load-transfer path, leading to premature damage initiation. Localized stress concentration
around the cutout edges promotes early matrix cracking, fiber kinking, and micro-buck-
ling, reducing the load required to trigger instability. Consequently, the initial peak load
is significantly lower in tubes with cutouts compared to neat configurations.

Moreover, the error bars indicate moderate variation in the measured Pip, with some-
what greater scatter observed in some cutout samples, suggesting greater sensitivity to
local imperfections and damage evolution in the vicinity of the discontinuity.

In some cases, the observed reductions in peak load can be interpreted as a beneficial
triggering effect. This is because lower initial peak forces reduce the risk of catastrophic
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load transmission to adjacent structures [34,35]. In energy-absorbing structures, exces-
sively high peak loads are undesirable because they correspond to abrupt force transmis-
sion to adjacent components, such as vehicle frames or occupants. This sudden load trans-
fer can cause localized damage or safety risks. A smoother transition from the initial peak
loading phase to progressive crushing reduces force spikes and improves load distribu-
tion over displacement. Consequently, the structure absorbs energy in a more stable and
controlled manner, reducing the likelihood of catastrophic failure and enhancing overall
crash-safety performance.

3.4. Mean Crushing Load

Figure 6 compares the mean crushing load for the neat tubes and the tubes with cir-
cular cutouts for all five samples. The mean load of neat tubes is always higher than that
of tubes with cutouts, following the same trend as the peak load. The neat tubes have an
average load of between 11 and 19 kN, whereas the tubes with cutouts have lower values,
between 8.5 and 10.5 kN. In general, the mean load reduction is significant, which means
that the holes weaken the capacity of the sustained load-carrying during progressive
crushing. In the neat configuration, Sample 2 has the highest mean load (19 kN) while
Sample 1 has the lowest (11 kN).

For the tubes with cutouts, Samples 2 and 3 exhibit the maximum average mean crush-
ing load (10.5 kN and 9.8 kN), respectively, suggesting relatively stable crushing behavior
despite the geometrical discontinuity. Sample 4, on the other hand, exhibits the lowest mean
load (8.5 kN) and, hence, is more sensitive to the hole’s presence. The reduction in mean
load is more obvious and consistent across all configurations than the peak-load results. The
reduction in mean load was attributed to a change in crushing behavior from wall splaying
and delamination to sliding. As the mean load represents the general progressive-crushing
resistance and energy-absorption ability, the results indicate that the circular cutouts reduce
the mean load and the structural stability during the crushing process.

25
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=
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Figure 6. Effect of layer sequences and holes on mean crushing load.
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3.5. Energy Absorption

Figure 7 shows the comparison of total EA for neat tubes and tubes with circular
cutouts for all five samples. It is clear from this study that the neat samples have better
energy-absorption characteristics compared to the corresponding perforated tubes, which
is similar to the trend observed for Pm. The energy absorbed of the neat tubes is in the
range of about 520 J to 800 ] and the tubes with cutouts have lower values in the range of
about 320 ] to 460]. This indicates a drastic reduction in crash-energy absorption as a result
of the existence of circular cutouts. Sample 2 exhibits the highest energy absorption (800
]) in the neat configuration. Sample 5 demonstrates the second highest energy absorption
(790 J) and shows better progressive-crushing stability than the other three samples. The
lowest amount of energy absorbed by the neat tubes is for Sample 1, with 520 J.

Sample 2, with 460 ] for the tubes with cutouts, shows the highest energy absorption,
while the lowest value of 320 ] is shown by Sample 4, which suggests that this configura-
tion is the most sensitive to structural discontinuity. The absorbed energy loss ranges from
approximately 25% to 50%, depending on the configuration, with the most significant deg-
radation observed in Sample 4. The reduction in energy absorption is ascribed to prema-
ture damage initiation and unstable crack propagation around the hole, which restricts
the progressive crushing and deteriorates the structure’s load-carrying capacity over dis-
placement. Since the absorbed energy is directly related to the crashworthiness perfor-
mance, the results show that the circular cutouts not only reduce the Pip and Pm but also
significantly reduces the overall energy absorption.

800

B Neat Tubes

M Tubes with cutouts

700

600

500

Energy Absorbed (J)
IS
8

w
[=]
[=]

]
[=]
[=]

100

2 3 4 5
Sample No.

Figure 7. Effect of layer sequences and holes on energy absorbed.

3.6. Specific Energy Absorption

Figure 8 presents the comparison of the SEA between the neat tubes and the tubes
with circular cutouts for all five samples. In agreement with the trends obtained for the
Pm and EA, the neat specimens are characterized by much higher SEA values than the
corresponding tubes with cutouts. The SEA of the neat tubes ranges from 58 J/g to 88 J/g,
but the tubes with holes have lower values, typically ranging from about 36 J/g to 50 J/g.
Sample 5 shows the highest SEA for the neat tube (88 J/g), followed closely by Sample 2
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(87]/g). The higher the SEA value, the more efficient it is in terms of absorbing energy per
unit mass. Conversely, the clean samples in Sample 1 show the minimum SEA (58 J/g).
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Sample No.

Figure 8. Effect of layer sequences and holes on specific energy absorbed.

3.7. Crushing-Force Efficiency

Figure 9 shows the comparison of CFE between the neat tubes and tubes with a cir-
cular cutouts for all five samples. The neat specimens show higher CFE values than those
of the corresponding tubes with cutouts, having more stable and uniform crushing behav-
ior. The CFE for the neat tubes’ ranges from about 0.34 to 0.54, and the tubes with cutouts
have values ranging from about 0.32 to 0.50. Sample 2 has the highest CFE (0.54) among
the neat configurations, followed by Samples 4 and 5 (0.50), reflecting the increased sta-
bility in terms of progressive crushing. By contrast, the lowest CFE (0.34) is observed for
Sample 1, which suggests relatively less efficient energy absorption during deformation.
For the tubes with cutouts, Sample 2 again shows the highest CFE (0.50), while Sample 4
shows the lowest (0.32), indicating that this configuration undergoes more significant load
fluctuations and unstable failure after the peak load. The CFE results reveal that the cir-
cular cutouts always diminish the load-carrying capacity and energy absorption, but their
influence on crushing stability is configuration-dependent.

The reduction in CFE for tubes with circular cutouts can be directly attributed to the
alteration of failure mechanisms introduced by the geometric discontinuities. CFE, de-
fined as the ratio of mean crushing load (Pm) to initial peak load (Pip), reflects the stability
of the load-displacement response during progressive crushing. A higher CFE indicates a
more uniform load distribution and stable energy absorption, while lower values indicate
significant load fluctuations and unstable deformation.

In neat tubes, progressive crushing is characterized by stable mechanisms such as
splaying, delamination, and fragmentation, which maintain a relatively consistent load
after the peak. This leads to higher mean crushing loads (Pm) and, consequently, higher
CFE values. In contrast, the presence of circular cutouts promotes localized damage initi-
ation, circumferential cracking, and structural segmentation into separate regions. These
mechanisms disrupt the continuity of progressive crushing and promote intermittent slid-
ing and partial collapse rather than uniform deformation.
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As a result, the load-displacement response of cutout tubes exhibits load drops fol-
lowing the initial peak load. This unstable post-peak response reduces the mean crushing
load (Pm) significantly, while the initial peak load (Pip) remains governed by local instabil-
ity. Consequently, this leads to lower CFE values. This behavior is consistent with previ-
ous studies on perforated and triggered composite structures, which showed that geomet-
ric discontinuities induce premature damage propagation and unstable crushing, result-
ing in reduced crushing efficiency [36].

® Neat Tubes

M Tubes with cutouts

1 2 3 4 5

Sample No.

Figure 9. Effect of layer sequences and holes on crushing-force efficiency.

3.8. Statistical Analysis

Quantitative evidence on the influence of stacking sequence on the crashworthiness
performance of CFRP tubes, for both neat tubes and with circular cutout configurations,
is provided by the one-way ANOVA results presented in Tables 3 and 4. A main observa-
tion is that the stacking sequence does not significantly influence the Pip in either case (p >
0.05). This indicates that the onset of collapse is largely controlled by local instability
mechanisms and geometrical features rather than by the laminate stacking sequence. The
first failure for neat tubes starts at the tube edge, while for tubes with cutout it is localized
at the cutout edge. In both cases, the initiation stage is dominated by stress concentration
and local buckling, which reduces the relative influence of the stacking sequence. On the
other hand, for neat tubes and for those with a cutout, the stacking sequence (p < 0.05)
significantly affects all the crashworthiness parameters (Pm, EA, SEA, and CFE). The lam-
inate stacking sequence plays a dominant role in managing the progressive-crushing
phase rather than the initial collapse, as clearly demonstrated here. The progressive stage
involves complex damage evolution mechanisms such as delamination, fiber fracture and
matrix cracking, which are highly dependent on the ply orientation, interlaminar interac-
tions and load redistribution pathways.

The very low p-values obtained for neat tubes for Pm, EA, and SEA demonstrate a
strong dependence of energy-absorption capability on stacking sequence. This is con-
sistent with the experimental observation that the configurations with the mid-plane 0°/0°
plies (Sample 2 and 5) show more stable crushing behavior and more energy dissipation.
The statistical significance here is a measure of the efficiency of these laminates to sustain
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load through large displacements. This is directly related to their ability to promote pro-
gressive-failure mechanisms in a controlled manner.

In the case of tubes with circular cutouts, the stacking sequence is statistically im-
portant for the crashworthiness parameters, but the p-values are considerably lower than
those for the neat case, where the p-values are relatively higher (but still below 0.05). This
suggests that the influence of stacking sequence is reduced in the presence of geometric
discontinuities. Physically, a reason for this may be the cutout’s dominant role in defining
the failure mode and localizing the damage. The stress concentration caused by the hole
partly overcomes the effect of the laminate structure by forcing the initiation and propa-
gation of failure within a limited region.

However, the statistical significance of the stacking sequence in tubes with cutouts
suggests that laminate design still controls the residual structural response in secondary
crushing. After the initial localized failure, the ability of the structure to carry load, redis-
tribute stresses and absorb additional energy is still determined by the internal ply con-
figuration. Therefore, optimized stacking sequences (e.g., Sample 2) still outperform other
stacking sequences, even with severe degradation.

Table 3. One-way ANOVA for the stacking-sequence effects for neat tubes.

Source Sum of Square =~ Degree of Freedom  Mean of Square F p-Value
Peak Load
Between 5.37 x 107 4 1.34 x 107 297 0.074
Within 4.53 x 107 10 4.533 x 10¢
Total 9.91 x 107 14
Mean Crushing Load
Between 8.69 x 107 4 2.17 x 107 32.98 9.81 x 106
Within 6.59 x 106 10 6.59 x 105
Total 9.35 x 107 14
Energy Absorbed (EA)
Between 1.60 x 10° 4 3.98 x 104 31.8 1.16 x 10
Within 1.25 x 10 10 1.25x 103
Total 1.72 x 105 14
Specific Energy Absorbed (EA)
Between 1.83 x 10° 4 459.2 28.1 2.04 x 10
Within 163.43 10 16.34
Total 2.000 x 103 14
Crush-Force Efficiency (CFE)
Between 0.067 4 0.0169 7.82 0.004
Within 0.021 10 0.0021
Total 0.089 14
Table 4. One-way ANOVA for the stacking-sequence effects for tubes with circular cutouts.
Source Sum of Square =~ Degree of Freedom  Mean of Square F p-Value
Peak Load
Between 3.16 x 107 4 7.91 x 106 0.82 0.5369
Within 9.56 x 107 10 9.56 x 10¢
Total 12.73 x 107 14
Mean Crushing Load
Between 1.90 x 107 4 4.75 x 106 5.02 0.0176
Within 9.45 x 107 10 9.45 x 105
Total 2.84 x 107 14
Energy Absorbed (EA)
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Between 3.495 x 104 4 8.73 x 103 5.00 0.0178
Within 1.747 = 104 10 1.74 x 103

Total 5.242 x 104 14

Specific Energy Absorbed (EA)

Between 417.75 4 104.44 452 0.0241
Within 230.69 10 23.07

Total 648.44 14

Crush-Force Efficiency (CFE)

Between 0.058 4 0.0145 5.98 0.0100
Within 0.024 10 0.0024

Total 0.082 14

4. Conclusions

The combined effects of laminate stacking sequence and circular cutouts on the crash-
worthiness of CFRP rectangular tubes under quasi-static axial crushing were systemati-
cally studied in this work. The effects of these parameters on the main crashworthiness
parameters, such as initial peak load (Pip), mean crushing load (Pm), energy absorption
(EA), specific energy absorption (SEA), crushing-force efficiency (CFE), and failure mech-
anisms, were also investigated in detail. The results reveal that the stacking sequence has
a statistically significant effect on the crushing behavior and energy-absorption perfor-
mance, except in terms of the Pip. Specifically, the laminates with 0°/0° plies at the mid-
plane (Sample 2 and Sample 5) show better crashworthiness due to the better axial-load
transfer, higher structural stability, and more efficient progressive-crushing mechanisms.
The presence of circular cutouts causes early failure initiation and changes the failure
mode. In contrast to the progressive delamination and splaying of neat tubes, tubes with
cutouts exhibit a characteristic two-stage crushing response. In the first stage, failure
mechanisms are localized, and involve such things as circumferential cracking, axial slid-
ing, and structural segmentation, while in the second stage, limited delamination and
splaying occur. Such a transition from distributed progressive crushing to localized micro-
buckling results in a drastic reduction in all crashworthiness indicators, with energy ab-
sorption decreasing by up to 50%, depending on the stacking configuration. Furthermore,
the cutout sensitivity is highly influenced by the laminate stacking sequence. Although
Sample 2 has a higher initial performance and a higher relative degradation, it still pro-
vides better crashworthiness than other configurations in perforated conditions. This re-
sult shows that optimized stacking sequences can partially mitigate the detrimental effect
of geometric discontinuities. The results in general point out the need for an integrated
design methodology for composite crashworthy structures. The strategic design of the
laminate stacking sequences and control of the geometric discontinuities can significantly
improve the crashworthiness performance of CFRP tubes for lightweight structural appli-
cations. Future work will focus on the development of finite-element models to further
investigate stress distribution, failure evolution, and the interaction between stacking se-
quence and geometric discontinuities.
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Abbreviations

The following abbreviations are used in this manuscript:

CFRP  Carbon-Fiber Reinforced Polymer

UD Unidirectional

\%\Y Woven Fabric

CF Carbon Fiber

Pip Initial Peak Load

Pm Mean Crushing Load
EA Energy Absorbed

SEA Specific Energy Absorption

CFE Crush-Force Efficiency

ASTM  American Society for Testing and Materials
ANOVA Analysis of Variance
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