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Analyzing and comparing the
mechanical behaviors of bio-inspired
ribbed rectangular and square tubes

DucHieu Le1, PhucThien Nguyen2 and TrongNhan Tran3

Abstract
This study delves into the axial crushing behavior of bionic rectangular and square tubes, both with and without ribs,
through experimental methods. The bionic structures are meticulously fabricated by integrating thin tubes, thicker ribs,
and spot welding. The crashworthiness performance is evaluated for thicker square tubes without ribs and thinner
square and rectangular tubes with ribs, taking into account critical factors such as ribs, sections, and spot welding.
Compared to the tube without ribs (90902), which has a higher peak crushing force (PCF) of 250.94 kN and a lower
crushing force ratio (CFR) of 0.30, ribbed tubes exhibit a 43.24% lower average PCF (142.42 kN), and a 58.47% higher
average CFR (0.476). Ribbed square tubes outperform their rectangular counterparts in specific energy absorption
(SEA), with BRST1 specimens achieving a 42.94% higher mean SEA (12.75 kJ/kg) compared to BRRT1 specimens (8.92 kJ/
kg), despite the latter having a higher PCF. Consequently, the study underscores the effectiveness of incorporating thin
tubes with thicker ribs and spot welding in the construction of energy absorbers.
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Introduction

Despite advancements in vehicle safety performance
over time, collisions continue to inflict damage on pas-
sengers and property. Passive safety, which focuses on
maintaining the survival space for passengers during
collisions, remains a critical aspect of transportation
safety. Over the past decade, extensive studies on crash-
worthiness performance have been conducted to
enhance occupant protection during crushing events.1

Tubular components are essential in absorbing the
crushing force and mitigating harm to passengers.
Consequently, research on tubular parts has garnered
significant attention in recent years.

The outer shapes of tubular parts designed to dissi-
pate crushing loads exhibit considerable variation,
encompassing square,2 rectangular,3 circular,4 tapered,5

and corrugated6 configurations. Among these, the
behavior of circular tubes was initially examined by
Coppa,7 who identified deformation modes such as
concertina, diamond, and Euler modes, contingent on
the t/D ratio.8 Subsequent research shifted focus to
square tubes, beginning with the work of Abramowicz
and Jones.9 This line of inquiry expanded to include

modified square tubes, such as multi-corner tubes,10

multi-cell tube,11 and tube with aluminum foam,12 or
honeycomb13 structures. These studies demonstrated
enhanced crashworthiness performance for the modi-
fied square tubes.14 For example, Nia and Attar15

investigated the crashworthiness of square tubes with
and without stiffeners, emphasizing the impact of the
number and placement of stiffeners. Their study also
highlighted discrepancies in crashworthiness index val-
ues between experimental tests and simulations, attri-
buting these differences to fabrication imperfections.
Rajak et al.16 assessed the energy absorption capacity
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of both hollow and foam-filled square tubes under
varying strain rates in axial quasi-static loading, finding
that foam-filled square tubes exhibited superior energy
absorption capacity and suggested an optimized strain
rate. Overall, modified or specialized structures have
demonstrated superior crashworthiness performance
compared to conventional designs.17

In addition to examining the energy absorption cap-
abilities of single tubes, researchers have also investi-
gated the energy absorption characteristics of nested
tubes. Sharifi et al.18 explored the impact of tube para-
meters and grooves on the energy absorption perfor-
mance of nested circular structures. Although the
introduction of grooves reduced peak forces, it also
diminished the energy absorption capacity by decreas-
ing the material volume within the structure. A com-
parative study on the energy absorption features of
nested circular structures was conducted by Nia and
Chahardoli,19 which underscored the effect of anneal-
ing in reducing the structure’s energy absorption capac-
ity due to decreased yield and ultimate stresses. The
primary distinction between these two studies lies in the
number of constituent tubes analyzed. Additionally,
Haghi Kashani et al.20 investigated the energy absorp-
tion characteristics of nested square structures, focusing
on the effects of tube arrangement. Their findings
revealed that the nested structure exhibited greater
energy absorption compared to the sum of the energy
absorbed by two individual tubes when crushed inde-
pendently. This enhancement in energy absorption was
attributed to the interaction between the tube walls.

The quest for structures with enhanced crashworthi-
ness performance compared to conventional designs
continues to challenge designers. Consequently, inno-
vative crashworthy designs inspired by biological struc-
tures present promising opportunities by leveraging
their unique characteristics. Drawing inspiration from
the cross-section of the horsetail plant, Xiao et al.21

proposed six configurations of bionic tubes and exam-
ined the influence of design variables on their crash-
worthiness performance. The results indicated that
increasing the number of cells, inner tube diameter, and
wall thickness significantly enhanced the specific energy
absorption (SEA) of the tubes. However, it is note-
worthy that the SEA decreased when the wall thickness
exceeded 2mm. These findings offer valuable insights
for optimizing bionic tubes to improve crashworthi-
ness. The vascular bundle arrangement of palm trees
holds significant potential as a natural template for
designing highly efficient energy dissipators. Building
on this inspiration, Liu et al.22 developed bionic multi-
cell tubes and assessed their crashworthiness perfor-
mance under quasi-static loading conditions. Their
findings demonstrated a remarkable improvement in
crashworthiness behavior with an increase in the tube’s
cell number. In the study conducted by Chen et al.,23

bionic tubes incorporating a ribbed design were evalu-
ated and compared to conventional circular tubes in

terms of crashworthiness features. Experimental results
revealed that the bionic tubes with ribs exhibited a
lower peak load while achieving higher specific energy
absorption compared to their conventional counter-
parts under the same loading conditions. Tarafdar
et al.24 introduced a novel design for energy-absorbing
systems that emulates the microstructure of bamboo.
Their study analyzed the mechanical behavior of the
structure under axial loading, highlighting that the
energy absorption is influenced by the failure mechan-
ism, which can be categorized into two sub-modes: I
and II.

Previous studies have examined the impact of add-
ing ribs on the energy absorption capabilities of tubes.
However, this study aims to investigate the crash-
worthiness performance of thin tubes, both with and
without thicker ribs, drawing inspiration from biologi-
cal concepts. The inclusion of thicker ribs is intended
to enhance the crashworthiness of the thin tubes. A
comprehensive comparison between square and rectan-
gular tubes, with and without ribs, was conducted to
assess the influence of ribs, sectional design, and spot
welding on their energy absorption characteristics.
Consequently, this study focuses on experimentally
investigating the crashworthiness features of bionic
tubes and analyzing their behavior.

Specimens and test setup

The rapidly expanding field of bio-inspired design
leverages insights from nature to develop superior
designs compared to conventional ones. The prismatic
layer microstructure of the Pinna, illustrated in Figure
1(a), where the upper walls connect to the lower tube
walls, and the cross-section of the lower tubes may not
be hexagonal, serves as inspiration for a novel tube
design aimed at enhancing existing tubes. This pro-
posed design involves integrating four thicker ribs into
a single tube with a new cross-section. In this study, we
have selected rectangular and square sections, which lit-
erature validates as effective anti-crushing cross-sec-
tions. The reference specimen for comparison is a single
square tube measuring 903 903 2mm without ribs, as
shown in Figure 1(b). We then investigate the mechani-
cal behaviors of the reference (90902) specimen, as well
as the bio-inspired ribbed rectangular (BRRT) and
square (BRST) tubes depicted in Figure 1(c).

To construct the ribbed specimens, tubes and ribs
were cut separately from 6m-long CT3 mild steel25 tube
and strip, respectively. Subsequently, each individual
tube was slit to precise dimensions before being assem-
bled using spot welding techniques (refer to Figure
1(c)). The rectangular or square tubes have a depth and
width denoted as a and b, respectively, while the rib
width is denoted as b1. The tube wall and rib thick-
nesses are labeled as t and t1, respectively, and the
height of both the tube and rib measures 200mm. The
parameters of all specimens are presented in Table 1.
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As one of the recognized methods for investigating
the behavior of energy-absorbing elements,27 the bio-
inspired ribbed rectangular or square tubes were sub-
jected to quasi-static axial testing using a testing
machine with a capacity of 500kN, as depicted in
Figure 2. The specimen was positioned on the
machine’s lower disc without any constraints. To pre-
vent potential damage to the machine, the final crush-
ing displacement (zfinal) of the test was set at 165mm.
A loading rate of 5mm/min1 was employed, and the
crushing process was captured using a camera. Force-
displacement curves were directly recorded to deter-
mine the crashworthiness parameters. Figure 3

illustrates a typical force response obtained from the
experimental testing.

The mechanical behavior of the structure is influ-
enced by several key parameters associated with the
crushing process, namely peak crushing force (PCF),
energy absorption (EA),28 specific energy absorption
(SEA),29 mean crushing force (MCF), and crushing
force ratio (CFR). Table 2 provides the expressions
used to estimate these key parameters. PCF is directly
obtained from the force response and should be suffi-
ciently small to initiate the deformation of the tube. EA
represents the total energy absorbed by the tube during
the crushing event. SEA is calculated by dividing EA by

Figure 1. (a) Bio-inspired design concept,26 (b) bio-inspired ribbed rectangular (BRRT) and square (BRST) tubes, and (c) reference
specimen.

Table 1. Tube parameters with features.

Tube Tube Rib Height (mm) m (kg) Features

a (mm) b (mm) t (mm) b1 (mm) t1 (mm)

90902 90 90 2 – – 200 1.079 No ribs
BRRT1-1 50 100 1.31 40 1.4 1.099 *Spot welding

* Four ribs
*Rectangular section

BRRT1-2 1.116
BRRT1-3 1.113
BRRT2-1 60 120 1.247
BRRT2-2 1.245
BRRT2-3 1.236
BRST1-1 60 60 0.997 * Spot welding

*Four ribs
*Square section

BRST1-2 1.000
BRST2-1 70 70 1.130
BRST2-2 1.129
BRST2-3 1.128
BRST3-1 90 90 1.261
BRST3-2 1.256
BRST3-3 1.255
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the mass of the tube. MCF refers to the average force
experienced during the collapse process and is estimated
by dividing the energy absorption by the final crushing
displacement (zfinal). Lastly, CFR is expressed as a per-
centage and is determined by the ratio of MCF to PCF.

Investigation of compression test of all
specimens

When a ductile metal tube is subjected to an axial load,
it undergoes gradual deformation, with its typical force
response following the pattern illustrated in Figure 3.
The crushing process can be divided into three distinct
stages: pre-crush, post-crush, and densification. In the
initial pre-crush stage, the tube behaves elastically until
the crushing force reaches its peak. However, as
instability develops, the force drops sharply until the
formation of the first lobe wall, with the peak force
being dependent on the tube’s anti-crushing capacity.
During the post-crush stage, the mean crushing force
fluctuates, exhibiting peaks and valleys directly linked
to the shape and crumpling at various wrinkling levels.
Eventually, densification occurs due to the self-contact

of lobes, leading to the overlap of completed lobes and
a significant increase in load.

This section presents a study of the behavior, force,
and energy absorption responses of all specimens. To
ensure the reliability of the results, three experiments
were conducted for each BRRT1, BRRT2, BRST2, and
BRST3 architecture, with BRST1 having two tests and
the reference tube having one.

90902 reference specimen

The crushing behavior of the reference specimen serves
as the basis for comparison with other tubes. Figure
4(a) displays snapshots of the collapsing process of the
90902 specimen under axial loading. The initial buck-
ling lines of the first lobe form near the top end of the
tube, followed by successive buckling lines that create
the second lobe. As the collapsing process continues,
the first lobe stacks onto the second one. This deforma-
tion pattern promotes a stable collapse of the reference
tube under axial loading. However, due to the large
cross-section and limited height of the tube, the lobes
are not fully deformed at both ends.

The force response of the tube, shown in Figure
4(b), demonstrates a stable energy-absorbing process
during the collapse under axial loading (Figure 4(c)).
Nonetheless, there is a significant difference of
90.83 kN between the first and second peak forces,
reflecting the transition from the elastic response to
plastic deformation. The compressive force, defined as
the axial force applied to deform the tube, fluctuates
considerably during plastic deformation in the post-
crush stage, ranging from 46.61 to 155.23 kN. These
values correspond to the minimum and maximum force
observed in the force response presented in Figure 4(b).
Such high fluctuation in compressive force is not desir-
able for an anti-crushing element.

Bio-inspired ribbed rectangular tubes (BRRT1)

The crushing history, force response, and energy
absorption response of all three BRRT1 specimens are

Figure 2. Experimental testing.

Table 2. Expression of crashworthiness indexes.

Crushing key parameter Expression

Energy absorption (EA) EA =
Ðzfinal

0

F xð Þdx

Specific energy absorption (SEA) SEA = EA
m

Mean crushing force (MCF) MCF = EA
zfinal

Crushing force ratio (CFR) CFR = MCF
PCF

Here, m is the tube’s mass and zfinal is the final crushing

displacement.

Figure 3. Typical force response of energy absorbing tube.
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exhibited in Figure 5. In Figure 5(a), the crushing his-
tory of the BRRT1 specimens reveals varying pre-crush
behaviors, with the first bending lines in the tube walls
developing randomly at the bottom, top, or middle of
the tube. The post-crush stages of these specimens also
differ to some extent. Such variations in collapsing
behaviors are expected, as outcomes vary from speci-
men to specimen due to sensitivity to imperfections in
geometry and material, despite careful fabrication. For
all three specimens, namely BRRT1-1, BRRT1-2, and
BRRT1-3, their crushing histories differ from each
other, and the wavelength of the lobes in the tube is
smaller than that in the ribs.

The ribs of BRRT1-1 and BRRT1-3 formed more
complete lobes compared to those of BRRT1-2, while
the number of lobes in the ribs of BRRT1-1 and
BRRT1-2 are the largest and smallest, respectively.
Greater rib thickness required higher compressive
forces to deform them; hence, the lobes were easier to
form in the tube than in the ribs. The differing number
and wavelength of lobes in the tube and ribs resulted in
weld cracking, shown in red ellipses, causing the tube
and ribs of each specimen to bear the load indepen-
dently. Such crushing histories may be attributed to
weld quality and the difference in thickness between
the ribs and tube, leading to a decrease in crushing
strength and energy dissipation capacity.

The crushing histories of these specimens are clearly
reflected in the force and energy absorption responses
shown in Figure 5(b) and (c). In Figure 5(b), the PCF
of BRRT1-2 and BRRT1-3 are larger than that of
BRRT1-1. However, the force history of BRRT1-2 is
more stable and smoother in the post-crush stage,
despite the higher force levels of BRRT1-1 and
BRRT1-3. This is because the higher force levels of
BRRT1-1 and BRRT1-3 lead to the formation of more
plastic hinges, which in turn requires a lower crushing
force level for deformation. Consequently, this results
in lower energy absorption (EA) in the later stages of
compression for BRRT1-1 and BRRT1-3, as shown in
Figure 5(c).

Bio-inspired ribbed rectangular tubes (BRRT2)

The deformations of the three specimens in the BRRT2
group are illustrated in Figure 6(a). Despite meticulous
prototyping, variations were observed in their collap-
sing processes. The collapse of BRRT2-2 initiated from
the bottom end, differing from BRRT2-1 and BRRT2-
3, which began collapsing from the top end. In the
BRRT2 group, the formation of the first lobes in the
ribs and tube occurred simultaneously during the initial
half of the compression, with no weld fractures
observed, indicating that the crushing load remained

Figure 4. 90902. (a) Crushing history and its final shape, (b) force, and (c) EA responses.
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below the weld strength. However, in the later stages of
the crushing process, the tube and ribs of the BRRT2
specimens did not form complete lobes. Additionally,
variations in the lobe shapes between the tube and ribs
at this stage resulted from heterogeneous deformation
between the two components, leading to weld fractures
and a decrease in crushing strength. The fractures in
the welds and bending in the tube primarily occurred at
the slots in the tube.

Figure 6(b) and (c) depict the force and energy
absorption histories of the specimens, respectively, cor-
responding to their crushing behaviors. It is evident
that there is a significant decrease in anti-crushing
strength, as indicated by the drop in crushing force
towards the end of compression. BRRT2-3 exhibits a
delayed attainment of its first peak force compared to
the other two specimens, and its crushing force level in
the later stages of deformation is higher. Consequently,

Figure 5. BRRT1. (a) Crushing history and their final shapes, (b) force response, and (c) EA response.
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BRRT2-3 demonstrates greater energy absorption in
this stage (Figure 6(c)).

Bio-inspired ribbed square tubes (BRST1)

The failure mechanisms and final shapes of the BRST1
specimens are illustrated in Figure 7(a). During the col-
lapsing process, both specimens began to wrinkle from
the upper end, forming the first lobe, followed by suc-
cessive lobes stacking on top of the initial one. Their
failure mechanisms are similar, exhibiting good pro-
gressive collapse in the early stage and buckling collapse
in the later stage of compression. Buckling primarily

occurs in the slotted part, reducing its energy absorp-
tion capacity. Progressive deformation occurred in the
ribs of BRST1-2 but not in those of BRST1-1, although
fractures were present in the welds of both specimens.
The progressive deformation in the ribs enhanced the
energy absorption capacity of BRST1-2. The minor dif-
ferences in failure mechanisms between these two speci-
mens are linked to weld quality and the interaction
between lobe formation in the tube and ribs.

Figure 7(b) shows comparable force-displacement
curves for the two BRST1 specimens due to the similar-
ity in their failure mechanisms, as shown in Figure 7(a).
The first peak forces of these two specimens occur at

Figure 6. BRRT2. (a) Crushing history and their final shapes, (b) force, and (c) EA responses.
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almost the same crushing displacement; however, BRST1-2
exhibits a higher force level than BRST1-1 due to its greater
anti-crushing resistance, resulting in a greater capacity to
absorb collapsing energy (Figure 7(c)).

Bio-inspired ribbed square tubes (BRST2)

Figure 8(a) presents the failure mechanisms and final
deformation shapes of the BRST2 specimens, which
exhibit distinct differences among them. In all three
specimens, the first plastic hinges were observed near
the upper ends, and the collapses progressed from top
to bottom. Similar to the BRST1 specimens, fractures
in the welds resulted in buckling in the slotted part,
thereby reducing the structure’s energy absorption
capability. Although all three specimens experienced

weld fractures, BRST2-1 demonstrated better progres-
sive deformation compared to the other two specimens.
Progressive deformation was observed in the ribs of
BRST2-1, enhancing its energy absorption capacity.
BRST2-2 exhibited torsional deformation, an undesired
mode under axial load, due to a fabrication imperfec-
tion, thereby reducing its energy absorption capacity.
While progressive deformation occurred in the ribs of
BRST2-3 during the early stage, fractures in the welds
hindered this mode in the later stage of the collapse
process, resulting in decreased anti-crushing capacity
and energy absorption.

The effect of failure mechanisms on force and energy
absorption responses of these specimens is shown in
Figure 8(b) and (c), indicating larger force and energy
absorption levels for BRST2-1 compared to BRST2-2

Figure 7. BRST1. (a) Crushing history and their final shapes, (b) force response, and (c) EA response.
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and BRST2-3. Although in the early stage, BRST2-3’s
PCF appears later and greater than that of BRST2-2,
their force levels are approximately equal in the subse-
quent stage of the crushing process, resulting in equiva-
lent energy absorption levels, as depicted in Figure 8(c).

Bio-inspired ribbed square tubes (BRST3)

The collapsing histories, as well as the force and energy
absorption behaviors of the BRST3 specimens, are pre-
sented in Figure 9. The first creasing lines developed in

Figure 8. BRST2. (a) Crushing history and their final shapes, (b) force response, and (c) EA response.
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different locations for each specimen: near the top end
of BRST3-1, near the bottom end of BRST3-2, and in
the middle of BRST3-3 (Figure 9(a)). The deformation
continued until the crushing process concluded.
Initially, progressive deformation occurred in the tube
and ribs of the BRST3-1 and BRST3-2 specimens.
However, these specimens later crumpled due to the
fracture of the welds between the tube and ribs. The
collapse of BRST3-3 occurred at the position with the
weakest anti-collapsing resistance, leading to the frac-
ture of the welds and the buckling of the specimen

under axial loading. The fractures in the welds of
BRST3-3 and BRST3-1 were, respectively, the largest
and the smallest, which determined their anti-crushing
and energy absorption capacities.

The energy absorption capacity of the structure pri-
marily depends on the post-crush stage of compression.
Figure 9(b) demonstrates that the PCF and force fluc-
tuation of BRST3-1 are larger than those of BRST3-2
and BRST3-3, leading to greater energy absorption in
the displacement range of 25mm to 165mm, as shown
in Figure 9(c).

Figure 9. BRST3. (a) Crushing history and their final shapes, (b) force, and (c) EA responses.
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Factors affecting the collapse
characteristics

An investigation should be conducted to examine the
effect of various factors involved in specimen forma-
tion, including ribs, geometrical parameters, cross-sec-
tion, and spot welds, as these factors significantly
influence the crushing behavior and key indexes related
to crashworthiness. Table 3 presents a comparison of
the 90902 specimen with BRRT1, BRRT2, BRST2,
BRST3, and BTST1 specimens in terms of weight. The
90902 specimen is found to be 2.77% lighter than
BRRT1, 15.1% lighter than BRRT2, 4.58% lighter
than BRST2, and 16.48% lighter than BRST3.
However, it is 7.51% heavier than BTST1. Notably,
there are variations in the values of the key indexes
provided in Table 3. These differences can be attributed
to the fabrication process and material heterogeneity
encountered during testing, but they remain within
acceptable tolerances.

In general, an increase in PCF often corresponds to
a higher energy absorption capacity,30 and this observa-
tion holds true for the 90902 specimen, which does not
have ribs, as well as the BRST1 specimen. However, it
is important to note that the quality of spot welds sig-
nificantly influences the crashworthiness indexes. For
instance, in the case of BRRT1, despite BRRT1-2 hav-
ing a higher PCF, its energy absorption is significantly
lower than that of BRRT1-1. This indicates that
BRRT1-2 exhibits a greater initial anti-crushing resis-
tance of the spot welds but a weaker anti-crushing resis-
tance in the later stages of crushing compared to
BRRT1-1. The decreased anti-crushing resistance of
spot welds during the later compression stage leads to

more frequent fractures in these welds for BRRT1-2
(see Figure 5(a)). Similar results can be observed for
specimens in the BRRT2, BRST2, and BRST3 groups.

Compared to the 90902 specimen, the average PCF
of the specimens with ribs – namely BRRT1, BRRT2,
BRST1, BRST2, and BRST3 – is ;43.24% smaller.
However, their average CFR is 58.47% larger. This
result demonstrates that the spot-welding method sig-
nificantly reduces the PCF of ribbed specimens com-
pared to single tubes with larger geometries and
thicknesses. Consequently, this reduction in PCF helps
minimize potential damage to occupants during a
crushing event. Although the average MCF, SEA, and
EA of the 90902 specimen are greater than those of
BRRT1, BRRT2, BRST2, and BRST3 by 14.53%,
20.48%, and 14.53%, respectively, they are smaller
than those of BRST1 by 4.89%, 15.03%, and 4.89%,
respectively. This is due to the simultaneous deforma-
tion of the tube and ribs in BRST1, which involves a
larger amount of material in plastic deformation.31

Despite the better MCF, EA, and SEA performance,
the 90902 specimen exhibits the largest PCF and the
smallest CFR, which are undesirable as these two
indexes negatively impact crashworthiness.

In crashworthiness design, an energy-absorbing
structure typically requires a large SEA and a suffi-
ciently small PCF to deform the structure.5 The
BRRT1 and BRRT2 specimens demonstrate similar
energy absorption and comparable SEA and PCF val-
ues, indicating that the effect of geometrical parameters
in these specimens is comparable. Similar conclusions
can be drawn for the BRST1, BRST2, and BRST3 spe-
cimens. However, it is evident that ribbed square tubes
with small sections and thicknesses are more favorable

Table 3. Main indexes for all specimens.

Tube PCF (kN) MCF (kN) CFR SEA (kJ/kg) EA (kJ) m (kg)

90902 250.94 75.424 0.30 11.085 12.137 1.0794
BRRT1-1 154.49 62.94 0.51 9.22 10.13 1.099
BRRT1-2 172.25 59.70 0.35 8.61 9.61 1.116
BRRT1-3 164.27 61.92 0.38 8.95 9.96 1.113
BRRT1 (mean) 163.67 61.52 0.41 8.92 9.90 1.109
BRRT2-1 140.73 61.25 0.44 7.90 9.86 1.247
BRRT2-2 127.26 59.61 0.47 7.71 9.59 1.245
BRRT2-3 133.25 66.46 0.50 8.65 10.70 1.236
BRRT2 (mean) 133.75 62.44 0.47 8.09 10.05 1.242
BRST1-1 124.98 71.64 0.57 11.57 11.53 0.997
BRST1-2 145.53 86.59 0.59 13.94 13.93 1.000
BRST1 (mean) 135.26 79.11 0.58 12.75 12.73 0.998
BRST2-1 155.66 72.67 0.47 10.35 11.69 1.130
BRST2-2 135.72 62.29 0.46 8.88 10.02 1.129
BRST2-3 141.84 61.62 0.43 8.79 9.91 1.128
BRST2 (mean) 144.40 65.52 0.45 9.34 10.54 1.129
BRST3-1 149.77 77.08 0.51 9.84 12.40 1.261
BRST3-2 136.17 67.23 0.49 8.61 10.82 1.256
BRST3-3 149.18 60.74 0.41 7.79 9.77 1.255
BRST3 (mean) 145.04 68.35 0.47 8.75 11.00 1.257
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for energy-absorbing structures. The effect of geometri-
cal parameters, such as width and depth, on crushing
force and energy absorption is more pronounced than
their effect on SEA.

Overall, Table 3 illustrates that as the ribbed square
tube becomes larger, the PCF, MCF, and EA increase,
while the SEA decreases, except in the case of BRST1.
For ribbed rectangular tubes, larger cross-sections
result in smaller PCF and SEA values, indicating that
specimens with larger cross-sections are more prone to
deformation. The mass of the specimen plays a signifi-
cant role in its energy absorption efficiency.
Additionally, Table 3 suggests that ribbed rectangular
tubes exhibit greater anti-crushing characteristics but
lower energy absorption efficiency compared to ribbed
square tubes.

Conclusion

This study presents an experimental investigation of tubes,
both with and without ribs, under axial quasi-static loading
conditions. The results obtained are compared to analyze
the impact of ribs, geometrical parameters, cross-section,
and fabrication on crashworthiness performance. The fol-
lowing conclusions can be drawn:

1. Tubes without ribs (90902) have a higher PCF of
250.94 kN compared to ribbed tubes. In contrast,
the average PCF for ribbed tubes (BRRT1,
BRRT2, BRST1, BRST2, and BRST3) is
;43.24% lower, with a mean value of around
142.42 kN. This reduction demonstrates the effec-
tiveness of rib integration in lowering initial peak
force.

2. The CFR is notably lower in the tube without ribs
(90902) at 0.30. Conversely, ribbed tubes demon-
strate a considerably higher average CFR of 0.476,
representing a 58.47% increase over the reference
tube. A lower CFR indicates reduced effectiveness
in energy absorption.

3. Ribbed square tubes surpass their rectangular
counterparts in SEA. Notably, BRST1 specimens
achieve a 42.94% higher mean SEA (12.75kJ/kg)
than BRRT1 specimens (8.92 kJ/kg), despite the
latter’s higher PCF.

4. For ribbed rectangular tubes, increasing the cross-
section leads to decreased PCF and SEA, making
them easier to deform. In the case of ribbed square
tubes, increasing the cross-section results in
decreased SEA.

5. The spot weld method reduces the PCF and mass
of the specimen, thereby improving its crashworthi-
ness performance. In comparison to thick tubes
without ribs, thinner square tubes with thick ribs
offer advantages in crashworthy design.

Future research could extend this work by comparing
the crashworthiness of ribbed tubes fabricated using
spot welding and fillet welds, as well as by optimizing
the ribbed tubes’ parameters to improve energy
absorption.
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