
Contents lists available at ScienceDirect

Thin-Walled Structures

journal homepage: www.elsevier.com/locate/tws

Full length article

Axial buckling modes and crashworthiness of circular tube with external
linear gradient grooves
Ru-yang Yaoa, Guan-sheng Yina,⁎, Wen-qian Haob, Zhen-yu Zhaoc,d, Xuan Lie, Xiao-li Qinf
a School of Science, Chang'an University, Xi'an 710064, China
bDepartment of Engineering Mechanics, Northwestern Polytechnical University, Xi'an 710129, China
c State Key Laboratory for Strength and Vibration of Mechanical Structures, Xi’an Jiaotong University, Xi’an 710049, China
d State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
e CCCC Civil Engineering Science & Technology Co., Ltd., Xi'an 710075, China
fModern Engineering Training Center, Chang'an University, Xi'an 710021, China

A R T I C L E I N F O

Keywords:
Gradient grooved tube (GGT)
Energy absorption
Buckling mode
Axial crashworthiness
Numerical simulation

A B S T R A C T

Metallic circular tube with external uniform grooves has excellent behaviors on axial crashworthiness during
axial compression because it can generate stable responses. In the present research, three novel energy absorbers
are proposed based on uniform grooved tube (UGT), namely, depth gradient grooved tube (D-GGT), thickness
gradient grooved tube (T-GGT) and coupling gradient grooved tube (C-GGT). A theoretical model considering
both the depth and thickness gradients and an efficient numerical model based on axisymmetric assumption are
put forward. Meanwhile, some quasi-static compression experiments are performed to validate the theoretical
and numerical models. The results conclude that the deformation of gradient grooved tubes (GGTs) under axial
buckling can be classified into two modes, namely, random asymptotic buckling (RAB) and sequential asymp-
totic buckling (SAB). Compared with UGT, the D-GGT has a slight improvement on the axial energy performance
even though the sum of depth of thin-walled sections is constant; for T-GGT, a force-displacement curve with
upward trend and an obvious improvement of energy absorption are observed; specially, the energy absorption
characteristics of D-GGT and T-GGT will occur simultaneously when C-GGT is subjected to axial loading.

1. Introduction

Due to the excellent behaviors of energy absorbing performance and
machining, thin-walled structures are widely used as energy absorbers,
such as front buffer structures of vehicle, landing structures of aircraft,
highway guardrail and external shells of crash cushions [1–4]. From the
material point of view, the thin-walled energy absorbers can be made of
metallic materials and fiber reinforced composites (FRCs) [5]. Com-
pared with the energy absorbers made of metallic materials, the FRCs
always has larger specific energy absorption (SEA) [6–10], while the
deformation mechanism is more complicated [8,10–13]. Therefore, the
thin-walled metallic tubular structures have attracted more and more
attention in recent years because of their excellent crashworthiness and
simple forms [5,14–16]. In particular, for the thin-walled metallic
tubular absorbers, it has been proved that the energy dissipated by axial
compression is far more than other loading conditions [1,5,10,14].
Based on rigid-plastic assumption, a theoretical model of axial buckling
of circular tube was proposed by Alexander [17]. By summarizing the

results of a large number of quasi-static axial compression tests, An-
drews et al. [18] investigated the buckling modes of metallic circular
tubes with various dimensions. According to their conclusions, the
buckling modes of circular tubes under axial compression were defined
as axisymmetric mode, non-axisymmetric mode, mix mode and Euler
mode. Among them, the axisymmetric buckling was considered as the
most desirable deformation for energy absorption. Then, based on the
axisymmetric progressive buckling mode of circular tubes, a new
parameter called the eccentricity factor was proposed by Wierzbicki
et al. [19] and further modified by Singace et al. [20,21].

From the geometry configuration point of view, many unconven-
tional energy absorbers have been proposed by setting cut outs
[22–24], corrugates [25–29], ribs [30,31] or grooves [32–41] on the
common circular tubes to regulate the axial buckling mode. As efficient
unconventional energy absorbers, corrugated tubes have stable prop-
erties under axial compression [25,26]. According to different im-
pacting velocities, the axial buckling modes of corrugated tube can be
defined as dynamic asymptotic buckling, dynamic plastic bucking, and
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transition buckling [27]. By taking the eccentricity factor and ampli-
tude factor into account, Hao et al. [28,29] presented detailed theore-
tical derivations of corrugated tubes under quasi-static axial loading
[28] and dynamic impacting [29]. Similarly, ribbed tubes also are a
kind of unconventional energy absorbers. Axial impacting tests on a
group of ribbed aluminum tubes were carried out by Adachi et al. [30]
and the results showed that a critical distance between two adjacent
ribs was found for generating axisymmetric or non-axisymmetric
buckling mode. Moreover, Isaac et al. [31] numerically proved that the
ribbed tubes had better performance under axial and oblique impacting
compared with conventional circular tubes.

Compared with other unconventional tubular absorbers, grooved
tubes also have excellent energy absorption performance, and easy
processing is its obvious advantage [32]. An early research about the
axial compression of metallic grooved tube was performed by Mamalis
et al. [33], which was inspired by the axial crushing of PVC grooved
tube [34]. They arranged parallel circumferential narrow grooves on
the outer surface of long hollow circular tubes, and the results showed
that all specimens generated the non-axisymmetric buckling mode.
Hosseinipour and Daneshi [35] and Hosseinipour [36] set a series of
parallel narrow grooves on both the inner and outer surfaces of circular
tubes to get more stable buckling mode. Their experiment results
showed that all specimens generated perfect axisymmetric collapse
mode. Based on the similar structure design, Wei et al. [32] set a linear
thickness gradient at the thin-walled sections and concluded that the
grooved tubes with thickness gradient have better axial crashworthi-
ness than uniform ones. There are two typical features of the grooved
tubes given in previous researches [32–36]: one is that both the thin-
walled sections and thick-walled sections of a tube participate in energy
absorption; the other is that each thin-walled section is too narrow to
generate a fold. Therefore, "Type A" grooved tube is defined in this
research. Actually, there exists another type of grooved tubes, which is
defined as "Type B". The "Type B" grooved tube also has two typical
features, namely, the folds just occur at the thin-walled sections because
each of them has enough width to generate a fold, and the thick-walled
sections are just used to keep the tube stable during axial compression.
For the "Type B" grooved tubes, circular tubes with external parallel
wide grooves under axial quasi-static compression were investigated by
Salehghaffari et al. [37] and Mokhtarnezhad et al. [38] experimentally.
Additionally, both single and multi-objective design optimization for
grooved tubes was also carried out by Salehghaffari et al. [39]. To take
foam filling into account, low velocity impacting tests were conducted
by Darvizeh et al. [40]. The results showed that the axial crash-
worthiness under quasi-static and dynamic loading of the grooved tube
was improved significantly by foam filling.

According to the conclusions of previous researches on "Type B"
grooved tubes [37–40], the axisymmetric folds always generate at their
thin-walled sections. However, the depth and thickness of thin-walled
sections are set uniformly along the axial direction of these tubes,
which may result in randomness of folding sequence. Additionally, in
the process of manufacturing thin-walled tubular components with
machine tools, the roundness, surface roughness and verticality may
have a great influence on the experiment results. Many obvious surface
chatter marks or rust are observed on the surfaces of specimens of
Salehghaffari et al. [37], Mokhtarnezhad et al. [38] and Darvizeh, et al.
[40] before axial compression test, which may lead to some unexpected
effects on the conclusions. From the simulation point of view, three-
dimensional numerical modeling method is most commonly used for
both of the "Type A" and "Type B" grooved tubes. Nevertheless, this
method may not take care of the computation time and precision si-
multaneously because enough solid elements must be required along
the shell thickness [32,38,39,41]. That is to say, excessive number of
elements makes larger rounding error and longer computation time, but
too little number will cause lower accuracy and unnecessary hourglass
deformation.

In the present research, the influences of depth gradient, thickness
gradient and coupling gradient of thin-walled sections on the axial
crushing behaviors of "type B" grooved tube have been investigated. A
novel relational expression between axial crashworthiness parameters
(in Section 2.2.4) and dimensional parameters (depth gradient, thick-
ness gradient, depth of thin-walled section and thick-walled section,
etc.) are proposed based on energy conservation principle in the theo-
retical model. Furthermore, some quasi-static experiments are carried
out, and a novel numerical model for grooved tube with high efficiency
is established by ABAQUS software to expand samples. This study aims
to investigate the buckling modes and energy absorbing characteristics
of depth gradient grooved tube (D-GGT), thickness gradient grooved
tube (T-GGT) and coupling gradient grooved tube (C-GGT) under axial
crushing. The conclusions obtained from this research will give a re-
ference to the studies of gradient grooved tube (GGT) subjected to axial
compressed.

2. Theoretical model

2.1. Basic geometric relations

The diagram of circular tube cutting by external gradient grooves is
shown in Fig. 1a. The cylinder at a groove is called a thin-walled section
and the part between two adjacent thin-walled sections is called a thick-
walled thin-walled section. The depth and thickness of thin-walled

Fig. 1. Geometric and theoretical model of gradient grooved tube (GGT): (a) geometric model; (b) theoretical model [38,39].
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sections show linear change along the axial direction of tube, and the
deepest and thinnest thin-walled section is arranged near the loading
end. According to Fig. 1a, hn and tn are the depth and thickness of the
nth thin-walled section, respectively, and the expressions are described
as following

=h h n p p( 1) , 0n 1 (1a)

= +t t n q q( 1) , 0n 1 (1b)

where h1 and t1 are the initial depth and thickness of the thin-walled
section at the loading end, respectively. p and q are the depth gradient,
thickness gradient, respectively. = …n N1, 2, , is the location number
of grooves (thin-walled section), where N is the number of groove
(thin-walled section), and n=1 means the groove (thin-walled section)
near the loading end. In the present research, the tube's outside dia-
meter Dout , inside diameter Din, length L and N are held fixed, while the
other geometric parameters are allow to vary. The geometric relation
between the thin-walled section and thick-walled section along the
axial direction of tube is given by

+ + + =N w h h N L( 1) ( )
2

N1
(2)

where w is the depth of thick-walled section. The first term of the left
side of Eq. (2) represents the total depth of thick-walled sections, while
second term represents the total depth of thin-walled sections. Ad-
ditionally, because the grooved tube is machined by cutting grooves on
the outer surface of a thick-walled circular tube, the geometric relation
between the thickness of thick-walled sections and thin-walled sections
can be expressed as

= +D D d t( )/2out in n n (3)

where dn is the width of the nth groove. According to the geometric
parameters and the material density , the total mass of a GGT is given
by

= + +
=

M w N D D t h D( 1)
4

( )out in
n

N

n n n
2 2

1 (4)

Table 1
Parameters required of all conditions.

No. of grooves L (mm) Dout (mm) Din (mm) w (mm) t1 (mm) p (mm) q (mm)

w(1) w(2) w(3) t1
(1) t1

(2) t1
(3) p(1) p(2) p(3) q(1) q(2) q(3)

6 146 63 55 6.5 7.25 8 1 1.3 1.6 0 1 2 0 0.1 0.2

Note: the brackets in the superscript of parameters indicate the number of conditions.

Fig. 2. Experimental works for GGTs and material properties: (a) machined specimens for quasi-static experiments (A, B and C represent conditions
w t p q( , , , )(3)

1
(1) (1) (1) , w t p q( , , , )(3)

1
(1) (2) (1) and w t p q( , , , )(3)

1
(1) (1) (2) , respectively); (b) true stress–strain curve of aluminum 2A12.

Table 2
Material parameters of aluminum 2A12.

Material Young's modulus E (GPa) Density (kg/mm3) Yield stress y (MPa) Ultimate tensile stress u (MPa) Poisson's ratio µ

Aluminum 2A12 73 2.65× 10−6 235.65 288.01 0.3

Fig. 3. Typical numerical model under condition w t p q( , , , )(3)
1
(1) (1) (2) with 8605

CAX4R elements and 40 RAX2 elements.
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where Dn is the mean diameter of the nth thin-walled section and de-
scribed as follow

= +D D tn in n (5)

Based on the findings of Salehghaffari et al. [37,39], the grooved
tube is more likely to generate stable axisymmetric folds at it thin-
walled sections when h w/ 11.8n , +t t d0.25 /( ) 0.8n n n and

+w t d1.2 /( ) 6.8n n . Therefore, the external dimensions of the tube
that we chose are as follows: =L 146 mm, =D 55 mmin , =D 63 mmout ,

=N 6. The arrangement and design of the gradient grooves are listed in
Table 1, all conditions designed in this research are assumed to gen-
erate the stable axisymmetric buckling.

2.2. Theoretical analysis

2.2.1. Mechanisms and assumptions of plastic buckling
Based on a plastic hinge mechanism developed by Alexander [17]

and Salehghaffari et al. [38,39], a theoretical model considering the
depth and thickness gradient of thin-walled sections is set up for GGT.
According to Fig. 1b, three stationary plastic hinges (hinge 1, hinge 2
and hinge 3) generate at each thin-walled section. The stress field in the
GGT can be treated as a plane stress ( 0, 0)x because of ne-
glecting the stresses z, yz and xz [19]. Based on energy conservation
principle, the total work done by external force WT is dissipated by
bending and stretching energy in the process of axial crushing. There-
fore

Fig. 4. Force-displacement curves and buckling modes of experiment and numerical results: (a) random asymptotic buckling (RAB) w t p q( , , , )(3)
1
(1) (1) (1) ; (b) random

asymptotic buckling (RAB) w t p q( , , , )(3)
1
(1) (2) (1) ; sequential asymptotic buckling (SAB) w t p q( , , , )(3)

1
(1) (1) (2) .
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= = + = +
=

W P E E E E( )T m T B E
n

N

bn en
1 (6)

where Pm is the mean crushing force, T is the total compression dis-
placement. EB and EE are the energy dissipated by bending and
stretching of the whole tube, respectively. Ebn and Een are the energy
dissipated by bending and stretching of the nth thin-walled section.

In addition, some assumptions about this analytical model must be
explained as follows.

(a) The elastic strain is ignored (rigid-plastic material model is
used), because the plastic behaviors of material play a dominant role in
the large deformation [1].

(b) According to theoretical model proposed by Mokhtarnezhad
et al. [38], the axisymmetric folds only generate at the thin-walled
sections of grooved tube, and each thin-walled section can form just one
fold. Additionally, the wavelength of a fold n is equal to the corre-
sponding hn (Fig. 1b). It can be analyzed from the previous researches
about "Type B" grooved tube [37–40] that the hn is smaller than the
inherent wavelength ( D t2 n n ) of a circular tube [17,19,20,32], while
the minimum depth of the thin-walled section to form a complete fold
must be measured by experiment or simulation.

(c) Based on the assumptions of Alexander [17], the contributions of
bending and stretching are considered independently and all frictions
are ignored. Additionally, the thickness of each thin-walled section will
not change in the process of folding.

2.2.2. The energy dissipated by bending
During an increment of d of the angle , the energy dissipated by

the rotation of the hinge 1 or 3 of the nth thin-walled section is given by

=E D M dbn n pn
I

(7)

Similarly, the energy dissipated by the rotation of the hinge 2 of the
nth thin-walled section becomes

= +E D h M2 ( sin ) dn n n pnb
II

(8)

where Mpn is the plastic limit bending moment per unit circumferential
of the nth thin-walled section by using Von Mises criterion, and it can
be expressed as

= = +M t t n q
2 3

( ( 1) )
2 3pn

n
2

0
1

2
0

(9)

where 0 is the flow stress. To account for stress hardening effects, 0 is
expressed as

=
+( )
2

y u
0 (10)

where y and u are the yield stress and ultimate tensile stress of ma-
terial, respectively.

Combining Eqs. (7) and (8), when the changes from 0 to /2, the
energy dissipated by bending of the nth thin-walled section is given by

= + = +E E E M D h2 2 ( )bn bn bn pn n n
I II (11)

The Eq. (11) is consistent with the theory result concluded by
Mokhtarnezhad et al. [38].

2.2.3. The energy dissipated by stretching
For the nth thin-walled section, the tensile strain energy increment

of materials between two adjacent plastic hinges can be expressed as

=dE dVen en en0 (12)

where en and Ven are the mean tensile strain and the volume between
two adjacent hinges of the nth thin-walled section. when = /2 and
the large deformation effects are considered, the en is written ap-
proximately by

= +D x
D

x
D

ln 2 sin 2
en

n

n n (13)

where x is the stretch deformation distance between 0 and h /2n . The
differential of the Ven is given by

=dV D t dxen n n (14)

Combining Eqs. (12)–(14), when the x changes from 0 to h /2n , the
energy dissipated by stretching of the nth thin-walled section is ex-
pressed as

= = + =E dE D t D x
D

dx t h2 2 ln 2 sin
2en en

h

n n
n

n

n n
0

2
0

0
2n

(15)

As GGT is degenerated into the uniform grooved tube (UGT), the Eq.
(15) is consistent with the theory result obtained by Mokhtarnezhad
et al. [38].

2.2.4. Crashworthiness parameters
In this research, four crashworthiness parameters are employed to

evaluate the axial performance of GGT, including the total energy ab-
sorption (ET) [39], specific energy absorption (SEA) [42], stroke

Fig. 5. Comparisons of theory results with simulation results of the third thin-
walled section (n= 3) under all loading conditions.

Table 3
Comparisons of the experiment, simulation and theory results of axial crashworthiness parameters under conditions w t p q( , , , )(3)

1
(1) (1) (1) , w t p q( , , , )(3)

1
(1) (2) (1)

and w t p q( , , , )(3)
1
(1) (1) (2) .

Condition ET (J) Pm (kN) SEA (J/kg) SE

Exp. Simul. Theo. Exp. Simul. Theo. Exp. Simul. Theo. Exp. Simul. Theo.

w t p q( , , , )(3)
1
(1) (1) (1) 1143.16 1161.84 1143.16 16.87 16.46 14.64 7.56 7.68 7.51 46.41 48.34 53.42

w t p q( , , , )(3)
1
(1) (2) (1) 1148.87 1163.17 1149.21 17.09 16.79 14.73 7.60 7.69 7.56 46.05 47.45 53.42

w t p q( , , , )(3)
1
(1) (1) (2) 1714.39 1678.26 1632.18 24.48 23.45 21.76 10.54 10.39 10.03 47.97 49.07 51.37

R.-y. Yao et al. Thin-Walled Structures 134 (2019) 395–406

399



efficiency (SE) [43] and mean crushing force (Pm) [44].
According to Eq. (11) and (15), the energy absorption of the nth

thin-walled section is

= + = + +E E E t D h h
t3 2tn bn en n

n n n

n

2
0

2

(16)

From Eq. (6) and (16), the total energy absorption of whole tube can
be obtained by

= = + +
= =

E E t D h h
t3 2T

n

N

tn
n

N

n
n n n

n1 1

2
0

2

(17)

The specific energy is defined as a ratio of the ET to the M of GGT
and this value is hoped to as large as possible. According to Eq. (4) and
(17), the SEA is calculated by

= =
+

+ +

=
+

=

( )
SEA E

M

t

w N D D t h D

4

( 1)( ) 4
T n

N
n

D h h
t

out in n
N

n n n

1
2

0 3 2

2 2
1

n n n
n

2

(18)

The stroke efficiency is defined as a ratio of the total compression
displacement to the tube length. The SE is expected to have a larger

value, the expression can be written as follow

= = =SE
L L
T n

N
tn1

(19)

where tn is the compression displacement of the nth thin-walled sec-
tion. According to the assumption (b) in Section 2.2.1, the tn can be
defined as

= h t2tn n n (20)

As a significant parameter, the mean crushing force of GGT is given
by

= =
+=

+

=

( )
P E t

h t( 2 )
m

T

T

n
N

n
D h h

t

n
N

n n

1
2

0 3 2

1

n n n
n

2

(21)

Similarly, the mean crushing force of the nth thin-walled section is
given by

= =
++( )

P E t

h t( 2 )mn
tn

tn

n
D h h

t

n n

2
0 3 2

n n n
n

2

(22)

Table 4
Buckling modes of depth gradient conditions obtained by simulation results.

Parameter Buckling Parameter Buckling Parameter Buckling
(mm, mm, mm, mm) Mode (mm, mm, mm, mm) Mode (mm, mm, mm, mm) Mode

w t p q( , , , )(3)
1
(1) (1) (1) RAB w t p q( , , , )(3)

1
(2) (1) (1) RAB w t p q( , , , )(3)

1
(3) (1) (1) RAB

w t p q( , , , )(3)
1
(1) (2) (1) RAB w t p q( , , , )(3)

1
(2) (2) (1) RAB w t p q( , , , )(3)

1
(3) (2) (1) RAB

w t p q( , , , )(3)
1
(1) (3) (1) RAB w t p q( , , , )(3)

1
(2) (3) (1) RAB w t p q( , , , )(3)

1
(3) (3) (1) RAB

Note: the condition of =p 0 mm is viewed as a special type of depth gradient tube.

Fig. 6. Typical force-displacement curves of depth gradient conditions obtained by simulation results: (a) =t 1 mm1 ; (b) =t 1.3mm1 ; (c) =t 1.6mm1 .
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According to Eq. (9) and (22), the normalized mean crushing force
of the nth thin-walled section can be obtained by

=
+ + +( )P

M

3 2 2 2

2
mn

pn

h
t

h
t

D
t

h
t

n
n

n
n

in
n

n
n

2

2

(23)

3. Experiment

3.1. Experimental preparation of grooved tubes

A long seamless aluminum 2A12 circular tube with an external
diameter of 66mm and an internal diameter of 38mm was used to
machine for the required conditions and "dog-bone" specimens. To
minimize the machining errors, the dimensional tolerances of all spe-
cimens were limited to± 0.01mm, and all their surface areas were
polished carefully. The machined specimens under condition
w t p q( , , , )(3)

1
(1) (1) (1) , w t p q( , , , )(3)

1
(1) (2) (1) and w t p q( , , , )(3)

1
(1) (1) (2) are

shown in Fig. 2a, and the surface quality of them is better than the
specimens of Salehghaffari et al. [37], Mokhtarnezhad et al. [38] and
Darvizeh, et al. [40] obviously. All grooved tubes were put on the
bottom stainless steel plate of a 30-ton SUNS UTM5000 microcomputer
controlled electronic universal testing machine without any additional
constrains. To eliminate the mechanical clearance, a preloading with a
force of 10 N was exerted on each specimen by a top stainless steel plate
of the testing machine. Finally, all specimens were compressed by the
top plate with a speed of 1mm/min until all thin-walled sections were
collapsed completely.

3.2. Material properties

The mechanical properties of aluminum 2A12 were measured by
uni-axial tensile tests. Three identical "dog-bone" specimens were cut
from the raw circular tube walls along the axial direction, and the
geometric dimensions is shown in Fig. 2b. To measure the linear strain
of gauge length accurately, a calibrated extensometer was used
(Fig. 2b). The tensile tests were also carried out by using the 30-ton
SUNS UTM5000 microcomputer controlled electronic universal testing
machine with a speed of 1mm/min. Neglecting the effect of tempera-
ture, the true stress-strain relationship is displayed in Fig. 2b by aver-
aging the results of three identical specimens. The detailed material
parameters of aluminum 2A12 are listed in Table 2.

4. Numerical model

The explicit time integration version of commercially available fi-
nite element (FE) software ABAQUS/Explicit was used to expand the
content of the experiments. In this study, an axisymmetric modeling
method can be used, because both boundary and geometric conditions
of the system are symmetrical about tube axis.

As shown in Fig. 3, the meridional planes of GGT, top and bottom
plates are modeled numerically. Especially, both the top and bottom
plate of testing machine are simulated by rigid plates. The 4-node bi-
linear axisymmetric stress elements (CAX4R) were used to modeled the
grooved tube, and the 2-node linear axisymmetric discrete rigid ele-
ments (RAX2) were used to modeled the top and bottom plates. To
ensure the accuracy of simulation results, the global mesh size of system
was set to 0.2mm. For condition w t p q( , , , )(3)

1
(1) (1) (2) shown in Fig. 3,

8605 CAX4R elements and 40 RAX2 elements are required respectively
for the numerical model, which means the amounts of elements is far

Fig. 7. The simulation and theory results of axial crashworthiness parameters under depth gradient conditions: (a) ET ; (b) Pm; (c) SEA; (d) SE.
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less than the numerical model based on three-dimensional solid mod-
eling method with the same accuracy. The elastic parameters of mate-
rials (Table 2) and the plastic region of the true stress-strain curve
(Fig. 2b) were input into the software directly. Similar to the experi-
mental settings in Section 3.1, there was no need to apply any restraint
on the tube, and all DOFs (degree of freedoms) of the bottom rigid plate
were constrained. For the top rigid plate, only the DOF along the
loading direction (Fig. 3) was not constrained, and a downward dis-
placement was exerted vertically and slowly. To simulate the interac-
tions between the tube and top and bottom plates, the "surface-to-sur-
face" contact algorithm with a friction coefficient of 0.35 [45] were set
on the contact surfaces. During the folding process, the self-contact of
the tube must be taken into account. The "self-contact" algorithm were
set on the inner and outer surfaces of the grooved tube respectively with
a friction coefficient of 0.59 [45].

All numerical models were performed on a double 12-core Xeon WS
3.3 GHz with a typical computation time of 2–2.5 h, which was ob-
viously shorter than the time of three-dimensional solid modeling
method [39].

5. Results and discussion

5.1. Buckling modes and calibration of mechanical model

Numerical simulation and theory analysis play critical roles in the
field of energy absorption, but the results of them must be validated by
experiments. Fig. 4a–c display the experiment and simulation results of
conditions w t p q( , , , )(3)

1
(1) (1) (1) , w t p q( , , , )(3)

1
(1) (2) (1) and

w t p q( , , , )(3)
1
(1) (1) (2) , respectively. As shown in Fig. 4, the simulation

results of force-displacement curves and buckling modes of above
conditions are good agreement with that of experiment results, which
prove the validity and accuracy of numerical model.

According to Fig. 4, each condition generates six axisymmetric folds
at the corresponding thin-walled sections, which causes six obvious
peaks in the force-displacement curves. The phenomenon can be ex-
plained as follows: At the beginning of folding process of one thin-
walled section, the axial load increases significantly due to a result of
elastic resistance [37], and then falls significantly because of the for-
mation and rotation of plastic hinges; when all thin-walled sections are
collapsed completely, undulating curves are presented in Fig. 4a–c.
Although all experiment samples generate perfect axisymmetric folds at

Fig. 8. Typical force-displacement curves of thickness gradient conditions obtained by simulation results: (a) =w 6.5 mm; (b) =w 7.25 mm; (c) =w 8 mm.

Table 5
Buckling modes of thickness gradient conditions obtained by simulation results.

Parameter Buckling Parameter Buckling Parameter Buckling
(mm, mm, mm, mm) Mode (mm, mm, mm, mm) Mode (mm, mm, mm, mm) Mode

w t p q( , , , )(1)
1
(1) (1) (1) RAB w t p q( , , , )(2)

1
(1) (1) (1) RAB w t p q( , , , )(3)

1
(1) (1) (1) RAB

w t p q( , , , )(1)
1
(1) (1) (2) SAB w t p q( , , , )(2)

1
(1) (1) (2) SAB w t p q( , , , )(3)

1
(1) (1) (2) SAB

w t p q( , , , )(1)
1
(1) (1) (3) SAB w t p q( , , , )(2)

1
(1) (1) (3) SAB w t p q( , , , )(3)

1
(1) (1) (3) SAB

Note: The condition of =q 0 mm is viewed as a special type of thickness gradient tube.
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their thin-walled sections, there are still marked differences in the
buckling processes. For conditions w t p q( , , , )(3)

1
(1) (1) (1) (Fig. 4a) and

w t p q( , , , )(3)
1
(1) (2) (1) (Fig. 4b), the buckling sequence of thin-walled sec-

tions is uncertain, and the latter fold just starts to form after the former
one is generated completely. Refer to the naming methods of buckling
modes of the corrugated tube [27], the buckling mode of grooved tube
shown in Fig. 4a–b is defined as the random asymptotic buckling (RAB).
But for condition w t p q( , , , )(3)

1
(1) (1) (2) , tube buckles from the thinnest

thin-walled section located at the loading end to the fixed end pro-
gressively, and the latter fold just starts to form after the former one is
generated completely. In this research, the buckling mode shown in
Fig. 4c is defined as the sequential asymptotic buckling (SAB). From the
point view of applications, the SAB is more ideal than RAB, mainly
because it can predict the structural responses accurately by input en-
ergy and reuse the undamaged parts easily.

The validation of theoretical model can be performed by accurate
experiments and a validated numerical model. In this study, a re-
lationship among the normalized parameters P M/mn pn, D t/in n, and h t/n n
of a certain thin-walled section is used to validate the theoretical model.
Therefore, the comparisons of theory results with simulation results of
the third thin-walled section under all loading conditions is shown in
Fig. 5, which presents the reliability of theoretical model. The crash-
worthiness parameters (mentioned in Section 2.2.4) of conditions
w t p q( , , , )(3)

1
(1) (1) (1) , w t p q( , , , )(3)

1
(1) (2) (1) and w t p q( , , , )(3)

1
(1) (1) (2) are listed

in Table 3. It is observed that the errors among the results of experi-
ments, simulations and theory analysis can be controlled in a low range.
Hence, the reliability and efficiency of the numerical model and the
theoretical model are fully proved in this section.

5.2. Effects of depth gradient on the grooved tube

Nine conditions with =w 8 mm, == h 90 mmi i1
6 and =q 0 mm

(Table 4) are designed to investigate the effects of depth gradient on the
grooved tube. According to Table 4, all depth gradient conditions
generate the RAB, which is consistent with the experiment results dis-
cussed in Section 5.1. Typical force-displacement curves of depth gra-
dient conditions are illustrated in Fig. 6. It is found that the thickness of
thin-walled sections presents great effects on the energy absorption
because the forces significantly increase when t1 increases from 1mm to
1.6 mm. Additionally, the forces of depth gradient conditions are pro-
moted slightly when p increases from 0mm to 2mm and t1 is constant.
Fig. 7 displays the simulation and theory results of axial crashworthi-
ness parameters. The ET , Pm and SEA significantly increase when t1 in-
creases from 1.3mm to 1.6mm and p is constant, while slightly in-
crease when p increases from 0mm to 2mm and t1 is constant.
According to Fig. 7b and d, the errors of Pm and SE are larger than other
parameters when =t 1 mm1 , mainly because the actual wavelength of a
complete fold is less than the depth of a groove when h t/n n is large
enough. Moreover, ET (Fig. 7a), Pm (Fig. 7b) and SEA (Fig. 7c) also have
larger errors when =t 1.6 mm1 , because the change of the thickness of
thin-walled sections is not considered and the coupling effects of
stretching and bending are complex when h t/n n is small enough.

The energy absorbing characteristics of D-GGT are very similar with
that of ribbed tube with different space of rings [30,31]. That is to say,
the folding sequence of thin-walled sections is uncertain, and the total
energy absorption can be promoted slightly even though the sum of
depth of thin-walled sections is constant. Nevertheless, the D-GGT
presented in this research has more stable performances, because it
rarely generates the non-axisymmetric mode and Euler mode during the

Fig. 9. The simulation and theory results of axial crashworthiness parameters under thickness gradient conditions: (a) ET ; (b) Pm (c) SEA; (d) SE.
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axial compression.

5.3. Effects of thickness gradient on the grooved tube

Nine conditions with =t 1 mm1 and =p 0 mm (Table 5) are de-
signed to study the effects of thickness gradient on the grooved tube.
According to Table 5, all conditions with =q 0 mm generate the RAB,
while the SAB only appears on the conditions with >q 0 mm. The ty-
pical force-displacement curves of thickness gradient conditions are
illustrated in Fig. 8a-c. The curves present an obviously upward trend
when q increases from 0mm to 0.2mm. However, when q is constant,
the load among different curves present barely noticeable differences
when w increases 6.5–8mm, and the total compression displacement
decreases due to the obvious decrease of = hi

N
i1 . As shown in Fig. 9a–d,

the simulation and theory results of axial crashworthiness parameters
show a similarly tendency. For conditions with the same w, the ET , Pm,
and SEA obviously increases when q increases from 0mm to 0.2mm.
But for conditions with the same q, parameters slight decrease when w
increases 6.5–8mm due to the decrease of the sum of thin-walled sec-
tions. Compared with depth gradient, the thickness gradient has a more
significant effect on energy absorption of grooved tube. Additionally,
the causes of errors produced by theoretical model have been explained
clearly in Section 5.2.

For T-GGT, both the SAB mode and a force-displacement curve with
obvious upward trend can be obtained because the structural stiffness is
increased stage by stage along the axial direction of the tube. Actually,
the similar results of buckling mode and force-displacement curve also
can be obtained from the tapered tube with or without thickness gra-
dient [46,47] and functionally-grade structures [48]. Nevertheless, the
T-GGT has two obvious advantages compared with them: one is the
easy processing; the other is the certainty of deformation zone, which
brings great convenience for theoretical analysis and numerical

simulation.

5.4. Effects of coupling gradient on the grooved tube

The axial buckling modes and the crashworthiness performance of
D-GGT and T-GGT tube have been thoroughly investigated in Sections
5.1, 5.2 and 5.3, respectively. In this section, the grooved tube with
both depth and thickness gradients is proposed, and two coupling
gradient conditions w t p q( , , , )(3)

1
(1) (2) (2) and w t p q( , , , )(3)

1
(1) (3) (2) are de-

signed to investigate the buckling mode and axial crushing performance
numerically. According to Fig. 10a, tubes buckle from the deepest and
thinnest thin-walled section located at the loading end to the fixed end
progressively, which means the C-GGT always generates the SAB mode.
Comparisons between the typical force-displacement curves of coupling
gradient condition and single gradient conditions are shown in
Fig. 10b-c. The force-displacement curves of coupling gradient condi-
tions tend to shift backwards compared with that of single gradient
conditions, and the curves also show a slightly ascending trend com-
pared with that of thickness gradient conditions, thus the coupling
gradient conditions have larger ET , Pm and SEA. In fact, this phenom-
enon can be explained by the normalized mean crashing force of one
thin-walled section (Fig. 11): compared with the single gradient con-
dition, the P M/mn pn of coupling gradient condition increases slightly
when the gradual decrease of h t/n n.

As discussed above, the C-GGT always generates the SAB mode
mainly because of the arrangement of thickness gradient, while the
slight improvement of energy absorption compared with the T-GGT is
attributed to the depth gradient. Therefore, it can be predicted that C-
GGT contains the energy absorption characteristics of D-GGT and T-
GGT simultaneously.

Fig. 10. Typical buckling mode and force-displacement curves of coupling gradient conditions: (a) buckling mode of conditions w t p q( , , , )(3)
1
(1) (2) (2) and

w t p q( , , , )(3)
1
(1) (3) (2) (sequential asymptotic buckling); (b)-(c) force-displacement curves of coupling gradient condition w t p q( , , , )(3)

1
(1) (2) (2) and w t p q( , , , )(3)

1
(1) (3) (2)

compared with that of single gradient conditions.
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6. Conclusions

In this research, the axial buckling modes and crashworthiness of
circular tube with external linear gradient grooves are investigated
theoretically, experimentally and numerically. The following conclu-
sions may be drawn:

(1) A theoretical model considering both the depth and thickness gra-
dients and a novel numerical model tube based on axisymmetric
assumption for grooved tube are proposed. The reliability of the
theoretical and numerical models is validated by a series of accu-
rate experiments.

(2) The deformation of GGT under axial buckling can be classified into
two modes, namely, the random asymptotic buckling (RAB) and
sequential asymptotic buckling (SAB). During the axial compres-
sion, the UGT ( =p 0, =q 0) and D-GGT (p 0, =q 0) always
generate the RAB mode, while the T-GGT ( =p 0, q 0) and C-GGT
(p 0, q 0) generate the SAB mode more easily

(3) The axial energy performance of GGT is investigated by comparing
with that of UGT. For D-GGT, the axial crashworthiness can be
improved slightly even though the sum of depth of thin-walled
sections is constant; for T-GGT, a significant improvement of energy
absorption performance and a force-displacement curve with ob-
vious upward trend are observed; for C-GGT, both the energy ab-
sorption characteristics of D-GGT and T-GGT will occur.
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