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The Study on the Crush Characteristic of Polyurethane Foam-filled Rectangular Steel Tubes

Under Compressive Load

Piyawoot Pongphet " Nirut Onsalung * and Chawalit Thinvongpituk Y

Abstract

A Vehicle structure is generally built from various materials such as steels and aluminum. In cases of
large vehicles, such as a bus, square steel tubes are used for main structural components. Generally,
a vehicle structure was targeted to absorb more impact energy without increasing too much weight. In order to
meet such requirement, filling foam in the steel tube may be a choice. In this paper, the study on foam-filled in
the square tubes to improve its energy absorption capacity was conducted. The study was carried out with a
number of 25.4x50.8 mm’ and 50.8x50.8 mm” tubes as experimental specimens. The thickness of tube was
varied from 1.2, 1.5 and 1.8 mm. The specimen was filled with polyurethane foam. The density of foam was
varied from 50,100,150,200,250 and 300 kg/ms. The specimens were, then, tested by quasi-static axial
crushing with the universal testing machine. The speed of crushing was 50 mm/min. The experimental results
revealed the crush characteristic of steel tubes with various foam densities. It was found that the foam-filled
tube can absorb more energy than the empty tube. In the ultimate case, the foam-filled tube with 300 kg/m3
can absorb higher energy than the empty tube by 116.04 %

Keywords: Energy absorption, Foam-filled tube, Axial load

" post graduated Students, Department of Mechanical Engineering, Ubonratchathani University,
Ubonratchathani, 34190, E-mail: piyawoot007@hotmail.com

? Post graduated Students, Department of Mechanical Engineering, Ubonratchathani University,
Ubonratchathani, 34190, E-mail: bignirut@yahoo.com

3)As,s,istant Professor, Department of Chemical Engineering, , Ubonratchathani University,

Ubonratchathani, 34190, E-mail: Chawalit@rocketmail.com



= o = & P oA a a a v
ﬂ']?ﬂﬂﬂﬁﬂm@ﬂﬂmtﬂ%‘mﬂﬂﬁﬂﬂ]ﬂdLﬂ@ﬂﬂ@@QWLWNIWNIW@ mﬁ‘L‘VIuﬂW?ﬂ[ﬂLLNﬂﬂ 1083

1. unin
TulassaFravaseuninuslaidnaziusnausd
dquyanavTesnauRtataIsaunalugdudnay
Usznavauandanaiinsinae 1w mdnviseegiien
4 4 o ¥ de e e o
gaiananisrulnsafsiinaandagaiinfsnanaias
a a v o o dj 3|
Wnnoudenie tnstanizlassairesadedailu
FudougainaNarinasagiauansilaiianisgu
o o 1 Fﬂl IS % 3|
duiusnaudlangansruinlug salglnaansiiu
AnurunnTassaiedans vialassaFreieadlneans
4’( =3 1 | 1 o
avisznavauanninannaeududiudszneunan

dl dll a =3 1 1 k2 Qi
FalaiinnisruAardsnansenusefinaaishes
o \ =2 Yy = = o
el wazanamefinans aslainisAnsnaaiu
AN AT LR UTA9aEe Tnewe e ANED
W18 NN AINAI N7 TBN95 UL NN S
gura4lATNA51988194N9199279 (Zhang et al.,2008,
Grujicic et al.,, 2009, Mamalis et al.,1996) agnalsfimu
TUNITANAINNAINITNA1WNTT RN T ATIAF 19U
avdiaaluniliElasaai1alunuiniin N nawaw Ay
XL o N I P
atlinalunilseudnmanas 1938n1959na13 lewA
nsldAatian1snareslAgeas1e  (Zhang, Su and
Yu.,2009) ¥iFen1sinuNsTudluean (Haipeng Han

et al.2007) et AugUuuunI@emne lildgluuy

'
a ada

N9 AFUNAN LAY doudndsnniaslaFuasuiian
o a a a 1 v

Ae matlantsiAntiNaiaf19 aglulnseaing
Wasannain inulanzaluingeagiie annsados
ARAINNNLILATENNINYe9TAseaF1918 R (Hanssen
et al.,2000, Hanssen et al.,2000) uBNAINWEIR
TNENNUURN Zarei WarANIE (Zarei, and Kroger.,2008)
4, - - A L

Anudanasiininuegiillan aruisndoaivy
ANEINIT TN FuLsan Al UL BILA U B IR

a a YR é‘ o 1 =2

agiLianlAng 91.1% wananidanudn nasAnm
doulnnflusnalszmealionldogifan iy Faiulny
TangndsAngelunisdae (Santosa et al, 2000,
Seitzberger et al.,2000) IAaRN15NINNIAN IS L1
A5 AN (Chen and Wierzbicki.,2001) Way

mﬂm?ngq (Rajendran, Moorthi and Basu.,2009,

Gupta et al.,2007) finel

X o A =
UNAINTNUNTAOUIAIALNA AN HILUINININIG

q

y o

winlnnaslulassafraiemuauainisnlunisiu
usenaduiy weldiaenldivuadainagsmulny
Fafulvuiundre wardldlugnarunssunissesn
Tnoansagudn Inadowlunfldluntsgaduides uas
Sfiuanglnlulnseaire nTnadgsimuiuiinuaniia
P S . 4 aem

ndnAyme unudniun ldaanlilieifingifme

a1gnsldanuw uasianufuauiuanuiauansos

2. FUNUNARDILATIBNITANEN
2.1 NSAALATLNTUINUNAFAL

a

unldlunisAnene Inasdmulnusiawda

U

= a '

(Rigid Polyurethane Foam) #Amuaniifisuaa 1y
auunAn s iau I liRan79eANeAee WsaanIn
NLFLAAD NN R UM T NI LA LTaLsa |
daz@nsnan arnnsnldaulilugumugiszudng -70
29100 °C Hergnsldaruninngn 10 Yinelises
trgeineusatinlauazlaifiniade gy dennanids
n1anarealilunliannnisnagay Uniaxial  Test
Aaldinnsasnsasnuesinnlunlaesisell e E= 260
2 3 a X a
MN/m”,0=0.02, p =35kg/m’ Wusiatifinainnis
o a oA P | o
NANTUR99980 2 THA AD THAT 1 NAWARIARNE
aeamesisiu Fandn uanqvize daeea (Polyol)
a =ﬂ| aa 9(: v A o zﬂl = 1 o G
a5a% 2 Faumaludinaunt dazandninumnvze
Inlalaeniue (Diisocyanate) Aananslugiin 1 lunns
TN 1TATWNAZUEIURINANG 2 TRANIANAWIY
Fm9189U 1:1 Iae3u1ms waanauliidniuasaziie
A39N8F FRI49un1338neFR lunlaawingy 1:27
win Tunnsdneinivua WA uvui v aa sy
LUANNABINTT UNA 6 ATAITNUUILUN AD
50,100,150,200,250 Waz 300 kg/m’ n1athininuaslu
wannaesazldnszuandnangaansvis 2 9ila
T BHIRTANNAIAI NN UL UUAF BN A LN A 11

1
' =

< = 1 Z// Y Y o ¥ o
L‘M@ﬂﬂﬂ‘ﬂﬂ‘l’lmi‘ﬂﬂi’] mnuuﬂf;u’l,mmnul,t,muﬂﬂ

v
v Y oo

AnsadniualnsaincuANANTNURILUBAILER 1

3 q



[md}

104

v o

317 2 ietiaAu A wduaas I I dul e
£
Fie9ng

WANNADIN M LN naaadumanaiin AlS|

2~ o Py .
1020 TeflAmuaniifinIenanldainnimagay Tensile
Test 1dun  ArANMUILLY (p)=7800 kg/m’,
Elastic(E) =200 GN/m’ ,Poisson Ratio (0 )=0.27 uaz
Yield Strength(o,) =295 MN/m” \ilumédnnaesiii
PENFATUIA 25.4x50.8 mm” WAL 50.8x50.8 mm’
Faflurunnresundnnaesn Mlun1sas19sasalaeans
191 FUITULFAALFIDENIN AN 3 TUA AD 1.2,
1.5 Uaz 1.8 mm AINAIAL NFIUILTUINUALARLUAN
IHNAINGATNIU 200 mm UAZUAIAIMAN TN
ARTNUUIUUUF] LAarA AT Ul A e

d e 2 b awme e d

anaILIRe 150 mm  windunnduine X lduvianany

= o
NIWNFI?%QW?J@NWL@N@

waaas

”Lmvl,ﬂ‘[._ﬁnmmm

U 1 uaman TN TI LA gLINTOdEN TN

51N 2 uanvgrinsaladuanANIWTeY WL AL

19975

iunwwmmu%mmm@mmmmzﬁ AN

UUIUUUAINC] ALsin1magen 3 ASY A1ntunn

tzqml deangs, U3n 8auaqe WAz T9aRN DuARNInG

ARAETRIHanITnaaed Aedulunimadauazld

FUINWIIUNAINUIL 126 T1d

2.2 38n19NAADY

'
A

AnsnaaasiaiiunslngldATeana&aun1sne

(Compressive Testing Machine) 838471 CHUN YEN

' '
=

Testing Machine fauan<lugii 3 Tafuipemaasy

o o a o a
Ndszuumaniamasiuszuvlansedandlunisaauau

q
'

X

n19nenu niexgLnsnfmasinauaziiudeya $93

ANAIN17DN 9 WA D 1000 kN waziszaznals

4940 200 mm ANNNI0TUANKANTNAADS IR

n19% (Load)  UATITEzEUAYBLNNATIREATNYN

D

0.01 mm A893zeLNA TIDAIUANAZIRL AN
WiEINe &1 nFuUN1INAAeLLLLWIINIEiNg 17
(Quasi-Static) WiauILaAIL AL U TLALLT Y

N9 lEUN

gﬂﬁ 3 UAANIATENIAAAL Compressive Testing

Machine 71511013017

nsnaasududuidunisnaasunisnaly
WWAUNUWUL Quasi-Static NAIXL5Y 50 mm/min
ay dll S| o K
FuaugneuuATesageulne liliglnsniduda
771 Tunmaaesaznalidusugusiall 60% 284
AYINENALAN YFEINTL 90 mm 9EUINNINAFALAY

NSTUANAINNTZ LA IERIE LA Ta9TWINY daya

a

b

o

aannistiuiinazinldAruamnAInasesugadui

Fusruusazuuuainisngaduls aaniduianisg
1 = o o

wWraueuaugaNisnlunIgatunAII UL

TUNUUARZIUIAN AN LULL D WG]



=< o al =3 ' dl a v
ﬂﬁ?ﬂﬂtﬂ@m@ﬂ‘i:rm;”,ﬂ%‘m?_mq?ﬂ]ﬂ\‘]L‘M@ﬂﬂ@’rN‘VlLG]NTWNJ’]']?;IIE]LLNT]@ 105

2.3 panisnnangaun
Taavinldn1sAnuaannsianlsinendaeiuaay

annnsnsunsuaeslasaa¥e dnAnsnannansue

o X 2 Ao A
°1|®§1ﬂ?qwnqizLLﬂzizﬁzﬂUm'ﬁﬂ'ﬂﬂmuﬂqu FIN AL TN

. . e o e e o .
AAuuranafa AmFunisAnendldRansanfauls
wanfidnAny Iun An1sgadundsanu (E,) uuneia

ANNANIUANNNN3TL NiATaaF1eannsanmdu e

a

P%
o

lusnuziianinidegd 3eldufidnsz iy
ANAINNIDTUNNTFUUIINTEUNN WTBUINTUARY
Tgeaing ArnisgadundsauainisnAuliann
aunsi(1)

E,=[PdS~P,,S (1)

lned E, AedAmsgadundsny, P ABAINNTY
WA, S ABANITEENNIELURA, P ABANNIITAADANIS

o

&R

3. NANISANE
3.1 ANHULNISIREUNLUDILASIRSN

@ o = o

dlunauiu sduuunis@amevealasaaing
FAuduNusiuaINa N0 BN ULIINATA
TA998519 FITUNIANHIAN BT RN B YD
TAsgaFreaaiiugeanily ausudnwaiznadsuns
YagannaadtlanuaziannaaaimnTusaaaI N
WA wanelilunnged 1 uaz 2 Amiuman
ARNUNFR 25.4x50.8 mm” WALLUANNHNTNA R
50.8x50.8 mm’ AINAAL ANNANTINATEUNALAWIN
2 H = o o o =
Fuanunanademaingnisaiereavuniiussidey
o o @ o = = X o \
wunuvl,ﬂmmmjuj TagtuLLNT@EMNLLLTEETNGN

o X . .
AT aLUL Squar Mode wananniazdaunmlfian

° Y o 3 & y =
mmwﬁumma‘@ﬂwwLLmT,umgwuLmTﬂwauma‘

LA TN AR N NN T

32 AnwmzusalfAtenaesiuciunaannis

V@Eune
TuszndnaniamaaedlfvinnisiuninAusstisen

uazsztzeufaraslasaairaiieilaznaunisianson

wazidsznaunisAatusmlnagdd 4 lunsnd

ANANITUEIENINNNIEALIZ T UAITBITUINUIN 2
¥ o dl % < g
NANTIART IHANNIIageL annsvaziiiudnly
Taausnuselisenulaseainaargannnluynguanu
= X~ ] = P o A
deuseluqnilizand n1323ng A LazuaIaINn
Tassa¥ra@agiudaidunantiazanasunatinesnisa
Wasannlassa¥raiianisyusinaiausn uazsaainii
Wunsanazundedaiilasainusena uazusasnuiiin
z - A 4o
neluinnuaunanmnauaiugladuauduganis
. v @ L
naaad deanwuzAInaadudnsaesialilaains v
l#a1nn13mageun1INAlULLILNL HARINNITNA

o

UINUFINANLAAS LT UDIANNWANANNAY VD ILE

e S

d - . d -
nadiina nAurRIndua ey NiAnaslu
a o G e 4 X da
NAMANNR AN UNUIUUUANTY BINLINT U URT
AN LRI IR 300 kg/m® A1NNTONULINNA
IFNNNINTUNUBUTIIINA WBNAINTUEINLINTUI
PWNANENAR 50.8x50.8 mm* AZAINITONULINA L6
NINNINTUNUIUIANTAR 25.4x50.8 mm” Tuyn
=
N9t
annsaasszIazsrazeUfafanans Thnll
A ANNALUARTU (E,) Tnaldannish (1) uay
IFnannsANI A Land U9 3 Teazaiise
Tuiadadald
AN 1 UAANAIRE NN AL LTI 14T A

WHEA 25.4x50.8 mm’ nrelaniene luuuauny

ANUU(Mm) 1.2 1.5 1.8
wianian
=
=
5 50
S
prd
(e
(e
S
& 4 100
e
=
4
&

= 150
4
@

&
=
—
e
= 200




106 Havqal flawnes, H3n 8auage WAT TR DUNANTING

250

300

3.3 AANHULNITARTUNRINU
RNA13199 3 LTURANITATUIUTBIAI AU

AATUIDITUINULAAETU WAZANTNN 4 ARAINIT

(]
[%
'

WNTUIBIAINAII B AT U89 T U Wl uNTls 9]

be

v
o

AWFUTUINURS 2 WiNAA nanisAnEInLanlunng

Do
De

De

G G NG U L E ST gl AN SRS R TR R Era vy
FuauMinAATUIA 25.4x50.8 mm’ WLFNTUAuT]
FnTrlufipouuuutiu 300 kg/m’ a1u1309Ady
nRsulfinnigaiiefuniuTuenitlilFain uas
Tl panamunusiu 50,100 150,200 uaz
250 kg/m’ ﬁnnmwwuwm‘%umu TneTuanuiia
AU 1.8 mm mmm@mﬁuwﬁqmuﬁ@ﬁ@mLﬁ'@
Feufumdnilan venanntiunudnuanuifaas
WU 1.2 mm mmm@mﬁuwﬁwmﬁﬁuﬁumnﬁqm

Winu 96.0% NANuwUleealiy 250 kg/m®

AN9I9N 2 UAANFIBENNNITAEN L TR TUIIUTLIA

W8 50.8x50.8 mm’ e lanaene luuuauny

AYHUUI(Mm) 1.2 15 1.8
- E!
E
) 50 =
=3
< .
= :
= -
6
(o
(a4
@«
o
4 .
= = .
= .
%
= )

s 200
o7 A ==
Z :
&
=
[
8
~

300

FAT0NT U UTINTNFATUNA 50.8x50.8 mm’
‘wm'ﬁmmmmm‘lumi@mﬁﬁuwﬁamumm%mmﬁ
wuaTiuadn e lunsd e T uatuaul antinfn
25.4x50.8 mm® AeTuUTLALTNATIA LN LY
300 kg/m’ mmimqmeﬁuwﬁwmﬁ%mLmenndﬁ
%umu'ﬁ'iu’LﬁNI‘V\INLmzﬁﬁumwnmmwmuﬂu
TneTuanufidaa L 1.8 mm ANNI0QATUNAIINU
1523\117'1'23mLL@zLﬁ@Lﬁﬂummmmmiumi@msﬁu
WRIUTUIEN LU A1 NU91T U Ui T A LA

1.2 mm a11190gAfUNASUlARNTUN gAY

116.04% RPNV wduee iy 300 kg/m®

70 4 ——empty tube ——density 50 kg/m"3 density 100 kg/m”3

density 150 kg/m*3  ——density 200 kg/m"3 ——density 250 kg/m~3
60 - —— density 300 kg/mA3

Load (kN)

0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)

£

(M) TUIIUIWIAULIGA 25.4x50.8 mm”

90 — empty tube ——density 50 kg/m”3 density 100 kg/m*3
density 150 kg/m*3 — density 200 kg/m*3 — density 250 kg/m”3
— density 300 kg/m”3

o AT
0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)

(1) TUIILIUIANIFA 50.8x50.8 mm’

5UN 4 neluansniseiusse sy LA Y89TINIY

==4| v o a |
AMNANIINAABI LUATNN 3 Tadnun@euiu

na BaUWEUAMNAN LA AT ULAT AN AN MWL



=< o al =3 U dl a v
ﬂWﬁ‘ﬂm:m@m@ﬂﬂmzﬂ’]ﬁ‘mﬂﬂ’]ﬂﬂ]ﬂﬂL‘M@ﬂﬂ@’ﬂ\mLG]NIWNJ’]’]?.IIE]LLNT]@ 107

209N MANATUNANNARIAIE AU LGN
pananslugilin 5 aannanaziiudnuuniduaesdays
A wmFumannaesna 2 wihdadullluniamaaiuy
wu3n TaseaFrsidannunuininndnazaunsngadu
WA mAINNsERlENINNgT WesandEunlans
1 d’lo/ 1 % dl a %
1nndn wananidanudnlassaFreammninuson
ARITNNUILUNGINGT Aziuua tdug AFUNAIIN WA
x4 o A
NN asanTunA uuI LUugeNdaugaafy

waananszunn 1Al

35

n
n o w
L L L

o
|

T\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Energy absorption (kJ)

e
[

o

0 50 100 150 200 250 300 350
Density (kg/m73)

(N) TL1UULI8A 25.4x50.8 mm’

[

3]
L

~
L

Energy absorption (kJ)
n w
v
W
%‘ .
I
|

o t=1.2mm s t=1.5mm At=1.8 mm
0 T T T T T T
0 50 100 150 200 250 300 350
Density (kg/mA3)

(1) FUIIUULEA 50.8x50.8 mm”
519 5 uanIANNANTUEUBNAINIYATUNAIN LTS

TAAF1UAZA NN LY TN AN

RSN 3 UAANAINANINGATL (Ea,k)) TBNTINIY

lunsedsingg

PINFA (mm?) 25.4x50.8 50.8x50.8

ANV (mm) [ 1.2 15 ] 18 | 12| 15| 1.8

wianilan  [1.00[1.87|2.33|1.87[2.28|3.16

_ | 50 [1.38(2.14 | 2.52| 1.89|2.46|3.22
(a4 ™

S E | 100 [1.47(2.27|2.64(2.07 |2.54|3.16
= £

& | 180 [1.82)270| 277|277 |299| 3.91
= I

Z S | 200 [1.83)2.99|3.05(3.00|3.07|4.03
€ g

E 2 | 250 [1.663.03|3.07|3.28 |3.55| 4.21
-

= 300 [1.73[3.07 | 3.16 | 4.04|4.24 | 5.61

ANFIN 4 LAAINILFUUTAELANN NN (%) 189

ATNANIURAT LB TN s

wihem (mm?)|  25.4x50.8 50.8x50.8
ANYWY (mm)[1.2 | 15| 18 | 12 | 15| 1.8
a2 —~ 50 38.0 (14.44| 8.15 1.07 [ 7.89 |1.90
lad ™

Ag E 100 |47.00| 21.39[13.30| 10.70 |11.40 {14.24
= 2

qé ; 150 [72.00|44.39|18.88|48.13 |31.14|23.73
- {

1= pary

g § 200 [83.00(56.15|30.90 | 60.43 |34.65 |27.53
&

= § 250 |96.00|62.03| 31.76 | 75.40 |55.70 |33.23
vG S

= & 300 |62.03|64.17| 34.65|116.04|85.96 |77.53

4. agiuan1sAns
= = A a =
arnnasAnEINLdIFusuliniiunAg N
WU 300 kg/m® @aunsagadundeulininngn
wianiauazindnaniufinauuuIwLL 50,100

¥ o

150,200  waz 250 kg/m’ laaansuniutinsm

25.4x50.8 mm’ WudnAATU U et 300
kg/m® aunsngadunasulagendmanilan 96.0
% UAZTVHNFP50.8x50.8 mm” ANTNAATUNAIIIU
Ifgendnumdnidan 116.04% uanannilfanudniipann
Muwm%umuﬁ'ﬂ ﬁmmmﬂ‘ﬁu%mmmwﬁqmu@m
eﬁumm%umuﬁ%éa@aLﬁmmn?ﬂm%wmmmﬁwmﬁ
feras Aetudeanananalddnisintiuindgiing
adlulpsaaireazanisodonlilasaaiieaiunsniu

PYE 1
LbINNITELN rﬁ,m AU



108 Havqal flawnes, H3n 8auage WAT TR DUNANTING

naAnssuUsenA
fduladaavaunudiineulasiinisuasdauilies
o o = oo 3 A
Smingua Tl nldanueaeiliiATemagey
N1INA LATIBIDUAUNIATTNIAINTIINLATAING
ARLEAFAINIINANART NInenAtguaTasI lnng

atiuayunuluniey

LANA9A19BY

A.G. Hanssen et al. (2000). Static and dynamic
crushing of square aluminium extrusions with
aluminium foam filler. International Journal of
Impact Engineering. Vol. 24, No. 4, 347-83.

A.G. Hanssen et al. (2000). Static and dynamic
crushing of circular aluminium extrusions with
aluminium foam filler. International Journal of
Impact Engineering. Vol. 24, No. 5, 475-507.

A.G. Mamalis et al. (1996). The static and dynamic
axial collapse of fiberglass composite
automotive frame rails. Composite Structure.
Vol.34, 77-90.

Chen W, Wierzbicki T. (2001). Relative merits of
single-cell, multi-cell and foam-filled thin-walled
structures in energy absorption. Thin-Walled
Structures. Vol.39, 287-306.

Haipeng Han et al. (2007). Quasi-static and
dynamic crushing behaviors of aluminum and
steel tubes with a cutout. Thin-Walled structures.
Vol. 45, 283-300.

H.R. Zarei, M. Kroger. (2008). Optimization of the
foam-filled aluminum tubes for crush box

application. International Journal of Impact

Engineering. Vol 35, 521-529.

M. Grujicic et al. (2009). Seat-cushion and soft-
tissue material modeling and a finite element
investigation of the seating comfort for
passenger-vehicle occupants. Materials and
Design. Vol.30, 4273-4285.

M. Seitzberger et al. (2000). Experimental studies on
the quasi-static axial crushing of steel columns
filled with aluminium foam. International Journal
of Solids and Structures. Vol.37, pp. 509-534.

N.K. Gupta et al. (2007). Experimental and
numerical investigations into collapse behavior
of thin spherical shells under drop hammer
impact. International Journal of Solids and
Structures. Vol. 44, 3136-3155.

R. Rajendran, A. Moorthi and S. Basu. (2009).
Numerical simulation of drop weight impact
behavior of closed cell aluminium foam.
International Journal Materials and Design. Vol.
30, 2823-2830.

S. P. Santosa et al. (2000). Experimental and
numerical studies of foam-filled sections.
International Journal of Impact Engineering.
Vol.31, 509-534.

XW. Zhang, H. Su and T.X. Yu. (2009). Energy
absorption of an axially crushed square tube
with a buckling initiator. International Journal of
Impact Engineering. Vol.36, 402-417.

X. Zhang et al. (2008). Improved design of the main
energy-absorbing automotive parts based on
traffic accident analysis. Materials and Design.

Vol.29, 403-410.



