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Ahbstract

This paper reviews ithe common shapes of collapsibde emergy sbsorbers and the different
modes of deformation of the most common omes, Cominon shapes include circular tubes,
sqquare: thes, frusta, struts, honeycombs, and sandwich plates. Commen modes of deformation
for circular tubes include axial crushing, ksteral indentaticn, loteral Maltening, inversion and
splisting. Non-collapsible sysems, such as lead exinsions or tishe expansions, e oonsidened
1o be beyend the scope of this review. € 200 Elsevier Science Lid. All rights reserved,
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1. Introduction

Thpmnﬂpmﬂichbwmi-gimmswyawmﬂunuﬁdﬂgnﬂm
nents and systems with the objective of minimizing human suffering as well as the
financial burdens on society. There seems 1o be a consensus that much more can be
done o lessen the potential dangers of impact accidents.

Impacting events remind us of many types of tragedies like raffic accidents, natu-
ral collisions, and earthquakes. The scales of car, aiplane and ship collisions are
different than the collisions that occur naturally like in enrthguakes and falling rocks
from high moumaing onto roads.

It is interesting to obscrve that thin-walled members like plates, shells, mbes,
siffeners and stiffened sandwich panels used in automobile bodies, nircraft fuselages
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of the tube inbo strips. Stronge et al. [40] examined the apliting of squane section
tubes, where twis maodes of splitiing were identified, with and withowt inversion
Tube splitting was investigated by other rescarchers inc uding Reddy and Resd [K]],
Atkins [B2] and Lu et al, [E3]




4.3, Lareral indentation of fubes

Watson e al. [B4] stedied bocal loading of tubes, which is a typical example o
an automobile bumper under the action of point load, and reported a method of
energy cubculation which provided ressonable agrecment with experimental data.
Accordingly, the failure mode started as locul denting followed by global bending
collapse (see Fig. 5). Johnson and Walton [1.2] investigated experimentally the load-
deflection curves of 10 different car bumpers of common passenger cars. The investi-
gatkon inclodes locol penetration of the bumper as & simply-supported beam subjected
1o @ central load. Their results showed that the investigated bumpers can withstand
o maximuam impact velocity of 28 mis (10 kmhj.

Two-paints losding (line loading along the tube length) was also examined by
Reid and Bell [86], Camey and Pothen [15], and Gupta and Sinha [8T]. Although
this type of loading (point load) is very common in practical life, such as collisions
between offshore structures and supply bidts, no intenest is shown in this mechanism
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A AN ¢ S PR MRCTIRRT B[SO PR A

of deformation because of the limited amount of material participating in plastic
defomuation.

A4, Laveral fattening of mbes

Even though the amount of plastic deformation in this mode is not as global as
the axial crushing of whes, it is will much better than that in Jateral indemation
(pont loading), A simple rgid plasic analysis for the lateral compression of a single
tube was given by Deruntz and Hodge [B8]. Accordingly the flattening force () is
given by,

_ . arL
¥ 3D I8y

where L is the be length, [ is the tube diameter and & is the deflection.

Johnson et al. [33] stdied the behavior of crossed layers of thin tubes under lateral
load. Reddy and Reid [89] investigated the lateral compression of mbes with side
consiraimts and found that the energy absorbed in a consirained system is three times
imore than that of the free system, Gupta and Khullar [90] studied the transverse in-
plane loading of square and rectangular tubes and reponed good agreement between
theoretical and experimental resulis.

The fattening of braced metal tbes between flat plates was examined by several
researchers, including Johnson et al. [33], Reid et al. [36), Carney and Veillette [48),
Reddy et al, [91] and Camey and Pothen [15]. Reid e al. 136] showed that a sigmifi-
canl increase in energy absorption occurs for a bracing angle of 15°. W and Camey
[%2) investigated the initial collapse of braced elliptical wbes and concluded that
Ioading the elliptic wbes along their major axes increases the dissipated encrgy (see
Fig. 6. In another paper, Wu and Camey [93] compared their experimental resulls
with finite element predictions wsing ABAQUS software,

Reid ct al. [35) swdied the dynamic crushing of & one-dimensional megal ring
system using the structural shock theory to model the plastic wave propagating in
o rigid-plastic system. Reid and Reddy [94] and Reid and Bell [95] examined exper-
imentally inertia effects in the one-dimensional meial ring system subjected to high-
speed end impact. The rings were welded together using flat plates, Reddy ef al.
Eﬂﬁ]nmmctKMMﬂnwmtanfmﬂmdqmwheu&nﬁngum
placed mext 1o each other.

A system of two concentric rings with a layer of tubes between the rings, oriented
sich that the twbes and rings have parallel axes, was investigated experimentally by
Shrive et al. [97).

Reid et al. [17] described the mode of deformeation and the behavior of a whular
ring under static and dynamic loads. Each ring consisted of up o four sections of
tube cut ot 45% and welded together at four joints, The load—deformation charcier-
istics showed marked increases in energy absoching copacity over the equivalent
free psbe,

Johnson and Reid |14] observed that, “energy absorbed by a laterally boaded tube

7y
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Fig. & Tebe flatening betwern two paraliel ploes [92]

is ome order of magnitude less than the axially loaded one™. Because of this fact,
the crumpling of an axislly loaded ube is reviewed in detail below.

5. Axial erushing of circular tubses

The buckling of a circular cylindrical shell under axial load is a classical problem
in solid mechanics. From the point of view of energy absorption capacity it was
found that circular wbes under axial compression provide one of the best devices.
This propery perhaps explains why they are the most frequently wsed components
i energy absorber systems [%8]. The circular obe proves w0 be a popular energy
absorber because it provides A reasonably constant operating foree, which is, in some
applications, a prime characteristic of the energy absorber, Further, it has compara-
tively high energy absorfing capacity and stroke length per unit mass. For example,
in comparing latersl compeession with axial compression. the axial buckling meode
has a specific energy absorption capacity which is approximately 10 times that of
the same tube when compressed Isterally between flat plates [45). Moreover, a tube
in axial loading can be ensured that all of its material participates in the absorption
of energy by plastic work (see Fig. 7). Optimal energy absorption is obtained through
progressive plastic buckhag which avoads overall elastic buckling.

In the study of the static crushing of structures, material elasticity is unimportant
because of the extensive plastic deformation, 50 the elastic effect is neglecied when
plastic energy dissipated in the structore is larger than three times the elastic energy
of deformation [54]. Also, the initial buckling response of these members is less
impontant, from an energy point of view, than the subsequent post-bockling {vielding)
behavior, which is associated with large sirains and deflections. This behavior is
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Fig 7. Axial pmgressive buckling of metallic energy absorber [47)

often studied assuming the rigid-plastic model since the energy aburbed in the
elastic deformation is uwsually indignificant.

Abramowicz and Jones [99] studied the trnsition of the axially crushed tubes
from the Euler (global) bending mode 1o the progressive buckling mode at statsc and
dynamic loading conditions, The authors found that the transition point depends on
tube bemgth, cross-section, material type, struin-hardening, srain rate and end con-
ditions. They reported that global buckling may of may not coincide with the
maximum load-camrying capacity of the column




Theoretical studies usually ignore dynamic (inertia) effects and treat the problem
as n quasi-statie case, which is acceplable an low impoct velocities,

The behavior of thin-walled tubes (mean dimeter {Dithickness (ry=>30) with cir-
cular and squire cross-sections when subjected to axial loads has been of particular
interest since the pioneering work of Pugsley and Macaulay [100] and Alexander
[16].

The inextensional model was proposed by Johnson et al. [34], where the authors
considered an essentially inestensional mode of deformation and calculated the corre-
sponding mean crushing losd. The proposed model provides reasonable estimates of
the mean crushing load [45].

Mamalis and Johnson [23] investigated the crumpling of aluminum tubes under
quasi-stathe conditions. Their main ohjective, among other things, was to determine
the experimental details of the failure mode. They fitted empirical equations to their
results for both concerting and diamond modes of deformation.

Mamalis et al. [50] repeated the same experimental study using different materials
(mild steel) and ai elevated strain rates (25 mémin). The results were likewise
expressed in terms of empirical equations,

Mamalis et al, [101] investigated both theoretically and experimentally the axial
crushing of thin PVC tubes with internal grooves. Mamalis e al. [102] also stodied
the axial crushing of thin bi-material circular tubes. Different materials were used
including sieel, aluminum and PYC. Mathematical models were developed based on
extensible and inexiensional analysis of collapse for concenting and  diamond
modes, respectively.

Wierzhicki et al. [103] proposed & new model for the progressive crushing of
circular tubes in an axisymmetric mode of deformation. They introduced an S-shape
folding element. The resulting equations were in good agreement with experimental
vakues for =M,

An attempt was made 1o minimize the variation of the crumpling force in axially
crushed tubes by Singace and El-Sobky [21]. They used corrugated tubes with differ-
ent depths 1o control the formation of plastic hinges and the plastic streiching work.

Little work has been done on the energy dissipation response of stiffened metallic
tubes subjected 1o axial load. It was demonsirated, however, that the insertion of
diametrical tension stiffencrs [104] or axial suffeners [103] can dramatically affect
thie tuitse load deformation behavior and result in stiffness properties which ane dinec-
tionally sensitive.

5.1, Concerting and dismond modes of deformation

Andrews et al. | 106] classified the axial crushing of cylindrical wbes under quasi-
static loading into seven different categorics, based on experimental observations:
{a) sequential concentina; (b) sequential diamond; (c) Euler; (d) concertina and dia-
mond; {g) simultaneous concertina: () simil dinmeaonad; and (g ulting of wwhe
axis. Experimental obscrvations of the authors show that thick cylinders (small Dt
ratie, INPCR0-90) buckle in the concerting (axisymmetric) mode of deformation,
whereas thin cylinders (high DVt ratio) buckle in the diamond (non-axisymmetric)
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mode of deformation. For larger values of [ where o digmond fold mode of defor-
mation temds W ocewr, the number of Jobes increnses with increasing (¥ ratio. The
dinmond mode shows a less specific energy absomtion than the concening mode
[10].

Pagsley [107] observed the transition point {From concerting mode 1o dinmiond
made) at around V=100 while Leg, according o Tvergnard [108], and Mamalis
and Johnson [ 23] observed the point at DVe=30, and 6, respectively, Tverpaard [ 108]
suggested a theoretical model for the prediction of the transition point. His results
indicated a transition point at o value of DV somewhens in the range S0-100. It
seems that the transition point depends also on the FIE (yield strength/modulus of
elasticity) ratio, The transition o concerting mode of deformation occurs af a smaller
L7 ratio for a larger value of ¥IE, For example, only the concerting mode of defor-
mation is observed in very thick-walled PVC {polyvinyl chloride) wbes with Dir<3
and Y/E=0.02 [108]. So far. however, no exsct analysis has been given which
explains why a particular mode of deformation is ndopted by o given mbe.

52 Interactive modes of deformation

Foam-filled circular or square wbes ander axial crushing were investigated by
many researchers including Reid et al. [109), Abmmowicz and Wierzhicks [ 110] and
Reddy and Wall [29), while axial crushing of wood-filled square metal wbes was
investignted by Reddy and Al-Hassani [31]. Reid [45] presented load—displacement
curves for central transverse loading of tubes filled with sand,

.1 Average static crushing force

331 Concerting mode of deformation

Alexander [16] presemed o rigid-plastic analysis for the concerting mode of defor-
mation. His model is based on the plastic work required for bending and stretching
of an exlensible thin cylinder. He gave the following expression for the mean crush-
ing load,

P =6Yn D (8}

wtﬁcbi;ﬂmmnmhnﬁmm,rbmmctmawFisﬂ:ykldslmqg:h.
Eq. (B) can be obixined from Eq. (1) by substituting g=0,

Alexander used the von Mises vield condition for plane-strain conditions to obtain
the fully plastic bending moment (M) incorporated in his model, Perhaps Eq. (8)
has been most frequently used for the axial crushing of wbes in the context of encrgy
absorption criteria. I provides a good prediction for most materials when Dir<30
[14].

Abramowicz and Jones [111] improved Alexander's analysis s proposed the
average crushing load for the concertina mode of deformation tw be in the Form,

P =FubiDn' 41 444) (9




The predictions using this equation were in good agreement with experiments [47].
Jones and Abramowicz [112] reponed a prediction for the crushing force in the
Form,

iy D344
Fo=T- o (10
0.86-0.57, WD

Eq. (8) is the most famous equation in axial crushing of whes whereas Eq. (10)
gives very good comelation with experimental results. It must be noted, however,
that a successful theory needs 1o take into consideration the large deflection theory
and the strain hardening effect [47].

5.3.2. Diamond mode of de

Pugsley and Macaulay [100] studied the diamond mode of deformation of thin
cylindrical columns (large V). In their analysis, energy is assumed 1o be absorbed
by plastic bending and shear of the dismond pattern. They proposed a theoretical
estimate of the mean axial load in the form,

P =Y 105+ 03809 inn

Pugsley [107] proposed a different model for the diamond mode of deformation
based on folding of o row of n diamonds. Energy is assumed 1o dissipate at the
plastic hinges during the folding process. Using the same plastic hinge analysis as
Alexander [16] they proposed that the average crumpling force has the form,

P, =2 206a Y7 nz
where n is the number of diamonds formed during crushing. The valoe of n depends
on the [Mf mtio, Generally speaking, m increases for large D¥r ratios. Thus, Eq. (12)
gives a wide range for the average crushing force.

‘Wierzbicki, as reporied by Jones and Abrarmowicz [112], gives an approximate
eapression for diamond mode of deformation

=18 13YP (' (13)

Recenily, Jones [113] reviewed the range of validity of quasi-static analysis in
thin-walled sections as well as the wansition to dynamic plastic buckling and glo-
bal bemding.

6. Dymamle boading
. Impact tests

Dynamic load is defised & that load which s applicd @ bigh rate and which is
associoted with large plastic strains that dominate over the elastic strain. Sevemnl
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theoretical methods for dynamic erushing we the simplified righl-plastic method of
analysis which, often, yields good agreement with experimental resuliz [4].

For bow velocity impact, the effect of strain-rate on increasing the yield stress
may be included by using a simple factor based on the mean strain-rate in the critical
plastic zones. Moreover, inertia effects within the device iself are deemed AHEport-
ant and hence the kinetic energy is comsiderad to be convened inio plastic work in
A quasi-static defonmation mode [114),

In terms of the behavior of ubes of various crovs-sectional shapes, circular nshes
are somewhat unique in having essentially the same mode of deformution in both
static and dynamic compression (especially at bow velocity impact). Investgations
of dynamic compression of circular tubes indicate that the deformation is mainky
concentrated of the end of the cylinder that is impulsively loaded [114].

Dynamic plastic buckling can be classified into two types: {a) instantancous
dynamic plastic buckling (which is associated with impact cvenis in which the ineria
forces play an imporiant robe at high impact velocities); and (b) dynamic progressive
buckling where buckling is formed progressively from one end of the wbe as the
deformation proceeds [113]. This mode develops at low impact velocities when the
inertia forces are negligible, and it is essentially the same as for sttic loading, The
transition from progressive mode to instantaneous mode has not been established
el [46].

Ren et al. [116] investigated the dynamic plastic buckling of cylindrical shells
made of aluminum alloy, which shows considerable sirain hardening with some strain
rate effect, and reported that the mode of deformation is affected by the impact
velocity (V). They presented simple theoretical analyses based on a rigid lincar strain
hardening material, and neglecting the siress wave effect as well as the influence of
end effects. It was found that when the impact velocity is less than a certain critical
value Vi, the cylinder will exhibit only uniform Mastic deformation in both axial
and radial directions, Likewise, when the velocity V is greater than V., the concerting
made of deformation begins to appear, On the odher hand, when the impact velocity
exceeds another critical value V.. (grester than V,,,) the deformation mode will
change from concenting to diamond mode of deformation,

6.2, Strain-rete and strain-hardening effects

For any type of energy absorber, a consideration should always be kept in mind,
as 1o the influence of strain-rate on the yielding sress of materials, Postlethwaite
and Mills [4%) studied the dynamic crushing of metal structures, They observed that
the absorbed energy in dynamic impact of whes would be obtined by a scaling
factor, and that both the static and dynamic plastic wavelengths arc the same. It was
observed that the material strain rate semsitivity exercises an important effect on the
response of stuctures, and should be taken into accoumt for strain-rate sensitive
materials [46]. An empirical equation for the dynamic yield stress (¥,) is given by,

Fa= ¥i1+igic)"™) (14)

where £ is the strain rate, © and p arc constants o be desermined experimentally.
Values of c=40.4 57" amd p=3% were obiained experimentally for mikd steel [112),
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and ship halls are all charactenized by similar thickness-to-widih ratios. These struc-
tures are subjected 1o predominantly compressive losds during impact, and they can
undergo large deflections that may exceed the associated wall thickness by two onders
of magnitude.

The impact of transpon vehicles is an unforiunate bul common occurrence, It is
becoming spparent that, in the fubare, transpont sirucusres will have 1o be designed
to withstand impacts and crashes. The current trendd in producing lighter structures
puts greater demands on the designer cince more aspects of design become critical
a5 the weight is reduced, and working stresses become closer to the ultimate strengths
of the material. This is particularly so with light mewallic alloys and composite
materials which have directional properties. i is expected that the resubts of com-
posite research will be of specific use 1 designers of boats, cars. aircrafi and

1 Energy absorbers

During the second half of the last century a great number of impact engineering
problems were investigated, especially in the field of the dynamic response of struc-
tures in the plastic range. This contributed towards a better understanding of the
mides of failure and the energy dissipation patiemns during impact in such structures.
Such information is imporant in order o be able w build safer structares and also
in evaluating existing ones for specific uses, therefore reducing losses in human and
maicrial resources. Application of this field of engineering is now available for use
in @ wide vanety of sitwations, which include such aspecis as crashworthiness of
wiehicles {cars, lifis, aircraft, ships ...) [1,2], crash barrier design [3], safety of nuclear
reactors [4], collision damage o road bridges [3] and offshore stroctures amd oil
tankers [6].

Many papers relevant (o this field were presented in the 1st Intemnational Sym-
posium on Structural Crashworthiness held in Liverpool in September 1983, Since
then resulits of other research and reviews were reporied in special issues of the
Trrermational Jowrnal of Mechanical Science (910, 1983 and 12, 1993), the fnter-
mational Jowrnal of Impact Engineering (founded in 1953), and in books such as
Crashworthiness of Vehicles by Johnson and Mamalis [7]. Structural Crashwerth-
iness edited by Jomes and Wierzbicki [8], Strucrural fmpact and Crashworthiness
edited by Davies and Morton [9]. Metal Forming and Impact Mecharics edited by
Reid [10), Sraectiral Crashworthiness and Failwre edited by Wierzbicki and Jones
[11]), Seructwral Tmpact by Jones [12), and Strucihral Crashworthiness and Failiire,
edited by Jones and Wierzhicki [13].

21, Definition
An energy absorber is a system that convens, tolally or partially, kinetic energy

into another form of energy. Energy converted is either reversible, like pressure
energy in compressible Auids and elastic strain energy in solids, or imreversible, like
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Average strain rate for the concertina mode of deformation was estimated by Abra-
mwwic and Jomes [L11] to be,
v

g= e (15
200,860,568 110 |

where V is the impact velocity, and
0.74¥
ol

for the diamond mode of deformation.

The effect of strain hardening appears to be small unless the material has very
srong hardening properties. According 1o experimental work on mikd sieel and
aluminum, the flow siress is roughly 10% larger than the static yield stress. Thus,
any comection (o an analysis may be even smaller than 10%, since the maximum
siness is reached only in some pan of the structure under investigation [12].

(163

6.3, Imertia effect

The inertin effect in impact energy absorbers has been investigated by many
researchers including Reid and Reddy [94] and Harrigan et al. [117]. Reid and Reddy
examined experimentally the inertia effect in one-dimensional arrays of laterally
compressed metal bes and rings. I was observed in their stdy that the plastic
deformation is concentrated af the rings in the impacted side of the amay, Hamgan
et al. [117] studied the ineria effect both experimentally and numerically in metal
b inversion and axial crushing of aluminum honeycombs, The inertia effect tends
10 reduce the crushing force in tube inversion as the inversion velocity increases,
aned this is areribated 1o the mechanism of deformation in tube inversion. The inverted
mass helps to pull out the material at the die and hence reduce the crushing force,

In summary, the inenia effect can be clussified into two categories:

1. structural shapes (or devices) where inertia plays no role. A typical example would
be axial crushing of tubes at low impact speed; and

2. stractural shapes where inertia does play a significant role cither to minimize
the crushing load. as in tube inversion [117), or to maximize it as in cubic rod
cells [5].

Onther isswes such as: scaling |B2.1 18], rotary inertia effect [46], brittle fracture [12].
material sensitivity [119] and imperfected column [ 120] were discussed in the litera-
e,

Acknowledgements

The author acknowledges the suppon of King Abdulaziz City for Science and
Technology (KACST) for their support of this work through grant number 98-2-74.



AdA Alphiadi / Thie- Walled Sonacrares 89 (2008} J08-21F L]

Special thanks are due 10 Professor M. Akyurt for his invaluable suggestions, dis-
cussions amsd comments during the preparation of this paper.

References

[V Jobnson W. Waltos AC. Profection of car occupants in feontal impact with heavy lomies: Frontal
structures. Int § Impsct Eagng 1963;002c81-23,

121 Johnson W. Waltom AC. An experimental investigation of the energy drsipation of a aumber of
car bempers under quasi-aatic bileral boads. Int ) Empact Esgng 1983; |(3): 301 -8,

130 Reid JI3, Sicking DL. Desipn and simubation of o sequemtial kinking guardol erminal Int § bmpace
Engng §998:210%):461=TL

4] Kanae ¥, Sasaki T, Shimamura 5. Experimessal and anabysical studies on ihe dmp-impuct st with
lead-shielified scale model radicaciive shipping casks. In: Duvies G, Momes J, cdiors. Sirucnaral
impact mnd crmbrworthiness. New York: Elsevier, |084;343-5%4

I5F Alghamdi AMA. Protection of Sawd descers mads using meeallic collapaible energy sbsorbers, In:
Final Regon Submited o KACST, Riyadh, Saudi Arabia, Gramt Number %3-2-T4, April 2000,

18] Valenti M. Double wrapped. Mech Engng Mag January 19995336,

[7) Johnson W, Mlamalis. AL, editors. Crashworthiness of sehiches, London: Mechanical Engineezing
Publicatsns Limited, 1978,

|E] Jones M, Wiershicks T, editors. Stnctural crashworthiness. Londes: Bullerworshs, 1983,

[9] Davies GAD, Morin J, aliiers. Siruchural impact und crashworthiness. New York: Elsevier Appliod
Science Publishers, 198,

110] Resd SR, editor. Metal forming and ispact meckanics. London: Pergamon Pross, [955.

[N1] Wiersbicki T, Jones N, editors, Strectural crashwerthiness sl faslure, New York: John Wilcy, 1989,

[02] bomezs M. Sesuctural imgact. Cambridge: Cambridpe Umiversity Preas, 984,

[83] Boses N, Wiershicki T, editors. Stnectural crashworthimess and fsilure. New York: Ebevier Applied
Science Publishers, 1993,

[14] bobnson W, Keid SR, Motallsc energy dessipasing systoms, Appl Mech Rev 19783 0(3:177-88.

(V5] Carmey W0 JF. Pothen 5. Energy diwipation im braced cylindrical shells, Imt ] Mech Sci
TORE M 1 203-16

IL6] Alexander IM. An approximate analysis of the collsgae of thin cylindrical shells under suial loading.
Quart § Mech Appd Math 1960131 :00-5.

1171 Reid SK. Austin CD, Smith B, Tubular rings s impact energy sbaorber. In: Davies G, Momes J,
ediiors. Seucteral fmpact and crashworthiness. New York: Elevier, 1984:955-63.

[1H] Langseth M. Hoppersiand ©0%. Sistic and dynamic axial crushing of square thin-walled aluminum
exsmusions. Int | lempact Enpeg |99 1807800968,

[19] Langseth M., Hopperstand 05, Berstad T, Crasbrworhiness of aluminum extrusions: salidstion of
numerical simulation, effect of mass ratio sed impact velecity, lal ] Bmpaci Engng
PO T G 4

[20] Mannucei PR, Marshall N5, Nurick (N, A computational imvesiigation of the pragesive buckling
of squan abes with peometnic imperfoctions. Inc drd Asin-Pacific Conference on Shock and Impact
Lasads. om Son Singapore, 14-26 M L 1R,

[21] Singmce AM. El-Sobky H. Behwviour of axially crushed comugsted sbes. b J Mech Sci
19T N 940

[27] Wiershicki T, Abramiwi:z W. On the crushing mechanics of whin-walled struciures. § Appi Mech
19E S0 72734

[X}] Mamalis W, Johnson W, The quasi-simtic crumpling of thin-walled circuler ¢yfinders and frusia
mmder avial compression. Inn 1 Mech Sci IRELISO000TIE-32,

124] Haris JA, Adams R An asseument of the smpacy performance of boaded joants for we in bigh
enerEy sbenthing sineciures. In: Procesdings of the Instinste of Mechanical Engineers, 1'®1 021
1985; 121-31,

125] Wiersbscki T. Crushing smalysis of metal honeyoombe int § impact Engng 1953.1(25:157-74




Iy AAA Adghamds 7 Thim Walled Soctares 39 (2000 [99-200

[26] Corben GO, Reid SE. Local losding of simply-suppomed steel-grom sandwich plates. bn | bpact
Eagng 19931303 c443-61,

1271 Stangl PE. Megesd 54 Experimental and theoretical evaluation of & sovel shock sheorber for an
ehecinically powensd vehiche, Int I Impact Eagng 19900101 e40-59

[3%] White MDD, Jones N. Experimenial quasi-static axial crushing of op-hat mnsd double- b e walled
sectione. Inn ] Mech Sci 199541 179108,

| 3%] Bosddy TY, Wall BJ. Anial compression of foam-filled shin-walled ciroslar wibes. Int J lsguct Engng
1HEET: 150 =600,

[M0] Mahas MM, bmpact energy <issipation charscteristics of thin-walled cylinders. Thin- Walled St
131 23R -89,

[31] Besddy TY. Al-Hassani STS. Axial crushing of wood-filled squane menal mbes. Int I Mech Sci
P3RS 23146,

5z Gilrﬂj'GD hmllng K. Ireeractive Imﬂ:lm; iesas on cylindrical shells subjeciod w axisl ooem-

wrul —a P of i Fheory and various codes. In: Pro-
nl'lndhnum‘umm I*{C‘L TURS: 2508,

133) Johnson W, Reid SR, Reddy TY, The compression of crossed layers of thin tubes. Int } Mech Sci
1977 19247,

[3] Jehnson W, Sodem PO, Al-Hassami 5T5. Incaensional coflapse of thin-walled tubes under axial
compession. | Semin Anshysis 1977;12307-30.

[35] Reid SE. Bell WW, Barr RA. Ssructorad plastic shock madel for one-di ional ring Ini
J Impss Esgng 1983002 17501

[36] Reid SB, Drew SLK, Camey JE. Energy absorbing capacities of braced mesal wbes. Int ) Mech Sci
19325 W) B40-6T,

[37] Al-Hassamd 5TS, Johnson W, Lowse WT. Characteristics of inversiom fube under axial lnading. |
Misch Engng Sei 1972:14:790-81.

[34] Chirea BC. Tt icel analysis of tmpered thi lled mesad inverbuckiube. Int 1 Mech Sci
1993350 A 32551

|3%] Reid SR, Hamigan L), Transient effects i the quasi-siatic and dynasic imemal inversion and mosing
ol metal wbes, It J Moch Sci V9988000326380,

[40] Swonge W1, Yu TX. lolesen W. Long siroke energy dissipstion in spliming whes bm | Mech Sci
19E: 2553747,

[41] Reid SR, Peng C. Drynamiec uniaxial creshing of wood. lso § Impact Engng 1997 1% 3683 1-20.

[42] Harrigan 1), Reid 3R, Roddy TY, Inertial effects on the crushing strength of wood koaded along the
prain. Exp Mech March | 9981934,

[43] Banthiz N_ Mindess 5, Bentur A_ Pigoos M. Impact testing of concrele using & drop-weighl impact
machine. Eup Mech March 1585639

[44] Johnson W, Reid SR. Metallic energy dissipating systers. Appl Mech Rev Update 1986391159,

14%5] Reid SR Metal ubes as impact energy shaobers. In: Resd SR, edilor, Metal Someng and impact
mechasacs. New York: Pogamon Press. 985 249-69,

f46) Jones M. Recenl sindies in the dynesec plastic Behovior of souctares, Appl Mech Rev
198G 424505115,

1471 Reid SR, Plaste: deformation meckanisms s axially compressed metal ubes used i impac) energy
absorbers. Ini J Mech Sci 1993350 12k 103551

48] Carmsy W JF. Yeillens IR, Impact respome and encrgy chamcieristics of stilfesed metallic mubes,
In: Devies G, Moron I, editors. Structural impact and crashworthiness. New York: Eluevier,
14 504-T5

[49] Postleshwmie HE Mills 1. Use of collapsible streciural el ws impact isodaiors, with special
reference 1 milomotive applications. | Swain Anslysis 190:501)c38-71.

1509 Mamalis A, Folnson W, mnmwmwmmwmmmm

axial compression T BOME  ENpE | mesuls Ine | Mech Sci
15420 1 10253747,
[50] Mamalis AG. Manolakos DE, Saigal 8, Viegelahn G, Jok W, E hie plustic collapse of

thinwall frieas s esergy sbsorber i § Mech Sei 108628412 10-20,



AMA, Alghamali ¢ Thin-Walled Steucrures B9 (20| 149-203 1

[52] Mumaliz AG, Masolakis DE, Viepelahn GL, Vasevanidis N6, Johnson W, On the axial collapes
of shin-walled PVC comical sbells. Int J Mech Sci 19868065514,

|35 Mesalis AG, Manolskos DE, Wiegelahn Gl., Johmon W, The minlclling of the progresive even-
sible plastic collapss of thin-wall iis In J Mech Sl 1URE M L2806,

[34] Mamsalis A, Manolakos DE, Vicpelhan GL The axial arushing of thin PV sebes and frusta of
suare orid-siction. Ing | bmpac Engng 19895 5024 1-64

133] Mlamalis AG, Masolakes DE, [ ih A, b lis. MB. Analysis of falure mechanisms
observed in asial collapse of thin-walled circular fibeglss composite lubes, This-Walled Strsci
R DI L S

rﬁjmm.mmmagwun.mmwuuﬂ
ooengosite square (Tusts sbscsed 1 dalic and dysamic asial collagse. Thin-Walled Seruct
1546, 2504 26005,

1571 Mamalis A, Manalskos DE, Demosts G, MB, Analytical misdelling of the sttic
and dynsme; axial collapse of thin-walled Aberglass composite conkcal shells, It J bmpact Enpag
1997, 19 Vo4 T7-92,

|5B|NMMLM-HHMMMMM“MMM
Saudi Arabix College of Engineensg. King Abdulariz University, 1991,

159) Aljawi AAN, Alghassd AAA, vestigntion of avially comp frusis &8 impact energy sbsorhers.
hﬁ-hm&hmwm#immhuw Southamplon:
WIT Press, 1995243143,

] Abjawi AAMN, Alghamdi AAA Invenson of fnest s impact esergy shsorbers. In: Blassan MF,
Micahed M. editors. Current advances in mechanical design med peod VIL Kew Yiork: Perga-
mos Press, 20000501 -0,

[81] Alghamdi AN, Aljawi MN.AMMﬂmmm&hﬂmﬂmhﬂﬂ
Fwo parallc] platgs. In: Procesdings of IMPLAST. 2000, 4-b Ociober, Melbcurne, Australiz, 2000,

|H]me.mﬂ.mwumcﬁ¢ﬂthhrm&p;
DA A2 T9-208.

1531 Ak iz W, Wiersbicki T. Axial sy of mul shewel marinl cobsmns. J Appl Mech
PRRS S ] e 1 13-20.

|64] Girzebieta RH, Murmay N'W. The smtic behaviour of struis with initial kinks. s thesr center points.
It J beopact Engeg 19855171 55-65.

thIGﬂum.Mwﬂw.Ewm-ﬂh.dm—lﬂ}mﬁn“nbmwmw
losd, Tni ) Impact Engsg 1908643 147-54.

[fe] Dwaetic P, Markiswicz E. Ravalssd ¥, Application of ki i modelds 10 comprission and bend-
ing in simplified crash caloulations. Int ) Mech Sei 19933500431 7991,

[ﬁTlmmmP.mﬁuﬂrdp{ﬂhlﬂ-ﬂmwﬁhhm
urcthane cores. § Cell Plastics |97 1;716)

[68] Haschbicller HO ?ﬁdrdﬂluﬁlﬂ-ﬂmhq.mﬁ-hlmmhm

168] Rbwades M. Impact fir of compasi In: ALAA Paper no. 75748, Procesd-
ings of AIAAJASMESAE 16ith S1 5 | Dywasmics and Maicnals Confierence. Denver
Colorado, 1975,

[70] Sponberg EW. Carhon fiber sailbaat hulls: how to optimize t use of an expensive material, Marine
Technol 1986332k 165-74,

7 wmﬂmmdwumumn_ummmmwm.
mmmmn{mw. Rt

[?Zlmw.mi.uwmdmymimwmﬂu
Int J Impact Engng 19921202524 1-62.

[T3] Wray 5. Sandwich maierials in energy absurbing siruciures, PRI Thesis. UMIST, 1993

[74] Wa E. Kang W-S. Axial crush of metallic honeycombs. Int J Impact Engng 1997: 19056 k43056,

73] Zhao . Gary 6. Crushing behaviour of aluminum honeyewnibs under impact lnsding, nt J Impact
Engeg 1998200 I0)c827-36,

176 Masmalis AG, Manolakos DE, Babdoukm 4K, Vicgelahn . Esergy dissipaiion and sssesistod failure
mades when axially loading polyg d thin-walled eylmbers. Thin-Walled Strect 199013 11:17-34.




212 AL Alghamal / Thim-Waledd Siracures 79 (2000 ) J89-213

177} e Ciliveirn M5, Wierrhicki T, Crushing anatysis of rotaticmally symmetne plastic shells. § Strain
Analysis |9EL1Ti8p220-56

[T8] Gupis NK, Prassd OL, Gupls SK. Avial compression of metallic spherical shells between nigid
phates, Thin-Walled Struce 1900:34( 12141

|79 Kimkead AN, Asalysis fof inversion load and energy absorpison of a ciercular whe. | Strain Analysis
1L R TP

8] Eima A Fay B An iscssment of encrgy absorbing deviers for prospective use in aircrafit impact
sibuartion, bn: Herrmanm G, Perrone W, cditon, Dynamic response of structurnes. New York: Perga-
maon Press, 1972:125-M.

[§1] Reddy TY, Reid SR, Axisl splitting of ciroslar metal whes. bt J Mech Sci 1986.28:111-31,

[82] Akins AG. Scaling i combined plastic flow and fraceare. Ink J Mech Sci 19872011321

|81 Lu G, Ong LS, Wasg B, Ng HW. An experimental study on ieasing energy in splisting square
meial mubes. Int ) Mech Sci F994,3612): JORT-57.

[8d] Watsom AR, Reid SR, Johnsos W, Thomas 50, Larpe deformation of shin-walled circular ubes
under transverse loading. Imt ] Mech Sci 1976;18(31: 38706,

(5] Thomas 50, Reid SR, Jobsson W. Larpe def ions of thin-walled circular nibes wnder trnsvons
loindiag — 1. Int § Mech Sci 1976:18(2k323-37,

(#6) Reid SR Bell WW, Influence of sirain handesing on the deformation of thin rings subjected 10
oppisad concentraied loads. Int ] Sodids Saruct 1982 1864158,

{47] Gupia MK, Sinha SK. Transverse collapse of thinm-walbed square lubes i opposed loadings. Than-
Walled Sinact 1990 1324761

%] Dreruntz JA, Hodpe PG, Crushing of & tbe berween rigid plates. § Appl Mech 196330351 -8,

5% Reddy TY. Reld 58 Lateral comprossion of vabes md ube-sy with side i T ¥
Mach Sei 197921 1RT-9%.

[901] Gepta WK, Khallar A. Collapse load of square snd reclssgular iubes subjected o mmsvena: in-

lloading. Thin-Walled Sinct 193214 M558,

191] Roddy TY, Reid S8, Camey JF, Veilletie JE, Crushing analysis of bmced melal fings usisg the
equivalest siructure fochmadge, Int ) Mech Sci 19T XM91:655-68.

1921 W L., Carney 111 JE. Inital collagse of braced elliptical nibes under laiorl comgeesion. Int 1
Mech Sci 1907, M0 1003-36,

[93] Wu L, Carncy 11l JF. Experimental asalysis of collapse behaviors of braced ellipiical bebos wnder
lsteral compression. In J Mech Sci 1840061 -TT.

[d] Heid SH, Rebdy T¥. Experimental investigation of inenia effects in one-dimensional metal rng
sysiems sebjecind 10 end impact — 1. Fived-ended sysiems. [mt )| Impact Engng: 1983, 11 k85106,

[45] Red SE. Bell W, Hesponse of one-dimensional metal ring sysiems 1o end impact. Inst Phys
Conf Chaford 1984, MeATI-R,

96 Mw_mﬂ.mn_ﬂrpn-inuﬂ investipation of inevia effecs one-dimensional meial
ring systems subjected to end impact — 0. Freeended sysems. m ] bwqact Engng
NS ;1 4 e-R0,

[97] Shrive NG, Andrews KIRF, England GL. The impact energy dissipation of cylindrical sysiems. 1n:
Davies G, Morion ], editoes. Structersl impact and crashwonhiness. MNew Yok Elsevier,
1584:544-44.

(]| wuu.nﬁ-«m»xmuym.immqmi.m.m
impact and crashworhiness. New York: Elsevier, 1984: 388604,

9] Abwmmowicz W, Jones M, Trassision from initial global bending 1o progressive backling of whes
Ioadod seatically snd dysamically. Int J bmgact Engng 19597, 19(5061:415-17.

[100) Pugsley AG, Macaulay M, The larpe-scale crumpling of thin Cy du Chuari | Mech
Al Math V9613 1)3:1-9

(1] Mamalis AC, Manolskos DE, Viegelhan OL, Jobiscs W. Energy steorption and deformation
wresdess of thin PV tubes internally grooved when sehyecied o axial plastic collapse. In: Proceed:
ings of the Inainiton of Mechanical Enginecrs, N3, 1598%:1-8.

(10} Mamadis AG, Manolakos DE, Desmeth GA Jih W, Axiil plastic collapse of this b-
malerial uhes 85 energy dissipating systoms, Im 1 Impace Engng 1990:0 (20 85-06,




AAA Adphawsts ¢ Tiia-Walled Strucoues 39 (N} 189215 213

1105 Wiershicki T, Bhat 511, Abr e W, Brodiin 3 AL Ji thiled: & two folding elements
mudel al progressive crushing of bes. bee 1 Solids Sscy 1502, 2024 - K)A0RE.

110H] Bomes W, Papaponrgion EA. Drywamic axial plastic bucklisg of syinger stiifensed cylindrical shell.
Im 3 Mech Sci 1982244 |3z -3,

|||:u1mnamn.mumkmwﬂuulymﬁqwm.m
Walled Saruct 9909 | 4 ) 294,

[b06i} Ancdvews KItF, Enghand €. Ohani . Classification of the sial collapse of ¢y Badvical tubes sader
fuasi-static loading. I J Mech Sei 1983 25001068796,

1 W7} Pugsley AG. On the crumpling ef thin tubslar struts. Qusart 1 Mech Appl Math 1979:32(1111-7,

110E] Tvergaand V. Cn the transiiicn from a dismond mode o axisymmetric mode of eollapss i cylind-
call shell. Int J Solids Sruct 196319 10)#45-56

[ 10 hﬁdﬂhdd:ﬂ.ﬂnﬂhlﬂ.&l&uﬁdmmknlﬂmdfmﬁlbddumlm
Ini § Mech Ser | 98618388322,

[IFNMW,WT.MWHMIHMHIME
TURE 0N R 363-T1,

|||1|Mw._nn,mmmdm1m1hnmm

19842 526381,
1112] Momes M, Abvamowics W Static and dysamic anial creshing of circular and square mbes. bn: Reid
SR, edilor. Meral g and impsce hamics. New Yark: Pergumen Press, 196522547

1V15] Wang R, Ru O hwmimhdﬂmpuhmhd:m“limm
imﬂdwhﬁ;h:hﬂ!!.ﬂmhﬂlhﬁq-ﬂ“mm*uthmm
Press, 1965:213.23,

[116] Ren W, Mingbao H. Zhuping H, (Kngcun Y. An experimental snady on the dynamic sl plastic
buckling of cylisdrical shells. I J Impact Engng 1983; |{3:240_5%,

[Il?llllr‘-u.lhidSR.Pm.{'.hmithlmpumn‘ Hing Is and
Im § Impact Engng 1999 22001955-79,

I||u|Jumw.smqnliuhﬁcmhduw,.hbmﬁn_uml.m.m
fural impact and crashwondsnes. Now York: Elsevier, 4574,

1119] Reid 1, Crashworthines of wtoel midhrmils: dhic) and ial sensitiviey. Thin-
Walled Struct 1996;2602):R5- 101

1170] Gupta NK. Some aspect of axial collapse of cylindrical thin-walled tubex. Thin-Walled Serer
DOOE 313011 1-26,




plastic deformasion energy. Energy dissipated in plastic deformation of metallic
energy absorbers is the absorbing system reviewed in this paper,

When designing @ collapsible energy absorber, one aims 3t absorbing the majority
of the kinetic encrgy of inpact within the device itself in an ireversible manner, thus
ensuring tha human injurses and equipmen damages are minimal. The conversion of
the kinctic energy imto plastic deformation depends, among other Factors, o the
magnitude and method of application of loads, transmission rales, deformation or
displacement patlerns and material properties [14].

The components of deformable energy absorbers include such items as steel drums
[15], circular wbes [16], twbular rings [17]. square tubes [15-20], cormugated tubes
(21}, multicomer columns [22], frusta [23), struts [24], honeycomb cells [25), sand-
wich plates |26] and some other special shapes such as stepped circular thin-walled
tubes [27] and top-hat thin-walled sections [28].

These clements were used when filled with liquids, foam [29.30), wood shavings
[31] and sand. These elements can be aranged in @ variety of geometries. Some of
the most well-known amangements include, axial crushing of twbes [32], lateral
crushing of tubes [33-36], mbe inversion [37,38], wbe mosing [39] and tube splitting
[40]. Many researchers investigated the crushability and absorption rate of some
classical materials. These inclade wood [41,42] and concrete [43],

Johnson and Reid in two review papers [14,44] identified the dominant modes of
deformation of simple stractural elements. In 1985, Reid [45] reviewed the progress
in metallic energy absorbers from 1978 1o 1985, Later on, Jones [46] published o
literature overview article on the dynamic plastic behavior of structures in which he
citesl 194 references, the majority of which were published after 1978, In 1993, Reid
[47) reviewed plastic deformation of axially compressed energy absorbers.

Each eneryy absorber system bas its own characteristics and special features which
one needs bo be familiar with in order to be sble w understand how metallic siructunes
respond to impulsive loads. Becanse of the extreme complexities of collapse mech-
anisms, some of these performance characteristics were determined only through
experimental procedures [48]. Consequently, the resulting empirical relations are
confined to fimited applications,

The study of deformation in encrgy absorbers accounts for geometrical changes,
and interaction between various modes of deformation such as the concerting
(axisymmetric) mode of collapse and the dinmond (mon-axisymmetric) mode of col-
lapse, for axially loaded tubes, s well as sirain hardening and strain rate effects.

3. Absorber shape

There are numerous types of collapsible impact energy absorbers that are cited in
the apen literatare. In this section the most commen shapes are reported,

A1 Tubes

Thin wbes represent the most widespread shape of collapsible impact energy
absorbers, owing 1o their high frequency of sccuirrence as structural elements. Details




of the crushing maxdes of circular tubes under static and dynamic loading conditions
are given in Sections 4, 5 and 6,

3.2, Frusia

Frusta (runcated circular cones) have wide ranges of applications, The occumence
of frusta as struclural members has drawn some attention, especially due o their
stable plastic behavior when crushed axially, The litersture on this topic, however,
is generally meager [23].

Thie frustum was first siedied by Postlethwaite and Mills [49]. They used Alexand-
er's method (extensible collapse analysis) for rigid—perfectly plastic material comes.
They reporied the mean crushing force (P,,) for external collapse as

P =6YPE e Dr sinlg) + 5,69 F nig) n

where Y is the yield strength, ¢ is the frastum thickness, r is the deformation, o is
the small diameter of the frustum and ¢ is the semi-apical angle of the frustum,

Mamalis and Johnson [23] experimentally investigated the quasi-static crumpling
of aluminum fubes and frusia under quasi-static compression. Their main ohjective
was, among other things, 1o determine the experimental details of the failure modes
of frasta. [t was observed that load-deflection curves of the frusta are more regular
than those of cylinders. Also, post-buckling load increases in o parnbolic manner
with increases in wall thickness, and, as expected, post-buckling load decreases with
an increase i semi-apcal angle. It was observed that thin frusta deformed into a
dismond shape wheress thick ones deformed into axisymmetric rings. The authors
fitted empirical equations (o their results for both concerting and diamond modes
of deformation.

Mamalis et al. [30) repeated the same experimental study using low-carbon steel
and al elevated stramm rates (2.5 mfmin). [t was observed that the initial axisymmetric
bellows changes into non-symmetric diamond shapes and the number of lobes of
the diamond shape increased as the ratio of the mean diameterfthickness increased.

Mamalis et al. [51] proposed an extensible theoretical model 1o predict ihe plas-
tically dissipated energy and the mean post-buckling load for axially crumpled thin
willed cireular cones and frusta for the concerting mode of deformation. The theoreti-
cal model was based on a consideration of the plastic work dissipated in plastic
hinges and in stretching of material between them without considering their interac-
tion. The model gave the average crushing load in the form,

P, =62 Jd+0.95,1 an(g)) i2)

Predicted avernge crushing bosds were in fair agreement with experimental resulis.

Mamalis et al, [52] developed a theoretical mode]l o predict the mean crushing
load for axially boaded circular cones and frusta deformed into the diamond mode
of deformation, The model was based on the inexiensional model developed by John-
son et al. [34].
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Mamalis and co-workers [53] improved the analytical model for the concertina
madde of deformation by making it capable of predicting the deformation history of
thin-wall tubes ond frusta. They obtained long and tedious equations for internally
and externally formed convolutions, which were in fair agreememt with the experi-
mental curves,

Mamalis and his group | 54] stshied the axial crushing of thin PYC frusta of sguare
cross-sections. A theoretical model for prediction of the average crushing force was
developed on the basis of an inexiensional folding mechanism of the diamond mode
of deformation. Good correlstion between the experimental and analytical resulis
was shown,

Mamalis et al. investigated the axial collapse of composite wbes [35] and frusta
of square [56] and circular [57] sections and developed an analytical model of the
crashing stages based on actual experimental observation.

Alghamdi [58] inroduced two innovative modes of deformation for frusts, The
first ome is direct inversion (see Fig. 1) and the other one is outward flatiening.
Using the ABAQUS finite clement program, Aljawi and Alghamdi [39] modeled the
collapse of frusta when inveried. Good agreement was obtained beiween expen-
mendal results and theoretical predictions. Aljawi and Alghamdi [60] funher investi-
gated the details of the wversion of frusta when crushed axially, Alghamdi et al,
[61] presented the details of crushing, between pwo parallel plates, of spun frusta,
and classified the deformation meodes into three modes: (1) outward Aattening; (2)
imward inversion and cutward flattening: and {3) extensible crumpling. They reponed

Fig. 1. Dhirect moand inversion of fressa [60).



that their prodictions wsing ABAQUS were in good agreement with expermental
resulis

1.3 Mulnicormer cedwmns

22| analyzed e crushing of thin-walled multicomer
structures made from plate clements, by considering stationary plastic hinges and
narrow foroidal regions of circumfierential streiching and bending which travel
through the structure. As a special case of the multicorner column, the mean crushing
load (F.,) for the symmetrical collapse mode of a square tube (see Fig. 2) made of
rigid-plastic material tokes the form,

Wiershick: amd Abrumowice

P..=9.56 ¥ L3}

where C is the width of the square tube and 1 is the column thickness
Abramowice and Jones [62] predicted the average static crushing force for asym
metric collapse of a square mbe o be,

P = P an 22 40 8405 1 +0, 5817 41

In 1989, Abramowicz and Wierzbicki [63] improved their previows model by
assuming an arbitrary anghe between the adjacent plates of the structure. Accordingly,
the average crushing load (F,.) for the square tube is,

P, =13.06¥ {3

Eq. (5} takes into account the average flow stress and it was found o be in good
agreement with experimental resules.

Frg. 2. Anially crothed square mbes [47



J4. Strues

Postlethwaite and Mills [49] were anwong the first researchers 1o use simiple siruts
made of mild steel as impact energy absorbers. A simple strut with an initial imiper-
fection (deflection) was also used a5 an energy absorber by Greshiet and Murray
[6ed]. Because of the limiled zome of plastic deformation, ie. one plastic hinge, the
absorbed energy in static tests was minimal, The initial imperfection amplitade was
used to control the absorbed energy, the maximum foree, and hence the deceleration
rate of the impacting mass. Harris and Adams [24] investigated both theoretically
and experimentally the crushing behavior of structures made by bonded and spot-
webded lap joints, Mild sieel and aluminum wbular specimens made by a single lap
joimt were tested. Graehieta ond Musray [65] repeated their previous work but for a
dymamic loading condition. Recently, Reid and Sicking [3] have studied large plastic
deformations of sequential kinking in guardrail terminals. A non-linear, large defor-
mation finite element package (LS-DYNA) was used o model the deformation
sequence. Drazetic e al. [66] modeled the crushing of S-frames using finiee
element analysis,

1.5, Sandwich plates

The encrgy absorbing mechanisms of impacting cvents in sandwich struciures
made of composiles are quite ususual. Sandwich structures ore widely used in a
variety of applications. They are common in transport vehicles, such as sircrafi,
trains, cars and boats and also in the construction industry for buildings,

A sandwich structure is constructed from a core with a skin attached to each side,
and is analogows to om | beam, where the core represents the web and the <kin the
flanges. Since there is a wide range of materials that can be considered for the
skin and cose, there exists considerable fexibility for the designer, presenting an
overwhelming combination of materials for the constraction of sandwich strictures,
T‘n'nismu:rcamnl-h)rhhmc:ﬂwmdevclupnvalidaudumyfwlhedﬂi;n
of sandwich constructions. This theory could then be used with confidence by design-
ers o predict the behavior of 8 wide range of sandwich constructions and thus select
the best combination for a given design problem, With increasing interest in the
design of structures w withstand impact, considerations of energy ahsorption are
becoming imiporiam.

The impact and energy absorption of sandwich structures has drawn the interest
of many workers, Thas Gilkée and Sundararaj [67] investigated the effect of: (1)
luminate thickness: (2) core thickness: (3) facing thickness; and (4) SUppPOr span o
the impact strength of the sandwich. Some tests were also conducted on glass fiber
laminates to provide a comparison. They reported that sandwich pancls were substan-
tially more resistant o impact failure than simple laminates. Resulis show that the
impact strength of the fromt skin is independent of the core thickness but the rear
skin impact sirength increases as the core thickness increases,

Raschbichler [68] described briefly some tests carried out on a prodotype vehicle
chassis constructed of sandwich siructures. He concluded that the advantage of sand-




wich panels for encrgy absorption is that the deformation remains bocal w the impact
area and that the domnge is not passed on 0 remede pans of the scture,

Rhodes [69] conducted impact tests by firing aluminuem spheres 12.7 mm in dianm-
cter #l velocities from 16 to 67 mfs using a gas gun. He found that low encrgy
impacts, which cause no visible damage, can initiste failures in stressed sandwich
structures, and it may be possible o use @ fracture mechanics approach 1o predict
the residual tensile strenpth of sandwich strsctures.

Spanberg [70] deseribed briefly some impact tests carried out on sandwich siruc.
ures with five different comstrsctions. No details of the impact 151 method were
given however; in particular no description of the shape of the indenter was given.

Worrall [71] investigated the low velocity (3-7.5 mis) impact of sandwich pancls
with aluminum alloy honeycomb cores with mainly glass fiber reinforced epoxy resin
or polyester resin skins, He compared the experimental results with one and two
degrees of freedom mass spring models.

Goldsmith nnd Sackman [72] presented the details of an experimental investigation
concemned with static and dynamic loading of aluminum honeycomb covered by
aluminum and mon-metallic plates. It was conclded that both the static and dynamic
responses are similar to each other with the dynamic response 20-50% more than
the static value,

Wray [T3] of UMIST aimed to use sandwich structures in the offshore industry.
Three Failure modes were observed in the experiments on the gquasi-static loading
of sandwich structures, Jocal indentation at the loading point, core shear failure and
skin compressive failure. No tensile skin failures were observed. Some of the core
shear failures were also accompanied by delaminution al the skin to core interface.
The thick skin sandwich beams with transverse core ribbon direction appearsd 1o
crush along the wholbe length of the panel due 1o severe sheaning of the core. It was
concluded that the sandwich structures with thin skins (67 mm) and thick cones
{195 mm) tended to fail by the indentation mode @1 short spans. Typically compress-
ive skin failures tended 1o occur in sandwich structures with long spans (430 mm)
and thin skins (.67 mm). The failure modes observed in the impact lests were similar
1o those for the quasi-static tests.

It was Wmﬁmmesmmmmw
on o rigid block showed that the core fails (e.g. honeyoomb cores) al first peak load
but the skin remains inact. Records made clear that the failure load was increased
compared with the quasi-static indentation 1Ests.

A6, Homeyeonb cells
Wierzbicki [25] developed o model 10 predict the average axial force of metal

Toneycombs (hexagonal structare) based on plastic work dissipated in bending and
extension. The mean crushing foree (F,,) 15 given as,

P =8610.PC" Y]

where o, is the average flow strength. Wu and Jiang | 74] investigated experimentally
statie and dynamic behavior of aluminum honeycomb and reporied an increase in



the crushing force of up to 74% in the dynamic case when compared o the quasi-
staie case, [n comrast, Zhao and Gary [T5] gave the percentage difference as being
up o JF%E between dymamic and static cases.

3.7, (hher shapes
Other shapes that were utilized in energy absomption work include:

1. W-frame made of four rods connected by three elbows [14];

2. polygonal cross-section cylinders subjected to lateral [14] and axial [76] loads;
3. wave-shape guard fence made of bent pipes [14];

4. cubic rod cell [5]:

5. three-dimensional whular system [5];

6. inversion of spherical shells [77] and axial crushing between rigid plates [TR];
7. symmetric stepped circular thin-walled wbe [27]; and

8. singhe-hat amd dowble-hat thin walled sections [28).

4. Tube deformation maodes

Because of their high frequency of occurrence as structural elements, tubes ane
considered 1o be the most common shape and probably the oldest shape wilized in
encrgy absorption. Plastic energy can be dissipated in thin metallic wbes in several
modes of deformation. including:

1. inversion;

2. splitting;

3. lateral indemation;
4. lateral flaitening; and
5. axial crushing.

d. J. Tube invertion

Omne of the interesting energy absorber columns is the tube inversion or invertube
that basically involves the wming inside out or outside in of a thin clrcular tube
made of ductile material, as shown in Fig. 3, This method was introduced by General
Motors in 1969 as reported by Al-Hassani et al. [37). The main advaniage of this
mode of deformation is the constam inversion load that can be obtnined for 3 uniform
tube. Characteristics of tube inversion were investigated by Al-Hassand et al. [37].
Kinkead [79], Chirwa [38] and Reid [47]. Mote that be inversion is limited by die
radius. If the die radius is small, progressive buckling of the wbe will result, and if
the radius is larger than some limiting value, whe splitting will result. Chirwa [35]
investigated both experimentally and analytically the inversion of tapered thin-walled
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