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ABSTRACT

An experimentad investigation was carried omt to siwly the crastworthiness
parameters and behuvior of pultruded composite nubes, Quasi-static compressive
loadings were applied avially on pultrufed composite to investivate the response
of fnrw-eti.rf_pfwemem‘ during progressive collapses. Three chamfering angles 35,
45 and 35 were selected to study their effect on crushing behaviovs and cﬂﬁnpse
modes. Load-displacement curves and collapse mode of each sample i presented
and discussed. The results showed that higher chamfering angle produced Righer
energy absorption capability. Progressive collapres are 5 mmn thick wall
composites, while for 3 mm thick wall compaosites, wlobal buckling aoccwrred on the
wall sides after fast unstable crack propasation along the tube corners,
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1.0 INTRODUCTION

Safety is one of the most urgent issues among various requirements in vehicles
such as cars, helicopters, trains, ete.. because protecting passengers from
accidental collisions is a daily need. The car body for example, should possess
high performance in protecting passengers, ic. a high energy-absorption
capability, and many different systems have been proposed in designing the body
and its components. Regarding scientific research in this Mcld, a technological
term Crashworthiness is often used and a special imternational conference amid 3
Juurnal on crashworthiness have appeared. These movements must lead to the
development of effective crush elements in various vehicles [1].

One of the current design theorizs for passenger vehicles s to have a
progressively compliant front end [2] and a rigid passenger compartment, A
progressively complaint front end consists of a series of crample zones. each
resisting deflection until a certain load level is reached and then deforming at thar
constant load level until lhe next zone is reached. The first zone deforms at a very
low load level to protect pedesirians and cyclists. The series of zones that follow
are designed for increasing levels of loads; the final zone is the rigid passenger
compartment which should resist all deflection,
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Most af the rescarch on the energy absorption of metals has concentrated (Mt
tin walled cylinders of simple cross section and fairly well undersiood, Most
tiber reinforced composites absorb encrgy through a combination of Facture and
friction {3], whereas metals absorb energy through plastic deformation [4, 5]. In
order for cither a metal or a composile to ahsorb energy efficiently, stable
progressive erushing must oceur, A stable progressive ciush is characterized Iy
localized failure that begins at one end of the specimen and progresses through the
specimen without significantty damage past this crush front. ‘To ensure stable
crushing in both metals and fiber reinforced composites a crush initiator which
creates a local siress concentration is used. 1T stable crushing is not established the
specimen will then usually Fail catastrophically, During catastrophic faflure the
peak load 1s very high and drops off quickly so the average load is low.
Catastrophic fatlures are clearly not acceptable or ENErgy management,

The most common type of crush initiator used has been an external bevel or
chamfer ground into cne end of the specimen. Farley and Jones [6] showed thai
the comers ol their specimens absarbed more enerey than the flatter scotions so
thal as the percentage of corners in the tube was incrensed s was the energy
dbsorption. Tt has also been shown that the use and style of crush initiation affect
ihe sustamed crushing of materials [7]. The main objectives of this present
nvestigation are 1o determine the load versuy displacement response, crergy
absorption capability and collapse modes of as-receiverd pultruded compuosite
tubes. Different chamfering angles are introduced in the front ends to ereate a
crush initiator and 1o study the effect of these angles on crashworthiness behaviors
on paltraded composites,

20 METHODOLOGY

2.1  Material

Ax-roceived pultruded composites are delivered in 50 x 50 mm square tubes (3 and
5 mm thickness) with 1 m length for each material condition, Table 1 shows the
elastic properties of chopped strand mat glass fiber used in this work, The fiber
architeeture of the pultruded tube consists of glass Gber roving at a2 64% volume
fraction in average. Fiber volume fraction depends on the composite length, where
some fibers break during pultrusion process therefore, this fraction is not constant,
Burnirg test is then conducted to remove polyester resin according to ASTM
D2584 in furnace cuvironment at temperature S3°C. Table 2 lists the resulis from
this tlest.

Lable 1: Elastic propertics of chopped strand mat |8 ]
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Table 2: Burning test of puttruded composite

Speciman  Welg)  Walz)  Willt) W) pcfkgm'"”} Ve(%) Vo, (%)

1 4,760 2.656 0.642 1358 2068 {La20 0.380
2 6. 182 3.128 (1.664 0.334 2.072 0.643 (L357
3 3.766 2.241 (h62T 0.373 2.063 0.605 {1395

Average 4904 2675 06443 0355 2068 0622 0377

Front end of the tubes are chamfered at differsnt angles such as 35, 45 and 55
These angles ar¢ machined using dry grinding machine in order to have identical
angles. Low feeding rate is used during machining to reduce any residual stress
and cracking. The total height for cach sample 1s 100 mm.

2.2 Tensile Test

‘The rectangular compasite test specimens with dimensions of 254 = 12.7 x 3.173
mm wers cut from pultruded panels with a high speed cutter and edges were
pulished with very fine aluminum oxide sandpaper to remove heal affected zone
or layer. Tensile lesting of pultruded fber glass composiles specimens was
performed using a GOTECH machine, Each specimen was lested to failure
following the procedure in accordance with ASTM D3039-97. Constant Cross-
head displacement 1.5 mmémin is used to simulate quasi-static fensile loading
imposed to pultruded composite. Figure 1 shows the dimension and configuration
of sample for tensile test, Strain gauge is installed parallel to the loading direction.
Then, stress versus sirain curve is constructed and analyzed.
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Figure 1: lensile test set-up in this work [1]

2.3 Compressive Test

Quasi-static compression testing is conducted using GOTECH machine with a
maximum load 100 kKN and cross-head displacement of 1.5 mm/min. The
composites are axially crushed between two parallel steel fal platens. one IMOVITIE
and vme static. The sample and [Tat platen are properly aligned to prevent bending
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moment occurs during crushing process. For each test, the crush force i plotted
against displacement on the Y-axis and X-axis, respectively. Progressive collapse
tor cach sample is recorded and analyzed.

2.4 Crashworthiness Parameters

After the completion of the tests, crashworthiness paramelers such enersy
absorption performances, mean compressive force and lnad ratio are extracted
from force wversus displacement response for cach material conditions. These
parameters are very crucial 4o consider the application of this matenial in crushing
process,

241 Energy Absvrption Capability

The values of the energy absorption capability were caleulated from the force
displacement curves by smoothing out the force serrations ta obtain mean forces
of the load during each stage of crushing processes. Energy absorption capability
during the structural crash is a requirement for the complete spectrum of passenger
transportatiom. The total werk done during the axial crushing of the pultruded
composttes 15 cqual to the area under the force-displacement curves and is
cvaluated as in equation (1),

Energy absorption, & = Iffd&' (1)

Where P, is an applied force and & is displacement distance. Equation (1) can be
simplified by averaging the serration forces during crushing process and mean
torce of the serration forces are then introduced and multiplicd by crushed
deformation displacement. The multiplication of mean force and crushed distance
represent the energy absorbed by the composites or the area under the curve.

3.0 RESULTS AND DISCUSSION

3.1 Tensile Test

Figure 2 shows the average stress-strain diagram of as-received pultruded
composite for both 5 mm and 3 mm under this investizgation. The material shows
linear clastic bchavior until the final failure meaning that the material fuils in
brittle mode. At the final failore of Figure 2, push-pull phenomenon of fiber
cmbedded in polymeric resin dominated to constrain from sudden failure. Tt is
impurtant to note that fibers effectively play its role in tonghening the composite
through effective shear force transter. It is estimarted that modulus of elasticity of
this composite is about 5.7 GPa,

3.2 Load-Displacement Curves

In order to evaluate the crushing process of pultruded compasites, it is essential v
obtain the Torce-displacement response and relalionship with material conditions
and collapse maodes, Therefore, quasi-static compressive loading are conducted on
pultruded composites,
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Figure 2: Stress versus strain of as-received pultruded composite

J.2.1 Square Puliruded Tuhes with 3 mm Thickness

The lorces-displacement responses of 3 mm thick composite chamfered with
different angles are presented in Figure 3. Most of the material conditions reveat a
typical curve for erashworthiness applications, Another important characteristic of
these curves are the shape of the foree-displacement curve. As the erushing
beging, the load quickly rises to a peak value {elastic region) and then drops ofT
significantly and stays relatively constant, Large force reduction occurred during
the collapse showoed that cnergy  abscoption performance decreased. Tor
crashwortluness applicalions, |he initial peak load, P should not be much
ereater than the average or mean crush [oree, FPae, because large peak force
required to initiate crashing and the goal in energy management s to absorh all the
energy without imparting large forces to the people involved.

The foad-displacement curves for 35 chamfering angle are shown in Fipure
3{a). As can be seen here, higher peak load is sustained for the tubes crushed with
smaller angles and there is a large amount of scatter of data especially at post-
crushing regiom, The curves also exhibited an initial peak load followed by a large
drop and then rise up to somewhat steady state, In the mitial state of crushing,
longitudinal cracks load increases, the fronts of the whe sides move outward and
inward, Cracking process is ohserved along the tube comuers as the compressive
load inerease. Then, the composites tubes failed catastrophically. Similar enllapse
mechanisms are also observed for other tubes chamiered with different angfes and
the force-displucement curves tor each composite arc shown in Figures 3(b) and
BT

The load-displacerment for the tube chamfered with 45 angle is shown in
Figure 3(b). The initial peak lvad for this tvpe of angle 15 smaller than ather
composites. The composites are easily crushed and the wall tubes are slide out and
callapse. The dominating failure mechanigms of the ube at the front end tip are
shear compression failure which is micro-fragmented material at that tip has
lowered the initial peak forces. After that, unstable crack propagzation occurred

1%
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along the tube corners and each wall side buckled catastrophically. This behavior
result large reduction of peak force which is induced lower energy absorption
performances.

The load-displacement of 55  chamfering angle at the front end tubes also
reveled typical load-displacement curves as shown in Figure 3(c). Higher initial
peak loads are obtained and the post-crushing regions are much smoother and
insignificant force fluctuations are also observed. This is indicated that even
though catastrophic collapse occurred for this type of chamfered end, the process
of buckling mechanisms are observed to happen in stable manner.
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Figure 3: Force versus displacement response of pultruded
composites 3 mm thickness, (a) 35, (b) 45" and
(¢) 55 chamfering angles
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Figure 3: Torce versus displacement response of pulruded
composites 3 mm thickness, (a) 35, (b) 45 and
(¢} 35 chamlermyg angles (continued)

L.2.2 Square Pultraded Tubes with 5 min Thickness

Twpical force versus displacement curves of pultruded compuosites are recondad
and composite thickness has played an important role in modifying the curves and
preventing sudden drop of peak [orces as shown in Figure 4. The curves show the
same (rend when compared to other investigatioms [5-7, 10, For 5 mum thick
composiles, the average load fluctuation almost constant after peak force up to
final crushed deformation. The load-displacement traces rises sharply o a high
peak as the composile undergoes elastic compression, this is then followed by
progressive fracture collapse and crushing starts at chamfering angle at front end
Chamiering condition provides a critical zonc for stress cencentration and
subsequently breaks the material within this region. Generally, chamfering is used
o initiate the crushing process and provenl buckling [atlure mechanism that s
minimized the cnergy absomption performance,

The force-displacement response of the tbes chamfered with 35 and 55 are
almost similar in lorm of collapse modes as shown in Figures 4(a) and 4{c).
smooth post crushing regions are observed with little force striations. As the tubes
are loaded, axial cracks Form i the sides of the tubes spread away from the axial
axis. Localized buckling vecuned at the tube sides, this behavior created smooth
force fluctuations. Afier reaching peak load, small drop of peak load is cbserved.
The load then recovers lo rcach a steady state crushing process. Both tubes
conditions show progressive collapse throngh localized buckling which are
induced higher energy absorption capabilitics. The force-displacement curves of
collapse mode of 45 chamfered angle is shown in Figure 4(h). The initial peak
force drops significantly due to 45 chamfering angle. This angle created a
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maximum shearing stress at around the front end tip. Fragmentation behavior ol
the maierial occured around the tip especially at chamfered cnd. These
fragmented materials are strengthened by fibers embadded in the matrix. This
characteristic has caused large reduction or sudden drop oceurred for 45
chamfercd pultruded composite,
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Figure 4. Foree versus displacement response of pultruded composites
> mm thickness, (a) 35, (b) 45 and () 55 chamfering angles
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Figure 4; Torce versus displacement respanse of pulruded
composites 3 mm thickness, (a) 35, (5) 45 and
(¢) 33 chamfering angles (continued)

3.2.3 Comparison Force-INsplacement Responses

Previous investigation pertaining o the axial compression of thin-walled
composites structures in the form of circular or square tubes and frusta [11-13]
indicated that these composite shells deform in a manner different than similar
strugtural components made of conventional materials, Plasuce deformation is not
the governing mechanisms but the extensive micro cracking development which
may be easily controlled depending on the propertics of the fibers and resins, as
well as on the orentation ol the [ibers.

The force-displacement traces for the quasi-slatic compressions tests of square
inbes of puliruded composites are shown in Fipure 5. Obviously, tvpical force-
displacement curves are observed and there are some differences occurred
especially after mitial deformation. As deformation propresses, the shape of these
curves in Frgure 5 depended significantly on chamfering angles and wall
thickness, For 3 mm thick wall compositez subjected to axial loading it s
observed thar the fracture behavior of the composite appear o affcet the stability
of the wall as well as magnitude of peak loads and the energy absorption during
the crushing processes. Crack propagation instabilities are observed especially at
wall comers. These crack propagation along these sides contributed (o large peak
load reduction due 1o catastrophic buckling failure mechanisms of the side walls
as depicted in Tigure 3{a).

Figuare 5(h) shows glightly different mechanisms as observed m Figure 3{a)
When lpad is applied axially to the chamfered edge of the tube, local fatlure of
material occurred and small transverse cracks are formed i the region of
chamfered edge. The lengths of these transverse cracks arc dependent on crushing
torces. The tip of the chamfered edge is bend mward of the tube. Linear

[
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deformation al the front edge fip is deformed in stable manner. ARer the curves

reach the peek load, this load then experienced small load drop. Axial cracks are

observed at ithe tube corners,

The tube walls are bended progressively as

deformation load increases. In the post-crushing region, small load fluctuations are
observed as shawn in Figure 5(a). In this investigation, the highest peak load is

pertaining to 55 chamfered front end tubces and they are alzo induced the highest

energy absorption capabilities,
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Taking into account the effect of chamfering angle at maximum shear
compression failure mode occur at 45. Crashworthiness behavior of this
composite is greatly affected by this angle. It reduced the peak load and energy
absorption performances. Micro-fragmentations occurred at the front edge tip
without any side wall bending inward or outward of the tube. It other word, the
material integrity at the front edge is crushed catastrophically.

3.3 Crashworthiness Parameters

3.3.1 Effect of Peak and Mean Forces
The peak and mean forces for quasi-statically crushed square tubes are shown in
Figure 6. The dominant failure mechanisms for 3 mm and 5 mm composite wall
thicknesses are buckling and progressive collapse modes, respectively leading to a
high and low peak and mean forces. Composites tubes of 3 mm thick wall
exhibited much more consistent behavior of both peak and mean force values, but
insignificant energy absorption capability is recorded. 3 mm thick tube wall
chamfered with 45 angle at the front end showed slightly lower peak and mean
forces. Similar trend is also observed for 5 mm thick wall chamfered with 45’
angle. Figure 6 also reveals that chamfering angles played an important role to
vary the crashworthiness parameters. It is observed that increasing chamfering
angles tend to increase peak and mean crushing forces.

140 —

120 4 © 5 mm wall thickness
& 3 mm wall thickness

35 deg. 45 deg.

Chamfering angles
(a)
100
90 1 @ 5 mm wall thickness
80 - B 3 mm wall thickness

70 4
60 A
50 +
40

30
20
10

Mean forces (kN)

35 deg. 45 deg. 55 deg.
Chamfering angles

(b)

Figure 6: Chamfering angles effect on (a) peak force and
(b) mean force on pultruded composites
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3.0.2 Effect of Load Rotip

Figure 7 shows the effect of chamfering angle an load ratio, The load ratio clearly
cannot be the only measure used to determine the crush elTiciency and load ratio is
independent on chamfering angles, The load ratio is defined as in Equation (2},

o
Lead ratio = —22 i2)

ek

Equation (2) may be used for measuring crushing etticicney. Karbhari e of [9]
cited other sources that suggest the load ratio should be Tess than 1.25. Figure 7
also clearly shows that 3 mm thick wall composites have load ratios greater than
load ratios for 5 mm thick wall composites. This ratic is closely related to collapse
mechanisms that increasing or decreasing the energy absorplion capabilities,
Higher load ratio indicaled that the composite tubes have buckled catastrophically.
This sudden drop of inilial peak load comributed to lower the arca under force-
displacement curves and therelore reducing the eneroy ahsoipion performances.
Global buckling is observed for 3 mm thick wall composites which one side of the
tube walls has buckled in the middle of the tubes. 5 mm thick wall COmMposites,
stable axial cracking oecurred along tube corners and followed wilth localized
buckling where side wall of the composites moved inward and outward of the
tubes leading to progressive collapses and then increased the energy absorption
performances.

B 3mm wall thickness
54 B imm wail thickness
P
2.0
1.8
& -
r.4
[
Jlk -
3-{].3 |
g -
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2

ad ratio

35 deg. 15 deg. 55 deg,
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Figure 7: Elfect of chamfring angle and wall thickness on load ratio
of puliruded composites
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Figure 8: Effect of chamfering angles on energy absorption capabilities

3.3.3 Enerpy Absorption Capability

As-received composites that contained different front end chamfering anples are
quasi-statically compressed under constant cross-head displacement are presented
in Figure 8. Energy absorption performances arc calculated by taking the average
mean force multiplied by crushed deformation distance, Obviously, increasing
compasite wall thickness from 3 mm to 5 mm tends o increase¢ the encray
absorption capabilities almost double. For 3 mm thick wall composites,
chamfering angles not played a crucial role in increasing the energy absorption
performances while for 5 mm thick wall thickness composites increasing energy
absorption capabilities are observed. This is related to the increasing
crashworthiness parameters such peak and mean forces and composite geometries.
Lower energy absorption performances are clearly observed for fromt end
chamfered with 45 angle. Lower energy absorption capability is due to the fact
that at this angle, the stress created at the chamfered end is 8 maximum shear
compression. Therefore, the material around the chamtered tip is casily crushed
into fragmented pieces of material,

3.4 Failure Modes

3.4.1 3 mm Thick Wall Puliruded Composites

An energy absorption perfonmance of 3 mm thick wall pultruded compasite was
shown in Figure 8. Obviously, chamfering angles are ndependent an energy
absorption capabilities. Micro fragmentation process is dominant failure
mechanisms occurred especially in the front end region chamfered with 45 angle
and induced lower cnergy absorption compared with other front end composite
condition. Tlnstable axial cracks are observed along tube corners rather than
progressive collapse. Unstable cracks created an individual side wall and as



JSirnol Mekanikal December 2007

deformation progress, composite wall buckle catastrophically. Thus this reduces
encrgy absorplion perfrmances. Figure 9 shows clearly the progression of
buckling collapse of 3 mm thick wall pultruded composites, As deformation force
Increases, cracking process along tube cormers firstly occurs as shown in Figure
HE). The formation of these unstable crack propagations along tube commers
resulted in reducing the cnergy absorption performances through cataswophic
failure as shown in Figure 5{d).

(c) {d)

Figure 9: Collapse mechanisms of 3 mm thick wall pultruded composites

342 5 mm Thick Wall Pulirided C, Hnposites

Progressive collapses of the pultruded composites are cbserved fo dominate failure
mechanisms. This collapse failure starts at the top end of the structures and it is
called mode-T progressive collapse. 1t is observed that the failure of the COMposites
remains intact without material fragmentation and therchy this compaositc exhibits
post-crushing integrily strenaril. A the crushing progresses, the stresses at
chamfered end inereased and the concentrated stresses exceed the matrix sirength
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and matrix cracking occurs. The mode-I of failure similar to a “mushrooming”
failure [6] is characterized by progressive collapse through the formation of
continuous fronds which spread outwards and inwards, see Figure 10. This figure
shows the sequence of progressive collapse mode of pultruded composite
contained 55  of chamfering angle. As deformation precedes further, the externally
formed fronds curl downwards with the simultaneous development of four axial
split followed by splaying of the material strips. According to Figure 10.0 of
pultruded composite chamfered with 55 angle. This chamfering angle induced the
highest energy absorption performance. Progressive collapse mechanisms through
localized wall buckling created higher energy absorption capability.

Figures 10(b) and 10(c) reveal the localized wall buckling after axial cracking
along tuber corners in stable manner. Then, the subsequent collapse mechanism is
shown in Figures 10(d) and 10(e). Fronds of the tube walls are bended inward and
outward. Matrix dominated failure behaviors are seen throughout the progressive
collapse. Similar collapse mechanisms are recorded for other pultruded
composites chamfered with 35" and 45

4.0 CONCLUSION

Quasi-static experimental investigations on the crashworthiness behaviors of
pultruded composites have been carried out under compressive loading. The
conclusions of the works are summarized as follow:

o Both mean and peak forces are greatly affected by chamfering angles for 5
mm thick wall pultruded composites but 3 mm thick wall composites, these
angles not played an important role.

o Higher energy absorption capabilities are recorded for 5 mm thick wall
composites rather than 3 mm thick wall composites. The difference of
energy absorptions of these both tube thicknesses are almost double which
energy absorption for 5 mm thick wall is higher than 3 mm thick wall. But
the energy absorption capability for 3 mm thick wall is not depend on the
chamfering angles.

. Peak force for tubes chamfered with 45" angle is the lowest due to micro-
fragmentation occurred in the region of front end.

s For the most cases, crashworthiness parameters and behavior for tubes
chamfered with 55 is better than other tube conditions.

® For 5 mm thick wall pultruded composites, progressive collapse

mechanisms are observed through localized wall buckling after axial
cracking along tube corners, while for 3 mm thick wall composites, unstable
crack propagation occurred along tube corners and created global wall
buckling.

“ Different collapse mechanisms induced different crashworthiness behavior.

29
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Figure 10: Cullapse mechanisms of 3 mm thick wall puliruded
composites for 55 chamfered angle
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