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STATIC EXPERIMENTAL TESTING OF U-TYPE COMPOSITE SEGMENTS
ENERGY ABSORPTION

The paper presents the static experimental testing of U-type (channel section) composite segments energy absorption. The
segments have the overall dimensions b x 4 =100 x 80 mm, rounded corners and damage initiators at their edges. The seg-
ments have been made in nine variants with respect to stacking sequence and laminate thickness. The matrix constitutes
Polimal 104 N-1 P/p-503 polyester resin, i.e. elasticized and incombustible Polimal 104 resin produced by Organika-Sarzyna
Co., Poland. Three types of stitched E-glass fabrics produced by Owens Corning Co., USA were used as reinforcement, i.e.
D-610 (Weft 90° , uniaxial fabric [90], 607 g/m?), CD-600 (Biaxial, fabric [0/90], 610 g/m’), and CDDB-1200 (Quadriaxial, fab-
ric [0/45/90/-45], 1213 g/m’). Static experimental tests were performed on a SATEC 1200 testing machine, with pressure force
and punch displacement under registration (kinematic excitation at 2mm/min velocity). The failure processes were recorded
using a PHANTOM v12 video camera. The tests were performed on segments of 400 mm or 200 mm length due to laminate
thickness, using a problem-oriented test stand in which 5 composite panels were placed in parallel. The static testing of
U-type segments energy absorption focussed on the quasi-optimal stacking sequence and thickness selection. In order to per-
form such investigations, the following optimization criteria were adopted: 1) failure level with respect to the following mech-
anisms: progressive crash, delamination failure, buckling failure, catastrophic failure; 2) maximum relative energy absorp-
tion. The tests performed for subsequent segment types have been illustrated with compression force vs. punch displacement
curves. The figures showing segment failure mechanisms at selected positions of the punch are presented as well. The maxi-
mum values of compression force initiating the failure processes, absorbed energy and absorbed relative energy values are set
up, with an estimation of the parallel failure mechanisms level. The energy values are calculated for punch displacements be-
longing to the interval 0+50 mm. For further dynamic research, U/LE3 segments with a 8xD-610 stacking sequence and [90]s
ply angles have been chosen as the authors’ preferred solution. These segments are characterized by the highest relative ener-
gy absorption, dominant progressive crash and F-s failure curve adjusted to a typical blast pressure impulse.
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BADANIA EKSPERYMENTALNE STATYCZNE ENERGOCHLONNOSCI
SEGMENTOW KOMPOZYTOWYCH TYPU U

Przeprowadzono badania eksperymentalne statyczne energochlonnosci segmentéw kompozytowych typu U (przekréj
ceowy) o wymiarach gabarytowych przekroju poprzecznego mm, z wyokragleniami w narozach oraz inicjatorami niszczenia
na krawedziach. Segmenty wykonano w dziewig¢ciu wariantach ze wzgledu na sekwencje¢ uloZenia warstw i grubos$¢ laminatu.
Osnowa jest Zywica poliestrowa Polimal 104 N-1 P/p-503 (uelastyczniona i uniepalnieniona Zywica Polimal 104; producent
Organika-Sarzyna). Zastosowano trzy warianty wzmocnien w postaci tkanin szklanych zszywanych (szklo E) produkowanych
przez firm¢ Owens Corning (USA): D-610 (Weft 90°, tkanina jednokierunkowa [90], 607 g/m?), CD-600 (Biaxial, tkanina
dwukierunkowa [0/90], 610 g/m’), CDDB-1200 (Quadriaxial, tkanina czterokierunkowa [0/45/90/-45], 1213 g/m?).
Przeprowadzono badania statyczne energochlonno$ci na maszynie wytrzymalosciowej SATEC 1200, rejestrujac sil¢ nacisku
oraz przemieszczenie stempla obcigzajacego (wymuszenie kinematyczne). Predko$¢ przesuwu stempla maszyny wytrzy-
malo$ciowej wynosila 2 mm/min. Procesy niszczenia rejestrowano z uzyciem kamery FANTOM v12. Préby przeprowadzono
na segmentach o dlugosci 400 lub 200 mm w zaleznosci od grubosci laminatu. Badania przeprowadzono na stanowisku
opracowanym przez zespél autorski. W bloku stanowiskowym uklada si¢ réownolegle 5 paneli. Badania statyczne
energochlonnosci segmentéw kompozytowych typu U ukierunkowano na wybér quasi-optymalnej sekwencji warstw
i grubosci laminatu. Przyjeto nastgpujace Kkryteria optymalizacyjne: 1) poziom niszczenia wedlug nastepujacych
mechanizméw: niszczenie progresywne, niszczenie delaminacyjne, niszczenie przez wyboczenie, niszczenie katastroficzne, 2)
maksymalna energochlonnos$¢ wlasciwa. Przedstawiono przebiegi eksperymentalne sily Sciskajacej w funkcji przemieszczenia
stempla maszyny wytrzymalo$ciowej dla poszczegélnych typéw segmentéw oraz zdjecia z proby Sciskania wybranych
warto$¢ energii absorbowanej oraz energii absorbowanej wlasciwej. Energi¢ obliczono dla przemieszczen stempla
w przedziale 0+50 mm. OKkres$lono poziomy dzialania poszczegélnych mechanizméw niszczenia. Rozwiazaniem preferowanym
do dalszych badan dynamicznych sa segmenty typu U/LE3 o sekwencji warstw 8 x D-610 i katach uloZenia [90]s. Segmenty te
charakteryzuje najwyisza energochlonno$¢ wlasciwa, dominujace niszczenie progresywne oraz krzywa niszczenia
F-s dopasowana do impulsu ci$nienia wywolanego wybuchem.

Stowa kluczowe: segmenty kompozytowe typu U, energochlonnos$é statyczna, badania eksperymentalne, rozwigzanie quasi-
optymalne
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INTRODUCTION

Nowadays, the passive defence of military vehicles
and critical infrastructure objects against blast shock
wave is mainly in the form of energy-absorbing layered
shields, including lightweight aluminium foam and
polymer-matrix laminates layers. Military vehicles have
serious restrictions regarding energy-absorbing shield
thickness which must not exceed 70+100 mm. For criti-
cal infrastructure objects, energy-absorbing screens can
be thicker, which allows geometric-material shaping of
the polymer-matrix laminates used in these screens.

In Poland, the research and development of energy-
absorbing structures have been carried out since 2004 in
the Department of Mechanics and Applied Computer
Science of the Military University of Technology, War-
saw. Paper [1] presents the results of static tests on the
energy absorption of tubes and cones made of three
types of glass-epoxy laminates. Failure mechanisms, an
influence of tube wall thickness and cone half-angle
were investigated with the relative energy absorption
(REA) taken into consideration. The static energy ab-
sorption of glass—epoxy and carbon-epoxy composites
was compared in [2-4]. Reference [5] presents wide
investigations on the influence of various energy ab-
sorption capability factors of composite elements, in-
cluding the energy-absorbing element wall thickness,
stacking sequence, fibre fraction, ply angles and half-
cone angle. Moreover, various energy-absorbing ele-
ments were compared, such as cones, tubes, spheres,
flat plates, corrugated (wavy) plates, angle bars,
channel bars, square tubes, ellipses and tubes filled
with foamed materials. The subsequent development
of energy absorption investigations of composite cone
and tube shaped structures is presented in [6-8]. Refer-
ences [1-8] present the experimental investigations
only.

U-TYPE COMPOSITE SEGMENTS DESCRIPTION

The composite segments under investigation are en-
ergy-absorbing U-type (channel section) structures of
overall dimensions b x A =100 x 80 mm, with rounded
corners and damage initiators at the edges (Fig. 1). The
segments have been manufactured in nine variants with
respect to stacking sequence and laminate thickness
(Table 1). The matrix constitutes Polimal 104 N-1 P/p-
503 polyester resin, i.e. elasticized and incombustible
Polimal 104 resin produced by Organika-Sarzyna Co.,
Poland. Three types of stitched E-glass fabrics pro-
duced by Owens Corning Co., USA were used as rein-
forcement, namely:

1. D-610 (Weft 90°, uniaxial fabric [90], 607 g/m’,

basis weight of fibres set 12/595)

2. CD-600 (biaxial fabric [0/90], 610 g/m’ basis

weight of fibres set 283/317/10)

3. CDDB-1200 (quadriaxial fabric [0/45/90/-45],

1213 g/m’, basis weight of fibres set 300/300/300

/300/13).

The [0] orientation corresponds to the axial (longi-
tudinal) direction of the segment. Table 1 introduces the
following notation: g - average thickness of channel
flanges of laminate segments, f;, - fibre mass fraction.
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Fig. 1. U-type composite segment
Rys. 1. Segment kompozytowy typu U

TABLE 1. U-type composite segments variants
TABELA 1. Warianty segmentow kompozytowych typu U

Code Ssetglcll;r;ge Ply angles g [mm] fm [%]
LEIL 4xD-610 [90]4 2.40 56.4
LE2 6 x D-610 [90]6 3.51 61.2
LE3 8 x D-610 [90]s 4.54 64.3
LE4 4 x CD-600 [0/90]4 3,34 47.9
LES 6 x CD-600 [0/90]6 451 484
LE6 8 x CD-600 [0/90]s 6.55 48.3
LE7 2 x CDDB-1200 | [0/45/90/-45], 2.09 62.8
LES8 3 x CDDB-1200 | [0/45/90/-45]5 332 61.1
LE9 4 x CDDB-1200 | [0/45/90/-45]4 453 63.3

EXPERIMENTAL STATIC TESTING OF U-TYPE
COMPOSITE SEGMENTS ENERGY ABSORPTION

Static experimental tests were performed on an
SATEC 1200 testing machine with parallel pressure
force and punch displacement registration (kinematic
excitation at a traverse velocity of 2 mm/min). The
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failure processes were recorded using a PHANTOM
v12 video camera. The tests were performed on LEI,
LE2, LE4, LES, LE7, LES segments of 400 mm length
and on LE3, LE6, LE9 segments of 200 mm length. For
the latter segments, the values of pressure force and
absorbed energy were multiplied by 2 in order to com-
pare the results for all the variants.

As mentioned before, the tests were performed on
the specially developed test stand depicted in Figure 2,
where 5 composite panels can be placed in parallel.
Resistance angle bars were connected to the bottom
plate with M8 bolts.

Fig. 2. Test stand for U-type segments energy absorption static
experiments: 1 - bottom plate St3, 600 x 450 x 10 mm;
2 - aluminium plate 600 x 450 x 1 mm; 3 - angle bar L 100x50x5
mm, 1 = 450 mm (x2); 4 - U-type segments, 1 = 400 mm,(x5);
5 - aluminium plate 480 x 450 x 1 mm; 6 - pressure plate St3, 480
x 450 x 20 mm, 7 - SATEC machine punch, 470 x 190 x 95 mm

Rys. 2. Stanowisko do badan statycznych energochtonnosci segmentow
typu U: 1 - plyta dolna St3, 600 x 450 x 10 mm; 2 - blacha
aluminiowa 600 x 450 x 1 mm; 3 - katownik L 100x50x5 mm,
[ =450 mm, szt. 2; 4 - segmenty typu U, / = 400 mm, szt. 5;
5 - blacha aluminiowa 480 x 450 x 1 mm; 6 - ptyta dociskowa
St3, 480 x 450 x 20 mm, 7 - stempel trawersy maszyny SATEC,
470 x 190 x 95 mm

The static tests of energy absorption of U-type seg-
ments focussed on the quasi-optimal stacking sequence
and laminate thickness selection. In order to perform
such investigations, the following optimization criteria
are adopted:

- failure level with respect to the following mecha-
nisms: progressive crash, delamination failure,
buckling failure, catastrophic failure,

- maximum relative energy absorption.

Composites Theory and Practice  12: 3 (2012) All rights reserved

Figure 3 depicts the compression force versus punch
displacement curves for segments reinforced with
D-610 fabric. Figures 4, 5 illustrate the LE1 and LE3
segments failure mechanisms during compression tests
at selected punch displacement values s.
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Fig. 3. Compression force vs. punch displacement curves for U-type
segments reinforced with D-610 uniaxial fabric (LE1, LE2, LE3
variants)

Rys. 3. Przebiegi sity Sciskajacej w funkcji przemieszczenia stempla

(F-s) dla 5 segmentéw kompozytowych typu U wzmocnionych
tkaning jednokierunkowa D-610 (warianty LE1, LE2, LE3)

s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 4. Photographs illustrating failure mechanisms during
absorption test performed on U/LE1 segments

energy-

Rys. 4. Zdjgcia ilustrujagce mechanizmy niszczenia podczas proby
badania energochtonnosci segmentéw typu U/LE1
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s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 5. Photographs illustrating failure mechanisms during energy-
absorption test performed on U/LE3 segments

Rys. 5. Zdjgcia ilustrujace mechanizmy niszczenia podczas proby
badania energochtonnos$ci segmentéw typu U/LE3

Figure 6 depicts the compression force versus
punch displacement curves for segments reinforced
with CD-600 biaxial fabric. Figures 7, 8 illustrate
the LE4 and LE6 segments failure mechanisms during
compression tests at selected punch displacement
values s.
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Fig. 6. Compression force vs. punch displacement curves for U-type
segments reinforced with CD-600 biaxial fabric (LE4, LES, LE6
variants)

Rys. 6. Przebiegi sity $ciskajacej w funkcji przemieszczenia stempla
(F-s) dla 5 segmentow kompozytowych typu U wzmocnionych
tkaning dwukierunkowa CD-600 (warianty LE4, LES, LE6)

s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 7. Photographs illustrating failure mechanisms during
absorption test performed on U/LE4 segments

energy-

Rys. 7. Zdjgcia ilustrujace mechanizmy niszczenia podczas proby
badania energochtonnosci segmentoéw typu U/LE4

s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 8. Photographs illustrating failure mechanisms during
absorption test performed on U/LE6 segments

energy-

Rys. 8. Zdjgcia ilustrujagce mechanizmy niszczenia podczas proby
badania energochtonnosci segmentoéw typu U/LE6
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Finally, Figure 9 depicts the compression force ver-
sus punch displacement curves for segments reinforced
with CDDB-1200 quadriaxial fabric. Figures 10, 11
illustrate the LE7 and LE9 segments failure mecha-
nisms during compression tests at selected punch dis-
placement values s.
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Fig. 9. Compression force vs. punch displacement curves for U-type
segments reinforced with CDDB-1200 quadriaxial fabric (LE7,
LES, LE9 variants)

Rys. 9. Przebiegi sity $ciskajacej w funkcji przemieszczenia stempla
(F-s) dla 5 segmentow kompozytowych typu U wzmocnionych
tkaning czterokierunkowa CDDB-1200 (warianty LE7, LES,

LE9)
s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 10. Photographs illustrating failure mechanisms during
absorption test performed on U/LE7 segments

energy-

Rys. 10. Zdjgcia ilustrujace mechanizmy niszczenia podczas proby
badania energochtonnosci segmentoéw typu U/LE7
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s=0

s =10 mm
s =30 mm
s =50 mm

Fig. 11. Photographs illustrating failure mechanisms during
absorption test performed on U/LE9 segments

energy-

Rys. 11. Zdjgcia ilustrujace mechanizmy niszczenia podczas proby
badania energochtonno$ci segmentéw typu U/LE9

Table 2 collects the maximum values of compres-
sion force Fy,y initiating the failure processes, absorbed
energy £, and absorbed relative energy e, for the sets of
five composite segments of 400 mm length. The energy
values correspond to the punch displacement interval
0+50 mm. The action levels of the failure mechanisms
in reference to the considered glass-polyester segments
are collected in Table 3 using the following notations:

- PC - progressive crash (at compression and bending)
- DF - delamination failure

- SF - stability failure

- CF - catastrophic failure

TABLE 2. Basic numerical results for U-type composite panels
static energy absorption experimental tests
TABELA 2. Glowne wyniki numeryczne préb statycznych
energochlonnosci paneli kompozytowych typu U

Laminate code Finax Ea(s = 50 mm) €,(s = 50 mm)
[kN] [kJ] [kJ/kg]
LE1 413 4.6 2.1
LE2 671 7.4 24
LE3 1607 39.3 9.6
LE4 392 11.6 45
LES 890 26.7 7.0
LE6 1473 42.0 8.1
LE7 262 4.7 24
LE8 533 10.9 3.6
LE9 983 26.7 6.9
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TABLE 3. Failure mechanisms action levels for U-type compos-
ite panels
TABELA 3. Poziomy dzialania mechanizméw niszczenia paneli
kompozytowych typu U

Code Failure
mechanisms
PC DF SF CF

LE1 low medium high medium
LE2 low low high medium
LE3 high low low low
LE4 low low high high
LES high low low low
LE6 medium high low high
LE7 lack lack high low
LES8 lack medium high low
LE9 high lack low medium

Analysis of experimental energy-absorption tests

The energy-absorption test stand developed in the
study functioned correctly. The SATEC machine punch
has a translational vertical degree-of-freedom only.
The 20 mm thick upper pressure plate is practically
arigid body compared to the composite panels. The
geometric-material properties and configuration of the
punch, the upper pressure plate, the panels, and the
boundary angle bars ensure quasi-uniform and quasi-
symmetric degradation of a set of five panels. This
statement is confirmed by the experimental results
shown in Figures 4, 5, 7, 8, 10, 11. The upper and lower
sheet aluminium protected friction resistance minimiza-
tion during the crash tests.

The U-type composite panels developed in the study
constitute a systematic system in reference to stacking
sequence and laminate thickness. Three types of
stitched E-glass fabrics produced by Owens Corning
Co. have been used and the research experience from
previous studies [1-8], particularly in reference to rela-
tive laminate thickness has been adopted as well. The
LE1, LE2, LE3 panels are reinforced with uniaxial
fabric (weft fibres). The LE4, LES, LE6 are cross-ply
laminates. The LE7, LE8, LE9 panels are reinforced
with quadriaxial fabric, thus they have increased resis-
tance to shear.

Panels LE1 occurred to be too slender, thus they
were destroyed according to the SF failure mechanism.
The thickest panels in this subgroup, LE3, were de-
stroyed according to the preferable PC mechanism and
are characterized by the highest relative energy absorp-
tion. Moreover, the F-s characteristic for the LE3 panel
reflects the typical blast shock wave pressure diagram.

The cross-ply LE4 panels have dominant SF and CF
failure mechanisms resulting in a low level of energy
absorption. The LE5 panel behaviour is similar to that
of the LE3 but the relative energy-absorption of the
LES is lower. Increasing thickness in the form of LE6
panels negatively influences destruction; DF and CF
failure mechanisms are dominant.

The LE7 and LE8 composite panels reinforced with
quadriaxial fabric are also too slender. Higher energy-
absorption with a dominant PC mechanism appeared
in the LE9 panel but the relative energy-absorption is
lower by 28% compared to LE3 panels.

Taking into account the results of the energy absorp-
tion analysis, it is concluded that segments U/LE3 con-
stitute the quasi-optimal solution of energy-absorbing
glass-polyester U-type panels. The relative energy-
absorption for these panels equals 9.6 kJ/kg for a crash
length of 50 mm.

CONCLUSIONS

The study presents the results of energy absorption
static experimental tests of U-type (channel section)
composite segments for 9 variants of stacking sequence
and laminate thickness. For the thicker segments LE3,
LE6, LE9 - the SATEC compression force range of
1200 kN was exceeded. These segments had to be twice
shorter than the other segments and the results were
multiplied by 2 in order to compare all the variants.

Due to the contact technology used in the manufac-
turing of the segments, the channel beam webs were
slightly thicker and some geometrical imperfections
occurred on the channel flanges. Therefore, Table 2
contains the average thickness of the channel flanges.

For further dynamic investigation, LE3-type seg-
ments are recommended. These energy-absorbing seg-
ments have an 8xD-610 stacking sequence and [90]g ply
angles. The segments are characterized by the highest
relative energy absorption, dominant progressive crash
and failure curve F-s adjusted to a typical blast pressure
impulse.
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