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Effect of Stitching Pattern on Composite Tubular
Structures Subjected to Quasi-Static Crushing
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Abstract—Extensive experimental investigation on the effect of
stitching pattern on tubular composite structures was conducted. The
effect of stitching reinforcement through thickness on using glass
flux yarn on energy absorption of fiber-reinforced polymer (FRP)
was investigated under high speed loading conditions at axial
loading. Keeping the mass of the structure at 125 grams and applying
different pattern of stitching at various locations in theory enables
better energy absorption, and also enables the control over the
behaviour of force-crush distance curve. The study consists of simple
non-stitch absorber comparison with single and multi-location
stitching behaviour and its effect on energy absorption capabilities.
The locations of reinforcements are 10 mm, 20 mm, 30 mm, 10-20
mm, 10-30 mm, 20-30 mm, 10-20-30 mm and 10-15-20-25-30-35
mm from the top of the specimen. The effect of through the thickness
reinforcements has shown increase in energy absorption capabilities
and crushing load. The significance of this is that as the stitching
locations are closer, the crushing load increases and consequently
energy absorption capabilities are also increased. The implementation
of this idea would improve the mean force by applying stitching and
controlling the behaviour of force-crush distance curve.
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1. INTRODUCTION

HE ability of a structure providing protection for

occupants by absorbing the implied energy in a case of an
impact is known as crashworthiness of a structure. Energy
absorption of initial impact enables reduction of overall main
body structure damage and provides greater passenger safety.
Weight reduction and high energy absorption is the key factor
in aerospace and automotive applications. Energy absorption
of structural absorbers is obtained through a stable load pattern
caused by controlled failure mechanisms and various modes.
In composite absorbers, due to anisotropic behaviour, the
overall energy absorption capabilities depends on several
factors including, lay ups, structure geometry, curing and
strain rate sensitivity. Composites due to high stiffness-to-
weight and strength-to-weight ratios enable high performance
comparable with traditional materials such as aluminum.
Other characteristics including corrosion resistance, fatigue,
non-conductivity, and low coefficient of thermal expansion
have also influenced composites popularity. FRP composites
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are used in thin-wall structures due to high-energy absorption
capabilities in axial loading through membrane [1]-[7].

In prior to FRP composites, researchers focused on metal
tubes axial crushing behaviour with failure of plastic
deformation due to progressive fold formation [8]. To improve
crashworthiness, increase in mass volume influences energy
absorption, although some researchers increased the wall
thickness [9], [10]. Furthermore, Cheng et al. had introduced
foam filled aluminum braided stainless steel tube for better
energy absorption [11]. Other researchers studied metals in
inner core of sacrificial cladding structure [12]-[14].
However, due to material, manufacturing and maintenance
expenses, and also heavier structure, this is not sufficient in
aerospace and automotive industries [15], [16]. Alternatively,
composite materials because of high specific energy
absorption (SEA), low weight and low cost in maintenance,
have relative advantages [17], [18].

In passenger carrying application such as aerospace and
automotive, weight is an important factor. Metal
improvisations are no longer relevant due to fuel consumption,
and CO, emission. FRP consequently has been studied
extensively due to characteristics of being lighter and stronger
compared to metals [19], [20]. After vast investigations
researchers concluded that a well-engineered FRP composite
could absorb more energy than metals [21]-[23]. Composite
materials, glass FRP, and carbon FRP encounter for instance
fractures in axial crushing to absorb energy unlike metals as
exhibited in metal tubing undergo plastic deformation [24],
[25]. Savona and Hogg [26] stated failure modes of Mode I
and Mode II fracture, absorbed majority of implied energy,
during frond bending and fiber fracture with friction at
crushed fronds and within [27].

Many researchers studied the parameters of composite tubes
crushing that influence crashworthiness performance [17],
[28]. Progressive crushing process yields higher energy
absorption, dominated by mechanical properties of fiber
orientations, laminate stacking sequence, fiber and resin, fiber,
and resin volume fractions, and geometry of the tube [17],
[28]. However, altering the geometry of composite structures,
for the same parameters with different levels of the SEA is
observed [24]. Thronton and Edwards [29] and Thronton et al.
[30] investigated and concluded that better energy absorption
capabilities are observed in circular cross sectional composite
tubes compared to square and rectangular cross sectional
composite tubes.

In reinforcement of composite structures, stitching through
the thickness increases local energy absorption. Solaimurugan
and Velmurugan [31], [32] studied composite cylindrical
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shells with various stacking sequence, fiber orientation and
stitching on progressive crushing of glass/polyester under
axial compression. The authors concluded that stitching
improves energy absorption thorough Mode-I interlaminar
fracture toughness. In allocation of axial fiber, the behavior at
outer surface of the tube causes more petals, that leads to
stable crushing, whereas axial fibers allocated to inner surface
causes increase in energy absorption. Circumferential
delamination improves energy absorption capability by
increasing Mode-I fracture toughness.

Ghasemnejad and Hadavinia [33] and Ghafari-Namini and
Ghasemnejad [34] experimentally investigated the effects of
stitching through thickness on delamination failure of
composite box structures with a hybrid combination of
unidirectional CFRP and GFRP composite materials with
[Co0/Go]7 orientations. The crashworthiness of the stitched
thin-structure was compared with a non-stitch specimen. The
author concluded that the design performance exceeded the
expectation of previous methods used, and showed the highest
energy absorption. Delamination study of Mode-I with the
same lay-up was carried to investigate the influence of natural
stitched on delamination crack growth and energy absorption.
Standard test method of double cantilever beam (DCB) was
used for this study. The significance of increase in
interlaminar fracture toughness and energy absorption
capabilities in thin-structure composite was obtained from the
results by using stitching through the thickness.

In the previous researches in regards to energy absorption
of composite  thin-walled  structural —components, all
parameters were subjected to increase of energy absorption
capabilities. In this research, as well as increasing the energy
absorption capability in a controllable manor, the ability of
controlling the force-crush distance curve is also the aim to
achieve through multi-location stitching subjected to high
speed crushing load. Multi-location stitching can introduce a
pattern of local increase in energy absorption and overall SEA.
This paper experimentally aims to investigate the influence of
stitching pattern on energy absorption capabilities and also
controlling and optimising the force-crush distance curve.
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II. CRUSHING BEHAVIOUR CRITERIA

In the study of energy absorption capabilities of composite
tubes, many important factors are considered. These factors
can each influence the ability of energy absorption, these
include, material, crush initiator, specimen’s geometry,
manufacturing method, microstructure, rate of crushing. The
overall performance is dependent on SEA of crushing,
collapsing or structural parts. This value relates the structural
mass of the absorber to energy absorption capabilities. The
point of reference in this case is based on improvement in
SEA and local energy absorption for lightweight designs. In
addition, the study of the shape of force-crush distance curve,
in regards to safety factor and also energy management
capabilities, is considered. After the initial impact if the curve
increases, consequently shows more energy absorption, this
indicates a safety factor for passengers, if there is a drop after
the initial impact this indicates that the energy has transferred
onto the main body structure, which means the implemented
energy is transferred to the passengers. One measure to
characterise the behaviour of the curve is known as crush-
force efficiency (CFE). This value in crush characteristic
relates the average crush force (Fy) to the maximum force
(Finax)-

III. ANALYSIS OF CRUSHING MECHANISM

In composite tube structures, stable and unstable crushing
behaviours are the two failure mechanisms considered; these
are also and most commonly known as catastrophic and
progressive failures (see Fig. 1). Catastrophic failure is
distinguished by a relative small initial peak load followed by
sudden drop in energy absorption, therefore the average force
is low and the specimen is no longer capable of sustaining a
notable compression load. Conversely, progressive failure is
distinguished by an increase in load after the initial peak load,
and it is still capable of sustaining a significant compression
load. In progressive crushing failure mode, high-energy
absorption is obtained, which is thus the main goal of
crashworthy structures, it is also important to analyse the
associated failure mechanisms.
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Fig. 1 Failure mechanism of composite tubular structures, progressive and catastrophic

In regards to this research, all composite tubes were
fabricated within the same conditions from glass/epoxy
material (p = 2000 kg/m?) using hand lay-up techniques. The

laminate design was [-45/45/0/90/0/90]S to create a symmetric
twelve-ply quasi-isotropic laminate. The curing process of this
consists of experimental studies based on optimum
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performance of the tubes. The laminates that were laid-up onto
the mould with 74 mm outer diameter were sealed up using
non-stick polymer sheets to eliminate ‘resin escape’ this
enables minimal room for the prepreg epoxy to escape to. To
increase pressure acting on the uncured laminates during the
curing process, a mould sleeve with the same size at 80mm in
diameter was added. The mould was placed onto a precut
aluminum covered in ‘breather cloth’, which eliminates air
pockets formation by allowing air circulation, then positioned
inside a heat resistant polymer bag. A suction valve was
inserted into the bag connected to a vacuum pump. The bag
was open on either sides and was fully sealed with double-
sided epoxy tape. This adds more pressure onto the laminates
and extracts the air inside of the bag, forcing the plies to cure
in high pressure tightly together. Using a pressure gauge, the
pressure inside of the bag was monitored.

All absorbers were stitched through the thickness by glass
fiber yarns to control the behaviour of force-crush distance
curve and to reinforce the tubes subsequently increasing
energy absorption capabilities (see Fig. 2). Four specimens
were tested for each design to find the standard deviation of
experimental results. Based on the criteria of thin-structures,
the design parameters were chosen closely to the testing
machinery at 80 mm in length and width and 3 mm in
thickness with total weigh of 125 grams, with maximum
displacement (crush distance) of 50 mm. This research
focused on force displacement that illustrates the energy
absorption capabilities from for the designed absorbers. All
parameters were kept constant including geometry, layup,
strain rate, and loading direction affecting failure mechanisms
of FRP composite absorbers with one variable of stitching
locations, in order to study the effect of it on SEA capabilities
of composite absorbers.

o |

S0mm

le
|

Fig. 2 Various stitching design combinations of single and multi-location within composite tube structures

IV. ANALYSIS OF CRUSHING BEHAVIOUR

The effect of single and multi-stitched locations was
examined experimentally on crashworthiness of the designed
absorbers. The behaviour of GFRP composite tubes subjected
to high-speed quasi-static loading was different with the
stitched locations variables. The design parameters were
illustrated in Fig. 2 from a to h. All absorbers had progressive
crushing behaviour with elastic deformation and rapid and

sudden increase of load in force displacement diagrams. The
main central crack in midsection of the tubes indicates a
behaviour of mode I interlaminar crack propagation that were
extensively studied by authors of [33], [34]. The crushing
process initiates progressively until it reaches the stitching
area where a significant increase takes place in force-
displacement diagram that indicates subsequent increase of
SEA, with a prompt drop in load right after passing the
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stitching location. This significant increase in load was
observed in all single stitched composite tubes (see Fig. 3).
There is no significant increase in mean force (Fn) itself in
stitching location of 20 mm compared to 30 mm with 105 kN
mean force. The crushing mode for single stitched absorbers
were mainly lamina bending with long interlaminar,
intralaminar, and parallel to fiber cracks, which causes fronds
to form a continuous inward and outwards shape.

In multi-stitching effect, the scenario was different and
showed depending on the design two or more sudden increase
in load. This improved mean crushing force and energy
absorption of the designed absorbers. Fig. 4 illustrates the
results from multi-stitched locations compared to simple non-
stitched absorber and it indicates multi-stitching has increased
crushing force. The behaviour in design of 10-20-30 mm and
10-15-20-25-30-35 mm (see Figs. 4 and 5) has shown multi-
increase points in load during crushing process that resulted in
higher energy absorption compared to non-stitched or single
stitch locations in overall and in mean force (Fp,).
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Fig. 3 Force displacement graph comparison between non-stiched
absorber and 10 mm, 20 mm, and 30 mm single stitched absorber
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Fig. 4 Force displacement graph comparison between non-stiched
absorber and 10-20 mm, 20-30 mm, and 10-20-30 mm multi-stitched
absorber
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Fig. 5 Force displacement graph comparison between non-stitched
absorber and 10-15-20-25-30-35 mm multi-stitched absorbers

V.CONCLUSION

In this study, high-speed rate of 2 mm/sec was considered
for testing GFRP composite tubes for energy absorption
capabilities subjected to axial quasi-static loading. Stitching
through thickness was chosen as reinforcement and multi-
stitching was also introduced to control the behaviour of force-
crush distance curve. The pattern of the stitching as illustrated
in Fig. 2 are 10 mm, 20 mm, 30 mm from the top of the
absorber as single stitching then 10-20 mm, 10-30 mm, 20-30
mm, 10-20-30 mm and 10-15-20-25-30-35 mm were

1264



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:10, No:10, 2016

introduced as multi-stitching locations to improve mean crush
force.

The experimental results have shown that by introducing
stitching through thickness using natural flux yarn at various
locations can increase mean crush load. At single stitching
location, a significant increase is observed followed by a
sudden drop in load, whereas in multi-stitching this rapid
increase becomes more progressive and steady. This enables
the control of the force-crush distance curve to behave at a
certain standard in regards to crashworthiness and also the
purpose of the application intended to be used for. This
increases the SEA values of 10-20-30 mm, and 10-15-20-25-
30-35 absorbers give the maximum energy absorption
capabilities with increase of average crush load tolerance that
indicates a stable crashworthy behavior, respectively. The
study established a positive effect of yarn stitching through
thickness at multi-location on both local and average crushing
load.

The idea of multi-stitching at various locations can be
implemented into other applications followed by reduction of
spaces between the stitching points to increase energy
absorption and create an increase in overall mean crushing
force. This is the optimum behaviour of composite absorbers.
This is beneficial in weight saving techniques using
unidirectional FRP composites with minimal added weight
into the absorbers itself. By stitching through thickness, the
weights of the absorbers were the same at 125 grams.

REFERENCES

[1] Mamalis A.G., Manolakos D.E., Demosthenous G.A. and Ioannidis
M.B. (1996), "The static and dynamic collapse of fibreglass composite
automotive frame rails", Composite Structures 34, 77X2. Author, Title
of the Book, Publishing House, 200X.

[2] Jia X, Chen G, Yu Y, Li G, Zhu J, Luo X, et al. “Effect of geometric
factor, winding angle and pre-crack angle on quasi-static crushing
behavior of filament wound CFRP cylinder”. Composites Part B 2013;
45:1336-43.

[3] Yan L, Chouw N. “Crashworthiness characteristics of flax fibre
reinforced epoxy tubes for energy absorption application”. Mater Des
2013; 51:629-40.

[4] Mahdi E, Sahari BB, Hamouda AMS, Khalid YA. “An experimental
investigation into crushing behaviour of filament-wound laminated
cone—cone intersection composite shell”. Compos Struct 2001; 51:211—
9.

[5] Mahdi E, Hamouda AMS, Sahari BB, Khalid YA. “Experimental quasi-
static axial crushing of cone tube cone composite system”. Composites
Part B 2003;34: 285-302.

[6] Mahdi E, Hamouda AMS, Sahari BB, Khalid YA. “Effect of
hybridisation on crushing behaviour of carbon/glass fibre/epoxy circular
cylindrical shells”. J Mater Process Technol 2005; 132:49-57.

[7] Abosbaia AS, Mahdi E, Hamouda AMS, Sahari BB, Mokhtar AS.
“Energy absorption capability of laterally loaded segmented composite
tubes”. Compos Struct 2005; 70:356-73.

[8] DiPaolo BP, Tom JG. “A study on an axial crush configuration response
of thin wall, steel box components: the quasi-static experiments.” Int J
Solids Struct 2006; 43:7752-75.

[9] Santosa S, Wierzbicki T. “Crash behaviour of box columns filled with
aluminium honeycomb or foam”. Compos Struct 1998;68(4):343-67.

[10] Santosa S, Wierzbicki T. “Effect of an ultralight metal filler on the
bending collapse behaviour of thin walled prismatic columns”. Int J
Mech Sci 1999;41(8):967-93.

[11] Cheng Q, Altenhof W, Jin SY, Powell C, Harte AM. “Energy absorption
of aluminium foam filled braided stainless steel tubes under quasi-static
tensile loading conditions”. Int J Mech Sci 2006; 48:1223-33.

[12] Kotzialis C, Derdas C, Kostopoulos V. “Blast behaviour of plates with

[13]

[14]
[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(1]

[32]

[33]

[34]

sacrificial cladding”. In: 5th GRACM international congress on
computational mechanics, June 29-July 1, Limassol, Cyprus; 2005.
Guruprasad S, Mukherjee A. “Layered sacrificial claddings under blast
loading Part II — experimental studies”. Int J Impact Eng
2000;24(9):975-84.

Hanssen AG, Enstock L, Langseth M. “Close-range blast loading of
aluminium foam panels”. Int J Impact Eng 2002;27(6):593-618.
Beardmore P, Johnson CF. “The potential for composites in structural
automotive applications”. Compos Sci Technol 1986;26(4):251-81.
James A. “Performance comparison of plastic composites with metals
for vertical body panel applications”. SAE Technical paper; 1999 (1999-
01-08480).

Kostopoulos V, Markopoulos YP, Vlachos DE, Galiotis C, Melanitis
NE. “A heavy duty composite bridge made of glass polyester pultruded
box beams”. In: Proceedings of RTO applied vehicle technology panel
(AVT) specialists’ meeting on ‘‘Low cost composite structures”. Loen,
Norway; May 7-11, 2001.

Ramakrishna S. “Microstructural design of composite materials for
crashworthy structural applications”. Mater Des 1997;18(3):167-73.
Mamalis AG, Manolakos DE, loannidis MB, Papapostolou DP. “The
static and dynamic and axial collapse of CFRP square tubes: finite
element modeling”. Compos Struct 2006; 74:213-25.

Mamalis AG, Manolakos DE, Ioannidis MB, Papapostolou DP. “On the
experimental investigation of crack energy absorption in laminate
splaying collapse mode of FRP tubular components”. Compos Struct
2005; 70:413-29.

Palanivelu S, Van Paepegem W, Degrieck J, Kakogiannis D, Van
Ackeren J, Van Hemelrijck D, et al. “Comparative study of the quasi-
static energy absorption of small-scale composite tubes with different
geometrical shapes for use in sacrificial cladding structures”. Polym Test
2010; 29:381-96.

Song H-W, Wan Z-M, Xie Z-M, Du X-W. “Axial impact behavior and
energy absorption efficiency of composite wrapped metal tubes”. Int J
Impact Eng 2000;24(4):385-401.

Ramakrishna S, Hamada H. “Energy absorption characteristics of crash
worthy structural composite materials”. Key Engineering Materials
1998;141-143:585-620.

Hull D. “A unified approach to progressive crushing of fibre-reinforced
composite tubes”. Compos Sci Technol 1991;40(4):377-421.

Abosbaia AAS, Mahdi E, Hamouda AMS, Sahari BB. “Quasi-static
axial crushing of segmented and non-segmented composite tubes”.
Compos Struct 2003; 60:327-43.

Savona CS, Hogg PJ. “Effect of fracture toughness properties on the
crushing of flat composite plates”. Compos Sci Technol 2006; 66:2317—
28.

Mamalis AG, Manolakos DE, Ioannidis MB, Papapostolou DP.
“Crashworthy characteristics of axially statically compressed thin-walled
square CFRP composite tubes: experimental”. Compos Struct 2004;
63:347-60.

Solaimurugan S, Velmurugan R. “Progressive crushing of stitched glass/
polyester composite cylindrical shells”. Compos Sci Technol
2007;67(3— 4):422-37.

Thronton PH, Edwards PJ. “Energy absorption in composite tubes”. J
Compos Matter 1982; 16:521-45.

Thronton PH, Harwood JJ, Beardmore P. “Fiber reinforced plastic
composites for energy absorption purposes”. Compos Sci Technol 1985;
24:275-98.

Solaimurugan S and Velmurugan R. Influence of fibre orientation and
stacking sequence on petalling of glass/polyester composite cylindrical
shell under axial compression. Int Jnl of Sol and Struc 2007; 44:6999-
7020.

Solaimurugan S and Velmurugan R. “Progressive crushing of stitched
glass/polyester composite cylindrical shells”. Compos Sci Technol 2007;
67:422-437.

Ghasemnejad H and Hadavinia H. “Off-axis crashworthiness
characteristic of woven glass/epoxy composite box structures”. J. Reinf
Plast Comp. 2010;29(15), 2306-2330.

Ghafari-Namini, N. and Ghasemnejad, H. “Effect of natural stitched
composites on the crashworthiness of box structures”. Materials &
design, 2012;39:484-494.

1265



