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Abstract
The present work is concerned with the improvement of crashworthiness characteristics of glass fiber-reinforced composite 
pipes (GFRP) by developing a trigger mechanism through circular cut-outs. To induce progressive crushing of the GFRP 
samples, circular cut-outs with varied geometrical designs in terms of number, position, and diameter were used. The wet 
filament winding process was used to fabricate the GFRP samples with±(55°)6 fiber orientation, which were then subjected 
to quasi-static axial compression test. The influence of cut-outs on the stability and fracture characteristics in a crash event 
was studied by analyzing the crashworthiness parameters such as load–displacement response, failure modes, crushing load 
efficiency, and energy absorption. Overall, the best performance for GFRP subjected to axial crushing was achieved from 
the samples having three cut-outs with the size of 10 mm diameters which are placed near to the impacted end.

Keywords  Crashworthiness · Composite pipe · Circular cut-out · Trigger mechanism

1  Introduction

Safety in vehicles has become an increasingly important cru-
cial phenomenon to prevent the occurrence of traffic acci-
dents and minimize their consequences in terms of injuries 
and deaths. Nevertheless, even if adequate precautions are 
taken, accidents resulted with death or injury are occurred 
due to human errors or unexpected situations. In 2018, 
World Health Organization (WHO) has reported that around 
3700 people per day (approximately 1.35 million each year) 
lose their lives in road accidents which are recorded as the 
first death reason for children and young adults [1]. Since 
the early 1960s [2], there have been several international 
regulations for the vehicle safety, consisting of important 
criteria such as lighting, crashworthiness, environmental 

protection, theft prevention and are strictly controlled by 
specialized companies before being made available to cus-
tomers. Among those, crashworthiness regulations, also 
known as frontal, rear and side impact, are one of the most 
critical standards that recommend materials with a high 
crushing feature in terms of energy absorption, crushing 
load efficiency and failure modes in the case of unforeseen 
traffic accidents.

A crumple zone, which is called a crash box, in a vehi-
cle is a necessity for intending the energy absorption and 
protecting the longitudinal members of the vehicles [2]. In 
a vehicle collision, the crash box collapsing before being 
deformed of system components behind it, absorbing energy 
and minimum damage to the whole vehicle and ensuring the 
passenger safety, should be designed as carefully as pos-
sible. The crashworthiness of the material used in the crash 
box has great importance depended on not only for intrin-
sic properties of materials but also geometry and design 
perspectives. Thus, the requirements in the vehicle design 
against unavoidable crash events to minimize the casual-
ties must be satisfied by using optimum material in terms 
of geometry, weight, and mechanical response. Nowadays, 
geometrical modifications or triggering mechanisms ruling 
the material damage process with reducing the peak load at 
acceptable energy absorption levels are investigated for a 
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stable progressive crush process with increasing crushing 
load efficiency instead of the catastrophic failures [3]. The 
implementations of geometric modifications, as a means of 
controlling the crushing process in order to limit the forces 
acting on the passengers by reducing accelerations and to 
provide a survivable volume, are getting the attention of 
researchers. The geometrical modifications in various forms 
such as hole [4, 5], chamfer [6–8], steeple [9, 10], plug [11, 
12], ply-drop-off [13, 14], tulip [16] to obtain a trigger mech-
anism are popularly seen in the literature. Among those, 
with their easy machining, holes or cut-outs are the most 
widely used forms in engineering applications. Kafer et al. 
[17] performed experimental and numerical studies on the 
effects of cut-out position and cut-out lengths on the crash-
worthiness of aluminum tubes. The circumferential notches 
were introduced on the top side of the tube samples, and it 
was shown that an increase in the lengths of notch position 
exhibiting high crushing efficiency resulted in the change 
of deformation modes from mixed to 3-lobe diamond fold-
ing. Chiu and Jenq [18] conducted a numerical study on the 
crashworthy of metallic thin-wall tubes with hole triggering 
mechanisms. The aluminum square samples with different 
cut-outs (circular, elliptical, and slotted) at the middle por-
tion were analyzed by LS-DYNA finite element solver. A 
decrease of 11.7% in the initial peak load was reported for 
4.3 mm circular cut-out samples. Rai et al. [19] carried out a 
comparative study on various trigger mechanisms (cut-outs, 
end filets, circumferential notches) to provide better crush 
force efficiency of aluminum tubes. It was shown that the 
samples with cut-outs exhibiting a 104% increase in crush 
force efficiency provided the best crushing performance. 
Very stable crush processes ensuring progressive collapses 
were obtained from the samples having trigger mechanisms.

Recently, manufacturers are encouraged to use compos-
ites rather than classical metal-based materials in the design 
of vehicles [20] to meet the crashworthiness requirements 
and to reduce fuel consumption [21]. The polymer-based 
composites providing superior mechanical properties such 
as higher specific strength/stiffness, longer fatigue life, better 
corrosion resistance [22–32] have been a promising alterna-
tive materials for metals in view of weight-saving and crash 
loadings [19]. They also facilitate high level of energy dis-
sipation which are suitable for crash structures [33] due to 
their complex failure modes such as lamina bending, trans-
verse shearing, brittle fracture, and buckling [34–36]. Many 
studies devoted to the crashworthiness of polymer matrix 
composites can be seen in the literature [37–42]. Liu et al. 
[43] performed a study related to the crushing characteristics 
of double hat-shaped carbon fiber-reinforced composites. 
The samples with three different numbers of layers as 3, 6, 
and 9 were subjected to loadings of the quasi-static axial 
compression and transverse bending. It was reported that 
thickness has significant influences on failure mechanisms 

and the energy absorption capability of samples. Hu et al. 
[44] examined the effect of fiber orientation on the crash-
worthiness of glass cloth/epoxy fiber-reinforced composite 
tubes subjected to quasi-static and impact loadings. They 
stated that the energy absorption capability of the samples 
exposing to impact was found to be slightly lower than the 
sample results obtained from quasi-static axial compression.

Even though composite materials are a good choice for 
crushing applications, sometimes they suffer from cata-
strophic failures that lead to an increase in acceleration expe-
rienced by occupants in a vehicle. Thus, further researches 
must be devoted to trigger mechanisms or geometrical 
modification for development of better designs with poly-
mer composites. Although there are some scientific studies 
about trigger mechanisms on the crushing behaviors of com-
posites, it has still a big gap in the literature and should be 
supported with novel researches. Sivagurunathan et al. [45] 
investigated the effects of trigger mechanisms on the crush-
ing behaviors of jute fiber-reinforced composites. All trig-
gered tube samples exhibiting the stable progressive failure 
modes showed better crushing properties compared to non-
triggered samples. Overall, the tulip type of trigger mecha-
nism had the highest energy absorption capability. Jimenez 
et al. [46] conducted an experimental study to explore the 
effect of trigger geometry on the pultruded glass/polyester 
fiber-reinforced profiles. Two different samples having an 
I-section and a box section were prepared with six different 
trigger mechanisms. Bevel triggers depending on the bevel 
angle showed the best energy absorption. Song et al. [47] 
performed a study to improve the crashworthiness of square 
carbon fiber-reinforced composites with the implementation 
of cut-out and chamfers. It was reported that the optimum 
results were achieved from the samples having a cut-out and 
45° chamfer exhibiting the progressive crushing mode.

It is seen that the studies on the literature mainly aim at 
evaluating the effects of trigger mechanisms on the crash-
worthiness of the composite pipes. Even though a great 
number of studies related to the trigger mechanisms on the 
energy absorption characteristics of the metal-based pipe-
like structures are found, limited studies have been devoted 
to the influence of trigger mechanisms on the energy absorp-
tion characteristics of the composite pipes. Furthermore, it 
is not encountered with a study related to the influence of 
circular cut-outs on the crashworthiness performance of 
filament wound composite pipes. To this end, the influ-
ence of circular cut-outs on the crashworthiness perfor-
mance of GFRP has been comprehensively examined for 
the first time in the literature with this study. By consider-
ing its widespread use in engineering applications due to its 
easier machining process compared to other geometries, it 
is focused on only circular shape for cut-outs in this study. 
The GFRP samples with ± (55°)6 fiber orientation were fab-
ricated by the wet filament winding technique and subjected 
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to quasi-static axial compression loading. The GFRP pipe 
samples were firstly grouped into three categories. In the 
first group, various numbers of circular cut-outs (0, 2, 3, 
and 4) at the middle portion of pipe samples were drilled to 
assess the effect of number of circular cut-outs. In the second 
group, from mid to top portion of samples, circular cut-outs 
were introduced to four different locations, respectively, to 
analyze the influence of cut-out locations. In the third group, 
circular cut-outs which were different in diameters (6, 8, 10, 
12 and 14 mm) for each sample were drilled to evaluate the 
effect of diameter values on crushing behavior. The crush 
characteristics of these three groups were comparatively 
examined to detail understand the effects of circular cut-
outs on fracture characteristics of GFRP samples.

2 � Materials and method

2.1 � Materials

Glass roving fiber supplied from Plasto A.Ş., Turkey, was 
used as the reinforcement material to evaluate the crash-
worthiness of filament wound composite pipes. Due to their 
high compatibility with glass fiber, a mixture of an epoxy 
(EPIKOTE MGS L160) and a hardener (EPIKURE Curing 
Agent MGS H260S) obtained from Dost Kimya A., Turkey, 
were selected for the production of the matrix phase. The 
epoxy, exhibiting a density ranging from 1.13 to 1.17 g/cm3, 
and viscosity from 700 to 900 mPas at 25 °C and hardener 
having a density and viscosity from 0.96 to 1.00 g/cm3, 10 
to 50 mPas at 25 °C, were mixed with the stoichiometric 
weight ratio of 100:36, respectively. The mixing process 
was conducted by using a mechanical stirrer at 8000 rpm 
until no clouding is visible that approximately takes 30 min. 
Table 1 shows the mechanical and physical properties of 
raw materials.

2.2 � Preparation of samples

Tubular samples with circular cross sections were used to 
facilitate crushing tests because they absorb more energy 
and prevent stress concentrations as a result of a more pro-
gressive crushing process than square or rectangular sam-
ples [33, 46, 48]. Wet filament winding was used to create 
GFRP pipes with a length of 450 mm, which is one of the 

most efficient ways for producing hollow cross-sectional 
components [49]. A bundle of glass direct roving fiber 
comprising of only one strand with 3.8 mm bandwidth was 
impregnated with unsaturated epoxy resin and wrapped 
around the mandrel. To assure the same material, the same 
fabrication method was used on a total of 12 pipes for each 
design parameter. Then, GFRP pipes were cut using dia-
mond sawing to provide a flat cross section. Finally, a CNC 
milling machine was used to drill circular cut-outs in each 
pipe sample. The production flow of GFRP pipe samples is 
shown in Fig. 1.

As shown in Fig. 2, three design parameters were used to 
examine the best design configuration of circular cut-outs. 
First, the influence of surface discontinuities on the dam-
age and crushing properties of GFRP pipes was investigated 
using a variety of cut-outs. In order to evaluate the effect of 
the number of cut-outs, 10-mm diameter holes were drilled 
in the center of the GFRP samples, and each configura-
tion was compared with the samples without cut-out. After 
deciding on the number of cut-outs to drill, the application 
of holes at different places was considered, with the goal of 
contributing to the crushing process by lowering the first 
peak load, i.e., increasing crush load efficiency. As a result, 
the cut-out location at four different regions as C, M2, M1, 
and T was examined to investigate the crushing load sta-
bility on load–displacement diagrams in view of reducing 
accelerations experienced by passengers. Finally, the size 
of cut-outs (4, 6, 8, 10, 12, and 14 mm) was investigated 
in order to determine the best configuration in examined 
crashworthiness parameters.

The GFRP samples, which had the identical dimen-
sions, i.e., their length, inner diameter, and thickness were 
72 ± 0.5 mm, 46.3 ± 0.2 mm, and 4.75 ± 0.1 mm, respec-
tively, were prepared using very precisely sawing machines. 
Fiber mass fractions of GFRP samples were determined by 
ignition loss experiments according to the ASTM D2584 
standard [50]. The samples were kept at 650 °C temperature 
for 1.5 h in a high-capacity furnace until disappearance of 
the cured epoxy matrix in order to determine fiber mass frac-
tions. After that, the weight of the remaining part, which was 
the fiber reinforcements, was measured and divided by initial 
weight of the samples. Finally, fiber mass fractions were 
found as 55% within the tolerance of ± 0.34. At least four 
numbers of GFRP samples were employed for each design 
parameter to ensure experimental reliability in the results.

Table 1   The mechanical and 
physical properties of raw 
materials

Fiber material Linear den-
sity (tex)

Tensile 
strength 
(MPa)

Tensile 
modulus 
(GPa)

Elongation at 
break (%)

Filament 
diameter (μm)

Specific 
density (g/
cm3)

Glass fiber 2.4 K 1970 79 3.5 17 2.56
Neat epoxy – 70–80 3.2–3.5 5.0–6.5 – 1.18–1.20
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2.3 � Quasi‑static axial compression tests

For the determination of crashworthiness behaviors, the 
GFRP samples were subjected to quasi-static axial compres-
sion loadings on a universal testing machine with a frame 
capacity of 300 kN (Shimadzu AG–X Series) as depicted 
in Fig. 3. The pipe samples between two steel plates (mov-
ing and stationary) loaded at a constant cross-head speed of 
5 mm/min were axially compressed up to 80% stroke effi-
ciency (57.6 mm in stroke). After this point, the compression 
process was stopped due to a sharp increase in load values 
that called as beginning of the densification phase. Then, the 
crushing load and displacement information were recorded 

by an automatic data acquisition system. By the way, pho-
tographs at different stroke values in crushing samples were 
taken by a camera to understand the failure characteristics 
of entire the crash application.

In general, the load–displacement curve of the brittle 
materials like composites subjected to crushing experi-
ments can be divided into three main stages as pre-crush-
ing, post-crushing, and material densification as shown 
in Fig. 4. The pre-crushing stage, which represents the 
elastic region, that material can be returned to its original 
length if the applied load is removed, is directly related 
to the protection of the passengers. Because it plays a sig-
nificant influence in crushing load efficiency, the initial 

Fig. 1   Production flow of GFRP test samples

Fig. 2   Naming and geometry of the designed GFRP samples
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peak load is the only important characteristic for crush-
ing applications. Following the first peak load point, the 

post-crushing stage begins with small inter- or intrala-
minar cracks nucleating with local stress concentrations, 
which is the most crucial for measuring and understand-
ing the crashworthiness characteristics of samples. At last, 
material densification, which represents the almost com-
plete compaction of the compressed sample, is happened 
due to the sharp increases in load.

The crashworthiness parameters of the samples such 
as total energy absorption, mean crushing load, crushing 
load efficiency, and specific energy absorption can be cal-
culated as follows [51]:

Total energy absorption, E, represents the area under 
the curve of the load in crushing vs displacement in mov-
ing plate, as given in Fig. 4, is calculated by integration of 
load, P as in Eq. (1);

where Si and Sf represent the initial and final stroke values 
in the post-crushing stage. Also, the mean crushing load, 
Pm, obtained from the integration of each load depending 
on sample length is calculated with Eq. (2);

Crushing load efficiency, ηf, which is a measurement 
parameter for understanding the stability of the crushing 
process and absorption performance of the samples, is 
found from the mean crushing load per initial peak load 
and is calculated as shown in Eq. (3);

(1)E = ∫
Sf

Si

P(s)ds

(2)Pm =
∫ Sf

Si
P(s)ds

Sf

Fig. 3   Quasi-static axial compression test

Fig. 4   The typical load–dis-
placement response curve of the 
crushing experiments [35]
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where Pi is the initial peak load which is commonly the 
maximum load in a crushing process.

Specific energy absorption, Es, which is the most impor-
tant parameter to understand material performance under 
compressive loads, is the absorbed energy per mass of the 
crushed sample as shown in Eq. (4);

3 � Results and discussion

3.1 � Number of cut‑outs

At first, pipe samples with four different numbers of cut-out 
configurations (0, 2, 3, and 4) at the middle portion were 
utilized to determine the contribution of the number of cut-
outs on crush performance. Due to the asymmetric nature of 
cylindrical pipes, a single hole that resulted with an unstable 
crushing process did not considered [19]. As shown from 
Fig. 5a which represents the curves for the different num-
bers of cut-outs, all samples exhibited sharp decreases in 
load after the initial peak point [52]. Although C0 exhibited 
the maximum load-bearing capability in the elastic region 
and a closer curve for an ideal crushing process, it had the 
worst energy absorption and crushing load efficiency since 
damages begun at all middle sides causing the pipe samples 
to split and fracture into several separated segments [5]. 
Here, C3 samples (3 cut-outs) showing the highest energy 
absorption as a result of high crushing load efficiency were 
thought to be the best ones. The crushing histories for pipe 
samples are presented in Fig. 5b. While C0 samples showed 
the catastrophic drop at the middle portion, other samples 
exhibited parallel-to-fiber cracks due to the high-stress con-
centrations around the cut-outs. As seen from the figures, the 
cracks were begun to form near the holes and then exhibited 
a parallel propagation to fiber alignment according to wind-
ing angle [53]. This propagation resulted in the diamond 
shape failures [19], especially seen for C3 and C4 samples. 
The pipe samples after the crushing application are shown 
in Fig. 5c. The inner or outer frond formation was observed 
for all samples. Also, splaying characteristics for the fiber 
reinforcements were obtained from C0 samples. The matrix 
cracking, fiber debonding, and fiber breakages can be said 
as common failure modes for all samples. Similar findings 
devoted to the selection of the optimum number of cut-outs 
can be found in the literature. Rai et al. [19], who studied 
the development trigger mechanisms of aluminum tubes, 

(3)�f = 100
Pm

Pi

(4)Es =
E

m
crush

=
∫ Sf

Si
P(s)ds

m
crush

declared that the use of 3 circumferential cut-outs was 
the optimum one since the very stable collapse mode was 
observed from that compared to other numbers of cut-outs. 
Additionally, Zhang et al. [54] explained that the samples 
with 3 lobe numbers exhibiting the diamond mode failures 
showed a more stable deformation.

The loading characteristics of GFRP samples having 
several numbers of cut-outs are given in Fig. 6. To reduce 
accelerations experienced by occupants or to get minimum 
casualties in a vehicle crushing [19], the initial peak load 
and mean crushing load should be closer as possible which 
means higher crushing load efficiency. The difference 
between initial peak and mean crushing loads was showed 
a reduction for C2 and C3 samples and became minimum 
for C3 which showed higher crushing load efficiency, as 
74.05%, compared to other ones. C3 exhibited the mean 
crushing load of 46.37 kN which was 20%, 3.26%, and 
28.7% higher than C0, C2, and C4 samples, respectively. 
Furthermore, it was evident that the C0 sample with 75.21 
kN initial peak load was the best for the application con-
cerning only the elastic region, but it had the lowest crush-
ing load efficiency (51.36%) that was explained by the most 
destructive failures as seen. This result was consistent with 
the study of Sivagurunathan et al.'s study [44] that declares 
the lowest crushing load efficiency was obtained from the 
composite tube samples without trigger mechanisms.

The effect of cut-out numbers on the energy absorption of 
the GFRP samples is presented in Fig. 7. C3 samples exhib-
iting 2546.6 J value showed the highest energy absorption 
which was 21.15%, 3.57%, and 28.9% more than the C0, C2, 
and C4 samples, respectively. This can be attributed to fail-
ure performance during the crushing process and the load-
ing characteristics resulted in a higher area under the curve. 
Additionally, from the specific energy absorption results, 
C3 samples showed the 38.07 J/g specific energy absorption 
which means the 1.2, 1.035, and 1.26 times of that of C0, 
C2, and C4 samples, respectively. Here, the worst energy 
absorption characteristics in both the total and specific man-
ner were obtained from C4 samples. It can be said that the 
decreasing tendency was started after a certain decrease in 
inertia. In conclusion, the pipe samples having 3 circular 
cut-outs were chosen as the best configuration in terms of 
the indicators of the failure response, loading characteristics, 
and energy absorption for the first group that deals with the 
number of circular cut-outs. Several studies devoted to the 
energy absorption of the materials that can be improved by 
trigger mechanisms are seen in the literature [7, 9, 12].

3.2 � Location of cut‑outs

After examination the number of cut-outs, the next step 
was the analyze of the effect of their locations on the 
crashworthiness. To this aim, four different regions were 
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Fig. 5   GFRP samples with different numbers of cut-outs; a load–displacement response, b crush history, c after experiments



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:15

1 3

15  Page 8 of 14

considered from the middle part to the top end which is 
the loading side. Figure 8 represents the load–displace-
ment curves, crushing history, and crushed samples, 
respectively. T samples exhibiting the most stable curve 
response showed the progressive crushing process. The 
parallel-to-fiber cracking failures were seen due to high-
stress concentrations around the cut-outs [53]. Although 
all samples showed a drastic decrease in load after the 
initial peak, T samples fixing unstable crushing answered 
an earlier response for a higher crushing efficiency. The 
increased load in the crushing part was directly attrib-
uted to the blockage of compacted debris which acts as 
resistance. Also, splaying formations, especially for T 
samples, were seen entire the crushing process because 
the distance between cut-out regions to the end of the pipe 
was very short resulted in the easy rupture which activated 
the triggering that propagates the damage progressively 
throughout the sample [5]. Additionally, frond forma-
tions in both the inner and outer regions for all samples 
were observed. The energy absorption was attributed to 

lamina bending and axial cracks for GFRP samples. Rai 
et al. [19] explained that the closer cut-outs to the impact 
end resulted in decreases in the initial peak load due to 
the compressive stresses on the cylinder as a result of the 
movement of the top end of the pipe to the inward to initi-
ate the folding.

The initial peak and the mean crushing load values of 
the GFRP samples with circular cut-outs at various loca-
tions are shown in Fig. 9a. The maximum load-bearing 
capability or initial peak load value as 71.11 kN was 
obtained from T samples, while the minimum one was 
62.62 kN of C samples. Furthermore, T samples showed 
the maximum mean crushing load of 57.59 kN together 
with a good repeatability and stable crush response. It was 
seen that the initial peak and mean crushing loads were 
increased when the location of cut-outs was getting closer 
to the top portion of samples. This can be attributed to the 
beginning of progressive end crushing after the cut-outs 
line. For a reliable evaluation of loading characteristics, 
crushing load efficiency, which is shown in Fig. 9b, should 
be examined carefully. T samples had the maximum load 
efficiency, with the value of 80.98%, in the crushing pro-
cess due to the close position of cut-outs behaved like a 
trigger mechanism that provides a progressive crushing 
process initiating the collapsing [19].

The energy absorption values of the samples for differ-
ent cut-out locations are shown in Fig. 10. The maximum 
values as 3145.86 J and 45.47 J/g in terms of total and spe-
cific energy absorption, respectively, were obtained from T 
samples. These values were 23.5% and 19.44% higher than 
that of C samples. With respect to the crashworthiness per-
formance of T samples, it can be expressed that circular 
cut-outs should be used as possible as closed to crushed ends 
in order to obtain a stable crush process resulted with higher 
energy absorption. This can also be minimized the casual-
ties by reducing the acceleration experienced by passengers.

Fig. 6   Loading characteristics for different numbers of cut-outs; a) initial peak and mean loads, b) crushing load efficiency

Fig. 7   Energy absorption for different numbers of cut-outs
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Fig. 8   GFRP samples with the various location of cut-outs; a load–displacement response, b crush history, c after experiments
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3.3 � Size of cut‑outs

As can be seen from the previous sections, having three cir-
cular cut-outs at the top of the sample is seemed as the most 
efficient configuration for a crushing application among 
the cases studied. In this section of the study, the influence 
of size or diameter of circular cut-outs on crashworthiness 
performance was analyzed. Till here, cut-outs with 10 mm 
diameter properly as suggested formulation by Toda [55] 
were used. Herein, the diameters of 4, 6, 8, 12, and 14 mm 
were studied and compared with the previous results.

The crush load–displacement responses of the samples 
having circular cut-outs in different sizes are presented in 
Fig. 11. Due to the different sizes had no significant effects 
on the failure modes and crushing histories that were 
achieved with T samples, they were not given here. Even 
though the load response of all samples showed a rapid drop 
after the elastic region, the load immediately increased and 

Fig. 9   Loading characteristics for different locations of cut-outs; a initial peak and mean loads, b crushing load efficiency

Fig. 10   Energy absorption for different locations of cut-outs

Fig. 11   Load–displacement 
curves of GFRP samples with 
different sizes of cut-outs
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becomes stable during the crushing stage. The main reason 
for this was the cut-outs exhibited behavior like a trigger 
mechanism that stabilizes the crushing process leading to 
rapid decreases in loads at beginning of the post-crushing 
stage [5]. Additionally, it can be said that the load-bearing 
capability of the samples was decreased with an increment 
in size. However, a different scenario was obtained from the 
crushing area which was the part after the elastic region. 
Even they looked like a more stable curve, it was obvious 
that T4 and T6 samples had the lower load-carrying capac-
ity of crushing whole the curve response. While other sam-
ples exhibited dramatic decreases after initial peak points, 
early sharp increases resulted with higher crushing load 
responses. In general, all samples exhibiting a stable curve 
and good reproducibility showed progressive crush process. 
The major energy absorption was contributed from the axial 
cracking and matrix fragmentations for all samples [5].

The loading characteristics of the GFRP samples with 
different sizes of cut-outs in terms of initial peak load mean 
crushing load, and crushing load efficiency are presented 
in Fig. 12. It was clear that as the diameter of the cut-out 
increased, decreases in initial peak load and increases in 
mean crushing load were obtained [19]. The initial peak 
load and mean crushing load which protecting the gap 
between them were seen as the stable lines around T10 
and T12. Even though T14 samples showed a close rela-
tionship that resulted with higher crushing load efficiency, 
the load-bearing capability should be considered for pre-
venting the material weakness. Until T10, there was a big 
gap that may the catastrophic failures in crushing response 
of materials. The maximum initial peak and mean crush-
ing loads were obtained from T10 samples as 71.11 kN 
and 57.59 kN, respectively. Besides, T12 samples with 
the highest crushing load efficiency of 83.76% had 3.4% 
more than T10 samples. It can be said that the higher size 
of cut-outs showed increases in load efficiency due to lower 

load-bearing capability or initial peak loads in the elastic 
region that comes from early failures.

The energy absorption results of the samples are given in 
Fig. 13. From the failure responses and loading characteris-
tics, T10 and T12 samples received great attention among all 
configurations having different sizes. Here, it was observed 
that an increasing trend with an increment of the diameter 
values up to T10, while larger sizes had a decreasing ten-
dency. This was consistent with that the higher size of cut-
out holes resulted with decreases in initial peak loads [19]. 
T10 samples exhibiting the best energy absorption capabil-
ity both of the total and specific can be chosen as the best 
configuration.

4 � Summary of the cut‑out design

The crashworthiness indicators for all GFRP pipe series are 
given in Table 2. For the number of cut-outs, 3 cut-outs (C3) 
exhibited the highest values except for the initial peak load. 

Fig. 12   Loading characteristics for different locations of cut-outs; a initial peak and mean loads, b crushing load efficiency

Fig. 13   Energy absorption for different locations of cut-outs
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From the location of cut-out, the closer position of cut-outs 
to the impacted end of the pipe samples (T) was seen as the 
best configuration exhibiting maximum performance for all 
parameters. Also, as the diameter of the cut-out increased, 
higher crushing load efficiency and lower initial peak load 
were achieved. However, the energy absorption character-
istics of GFRP samples which are the most important cri-
teria in a crash event were getting poor. So, the samples 
with 10 mm diameter (T10) were chosen as the optimum 
configuration among these results. The results of study 
can be helpful for the design and potential use of filament 
wound composite structures in engineering applications that 
exposed to crush loading such as transport vehicles, z-struts 
of commercial aircraft fuselage structures.

5 � Conclusions

In this study, the circular cut-outs were studied to develop 
a trigger mechanism in the composite pipes subjected to 
quasi-static axial compression loading in a crash event. 
The composite pipes made of glass/epoxy with ± (55°)6 
fiber orientation were fabricated by the wet filament wind-
ing technique. The number, location and size of the cir-
cular cut-outs were considered as the design parameters 
for the trigger mechanism to be examined. According to 
their failure response, loading characteristics, and energy 
absorption, the pipe samples having 3 circular cut-outs 
were showed the better results than the samples having 0, 2 
and 4 circular cut-outs in the first group that deals with the 
number of circular cut-outs. In the examination of cut-out 
locations, the closer position of cut-outs to the impacted 
end of the pipe samples (T) was exhibited the maximum 
performance for all parameters. Increment in the diam-
eter of the cut-outs was resulted with the increase in effi-
ciency and decrease in initial peak load; however, these 
led to poor energy absorption characteristics which is the 

most important criteria in a crash event. Although they 
could not the highest values for loading characteristics, 
the samples with 10 mm size and three circular cut-outs 
at the closer location to the top end of the pipes exhibiting 
the higher values in terms of load-bearing capability and 
energy absorption were evaluated as the best configuration 
among the examined cases for crashworthiness behaviors 
of GFRP samples. These results showed that crashworthi-
ness performance of GFRP samples can be improved with 
the trigger mechanisms to be formed with the appropriate 
implementation of circular cut-outs.
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