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INTRODUCTION 

Composite materials (reinforced plastics, 
ceramic matrix composites, metal matrix com-
posites) are increasingly often used in modern 
construction solutions [1–5]. The aviation, auto-
motive and railway sectors are constantly looking 
for new solutions for the production of increas-
ingly lighter vehicles, but equally important goal 
is meeting high safety standards. Therefore, com-
posite products are already widely used in this 
area as structural elements [1], but they can also 
be used as energy absorbing elements. 

Research shows that among various compos-
ite materials, the carbon-fibre reinforced com-
posites are the most efficient as impact absorbing 
elements. In addition, they are distinguished by 
excellent stiffness and low weight [2, 6–18].

However, to enable effective work of com-
posite elements under real conditions and facili-
tate designing, the detailed knowledge of factors 
affecting the behavior of a composite element ab-
sorbing energy is necessary. 

The test velocity is one of the important 
factors significantly modifying the behavior 
of the element during the composite crushing 
process [19]. This is crucial especially in the 
design of this type of elements and their subse-
quent work.

The impact of the test velocity on the spe-
cific energy absorption (SEA) in the process 
of tube crushing is not conclusive (Table 1). 
There are studies showing an increase and a de-
crease of SEA depending on the velocity of the 
process. For example, in [20], an increase in 
the force of progressive crushing of composite 
tubes by 10% for a velocity of 900 mm/min, 
which resulted in an increase of SEA by 12% 
compared to the quasi-static test (v=5 mm/min) 
was demonstrated. In [10], it was found that the 
tubes with an increasing axial fiber content ab-
sorb more energy for the test speed of 2 m/s, 
while for a lower speed of 0.004 m/s, the re-
lationship increases and then decreases. Farley 
[8] showed that for composite specimens (car-
bon fiber – epoxy resin) in the range of tested 
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velocity of 0.01 m/s – 12 m/s, SEA is a weak 
function of velocity, and when the orientation 
angle of the layer increases from 45° to 75°, 
this effect is stronger.

Works [28, 29] show the results of the crush-
ing tests for the square tubes and cones made of 
glass – epoxy composite in the speed range of 
0.0002 m/s – 8 m/s. It was shown that the change 
in the value of SEA was in the range from -15% 
to + 20%, which is explained by the variable coef-
ficient of friction depending on the test velocity. A 
decrease in SEA for carbon – epoxy composite in 
the process velocity range 0.001 m/s – 12 m/s was 
shown in [17, 30], this phenomenon is explained 
by the reduction of the friction coefficient under 
dynamic conditions, a change in the mechanical 
properties of the matrix and a change in the crush-
ing mechanism. 

In work [25] the attention was paid to the phe-
nomenon of two types of material reactions de-
pending on the process velocity: Global Splaying 
Failure crush mode (GSF) for low velocity and 
Local Fragmentation Failure crush mode (LFF) 
for dynamic conditions.

The research indicates the problems with 
testing composite materials for impact energy 
absorption elements. Among the research meth-
ods used so far, the results of tube testing are 
definitely the most useful, especially with regard 
to the fact that the largest amounts of energy per 
unit of mass are absorbed by the tube-shaped el-
ements with an appropriate ratio of wall thick-
ness to diameter (t/D), which is in the range of 
0.025–0.066 [31]. Therefore, the studies of this 
type of structures should be carried out using the 
tubes with a constant t/D ratio, additionally with 
the use of a trigger that corrects the initial forces 
as well as with the plug initiator which causes 
the progressive process. These test conditions 

are the closest to the real working conditions of 
such an element and are easiest to compare with 
other studies. 

Another factor that affects the amount of en-
ergy absorbed is a type and architecture of rein-
forcement [32]. The advantage of long fibers and 
fabrics over mats and short fibers is evident [33]. 
In the study [27] the impact of architecture on 
SEA for a set of two materials (the area weight 
of 200 g/m2 and 204 g/m2) was examined; how-
ever, the influence of a type and architecture of 
reinforcement on SEA still requires confirma-
tion for other materials. 

Definitions 

The total amount of energy absorbed by the 
structure (Etot) is defined as: 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = ∫ 𝑃𝑃𝑃𝑃𝑃𝑃
𝑙𝑙

0
 (1)

where: Etot – energy absorbed, 
 P – force, 
 l – stroke, 

Specific energy absorbed (SEA): 
𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 𝜌𝜌𝑆𝑆𝜌𝜌⁄  (2)

where: ρ – density of the tube, 
 A – specimen cross-sectional area,

In order to determine the impact of struc-
ture architecture on energy absorption, a new 
coefficient AFMF (Axial Fibre Mass Fraction) 
was introduced, which determines the mass 
fraction of axial fibres in relation to the total 
mass of all fibres in the sample. A description 
can be found in [27]:

 
(3)

Table. 1. Exemplary data showing reduction or increase of SEA depending on the test velocity

References Specimen type Velocity, m/s SEA change

[8] CF/epoxy, tube ○ [±75]3 1e-4 ÷ 12 +35%

[21] CF/epoxy, tube ○ [0, ±75]2 and [0, ±45]2 2e-6 ÷ 4e-5 0%

[22,23] GF/epoxy, tube □, cone 2e-4 ÷ 8 -15% – +20%

[17] CF/epoxy, tube ○ 0.001 ÷ 12 -20%

[20] CF/epoxy, tube ○ [0, ±90] 8.3e-5 ÷ 0.015 +12%

[24] GF/CF/polyester, tube □ 8.3e-5 ÷ 0.008 +9%

[25] CF/epoxy [(0, ±90)2/0/(90, ±0)2], DLR 0,001 ÷2 -22%

[26] CF/epoxy, plate 2e-5 ÷5.2 -19%

[27] CF/epoxy, tube ○ [0, ±90] 0.0003÷6.7 -10%÷-20%
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MATERIALS AND SPECIMENS 

In the presented experimental study, the 
composite samples with an internal diameter of 
20.0 mm and a height of 34.0 mm were manu-
factured. Two kinds of prepreg from Impregnatex 
Compositi were used to obtain a different archi-
tecture, namely 3k woven fabric (WF) and 3k 
unidirectional (UD). The mechanical properties 
of the prepregs used were determined experimen-
tally and are shown in Table 2. 

The specimens were made by hand layup 
suitable layers of prepreg on a 0.5 m long Tef-
lon core. Then, they were cured in an autoclave at 
130°C for 3 hours. A set of 0.5 m long tubes was 
made, which were then cut to 34 mm in length 
(Fig. 1). The plug initiator with an external ra-
dius r = 1 mm was used in experimental work, as 
shown in Figure 2.

The specimens were designed to differ in 
AFMF values. This effect was obtained by using 
a different number of UD layers in relation to the 
number of WF layers, as shown in Figure 3.

Quasi static test

The tests under quasi-static conditions were 
conducted using Zwick uniaxial testing machine 
with the capacity of 30 kN. General view of qua-
si –static test set up is shown in Figure 4. Three 
specimens were tested for each case at a constant 
process velocity v = 0.0003 m/s. In the quasi-
static test, a displacement of 25 mm was applied.

As a result of the conducted experimental 
tests, the force-displacement plots were obtained 
for the all tested specimen variants (Fig. 5). In 
Figure 5b, it is evident that there is very little scat-
ter in the force-displacement curves for all three 
specimens with the same AFMF tested under 
quasi-static conditions. The quality and consis-
tency of specimens production allowed obtaining 
reproducible results. The view of specimens after 
the test is shown in Figure 6.

Dynamic tests

In the part concerning dynamic tests, three 
samples were tested for each case. The tests 
were carried out using a gravity hammer (Fig. 7). 
Depending on the configuration of the layers 
(AFMF), the samples absorbed a different amount 
of energy in the process, in some cases forcing 
adjustment of the height of fall and the weight of 
the hammer to the type of the sample. The collect-
ed data allowed gathering information not only 
on the energy absorbed (SEA), but also on the 
behavior of the test specimen during the process 
(initial force Pmax, steady state force Pi, displace-
ment). As a result of the conducted experimental 
tests, force-displacement plots were obtained for 
all the tested specimens (Fig. 8). The representa-
tive view of specimens after a dynamic crush test 
is shown in Figure 9.

While analyzing the results of tests carried 
out under dynamic conditions, particular atten-
tion should be paid to the force – displacement 

Table 2. The mechanical properties of used materials 

Specification 160 3k (WF) plain woven 200 3k (UD) unidirectional
Ply thickness, mm 0.23 0.23
Dry areal density, g/m2 160 200
Axial modulus E1t, MPa 52 748.1 104 634.0
Transverse modulus E2t, MPa 51 134.8 9 914.0
Strength s1t, MPa 500,8 1 723,0
Strength s2t, MPa 439,3 78,6
Failure strain e1t,  % 1,05 1,48
Failure strain e2t,  % 0,82 0,81
Axial modulus E1c, MPa 51 693.5 96 983
Transverse modulus E2c, MPa 51 153.5 9 489.1
Strength s1c, MPa 308.8 534.8
Strength s2c, MPa 309.2 96.4
Failure strain e1c, % 0.0071 0.0055
Failure strain e2c, % 0.0090 0.0281
ν12c 0.0739 0.2643
ν21c 0.0511 0.0178
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characteristics, which are less uniform than in the 
case of quasi-static tests. The appearance of the 
specimens after dynamic tests (Fig. 9) indicates 
the presence of a splaying mechanism in the case 
of a higher AFMF value. As the proportion of 
axial fibers decreases in the specimens, more in-
tense fibers breaking can be observed, which may 
indicate the predominance of the fragmentation 
mechanism.

The axial cracking of the composite signifi-
cantly contributes to the energy absorption. In 
the photographs of the samples after compres-
sion, a various number of axial cracks is visible. 
The greatest number of them can be observed in 

the case of samples containing only axial fibers 
(AFMF=1). This resulted from easy separation of 
the composite fibers in the circumferential direc-
tion due to the absence of limiting hoop fibers. 
The axial cracks in the absence of hoop fibers do 
not seem to be a mechanism that has a significant 
impact on the energy absorption. However, this 
process is very intense, and the number of axial 
cracks is high, which means that this share in the 
overall energy absorption calculation is gaining 
importance.

Split Hopkinson Pressure Bar test

In the studies with the use of SHPB, the 
samples were halved in relation to the specimens 
used in the quasi-static and dynamic tests due to 
the specific character of the measurement. The 
height of the specimens used in the SHPB tests 
was 18.0 mm.

Fig. 1. Tube specimen geometry 

Fig. 2. Plug initiator used in experimental work

Fig. 3. Specimen architecture and designation
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The experimental compression tests at high 
strain rates were performed on the conventional 
SHPB apparatus (Fig. 10). A description of the 
SHPB used is contained in [32]. The details of 
this technique are included in [34, 35].

During the experimental investigations, the 
striker velocities were about 21 m/s. A pulse 
shaping technique was used to shape the profile 
of the incident pulse. Copper disks with a diam-
eter Ds=6 mm and thickness Ls=1 mm were used 
as pulse shapers. The shape of one end of the 
transmission bar was the same as a plug initiator 
in quasi-static and dynamic tests (Fig. 11). The 
strain gauge signals prepared for calculations of 
specimen shortening were shown in Figure 12.

The calculated quantities were used to pre-
pare the force-displacement diagrams at high 
strain rate tests. The force-displacement curves 
for the specimens with different AFMF are shown 
in Figure 13. The representative view of crushed 
samples is shown in Figure 14. 

Fig. 5. Force-displacement plots for the quasi-static tests (QS); a) results for representative 
specimens for different AFMF; b) results for three specimens with the same AFMF

Fig. 6. View of representative specimens after crush test; quasi-static test 20 mm/min (QS);  
a) AFMF=1; b) AFMF=0.8; c) AFMF=0.6; d) AFMF=0.5

Fig. 4. Quasi-static test set-up, v=20 mm/min (QS)

Fig. 7. Gravity hammer used in dynamic tests (D) 
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The results of the tests using SHPB allowed 
obtaining the force-displacement plots in a much 
lower range than in the case of the tests under 
quasi-static and dynamic conditions. Therefore, 
the conclusions drawn from this test are limited. 
However, the maximum force was achieved. The 
steady state was not obtained and therefore Pi val-
ue was not determined.

The obtained SEA values, similarly as in the 
tests with lower velocity, increase along with the 
share of axial fibers in the sample. This trend is 
evident for all crushing tests of the composite 
specimens included in this study. The appearance 
of samples after testing with SHPB indicates the 
occurrence of the splaying mechanism to a sig-
nificantly lesser extent than in the case of the 
tests with a lower process velocity. However, the 
splaying mechanism can still be observed to be 
more significant in the case of a larger AFMF. As 
AFMF decreases, the fragmentation mechanism 
gains the advantage.

Influence of test velocity on SEA

In order to evaluate the impact of the test 
velocity on the effect of the absorbed amount 
of energy, the SEA – AFMF plots for the same 
material and a different test velocity were done. 
The crushing results under quasi-static condi-
tions, dynamic conditions and using SHPB were 
compared (Fig. 15). On the basis of the conducted 
experimental tests, it can be clearly stated that an 

increase of the test velocity for all tested types 
of samples causes a decrease in the value of the 
absorbed energy (SEA) (Table 3). 

CONCLUSIONS

The results of the systematic tests of CFRP 
composite materials (with epoxy resin IMP 530 
as a matrix), based on Impregnatex Compositi 
prepregs were presented in this work. The com-
posites with a given geometry were subjected to 
axial crushing tests with three different test ve-
locities: 20 mm/min, 5 m/s and 21 m/s mainly 
to assess an influence of the share of axial fibers 
and a process velocity on the energy absorption 
effect in the progressive crushing process. The 

Fig. 9. View of representative crushed specimens; dynamic test (D);  
a) AFMF=1; b) AFMF=0.8; c) AFMF=0.6; d) AFMF=0.5

Fig. 10. General view of the Split 
Hopkinson Pressure Bar apparatus [32]

Fig. 8. Force – displacement plots for dynamic tests (D); a) results for representative 
specimens for different AFMF, b) results for three specimens with the same AFMF



Advances in Science and Technology Research Journal  Vol. 14(2), 2020

100

performed research allows to formulation of the 
following conclusions:
 • The content of axial fibers significantly affects 

the maximum force, steady state force and, as 
a consequence, the amount of energy absorbed 
during crushing of composite tubes. This influ-
ence is evident for the studied velocity range 
from 20 mm/min to 21 m/s. The increase in 
AFMF causes an increase in the amount of en-
ergy absorbed in all the investigated cases.

 • For AFMF = 0.5 a test velocity increasing 
from 20 mm/min to 21 m/s results in a reduc-
tion in SEA of about 49.2%.

Fig. 11. Scheme of the chamfered specimen (sectional view) and view of the modified transmission bar

Fig.12. Strain gauge signals prepared  
for calculations of specimen shortening,  

force and strain rate

Fig. 13. Force-displacement plots, SHPB tests; results 
for representative specimens of different AFMF 

Fig. 15. Dependence between SEA and 
AFMF. Results for quasi static test (QS), 

dynamic test (D) and SHPB test 

Table 3. Experimental results for tests performed with three different velocity conditions

Specification AFMF 1 0.8 0.6 0.5

QS

No of specimen 3 3 3 3
Average velocity, m/s 0.0003 0.0003 0.0003 0.0003
SEA QS 121±4 98±6 81±9 65±8
CFE QS 0.93±0.03 0.90±0.1 0.93±0.05 0.85±0.04

, s-1 0.0088 0.0088 0.0088 0.0088

D

No of specimen 3 3 3 3
Average velocity, m/s 5.03 4.42 3.89 3.48
SEA D 107.2±8.1 64.7±4.5 63.3±0.8 48.1±2.3
CFE D 0.82±0.01 0.79±0.03 0.82±0.00 0.79±0.01

, s-1 147.9 130.0 114.4 102.3

SHPB

No of specimen 3 3 3 3
Average velocity, m/s 21.3 21.25 21.18 21.38
SEA SHPB 49±5 38±3 33±2 33±3

, s-1 1183.3 1180.5 1176.7 1187.8
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Fig. 14. View of representative crushed specimens; SHPB test;  
a) AFMF=1; b) AFMF=0.8; c) AFMF=0.6; d) AFMF=0.5

 • The results of the test showed that an increase 
in the share of axial fibers from 50% to 100% 
increases the amount of energy absorbed for 
the quasi static test by 85.4%, for the dynamic 
test by 122.8% and for the test using SHPB by 
approximately 47.12%.
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