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This study examines the energy absorption capabilities of polymer 
composites reinforced using a hybrid combination of bamboo fibre and 
aluminium mesh. The fabrication of the composites involves the 
utilisation of epoxy resin as a matrix material, which is reinforced with 
bamboo fibre and an aluminium expanded mesh sheet. This is achieved 
using the vacuum infusion method, where different stacking sequences 
and mesh sizes are employed. Two distinct types of tests were 
conducted in this study: a quasi-static axial crushing test and a dynamic 
impact test. A comprehensive examination has been conducted to 
investigate the failure mechanism of the specimens during both testing 
phases. The energy absorption performance of the specimens has 
subsequently been evaluated. The findings indicate that specimen A3L 
exhibited the maximum energy absorption and specific energy 
absorption compared to all other specimens in both tests. Conversely, 
specimen A1S demonstrated the lowest energy absorption performance 
during the test. When comparing the lowest and highest values, this 
study found that the Energy Absorption (EA) and Specific Eenergy 
Absorption (SEA) values increased by up to 230% and 125% during the 
quasi-static test and by 273% and 148% during the dynamic test. An 
analysis of variance (ANOVA) was conducted on the collected data from 
both tests in order to determine the elements that significantly impact 
the energy absorption performance of these composites.   
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1. Introduction 
The rapid advancement of vehicle production necessitates an emphasis on ensuring that the vehicles produced 
are safer for users. There are numerous factors that can be improved to make the vehicle structure safer. The 
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primary design consideration that necessitates attention pertains to the vehicle's structural design and material 
composition [1], [2], specifically its enhanced energy absorption capacity. This refers to the structure's ability to 
absorb and dissipate energy effectively during impact events. From a technical standpoint, the phenomenon of 
energy absorption is intricately linked to crashworthiness. The primary objective in designing crash-worthy 
systems with minimal weight is optimising energy absorption while minimising mass. The growing use of fibre-
reinforced polymer (FRP) composites in vehicle structure manufacturing has led to the extensive replacement of 
metals.  
 The FRP composite possesses a remarkable strength-to-weight ratio and stiffness, which can effectively 
decrease the bulk of the vehicle [3]. The utilisation of FRP composite energy absorbers has garnered widespread 
acceptance within the academic community due to their potential to enhance crashworthiness while 
maintaining weight efficiency through meticulous design considerations. Hence, the pursuit of lightweight 
design utilising FRP materials has garnered significant attention, primarily driven by the imperative to curtail 
fuel consumption and mitigate environmental pollution, particularly within the realm of the transportation 
sector [4], [5]. Consequently, it can be inferred that a well-crafted composite design will yield a greater degree of 
efficacy in terms of energy absorption when compared to metallic materials [6], [7]. 
 The utilisation of Fibre Reinforced Polymers (FRPs), including carbon fibre reinforced polymer composites 
and glass fibre reinforced polymer composites, has demonstrated notable advantages, particularly in enhancing 
material strength and reducing overall weight. However, it is crucial to acknowledge that their application also 
presents certain environmental challenges. Environmental issues have emerged as significant global challenges, 
garnering the interest of scholars, scientists, engineers, and environmental advocates who are actively engaged 
in the exploration and creation of alternative materials that are conducive to ecological preservation [8]. The 
utilisation of natural fibres has garnered significant attention as a means to decrease dependence on synthetic 
fibres for high-end composite applications, primarily due to the ecological concerns associated with the life cycle 
of synthetic fibres. In recent years, a multitude of studies have been undertaken to investigate the application of 
natural fibre-reinforced composites in the realm of energy absorption [9]. 
 Bamboo has emerged as a prominent natural fibre source that has garnered significant attention among 
researchers in recent times. The mechanical properties of bamboo fibres exhibit notable characteristics, 
including elevated levels of strength, a reduced specific weight ratio, enhanced tensile strength, and a superior 
modulus of elasticity when compared to select natural fibres. Bamboo, recognised as a natural glass fibre 
possessing comparable tensile strength to that of bamboo fibre bundles, exhibits a tensile strength equivalent to 
that of jute fibre [10], [11]. Concurrently, additional scholars have posited that the robustness of bamboo 
renders it a compelling substitute for steel in scenarios involving tensile loading [12]. Nevertheless, it is 
imperative to acknowledge that natural fibres are significantly prone to thermal and hygroscopic stresses, while 
also demonstrating restricted mechanical properties due to variations in fibre dimensions and uneven 
interfacial strength [13]. Additionally, [14] asserted that an ideal material for energy-absorbing tube properties 
could not be achieved by any singular natural fiber material. Hybridisation is therefore a viable method for 
enhancing this characteristic, particularly in the case of plant fibres. 
 The hybrid composite technique involves the combining of several fibres with distinct elements inside a 
unified matrix. Hybrid composites are more affordable than regular composites and have special qualities that 
can be utilised to meet a variety of design requirements [15]. An abundance of studies have been documented 
about the hybridisation of composites with the aim of enhancing their mechanical, physical, and thermal 
properties [16]–[22]. The observed enhancement is attributed to the heightened bonding between fibres or 
between fibres and the matrix during the process of hybridisation. Hybrid composites encompass a diverse 
range of compositions, which are contingent upon the specific combination of fibres employed. One example 
pertains to a hybrid composite material that integrates both metallic and fibrous components. 
 Aluminium is one of the preferred metals for utilisation in the composite hybridisation process owing to its 
comparatively lower cost, reduced weight, and enhanced strength in comparison to alternative metals. The 
utilisation of aluminium hybridised with synthetic fibres has been documented in numerous studies on 
composites, with various researchers asserting that this approach has the potential to enhance the mechanical 
properties of the resulting hybrid composites [23], [24]. A study conducted by [25] investigated the tensile 
characteristics of hybrid fibre metal laminate (FML) composites, including a small amount of aluminium alloy 
and aramid fabric as the reinforcement. The results of the tensile testing indicated that FML exhibits greater 
ductility than its individual components, as seen by a 230% increase in strain at failure. Similarly, the aramid 
fabric composite laminate demonstrated a 400% increase compared to the aluminium sheet. A separate 
investigation conducted by [26] centred on analysing the influence of hybrid FML composed of aluminium, 
carbon, and glass fibres as reinforcing materials. The findings of the study indicate that the hybrid of glass, 
carbon and aluminium composites had a greater capacity to absorb impact loading compared to the hybrid of 
glass and aluminium composites. The observed enhancement in impact resistance can be attributed to the use of 
carbon fibres with high stiffness. 
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 Despite the favourable mechanical properties demonstrated by hybrid FML composites, the composite 
remains susceptible to certain drawbacks. As an illustration, the interface toughness between aluminium and its 
fibre layers is quite modest. As a result, research has been conducted to determine how to enhance the interface 
bonding of this reinforcement. An approach that has been proposed is the substitution of aluminium sheet with 
aluminium wire mesh [27], [28]. In comparison to the glass fiber-reinforced polymer composite, the tensile 
strain was enhanced by 54% and the flexural strain was increased by 117.5% with the addition of aluminium 
wire mesh layers as found in [27]. The ductile deformation of the aluminium layers was facilitated by the 
inclusion of aluminium mesh in the initial and final layers, which exhibited the greatest shear and normal 
stresses, consequently augmenting the failure strain. In addition, the energy absorption capacity exhibited an 
enhancement in tensile and flexural experiments when compared to polymer composites reinforced with glass 
fibres. As such, the hybridisation of aluminium wire mesh with bamboo fibres in the form of FML structures is 
the subject of this investigation, given the paucity of prior research in this area. 
 Numerous crucial insights and benefits pertaining to the reinforcement of the composite with bamboo fibres 
and aluminium have been discussed. Due to the distinct properties of both substances, the hybridisation 
investigation can be carried out. A dearth exists in durable hybrid polymer composites reinforced with 
aluminium and bamboo fibres. These composites are indispensable for critical applications as a substitute for 
commercially available synthetic composite materials. This research aims to create a new type of composite 
material, called a hybrid bamboo fiber/aluminum reinforced polymer (BFAMRP) composite, in the shape of 
plates. The purpose of this material is to absorb energy in various applications. The development of this 
composite will be achieved by axial compression experiments and simulation. With high-strain deformation and 
aluminium reinforcement, a high energy absorption capacity could be achieved, according to the hypothesis 
underlying this investigation. On the contrary, by increasing the surface area generated by bamboo fibre 
reinforcement during impact and collision, the overall weight of the novel BFAMRP composite could be reduced. 

2. Materials and Method 

2.1 Materials Preparation 
This study employed bamboo fibre nonwoven preform and aluminium expanding mesh as reinforcements. The 
bamboo fibre was obtained from Buluh Semaliang, scientifically known as Schizostachyum Grande, and was 
supplied by HangterraBamboo Sdn Bhd. This study used two different sizes of expanded aluminium mesh: 3.5 
mm x 2.0 mm for the small mesh and 4.0 mm x 3.0 mm for the large mesh. Both of the aluminium meshes were 
bought from China. The matrix combination consisted of thermoset polymer resin epoxy 1006, which was 
supplied by Wee Tee Tong Chemicals Pte Ltd, located in Sungei Kadut, Singapore. 
 For this study, specimens in the form of composite panels have been produced by using a vacuum infusion 
process (VIP) comprising a length (l) of 60mm and a width (w) of 30mm. In order to prevent a sudden increase 
in peak force and the possibility of an unstable collapse, a 45° chamfer was created on the top of the specimens, 
as depicted in Figure 1. Eight types of composite panels were designed and prepared, as shown in Table 1. 

2.2 Quasi-Static Axial Crushing Test 
The quasi-static axial crushing test is commonly used to determine the energy absorption of composites when 
they are crushed under axial loads. The test for this study was based on the approach provided by [29]. Victor, 
Material Testing Equipment, located at the Automotive System Lab, Faculty of Mechanical Engineering 
Technology, UTHM, was employed for the test.  
 All eight types of composite were subjected to the quasi-static crushing test and have been set up as shown in 
Figure 2. A small fixture was utilised to hold the samples during the test to ensure that they remained stable 
during the crushing test. For all specimens, the testing rate was set at 2mm/s. During crushing, a computer-
aided data-collecting system recorded the load-displacement curve to calculate the Energy Absorption (EA) for 
each sample. The EA can be calculated by using Equation1. Other item that were analyzed for this test were 
Specific Energy Absorption (SEA), Crush Force Efficiency (CFE), the max force during crushing (Fmax) and 
average force throughout the test (Favg). 
 
                                                                         𝐸𝐸𝐸𝐸= ∫𝐹𝐹dl                                                                             (Equation 1) 
 
Where F and dl are the crushing force and crush distance, respectively. 

2.3 Dynamic Impact Test 
The Instron Drop Weight Impact machine was used to perform the dynamic impact test. The parameter for this 
test was selected based on the maximum impact energy obtained from the quasi-static test. The tests were 
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conducted exclusively at the Composite Centre of UTM Skudai. The machine is a stationary impact device 
capable of delivering energy ranging from 0.3J to 1800J. The machine was outfitted with a DAS 64K data 
collecting system that had a maximum sampling rate of 4 MHz.  
 Figure 3 illustrates the placement of the plate specimen on the flattened metal. The flat impactor, equipped 
with a load cell capable of measuring force, was securely attached to the machine with a weight placed on top. 
Subsequently, the flat impactor was employed to pulverise the specimen. The data-collecting program 
automatically generates energy absorption and impact velocity data rather than load-displacement data. 
Subsequently, the findings of the dynamic crush test can be compared to the quasi-static crush test results 
obtained from the quasi-static test to examine different crush loadings related to energy absorption capacity and 
other crushing performances. 

2.4 Analysis of Variance (ANOVA) 
The energy absorption performance of the BFAMRP composite was statistically analysed using the general linear 
model (GLM) of analysis of variance (ANOVA) using MINITAB 19 Software. The analysis was performed using a 
significance level of 5%. 
 

 
Fig. 1 Specimen characteristics 

 
 

Table 1 Specimen details 
No *Specimens 

code 
**Reinforcement 
domination 

**Weight fraction 
(%) 

Total 
weight 

Stacking 
sequence 
(structure) 

Mesh 
size 

A B 

1 A1S 

3A2B 

53.7 46.3 162.12 

 

S 

2 A1L 63.3 36.7 198.97 L 

3 S2S 54.1 45.9 160.72 

 

S 

4 S2L 62.6 37.4 201.15 L 

5 A3S 

2A3B 

35.0 65.0 165.48 

 

S 

6 A3L 43.9 56.1 191.54 L 

7 S4S 38.7 61.3 149.74 

 

S 

8 S4L 45.8 54.2 183.32 L 

* First letter indicated stacking structure; A - alternate structure, and S - sandwich structure 
*Middle number indicated stacking sequence 
*The last letter indicated the size of the mesh: S – small mesh, and L – large mesh  
** A – Aluminium expanded mesh, B – Bamboo fibre nonwoven mat 
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Fig. 2 Specimen and machine set up for quasi-static axial crushing test 

 
Fig. 3 Specimen and machine set up for dynamic impact test 

 

3. Results and Discussion 

3.1 Quasi-static Axial Crushing Test 
Figure 4 demonstrates that all specimens exhibited a consistent pattern in the load-displacement curve, with the 
load steadily rising until reaching its peak as a result of progressive failure. According to reports by [30] and 
[31], there are typically multiple modes of failure for plate hybrid composites. These modes include the 
progressive failure of the trigger, local and global buckling of the specimens, and specimen rupturing as the final 
failure mode. When the samples started to buckle and eventually started to break, the load eventually dropped. 
This research distinguished between two collapsible modes of post-crushing stage behaviour: Mode I and Mode 
II. Mode I failure was characterised by the concurrent occurrence of local buckling, rupturing, and progressive 
failure in the specimens. This failure predominantly took place beneath the chamfered region and led to a 
precipitous decrease in the load curve. This type of failure is found for specimens A1S, A1L, S2S and S4S. In 
contrast, specimens exhibiting Mode II failure demonstrated a concurrent progressive failure and rupture in the 
specimen's wall in close proximity to the fixture area. This resulted in an extra displacement prior to complete 
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failure, which was not observed in specimens exhibiting Mode I failure. Specimens S2L, A3S, A3L and S4L show 
the Mode II collapsible modes. 

 
Fig. 4 Load-displacement curve of all specimens under quasi-static crushing test 

 
 Observations at four sites corresponding to A, B, C and D are shown in Figure 5 and Figure 6 to further 
validate and examine the particular damage behaviours of specimen A1S (Mode I) and A3L (Mode II) under 
quasi-static crushing test. Figure 5 shows the specimens were crushed from the top to the chamfer. Starting 
from point A to point B, the panel was seen to undergo progressive failure and core crushing. The composites 
suffered fibre compression failure and mild core delamination from point A to point B. After Fmax loading, the 
sample's load dropped quickly, whereas it normally increased during pre-crushing. As the loading plate was 
compressed more, the plate specimens started to experience buckling and rupturing, as can be shown in point C 
onwards. The panel specimen's rupture initiation was indicated by the slightly lower load value between points 
C and D. The specimen's panel was fully ruptured when it arrived at point D. Cracks around the chamfered area 
ruptured, causing the specimens to fail under load. The panel buckles completely as tremendous stress builds in 
the limited area [32]. 
 

 
Fig. 5 Details of Mode I (A1S) crushing mechanism 

 
 Fig. 6 shows a quite nearly identical load-displacement curve in the pre-crushing section to that in Fig. 5. 
Nevertheless, a notable distinction was observed in the descending trajectory of the section subsequent to 
compression. After the Fmax value was attained, the load-displacement curve exhibited greater stability and 
descended gradually over a period of time that was relatively stable. This facilitated a more gradual 
deterioration of the specimens as opposed to an abrupt failure that would have adverse repercussions for the 
consumer. Regarding the crushing image, the chamfered portion of specimens experienced a gradual crushing 
process, wherein the core crushing mechanism significantly contributed to the resistance against the crushing 
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effects (point A to point B). In an effort to withstand the applied force, the specimens continued to deform (point 
B to point C) until a fracture was identified in close proximity to the support, at which juncture the specimens 
ultimately failed (point D). Comparable failure conditions have been documented for these specimens in the past 
by [30]–[33]. 

 

 
Fig. 6 Details of Mode II (A3L) crushing mechanism 

 
 Fig. 7 presents the photographic images of the damage morphology obtained from specimen A3L. 
Specimens after crushing show various types of damage such as fibre breakage, matrix cracking, delamination, 
aluminium elongation and splaying. The outer layer of laminate was observed to splay outwards. The damage 
mode observed on the specimen's aluminium mesh sheet suggests that ductile aluminium underwent elongation 
under the influence of an axial compression load. The placement of aluminium in the specimen's centre, which 
functioned as a core, retained all components effectively during compression. The brittle fibre layer and plastic 
aluminium sheet exhibited a potent interactive effect during axial splaying, which prevented the arbitrary 
deformation of two distinct materials [34]. Table 2 shows the crushing performance for all types of specimens 
under quasi-static axial crushing test. It was shown that specimen A3L has the highest energy absorption and 
specific energy absorption, which were 63.82 J and 3.69 J/g. This value is an increase of nearly 230% of EA value 
and 125% of SEA value from specimen A1S, which has the lowest value of EA and SEA among the specimens. 
From the data recorded, specimen S4S has the highest CFE value among the specimens, 0.56. In order to enhance 
comprehension, ANOVA was employed to determine the impact of reinforcement domination, mesh size, 
stacking structure of reinforcements, and their interactions on the energy absorption performance of BFAMRP 
composites. Table 3 presents the ANOVA findings regarding the energy absorption performance of BFAMRP 
composites during a quasi-static crushing test. 
 

 
Fig. 7 Failure morphologies of A3L specimens under quasi-static axial crushing test 
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Table 2 Energy absorption performance of BFAMRP composites under Quasi-static axial crushing test 
Specimens EA 

(J) 
Fmax 
(kN) 

Favg 
(kN) 

SEA 
(J/g) 

CFE 

A1S 19.37 
(2.33) 

5.31 
(0.54) 

2.65 
(0.35) 

1.64 
(0.11) 

0.50 
(0.07) 

A1L 27.29 
(5.61) 

6.24 
(1.03) 

2.70 
(0.50) 

2.12 
(0.28) 

0.54 
(0.03) 

S2S 27.71 
(1.31) 

4.64 
(0.14) 

2.49 
(0.06) 

2.24 
(0.14) 

0.44 
(0.06) 

S2L 40.45 
(3.41) 

7.67 
(0.22) 

3.80 
(0.44) 

2.79 
(0.21) 

0.50 
(0.07) 

A3S 54.20 
(3.47) 

8.92 
(0.29) 

3.43 
(0.80) 

3.22 
(0.12) 

0.45 
(0.03) 

A3L 63.82 
(8.38) 

10.24 
(0.53) 

4.70 
(0.12) 

3.69 
(0.31) 

0.51 
(0.09) 

S4S 31.28 
(2.85) 

7.59 
(0.48) 

3.71 
(0.31) 

2.45 
(0.13) 

0.56 
(0.11) 

S4L 45.04 
(2.33) 

8.21 
(0.45) 

4.13 
(0.35) 

2.74 
(0.12) 

0.50 
(0.02) 

 
Table 3 ANOVA result of energy absorption performance of BFAMRP composites under quasi-static axial crushing 

test 
Source Df P-value Significant 
a) EA (J)    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.000 
0.000 
0.008 
0.694 
0.000 
0.204 

*** 
*** 
** 
ns 
*** 
ns 

Error 17   
Total 23   
b) SEA (J/g)    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.000 
0.000 
0.150 
0.357 
0.000 
0.719 

*** 
*** 
ns 
ns 
*** 
ns 

Error 17   
Total 23   
c) CFE    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.600 
0.385 
1.000 
0.417 
0.083 
0.385 

ns 
ns 
ns 
ns 
ns 
ns 

Error 17   
Total 23   
***  Significantly different at p<0.001  
**   Significantly different at p<0.01  
* Significantly different at p<0.05  
ns Not Significant 
  
The analysis of the associated P-values revealed a substantial impact of the reinforcement dominating factor on 
the EA and SEA of the specimens during the quasi-static crushing test. The mesh size factor has comparable 
effects to the dominance of reinforcement, greatly impacting almost all crushing properties except for CFE. The 
stacking structure had a substantial impact on EA. Conversely, a high P-value indicates that the factors have a 
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negligible impact on CFE. Figure 8 illustrates the primary impact graphs showcasing the energy absorption 
performance of BFAMRP composites. 
 

     
             (a)                    (b) 
 

Fig. 8 Main effect plots of (a) EA; and (b) SEA of BFAMRP composites under quasi-static axial crushing test 
 

It was observed from Figure 8 that composites dominated by 2A3B reinforcement tended to have greater energy 
absorption, Fmax, Favg, and SEA than composites dominated by 3A2B reinforcement. This outcome was 
anticipated, given that fibre has a propensity to absorb more energy than metal via the formation and 
propagation of fractures and fissures [34]. The composite material consisting of 3B2A demonstrated a notably 
elevated EA value, consequently affecting the SEA value in a significant way. The incorporation of bamboo fibres, 
which are lighter in weight compared to the aluminium mesh, led to a higher SEA value for this particular 
specimen. This discovery sets it apart from the sample, which consists of three metal components and two 
bamboo fibre components. 

The examination of the main effect plots unveiled a distinct association between the mesh size and the 
energy absorption performance, particularly in relation to EA and SEA. Specimens comprising a larger mesh size 
demonstrated enhanced energy absorption capabilities in comparison to specimens featuring a smaller mesh 
size. The EA values exhibited a substantial surge of 46%. Furthermore, the SEA values demonstrated a moderate 
growth of 29%. The results validated the importance of mesh size in reinforcing composites for applications 
involving energy absorption structures. 

In relation to the stacking structure factor, the main effect plots demonstrated that its impact on EA values 
was statistically significant. The sandwich structure demonstrated fewer outstanding values in comparison to 
the alternative type structure. When contrasting specimens, A3L (alternate structure) with B/A/B/A/B 
demonstrated superior EA values of 63.82 J respectively, over specimen S4L (sandwich structure) with 
A/B/B/B/A (45.04J for EA). The energy absorption performance may have been impacted by the positioning of 
an aluminium mesh sheet within the bamboo fibre layer, given that the ductility of aluminium counterbalanced 
the brittleness of the fibres during crushing failure. As a consequence, the load-displacement curve became 
considerably more consistent, leading to a substantial increase in the EA values of the specific specimen in 
question. 

3.2 Dynamic Impact Test 
In order to enable comparison, the load-displacement curve obtained from the quasi-static crushing test was 
aligned with that of the dynamic impact test. Figure 9 presents a comparison between the load-displacement 
curves of specimen A3L in quasi-static crushing and dynamic impact testing. The figure illustrates that the 
dynamic impact test resulted in a significantly higher maximum load than the quasi-static crushing test. 
Nevertheless, the displacement of specimens during the dynamic impact test exhibited a reduced magnitude of 
displacement, leading to failure compared to specimens subjected to the quasi-static crushing test. This suggests 
that the specimen is capable of absorbing kinetic energy during the impact process [35]. Delamination extends 
extensively into the composite material of specimens subjected to high compression rates, leading to a stress-
displacement response characterised by low frequency and deeply serrated patterns [36].  

Figure 10 displays A3L composite specimens that experienced failure during the dynamic impact test. 
When comparing the specimens that failed in the quasi-static crushing test (Figure 7) to the dynamic-impact 
specimens, there were small variations in the way they were crushed. Specimens exhibited larger splaying zones 
and matrix cracking. The presence of severe delamination was clearly evident. The interaction between the 
brittle bamboo fibre layer and the plastic aluminium sheet had a notable effect on the axial splaying behaviour.  
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The various types of crushing in dynamic impact can be categorised as matrix cracking, fibre breaking, splaying, 
and delamination. In general, dynamic impact resulted in more damage morphologies compared to quasi-static 
crushing. One notable discovery from this investigation was the absence of catastrophic failure in terms of 
smaller shards of composites, which is a regular occurrence in FRP composite materials. The aluminium mesh 
sheet enhances the structural integrity of the composite construction, even in cases of severe damage, by 
maintaining a certain level of strength and preventing catastrophic collapse [37]. 
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Fig. 9 Comparative load-displacement curves of A3L specimen under quasi-static axial crushing and dynamic 

impact loads 
 

 
Fig. 10 Failure morphologies of A3L specimen under dynamic impact loads 

 
 Table 4 shows the crushing performance for all types of specimens under dynamic impact test. It was shown 
that specimen A3L has the highest energy absorption and specific energy absorption, which were 57.57 J and 
3.25 J/g. This value is an increase of nearly 273% of EA value and 148% of SEA value from specimen A1S, which 
has the lowest value of EA and SEA among the specimens. From the data recorded, specimen A3L also has the 
highest CFE value among the specimens with 0.63. Table 5 presents the ANOVA findings for the energy 
absorption performance of BFAMRP composites during a dynamic impact test. According to the P-values, the 
reinforcing dominating factor had a notable impact on the energy absorption performances of the specimens 
during the dynamic impact test. Furthermore, the statistical analysis revealed that the mesh size factor had a 
substantial impact on both SEA and CFE values. The stacking structure has a substantial impact on the EA and 
SEA values. 
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Table 4 Energy absorption performance of BFAMRP composites under dynamic impact test 
Specimens EA 

J 
Fmax 
kN 

Favg 
kN 

SEA 
J/g 

CFE 

A1S 15.42 
(0.44) 

6.99 
(0.12) 

3.67 
(0.20) 

1.31 
(0.05) 

0.52 
(0.02) 

A1L 27.15 
(2.01) 

6.78 
(0.49) 

3.71 
(0.24) 

2.17 
(0.21) 

0.55 
(0.07) 

S2S 26.51 
(6.54) 

7.34 
(1.56) 

3.65 
(0.83) 

2.01 
(0.32) 

0.50 
(0.01) 

S2L 32.83 
(5.02) 

9.86 
(1.30) 

4.38 
(0.49) 

2.54 
(0.56) 

0.44 
(0.01) 

A3S 48.43 
(3.62) 

11.09 
(0.81) 

5.92 
(0.27) 

2.87 
(0.21) 

0.54 
(0.03) 

A3L 57.57 
(3.06) 

12.26 
(1.21) 

7.69 
(0.17) 

3.25 
(0.49) 

0.63 
(0.05) 

S4S 22.14 
(2.10) 

9.07 
(1.49) 

5.18 
(0.50) 

1.72 
(0.15) 

0.58 
(0.05) 

S4L 30.69 
(5.46) 

9.03 
(1.13) 

5.02 
(0.89) 

2.35 
(0.33) 

0.55 
(0.04) 

 
Table 5 ANOVA result of energy absorption performance of BFAMRP composites under dynamic impact test 

Source Df P-value Significant  
a) EA (J)    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.000 
0.114 
0.000 
0.094 
0.000 
0.931 

*** 
ns 
*** 
ns 
*** 
ns 

Error 17   
Total 23   
b) SEA (J/g)    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.009 
0.038 
0.031 
0.139 
0.004 
0.942 

** 
* 
* 
ns 
** 
ns 

Error 17   
Total 23   
c) CFE    
Reinforcement Domination (RD) 
Mesh Size (MS) 
Stacking structure (SS) 
RD * MS 
RD * SS 
MS * SS 

1 
1 
1 
1 
1 
1 

0.001 
0.043 
0.518 
0.222 
0.112 
0.007 

*** 
* 
ns 
ns 
ns 
** 

Error 17   
Total 23   
***  Significantly different at p<0.001  
**   Significantly different at p<0.01  
* Significantly different at p<0.05  
ns Not Significant 
 
 Figure 11 exhibits the primary effect plots of all factors that have a substantial impact on the energy 
absorption performance. The findings demonstrated that the CFE value derived from the dynamic impact test 
was notably influenced by the dominance of reinforcement and the size of the mesh, unlike the CFE value 
obtained from the quasi-static test, which showed no impact from these factors. The figure illustrates the 
primary impact plots of three parameters that significantly influence the energy absorption performance 
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obtained in the dynamic impact test. Specimens with a dominant 2A3B reinforcement showed significantly 
greater levels of energy absorption performance compared to composites with a dominant 3A2B reinforcement. 
Similar results were noted while analysing the energy absorption performance in quasi-static crushing 
experiments.   

              
             (a)                 (b) 
 

 
       (c) 

 
Fig. 11 Main effect plots of (a)EA; (b)SEA; and (c)CFE of BFAMRP composites under dynamic impact test 

 
 The energy absorption performance, specifically the SEA and CFE values, were considerably influenced by 
the mesh size of the aluminium expanded mesh sheet. The testing results showed that specimens with a smaller 
mesh size of aluminium mesh sheet had a lower SEA value compared to specimens with a larger mesh size. The 
performance of the CFE index showed a contrasting condition compared to the SEA plot. The results of this study 
offered empirical proof that mesh size plays a crucial role in strengthening composites for applications involving 
energy absorption structures. 
 Regarding the stacking structure factor, the examination of the main effect plot revealed a statistically 
significant impact on almost all energy absorption performances, with the exception of CFE. Researchers 
frequently prefer sandwich designs for applications involving long-term energy absorption in structures. The 
absence of interaction between the reinforcement material and matrix in the sandwich construction exhibited 
the capacity to efficiently alleviate and forestall different delamination or interlaminar fracture problems that 
may occur during the crushing process. However, this study reveals a contrasting scenario where the alternative 
structural structure exhibited greater levels of SEA and CFE values than the sandwich structural arrangement. 
The improved cohesiveness of this composite material can be attributed to the treatment process of the bamboo 
fibres. This treatment enhances the formation of a more robust connection between the bamboo fibres and the 
matrix components [38], [39]. In addition, the use of aluminium mesh sheets, rather than traditional aluminium 
sheets, enhances the bond between the metal sheet and matrix [27]. The described strategy, when applied 
alongside the vacuum infusion process, helps to reduce the incidence of void-related difficulties that are 
typically found in composite specimens due to production processes like vacuum bagging or hand lay-up process 
[40]. 
 
4. Conclusion 
In this experiment, eight types of BFAMRP composite were fabricated and tested under quasi-static axial 
crushing and dynamic impact tests. The energy absorption performance and failure morphology were analyzed 
from both tests, followed by an ANOVA analysis of the results.  
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Specimen A3L exhibited superior energy absorption performance compared to all other specimens in both 
quasi-static crushing and dynamic impact tests. The crushing mechanism in all specimens showed a combination 
of gradual failure and buckling behaviour, with the chamfer acting as a trigger mechanism to generate a more 
efficient failure mode, facilitating the absorption of a significantly larger amount of energy during crushing.  

The composite material containing mostly bamboo fibres (2A3B) outperformed the one with mostly 
aluminium mesh (3A2B) in terms of absorbed energy (EA) by up to 75%, specific energy absorption (SEA) by up 
to 28%, and crush force efficiency (CFE) by up to 14.5% during the dynamic impact test. The quasi-static test 
yielded smaller results for both EA and SEA compared to the dynamic impact test, with an empirical increase of 
58% for EA and 33% for SEA noted. CFE values during the quasi-static crushing test were approximately 10% 
lower than those from the dynamic impact test, suggesting that the innovative composites demonstrated 
improved stability and effectively regulated the crushing process, as expected in real crash scenarios.  

ANOVA results indicated that both reinforcement domination and mesh size significantly impacted crushing 
performance, except for the CFE value in the quasi-static crushing test. The variance in dynamic impact test 
results differed from the crushing performance, with reinforcement domination and stacking structure being the 
prominent factors influencing performance. Additionally, the CFE value was greatly affected by the dominance of 
reinforcement and mesh size. 
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