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Abstract 
Natural fiber–reinforced composites are increasingly important as sustainable alternatives to synthetic 
composites, particularly for applications subjected to impact loading. This study investigates the effects of the 
number of layers and fiber orientation on failure patterns and post-impact tensile strength of black bamboo 
woven–reinforced epoxy composites. Composite laminates were fabricated using the hand lay-up method with 
one or two layers and different fiber orientations, including [0°/90°], [+45°/−45°], and hybrid configurations. 
The specimens were subjected to low-velocity drop-weight impact testing at an impact energy of 15 J, followed 
by tensile testing to evaluate their residual tensile strength and damage characteristics. The results show that 
both fiber orientation and the number of layers significantly affect damage distribution and post-impact tensile 
behavior. Two-layer laminates exhibited approximately 40–50% higher residual tensile strength than single-
layer laminates. The [0°/90°/0°/90°] configuration demonstrated the highest load-bearing capacity and the 
smallest total damage area, with a post-impact strength reduction of only approximately 5%. In contrast, the 
[+45°/−45°] laminate experienced the greatest strength degradation, approximately 57–58%, due to extensive 
delamination and shear-dominated failure. In addition, the damage area on the bottom surface was consistently 
larger than that on the top surface, indicating tensile-dominated failure propagation through the laminate 
thickness. These findings indicate that increasing the number of layers improves post-impact tensile 
performance, whereas fiber orientation governs the dominant failure mechanisms and damage propagation 
behavior. This research provides practical guidance for designing impact-resistant and environmentally friendly 
composite laminates reinforced with black bamboo woven fibers. 
 
Keywords: Bamboo composite, Failure patterns, Layer configuration, Low-velocity impact, Post-impact tensile 
strength. 
 
1 Introduction 
 
Natural fiber reinforced polymer composites have 
been extensively studied as sustainable alternatives to 
conventional synthetic fiber composites. Their 
advantages include low density, renewability, 
biodegradability, and reduced environmental impact 
during production [1]. These characteristics make 
natural fibers attractive for applications in automotive 
components, building materials, and lightweight 
structures where moderate mechanical performance is 
sufficient. However, the inherent variability of natural 
fibers and their sensitivity to processing conditions 
require careful laminate design to achieve consistent 
mechanical behavior [2]. 

Bamboo is one of the most promising natural 
fibers for composite reinforcement due to its rapid 

growth, wide availability, and relatively high tensile 
strength compared with other lignocellulosic fibers 
[3]. Previous studies have demonstrated that bamboo 
fibers can provide effective reinforcement when 
combined with thermoset polymer matrices, 
particularly epoxy resins. Black bamboo 
(Gigantochloa atroviolacea) has gained attention 
because of its dense fiber structure and good 
mechanical performance after alkali treatment, which 
improves fiber–matrix interfacial bonding [4]. 
Nevertheless, the mechanical response of bamboo-
based composites remains strongly dependent on 
laminate configuration, including fiber orientation, 
stacking sequence, and laminate thickness [5]. 

In service conditions, natural fiber composites 
may experience impact loading from accidental drops, 
debris, or handling damage. Low-velocity impact is 
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especially critical for laminated composites, as it can 
induce internal damage such as matrix cracking, fiber–
matrix debonding, and delamination, even when 
surface damage is not clearly visible [6]. Under low-
velocity impact, the laminate response involves 
localized contact deformation and global bending. The 
impacted surface is initially subjected to contact 
compression, whereas laminate deflection generates 
tensile stresses on the rear surface, which can promote 
matrix cracking, fiber fracture, and interlaminar 
separation. Damage may also propagate between 
adjacent layers through interlaminar shear stresses, 
thereby reducing the residual load-bearing capacity 
even when the externally visible damage remains 
limited. For natural fiber composites, these damage 
mechanisms are influenced not only by laminate 
design but also by fiber morphology, fiber–matrix 
adhesion, and the presence of matrix-rich regions in 
woven reinforcements [7]. As a result, impact damage 
tolerance remains a key challenge in the broader 
application of bamboo-reinforced composites. 

Several studies have reported that laminate 
thickness and fiber orientation affect impact resistance 
and damage evolution in natural fiber composites. 
Increasing the number of layers generally enhances 
energy absorption capacity and stiffness, but also 
introduces additional interlaminar interfaces that may 
promote delamination [8]. Previous low-velocity-
impact studies on laminated composites have shown 
that increasing laminate thickness can increase 
bending stiffness and delay complete penetration; 
however, the additional interfaces may provide more 
sites for delamination initiation and propagation. Fiber 
orientation governs the dominant stress transfer 
mechanism during impact. Cross-ply configurations 
such as [0°/90°] tend to concentrate loads along the 
fiber direction, resulting in more localized damage, 
whereas angle-ply configurations such as [+45°/−45°] 
promote shear-dominated deformation and wider 
delamination areas [9]. These effects are particularly 
relevant in woven bamboo composites, where fiber 
crimp and interlacing influence stress redistribution 
under dynamic loading. 

Moreover, residual tensile load after impact is an 
important parameter for evaluating the structural 
integrity of natural fiber composites. Impact-induced 
damage reduces the effective load-bearing cross-
section and disrupts stress transfer between fibers and 
matrix, leading to a noticeable reduction in tensile 
strength [10]. Although post-impact tensile behavior 
has been widely investigated in synthetic fiber 

composites, studies focusing on bamboo woven 
composites remain limited. Most existing research on 
bamboo-based composites emphasizes quasi-static 
tensile or flexural properties, with relatively little 
attention given to post-impact mechanical 
performance and associated failure patterns. 

Despite the increasing number of studies on 
natural fiber-reinforced composites, research 
concerning the post-impact mechanical behavior of 
woven bamboo epoxy composites remains limited. 
Most previous studies primarily focused on quasi-
static tensile, flexural, or impact properties without 
evaluating the residual mechanical performance after 
impact damage [11]. In particular, the influence of 
stacking sequence and fiber orientation on the 
relationship between impact-induced failure patterns 
and post-impact tensile strength has not been 
comprehensively investigated for black bamboo 
woven composites [12]. Furthermore, comparative 
studies between cross-ply, angle-ply, and hybrid 
laminate configurations under low-velocity impact 
loading are still scarce  [13]. As a result, the dominant 
failure mechanisms governing residual tensile 
performance in bamboo woven epoxy laminates are 
not yet fully understood. Therefore, this study aims to 
investigate the effect of layer number and fiber 
orientation on failure patterns and post-impact tensile 
strength of black bamboo woven epoxy composites 
subjected to low-velocity impact loading. 

The present study aims to examine the effects of 
layer number and fiber orientation on failure patterns 
and post-impact tensile strength of black bamboo 
woven epoxy composites. Laminates with one and two 
layers and different fiber orientations of [0°/90°], 
[+45°/−45°], and combined configurations are 
fabricated using the hand lay-up method. Low-
velocity drop weight impact testing is employed to 
induce controlled damage, followed by tensile testing 
to assess residual mechanical properties. The results 
are expected to improve understanding of damage 
mechanisms in bamboo-based laminates and provide 
guidance for the design of natural fiber composites 
with improved impact tolerance. 

 
2 Materials and Methods 
 
2.1 Materials 
 
Black bamboo (Gigantochloa atroviolacea) was used 
as the natural fiber reinforcement in this study. The 
bamboo was processed into woven mats prior to 
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composite fabrication. To improve fiber–matrix 
interfacial bonding, the woven bamboo fibers were 
subjected to an alkali treatment using a 3 wt.% NaOH 
solution for one hour. A 3 wt.% NaOH treatment for 1 
h was selected to partially remove surface waxes and 
non-cellulosic constituents, increase fiber-surface 
roughness, and improve epoxy wettability and fiber–
matrix adhesion. This relatively mild condition was 
used to limit excessive cellulose degradation and loss 
of fiber strength associated with higher alkali 
concentrations or prolonged treatment. This relatively 
mild treatment condition was selected to remove 
surface waxes and part of the non-cellulosic 
constituents, increase fiber-surface roughness, and 
improve resin wettability while limiting the cellulose 
degradation that may occur under more severe alkali 
treatments. After treatment, the fibers were thoroughly 
rinsed with distilled water to remove residual alkali 
and then dried at room temperature until a constant 
mass was achieved. An epoxy resin system was 
employed as the polymer matrix due to its good 
mechanical properties and compatibility with natural 
fibers. The epoxy resin was mixed with EPH 556 
hardener at a resin-to-hardener ratio of 3:1 by volume, 
following the manufacturer’s recommendations. All 
materials were used as received after preparation, 
without further modification. 

 
2.2 Composite fabrication 
 
Composite laminates were fabricated using the hand 
lay-up method. The woven bamboo was cut to 
dimensions of 100 mm × 150 mm and arranged 
according to the designated laminate configurations. 
Two main variables were considered, including fiber 
orientation and the number of layers (one layer and 
two layers). The experimental variables were the 
number of woven mats and their orientation relative to 
the subsequent tensile-loading direction. Because each 
woven mat contained two orthogonal yarn systems, a 
single mat was denoted [0°/90°] when its principal 
yarns were aligned with and transverse to the loading 
direction and [+45°/−45°] when the mat was rotated 
by 45°. The five configurations were therefore 
designated [0°/90°], [+45°/−45°], [0°/90°/0°/90°], 
[+45°/−45°/+45°/−45°], and [0°/90°/+45°/−45°]. The 
laminate-fabrication procedure is illustrated in Figure 
1.  

For single-layer laminates, one woven bamboo 
mat was placed inside a silicone mold, followed by 
impregnation with the epoxy resin mixture. For two-
layer laminates, two woven mats were stacked 

according to the specified orientation sequence, 
ensuring proper alignment between layers. Resin 
impregnation was performed manually to ensure 
complete wetting of the fibers. After lay-up, the 
laminates were left to cure at room temperature under 
atmospheric pressure. The cured laminates were then 
removed from the mold and trimmed to the required 
specimen dimensions. The fiber volume fraction was 
controlled by adjusting the number of woven layers, 
resulting in approximately 25% fiber volume fraction 
for single-layer laminates and 50% for two-layer 
laminates. The final laminate thickness was 
maintained at approximately 4 mm for all 
configurations. 
 

 
Figure 1: Fabrication procedure and stacking 
configurations of the woven black-bamboo/epoxy 
laminates. 
 

Low-velocity impact testing was conducted using 
a drop-weight impact testing machine (see Figure 2) 
following the general principles of ASTM D7136. 
Rectangular specimens with dimensions of 100 mm × 
150 mm were clamped using a fixture to ensure 
consistent boundary conditions during impact loading. A 
hemispherical steel impactor with a diameter of 15 mm 
was used to strike the center of the specimen. The impact 
energy was set at 15 J by adjusting the drop height and 
impactor mass. During testing, the impactor was allowed 
to freely fall onto the specimen surface to generate 
controlled impact damage. The impact response was 
recorded in terms of visible damage characteristics, 
including matrix cracking, fiber fracture, delamination, 
and rear-surface failure patterns. After testing, all 
specimens were visually inspected from both the 
impacted (front) and non-impacted (rear) surfaces. 
Photographic documentation was carried out 
immediately after impact testing using a digital camera 
under consistent lighting conditions to facilitate 
subsequent damage area analysis. 
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Figure 2: Schematic illustration of the low-velocity 
drop-weight impact setup, showing the 7.7 kg 
impactor, effective drop height, clamped specimen, 
and central impact location. 
 
2.3 Impact testing 
 
Low-velocity impact testing was conducted using a 
drop-weight impact testing machine (Figure 2) with 
specimen preparation and impact positioning based on 
ASTM D7136. Rectangular specimens measuring 100 
mm × 150 mm with a thickness of 4 mm were clamped 
in the test fixture to maintain consistent boundary 
conditions. Before testing, each specimen was visually 
inspected to exclude specimens with pre-existing 
surface cracks. A 7.7 kg steel impactor with a 15 mm 
hemispherical tip was positioned over the center of the 
specimen. The nominal impact energy was fixed at 15 
J for comparative damage assessment. From a 
gravitational potential energy equation, an effective 
drop height of 0.208 m was required, corresponding to 
a theoretical impact velocity of approximately 2.02 m 
s. Because the impactor was 0.11 m long, the release 
position on the apparatus was set at 0.318 m above the 
specimen reference level. The impactor was released 
manually and allowed to fall freely onto the center of 
the clamped specimen. The same incident energy was 
applied to all configurations to provide a common 
loading condition. The selected 15 J condition should 
therefore be interpreted as a fixed comparative impact 
level rather than an equivalent damage-severity level 
for every laminate. After impact, all specimens were 
visually inspected from both the impacted and rear 
surfaces. Photographs were captured immediately 
after testing under consistent lighting, camera-
distance, and specimen-positioning conditions for 

subsequent surface-damage analysis. Three nominally 
identical specimens were prepared for each laminate 
configuration. 

 
2.4 Surface damage area measurement 
 
Damage area quantification was performed using 
digital image analysis with ImageJ software. After 
impact testing, photographs of the impacted (front) and 
non-impacted (rear) surfaces of each specimen were 
captured using a digital camera under consistent 
lighting and fixed-distance conditions to ensure 
measurement consistency. The known specimen 
dimensions were used to calibrate the pixel-to-length 
scale before area measurement. The acquired images 
were imported into ImageJ for damage-area evaluation. 
Matrix cracking was operationally identified as narrow, 
visually continuous surface fissures without observable 
lifting or separation of the woven layer. Surface-visible 
delamination-like damage was identified as a broader 
region showing whitening, local lifting, separation, or 
loss of continuity between the reinforcement and 
surrounding matrix. Visible discontinuity or severing of 
bamboo yarns was classified as fiber breakage. The 
identified regions were manually outlined using the 
thresholding and area-selection tools and converted into 
binary images to facilitate area calculation. Overlapping 
regions were classified according to the dominant 
visible feature to avoid double counting. Matrix-
cracking and surface-visible delamination-like areas 
were measured separately in mm² on each specimen 
surface. 

 
2.5 Pristine and post-impact tensile testing 
 
Tensile tests were performed on pristine and impacted 
specimens to compare their tensile load-bearing 
capacities. The tests were conducted using a KEJIAN 
universal testing machine under displacement-
controlled loading; the machine had a stated load-
measurement accuracy of ±0.5%. The 100 mm × 150 
mm impacted panels were positioned directly between 
the grips, with the impact site located within the 
loaded region. ASTM D7136 was used only for the 
impact-specimen geometry and does not constitute a 
post-impact tensile standard. Because the impacted 
panels were not machined into a standard tensile-
coupon geometry and the effective load-bearing cross-
sectional area could not be determined reliably after 
localized impact damage, the test was treated as a 
comparative residual-load assessment rather than a 
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standardized tensile-strength measurement. The load–
displacement response was recorded for each 
specimen, and the maximum tensile load was used to 
determine the residual load-bearing capacity. 
Accordingly, the mechanical results are reported in 
newtons rather than as tensile strength in megapascals, 
and the initial load–displacement slope is interpreted 
as effective structural stiffness rather than an intrinsic 
elastic modulus. The tensile behavior of impacted 
specimens was compared with that of pristine 
specimens and among laminate configurations to 
assess the influence of mat number and fiber 
orientation on residual mechanical performance. 

 
2.6 Failure analysis 
 
Failure patterns resulting from impact and subsequent 
tensile loading were analyzed macroscopically by 
visual examination of the impacted and rear surfaces. 
Damage features such as matrix cracking, surface-
visible interfacial separation, fiber breakage, and fiber 
pull-out were identified. The damage distribution was 
interpreted in terms of local indentation, impact-
induced bending, rear-face tensile stress, matrix-
dominated shear deformation, yarn breakage, and 
interfacial separation. Particular attention was given to 
the strain incompatibility between adjacent [0°/90°] 
and [+45°/−45°] mats in the hybrid laminate because 
their different principal deformation directions can 

generate interlaminar shear and normal stresses that 
promote crack deflection, branching, and interface 
separation. The extent and distribution of damage 
were compared among different laminate 
configurations and related quantitatively to the 
retained maximum tensile load. 

 
3 Results and Discussion 
 
3.1 Failure patterns after impact 
 
Failure patterns of woven black-bamboo/epoxy 
composites observed on the impacted and rear 
surfaces for the [0°/90°], [+45°/−45°], 
[0°/90°/0°/90°], [+45°/−45°/+45°/−45°], and 
[0°/90°/+45°/−45°] configurations are shown in 
Figure 3. On the impacted surface, all specimens 
exhibit localized indentation at the impact center, 
accompanied by surface-visible matrix cracks and 
yarn breakage. However, the extent, direction, and 
distribution of these features vary with laminate 
configuration. The [0°/90°] configuration shows 
relatively symmetric and localized damage around the 
impact point, consistent with load redistribution along 
its two orthogonal yarn directions. In contrast, the 
[+45°/−45°] configuration presents a rotated and more 
irregular crack pattern aligned approximately with the 
diagonal yarn directions. This pattern indicates a 
greater contribution from matrix-dominated shear 
deformation and yarn rotation. The hybrid 
[0°/90°/+45°/−45°] laminate exhibits a less uniform 
crack network because its adjacent woven mats have 

 
Figure 3:  Surface-visible failure patterns of woven black-bamboo/epoxy laminates after 15 J low-velocity 
impact loading for different laminate configurations, as observed on the impacted and rear surfaces. 
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different principal stiffness and deformation 
directions. On the rear surface, the visible damage is 
more extensive than that on the impacted surface 
across the tested configurations. Petal-like cracking, 
surface-visible separation, yarn breakage, and fiber 
pull-out are observed, indicating that flexural 
deformation generated tensile stresses on the rear face. 
The repeated angle-ply configuration, 
[+45°/−45°/+45°/−45°], shows broader radial crack 
propagation than the repeated cross-ply configuration, 
whereas the hybrid laminate demonstrates crack 
branching and deflection associated with the 
interaction between the dissimilar mat orientations. 
Because the specimens were opaque and no internal-
damage inspection was performed, the visible 
separation regions are interpreted as surface-visible 
delamination-like damage rather than direct 
measurements of subsurface delamination. 

The observed failure patterns indicate that 
laminate configuration influences stress redistribution 
and the direction of crack propagation in woven 
bamboo/epoxy composites under impact loading. The 
relatively confined damage in the [0°/90°] 
configuration suggests that orthogonal yarn alignment 
distributes the local impact load along the principal 
material directions and restricts lateral crack extension 
[14], [15]. This is consistent with findings that support 
the effectiveness of a cross-ply arrangement, as it 
allows for better energy dissipation across the 
laminate layers, mitigating localized failure [16]. 
Conversely, angle-ply laminates of [0°/90°/45°/−45°] 
are more susceptible to shear-driven delamination due 
to fiber orientation at ±45°, which promotes sliding 
and interlaminar separation under impact-induced 
shear stresses [17], [18]. Research findings indicate a 
tendency for extensive damage on the bottom 
surfaces, confirming that the tensile stresses arising 
from the stress wave transmission through the 
laminate thickness govern final failure. Such 
observations are corroborated in studies assessing the 

initiation and progression of delamination under 
similar load conditions [19]. 

Moreover, the [0°/90°/+45°/−45°] hybrid 
configuration combines mats with different principal 
stiffness and deformation directions, producing strain 
incompatibility at the interface during impact-induced 
bending. The resulting interlaminar shear and normal 
stresses can cause an approaching matrix crack to 
deflect along the interface, branch into multiple paths, 
or propagate into the adjacent mat in a different 
direction, thereby producing a more complex crack 
network [20]. This complexity arises from the 
competing mechanisms of crack initiation and 
propagation influenced by varying stacking sequences 
that introduce directional weaknesses [21], [22]. A 
complex crack network should not automatically be 
interpreted as lower structural integrity: crack 
deflection may dissipate fracture energy, whereas 
extended interface separation can reduce load transfer 
during subsequent tensile loading. Its net effect must 
therefore be evaluated together with the measured 
damage area and retained maximum tensile load. 
Overall, it is demonstrated that while woven bamboo 
composites can absorb impact energy, their post-
impact damage tolerance is highly dependent on layer 
configuration, which directly affects delamination 
resistance, crack propagation control, and ultimately 
residual tensile performance [23]. Utilization of 
careful design in the stacking sequence and 
configuration can enhance the structural resilience of 
bamboo woven epoxy composites, contributing to 
their potential applications in various engineering 
fields [24]. 

 
3.2 Surface damage area 
 
Figure 4 presents (a) matrix cracking area, (b) 
delamination area, and (c) total damage area for 
different laminate configurations. In Figures 4(a) and 

 
Figure 4: Quantitative comparison of impact-induced damage areas for different laminate configurations (a) 
matrix cracking area from top and bottom views, (b) delamination area from top and bottom views, and (c) 
total damage area. 
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(b), the bottom view consistently exhibits larger 
damage areas than the top view across all 
configurations, indicating more severe tensile-
dominated failure on the rear surface. For matrix 
cracking, the highest damage is observed in the 
[+45°/−45°/+45°/−45°] configuration on the bottom 
surface, while the [0°/90°] configuration shows the 
lowest cracking area. A similar trend appears in 
delamination, where angle-ply and repeated angle-ply 
laminates demonstrate higher delamination areas 
compared to cross-ply laminates. Figure 4(c) shows 
that total damage area (combined matrix cracking and 
delamination) reaches its maximum in the 
[+45°/−45°/+45°/−45°] configuration, followed by 
hybrid stacking [0°/90°/0°/90°] and [+45°/−45°]. The 
[0°/90°] laminate consistently presents the smallest 
total damage area, indicating better resistance to 
impact-induced failure. 

The observed trends indicate that laminate 
configuration influences both the magnitude and 
spatial distribution of surface-visible impact damage 
in woven bamboo/epoxy composites. The relatively 
low impacted-surface separation area of the [0°/90°] 
laminate suggests that orthogonal yarn orientation 
promotes load redistribution along the principal 
material directions and restricts the lateral extension 
of the initially damaged region [25]. This observation 
aligns with previous research highlighting the 
advantages of cross-ply configurations in improving 
impact resistance [26]. In contrast, the [+45°/−45°] 
and [+45°/−45°/+45°/−45°] laminates transfer a 
greater proportion of the impact-induced deformation 
through matrix shear, yarn rotation, and interfacial 
sliding. These mechanisms can distribute surface 
cracking over a wider region while increasing 
susceptibility to interface separation along the inclined 
yarn directions  [27]. 

The larger damage recorded on the bottom 
surfaces confirms that tensile stress waves transmitted 
through the laminate thickness govern the dominant 
failure mechanism, underscoring the importance of 
laminate thickness and orientation in managing impact 
forces [24]. The high total damage area in repeated 
angle-ply laminates implies that shear-dominated 
failure mechanisms contribute more critically to 
structural degradation than normal stress components, 
as indicated by the predominant delamination failures 
observed in angle-ply configurations [5]. 
Nevertheless, damage area alone does not fully 
determine residual mechanical performance. The 
cross-ply laminates retain direct 0° yarn load paths 

during subsequent tensile loading, whereas the angle-
ply laminates depend more strongly on matrix- and 
interface-mediated shear transfer. Consequently, 
impact damage affecting the matrix and interface can 
produce a disproportionately large reduction in the 
residual maximum tensile load of the angle-ply 
configuration, even when differences in visible 
damage area are comparatively moderate. These 
findings highlight that cross-ply configurations may 
offer better impact tolerance and potentially higher 
post-impact tensile strength compared to angle-ply 
dominated laminates, supporting the notion that 
strategic design of stacking sequences can enhance the 
mechanical performance and durability of bamboo 
woven epoxy composites [28], [29]. 
 
3.3 Load-displacement curve 
 
Figure 5 presents the load–displacement curves of 
specimens in (a) the pristine condition and (b) after 15 
J impact loading. In Figure 5(a), all reinforced 
laminates exhibit higher maximum tensile loads than 
the unreinforced epoxy specimen. The [0°/90°/0°/90°] 
and [0°/90°/+45°/−45°] configurations achieve the 
highest peak loads, exceeding 600 N, which reflects 
their greater tensile load-bearing capacity. Their 
relatively steep initial load–displacement slopes also 
indicate higher effective structural stiffness than the 
single-layer configurations. The 
[+45°/−45°/+45°/−45°] laminate exhibits a 
comparatively steep initial slope followed by an 
abrupt post-peak load reduction, indicating rapid loss 
of its remaining load path after the maximum load is 
reached. Meanwhile, the single-layer angle-ply 
[+45°/−45°] configuration records a lower peak load 
than the cross-ply and hybrid laminates. The larger 
crosshead displacement observed for some 
configurations should not be interpreted directly as 
material ductility because the measured displacement 
includes specimen, grip, and testing-machine 
compliance. In Figure 5(b), all configurations show 
lower maximum loads after impact than in their 
corresponding pristine conditions. The reduction is 
most pronounced in the [+45°/−45°] laminate, which 
exhibits the lowest residual maximum tensile load. 
The cross-ply-dominated and hybrid laminates retain 
comparatively higher load-bearing capacities, 
indicating more effective redistribution of the tensile 
load around the impact-damaged region. Because the 
curves present load against crosshead displacement, 
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the measured maximum response is reported as 
residual load-bearing capacity in newtons rather than 
tensile strength in megapascals.  

The comparison between Figures 5(a) and 5(b) 
demonstrates that prior impact loading reduces the 
effective structural stiffness, maximum tensile load, 
and displacement to failure of the tested laminates, 
although the magnitude of the reduction depends on 
laminate configuration. In the pristine condition, 
cross-ply and hybrid stacking sequences provide 
more efficient stress transfer along principal fiber 
directions, resulting in higher stiffness, strength, and 
energy absorption [30]. These characteristics are 
critical in ensuring that the composite maintains its 
structural integrity under various loading conditions. 
However, after impact, internal damage such as 
matrix cracking, delamination, and fiber breakage 
reduces the laminate’s ability to effectively 
redistribute tensile stresses [31]. This damage is 
manifested in the curves as a reduced initial slope, a 
lower peak load, an earlier onset of nonlinearity, or a 
more abrupt post-peak load loss. 

The more pronounced maximum-load 
reduction observed in the [+45°/−45°] configuration 
indicates that the single-layer angle-ply laminate is 
particularly vulnerable to impact-induced matrix and 
interfacial shear damage. Under subsequent tensile 
loading, neither principal yarn family is aligned 
directly with the loading axis; therefore, load transfer 
depends strongly on matrix shear, yarn rotation, and 
fiber–matrix interfacial continuity. Impact-induced 
cracking and surface-visible separation disrupt these 
mechanisms and promote earlier localization of shear 
deformation and interface failure [32]. Indeed, 
research has indicated that angle-ply configurations 
are generally less effective in sustaining post-impact 

loads when compared to their cross-ply counterparts, 
primarily due to the shear-dominated failure 
mechanisms they promote [33]. Although hybrid 
configurations still maintain comparatively better 
residual strength, the overall decrease in slope and 
peak load in Figure (b) indicates stiffness 
degradation and premature failure due to internal 
defects [34]. These findings demonstrate that 
stacking sequence not only influences initial tensile 
properties but also governs post-impact residual 
performance and structural damage tolerance, 
reiterating the need for careful consideration in the 
design of composite materials [35]. 

 
3.4 Load bearing capacity 
 
Figure 6 presents the load-bearing capacity of 
bamboo woven epoxy composite laminates under 
pristine conditions and after-impact conditions for 
various stacking configurations. In the pristine 
condition, all reinforced laminates show higher 
maximum loads compared to the no-fiber specimen. 
The [0°/90°/0°/90°] configuration exhibits the 
highest load-bearing capacity, followed by 
[0°/90°/+45°/−45°] and [+45°/−45°/+45°/−45°]. The 
single-layer [0°/90°] laminate demonstrates 
moderate strength, while the [+45°/−45°] 
configuration records the lowest maximum load 
among the reinforced specimens. After impact, all 
configurations experience a noticeable reduction in 
maximum tensile load. The reduction is most 
pronounced in the [+45°/−45°] laminate, whereas 
multilayer and hybrid laminates maintain relatively 
high residual strength compared to single-orientation 
laminates. 

 
Figure 5:  Load–displacement responses of woven black-bamboo/epoxy laminates in (a) the pristine 
condition and (b) after 15 J low-velocity impact loading for the different laminate configurations. 
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Figure 6: Load-bearing capacity of bamboo woven 
epoxy composite laminates in pristine condition and 
after-impact conditions for various stacking 
configurations. 

 
The comparison between pristine and impacted 

conditions indicates that stacking sequence plays a 
crucial role in post-impact strength retention. The 
[+45°/−45°] laminate exhibits the largest strength 
degradation, with a reduction of approximately 57–
58%, indicating high susceptibility to shear-induced 
damage and interlaminar failure [36]. This reduction 
can be explained mechanically by the absence of a 
principal yarn family aligned directly with the tensile-
loading direction. Axial loading of the ±45° yarns 
depends on yarn rotation, matrix shear, and fiber–
matrix interfacial transfer. Impact-induced matrix 
cracking and surface-visible interface separation 
consequently degrade the same mechanisms required 
to carry the subsequent tensile load, leading to earlier 
shear localization and failure. In contrast, the [0°/90°] 
configuration experiences a moderate decrease of 
about 33%, suggesting better axial load transfer while 
still demonstrating limited damage tolerance in single-
layer forms [37]. The 0° yarns provide a more direct 
axial load path and allow part of the applied load to 
bypass the locally damaged region. However, because 
this configuration contains only one woven mat and a 
larger matrix-rich proportion, its capacity for load 
redistribution remains more limited than that of the 
two-mat configuration. 

The multi-layer configurations exhibit smaller 
maximum-load reductions: approximately 5% for 
[0°/90°/0°/90°], 8% for [+45°/−45°/+45°/−45°], and 
7% for the hybrid [0°/90°/+45°/−45°] laminate. These 
values correspond to approximate load retentions of 
95%, 92%, and 93%, respectively. The high retention 

of the repeated cross-ply laminate is attributed to the 
continuity and redundancy of the 0° yarn load paths: 
when impact damage locally interrupts part of the 
reinforcement, the remaining aligned yarns and the 
second woven mat can redistribute the tensile load 
around the damaged region [38].  

The repeated angle-ply laminate also retains a 
comparatively high maximum load despite its 
extensive surface-visible damage. This result indicates 
that visible damage area alone does not determine 
residual capacity; the additional woven mat and higher 
nominal reinforcement content provide redundant 
load-transfer paths even though matrix shear and 
interface separation remain extensive. The hybrid 
laminate combines direct axial load transfer through 
its 0° yarns with load redistribution through the ±45° 
mat. However, directional-stiffness and strain 
mismatch at the dissimilar interface can promote crack 
deflection and surface separation. The lower 
percentage reductions should not be interpreted as 
direct evidence of better interlayer bonding or greater 
impact-energy absorption because neither interfacial 
bond strength nor an instrumented impact-energy 
history was measured. Therefore, the two-layer cross-
ply and hybrid configurations demonstrate better post-
impact maximum-load retention under the present 15 
J test condition than the single-layer angle-ply 
laminate [28]. Nevertheless, mat number and nominal 
fiber content increased simultaneously; thus, the 
improved retention cannot be attributed to stacking 
sequence or layer interaction alone. 

 
4 Conclusion 
 
This study investigated the effects of woven-mat 
number and orientation on surface-visible impact 
damage and residual tensile load-bearing capacity of 
black-bamboo woven/epoxy composites subjected to 
a 15 J impact. The single-layer [+45°/−45°] laminate 
exhibited the greatest maximum-load reduction of 
approximately 57–58%, whereas the single-layer 
[0°/90°] laminate showed a 33% reduction. The two-
layer [0°/90°/0°/90°], [+45°/−45°/+45°/−45°], and 
hybrid [0°/90°/+45°/−45°] laminates showed 
reductions of approximately 5%, 8%, and 7%, 
respectively. The repeated angle-ply laminate 
exhibited the largest surface-visible separation area, 
increasing from 248.558 mm² on the impacted surface 
to 596.441 mm² on the rear surface. Cross-ply 
configurations maintained more effective axial load 
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paths through the 0° yarns, whereas angle-ply 
configurations were governed by matrix shear, yarn 
rotation, and interfacial separation. Increasing the 
number of woven mats improved load redistribution 
but simultaneously increased the nominal 
reinforcement fraction and number of interfaces. 
Because the study was limited to surface-based 
damage measurements, one- and two-mat laminates, 
and a single impact energy, future studies should 
independently control thickness and fiber fraction, 
examine additional layers and impact energies, and 
employ internal-damage characterization and 
standardized tensile testing. 
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