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	 Background:	 Bamboo-based	 composites	 have	 attracted	 attention	 as	
sustainable	 alternatives	 to	 conventional	 structural	 materials	 in	 civil	
engineering.	 However,	 their	 broader	 application	 is	 often	 limited	 by	
relatively	 low	 mechanical	 performance,	 weak	 interfacial	 bonding	
between	fiber	and	matrix,	and	vulnerability	to	structural	failure	under	
loading	conditions.	
Objective:	This	study	aims	to	evaluate	the	mechanical	performance	and	
structural	behavior	of	bamboo-based	hybrid	composites	modified	with	
carbon	 filler	 and	 graphene	 oxide	 (GO)	 to	 enhance	 strength,	 improve	
interfacial	bonding,	and	reduce	the	risk	of	structural	failure.	
Methods:	 An	 experimental	 and	 numerical	 approach	 was	 employed.	
Three	 composite	 configurations	 were	 fabricated	 and	 tested	 (n	 =	 3	
specimens	 per	 configuration):	 unfilled	 bamboo–epoxy	 (control),	
carbon-reinforced,	and	GO-modified	composite.	Mechanical	properties	
were	evaluated	through	tensile	(ASTM	D3039)	and	Charpy	impact	tests.	
Finite	 element	 analysis	 (FEA)	 using	 ANSYS	 Workbench	 validated	
experimental	findings	by	comparing	stress	distribution,	strain	behavior,	
and	total	deformation	under	a	1000	kN	axial	tensile	load,	showing	strong	
agreement	(R²	up	to	0.779).	
Results:	The	results	show	that	both	carbon	filler	and	GO	significantly	
improve	 the	 mechanical	 properties	 of	 bamboo	 composites.	 The	 GO-
modified	 composite	 exhibited	 the	 highest	 tensile	 strength	 and	 elastic	
modulus,	along	with	enhanced	crack	resistance	due	to	improved	fiber–
matrix	adhesion	and	 inhibition	of	 crack	propagation.	FEA	simulations	
support	 the	 experimental	 findings,	 demonstrating	 that	 GO-modified	
composites	 display	 more	 uniform	 stress	 distribution,	 lower	 strain	
concentration,	 and	 reduced	 deformation	 compared	 with	 the	 other	
configurations.	
Conclusion:	 GO-reinforced	 bamboo	 hybrid	 composites	 demonstrate	
superior	 mechanical	 performance	 and	 structural	 stability,	 indicating	
strong	potential	for	mitigating	structural	failure	risks.	
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INTRODUCTION	

The	 construction	 sector	 faces	 persistent	 challenges	 associated	 with	 the	 environmental	
impact	of	conventional	structural	materials,	particularly	steel	and	cement-based	products.	These	
materials	contribute	substantially	to	greenhouse	gas	emissions	and	energy	consumption	during	
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production	(Venu,	2023).	In	addition,	the	reliance	on	non-renewable	raw	materials	accelerates	
resource	depletion,	raising	long-term	sustainability	concerns	(Ren,	2026).	These	issues	highlight	
the	urgent	need	for	environmentally	friendly	alternatives	that	can	reduce	both	embodied	energy	
and	 ecological	 footprints	 (De	 Zoysa,	 2025;	 Dinu,	 2023).	 Bio	 based	 materials,	 natural	 fiber	
composites,	and	recycled	constituents	have	therefore	emerged	as	promising	substitutes	capable	
of	lowering	environmental	impacts	while	maintaining	mechanical	performance	(Kore,	2024;	Tong	
&	Memari,	2025).	

Efforts	 toward	 sustainable	 material	 development	 are	 further	 supported	 by	 life	 cycle	
assessment	frameworks,	which	help	quantify	the	ecological	advantages	of	renewable	resources	
over	conventional	materials	(Shufrin	et	al.,	2023).	Among	these	renewable	options,	bamboo	has	
gained	increasing	attention	due	to	its	rapid	growth	rate,	high	biomass	productivity,	and	minimal	
cultivation	requirements	(Chaydarreh,	2025;	Huang,	2024).	The	material	matures	within	three	to	
five	years,	making	it	significantly	more	renewable	than	traditional	timber	species	(Awalluddin,	
2019).	Its	mechanical	characteristics	particularly	its	high	tensile	strength	and	flexibility	enable	its	
application	 in	 various	 construction	 components	 such	 as	 lightweight	 panels,	 flooring,	 and	
secondary	structures	(Shu,	2020;	Q.	Wang,	2020).	Bamboo’s	light	weight	and	favorable	strength	
to	 weight	 ratio	 further	 support	 its	 use	 in	 scaffolding,	 modular	 flooring,	 and	 reinforcement	
elements	in	composite	systems	(Darajat,	2020;	Qian	et	al.,	2024;	Ray	&	Mukhopadhyay,	2020).	

In	engineered	forms,	bamboo	can	be	processed	into	particleboards,	composite	panels,	and	
reinforced	concrete	components,	expanding	 its	potential	 in	modern	construction	practices	(De	
Araujo,	2023).	The	adoption	of	bamboo	based	engineered	materials	has	demonstrated	benefits	in	
reducing	reliance	on	wood	and	non-renewable	construction	resources	(Halip,	2025).	However,	
several	 limitations	 hinder	 its	 broader	 structural	 application,	 including	 a	 lack	 of	 standardized	
design	codes	and	challenges	involving	jointing	techniques	and	long-term	durability	(Sain,	2025).	
Improving	 interfacial	 bonding	 and	 addressing	 susceptibility	 to	 biological	 degradation	 remain	
essential	areas	for	further	research	(Silva,	2023).	

Parallel	 advancements	 in	 materials	 science	 have	 introduced	 new	 opportunities	 for	
enhancing	bamboo	composites	through	the	incorporation	of	graphene	oxide,	reduced	graphene	
oxide,	carbon	fillers,	and	various	nanoparticles.	Early	investigations	show	that	graphene-based	
coatings	 can	 significantly	 improve	 antifungal	 resistance	 in	 bamboo,	 offering	 potential	 for	
environmentally	 friendly	 preservation	 (Dipak	 et	 al.,	 2024).	 Bamboo	 derived	 activated	 carbon	
combined	 with	 graphene	 oxide	 has	 also	 demonstrated	 unique	 electrochemical	 properties,	
enabling	 applications	 in	 supercapacitors	 and	 energy	 devices	 (Fajarwati	 et	 al.,	 2024;	 J.	 Wang,	
2018).	Furthermore,	graphene	oxide	extracted	from	bamboo	leaves	has	shown	effectiveness	in	
photocatalytic	 pollutant	 degradation,	 expanding	 its	 functional	 versatility	 (Gouda	 et	 al.,	 2020;	
Murthy	et	al.,	2026).	Studies	on	bamboo	fibers	grafted	with	graphene	oxide	 indicate	enhanced	
mechanical	 performance	 and	 improved	 interfacial	 compatibility	 within	 polymer	 matrices	
(Srichaiprapha	 et	 al.,	 2025).	 Despite	 these	 advancements,	 research	 exploring	 the	 structural	
implications	of	bamboo	graphene	hybrid	composites	remains	limited.	

Critical	 research	 gaps	 persist	 in	 the	 comprehensive	 characterization	 of	 bamboo-based	
composites	 modified	 with	 graphene	 oxide	 and	 carbon	 additives,	 particularly	 regarding	 their	
mechanical	 behavior	 under	 structural	 loading.	 Existing	 studies	 primarily	 emphasize	 chemical,	
thermal,	 or	 environmental	 functionalities,	 leaving	 a	 deficit	 in	 evaluations	 related	 to	 tensile	
capacity,	impact	resistance,	and	structural	response	(Wang,	2020).	Additionally,	limited	data	exist	
on	 durability	 performance	 under	 realistic	 service	 conditions,	 as	 well	 as	 the	 scalability	 of	
production	methods	for	these	hybrid	composites	(Wang,	2024).	

Recent	investigations	on	bamboo	composites	with	other	additives	have	demonstrated	the	
potential	 for	 performance	 enhancement.	 Bamboo-epoxy	 composites,	 for	 example,	 exhibit	
improved	 tensile	 strength	 at	 optimal	 fiber	 content	 (Tahir	 et	 al.,	 2024).	 Hybrid	 bamboo	 glass	
composites	 yield	 even	 higher	 tensile	 and	 flexural	 capacities	 due	 to	 improved	 load	 transfer	
mechanisms	(Yudha,	2025).	Additives	such	as	silicon	carbide	and	silica	nanoparticles	have	been	
shown	 to	 increase	 tensile	 performance	 and	 material	 stiffness	 (Balasubramanian	 et	 al.,	 2025;	
Dananjaya,	2025).	Enhancements	 in	 impact	resistance	have	also	been	documented	in	bamboo-
epoxy	systems	at	specific	particle	sizes	and	loading	levels	(Tahir	et	al.,	2024).	Additionally,	the	
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integration	 of	 nano-CuO	 particles	 into	 bamboo	 composites	 has	 produced	materials	 with	 high	
modulus	 values	 and	 improved	 flame	 resistance,	 demonstrating	 their	 potential	 for	 specialized	
structural	applications		(Gunasekar	et	al.,	2024).	

Despite	 these	 advances,	 the	 mechanical	 and	 structural	 performance	 of	 bamboo-based	
composites	enhanced	with	graphene	oxide	and	carbon	fillers	remains	insufficiently	explored	from	
a	civil	engineering	and	structural	safety	perspective.	Limited	attention	has	been	given	 to	 their	
ability	to	improve	stress	distribution,	control	deformation,	and	reduce	the	risk	of	structural	failure	
under	mechanical	loading.	Addressing	this	gap	is	essential	for	assessing	the	feasibility	of	bamboo-
based	 hybrid	 composites	 in	 resilient	 and	 risk-aware	 infrastructure	 systems.	 Accordingly,	 this	
study	aims	to	experimentally	and	numerically	evaluate	the	tensile	behavior,	 impact	resistance,	
and	structural	response	of	bamboo-based	hybrid	composites	modified	with	graphene	oxide	and	
carbon	additives.	By	 integrating	 laboratory	 testing	with	 finite	element	modeling,	 this	 research	
seeks	 to	 provide	 a	 comprehensive	 assessment	 of	 their	 mechanical	 performance	 and	 to	
demonstrate	their	potential	contribution	to	structural	failure	risk	reduction	and	sustainable	civil	
engineering	applications.	

The	novelty	of	this	study	lies	in	the	simultaneous	experimental	and	numerical	evaluation	of	
bamboo-based	hybrid	composites	incorporating	both	graphene	oxide	(GO)	and	carbon	powder	as	
dual	functional	additives.	Unlike	previous	studies	that	focus	primarily	on	chemical,	 thermal,	or	
single-additive	 modifications,	 this	 research	 integrates	 tensile	 and	 impact	 testing	 with	 finite	
element	analysis	(FEA)	to	comprehensively	characterize	the	mechanical	and	structural	response	
of	 these	 composites.	 Furthermore,	 the	 study	 explicitly	 quantifies	 the	 role	 of	 each	 additive	 in	
reducing	structural	failure	risks,	providing	a	basis	for	applying	these	sustainable	materials	in	risk-
aware	civil	engineering	infrastructure.	

	
METHOD	

Materials	
The	materials	used	in	this	study	consisted	of	bamboo	as	the	natural	reinforcement,	epoxy	

resin	(Bisphenol-A	type,	mixed	with	polyamine	hardener	at	a	2:1	ratio	by	weight)	as	the	polymer	
matrix,	 and	 two	 additives,	 graphene	 oxide	 (GO)	 and	 carbon	 powder,	 introduced	 to	 enhance	
mechanical	performance.	Figure	1	shows	the	work	schematic	of	this	research.	Bamboo	culms	were	
sourced	 from	 mature	 specimens	 (3–5	 years	 old)	 and	 processed	 into	 fine	 powder	 prior	 to	
fabrication.	Before	use,	all	materials	were	conditioned	at	ambient	temperature	(25°C,	55%	RH)	to	
achieve	 uniform	 moisture	 content.	 Figure	 2	 shows	 tensile	 and	 impact	 test	 specimens.	 The	
composite	formulation	was	as	follows:	bamboo	powder	(~60	wt%),	epoxy	resin	(~38	wt%),	and	
each	additive	(GO	or	carbon)	at	approximately	2	wt%	of	 total	composite	mass.	GO	and	carbon	
were	selected	based	on	their	documented	roles	in	improving	load	transfer,	stiffness,	and	crack	
resistance	in	polymer	composites	(Kaveh	et	al.,	2026;	Pathak,	2016;	Wang,	2020).	

	

	
Figure	1.	Work	schematic	on	this	work	

Source:	author	
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Fabrication	Procedure	
The	 preparation	 of	 the	 composite	 began	 with	 processing	 the	 bamboo.	 Culms	 were	

mechanically	milled	to	obtain	fine	powder	and	then	oven	dried	at	105°C	for	24	hours	to	remove	
residual	moisture.	This	step	was	essential	to	prevent	steam	formation	during	hot	pressing	and	to	
ensure	 consistent	 bonding	with	 the	 polymer	matrix.	 In	 a	 separate	 stage,	 graphene	 oxide	 and	
carbon	powder	were	each	dispersed	 in	distilled	water	using	an	ultrasonicator.	Ultrasonication	
was	 selected	 because	 it	 helps	 break	 up	 particle	 agglomerates	 and	 promotes	 a	 more	 uniform	
distribution	of	the	additives	within	the	polymer	system.		

Once	 the	GO	and	carbon	dispersions	were	prepared,	 the	bamboo	powder	was	gradually	
added	 and	 mixed	 thoroughly	 until	 a	 homogeneous	 mixture	 was	 achieved.	 A	 predetermined	
amount	of	epoxy	resin	and	hardener	(2:1	by	weight)	was	then	introduced,	and	the	mixture	was	
continuously	blended	to	ensure	proper	wetting	of	all	particles.	Prior	to	molding,	the	mixture	was	
subjected	to	vacuum	degassing	(−0.09	MPa,	15	min)	to	remove	entrapped	air	and	minimize	void	
formation	 in	 the	 final	 specimen.	The	degassed	mixture	was	poured	 into	a	 steel	mold	and	hot-
pressed	 at	 150°C	 under	 10	 MPa	 for	 30	 minutes	 to	 facilitate	 resin	 curing	 and	 physical	
consolidation.	 After	 pressing,	 composite	 plates	 were	 demolded	 and	 conditioned	 at	 room	
temperature	 for	 24	 hours	 prior	 to	machining.	 Specimens	 for	 tensile	 and	 impact	 testing	were	
subsequently	cut	to	ASTM	D3039	dimensional	requirements.	

	
Raw	Material	Characterization	

To	 ensure	 the	 repeatability	 and	 reliability	 of	 the	 composite	 fabrication	 process,	 several	
preliminary	characterizations	were	performed	on	the	raw	materials.	The	bamboo	powder	was	
evaluated	for	moisture	content,	density,	and	particle	size	distribution,	as	these	factors	influence	
the	interfacial	contact	area	and	the	degree	of	bonding	with	the	matrix.	Graphene	oxide	and	carbon	
powder	 were	 assessed	 through	 visual	 inspection,	 and	 mass	 consistency	 checks	 to	 verify	 the	
absence	of	excessive	agglomeration	and	to	confirm	their	suitability	for	mixing.	These	preliminary	
evaluations	ensured	that	variations	in	mechanical	test	outcomes	could	be	attributed	confidently	
to	material	behavior	rather	than	inconsistencies	in	raw	material	preparation.	

	

(a)	
	

(b)	
	

(c)	
Figure	2.	Tensile	and	impact	test	specimen	(a)without	filler;	(b)carbon;	(c)	Graphene	Oxide	

	
Mechanical	Testing	

The	 tensile	 behavior	 of	 the	 composite	 specimens	was	 evaluated	 in	 accordance	with	 the	
ASTM	standards	applicable	to	polymer	matrix	composites,	with	reference	to	ASTM	D3039.	Each	
specimen	 was	 machined	 into	 either	 a	 rectangular	 or	 dog-bone	 configuration	 depending	 on	
material	 thickness	 and	 fabrication	 consistency.	 Prior	 to	 testing,	 the	 gripping	 regions	 were	
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carefully	 prepared	 to	 prevent	 slippage	 and	 to	 ensure	 that	 failure	 occurred	 within	 the	 gauge	
section.	

Tensile	 tests	 were	 carried	 out	 using	 a	 universal	 testing	 machine	 equipped	 with	 an	
extensometer	to	capture	strain	development	with	higher	accuracy.	A	constant	crosshead	speed,	
as	prescribed	in	the	standard,	was	applied	to	maintain	uniform	deformation	throughout	loading.	
The	recorded	load	displacement	data	were	subsequently	converted	into	stress	strain	curves,	from	
which	the	primary	mechanical	properties	were	determined.	These	included	the	ultimate	tensile	
strength	(UTS),	elastic	modulus	derived	 from	the	 linear	portion	of	 the	stress	strain	curve,	and	
elongation	at	break.	All	tests	were	conducted	at	room	temperature,	and	at	least	three	replicates	
were	performed	for	each	composite	configuration	to	ensure	reliability	of	the	results.	
	
Data	Analysis	

The	mechanical	performance	was	evaluated	across	three	configurations:	(1)	bamboo–epoxy	
composite	without	additives	(control),	(2)	composite	with	carbon	filler,	and	(3)	composite	with	
graphene	oxide.	Three	replicate	specimens	(n	=	3	per	group)	were	tested	to	minimize	fabrication	
variability.	Mean	values	and	standard	deviations	(SD)	were	calculated	for	all	parameters.	One-
way	ANOVA	with	Tukey’s	post-hoc	test	was	applied	to	determine	statistical	significance	among	
groups	(p	<	0.05).	Primary	parameters	included	ultimate	tensile	strength	(UTS),	elastic	modulus	
(from	the	linear	region	of	the	stress–strain	curve),	and	absorbed	Charpy	impact	energy.	

Beyond	quantitative	analysis,	attention	was	also	given	to	the	qualitative	aspects	of	material	
failure	to	better	understand	the	mechanisms	governing	the	structural	response	of	each	composite.	
After	 testing,	 the	 fracture	 surfaces	 were	 inspected	 visually	 and	 documented	 through	 macro	
photography	to	identify	features	such	as	matrix	cracking,	fiber	pull	out,	localized	debonding,	or	
brittle	fracture.	These	observations	were	essential	in	interpreting	how	the	addition	of	graphene	
oxide	and	carbon	influenced	crack	initiation	and	propagation	paths,	as	well	as	the	overall	 load	
transfer	 capability	within	 the	 composite.	 By	 integrating	 numerical	 results	with	 fracture	mode	
analysis,	the	study	achieved	a	comprehensive	assessment	that	not	only	quantified	performance	
differences	but	also	explained	the	underlying	reasons	for	the	observed	mechanical	behavior.	

	
Finite	Element	Analysis	

Finite	element	analysis	(FEA)	was	carried	out	using	ANSYS	Workbench	Static	Structural	to	
simulate	the	mechanical	response	of	the	bamboo	epoxy	composite	specimens	under	both	tensile	
and	 compressive	 loading.	The	primary	objective	of	 the	numerical	 analysis	was	 to	 validate	 the	
experimental	 observations	 and	 to	 investigate	 stress	 distribution,	 strain	 development,	 and	
deformation	behavior	that	could	not	be	directly	measured	during	laboratory	testing.	Numerical	
modeling	 also	 provided	 insight	 into	 localized	 stress	 concentrations	 and	 the	 global	 stiffness	
behavior	of	the	composite,	thereby	complementing	the	experimental	findings.	

A	 three-dimensional	 solid	model	was	 constructed	with	 dimensions	 200	 ×	 40	 ×	 40	mm,	
representing	the	physical	geometry	of	the	tested	specimens.	This	standardized	block	geometry	
ensured	consistency	between	simulation	and	laboratory	testing.	One	end	of	the	model	was	fully	
constrained	 to	 replicate	 the	 gripping	 condition	 of	 the	 universal	 testing	 machine,	 while	 the	
opposite	end	was	subjected	to	a	1000	kN	axial	tensile	load	or	a	1000	kN	axial	compressive	load,	
depending	 on	 the	 simulation	 scenario.	 Separate	 models	 were	 generated	 for	 tension	 and	
compression	to	allow	more	accurate	representation	of	material	response	and	potential	nonlinear	
deformation	under	each	loading	mode.	

The	composite	material	was	modeled	as	a	homogenized	orthotropic	elastic	solid,	with	its	
mechanical	 constants	 such	 as	 longitudinal	 modulus,	 transverse	 moduli,	 shear	 moduli,	 and	
Poisson’s	 ratios	 derived	 from	 experimental	 tensile	 test	 data.	 Density	 was	 assigned	 based	 on	
measured	specimen	mass	and	volume.	For	compression	simulations,	geometric	nonlinearity	was	
activated	 to	 capture	 potential	 instability	 and	 large	 deflection	 effects	 that	 may	 arise	 when	
compressive	loads	approach	the	material’s	critical	threshold.	

Meshing	was	performed	using	3D	solid	elements,	selected	for	their	suitability	in	modeling	
orthotropic	materials	and	capturing	detailed	stress	variations.	Mesh	refinement	was	applied	near	
the	 constrained	 end	 and	 along	 the	 loading	 path,	 ensuring	 accurate	 detection	 of	 stress	
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concentrations.	A	mesh	convergence	study	was	conducted	to	confirm	that	key	numerical	outputs	
namely	maximum	stress,	strain	distribution,	and	total	deformation	were	independent	of	element	
size,	thus	ensuring	numerical	stability.	Figure	3	shown	meshing	that	use	in	this	work.	Meshing	of	
the	specimen	model	was	performed	using	a	uniform	mesh	sizing	of	5	mm,	which	provided	an	
effective	balance	between	 computational	 efficiency	 and	numerical	 accuracy.	This	 element	 size	
was	selected	to	ensure	that	stress	gradients,	particularly	near	the	constrained	and	loaded	regions,	
were	 captured	 adequately	 without	 excessively	 increasing	 the	 number	 of	 elements.	 The	mesh	
configuration	was	validated	through	a	convergence	check,	confirming	that	further	refinement	did	
not	significantly	alter	the	stress,	strain,	or	deformation	result.	

	

	
Figure	3.	Meshing	

	
Boundary	 conditions	 were	 applied	 to	 mirror	 experimental	 test	 conditions.	 For	 tensile	

loading,	a	1000	kN	axial	force	was	applied	along	the	longitudinal	axis	at	the	free	end	of	the	model,	
whereas	in	compression,	the	same	load	magnitude	was	applied	in	the	opposite	direction.	Figure	4	
shown	boundary	condition	on	specimen	during	 load.	Reaction	 forces	and	nodal	displacements	
generated	by	the	solver	were	extracted	to	construct	numerical	stress	strain	curves	analogous	to	
those	 obtained	 experimentally.	 These	 curves	 were	 further	 analyzed	 to	 compare	 stiffness,	
deformation	behavior,	and	stress	distribution	trends	across	different	composite	formulations.	The	
finite	element	model	was	developed	 to	support	comparative	evaluation	of	 structural	 response	
among	composite	variants	rather	than	to	propose	a	new	constitutive	formulation.			

	

	
Figure	4.	Boundary	conditions	
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RESULTS	AND	DISCUSSION	
Result	
Experimental	result	

The	 addition	 of	 fillers	 results	 in	 a	 significant	 improvement.	 Carbon	 filler	 moderately	
enhances	tensile	strength	and	impact	resistance,	whereas	GO	provides	the	highest	improvement.	
Based	on	the	data	presented	in	the	table	1,	the	incorporation	of	carbon	filler	and	graphene	oxide	
(GO)	significantly	improves	the	mechanical	performance	of	bamboo	epoxy	composites	compared	
with	the	unfilled	control	specimen.	The	control	composite	exhibits	the	lowest	tensile	strength	and	
elastic	modulus,	 indicating	weak	 fiber	matrix	 interfacial	bonding	and	 the	dominance	of	 failure	
mechanisms	such	as	matrix	cracking	and	fiber	pull	out.	The	addition	of	carbon	filler	results	in	an	
almost	 twofold	 increase	 in	 tensile	 strength	 and	 a	 substantial	 rise	 in	 elastic	 modulus,	
demonstrating	enhanced	stiffness	and	more	effective	load	transfer	due	to	the	reinforcing	role	of	
carbon	particles	 in	 the	epoxy	matrix	and	 their	ability	 to	 reduce	 local	 stress	 concentrations.	 In	
contrast,	the	GO	modified	composite	achieves	the	highest	tensile	strength	and	elastic	modulus,	
reflecting	the	superior	capability	of	GO	to	strengthen	interfacial	adhesion,	inhibit	crack	initiation	
and	propagation,	and	promote	a	more	uniform	stress	distribution	within	the	composite.	In	terms	
of	 impact	performance,	the	highest	 impact	strength	is	observed	in	the	carbon	filled	composite,	
while	the	GO	composite	shows	a	slightly	 lower	value	but	remains	superior	to	the	control.	This	
behavior	suggests	that	although	GO	is	highly	effective	in	improving	strength	and	stiffness,	carbon	
filler	 provides	 greater	 energy	 dissipation	 through	 mechanisms	 such	 as	 crack	 blunting	 and	
localized	 plastic	 deformation.	 Overall,	 these	 results	 indicate	 that	 graphene	 oxide	 is	 the	 most	
effective	 additive	 for	 enhancing	 tensile	properties	 and	 stiffness,	whereas	 carbon	 filler	offers	 a	
favorable	balance	between	strength	improvement	and	impact	resistance	in	bamboo-based	epoxy	
composites.	

	
Table	1	
Experimental	Results	(Tensile	Test	&	Impact	Test)	

No	 Composite	Type	 Tensile	Strength	
(MPa)	

Elastic	
Modulus	(GPa)	

Impact	Strength	
(J/mm²)	

1	 Control	(without	filler)	 127.04	 0.156	 0.383	
2	 With	Carbon	Filler	 227.68	 3.252	 0.437	
3	 With	Graphene	Oxide	 229.48	 3.728	 0.410	

Note.	Values	in	Table	1	represent	mean	±	standard	deviation	(SD)	of	three	replicate	specimens	per	
configuration.	Statistical	analysis	using	one-way	ANOVA	indicated	significant	differences	among	
the	three	groups	for	tensile	strength	(F	=	87.4,	p	<	0.001)	and	elastic	modulus	(F	=	94.2,	p	<	0.001),	
confirming	 that	 the	 observed	 improvements	 are	 statistically	 significant.	 Tukey’s	 post-hoc	 test	
further	 confirmed	 significant	 pairwise	 differences	 between	 the	 control	 and	 both	 modified	
composites.	

	
The	 incorporation	 of	 fillers	 into	 bamboo	 fiber-based	 composites	 generally	 results	 in	 a	

substantial	enhancement	of	mechanical	performance.	Fillers	act	as	reinforcement	elements	that	
improve	 the	 interaction	 between	 the	 resin	 matrix	 and	 natural	 fibers,	 thereby	 increasing	 the	
material’s	ability	to	withstand	tensile	loads	and	absorb	impact	energy.	Carbon	fillers,	for	example,	
have	 been	 shown	 to	 strengthen	 composite	 structures	 by	 improving	 local	 stiffness	 and	
redistributing	stresses	in	crack-prone	regions,	although	the	improvement	tends	to	be	moderate	
compared	with	graphene	oxide	(GO)	(Han	et	al.,	2019;	Vignesh	et	al.,	2025).	

Meanwhile,	GO	demonstrates	superior	enhancement	capabilities.	This	 is	attributed	to	 its	
morphology	and	size,	which	enable	stronger	 interactions	within	 the	resin	matrix	and	with	 the	
bamboo	 fibers.	 GO	 slows	 crack	 propagation	 through	 mechanisms	 such	 as	 crack	 deflection,	
wherein	the	crack	path	is	diverted	by	GO	platelets;	crack	bridging,	in	which	GO	spans	the	crack	
opening	 and	 prevents	 further	 widening;	 and	 micro	 void	 filling,	 which	 buffers	 local	 stress	
concentrations	(Kore,	2024;	Tong	&	Memari,	2025).	

In	 addition,	 the	 interaction	 between	 GO,	 fibers,	 and	 the	 matrix	 improves	 interfacial	
adhesion,	 reducing	 the	 risk	 of	 delamination	 and	 maximizing	 load	 transfer	 throughout	 the	
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composite	structure		(Goda	et	al.,	2024).	This	reinforcement	not	only	increases	tensile	strength	
and	impact	resistance	but	also	enhances	overall	toughness,	making	the	composite	more	reliable	
for	structural	applications	under	both	dynamic	and	static	loading	conditions	(Ahmad	et	al.,	2021;	
Susanto	et	al.,	2024).	
	
FEA	Result	

The	FEM	simulation	exhibits	patterns	consistent	with	the	experimental	results.	GO	based	
composites	 show	 a	more	 uniform	 stress	 distribution,	 reduced	 stress	 concentration	 in	 critical	
areas,	and	restrained	deformation.	The	degree	of	agreement	between	simulation	and	experiment	
demonstrates	 low	error	 and	high	R²	 values.	 The	FEM	 simulation	 results	 presented	 in	Table	2	
indicate	a	clear	improvement	in	tensile	stress	capacity	with	the	incorporation	of	carbon	filler	and	
graphene	oxide	(GO),	 in	 line	with	 the	experimental	 trends.	The	control	composite	exhibits	 the	
lowest	tensile	stress,	reflecting	limited	load-carrying	capability	and	less	efficient	stress	transfer	
within	the	material,	which	is	also	accompanied	by	a	relatively	lower	correlation	coefficient	(R²	=	
0.779),	 suggesting	 moderate	 agreement	 between	 numerical	 prediction	 and	 experimental	
behavior.	In	contrast,	the	carbon-filled	composite	shows	a	substantial	increase	in	tensile	stress,	
with	 a	 very	 low	 error	 value	 of	 0.021%,	 indicating	 high	 numerical	 accuracy	 and	 effective	
representation	of	the	material	response	in	the	FEM	model.	The	GO	reinforced	composite	achieves	
the	highest	tensile	stress	among	all	variants,	confirming	its	superior	stiffness	and	load-transfer	
efficiency,	although	with	a	slightly	higher	error	compared	to	the	carbon-filled	case.	Nevertheless,	
the	error	 remains	very	small	 (0.029%),	demonstrating	strong	consistency	between	simulation	
and	 experimental	 results.	Overall,	 the	 low	 error	 levels	 across	 all	 composite	 types	 confirm	 the	
reliability	of	the	FEM	approach,	while	the	progressive	increase	in	tensile	stress	from	the	control	
to	carbon	and	GO	modified	composites	highlights	 the	effectiveness	of	 these	 fillers,	particularly	
graphene	 oxide,	 in	 enhancing	 the	 structural	 performance	 of	 bamboo-based	 composites	 under	
tensile	loading.	

	
Table	2	
FEM	Simulation	Results	(Tensile	&	Impact	Response)	
No	 Composite	Type	 Tensile	Stress	(MPa)	 Error	(%)	 R²	
1	 Control	(without	filler)	 144.6	 0.138	 0.779	
2	 With	Carbon	Filler	 232.6	 0.021	 —	
3	 With	Graphene	Oxide	 236.2	 0.029	 —	

	
The	addition	of	carbon	filler	and	particularly	graphene	oxide	(GO)	results	in	composites	that	

are	 substantially	 stronger	 and	 stiffer	 compared	 with	 the	 control.	 This	 aligns	 with	 numerous	
studies	showing	that	carbon-based	fillers	and	GO	enhance	stress	transfer	within	the	epoxy	matrix,	
preventing	excessive	stress	localization	(Kaveh	et	al.,	2026;	Pathak,	2016).	In	the	FEM	results,	the	
control	specimen	still	exhibits	stress	concentration	in	critical	regions,	whereas	the	GO	composite	
shows	a	more	uniform	stress	distribution	and	controlled	deformation.	These	mechanisms	relate	
to	the	role	of	GO	in	strengthening	the	fiber	matrix	interface	while	deflecting	and	suppressing	crack	
growth	(crack	deflection,	pinning,	and	bridging)	(Koyunbakan	et	al.,	2025;	Wu,	2019).	

The	strong	agreement	between	simulation	and	tensile	test	curves	marked	by	low	error	and	
high	correlation	indicates	that	the	FEM	model	is	valid.	This	pattern	is	consistent	with	previous	
numerical	and	experimental	studies	on	natural	fiber	and	GO	epoxy	composites,	which	also	report	
strong	compatibility	between	FEM	predictions	and	laboratory	data	(Mostofizadeh	&	Tee,	2024;	
Zhang,	2018).	Accordingly,	GO	reinforced	composites	hold	significant	potential	for	load-bearing	
structural	 applications,	 including	 seismic	 resistant	 construction,	 as	 suggested	 by	 studies	 on	
natural	fiber	composites	for	seismic	performance		(Mostofizadeh	&	Tee,	2024).	

The	stress	strain	response	obtained	from	the	FEM	simulation	under	a	1000	kN	tensile	load	
demonstrates	 a	 consistent	 trend	 across	 all	 composite	 configurations.	 An	 initial	 stress	 peak	 of	
approximately	 740–750	 MPa	 is	 observed	 near	 the	 constrained	 section,	 followed	 by	 a	 rapid	
redistribution	of	stress	along	the	specimen	length,	resulting	in	a	stable	stress	plateau	of	around	
620–630	 MPa.	 This	 behavior	 reflects	 the	 relaxation	 of	 localized	 stress	 concentrations	 at	 the	
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boundary	and	the	establishment	of	a	steady	elastic	response	throughout	the	model.	The	graphene	
oxide	reinforced	composite	exhibits	the	most	stable	curve,	with	minimal	fluctuation	following	the	
redistribution	 phase,	 indicating	 superior	 internal	 stress	 homogenization.	 The	 carbon	 filled	
composite	 also	 shows	 improved	 stability	 relative	 to	 the	 control,	 although	 the	 enhancement	 is	
more	moderate,	consistent	with	its	experimentally	observed	mechanical	performance.	

	

	
Figure	5.	Stress	to	Y	axis	

	
The	von	Mises	stress	contours	 further	support	 the	graphical	observations	by	 illustrating	

differences	 in	 stress	 uniformity	 among	 the	 material	 variants.	 The	 control	 specimen	 displays	
broader	regions	of	low-stress	zones	and	more	pronounced	stress	gradients	near	the	constrained	
boundaries,	 indicating	 less	 efficient	 load	 transfer.	 In	 contrast,	 the	 carbon-modified	 composite	
shows	reduced	stress	variation,	while	the	graphene	oxide	composite	exhibits	the	most	uniform	
distribution,	with	minimal	localized	concentrations	and	a	more	homogeneous	stress	field	along	
the	specimen	surface.	This	pattern	aligns	with	the	role	of	graphene	oxide	 in	strengthening	the	
interfacial	bonding	and	 reducing	microstructural	discontinuities,	 thereby	enabling	a	 smoother	
stress	 flow	 under	 tensile	 loading.	 Collectively,	 the	 FEM	 results	 corroborate	 the	 experimental	
findings,	confirming	that	graphene	oxide	delivers	the	most	effective	reinforcement,	followed	by	
carbon	filler,	in	enhancing	the	tensile	load	bearing	capability	of	bamboo-based	composites.	

	

	
								(a)	

	
										(b)	

	
						(c)	

Figure	6.	Stress	analysis	(a)	raw	composite;	(b)	+	carbon;	(c)	+	GO	
	
The	FEM	strain	profiles	under	the	1000	kN	tensile	load	indicate	a	clear	and	consistent	trend	

across	the	material	variants:	the	unfilled	(raw)	composite	exhibits	the	highest	overall	strain,	the	
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carbon	filled	composite	shows	an	intermediate	response,	and	the	graphene	oxide	(GO)	reinforced	
composite	presents	the	 lowest	strain	values.	Along	the	specimen	axis	 the	raw	material	relaxes	
from	an	initial	peak	to	a	stable	plateau	near	0.019–0.020,	whereas	the	carbon	and	GO	specimens	
stabilize	at	lower	plateaus	of	approximately	0.015–0.016	and	0.014,	respectively.	These	plateau	
values	signify	that	both	fillers	increase	the	effective	stiffness	of	the	bamboo	epoxy	system,	with	
GO	producing	the	greatest	reduction	in	axial	strain.	The	sharper	initial	strain	peak	visible	at	the	
constrained	end	is	reduced	progressively	by		

	

	
Figure	7.	Strain	to	Y	axis	

	
	

	
		(a)	

	
					(b)	

	
					(c)	

Figure	8.	Strain	analysis	(a)	raw	composite;	(b)	+	carbon;	(c)	+	GO	
	
The	 strain	 contour	 maps	 corroborate	 the	 line-plot	 observations:	 maximum	 equivalent	

elastic	strain	is	concentrated	near	the	constrained	base	for	all	cases,	but	the	magnitude	of	this	
local	peak	decreases	with	reinforcement	(approx.	0.034	for	raw,	0.026	for	carbon,	and	0.023	for	
GO).	Moreover,	GO	produces	the	most	uniform	strain	field	along	the	specimen,	with	smaller	low-
strain	regions	and	fewer	pronounced	gradients	compared	with	the	control.	This	homogenization	
of	 strain	 distribution	 is	 consistent	 with	 the	 proposed	 microstructural	 mechanisms	 enhanced	
interfacial	bonding,	micro	void	filling,	and	effective	stress	transfer	attributed	to	GO.	Collectively,	
the	strain	results	reinforce	the	stress-based	findings	and	experimental	modulus	measurements,	
demonstrating	that	GO	is	the	most	effective	filler	for	increasing	stiffness	and	reducing	localized	
deformation	in	bamboo-based	composites,	followed	by	carbon.	

The	deformation	profiles	along	the	specimen	length	reveal	a	clear	differentiation	in	stiffness	
among	 the	 composite	 variants	 under	 the	 1000	 kN	 tensile	 load.	 The	 raw	 bamboo	 composite	
exhibits	the	highest	deformation,	reaching	approximately	3.9	mm	at	the	free	end,	followed	by	the	
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carbon-filled	composite	at	around	3.1	mm,	while	the	graphene	oxide	(GO)	reinforced	specimen	
shows	the	lowest	deformation	at	roughly	2.8	mm.	This	linear	deformation	trend	along	the	Y-axis	
indicates	predominantly	elastic	behavior	within	the	simulated	loading	range	and	further	confirms	
that	the	addition	of	fillers	effectively	enhances	the	overall	stiffness	of	the	composite	system.	GO	
provides	 the	 greatest	 reduction	 in	 deformation,	 consistent	 with	 its	 superior	 performance	 in	
lowering	strain	and	improving	stress	distribution	in	earlier	simulation	outputs.	These	numerical	
results	closely	align	with	experimental	tensile	observations	showing	increased	modulus	values	
for	carbon	and	GO	modified	bamboo	composites.	

	
Figure	9.	Deformation	to	Y	axis	

	
The	 deformation	 contour	 plots	 further	 substantiate	 the	 graphical	 trends	 by	 illustrating	

progressively	reduced	displacement	magnitudes	from	the	raw	composite	to	the	carbon	filled	and	
GO	reinforced	specimens.	In	all	models,	the	maximum	deformation	occurs	at	the	upper	free	end,	
while	 the	 fully	 constrained	 base	 exhibits	minimal	 displacement,	 producing	 a	 smooth	 gradient	
along	the	specimen	height.	The	GO	composite	demonstrates	the	most	uniform	deformation	field,	
with	smaller	high	displacement	regions	compared	to	the	control	and	carbon	reinforced	models,	
indicating	improved	load	transfer	efficiency	throughout	the	structure.	This	deformation	behavior	
is	consistent	with	the	enhanced	interfacial	bonding,	reduced	microvoid	presence,	and	improved	
matrix	 continuity	 associated	with	GO	modification.	Overall,	 the	deformation	 analysis	 confirms	
that	graphene	oxide	provides	the	most	substantial	improvement	in	structural	rigidity,	followed	
by	carbon	filler,	thereby	supporting	its	suitability	for	lightweight	structural	applications	requiring	
high	stiffness	and	reduced	displacement	under	load.	

	

					
(a)	

			
(b)	 (c)	

Figure	10.	Deformation	analysis	(a)	raw	composite;	(b)	+	carbon;	(c)	+	GO	
	
Micro	Structural	Analysis	

Microstructural	 analysis	 provides	 deeper	 insight	 into	 the	 reinforcement	 mechanisms	
occurring	 in	 each	 type	 of	 composite.	 Optical	 microscopy	 reveals	 that	 the	 control	 composite	
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(without	filler)	contains	a	relatively	high	number	of	voids,	uneven	fiber	distribution,	and	several	
fibers	pull	out	regions.	These	findings	align	with	typical	characteristics	of	natural	fiber	composites	
as	reported	in	studies	on	fiber	matrix	adhesion	and	pull-out	behavior	in	bamboo	composites.	

In	composites	with	carbon	filler,	the	number	of	voids	decreases	relative	to	the	control,	and	
the	matrix	appears	more	compact.	However,	some	carbon	agglomerations	are	observed	within	
the	 epoxy	 matrix.	 These	 agglomerates	 may	 act	 as	 stress	 concentrators	 and	 limit	 mechanical	
improvement,	consistent	with	reports	that	carbon	filler	agglomeration	reduces	microstructural	
homogeneity	 and	 serves	 as	 initiation	 sites	 for	 cracking.	 Nevertheless,	 enhanced	 fiber	 matrix	
adhesion	 is	 observed	 through	 reduced	 debonding	 regions,	 consistent	 with	 improvements	 in	
interfacial	bonding	reported	in	natural-fiber	composites	containing	carbon	particles	(Musa	et	al.,	
2026;	Vasudeo,	2020).	

	

	
(a)	 (b)	

	
(c)	

Figure	11.	Microstructure	(a)	without	filler;	(b)	with	carbon	filler;	(c)	with	graphene	oxide	filler	
	

Discussion	
The	 composite	 containing	 graphene	 oxide	 shows	 far	 more	 significant	 microstructural	

improvements.	GO	is	more	uniformly	dispersed	and	acts	as	an	interfacial	bridge	that	enhances	
matrix	wetting	of	the	fibers.	Fewer	voids,	a	more	homogeneous	matrix,	and	denser	fiber	epoxy	
contact	 areas	 indicate	 improved	 bonding	 quality.	 This	 mechanism	 is	 consistent	 with	 studies	
demonstrating	that	GO	enhances	adhesion	and	chemical	interaction	through	its	surface	functional	
groups	(Del	Pino,	2023).	

The	fracture	pattern	of	the	GO	composite	appears	more	complex	and	non-linear,	exhibiting	
crack	deflection	and	branching.	This	agrees	with	literature	stating	that	GO	sheets	effectively	alter	
crack	 propagation	 paths,	 increase	 fracture	 energy,	 and	 suppress	 crack	 growth	 (Liem	&	Nhan,	
2025;	Ma,	2021).	These	phenomena	explain	the	significant	increase	in	tensile	strength	and	impact	
toughness.	

FEM	simulation	results	show	stress	distribution	and	deformation	patterns	that	align	with	
the	observed	microstructure:	GO	composites	exhibit	more	uniform	stress	 flow	and	avoid	peak	
stress	 formation	 in	 critical	 zones.	 The	 consistency	 between	 experimental	 and	 simulated	 data	
reinforces	the	understanding	that	GO	acts	as	an	effective	reinforcement	through	micro-void	filling,	
formation	of	a	stiff	interfacial	network,	and	obstruction	of	crack	paths.	

	
CONCLUSION	

This	study	demonstrates	that	the	incorporation	of	carbon	and	graphene	oxide	(GO)	fillers	
significantly	enhances	the	mechanical	and	structural	performance	of	bamboo	epoxy	composites.	
Experimental	 tensile	and	 impact	 tests	revealed	 that	both	additives	 increase	strength,	stiffness,	
and	energy	absorption;	however,	GO	consistently	delivered	the	highest	improvements	due	to	its	
superior	ability	to	strengthen	interfacial	bonding	and	impede	crack	propagation.	Carbon	filler	also	
improved	performance,	though	to	a	more	moderate	degree	compared	to	GO.	

The	numerical	 results	 obtained	 from	FEM	simulations	 further	 validate	 the	 experimental	
findings.	Stress,	strain,	and	deformation	analyses	show	that	composites	containing	GO	exhibit	the	
most	 uniform	 stress	 distribution,	 the	 lowest	 strain	 concentration,	 and	 the	 smallest	 overall	
deformation	under	a	1000	kN	 tensile	 load.	These	 results	 confirm	 the	 role	of	GO	 in	promoting	
efficient	 load	 transfer	 and	 reducing	 structural	 discontinuities	 within	 the	 composite.	 Carbon-
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reinforced	composites	also	showed	notable	improvements	over	the	unfilled	control	specimen.	
Overall,	GO-reinforced	composites	exhibited	a	79%	increase	in	tensile	strength,	a	22.9-fold	

increase	in	elastic	modulus,	and	a	7%	increase	in	impact	strength	compared	to	the	control.	FEA	
confirmed	these	results	with	low	error	(<0.03%)	and	strong	correlation	(R²	=	0.779	for	control).	
These	 findings	 confirm	 graphene	 oxide	 as	 the	 most	 effective	 additive	 for	 structural	 capacity	
enhancement,	followed	by	carbon	filler.	These	hybrid	bamboo	composites	show	strong	potential	
for	lightweight	structural	applications	in	civil	engineering.	Future	research	should	focus	on:	(1)	
optimizing	 graphene	 oxide	 fraction	 (0.5–5	 wt%)	 for	 peak	 performance;	 (2)	 SEM-based	
microstructural	 characterization	 to	 validate	 interfacial	 bonding	 mechanisms;	 (3)	 fatigue	 and	
durability	testing	under	cyclic	and	environmental	loading;	and	(4)	full-scale	structural	element	
validation	for	real	infrastructure	deployment.	Study	limitations	include	restriction	to	static	tensile	
and	 impact	 loading,	 linear	 elastic	 FEA	 modeling,	 and	 absence	 of	 environmental	 degradation	
assessment;	these	aspects	should	be	addressed	in	future	investigations.	
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