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1. Introduction

In the modern construction industry, the challenges 
faced by building materials, particularly reinforced concrete, 
are becoming increasingly complex. The ability to withstand 
dynamic loads, such as impact loads, has emerged as a crit-
ical issue that requires in-depth attention. Research on en-
hancing concrete with bamboo fibers has surfaced as a high-
ly relevant topic, given the superior mechanical properties of 
bamboo fibers and their sustainability as an environmentally 
friendly resource [1, 2]. However, it is essential to emphasize 
that the relevance of this topic lies not only in the proposed 
innovations but also in the urgent need to improve structural 
resilience in the face of evolving challenges.

The argument underpinning the importance of this 
research is that many concrete structures today remain 
vulnerable to damage from impact loads, which can lead to 
significant structural failures [3, 4]. Despite various previous 
studies, there are still gaps in understanding how variations 
in bamboo fiber content can affect the performance of con-
crete under impact conditions. This indicates that the topic is 
not only relevant but also urgently requires further investiga-
tion to provide practical solutions that can be applied in the 
design of safer and more efficient structures.

Furthermore, if it is not reassess the relevance of this topic, 
it is possible to risk overlooking the potential innovations that 
could arise from this research. In a context where science and 
technology continue to advance, it is crucial to ensure that the 
research conducted focuses not only on theoretical aspects but 
also on practical applications that can yield tangible benefits for 
the construction industry [5, 6]. Therefore, a thorough literature 
analysis is necessary to identify existing achievements and the 
aspects of this problem that still require further research.

Thus, research dedicated to the application of bamboo 
fiber in reinforced concrete remains highly relevant. Consid-
ering the structural demands of modern construction and the 
urgency of sustainability, continued exploration in this area is 
expected to contribute both to scientific advancement and to 
the development of safer, more resilient, and environmentally 
conscious building practices. These studies will not only en-
rich academic knowledge but also provide practical solutions 
that can be implemented in future construction projects.

2. Literature review and problem statement

The paper [2] presents the results of research indicating 
that the incorporation of bamboo fibers can enhance the 
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compressive strength of concrete while reducing crack width. 
However, there are unresolved issues related to the long-term 
durability of bamboo-reinforced concrete under various en-
vironmental conditions. The reason for this may be objective 
difficulties associated with conducting comprehensive stud-
ies on the performance of bamboo fibers over time, which 
makes relevant research impractical.

The paper [1] show that bamboo fibers can improve 
the impact resistance of concrete, highlighting their ability 
to absorb energy during impact. Yet, the study does not 
address the specific mechanisms by which varying fiber 
contents influence energy absorption capacity. A way to 
overcome these difficulties can be through targeted re-
search that establishes guidelines for effective bamboo fiber 
integration. This approach was used in the study by [7], 
which explored the integration of natural fibers in compos-
ite materials; however, it lacked a focused examination of 
bamboo fibers specifically.

The paper [3] emphasizes the vulnerability of concrete 
structures to impact loads, which can lead to catastrophic 
failures. While this research provides a solid foundation for 
understanding the problem, it does not explore the potential 
of bamboo fibers as a solution. This oversight indicates a need 
for further studies that specifically investigate the impact 
resistance of bamboo-reinforced concrete.

The paper [4] provide insights into the dynamic response 
of reinforced concrete structures under impact loading. Their 
findings suggest that fiber inclusion can significantly alter 
structural responses, yet they do not delve into the optimal 
ratios of bamboo fibers that maximize performance. This gap 
underscores the necessity for research focused on determin-
ing the ideal fiber content for enhanced impact resistance.

The paper [5, 6] reinforce the importance of bamboo as 
a sustainable reinforcement material, noting its ability to 
reduce the environmental impact of concrete production. 
However, the existing literature lacks a thorough examina-
tion of the cost-effectiveness and practical applications of 
bamboo-reinforced concrete in real-world scenarios. This 
presents an opportunity for research that not only investi-
gates the mechanical properties of bamboo fibers but also 
evaluates their economic viability in construction.

The research [8] conducted experiments on the mechan-
ical properties of bamboo fiber-reinforced concrete, reveal-
ing that the addition of bamboo fibers can enhance tensile 
strength and ductility. However, the study does not explore 
the long-term effects of bamboo fibers on the durability of 
concrete, particularly under varying environmental condi-
tions. This limitation indicates a need for further investiga-
tion into the longevity of bamboo-reinforced concrete.

Despite the advancements in understanding the benefits 
of bamboo fibers in concrete, several critical issues remain 
unresolved. The primary concerns include:

– optimal fiber content.
There is insufficient data on the ideal percentage of 

bamboo fiber that maximizes the mechanical properties of 
concrete while minimizing potential drawbacks, such as 
workability and uniformity of the mix;

– impact resistance mechanisms.
The specific mechanisms by which bamboo fibers enhance 

the impact resistance of concrete are not well understood, par-
ticularly in relation to varying fiber lengths and orientations;

– economic viability.
The cost implications of using bamboo fibers as a rein-

forcement material in concrete have not been adequately 

addressed, raising questions about the practicality of its wide-
spread adoption in the construction industry.

The reason for these unresolved issues may stem from ob-
jective difficulties associated with conducting comprehensive 
studies on bamboo fiber properties, the fundamental impossi-
bility of achieving uniform distribution in concrete mixes, and 
the cost factors involved in sourcing and processing bamboo fi-
bers. These challenges make relevant research on bamboo-re-
inforced concrete not only necessary but also urgent.

A way to overcome these difficulties can be through the 
development of standardized testing methods and guidelines 
for the incorporation of bamboo fibers in concrete. This 
approach has been utilized in studies such as those by [3], 
which explored the integration of natural fibers in composite 
materials; however, these studies often lack a focused exam-
ination of bamboo fibers specifically, indicating a gap in the 
literature.

Therefore, while existing studies have acknowledged 
the potential of bamboo fibers in concrete applications, 
significant research gaps remain particularly in determin-
ing optimal fiber content, understanding impact resistance 
mechanisms, and evaluating cost-effectiveness. These gaps 
highlight the need for continued investigation into the behav-
ior of bamboo fiber-reinforced concrete under dynamic load-
ing conditions. All this allows to assert that it is expedient to 
conduct a study on fill the existing gaps in knowledge and 
provide practical solutions for enhancing the performance of 
concrete structures through the use of sustainable materials.

3. The aim and objectives of the study

The aim of the study is to identifying the effects of bamboo 
fiber reinforcement on the mechanical properties of reinforced 
concrete, particularly focusing on its modulus of toughness, 
deflection under impact loads, and overall impact resistance.

To achieve this aim, the following objectives are accom-
plished:

– to determine how the addition of bamboo fibers in re-
inforced concrete affects the modulus of toughness (MoT);

– to analyze the distinct effects of bamboo fiber content 
on released energy, crack formation energy, and deformation 
energy in fiber-reinforced concrete.

4. Material and methods

4. 1. Object and hypothesis of the study
The object of this study is reinforced concrete beams re-

inforced with bamboo fibers at varying proportions of 1.25%, 
2.5%, and 3.75% by weight of cement. These variations were 
selected to evaluate the influence of bamboo fiber content on 
the beams’ performance when subjected to impact loading. 
The primary focus is to analyze the mechanical response par-
ticularly deflection, energy absorption, and cracking behav-
ior of the fiber-reinforced specimens under dynamic loads. 
The objective is to identify the optimal fiber dosage that 
provides improved impact resistance and energy dissipation.

The main hypothesis of the study is that the incorporation 
of bamboo fibers enhances the impact resistance and modu-
lus of toughness of reinforced concrete, with moderate fiber 
content (around 1.25%) expected to yield the most favorable re-
sults. It is assumed that all mixtures are homogenously mixed, 
fibers are uniformly dispersed, and specimens are consistently 
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cured under standard laboratory conditions. The study adopts 
several simplifications by excluding long-term durability fac-
tors, environmental influences, and field condition variability. 
These assumptions and simplifications are necessary to focus 
the analysis on the direct mechanical effects of bamboo fiber 
content under controlled impact conditions.

4. 2. Theoretical methods
The research began with a theoretical framework based on 

existing literature regarding the mechanical properties of con-
crete and the reinforcing effects of bamboo fibers. Theoretical 
models were developed to predict the behavior of bamboo-rein-
forced concrete under impact loading conditions. Key equations 
governing the mechanical properties, such as compressive 
strength and tensile strength, were derived from established 
principles in material science and structural engineering:

– the modulus of elasticity for bamboo-reinforced concrete 
was calculated using the rule of mixtures, which considers the 
contributions of both the concrete matrix and the bamboo fibers;

– theoretical models were formulated to estimate the 
energy absorption capacity of the concrete mixtures based on 
the percentage of bamboo fibers incorporated. These models 
were designed to account for the non-linear behavior of ma-
terials under dynamic loading.

4. 3. Experimental setup
Before conducting the tests, a comprehensive experimen-

tal setup was established:
a) materials.
The primary materials for this study included Ordinary 

Portland Cement (OPC), fine aggregates (sand), coarse aggre-
gates (gravel), and bamboo fibers sourced from local suppliers. 
The bamboo fibers underwent a treatment process involving 
immersion in a sodium hydroxide (NaOH) solution to enhance 
their bonding characteristics with the concrete matrix;

b) concrete mix design.
A series of concrete mixtures were prepared, varying the 

bamboo fiber content at 1.25%, 2.5%, and 3.75% by weight of 
cement. A control mix without bamboo fibers was also created 
for comparative analysis;

c) sample preparation.
Concrete samples were cast in standard Molds measur-

ing 10 × 20 × 125 cm. The samples were cured under con-
trolled conditions at a temperature of 20°C and 60% relative 
humidity for a period of 28 days to ensure optimal hydration 
and strength development.

4. 4. Testing conditions
To evaluate the performance of the prepared concrete 

samples, two categories of tests were carried out 
under controlled conditions:

a) impact testing.
The impact resistance of the concrete samples 

was evaluated using a pendulum impact testing 
apparatus. The pendulum was released from prede-
termined angles of 30°, 60°, and 90°, allowing for the 
assessment of energy absorption and deformation 
characteristics of the samples upon impact;

b) mechanical property testing.
Compressive strength tests were conducted in 

accordance with ASTM C39 standards, while tensile 
strength was evaluated using ASTM C496 methods. 
Each test was performed on three samples per mix to 
ensure statistical reliability.

4. 5. Software and hardware
Data acquisition and analysis were supported by ap-

propriate software tools and measurement equipment used 
throughout the testing process:

a) software.
Data analysis was performed using MATLAB (R2021b – 

United states) for statistical evaluation and graphical repre-
sentation of the results;

b) hardware.
The experimental setup included a pendulum impact test-

ing machine, strain gauges for measuring deformation, and 
accelerometers to capture dynamic responses during impact 
testing. The testing apparatus was calibrated to ensure accu-
rate measurements of force and displacement.

4. 6. Validation of proposed solutions
The proposed theoretical models and experimental meth-

odologies were validated through a series of comparative 
analyses with existing literature on bamboo-reinforced con-
crete. The adequacy of the models was assessed by examining 
the correlation between theoretical predictions and empirical 
findings, ensuring that the models accurately represent the 
behavior of bamboo fibers in concrete under impact condi-
tions.

Model validation: the results from the MATLAB simula-
tions were compared with experimental data to confirm the 
reliability of the theoretical models. Sensitivity analyses were 
conducted to evaluate the influence of varying parameters, 
such as fiber length and content, on the overall performance 
of the concrete mixtures.

The specimen for impact testing model is presented in Fig. 1.
The object of this study is a reinforced concrete beam 

strengthened with bamboo fibers. This study focuses on the 
performance analysis of reinforced concrete beams subject-
ed to impact loads, to evaluate the effect of bamboo fiber 
addition on deflection, reinforcement strain, crack area, and 
energy dissipation. The concrete beams used in this study 
have dimensions of 10 × 20 × 125 cm. Composition of the 
specimens is presented in Table 1.

The variations used consist of two main parameters: the 
bamboo fiber ratio and the impact angle. For the bamboo fi-
ber ratio, three levels of variation are applied, namely 1.25%, 
2.5%, and 3.75% of the weight of the cement, aimed at evaluat-
ing the effect of bamboo fiber addition on the performance of 
reinforced concrete beams under impact loads. Additionally, 
the impact angles were also varied into three levels, namely 
30°, 60°, and 90°, to analyze how different impact angles af-
fect deflection, reinforcement strain, crack area, and energy 
dissipation in the concrete specimens.

Tested with an impact load and concrete impact testing 
equipment model is presented in Fig. 2, 3. 

Fig. 1. Specimen for impact testing

Main Rebar 
D = 8 mm 
fy = 302 MPa Stirrup 

D = 6 mm 
fy = 281 MPa 

Concrete  
fy = 23.64 MPa 
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Fig. 2 shows the pendulum device used for testing the im-
pact strength of concrete. This study uses concrete with varying 
bamboo fiber content, which is installed as shown in the picture. 
The pendulum is released with varying angles of inclination [9], 
causing it to strike the middle of the concrete, re-
sulting in damage to it, as shown in Fig. 3.

Fig. 3 illustrates that the test beam is placed 
in the correct and proper position, secured 
so that the beam does not fall or shift when 
the pendulum strikes the middle of the beam, 
resulting in cracks as per the research plan. 
The procedure for preparing and testing the 
specimens is illustrated in Fig. 4, which shows 
the casting of test specimens with bamboo fiber 
addition, curing process, and impact testing.

Fig. 4 illustrates the sequence of experiments 
starting with the processing and assembly of the 
reinforcement for the preparation of the test spec-
imen; The next step is the casting of the test spec-
imens using a concrete mix added with bamboo 
fibers, followed by the preparation of the Molds/
formwork for the specimens. First, a slump test is 
conducted to ensure the consistency of the con-
crete mix, followed by the casting process of the 

test specimen. The specimens that have dried/hardened then 
undergo a curing process to achieve the desired strength. After 
the curing process is completed, the impact test is conducted, 
which aims to evaluate the specimen’s resistance to cracking.

Fig. 2. Pendulum device used for impact testing of concrete specimens: 	
a – frame for load testing model; b – construction and equipment setup 	

in structural laboratory

ba

Fig. 3. Modelling the placement of test specimens on the impact testing machine

Camera 1000 fps 

Specimen 

Fig. 4. Schematic of casting test specimens with bamboo fiber addition and impact testing

Casting Test Specimens with the Addition of Bamboo Fiber 

Preparation of Test Specimen Specimens After Curing Impact Test 
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This section provides a comprehensive overview of the 
methodology employed in the research, detailing the mate-
rials, experimental conditions, and validation processes. The 
next section will present the research results, discussing the 
implications of the findings in relation to the objectives set 
forth in this study.

5. The results of research on the impact of bamboo fiber 
reinforcement on the mechanical properties of concrete

5. 1. Optimal volume of bamboo fibers for impact 
force reduction

The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 90° impact rotation 
angle are presented in Fig. 5.

The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 90° impact rotation 
angle are presented in Fig. 5. It illustrates the maximum dis-
placement observed for each test specimen, highlighting the 
differences in performance based on fiber content:

– fiberless concrete (N90°, purple), ex-
hibits the highest maximum displacement of 
around 60 mm, indicating the greatest deforma-
tion. This suggests that fiberless concrete is more 
flexible but also more prone to cracking due to its 
inability to absorb impact energy;

– variation A90° (blue), displays the lowest 
maximum displacement of around 30–35 mm, 
indicating that the concrete with 1.25% fiber is 
stiffer and better at reducing deformation from 
impacts;

– variation B90° (yellow), has a maximum 
displacement of approximately 45 mm, indi-
cating that the concrete with 2.5% fiber strikes 
a balance between flexibility and resistance to 
deflection;

– variation C90° (green), shows a maximum 
displacement of about 50 mm. Although lower 
than N90°, the concrete with 3.75% fiber effec-
tively absorbs impact energy, resulting in more 
controlled deflection.

The addition of fibers to concrete enhances its impact 
resistance and reduces deformation, with varying degrees of 
flexibility and stiffness depending on the fiber content.

The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 90° impact rotation 
angle are presented in Fig. 6.

The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 60° impact rotation 
angle are presented in Fig. 6. This Fig. provides a visual 
representation of the maximum displacement for each test 
specimen at this angle:

– fiberless concrete (N60°, purple), exhibits the highest 
maximum displacement of around 45 mm, indicating the 
greatest deformation and increased vulnerability to cracking 
due to a lack of effective energy damping mechanisms;

– variation A60° (blue), dis-
plays the lowest maximum dis-
placement of around 20 mm, 
indicating that the 1.25% fiber 
concrete is stiffer and experiences 
the least deformation compared 
to the other variations;

– variation B60° (yellow), 
shows a maximum displacement 
of about 40 mm, slightly lower 
than N60°, indicating that the 
2.5% fiber concrete has better 
flexibility but still experiences 
significant deflection;

– variation C60° (green), has 
a maximum displacement of ap-
proximately 30 mm, demonstrat-
ing that the 3.75% fiber concrete is 
more effective in absorbing impact 
energy, thus reducing deflection.

The addition of fibers to con-
crete improves its impact resis-
tance and reduces deformation, 

with varying effectiveness in energy damping and flexibility 
depending on the fiber content.

The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 90° impact rotation 
angle are presented in Fig. 7.

Table 1

Composition of the test specimens

Type of test object Size (cm) Ratio of bamboo fiber 
weight to cement weight

Impact 
angle Code

Concrete beam 10 × 20 × 125 Bamboo fiber 1.25% 30° A-30
Concrete beam 10 × 20 × 125 Bamboo fiber 1.25% 60° A-60
Concrete beam 10 × 20 × 125 Bamboo fiber 1.25% 90° A-90
Concrete beam 10 × 20 × 125 Bamboo fiber 2.5% 30° B-30
Concrete beam 10 × 20 × 125 Bamboo fiber 2.5% 60° B-60
Concrete beam 10 × 20 × 125 Bamboo fiber 2.5% 90° B-90
Concrete beam 10 × 20 × 125 Bamboo fiber 3.75% 30° C-30
Concrete beam 10 × 20 × 125 Bamboo fiber 3.75% 60° C-60
Concrete beam 10 × 20 × 125 Bamboo fiber 3.75% 90° C-90
Concrete beam 10 × 20 × 125 Plain concrete 30° N-30
Concrete beam 10 × 20 × 125 Plain concrete 60° N-60
Concrete beam 10 × 20 × 125 Plain concrete 90° N-90

Fig. 5. The effect of bamboo fiber quantity on deflection and time at 90° angle
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The results of the impact tests with various bamboo fiber 
quantities on deflection and time at a 30° impact rotation 
angle are presented in Fig. 7. Fig. 7 illustrates the maximum 
displacement for each test specimen at this angle:

– fiberless concrete (N30°, purple): exhibits the highest 
maximum displacement of around 28–30 mm, indicating the 
greatest deformation and increased vulnerability to cracking 
due to a lack of impact energy damping mechanisms;

– variation A30° (blue): also shows high displacement 
of about 30 mm but experiences a rapid decrease after the 
first peak, indicating that the 1.25% fiber concrete is stiffer 
yet still undergoes significant deformation at the onset of 
impact;

– variation B30° (yellow): has a maximum displacement 
of approximately 17 mm, demonstrating that the 2.5% fiber 
concrete is better at absorbing impact energy compared to 
A30° and N30°;

– variation C30° (green): displays the lowest maximum 
displacement of around 14 mm, indicating that the 3.75% 

fiber concrete has the best capa-
bility to absorb impact energy and 
reduce deformation.

The incorporation of fibers in 
concrete significantly enhances 
its ability to absorb impact ener-
gy and reduce deformation, with 
greater effectiveness observed at 
higher fiber content.

After the impact test, the con-
crete specimen is immersed in 
white-colored paint to enhance the 
visibility of crack patterns formed 
due to the impact. This immersion 
process aims to make cracks on 
both the surface and within the 
concrete structure more discern-
ible, allowing for more accurate 
analysis. Once the paint has dried, 
the specimen undergoes a splitting 
process by applying pressure until 
it separates into two parts. This 
method allows for a clearer and 
more detailed observation of the 
crack areas on the cross-section as 
shown in Fig. 8.

The next step is to perform a 
quantitative analysis of the crack 
area using the Image Region An-
alyzer in MATLAB software. This 
process begins with capturing im-
ages of the painted crack cross-sec-
tion, followed by image segmen-
tation to separate the crack areas 
from the concrete background. 
Using thresholding and edge de-
tection techniques, the crack 
boundaries are digitally identified. 
Subsequently, geometric features 
such as crack area, shape, and 
crack distribution are measured 
using image analysis functions.

The data obtained from MAT-
LAB enables a more objective and 
accurate evaluation of concrete 
damage due to impact. This anal-

ysis also helps in understanding the extent to which the ma-
terial can absorb impact energy and how crack distribution 
develops within the concrete structure.

For further analysis, a linear regression model is applied 
using the function, which allows researchers to evaluate the 
effect of fiber content on the absorbed energy and obtain 
regression coefficients that indicate the extent of change 
in the dependent variable when the fiber content increases. 
After all analyses are completed, the results can be exported 
back to the desired format using the function so that the 
processed data can be used to compile reports and scientific 
publications, providing a clear picture of the effectiveness of 
adding bamboo fibers in enhancing the impact resistance of 
reinforced concrete. 

The results of the analysis using MATLAB show the crack 
area ratios for each test specimen, as summarized in Table 2. 
This table provides a quantitative assessment of the crack 
areas observed in each specimen after impact testing.

Fig. 6. The effect of bamboo fiber quantity on deflection and time at 60° angle

Fig. 7. The Effect of bamboo fiber quantity on deflection and time at 30° angle
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Overall, the analysis results using MATLAB support the 
hypothesis that the addition of bamboo fibers enhances the 
impact resistance of reinforced concrete, providing strong 
empirical evidence for the recommendation of using bamboo 
fibers in concrete mixtures.

5. 2. Evaluation of the modulus of toughness (MoT)
The measurement of energy in this study was conducted 

to evaluate the modulus of toughness (MoT) of reinforced 
concrete incorporating bamboo fibers. The total energy ap-
plied to the specimen was calculated using the formula

  ,totalE m g h= × × 		  (1)

where m represents the mass of the pendulum, g – the ac-
celeration due to gravity (9.81 m/s2), and h – the height from 
which the pendulum is dropped. Subsequently, the energy 
released during the impact was calculated using the formula

 4      ,released totalE Eπξ= × 			   (2)

while the energy absorbed can 
be determined by subtracting the 
released energy from the total 
energy, expressed as

      .absorbed total releasedE E E= − 	 (3)

The modulus of tough-
ness (MoT) is calculated using 
the formula

    ,deformedE
MoT

V
= 	 (4)

where Edeformed – the energy ab-
sorbed and V – the volume of 
the specimen that has undergone 
deformation. The results of the 
tests indicate that different fi-
ber variations significantly affect 
the total energy, released energy, 
and absorbed energy. The results 
of this calculation can be found 
in Table 3.

The analysis results show 
that total energy (Etotal) increas-
es with the impact rotation an-
gle, with specimen A rising from 
110.4 J at 30° to 824.04 J at 90°. 
Specimen B exhibits better ener-
gy absorption efficiency at a 60° 
angle compared to specimen A, 
attributed to its higher bamboo 
fiber content, while specimen A 
is more susceptible to cracking, 
with Ecrack at 605.78 J versus 
549.10 J for specimen B. This vul-
nerability highlights the necessi-
ty of incorporating bamboo fibers 
into the concrete mix to improve 
impact resistance and mitigate 
structural damage risks. The fol-
lowing results are tabulated in 
Table 4 and illustrated in Fig. 9.

Table 3

Results of the energy analysis calculations

Test spec-
iments

Impact rota-
tion angle (°) Etotal (J) Ereleased 

(J)
Eabsorbed 

(J)
Ecrack 

(J)
Edeformation 

(J)

A 30 110.4 22.18 88.22 15.88 72.34
A 60 412.02 96.98 315.04 277.23 37.81
A 90 824.04 165.58 658.46 605.78 52.68
B 30 110.4 21.51 88.89 1.79 87.11
B 60 412.02 81.78 330.24 211.35 118.89
B 90 824.04 127.71 696.33 549.10 147.23
C 30 110.4 25.97 84.43 7.60 76.83
C 60 412.02 105.84 306.18 241.88 64.30
C 90 824.04 175.81 648.23 577.93 70.30
N 30 110.4 21.52 88.88 1.78 87.10
N 60 412.02 80.30 331.72 212.30 119.42
N 90 824.04 160.61 663.43 524.11 139.32

Fig. 8. Experimental procedures: 1 – specimen immersed in white paint; 	
2 – load testing of the specimen; 3 – cutting of test specimen after impact load; 	

4 – crack analysis of concrete after impact testing

1 2 

3 4 

Table 2

Result of crack area based on MATLAB

No. Test specimens Total area experiencing (pixel) Crack area ratio to concrete cross-section
1 S1-30 221.08 9%
2 S1-60 1,976.14 79%
3 S1-90 2,233.54 89%
4 S2-30 443.97 18%
5 S2-60 2,202.23 88%
6 S2-90 2,305.17 92%
7 S3-30 42.65 2%
8 S3-60 1,607.39 64%
9 S3-90 1,972.87 79%

10 N-30 119.54 5%
11 N-60 1,457.22 58%
12 N-90 1,436.82 57%
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Table 4

Results of energy analysis calculations

Test specimens Edeformation (J) MoT (J/m3)
A 86.44 3,601.67
A 103.69 4,320.42
A 134.35 5,597.92
B 81.29 3,387.08
B 47.64 1,985.00
B 68.40 2,850.00
C 68.55 2,856.25
C 28.95 1,206.25
C 42.45 1,768.75
N 87.09 3,628.75
N 119.42 2780
N 114.33 4,763.75

From Fig. 9, specimen variation A has the highest aver-
age modulus of elasticity, approximately 4600 J/m2, while 
specimen variation C has the lowest average 
modulus, around 2000 J/m2. Specimen vari-
ations N and B show relatively high modulus 
values that are not significantly different from 
each other, but still lower than A. Overall, the 
graph indicates that specimen A performs the 
best in terms of modulus of elasticity, while 
specimen C performs the worst. The multiple 
regression model used has the following gen-
eral form

( )
2

0 1 1 2 2 3 1
2

4 2 5 1 2

   
.

Y X X X
X X X
β β β β

β β ε
= + + + +

+ + + 	 (5)

The regression model is utilized to ana-
lyze the effect of independent variables on the 
dependent variables [10], namely absorption 
energy [11], fracture energy, or deformation 
energy. In equation (5), Y represents the de-
pendent variable, while X1 and X2 are the fiber 
content (%) and impact energy Total Energy, (Etotal), respec-
tively. The coefficient β0 serves as the intercept or constant 
term, while β1 and β2 are linear coefficients that indicate the 
direct influence of fiber content and impact energy on Y. The 
coefficients β3 and β4 capture the nonlinear effects of fiber 
content and impact energy through quadratic components, 
while β5 describes the interaction between fiber content and 

impact energy in influencing Y. Finally, ε is the error term 
that reflects the variability not explained by the model.

The following Fig. 10 illustrates the relationship between 
fiber content and fracture energy.

Overall, Fig. 10 indicates that crack energy in concrete 
initially decreases until reaching a fiber content of approxi-
mately 1.5% and then increases as fiber content continues to 
rise. The scattered experimental data points suggest variabil-
ity, indicating that the effect of fiber addition on crack energy 
is not consistently significant across the tested samples.

To further explore the relationship between fiber content 
and energy absorption.

Fig. 11 shows that absorbed energy tends to slightly 
decrease as fiber content increases, with only minimal 
variation in the trendline. The data points range from ap-
proximately 90 J to 650 J across all fiber content levels (0% 
to 3.75%), indicating high variability and no clear pattern of 

improvement due to fiber addition.
These results suggest that fiber content has mini-

mal and inconsistent influence on the absorbed energy 
of the concrete under impact loading.

To further explore the relationship between fiber 
content and energy absorption.

The graph illustrates a slight increase in released 
energy as the fiber content increases, as indicated by the 
upward trend in the fitted polynomial curve. Despite 
this trend, the data exhibit significant scatter, with val-
ues ranging from approximately 20 J to 180 J across all 
fiber content levels. Notable fluctuations are particularly 
evident at 2.5% and 3.75% fiber content. Nevertheless, 
the overall average released energy tends to improve 
slightly with the addition of bamboo fibers. These find-
ings suggest that while fiber reinforcement may enhance 
energy release under impact, the response is inconsistent 
at higher fiber contents due to increased variability.

To further explore the relationship between fiber content 
and energy absorption.

Fig. 13 shows that deformation energy increases with fiber 
content up to around 1.25%, after which it declines sharply 
as the fiber content continues to rise. Data points range from 
approximately 30 J to 130 J, with the highest values observed 
at 1.0–1.25% fiber content and the lowest values at 3.75%, indi-
cating a parabolic trend. The fitted curve confirms that exces-
sive fiber addition may reduce the material’s ability to deform 

Fig. 9. Average toughness modulus graph based on specimen variations

Fig. 10. Polynomial regression: crack energy vs fiber content
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under impact. Deformation energy in concrete improves with 
moderate fiber content but significantly decreases when the 
fiber content exceeds 1.5%.

Based on the overall energy analysis, fiber content af-
fects different energy parameters in varying ways. Moderate 
fiber addition (around 1.0–1.5%) generally improves crack 

and deformation energy, while excessive 
amounts (≥ 2.5%) tend to reduce deforma-
tion capacity and introduce greater vari-
ability in the results. Overall, the optimal 
fiber content for enhancing energy perfor-
mance under impact appears to lie in the 
moderate range, as higher percentages may 
lead to inconsistent or diminished benefits.

6. Discussion of experimental results 
on the impact of bamboo fiber 

reinforcement in concrete

The integration of bamboo fibers into 
concrete significantly affects the mechan-
ical performance of the composite under 
impact loading, particularly in terms of 
deflection control and energy dissipation. 
Fig. 5–7 illustrate the deflection-time re-
sponses of concrete specimens subjected 
to impact at three angles: 30°, 60°, and 90°. 
Fiberless specimens (N-series) recorded the 
highest maximum deflections across all 
angles up to 60 mm at 90° suggesting a 
lack of resistance to impact-induced defor-
mation and higher susceptibility to crack 
formation. 

In contrast, specimens reinforced with 
1.25% bamboo fiber (A-series) demonstrat-
ed notably reduced deflections around 30–
35 mm at 90°, 20 mm at 60°, and a peak of 
30 mm followed by rapid damping at 30°. 
These results indicate enhanced structural 
stiffness and the presence of internal fiber 
bridging those aids in dissipating impact 
energy. Variation B (2.5%) showed interme-
diate performance, while C-series (3.75%) 
exhibited a mix of effectiveness, particularly 
excelling at lower angles (30°) with the 
smallest deflection of approximately 14 mm. 

The effectiveness of fiber reinforcement 
is further confirmed through visual crack 
analysis, conducted using MATLAB image 
segmentation techniques as shown in Fig. 8 
and Table 2. Fiberless concrete specimens 
developed extensive cracking (e.g., N-90 
with 57% crack area), reflecting their in-
ability to control crack propagation under 
impact. Meanwhile, specimens A-90 and 
A-60 showed high crack area ratios of 89% 
and 79%, respectively, which, despite their 
low deflection, suggest internal concen-
tration of stress that resulted in fracture 
initiation. 

Interestingly, B- and C-series exhibited 
better energy distribution, as evidenced 
by lower crack area ratios at lower angles. 
For example, C30 recorded only a 2% crack 
area, the lowest among all specimens, in-
dicating superior crack resistance and ef-

Fig. 11. Polynomial regression: absorbed energy vs fiber content

Fig. 12. Polynomial regression: released energy vs fiber content

Fig. 13. Polynomial regression: deformation energy vs fiber content



Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 3/7 ( 135 ) 2025

38

ficient energy dissipation in lower-impact conditions. This 
highlights that the relationship between fiber content and 
crack resistance is not linear and depends on the interaction 
between impact angle and fiber dispersion within the matrix. 

The impact energy analysis in Table 3 provides insight into 
how each specimen responded to the dynamic load in terms of 
energy absorption, release, and deformation. Across all vari-
ations, total impact energy increased with the angle, reach-
ing 824.04 J at 90°. Variation A absorbed 658.46 J at 90° but 
showed only 52.68 J of deformation energy, indicating a stiffer 
response. In contrast, B-series absorbed more energy (696.33 J) 
and displayed higher deformation energy (147.23 J), suggesting 
a more balanced and ductile performance. 

Although C-series specimens maintained relatively high 
absorbed energy at 648.23 J, their deformation energy was 
significantly lower (70.30 J), indicating a trade-off between 
stiffness and ductility at higher fiber contents. Notably, the 
fiberless N-series specimens absorbed 663.43 J with defor-
mation energy of 139.32 J, but this did not translate into 
improved toughness due to the absence of fiber bridging 
mechanisms and poor crack control. 

The Modulus of Toughness (MoT), calculated and shown in 
Table 4 and Fig. 9, further clarifies the optimal fiber content for 
impact resistance. Variation A recorded the highest MoT values, 
reaching up to 5,597.92 J/m3. Meanwhile, B-series had moder-
ately high MoT values between 1,985.00 J/m3 and 3,387.08 J/m3. 
Variation C showed a decline in toughness, ranging between 
1,206.25 J/m3 and 2,856.25 J/m3. These values indicate that 
1.25% fiber content offers the best compromise between energy 
absorption and resistance to permanent deformation. 

Polynomial regression analyses in Fig. 10–13 show non-
linear trends in energy-related parameters. Crack energy and 
deformation energy increased with fiber content up to 1.25%, 
then declined sharply beyond 2.5%. Absorbed energy and 
released energy displayed high data scatter at higher fiber 
percentages, which is attributed to poor fiber distribution, 
clumping, and lack of uniform bonding with the cement 
matrix. These inconsistencies underscore the challenges in 
using excessive natural fiber content without adequate dis-
persion techniques. 

From a practical standpoint, these results suggest that 
bamboo fibers can serve as a sustainable reinforcement al-
ternative in concrete, particularly in structural components 
exposed to dynamic or impact loads, such as protective bar-
riers, bridge decks, and prefabricated floor systems. Optimal 
performance was consistently observed at a fiber content 
of 1.25%, where the concrete exhibited high toughness, con-
trolled crack propagation, and efficient energy dissipation. 

However, limitations must be acknowledged. All spec-
imens were tested under controlled laboratory conditions 
with uniform curing, which may not represent field perfor-
mance. Moreover, only three fiber content levels were tested, 
limiting the accuracy of the identified optimum. Variability 
in fiber size, orientation, and mixing technique may also 
contribute to data scatter. Therefore, further research should 
explore intermediate fiber levels (e.g., 1.5–2.0%), long-term 
durability, hybrid fiber systems, and improvements in fiber 
dispersion methods to enhance performance consistency.

7. Conclusions

1. The research indicates that the addition of bamboo 
fibers to reinforced concrete significantly affects the modu-

lus of toughness (MoT). Specimen variation A (with a fiber 
content of 1.25%) shows the highest increase in toughness, 
with a MoT value reaching 3,601.67 J/m3. Variation N (with-
out fibers) has a MoT value of 3,628.75 J/m3, while varia-
tions B (2.5% fiber) and C (3.75% fiber) show a decrease in 
MoT values, at 3,387.08 J/m3 and 2,856.25 J/m3, respectively. 
This indicates that at a certain fiber content, fiber-reinforced 
concrete can provide a positive contribution to impact resis-
tance, but an excessive increase in fiber content may lead to a 
reduction in MoT values.

2. Graphical analysis of the polynomial regression 
curves revealed that while bamboo fiber addition generally 
improves energy absorption, the response of each energy 
parameter differs. Released energy shows a moderate in-
creasing trend with fiber content but remains highly scat-
tered, indicating inconsistency at higher fiber percentages. 
Absorbed energy, on the other hand, shows minimal and 
inconsistent variation across fiber contents, suggesting 
limited influence of fiber on this parameter. Meanwhile, 
deformation energy was observed to peak at moderate fiber 
content (around 1.25%) and decrease sharply beyond 2.5%, 
implying that excessive fiber addition can reduce the 
material’s ability to deform under impact. Therefore, op-
timal fiber content should be carefully controlled to avoid 
excessive variability and ensure the effectiveness of fiber 
reinforcement.
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