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Abstract: The increasing emphasis on sustainability and climate change mitigation has driven the construction
industry to seek environmentally responsible alternatives to conventional reinforced concrete. Steel-reinforced
concrete, although widely used and structurally efficient, is associated with high embodied energy and
significant carbon dioxide emissions, primarily due to cement production and steel manufacturing. In this
context, bamboo-reinforced concrete (BRC) has gained attention as a potential sustainable alternative, owing to
bamboo’s rapid renewability, carbon sequestration capacity, low density, and high tensile strength.

This study presents a comparative evaluation of bamboo-reinforced concrete, conventional steel-reinforced
concrete (SRC), and hybrid bamboo-steel reinforced (HYB) systems, with particular focus on the flexural
behavior of reinforced concrete beams. The research synthesizes results from peer-reviewed experimental and
analytical studies to assess mechanical performance, including tensile capacity, load—deflection response and
flexural strength. Emphasis is placed on bamboo selection, treatment, and preparation techniques aimed at
improving mechanical efficiency and compatibility with concrete while mitigating moisture sensitivity and bond
degradation.

A qualitative meta-analysis methodology is employed to normalize data from different studies, enabling
meaningful comparison across reinforcement systems. Numerical results extracted from the literature are used to
identify performance trends and evaluate structural efficiency. Findings indicate that while bamboo
reinforcement cannot replace steel in high-load or aggressive environmental conditions, it demonstrates
adequate performance for low-rise and low-to-moderate load applications when appropriate design
modifications and treatment measures are applied. Hybrid reinforcement systems further enhance stiffness,
ductility, and overall structural reliability.

An economic assessment suggests that bamboo-based and hybrid reinforcement systems can be cost-effective,
particularly in regions where bamboo is locally available. The study concludes that bamboo, alone or in
combination with steel, represents a viable and environmentally sustainable reinforcement solution for selected
structural applications. Practical design considerations are highlighted, with relevance to the Albanian
construction context, while identifying key research gaps for future development.

Keywords: Bamboo-reinforced concrete, Bond behavior, Compressive strength, Eco-friendly material,
Flexural strength, Hybrid reinforcement, Low-cost construction, Sustainable construction, Tensile strength

1. Introduction

Concrete is the most widely used construction material worldwide due to its versatility, availability, and
high compressive strength, making it fundamental to modern infrastructure. Because of its inherently low tensile
capacity, concrete requires reinforcement to achieve adequate structural performance under flexural, shear, and
tensile loading conditions [1]. For more than a century, steel has been the dominant reinforcement material
owing to its high tensile strength, ductility, and reliable bond and thermal compatibility with concrete [2].

Despite these advantages, the extensive reliance on steel-reinforced concrete has raised significant
economic, environmental, and durability-related concerns. Cement production accounts for approximately 7-8%
of global carbon dioxide emissions, while steel manufacturing contributes roughly 1.8-2.0 tons of CO- per ton
of steel produced, making reinforced concrete construction a major source of industrial emissions [3-5]. In
addition, the high cost and limited availability of steel in many developing regions restrict access to safe and
resilient construction, often resulting in economically unfeasible or under-reinforced structures [6]. Durability
issues further compound these challenges, as corrosion of steel reinforcement caused by carbonation and
chloride ingress remains the primary mechanism of degradation in reinforced concrete structures [7].

These economic, environmental, and durability challenges have driven increasing interest in sustainable
and renewable alternatives to conventional steel reinforcement. Among the proposed materials, bamboo has
emerged as one of the most promising candidates due to its rapid growth rate, low embodied energy, and
widespread availability in tropical and subtropical regions [8,9]. Bamboo exhibits a high tensile strength-to-
weight ratio, and on a mass basis its tensile capacity is comparable to that of mild steel, making it suitable for
tension-dominated applications [10]. The use of bamboo in construction has a long history, and its application as
reinforcement in concrete structures has been investigated since the early twentieth century [11].
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In recent decades, experimental research has expanded significantly, focusing on the mechanical
properties and structural performance of bamboo-reinforced concrete (BRC). Numerous studies have evaluated
the tensile and compressive behavior of different bamboo species, as well as the flexural response, bond
behavior, and load—deflection characteristics of BRC beams in comparison with conventional steel-reinforced
concrete (SRC) and hybrid bamboo-steel (HYB) systems [12—-16]. While these studies demonstrate that bamboo
reinforcement can provide adequate strength for low-rise and low-to-moderate load applications, limitations
related to lower stiffness, moisture sensitivity, material variability, and long-term durability persist [14,17].
Recent advances in treatment methods, surface modification, composite bamboo reinforcement, and hybrid
systems have shown considerable potential in mitigating these shortcomings and enhancing structural reliability
[15,16].

This paper synthesizes and critically evaluates findings from published experimental studies to provide a
structured comparative assessment of bamboo-reinforced and steel-reinforced concrete systems, clarifying the
realistic potential and limitations of bamboo reinforcement for sustainable construction applications.

2. Methodology
2.1 Research Design

The present study adopts a qualitative comparative methodology based on a systematic review of
peer-reviewed journal articles, conference proceedings, and authoritative technical reports. The methodological
approach is similar to a meta-analysis, though without statistical aggregation, due to the heterogeneity of
experimental setups, specimen geometries, and testing standards across the literature.

The analysis focuses on studies that directly compare bamboo reinforced concrete elements with steel
reinforced concrete elements, or that provide sufficient data to enable indirect comparison. Emphasis is placed
on experimental investigations of beams, slabs, and pull-out specimens, as these offer the most reliable insights
into structural behavior.

2.2 Selection Criteria for Literature

The reviewed studies were selected based on the following criteria:

Publication in peer-reviewed journals or well-recognized conference proceedings.

Explicit use of bamboo as tensile reinforcement in concrete elements.

Availability of mechanical performance data (e.g., tensile strength, flexural capacity, bond stress).
Clear description of bamboo treatment methods and concrete mix properties.

Relevance to structural engineering applications rather than purely architectural or craft-based uses.

Studies focusing exclusively on bamboo as a replacement for coarse or fine aggregate were excluded, as
the scope of this paper is limited to reinforcement behavior.

2.3 Parameters for Comparison
Based on the reviewed literature, the following parameters were identified as critical for comparison
between bamboo reinforced concrete and conventional reinforced concrete:
Mechanical properties of reinforcement (tensile strength, modulus of elasticity).
Bond behavior between reinforcement and concrete.
Structural performance under flexural loading.
Durability and long-term performance.
Constructability and practical implementation.
Economic and environmental performance.

oumrwdE

The results reported in different studies were normalized where possible by considering reinforcement
ratios, concrete strength classes, and specimen dimensions.

3. Results
3.1 Mechanical properties of bamboo versus steel reinforcement
The literature consistently reports that bamboo exhibits high tensile strength relative to its density, with
ultimate tensile strengths ranging from 100 to 300 MPa for treated bamboo, depending on species, age, moisture
content, and treatment method. In comparison, conventional reinforcing steel typically exhibits yield strengths
of 400-600 MPa with significantly higher modulus of elasticity.
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Comparison of Tensile Strength: Bamboo vs Steel
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A critical difference lies in stiffness. The elastic modulus of bamboo is substantially lower than that of
steel, often by a factor of 10 or more. This disparity leads to larger deflections and wider cracks in bamboo
reinforced concrete members under service loads, a trend repeatedly observed in experimental beam tests.

Comparison of Elastic Modulus: Bamboo vs Steel
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The results indicate that BRC exhibits slightly lower compressive strength than plain concrete across all
reviewed studies. These consistent trends suggest that the inclusion of bamboo reinforcement does not
significantly compromise compressive strength, as concrete’s compressive behavior is primarily governed by
the cementitious matrix rather than the reinforcement type.
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Comparison of Compressive Strengths (Plain Concrete vs Bamboo RC)
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3.2 Bond behaviour

Bond performance is one of the most critical aspects governing the viability of bamboo-reinforced
concrete (BRC). Untreated bamboo surfaces tend to absorb moisture from fresh concrete due to their
hygroscopic nature, leading to swelling during casting and shrinkage during drying, which results in loss of
interfacial contact and premature bond failure under load [19,20]. Numerous experimental studies have reported
low bond stress values and early slip failure in untreated bamboo-reinforced specimens, highlighting the
inadequacy of natural bamboo surfaces for effective stress transfer [21].

To address these limitations, various surface treatment methods have been investigated to enhance
bamboo—concrete bond behavior. Waterproof coatings, epoxy resins, synthetic resin treatments, sand-coated
finishes, and mechanical surface modifications have been shown to significantly improve bond performance by
reducing moisture absorption and increasing friction and mechanical interlock at the interface [19,22].

Comparison of Bamboo-Concrete Bond Strength

Untreated vs Surface-Treated Bamboo and Steel
2.5 1

2.04

1.5

1.0

Average Bond Stress (MPa)

0.5 1

000 000, N 22
ma‘(\'\\ 3927 od ga™ 0 e
o

3.3 Flexural performance of structural elements

The normalized ultimate load ratio highlights the relative flexural performance of bamboo and hybrid
reinforced concrete beams with respect to conventional steel reinforced concrete. When normalized to the steel
reference (ratio = 1.0), bamboo reinforced concrete exhibits significant variability between studies, ranging from
approximately 0.17 in Usidamen et al.[23] to values approaching unity in de Sousa Leite et al. [24] indicating
strong dependence on reinforcement ratio, detailing, and bond performance. In contrast, hybrid bamboo—steel
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reinforced beams demonstrate more consistent behavior, achieving approximately 0.75-0.90 of the steel
reinforced concrete capacity across both studies. These results suggest that while bamboo reinforcement alone
may be suitable for low-load applications when appropriately detailed, hybrid reinforcement systems offer a
more reliable and efficient means of improving flexural capacity while retaining the sustainability benefits of
bamboo.

Normalized Ultimate Load Ratio of RC Beams
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3.4 Durability considerations

Durability remains a key challenge in the use of bamboo as reinforcement in concrete due to its
hygroscopic and organic nature. Untreated bamboo readily absorbs moisture, leading to swelling, shrinkage, and
loss of bond with the surrounding concrete, which can result in cracking and premature deterioration of bamboo-
reinforced concrete (BRC) elements [20,21]. In addition, bamboo is susceptible to biological degradation and
long-term strength reduction, particularly under sustained moisture exposure [25].

The alkaline environment of concrete and repeated wetting—drying cycles can further accelerate
degradation of bamboo fibers and the bamboo—concrete interface [26]. To improve durability, surface treatments
such as waterproof coatings, epoxy or bituminous layers, and chemical preservatives have been shown to
significantly reduce water absorption and biological attack, while also enhancing long-term bond performance
[21,27]. With appropriate treatment and detailing, including adequate concrete cover and crack control, bamboo-
reinforced concrete can achieve acceptable durability for low- to moderate-load structural applications [20,25].

4. Discussion

The comparative analysis carried out in this study situates bamboo reinforced concrete within the broader
European and global discourse on innovative and sustainable construction materials. When interpreted through
the conceptual framework of the Eurocodes, particularly Eurocode 2 (EN 1992-1-1), it becomes evident that
bamboo reinforced concrete does not currently align with the prescriptive assumptions embedded in modern
reinforced concrete design, which are largely calibrated for steel reinforcement with well-defined mechanical
properties and long-term performance.

From a structural mechanics perspective, the lower modulus of elasticity of bamboo relative to steel
fundamentally alters serviceability behavior. Eurocode-based design places significant emphasis on crack
control, deflection limits, and durability-related limit states. In bamboo reinforced concrete elements,
serviceability limit states often govern design, as higher deflections and wider crack patterns tend to develop
under comparable load levels. This does not inherently disqualify bamboo reinforcement but necessitates a
design philosophy that prioritizes increased reinforcement ratios, conservative stress limits, and careful
detailing.

In European contexts, where regulatory compliance, durability expectations, and liability considerations
are stringent, bamboo reinforced concrete is unlikely to replace conventional reinforced concrete in primary
load-bearing structures. However, it may find niche applications in secondary structural elements, experimental
architecture, or low-risk constructions where sustainability objectives outweigh conventional performance
optimization.
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Conversely, in many developing countries, particularly in regions with abundant bamboo resources and
limited access to industrial steel, bamboo reinforced concrete presents a materially and socio-economically
relevant alternative. Several studies reviewed in this paper emphasize that, when properly treated and detailed,
bamboo reinforcement can deliver adequate structural performance for low-rise residential buildings, small-span
slabs, and non-critical beams. In such contexts, the comparison with steel reinforced concrete must be framed
not as a direct substitution, but as an adaptive engineering solution responding to local constraints.

To synthesize the findings of the reviewed literature, Table 1 presents a qualitative comparison between
bamboo reinforced concrete and conventional steel reinforced concrete across key performance and
implementation criteria.

Table 1: Qualitative comparison between bamboo reinforced concrete and steel reinforced concrete

Criterion Bamboo Reinforced Concrete Steel Reinforced Concrete
Tensile capacity Moderate and highly variable; dependent on species High and standardized; well-
and treatment defined yield behavior
Modulus of elasticity Low, leading to higher deflections High, ensuring stiffness and
crack control
Bond with concrete Critical issue; requires surface treatment and Excellent with deformed bars
detailing
Durability Sensitive to moisture and biological degradation High durability when properly
designed
Design codes No comprehensive Eurocode provisions Fully integrated into Eurocode 2
Sustainability Very high; renewable and low embodied energy Moderate to low due to steel
production impact
Cost and availability Low cost in bamboo-rich regions Higher cost; dependent on
industrial supply chains
Suitable applications Low-rise, non-critical structures All structural typologies

5. Conclusion

This journal-oriented comparative study examined bamboo reinforced concrete as an innovative
construction material through systematic comparison with conventional steel reinforced concrete. By
synthesizing experimental and analytical evidence from existing literature, the paper assessed mechanical
performance, bond behavior, durability, constructability, and sustainability within a framework implicitly
aligned with Eurocode-based design philosophy.

The findings demonstrate that bamboo reinforced concrete possesses clear environmental and socio-
economic advantages, particularly in terms of renewability, low embodied energy, and regional availability.
These characteristics make bamboo reinforcement especially relevant for developing countries and for
sustainability-driven pilot projects in Europe. However, when evaluated against the performance expectations
embedded in Eurocode 2, bamboo reinforced concrete exhibits significant limitations, notably in stiffness,
durability, and long-term reliability.

As a result, bamboo reinforced concrete cannot presently be considered a direct substitute for steel
reinforced concrete in primary structural systems. Its realistic potential lies in low-rise buildings, secondary
structural elements, and context-specific applications where sustainability priorities, material availability, and
reduced structural demands converge.

Future research efforts should focus on long-term durability testing under realistic environmental
exposure, development of standardized treatment techniques, and formulation of preliminary design guidelines
compatible with performance-based Eurocode concepts. Advancing these areas is essential if bamboo reinforced
concrete is to transition from experimental innovation to a credible engineering material within contemporary
construction practice.
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