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ABSTRACT: The escalating global demand for 

sustainable infrastructure, coupled with the rapid 

depletion of natural coarse aggregates, has 

necessitated the exploration of rapidly renewable, 

bio-based alternatives within the concrete industry. 

Concrete plays a pivotal role in civil engineering 

construction, with demand continuously rising, yet 

the extraction of natural stone leads to ecological 

imbalances and depletion of natural resources. This 

comprehensive paper evaluates the structural, 

physical, and rheological viability of integrating 

hardened bamboo chips as a partial volumetric 

replacement for conventional coarse aggregates in 

concrete. Operating on a standardized 1:2:4 nominal 

mix proportion with a water-to-cement ratio of 0.50, 

the empirical investigation systematically 

substituted crushed stone with treated bamboo 

aggregate at replacement thresholds of 0%, 10%, 

20%, and 30%. The primary focus of this study 

centers on extracting and analyzing the resulting 

density dynamics, workability (slump), and 

compressive strength over curing periods of 7, 14, 

and 28 days. The experimental data reveals a 

decisive inverse correlation between bamboo 

inclusion and the ultimate bulk density of the 

hardened concrete, which reduced from 2540 kg/m³ 

in the control mix to 2437 kg/m³ at the 30% 

replacement level. Concurrently, workability vastly 

improved, with slump values increasing from 3 cm 

at 0% to 13 cm at 30% replacement. While 

compressive strength decreased from 15.12 N/mm² 

to 12.09 N/mm² at 28 days for the highest 

replacement threshold, the resulting composite 

remains highly functional for lightweight and non-

load-bearing civil engineering applications. These 

results prove that bamboo can be effectively used to 

replace up to 20–30% of coarse aggregates in 

concrete, helping reduce construction costs, 

supporting eco-friendly building practices, and 

mitigating the environmental impacts associated 

with natural stone quarrying1. 

KEYWORDS: Bamboo Aggregate, Lightweight 

Concrete, Density Reduction, Compressive 
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1. INTRODUCTION 

Concrete is a widely utilized construction 

material that serves as the unparalleled foundational 

basis of modern global infrastructure[1]. It plays a 

pivotal role in civil engineering, with global demand 

continuously rising. Coarse aggregates, making up 

about three-quarters of concrete's total volume, 

serve as its main constituent. Traditional extraction 

of natural stone has historically been the primary 

source of these coarse aggregates, leading to severe 

ecological imbalances, the destruction of natural 

habitats, and the rapid depletion of finite geological 

resources [2], [3]. Furthermore, the construction 

industry is responsible for a staggering proportion of 

anthropogenic greenhouse gas emissions. It is 

estimated that the construction sector accounts for 

approximately 7% of global carbon dioxide (CO2) 

emissions, with the mechanical crushing, extraction, 

and transportation of natural coarse aggregates 

representing the second-largest source of CO2 

emissions within the concrete material lifecycle, 

surpassed only by cement manufacturing[4]. 

To aggressively mitigate these escalating 

environmental impacts, the civil engineering 

discipline is undergoing a necessary paradigm shift 

toward sustainable, renewable, and bio-based 

material alternatives. Among the spectrum of 

agricultural by-products and woody grasses, 

bamboo has emerged as a vanguard material for 

sustainable construction. Bamboo has the 

remarkable biological characteristic of growing 

approximately three times faster than most other 

terrestrial plant species[5]. In tropical and 

subtropical climates, certain bamboo variants can 

proliferate within 6 to 8 months and attain 

maximum mechanical strength within 3 to 8 

years[6]. This makes it an economically efficient 
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and environmentally friendly alternative to 

contemporary building materials. 

Beyond its renewability, bamboo possesses 

a profound capacity for atmospheric carbon 

sequestration. Bamboo plants exhibit faster CO2 

absorption rates and higher oxygen production than 

traditional timber; a single kilogram of round 

bamboo is capable of sequestering 5.69 kg of CO2. 

Its carbon reduction capabilities are approximately 

1.46 times higher than fir trees and 1.33 times 

higher than tropical rainforests[7]. Historically 

utilized in vernacular architecture due to its high 

tensile strength, low weight, and seismic resistance, 

its engineered integration into modern concrete 

matrices as a coarse aggregate replacement remains 

a highly compelling field of micro-mechanical 

study. 

The primary problem this study addresses 

is the depletion of natural aggregates and the urgent 

need for eco-friendly construction materials. While 

bamboo has been traditionally used, its potential as a 

hardened, processed coarse aggregate replacement 

in a standard concrete matrix has not been 

exhaustively quantified. Therefore, the aim of this 

study is to perform an experimental investigation 

into the use of hardened bamboo as a replacement 

for coarse aggregate. The specific objectives are to 

evaluate the workability of the fresh concrete mix, 

assess the density sustainability of the hardened 

bamboo-concrete, and establish the ultimate 

compressive strength of the composite material. By 

replacing 0%, 10%, 20%, and 30% of conventional 

aggregates with locally sourced bamboo, this 

research seeks to justify the material's viability in 

reducing structural dead loads and minimizing the 

environmental footprint of the concrete industry.

 

II. RELEVANT LITERATURE REVIEW 
 

2.1 Material Composite of Bamboo Aggregate 

Concrete (BAC)  

Bamboo Aggregate Concrete (BAC) 

represents a sustainable variation of traditional 

concrete wherein processed bamboo substitutes 

traditional mineral coarse aggregates. The 

composition of BAC relies on the same fundamental 

components as conventional concrete (cement, fine 

aggregate, and water) but introduces unique micro-

mechanical and chemical variables due to the 

biological nature of the aggregate[8]. Portland 

Limestone Cement (PLC) is commonly used as the 

binding agent in BAC. PLC contains limestone as a 

main constituent alongside clinker and gypsum, 

offering improved workability, a reduced heat of 

hydration, and enhanced durability compared to 

standard Ordinary Portland Cement. The cement 

content must be carefully adjusted based on the 

bamboo replacement level because bamboo 

aggregates possess lower specific gravity and 

variable moisture absorption rates, which directly 

influence the required mortar volume to achieve 

adequate particle binding[9]. Water is an essential 

component that initiates the cement hydration 

process. In BAC, the water-to-cement (w/c) ratio 

must be meticulously controlled. Bamboo naturally 

absorbs water, which can inadvertently lower the 

effective w/c ratio available for cement hydration if 

the aggregates are not properly pre-treated[6], [7]. 

2.2 Physical and Mechanical Properties of 

Bamboo  

Bamboo’s viability as a construction aggregate 

hinges on its distinct physical properties.  

Density:Bamboo possesses a significantly lower 

density compared to conventional coarse aggregates 

like crushed granite. The density of bamboo ranges 

around 0.575 g/cm³, whereas traditional coarse 

aggregates range between 2.5 and 3.0 g/cm[1], [4]. 

This massive reduction in specific gravity 

contributes directly to a reduced concrete dead 

weight, highly advantageous for optimizing 

foundation loads and enhancing seismic structural 

performance.  

Water Absorption and Volumetric Instability: A 

primary challenge with raw bamboo is its 

hygroscopic nature[10]. Bamboo fibers possess a 

natural propensity to absorb water rapidly during 

mixing. Furthermore, bamboo aggregates can 

experience significant volume changes with 

fluctuating humidity, leading to micro-cracking 

within the concrete matrix[11].  

Tensile and Compressive Strength: Bamboo exhibits 

exceptional longitudinal tensile strength, sometimes 

reaching up to 300 MPa, surpassing the tensile 

capacity of traditional stone. Conversely, its 

compressive strength typically ranges from 10 to 20 

MPa, which is vastly lower than standard crushed 

granite (frequently > 30 MPa)[12], [13]. This 

disparity fundamentally shifts the failure mechanics 

of the concrete composite. 

2.3 The Interfacial Transition Zone (ITZ) and 

Bond Mechanics  

In all concrete matrices, the Interfacial Transition 

Zone (ITZ), the microscopic boundary layer existing 

between the cement paste and the aggregate, is 

structurally the weakest link. Bamboo surfaces, 
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particularly the outer epidermal layers, are relatively 

smooth, which reduces the mechanical interlocking 

forces that normally bind rough stone to the cement 

paste. Furthermore, the alkaline environment of 

hydrating cement can degrade the biological 

components of bamboo over time[14]. To mitigate 

these issues, advanced chemical modifications have 

been developed. Recent studies highlight the 

effectiveness of synergistic modifications using 

sodium alginate and calcium chloride (CaCl2). 

When bamboo aggregates are immersed in a sodium 

alginate solution and then treated with CaCl2, the 

alginate forms a cross-linked gel network via Ca2+ 

ions within the microscopic cracks and vascular 

bundles of the bamboo[15]. This environmentally 

friendly treatment substantially improves interfacial 

bonding, reduces water absorption, and bridges the 

elastic modulus gap between the compliant bamboo 

and the rigid cement matrix. 

2.4 Effect of Bamboo Coarse Aggregate 

Replacement Rate  

The volumetric replacement rate of conventional 

coarse aggregates with bamboo critically impacts 

both fresh and hardened concrete properties.  

Low Replacement Rates (Up to 25%): Replacing a 

small fraction of traditional aggregate has minimal 

negative impact on ultimate compressive strength 

while offering noticeable improvements in 

workability due to the lightweight, smooth nature of 

the bamboo chips[16].  

Medium Replacement Rates (30% - 50%): At this 

threshold, structural compressive strength begins to 

show a linear decline due to the lower inherent 

strength of the bamboo chips acting as the primary 

failure plane. However, the concrete maintains 

adequate strength for non-load-bearing applications, 

and the reduction in density becomes highly 

significant[16].  

High Replacement Rates (Above 50%): Excessive 

replacement severely decreases compressive 

strength and durability. The statistical probability of 

aggregate agglomeration increases, creating 

continuous planes of weakness and high porosity. 

Unless rigorous chemical treatments (such as silane 

impregnating agents or sodium silicate solutions) 

are applied, high-replacement BAC becomes highly 

susceptible to moisture degradation and alkali 

attack.[16] 

 

III. METHODOLOGY 
This empirical research was conducted in 

sequential stages: the initial sourcing and processing 

of the bamboo, preliminary physical testing of the 

aggregates, the systematic casting of concrete cubes, 

and the final mechanical evaluation of the hardened 

composites at standard curing intervals. 

3.1 Materials Procurement and Preparation 

Bamboo 

Bamboo: Mature bamboo was harvested from local 

sources in Kwara State, Nigeria. To prevent 

biological degradation and manage volumetric 

instability, the bamboo was mechanically processed 

into standardized chips, chemically treated with 

boron-based preservatives, and kiln-dried to a strict 

15% moisture content.  

Cement: Portland Limestone Cement (PLC) in 

standard 50kg bags was procured from a local 

vendor. PLC was selected for its improved 

workability and reduced hydration heat.  

Fine Aggregate: Naturally sourced, chemically inert 

river sand (particles passing the 6.35 mm sieve) was 

obtained from the Kwara State Polytechnic campus.  

Coarse Aggregate (Control): Conventional crushed 

granite, thoroughly cleaned of deleterious materials, 

was used as the baseline coarse aggregate. Water: 

Clean, potable water obtained from the Institute of 

Technology, free of injurious acids, alkalis, and 

organic matter, was utilized for mixing and curing. 

3.2 Laboratory Tests on the Bamboo  

Prior to concrete batching, the physical properties of 

the processed bamboo chips were evaluated at the 

concrete laboratory of the Department of Civil 

Engineering, University of Ilorin.  

Sieve Analysis: A 3000g air-dried sample of the 

chipped bamboo was passed through a series of 

standard test sieves to determine the particle size 

distribution. This established whether the biological 

material geometrically qualified as a coarse 

aggregate.  

Water Absorption & Impact Value: Standardized 

tests were conducted to quantify the residual 

moisture absorption capacity of the treated bamboo 

and its resistance to sudden dynamic loading, 

ensuring it met baseline structural requirements. 

3.3 Experimental Mix Design and Production of 

Concrete Test Cubes  

The experimental framework utilized a standard 

1:2:4 nominal mix ratio (cement: fine aggregate: 

coarse aggregate) batched by weight, maintaining a 

constant water-to-cement ratio of 0.50 across all 

samples. The critical variable was the systematic 

volumetric substitution of conventional crushed 

granite with the treated bamboo chips at four 

distinct gradients: 0% (Control), 10%, 20%, and 

30%. During the batching phase, a slump test was 

conducted on each fresh mixture to quantify 

rheological shifts and workability. Subsequently, the 

fresh concrete was cast into standardized 150 mm × 

150 mm × 150 mm marine board molds, 
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mechanically compacted in layers, and allowed to 

achieve initial set for 24 hours. Following 

demolding, the specimens were completely 

submerged in temperature-controlled aqueous curing 

tanks maintained at approximately 20°C. The cubes 

were slated for physical extraction and compressive 

yield testing at chronological milestones of 7, 14, 

and 28 days. 

 

IV. RESULT AND DISCUSION 

4.1 Workability (Slump Test) Results  

Workability constitutes a hyper-critical rheological 

metric, defining the ease with which freshly mixed 

concrete can be manipulated, poured, and 

compacted without suffering from detrimental 

segregation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Workability chart  

 

The slump test results (fig. 1.) across the varying 

bamboo replacement gradients reveal a highly 

dynamic and compelling rheological shift. The 

traditional 0% replacement mix exhibited a highly 

stiff slump of 3 cm. As the volumetric proportion of 

the bamboo aggregate increased, the measured 

slump value rose exponentially, culminating in a 

highly fluid 13 cm slump for the 30% replacement 

mixture. This dramatic increase in plasticity is 

primarily driven by the massive specific gravity 

differential; substituting dense mineral rock with 

lightweight biomass reduces internal gravitational 

resistance and internal friction, allowing the wet 

cement paste to flow far more freely under its own 

weight. 

 

4.2 Density Test Results  

In contemporary structural engineering, the 

relentless drive toward lightweight construction 

materials are predicated on drastically reducing the 

dead load of high-rise superstructures and sprawling 

infrastructure. 

 

The chronological density data mapping the curing 

process from Day 7 to Day 28 (Table 1) illustrates 

two distinct phenomena. First, within the 

conventional control mix (0% replacement), the 

bulk density systematically escalated from 2512 

kg/m³ at Day 7 to 2540 kg/m³ at Day 28. 

Table 1: Density Chart 

Replacement 

(%) 

Day 7 

Density 

(kg/m³) 

Day 14 

Density 

(kg/m³) 

Day 28 

Density 

(kg/m³) 

0 2512 2518 2540 

10 2485 2490 2503 

20 2466 2469 2479 

30 2440 2433 2437 

 

This mass gain is entirely driven by ongoing cement 

hydration kinetics, where hydration products fill 

microscopic capillary pores previously occupied by 

free water. Second, the data establishes a 

pronounced, perfectly inverse correlation between 

the bamboo replacement percentage and the ultimate 

bulk density. At the critical 28-day milestone, 

substituting 30% of the natural coarse aggregate 

with processed bamboo resulted in a terminal bulk 

density of 2437 kg/m³. This represents a highly 

significant 4.1% absolute reduction in weight 

compared to the normal concrete. This predictable 

lightweighting mechanism proves that hardened 

bamboo functions as a highly effective agent for 

reducing structural mass. 

 

4.3 Compressive Strength Test Results 

Compressive capacity strictly dictates the material's 

ability to withstand gravitational and live axial loads 

without undergoing catastrophic failure. The 

integration of a softer biological aggregate 

inherently alters this critical property. 

The empirical data confirms a progressive decline in 

ultimate compressive capacity as the bamboo 

content increases. Following 28 days of 

uninterrupted hydration, the conventional control 

concrete achieved a peak compressive strength of 

15.12 N/mm². When 10% of the mineral aggregate 

was substituted, the terminal strength dropped to 

13.19 N/mm². At the maximum experimental 

substitution rate of 30%, the compressive yield fell 

to 12.09 N/mm² representing a total structural 

reduction of approximately 20% compared to the 

normative baseline.  

Table 2: Compressive strength data 

Replacem

ent of 

Bamboo 

(%) 

Compressi

ve 

Strength at 

Day 7 

(N/mm²) 

Compressi

ve 

Strength at 

Day 14 

(N/mm²) 

Compressi

ve 

Strength at 

Day 28 

(N/mm²) 
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0 9.12 14.11 15.12 

10 8.70 13.17 13.19 

20 8.17 12.79 13.02 

30 7.78 11.84 12.09 

 

This strength degradation occurs because the 

inherent compressive strength of bamboo (typically 

10 MPa to 20 MPa) is significantly lower than that 

of crushed granite, causing the biological aggregates 

themselves to become the primary plane of failure 

rather than arresting micro-crack propagation. 

Despite this 20% reduction, the achieved terminal 

strength of 12.09 N/mm² remains highly functional. 

In global civil engineering standards, this strength 

profile is legally classified as entirely adequate for a 

vast array of light-structural applications, providing 

a pragmatic engineering trade-off that secures 

massive gains in ecological sustainability. 

 

V. CONCLUSION AND 

RECOMMENDATION 
5.1 Conclusion  

This exhaustive study unequivocally validates that 

utilizing hardened bamboo to replace a partial 

volumetric fraction of coarse aggregate in concrete 

is highly viable and introduces cascading structural 

and environmental benefits. The systematic 

empirical testing of replacement ratios at 0%, 10%, 

20%, and 30% revealed that up to 20%-30% 

bamboo replacement still provides robust structural 

capability while delivering critical lightweight 

profiling. Crucially, the integration of bamboo 

fundamentally optimized fresh concrete rheology, 

escalating the slump value to a highly workable 13 

cm at the highest replacement limit, which 

significantly reduces the mechanical effort required 

during placement. Furthermore, the substitution 

induced a predictable reduction in the composite's 

bulk density, culminating in a 4.1% weight 

reduction (2437 kg/m³) at the 28-day milestone. 

While the inherent mechanical compliance of the 

biomass caused an expected reduction in 

compressive strength, from 15.12 N/mm² down to 

12.09 N/mm², this residual capacity remains entirely 

adequate for many light-structural projects. Bamboo 

is a highly renewable material that sequesters vast 

amounts of atmospheric carbon; integrating it into 

standard concrete matrices drastically severs 

reliance on destructive natural stone quarrying, 

lowering global construction costs and fostering a 

new paradigm of eco-friendly building practices. 

 

5.2 Recommendations  

Based on the empirical findings and physical 

behavior observed during this research, the 

following recommendations are rigorously proposed 

to optimize the deployment of Bamboo Aggregate 

Concrete (BAC): 

1. Because bamboo possesses a highly porous 

cellular structure prone to rapid water absorption, it 

is absolutely imperative to thoroughly kiln-dry the 

aggregate and apply advanced chemical treatments 

(such as alkaline or sodium alginate sealing) prior to 

batching. This mitigates volumetric instability and 

vastly improves the mechanical bond within the 

Interfacial Transition Zone. 

2. Due to the 20% reduction in peak load 

capacity at high substitution rates, bamboo-

aggregate concrete is best specified for light-

structural and non-load-bearing elements, including 

village dwellings, pedestrian walkways, blinding 

concrete, and partition walls. It should not be 

deployed in heavy load-bearing superstructures 

without the inclusion of supplementary conventional 

reinforcement. 

3. Further longitudinal research frameworks 

must be established to monitor the long-term 

biological durability and compressive strength 

retention of BAC beyond the standard 28-day 

hydration window, specifically tracking potential 

alkali-silica reactions over a multi-year timeline. 

4. Regulatory government bodies, alongside 

international civil engineering associations, should 

aggressively draft and implement standardized 

building codes explicitly regulating the safe, 

standardized deployment of bio-integrated concrete 

in public infrastructure projects. 

Municipal authorities should actively incentivize the 

utilization of bamboo concrete in appropriate state-

sponsored low-cost housing and rural development 

initiatives to demonstrate its safety, cost-efficiency, 

and ecological superiority to the general public 
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