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CHAPTER ONE 

INTRODUCTION 

1.1. Background of the Study  

Concrete is now widely utilized as a construction material due to its numerous benefits, 

including low cost, availability, and fire resistance [1, 2]. Steel as a reinforcing material, 

on the other hand, is in high demand in most developing countries [1]. There is a 

situation when steel production is insufficient to meet demand. As a result, it's critical to 

have a steel-alternative worth considering. Because bamboo is abundant and robust, it 

can meet the demand for reinforcing material and provide a viable alternative to steel 

[3]. Bamboo reinforced concrete construction follows the same design, mix proportions, 

and construction techniques as used for steel reinforced. Just the steel reinforcement is 

replaced with bamboo reinforcement [4].  

Siddika, A et al. (2017) and Sharma, P.et al (2014), stated that bamboo is a natural 

element and is available in rural areas in huge quantities, and is easy to use in different 

sizes. It is widely used in the construction and housing industries [5, 6]. According to a 

study, it was estimated that one billion people in the world live in bamboo houses. 

Recently, bamboo has been used as a reinforcing material in concrete and to make 

framing, shoring, scaffolding, flooring, walls, roofs, and trusses [3, 7]. In addition 

bamboo is used for flooring, rudimentary furniture, mats, and basketry and household 

utensils in a traditional manner [8]. 

Steel is used as reinforcement in concrete to attain the requisite tensile strength because 

concrete is good in compression but weak in tensile strength. Problems encountered 

with the commonly used construction materials due to high cost, corrosion, etc. 

Considering the advantageous characteristics of bamboo, in the last few years, studies 

have been conducted on the use of bamboo as structural material and reinforcement, 

replacing steel in concrete for low-cost structures [9]. Bamboo proves to provide good 

reinforcement as it holds very good tensile and compressive forces [10]. 

Since concrete is considered to have good fire resistance which is non-combustible, 

absorbs heat only slowly, and does not give off toxic fumes or smoke [11]. But, 

currently, fire is the most hazardous one for all structures. It is causing damage as a 

result. Therefore, evaluating the extent of fire resistance of materials, cover thickness, 
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grade of concrete, cooling methods and load carrying capacity of post fired structure 

can play an important role in saving construction damage. In addition, investigating the 

fire resistance of both steel and bamboo when used in concrete structures as composite 

is not only a great opportunity to consider fire hazards in the construction sector but 

also could indicate that the fire resistance of the material is very important in design 

too.  

In this research the fire resistance of concrete columns reinforced with steel and 

bamboo as composite structures and its comparison with plain concrete columns, 

columns reinforced with steel and bamboo under axial load is studied. The variables 

considered in this study include, reinforcement materials, concrete cover, fire duration 

and cost. This was done by testing column specimens in the laboratory for compressive 

strength using steel and partially replacing steel with bamboo as composite. Note that in 

this study composite structure means partial replacement of steel with bamboo. 

1.2. Statement of the Problem 

Arguably many scholars agree that concrete structures play a major role in the 

construction sector. Therefore, it is important to provide a variety of features, especially 

in fire protection, to the fullest extent possible. The behavior of concrete under fire has 

been studied by many researchers, and it has been observed that properties of concrete 

such as compressive strength, tensile strength, modulus of elasticity, etc. are adversely 

affected at elevated temperatures when exposed to fire [20, 42, 43, 44]. On the other 

hand bamboo can be used as reinforcement material in concrete structures [7, 18, 20, 23, 

27, 28]. And it has good fire resistance material [34]. But there is no significant 

research done on the fire resistance of concrete columns reinforced with steel as well as 

bamboo and its composites in comparison. 

Thus, it is important to investigate the extent of fire resistance of columns reinforced 

with different materials like steel, bamboo, and others. This study aims to examine the 

fire resistance of RC column reinforced with steel and bamboo as composite and 

compared with other sets of columns.  
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the concentration of load around the nodes. Utilizing mechanical interlock by 

corrugating bamboo could be an excellent alternative to the use of expensive treatments 

like epoxies [12, 56]. 

2.5. Replacement of Steel with Bamboo in Reinforced Concrete Structures  

Amada and Untao (2001) and Nayak A et al. (2013), mentioned that bamboo is the 

most effective material in construction because of the superior characteristics of 

bamboo, such as being physically powerful, tough, and a low-cost material. Normally, 

the culm of bamboo with an outer surface layer withstands strongly any loading with 

stronger fracture resistance than the node [7, 22].  

Markos Alito (2005), investigated bamboo as a building material for low-cost housing 

construction in Ethiopia. The researcher identified an alternative method for low-cost 

construction for areas where steel is costly. From the findings, it was suggested that 

bamboo might replace steel in light construction as tensile elements [18].  As shown in 

the figure below bamboo can be used fully or partially to replace steel bar as 

reinforcement in concrete structures. 

 

 

 

 

Figure 2.2: Bamboo Reinforced Concrete Construction [6] 

Sofia Nesru (2017) concluded bamboo can be used as reinforcement in nominal 

reinforcement places for singly reinforced beam but it has less load carrying capacity 

when used as a main reinforcement on doubly reinforced beam compared with RC 

beams but it still can with stand the design load[20]. In Ghavami K (2005) the results 

of the investigations show that bamboo can substitute steel satisfactorily. The structural 

elements developed and studied could be used in many building constructions [12]. In 

comparison to non-reinforced concrete, the use of bamboo-strip as reinforcement in 

concrete columns enhanced the column's load-carrying capability. It also improves the 
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post cracking ability of the concrete, but not as pronounced as in steel reinforced 

columns [20].  

Atul Agarwal and Damodar Maity (2011) and Chattaraj S. (2022) studied axial 

compression and bending tests on plain, steel and bamboo reinforced column members. 

The load-deformation curves displayed significant non linearity, indicating that the 

bamboo has the capacity to absorb more energy. Failure of columns predominately 

occurs in shear under compressive loading. Plain concrete and untreated bamboo 

columns showed brittle behavior, whereas in steel and bamboo reinforced columns, 

more ductile behavior was observed [23, 27]. Furthermore, the results, exhibited that 

the maximum load carrying capacity of steel reinforced columns is nearly equivalent to 

that of treated bamboo reinforced columns [27]. 

Abegaz et al (2005) studied the modulus of elasticity, modulus rupture including 

bonding ability of Oxytenantheria abyssinica and the strength of reinforced bamboo 

sticks could be used for reinforcement in concrete in the construction of basements, 

beams, and slabs of walls for low cost residential buildings and light traffic bridges [28]. 

Experimental studies on flexural behavior of bamboo/steel composite slabs and beams 

were carried out and the test results indicate that two different materials can be used as 

composites by structural adhesives and the connection mode is feasible and reliable. In 

addition, the mechanical properties of this composite material are encouraging [29].  

The lab testing for composite slab, wall, column, and beam indicated the two materials 

performed as an excellent composite material under proper bonding created by 

structural adhesive and screws [30].  
 

 

 

 
 
 
 

 

 

Figure 2.3: Bamboo- Steel Composite Structures [30] 
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2.7. Reinforced Concrete Columns Exposed to Fire 

Explosive spalling of concrete factors below hearth place remains a critical problem 

inside the studies community. When columns are subjected to fire, the axial force 

moment (P-M) interactions diagram contracts [36]. 

Typically, reinforced concrete columns are subjected to uni-axial or biaxial bending in 

addition to axial loading. When a fire accident occurs, these columns could be exposed 

to one, two, three, or four faced heating depending on the column orientation in the fire 

compartment [37]. Reinforced concrete columns in fires are often subjected to 1-sided, 

2-sided, or 3-sided fire exposures induced biaxial bending [38]. 

2.8. Factors Influencing Fire Resistant Concrete Structures  

According to Eurocode 2, EN (2004), besides the heating rate, duration, and maximum 

temperature of the fire, the vulnerability of RC structures exposed to fire at member 

level depends on numerous additional factors, such as: type of concrete (ordinary 

concrete, lightweight concrete, high-strength concrete, fiber-reinforced concrete, self-

compacting concrete, etc.), shape and dimensions of the structural members 

(simple/compact or complex cross sections), Construction and architectural details 

(concrete cover thickness, reinforcement arrangement, placement of installations), 

presence of defects and previous damage and repairs (honeycombs, insufficient 

concrete cover, poor cold joints, cracks), Existence and nature of protective and 

decorative layers (materials for combustible and incombustible layers) [32] .  

According to Kodur V. K. R. and Phan L. (2007), some of the factors that influence fire 

resistance in concrete structures are the behavior of reinforced concrete mix 

proportions, constituents (the type of aggregate used), and reinforcement cover [39]. In 

addition, the change in mechanical properties also depends on several factors, such as 

rate of heating, type of aggregate used, size of specimen, moisture content, age of 

specimen, etc [40]. 

On the other hand, Anderberg Y. and Forsén N. E. (1982), concluded that factors that 

influence the fire resistance of concrete structures are size and shape of the element, 

type of concrete, type of reinforcement, and provision of protective concrete cover to 

the reinforcement, load supported, and conditions of restraint [41]. 
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2.9. Effects of Fire on the Strength of Reinforced Concrete Structures  

Fire is a physical event that is difficult to extinguish once started, and most of the time, 

compensatory damage and loss caused by it are impossible. A concrete element of 

construction, when subjected to fire, undergoes a gradual reduction in strength and 

rigidity. The fire resistance of an element of construction is expressed as the time for 

which the element resists any change damage or spall [41]. 

According to Khoury, G. A. (2000), a building exposed to fire fighting continues for 

long hours, and then getting the expected service of the building after the disaster 

becomes impossible. The loss of life and property is greater when the structure of the 

building fails before evacuating all of the users. It has to be provided to minimize fire 

damage, to ensure the sustainability of performance after fire, and to have a 

compressive strength value that allows users to evacuate in time to ensure survival 

during the fire [42]. 

The rise in temperature causes a decrease in the strength and modulus of elasticity of 

both concrete and steel reinforcement. However, the rate at which the strength and 

modulus decrease depends on the rate of increase in the temperature of the fire and the 

insulating properties of concrete. Note that concrete does not burn [43]. When concrete 

is exposed to high temperatures, as in the case of fire, the basic visible damages are 

thermal spalling and cracking, but other changes take place also, like a drop in strength 

and modulus of elasticity and change of color [44]. In addition, properties of concrete 

such as compressive strength, tensile strength, modulus of elasticity, etc. are adversely 

affected at elevated temperatures when exposed to fire [40]. 

In our country Ethiopia, a large portion of buildings are constructed as concrete 

structures. Because of this fact, concrete must be designed to provide high performance, 

if used in buildings having a high risk of fire, building structures, and in fire 

compartments. At high temperatures, the most important mechanisms that affect the 

values of the compressive strength of concrete and bearing capacity are losing the 

quality of components in the concrete micro-structures, which occurs at the end of 

chemical reactions and creates surface cracks and explosions. The best optimal mix of 

concrete should aim to provide desirable thermal properties while minimizing the 

potential for explosive fragmentation and decreasing the values of compressive strength 

[20].  
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2.10. Current Research Needs and Research Gap Identification  

In general, it can be understood from the above literature survey that the properties of 

bamboo found in the world and in Ethiopia is somewhat similar to steel. It means that 

with the addition of some treatment, it can be used for construction in a broad manner. 

In addition, it has a good fire resistance. But it was not widely studied as a material in 

reinforced concrete structure and was found that concrete specimens exposed to 

elevated temperature using electric furnaces are highly vulnerable to actual fire hazard. 

The use of electric furnace cannot reflect the real situation of fire up to 400 °C as 

reported by Li et al. (2004) [44]. No such significant study was conducted in which 

concrete columns with four faces heating was exposed to real fire to assess its fire time 

durations and did not researched on columns reinforced with steel and bamboo as a 

composite. And also did not investigate the comparison between composite columns to 

plain concrete column, steel reinforced and bamboo reinforced columns.  

In this study, the investigation covers columns reinforced with steel and bamboo as a 

composite and it compared to plain concrete columns, columns reinforced with steel, 

bamboo alone as each exposed to real fire. The results are compared with the 

conventional columns non-exposed to real fire. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1. Introduction  

The experimental program of this research is designed to obtain the compressive tests of 

plain concrete columns, steel reinforced columns, bamboo reinforced concrete columns 

and steel and bamboo reinforced columns as composite before and after being exposed 

to fire for different time durations. The tensile and compressive tests of bamboo were 

conducted to determine the ultimate tensile and compressive strength; which are the 

most basic type of mechanical properties. The compressive strength tests were 

conducted by varying the set of columns with varying time and fire. Moreover, the 

theoretical ultimate load carrying capacity of the section was determined. In the 

preparation of samples and conducting tests the guidelines in ISO-22157-1 and 2, ES 

6416:2021, ES1177-1and ASTM (ASTM C39, ASTEM 370, ASTM 615) standards are 

followed. In this chapter, the general sample preparations and the experimental set up to 

accomplish the tests are discussed 

3.2. Material Properties  

3.2.1. Concrete  

Ready mixed C-25 normal strength concrete with 25mm size coarse aggregate, river 

sand, and Portland Pozzolana Cement (PPC) was used for all the specimens and design 

proportions of materials by weight. However, concrete slump test was made workable 

by minimizing excess water which could cause swelling of the bamboo as prescribed by 

ASTM 39.  In order to obtain a 28-day concrete compressive strength of 25Mpa the 

following quantity of material is adopted as per ASTM C39 [46]. 

Table 3.1: Quantity of Materials 

Strength of 

concrete  

Quantity of Materials(Kg)  

Cement Fine Aggregate Coarse Aggregate Water 

C-25 524.16  1147.58 1538.95 116.82 
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exposing to fire. Columns those were tested before exposing to fire were taken as 

control specimen. Each control specimen was taken as reference specimen for a group 

of columns having same mix proportions. The variables considered reinforcement 

materials, steel, bamboo and partial replacement of steel with one and/or two bamboo; 

duration of exposing to fire, 30, 60, 90 and 120 minutes; Thicknesses of concrete cover 

20, 25, and 30 mm and gradual cooling by natural air and finally compare the costs in 

the test program. 

3.3.2. Test Specimens 

Experimental investigations were carried out on 65 specimens of reinforced concrete 

columns having 200mm x 200mm square columns with a 700mm height. Columns were 

cast in molds made of steel sheets and wood as shown in Figure 4.13. For casting 

column specimens, the molds were placed on horizontal floor and leveled then the 

reinforcements were placed in position in the mold. The stirrups were manufactured so 

as to produce the required concrete cover. Then the concrete was casts in the mold and 

compacted as much as possible using the standard tamping rod in a way to produce full 

compaction. Then all columns had been left within side the laboratory for curing till 

testing. Finally out of the 65 specimens were investigated, a specimen from each set of 

column (i.e., plain columns, columns reinforced with steel, bamboo, and steel and 

bamboo reinforced concrete as composite) were tested with no exposure to fire, and the 

rest were tested under varying  time up to 120minutes within 30min intervals. 

 

  

 

 

 

 

Figure 3.1: Wooden and Steel Molds 
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c) Compressive Testing Machine 

Figure 3.2: Used instruments 

Procedure 

Tests on all the available materials used for the research as per the requirements and 

standards were carried out. Then molds with a size of 200 mm x 200 mm x 700 mm 

were made. As it takes at least 3-6 months to complete a building and fire accidents 

happen usually when the house is put into service and concrete is totally dry at 90 days 

[50]. Therefore, in this study, it was tried to test the column when it reached the age of 

90 days. Then after molds, a specimen for each set of column was produced.  

Finally, the columns, with different sets of elements, were fired with respective time 

and allowed to cool gradually and tested using a Universal Testing Machine under 

leading to a comparative analysis and synthesis of the results. After obtaining the test 

result the researcher checked the significance and effects of variables using ANOVA 

and Linear regressions.  

3.3.4. ANOVA and Linear Regression Model   

a) ANOVA 

Analysis of variance (ANOVA) is an analysis tool used in statistics that splits an 

observed aggregate variability found inside a data set into two parts: systematic factors 

and random factors. The systematic factors have a statistical influence on the given data 

set, while the random factors do not. Analysts use the ANOVA test to determine the 

influence that independent variables have on the dependent variable in a regression 

study. In order to use a one-way ANOVA, the following assumptions must be 
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considered: the observations must be independent of each other, the data should have no 

significant outliers, and the dependent variables must be continuous [51]. 

b)  Linear Regression  

Linear regression analysis is used to predict the value of a variable based on the value 

of another variable. The variable that wants to predict is called the dependent variable. 

The variables that are using to predict the other variable's value is called the 

independent variable [52]. 

The following are assumptions to be considered: the variables should be measured at a 

continuous level, use a scatterplot to find out quickly if there is a linear relationship 

between those two variables, the observations should be independent of each other, the 

data should have no significant outliers, check for homoscedasticity, and the residuals 

(errors) of the best-fit regression line follows normal distribution. 
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Figure 3.3: The General Procedural Flow Chart  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1.  Introduction 

This chapter presents the results of the tensile and compressive strengths of bamboo 

specimens and also compressive strength of concrete, and uni-axial compressive tests 

performed on 65 specimens which were plain concrete columns, steel reinforced 

concrete column, bamboo reinforced concrete columns and steel and bamboo reinforced 

concrete columns as a composite under exposed and non-exposed to fire condition. All 

columns were tested under axial compression. Out of those a specimen in each set of 

columns was tested before being exposed to fire as a control specimen. Each control 

specimen was taken as reference specimen for a group of columns. Other specimens 

were exposed to fire for durations of 30, 60 and 90, 120 minutes, with 25, 30 and 35mm 

cover thicknesses in ambient air cooling. The experimental investigations on fire 

resistance of RC columns reinforced with steel and bamboo as a composite were 

compared with other sets of columns and compute the costs of steel and bamboo.  

4.2. Concrete Test Results 

Concrete is a composition of cement, gravel, sand and water. After hardening of this 

composite material, the material can be regarded as a mortar mix including distributed 

aggregates. Concrete workability is measured with a slump tests which were recorded 

as 27.5mm and 26.8mm for the mix design.   

 

 

 

 

 

Figure 4.1: Slump Test  
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Compression tests of concrete were made for three specimens in each set of columns 

with cube size of 150mm. The concrete mix was kept approximately identical for all 

axial compressive test samples and it was allowed to set for a period of 28 days to 

obtain the 28 days concrete strength and an average concrete compressive strength of 

24.92Mpa is recorded. 

 

 

 

 

 

 

 

Figure 4.2: Compressive Strength Test 

4.3. Tensile and Compression Test Results of Bamboo 

a) Tensile Test Results 

Tensile tests were conducted on specimens with nodes. Nodes are weak and brittle in 

resistance to tensile force as referred in ISO-22157. These tests were performed on six 

specimens (two in each) to determine the tensile strength of bamboo.  

Specimen Preparation 

The test specimens for tensile strength test were prepared according to ISO 22157-1, 2. 

According to ISO 22157-1, 2, the difference in tensile strength between specimens with 

node and without node is tremendous. Therefore, six sticks were prepared with node 

and without node for the tests. The end part of the specimens was laminated with steel 

plate in order to avoid grip failure during tensile testing. 
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Table 4.1: Tensile Strength Test Result of Bamboo 

 

 

Specimen Code 

TTB1 

Specimen Size (mm) Cross 

sectional 

Area (mm2) 

Failure 

Load 

(KN) 

 

 

Stress (MPa) 

 

L 

 

W 

 

T 

600 18 8.5 153 19.2 125.49 

TTB2 600 20 7.8 156 21.6 138.46 

TTB3 600 19.8 6.4 126.72 17.9 141.26 

 

 

 

Figure 4.3: Bamboo Specimens for Tensile Test  

ii. Test Setup 

Tensile tests have been performed on a Universal Testing Machine. According to ISO 

22157-1, the load should be applied continuously throughout the test at a load rate of 

0.01mm/s [47].  Six specimens with a length of 600mm, width 18mm to 20mm and 

thickness 6mm to 9mm were prepared and tested for tensile strength. 

 

 

 

 

 

 

 

Figure 4.4: Tensile Test Setup of Bamboo Specimen  
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Figure 4.5: Bamboo Specimens after Tensile Testing 

From Table 4.1 the average tensile strength of bamboo is 135.07MPa. As shown in 

Figure 4.5 the output of experimental test failures in most of the specimens occurred at 

the node and splitting in to two parts. 

b) Compression Test Results 

The compressive tests were carried out a segment of bamboo culm parallel to the fibers 

for bottom and middle position of Culm. 

i.  Specimen Preparation 

According to ISO 22157-1 recommendation, the length of the test sample need to be 

equal to the outer diameter for bamboo which is less than 20mm diameter and twice the 

outer diameter for bamboo which have greater than 20mm outer diameter [47]. 

Table 4.2: Compressive Strength Test of Bamboo 

 

Specimen 

Code 

       Specimen Size (mm) Cross 

sectional 

Area (mm2) 

Failure 

Load 

(KN) 

 

Stress 

(MPa) 
Diameter 

(D) 

Length 

(L)  

Thickness       

(T) 

CBT1 52.6 100 16.1 1846.16 87.6 47.45 

CBT2 50.2 100 15.5 1224.47 82.5 67.4 

CBT3 57.3 100 13.7 1989.04 93.3 46.9 
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ii. Test Setup 

Compressive tests of bamboo were conducted on automatic compression testing 

machine. The procedures outlined in ISO 22157-1 were used in performing the tests. 

The load was applied at an average rate of 0.01mm/sec or 1N/mm 2 /s [47]. Six 

specimens were prepared for the compressive test of bamboo with diameter 50mm to 

60mm, length 100mm and thickness 11mm to 17mm as shown Table 4.2 above.  

 

 

 

 

 

 

 

 

Figure 4.6: Bamboo Specimens Under Compression Test 

Compression tests were conducted on six specimens with nodes and without nodes. 

During the test the ultimate compression resistance of the specified specie was recorded 

as shown Table 4.2. As observing Table 4.2, the average compressive strength of 

bamboo was 53.92MPa. End-rolling type of failure was observed in most of the test 

specimens. The entire specimens with node failed with the end rolling type of response. 

The other type of failures which were observed in most of the specimens were splitting 

and shearing. 

 

 

Figure 4.7: Bamboo Specimens after Compression Testing 






























































































