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ABSTRACT 

This research focuses on the mechanical properties of solid and hollow bamboo found 

in Ethiopian. The strengths of bamboo for different loading conditions were tested and 

characterized with respect to its age, culm position and species type. Mechanical 

properties such as tensile, compressive, bending, shear strengths and hardness were 

studied. The industrialization of the material is very weak so that researcher should give 

a great attention how to use it in industries. To use bamboo for product fabrication, its 

mechanical properties should be studied. Till now the actual mechanical properties of 

Ethiopian bamboo were not studied sufficiently. The research was proceeding by 

starting at previous studies, next samples were prepared according to ISO, IS and 

ASTM standards; then experiments were done; then Results were interpreted; next, 

conclusions of the study and finally, recommended to the future researchers were done. 

Bamboo has a long and well-established tradition as a building material throughout the 

world.  The studies of mechanical properties of bamboo were done for general 

application. Bamboo has a various application such as, for furniture, bicycle structure, 

unman air vehicle structure. Dejen Aviation Industry in Ethiopian constructs Unman 

air-vehicles from wood in which its strength is not well known. The total weight of the 

vehicle is low and so that bamboo can be used to construct the structure of UAV. The 

result shows that tensile strength of bamboo increases from the bottom to the top, 

compressive and shear strength were decreased from the bottom to the top, hardness 

was also increased from the internal to the external layer. In all cases of the experiments, 

the strengths of bamboo were higher at year four which leads to a conclusion of age 

four is preferable for applications that need higher strength. Culms of bamboo without 

node has better strength relative to culms with node. Among the two species of 

Ethiopian bamboo, solid /lowland bamboo has a better strength of tensile, compressive, 

bending, shear and hardness compared to hollow/highland bamboo. 

 Key-words:  Highland bamboo, lowland bamboo, culm, node, mechanical properties 
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smooth and unnotched. Samples may also have more complex, geometries.  (Khare, 

2005). 

The study of mechanical properties of bamboo is very important for the 

industrialization of the material. Currently, the use of bamboo is well known by 

craftsman. The designer should know which material is the most available, lightweight, 

low cost, high strength and easy to work.  

From the morphological perspective, bamboo has two important features which make 

bamboo very successful in surviving through millions of years of the evolution process: 

the rhizome system and the culm (Bruder, 2007).  

According to (Clark, 2015), chines scholars were the first to use bamboo in art and 

technology. Early taxonomic studies of bamboo were done by the western world in 

1985. The global perspectives on the material bamboo were starting in the mid-19th 

century. The 1960s was a period of active bamboo research in many parts of the world. 

Ethiopia does not target bamboo to export market. Products from bamboo are produced 

traditionally and manually and used for the domestic market except some recent efforts 

to produce a few products by using advanced technology. Ethiopian has more than 1 

million hectares of bamboo which is 67%of African bamboo resources and more than 

7% of world total area covered bamboo is founded in Ethiopia.   

Two of the species which are found in Ethiopia are highland (Yushania alpine) and 

lowland bamboo (Oxytenantheria abyssinica); Highland bamboo is known as Kerekeha 

and that of lowland bamboo as Shimel. Bamboo has a very short growth cycle. This 

growth pattern makes it easily accessible in a minimal amount of time, and therefore it 

can be harvested in 3-5 years. Bamboo is a high-yield renewable natural resource for 

agro-forestry and engineering products (Teshome, 2014). 

The industrialization of Ethiopian bamboo is very weak due to various reasons. Now 

times, researchers conduct research on the native bamboo families. 

According to (Rogerson, 2016), the growth of bamboos is longitudinally and there is 

no lateral or radial growth as in trees. Characteristically, bamboo has a hollow stem or 

culm that is closed at intervals by nodes. Figure 1:1 shows the longitudinal portion of 

hollow bamboo culms. 
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3. Food Products 

4. Construction and Structural Applications 

1. Wood Substitutes and Composites: The products of bamboo in this category 

includes: 

Bamboo Based Panels: Modern construction uses panels as a structural element or as 

a form of concrete molding. They are also used for flooring, roofing, partition, doors 

and window frames.  

Bamboo Flooring: It has certain advantages over wooden floors due to its smoothness, 

brightness, stability, high resistance, insulation qualities, and flexibility.  

Bamboo Furniture: Traditional bamboo furniture uses natural round or splits bamboo. 

2. Industrial products: traditionally, the industrial use of bamboo has been in the paper 

and pulp industry. Apart from this, the industrial products from bamboo essentially 

comprise of converting into fuel or electricity through gasification. 

Bamboo for Paper and Pulp: Several bamboo-producing countries, such as China and 

India, use bamboo in paper and pulp. Paper from bamboo has practically the same 

quality as paper made from wood. 

Bamboo charcoal for fuel: wood charcoal or mineral coal, are substituted by bamboo 

charcoal traditionally. It can serve as a fuel, absorbent, and conductor. 

Bamboo-based Gasifier for Electricity: Gasification of bamboo can produce energy 

and a range of valuable products. It reinforces a commitment to clean and renewable 

electricity and thermal energy. It can utilize waste generated by processing operations, 

substitute the use of fossil fuels and lower operating costs. It is a clean, cheap & 

renewable source of energy.  

Bamboo-based fiber and fabrics: The most recent advancement in bamboo is the 

manufacturing of fiber for making yarn and into various fabrics. Bamboo fabrics are 

naturally anti-microbial and due to the presence of micropores in the fabric absorb three 

times more moisture than cotton, making it a superior product. Apart from the ones 

outlined above, bamboo extracts contain valuable elements that can also use an input 

in several industrial products. For example, bamboo can be used in pharmaceuticals,  

creams, and beverages 

3. Food Products: Bamboo shoots carry the potential of value-added economic activity 

at the entrepreneurial and community level through cultivation, processing, and 

packaging. Fresh bamboo shoots are delicious and healthy, with high fiber content. 

Bamboo vegetables can be found in Chinese grocery stores and restaurants worldwide. 
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4. Construction and Structural Applications: Advances in structural engineering and 

the development of bamboo composites have opened new outlooks for lightweight, 

durable and aesthetic construction for a variety of applications. 

Bamboo housing: There are three main types of bamboo housing, a) traditional houses, 

which use bamboo culms as a primary building material; b) traditional bamboo houses, 

in which a bamboo frame is plastered with cement or clay; and c) modern prefabricated 

houses made of bamboo laminated boards, veneers, and panels. These buildings are 

usually cheaper than wooden houses, light, strong and earthquake resistant, unlike brick 

or cement constructions  

Bamboo can be used as the best material in mechanical works. Figure 1:2 shows some 

of the bamboo Products like bamboo Bicycle, Bamboo Street Sweeper, Bamboo House, 

Bamboo Fence and Bamboo Furniture (sourced from google.com). Wood can also use 

for the construction of aircrafts especially it is more suitable for un-manned air-

vehicles. So that, Bamboo can also use in the frame part of UAVs. The use of bamboo 

in Ethiopia is limited to furniture but the material has high strength for other products.  

 
Figure 1:2 Applications of bamboo 
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2. LITERATURE REVIEW 

This chapter comprises of composites materials, the mechanical properties of bamboo, 

and previous studies about the mechanical properties of bamboo. These were used as 

the entrance to the study of the mechanical properties of Ethiopian bamboo. 

2.1. Composite Material  

The need of a material with light-weight and high performance is increasing from day 

to day. Composite materials refer to materials in which two or more distinct materials 

are combined together but remain uniquely identifiable in the mixture, having strong 

fibers surrounded by a weaker matrix material. The matrix serves to distribute the fibers 

and also to transmit the load to the fibers. Many industry sectors such as aerospace, 

ground transport, packaging, sports industry and civil engineering use composites in 

their everyday life.  Most of the applications are modern; whoever, some are in fact 

quite ancient. Figure 2:1 shown below indicates the process of Composite composition 

fiber resin materials (Rijswijk, 2001). 

 
Figure 2:1 Composite Composition 

Composite materials are classified into different ways mainly composites are classified 

into two based on how they are formed. 

1. Synthetic composite: Those composites are hybrid composites which are found by 

mixing of two and more material. Such composites are manmade materials. 

2. Natural Composite: Some natural materials are composite in nature which means 

they have fibers impeded within another part of the material. Now times industries give 

great attention to naturally existed composite materials because of natural composites 

are cheap, low weight and high availability. A natural material like bamboo, boffefe, 

jute/sisal and papyrus are some of the natural existed composite materials. This research 
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focuses on the material bamboo found in Ethiopia. Natural fibers have become popular 

reinforcement material for fiber reinforced polymer composite developments.  

According to (Bombay, 2010) bamboo is built up of 50-70 % cellulose, 20-30% 

hemicelluloses and 20-30% lignin.  

Cellulose: cellulose is highly resistance to tensile stress because of the covalent bonding 

between individual units. 

Hemicelluloses: it is present in almost all cell walls along with cellulose.it is similar to 

cellulose but less complex. The molecular weights are usually lower than that of 

cellulose. 

Lignin: it is an integral part of the cell walls of plants. It is used to fill the spaces in the 

cell wall between cellulose, hemicellulose and pectin components and deliberates 

mechanical strength to the cell wall of the entire plants. Lignin is the second most 

abundant organic compound on earth after cellulose. 

2.2. Mechanical Property of Bamboo and Its Characterization 

The studies on mechanical properties of bamboo are commonly based on laboratory 

tests of the strength of bamboo (tensile strength, bending strength, compression 

strength, shear strength and modulus of elasticity). These tests show remarkable 

differing values when changing species, ages, moisture content, locations and climatic 

conditions. The variation of mechanical properties is similar to wood, but even more 

remarkable. This is one of the reasons why bamboo is difficult to be used in the industry 

(Bruder, 2007). 

The information like deformation behavior, stress state and the failure behavior of 

different species in a different form is an important requirement for the effective use of 

these bamboo species for different engineering applications (Kute, 2012).  

The material bamboo has the excellent strength that is as good as other building 

materials like steel, timber, and concrete. The strength of bamboo is associated with its 

structure composition, especially on fibers. The strength of bamboo varies with respect 

to species, age, moisture content and position along the culm. 

Mechanical properties most commonly measured and represented as strength strength 

for design include modulus of rupture in bending, maximum stress in compression 

parallel to grain, compressive stress perpendicular to the grain, and shear strength 

parallel to the grain, tensile strength perpendicular to grain and hardness. Some of the 

common properties of wood-based materials are: 
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Compressive strength parallel to grain: Maximum stress sustained by a compression 

parallel-to-grain of the specimen.  

Compressive stress perpendicular to grain: the stress sustain by compression 

perpendicular to the grain of the sample. It is reported as stress at the proportional limit. 

Shear strength parallel to grain: Ability to resist internal slipping of one part upon 

another along the grain. Values presented are average strength in radial and tangential 

shear planes. 

Tensile strength perpendicular to grain: Resistance of wood to forces acting across the 

grain that tends to split a member. Values presented are the average of radial and 

tangential observations. 

Tensile strength parallel to grain: Maximum tensile stress sustained in direction parallel 

to grain.  

Hardness: it is defined as resistance to indentation, in other words, it is the resistance 

of a material to plastic deformation (Nagarnaik, 2014). This property can be used to 

measure the hardness of a material by deliberately indenting the surface with a known 

load and an indenter of known shape and size. These are the most common mechanical 

properties of wood-based materials including bamboo. The resistance of bamboo 

during cutting and drilling are examples of hardness properties of bamboo. 

In this research, the mechanical properties of bamboo including (1) Tensile strength 

parallel to grain, (2) compressive or crushing strength parallel to grain, (3) shear 

strength parallel to grain, (4) flexural or bending strength and (5) hardness was studied.  

Wood may be described as an orthotropic material; that is, it has unique and 

independent mechanical properties in the directions of three mutually perpendicular 

axes: longitudinal, radial and tangential. The longitudinal axis L is parallel to the fiber 

(grain); the radial axis R is normal to the growth rings (perpendicular to the grain in the 

radial direction), and the tangential axis T is perpendicular to the grain but tangent to 

the growth rings. As it is known that the characterization of bamboo is expressed in the 

same way as stated in the above. Figure 2:7 shows the three principal axes of wood with 

respect to grain direction.  
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culms are kept after they are cut down, which will evaporate after some time. This will 

reduce the starch content of the culms and therefore increase resistance to insects, but 

not against termites and fungi. 

2. Smoking: bamboo culms are put into the smoke with a temperature of about 120°C 

for some time so the insects are killed. It is believed that this way will increase the 

durability of culms; but in traditional methods, the process of bamboo culms can be 

broken and the color will get black. This method is popular in Japan. 

3. Soaking: after cutting the bamboo the culms are soaked with water or mud for several 

weeks and then dried for one week in the shade. During the soaking the starch and sugar 

of the parenchyma cells are leached or deduced, so the resistance against insects will 

be increased, but not against termites and fungi. In the chemical methods, chemical 

preservatives like CCA (copper-chrome-arsenic composition) or cheaper ones like 

boric acid and borax are used to keep bamboo culms from being attacked by insects. 

4. Open tank: bamboo culms will be soaked in a tank filled with chemical preservatives 

for about one week. Then the culms are left to dry for one week in a vertical position, 

protected from sunshine. 

5. Butt treatment: the bottom of freshly cut bamboo culms with branches and leaves 

is soaked in the drum of preservatives. The branches and leaves serve as a pump because 

of the evaporation. This will enable the preservatives to get through the tissues of the 

bamboo culms from bottom to top. After one or two weeks, when the color of the leaves 

changes, the culms are put into empty drums to collect the surplus of the preservatives 

of the culms. 

6. Butchery method: one side of the bamboo culms is enclosed with tubes which are 

connected to a drum with preservatives that are put on an about 10 meters high tower. 

Then the preservatives are pressed into the bamboo culms by the height pressure of the 

preservatives (Bruder, 2007). 

2.4. Previously Studies on Mechanical Properties of Bamboo      

C.S.Verma, (2012) had tested the tensile strength of Indian bamboo with node and 

without a node. The test piece was prepared from four-year-old green bamboo 

(Dendrocalamus strictus) culms found in India and the test was done in a different 

region of bamboo. Their result shows that tensile strength and young modulus both 

increases with height and also increases from the inner region to outer region. 
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Bombay (2010) has studied the Mechanical and Physio-Chemical properties of Indian 

bamboo. In this study flat specimens with rectangular cross-section have been used for 

the evaluation of tensile properties. The specimens were made from culms with node 

and without a node. The result shows that the tensile strength is lower for the cases with 

nodes within the specimen compared to the cases where there were no nodes within the 

specimen.  

Similar to the other mechanical tests, the shear strength of bamboo was also done in 

their work. The specimens were made parallel to grains. This test method covers the 

determination of in-plane shear strength of flat sample prepared from bamboo. Similar 

to tensile strength the shear test was carried out for both samples with nodes and without 

a node. 

Dr.P.B. Nagarnaik (2014) tested the tensile strength of bamboo samples with node and 

without a node. The curved portions of the bamboo split at the end were filled with sand 

and high strength epoxy resin to prevent the failures of the sample at the grip part. The 

sample was prepared from various species of Indian bamboo and the result shows that 

bamboo with the node has less strength than without node. 

They also have tested the Compressive strength of bamboo using the specimens made 

parallel to the grains. The failure modes under longitudinal compression are micro-

buckling of fibers and shear failure mode. The Compressive strength was determined 

using specimens of circular shape. The sample was taken from the top and the bottom 

portion of bamboo. 

A sample of rectangular cross-section was prepared for the flexural test. The test was 

three points flexural with central loading. The bending strength of the sample with node 

and without node was also studied. 

In addition to the above, the hardness of bamboo was also tested. The hardness of the 

internal and external part of bamboo species was tested and the result shows that the 

outer side is higher in hardness than the inner one. 

Testing, Determination, and characterization of bamboo by undergraduate students at 

Bahir Dar Institute of technology. They tried to see the strength of bamboo with node 

and without node and tested along the grain direction. The test was carried out by non-

calibrated machines and the effect of moisture content and other related factors were 

not considered. Their result shows that 156.33 MPa and 34.81MPa are the maximum 

and minimum tensile stress of hollow bamboo respectively (Dereje, 2016).    
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Hassen (2015) had studied on the assessment of assosa bamboo (oxytenanthera 

abyssinica) as an alternative scaffolding material at Addis Ababa University. He carried 

out the compressive and bending tests of the assosa bamboo. The result shows that the 

maximum compressive strength is 92.8Mpa which is occurred at the top position. The 

maximum and the lowest bending stress are 105MPa and 69MPa respectively. One of 

limitation of the test is the mechanical properties were not characterized based on their 

age.  

Compression Test Parallel to Grain: Compression tests parallel to grain were on 

specimens without any node, and the length of the specimens were taken equal to the 

outer diameter. So that, bamboo will not crack prior to testing, all test specimens were 

soaked in fresh water. The test specimen is placed in between the top and bottom part 

of the UTM and compression load is applied gradually until the failure is observed 

which is either deformation on the contact surface, buckling of the specimen or splitting 

of the specimen. 

Shear Strength Test Parallel to Grain: Specimen was set-up in the apparatus such 

that shear failure line was predetermined. The specimen was supported at the lower end 

over two quarters, opposite one another; and loaded at the upper end over two quarters 

which are not supported.  

Flexural Test: Test culms used are without visually apparent defects. The full length 

of the culm was measured as the free length plus at each ends a half-internode- length. 

The usual length has a minimum of eight internodes and a maximum of eleven 

internodes (Acma, 2017).  

The result shows that in the three tests the top position has higher compressive, shear 

and bending strength relative to the bottom and middle portion of bamboo. The 

limitation of their studies was age and moisture content of the samples was not 

considered. 
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3. METHODS AND MATERIALS 

In this chapter, the clear procedure of the tests was described. In addition to the stages 

of the study, all necessary materials which were used to carry out the test were 

mentioned. The chapter also contains the standard sample preparation of tensile, 

compressive, bending, shear and hardness test of bamboo. 

3.1. Method  

The research was carried out based on: 

1. Reviewing Prior Works: Searching different works about the testing of bamboo is 

the primary task of the research. Here, Testing method, test piece preparation from 

bamboo and other related works were revised. Studies on bamboo in the previous years 

are revised and their inferences should be stated. Under here, not only the strength of 

bamboo but also the morphological behavior, material type, and its application should 

be revised. 

2. Sample Preparation: Testing samples are prepared according to the international 

standards for wood-based materials. Under here, depending on the recommendation of 

the standards, specimens were prepared from solid and hollow bamboo obtained from 

Amhara Region around Jawi Woreda (solid bamboo) and at Injibara (hollow bamboo). 

Samples were prepared at three positions of bamboo as the dimension of bamboo is 

different from bottom to top. These are at the bottom, middle and top parts of bamboo. 

Samples were prepared from ages of two, three and four-year bamboos. 

Sample Preparation for Tensile Test: Among different standards for wood-based 

materials, the tensile test of bamboo was carried out according to ISO/TR 22157-2: 

2004 (E) (ISO/TR, 2004). This standard recommended the suitable size of the samples 

for a tensile test of bamboo. As bamboo is an anisotropic material, the properties will 

be varied from the bottom to the top positions. Samples at the three position /bottom, 

middle and top were prepared to check the variation of the properties of bamboo. 

Samples of solid and hollow bamboo were prepared in the same way. The samples of 

solid and hollow bamboos were coded according to their position. The code expresses 

the type, year followed by culm position. Figure 3:1 shows the size of samples for 

tensile test. 
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Figure 3:1 Recommended samples size for tensile test 

Based on the recommended size, the samples of both solid and hollow bamboo were 

prepared. For each position, four samples were prepared and a total of 144 samples of 

without node and with node were prepared. 

Sample Preparation for Compressive Test: The test method, as well as the sample 

preparation, were done based on ISO/TR22157-2: 2004 (E) (ISO/TR, 2004). This 

standard relates the length of a sample with its diameter. It states that the length of the 

sample should be equal to the diameter of the bamboo. The sample with node and 

without node was prepared. The sample preparation for both types of bamboo is the 

same. Coding of the sample is also the same as the tensile test. Figure 3:2 shows the 

recommended sample size for a compressive test of bamboo. There were some 

deviations which are higher in same samples and lower in the other samples. Similar to 

tensile strength samples without node and with node was prepared at the three positions 

of bamboo. 

 
Figure 3:2 Recommended sample size for compressive test 

Depending on this standard the samples for solid and hollow bamboo were prepared. 

The total of 144 samples was prepared for the compressive test. 
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wood-based materials. The standard states that the minimum thickness of a specimen 

should be 10 mm, width 25 mm and the length of 150 mm (ASTM, 1999). The thickness 

of the sample may not be exactly similar to the standard. The thickness of the sample 

was taken as the natural thickness of bamboo.  

 
Figure 3:5 Recommended sample size for hardness test 

3.2. Material  

Materials used for the test are: 

1. Bamboo: The sample was prepared from the two species of Ethiopian bamboo. 

Bamboos of age two, three and four were used. Ages of bamboo were selected based 

on the availability and farmers said that bamboo is mostly used for application from 

age two to age four. Bamboo is mainly characterized by two parts: the main stem above 

ground called the culm and the underground part called rhizome as shown in Figure 

3:6.  

 
Figure 3:6 Bamboo Rhizome and Culms  

Bamboo culm: The main stem of a bamboo is called a culm.  The culm is the support 

structure for the branches and leaves and contains the main vascular system for the 

transport of water, nutrients, and food. It is a long visible stem composed of solid 
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3.3.1.1. Pre-Tensile Test 

The pre-tensile test was the difficult test due to the gripping problem of the machine. 

The machine did not grip the material appropriately. The condition occurred during the 

time was the sliding of the jaw without holding the material. In addition to the gripping 

problem, the sample also fails at the unexpected area which was failed by double shear 

at the grip area. Such problem leads to generate different ending conditions for the 

sample. Among the generated end conditions the following samples were prepared to 

solve the gripping problem.   

 
Figure 3:9 Samples for the preliminary tensile test. 

Dimensions of each sample, the result, and end failure condition are given in Table 3:1. 
 Table 3:1 Different samples for pre-tensile testing 

 

Sample 

Dimension AC 

(mm2) 

 

Failure conditions   Width  

(mm) 

Thickness 

(mm) 

A 8 4 32 not failed 

B 12 5 60 double shear 

C 12 3.5 42 the crushing of the 

plastic 

D 9.8 5.5 53.9 double shear 

E 14.7 5.9 86.7 fractured 
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N.B. Gripping length = 70 mm, Gage length= 120 mm and total length = 260 mm 

Except for the sample of wood glued, the remaining did not give the result of the stress-

strain curve. The curve is shown in Figure 3:10 

 
Figure 3:10 Curves for preliminary test. 

The stress vs strain curve shows that the maximum tensile stress is 128.1MPa which is 

occurred at 11.1kN load. The corresponding strain is 6.9%. 

Second Round Pre-Tensile Test: Tensile test was carried out for the second time on 

the wood glued sample. During this time about four samples were prepared at the same 

position and all sample are similar in dimension which is the same as the standard. 

Figure 3:11 shows the four wood glued samples which were prepared for the second 

round preliminary test. 

 
Figure 3:11 Samples for second pre-tensile test  
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       Table 3:2 Dimension of the samples for second pre-tensile testing 

 

Sample 

Dimension AC 

(mm2) 

Maximum 

load 

(kN) 

Max. 

tensile stress 

(MPa) 

Failure 

condition 
Width 

(mm) 

Thickness 

(mm) 

1 14.46 4.14 59.86 14.3 
 

238.8 
 

fractured 

2 14.40 4.28 61.63 13.8 
 

223.9 
 

fractured 

3 14.61 4.18 61.07 11 
 

179.7 
 

fractured 

4 13.88 5.01 69.54 14.8 
 

212.8 
 

fractured 

3.3.1.2. Pre-Compression Test 

Pre-compression test was done by taking a sample of solid bamboo. This was done for 

checking the failure condition of the sample. During the time, the sample was failed in 

the combination of shear and buckling. This was due to the lack of end surface 

uniformity. As shown in Figure 3:12 the sample prepared was cylindrical in shape. 

 
Figure 3:12 Samples for pre-compression test  

The dimension and maximum load leads to a failure of the sample are given in Table 

3:3. 
Table 3:3 Results for pre-compression test 

 

Sample 

Diameter 

(mm) 

Original  

length 

(mm) 

Final 

length 

(mm) 

Area 

(mm2) 

Maximum 

load 

(KN) 

Maximum 

Stress (MPa) 

Strain 

(%) 

Solid 

bamboo 

 

37 

 

82.00 

 

80.44 

 

1074.67 
38.7 

 

35.4 

 

1.9 
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The pre-compression test shows that the test can be carried out without any difficulty 

like the tensile test. The error was observed due to sample preparation. The end surface 

of the sample should be level uniformly.  

Second round compressive test:  The second round was carried out by preparing 

uniformly leveled ending conditions of the sample which was prepared by file and using 

sandpaper. Figure 3:13 shows the sample for second round compressive test. 

 
Figure 3:13 Sample for second round compressive test  

Table 3:4 Results of the second pre-compressive test  

 

 

Sample 

Dimension  

Pmax 

(kN) 

 

Maximum 

Stress 

(MPa) 

 
 

Strain 

(%) 

 

Failure 

type  
Diameter 

(mm) 

Area 

(mm2) 

Original 

length 

(mm) 

 
Final 
length 

(mm) 

Solid  35.45 986.5 88.86 86.65 47.2 47.84 2.49 Partially 

Buckled 

Hollow  56.36 839.7 100.1 98.33 63.5 75.62 1.77 Crushed 

3.3.1.3. Pre-Bending Test 

Bending strength of the material is the ability to resist the load in bending. The three-

point test was done during the pre-test. Here, the test was done to see whether the UTM 

can test the flexural test or not and to see what happened during testing. The work shows 

that UTM can be used for bending test of the material without any problem. The sample 

was taken from solid bamboo. From the result, the maximum load and stress were 

recorded. The testing setup is shown in Figure 3:14.  
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3.3.1.5. Pre-Hardness Test 

Hardness measures the resistance of the body to penetration. The different literature 

states that the hardness of bamboo increases from the internal to the external layer. This 

idea is checked by the pre-hardness test which was true. The test was carried out by 

Rockwell hardness method at a load of 187kg force. Figure 3:16 shows the sample of 

hardness test. 

 
Figure 3:16 Sample for pre-hardness test  

Table 3:7 Result of pre hardness test 

 

Sample 

Length 

(mm) 

Width 

(mm) 

 

Original 

thickness 

(mm) 

final 

sample 

thickness

(mm) 

Reading of the gage Load 

(kg) 

 
Inner 

layer 

Middle 

layer 

Outer 

layer 

Parallel 

to fiber 

Flat 170 12 5 3 147 112 95 130 187 

3.3.2. Post Experiment  

Post experiment is the final work in which samples were prepared according to the 

international standards. In post-experiment, the observed errors during the preliminary 

experiment were reduced. The expected results of each test were analyzed, the stress-

strain curve of the tensile test was generated. In addition to the tensile test, the strength 

of solid and hollow bamboo with respect to compressive, bending, shear and hardness 

were tested.    

3.3.2.1. Physical Properties of Bamboo 

1. Moisture Content 

The moisture content of bamboo is the decisive factor as all mechanical and physical 

properties are functions of it (Kute, 2012). As a natural organic material, the mechanical 

property of bamboo largely depends on moisture content of bamboo culms. The test 

was carried out based on ISO/TR 22157-1:2004. According to this standard, the number 

of the sample should be equal to the number of tests. This standard declares that the 

sample should be weighed by a balance and then dried by the oven at a temperature of 
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            F = final reading 

Sample preparation: samples for shrinkage were prepared according to ISO/TR 

22157-1:2004(E). This standard provides the sample preparation and measuring 

techniques of bamboo. based on the report, samples were prepared from full bamboo 

culms, internode sections with the height of 100mm. Five samples were prepared from 

two, three and four-year bamboo and the measurement of wall thickness and diameter 

were done by Digital Verner Caliper. Figure 3:18 shows samples for shrinkage testing. 

 

Figure 3:18 Samples for shrinkage test  

Procedure: ISO/TR 22157-1:2004 (E) standard indicates the shrinkage measuring 

technique of bamboo. The test was done based on the following steps: 

1. Five bamboo culms from two, three and four-year bamboo are prepared 

2. Mark on the sample to measure on the same place for both diameter, thickness, 

and length. 

3. Measure the dimensions of the sample continuously every four-day and record 

values until the same results were obtained. 

4. Calculate the percentage using equation 3.3.  

5. Finally, analyzed the result obtained.  

Measuring set up: the experiment was done by digital caliper. Figure 3:19 shows the 

measurement set up. 

 
Figure 3:19 Shrinkage measurement set up photo by the author  
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Table 3:8 Result of shrinkage in diameter and thickness 

 

Year 

 

Sample 

Original 

diameter 

(mm) 

Final 

diameter 

(mm) 

Diametrical 

shrinkage  

(%) 

Original 

thickness 

(mm) 

Final 

thickness 

(mm) 

Thickness 

shrinkage  

(%) 

 

 

2 

1 33.58 30.85 8.13 5.72 4.87 14.86 

2 38.12 35.42 7.08 5.37 4.45 17.13 

3 32.35 29.52 8.75 4.75 3.87 18.53 

4 33.02 30.54 7.51 4.94 3.76 23.88 

5 33.66 30.56 9.20 4.64 3.59 22.63 

 

 

3 

1 44.80 42.46 5.22 5.69 5.01 11.95 

2 36.59 34.65 5.30 4.77 4.20 11.95 

3 40.88 38.43 5.99 5.47 4.86 11.15 

4 43.85 41.74 4.81 5.81 5.14 11.53 

5 33.28 31.63 4.96 4.94 4.43 10.68 

 

 

4 

1 39.04 38.20 2.15 5.20 4.90 5.77 

2 44.37 43.52 1.92 5.30 5.22 1.51 

3 33.68 32.85 2.46 4.98 4.67 6.22 

4 34.43 33.46 2.81 4.21 4.09 2.85 

5 48.00 47.25 1.56 7.45 7.28 2.68 

 

 
Figure 3:20 chart for age vs thickness shrinkage 

Result obtained: the result obtained shows that bamboo was changed with respect to 

diameter and thickness but all measurements of length were the same. This implies that 

shrinkage is not shown with respect to length. As it is shown in Table 3:8, the age of 

bamboo is inversely related to the shrinkage property of bamboo.  
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1. Cut the bamboo plant from its original place of land  

2. Remove 1m from the bottom and then measure about 240 cm and cut it which 

is the required part of the test. 

3. Divide the total length into three equally which is 80 cm long. 

4. Split the hollow bamboo into four and the solid into two. 

5. The curved shape of both bamboos is converted to a flat shape. 

6. Measure 30 cm and cut from 80 cm length from all positions for both with node 

and without a node. 

7. Mark to get the bone shape on the prepared samples according to the standard 

dimension. 

8. Remove the unwanted portion of the sample. 

9. Perform wood glued operation of the samples. 

10. Finally, shaping the sample by sandpaper to obtain the approximate standard 

dimension. 

 
Figure 3:21 Sample preparation stages for tensile test  

After samples were prepared, the test was done based on the following steps:  

1. Samples have to be prepared as stated in Figure 3:20. 

2. Make ready the UTM for testing.  

3. Samples should be positioned at the marked gage length. 

4. After positioning the sample click the run button on the desktop. 

5. Save the test files to the appropriate place on the desktop.  

6. Repeat these steps up to finishing the sample.    

7. Finally, the moisture contents of each sample were measured. 
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Experiment Set Up 

 
Figure 3:22 Tensile testing setup  

Based on the stated testing procedures and experimental setups tests were carried out. 

Samples before the test and after test of a tensile test are shown in Figure 3:22. 

 
Figure 3:23 Samples prepared for post tensile test  
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Figure 3:24 Samples prepared for post tensile test after test  

The failures of the bamboo node are the absolutely different from that of bamboo 

without a node. As it is shown in Figure 3:24 bamboo with node failed in a brittle 

manner and the failure of culm without node is in an explosive manner. 

 
Figure 3:25 Failure of samples for post tensile test  

Solid bamboo 

Hollow bamboo 
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2. Compressive Test 

Theory: A compression test is a method for determining the behavior of materials 

under a compressive load. Compression tests are conducted by loading the test samples 

between two plates and then applying a force to the samples by moving the crossheads 

together. In any case, the use of specimens having large L/D ratios should be avoided 

to prevent buckling and shear mode of deformation. Structure components such as 

columns and struts are subjected to compressive load.  

Compression test is just opposite in nature to a tensile test. Nature of deformation and 

fracture is quite different from that in a tensile test. A compressive load tends to squeeze 

or compact the specimen. The experiment of the compressive test was carried out in 

order to check the strength of bamboo for compressive load along the grain direction. 

During the test, the maximum load was a record and the stress and strain were calculated 

by using equation (4.4), (4.5) respectively. 

Sample preparation:  bamboos with age two, three and four were used as the sample 

materials. The sample was taken at the three position of bamboo (bottom, middle and 

top). The steps of sample preparation were done according to:  

1. Cut the bamboo plant from its original place of land.  

2. Remove 1m from the bottom and then measure about 240 cm and cut it 

which is the required part of the test. 

3. Divided the total length into three equal parts, which are 80 cm long. 

4. Measure two times of its diameter and cut four samples for each position 

from 80 cm length for both culms of with node and without a node. 

5. Level the end of the sample by files and sandpaper till its end become 

uniform. 

6. Measure its levelness by putting on the uniform plate by the naked eye. 

7. Repeat, step 4 to 6 until the end of the test. 

After the samples were prepared accordingly, testing was done based on the following 

steps:  

1. Be sure that all samples are prepared and check the levelness of the 

end of the sample. 

2. Make ready the Compressive Tester. 

3. Position the specimen under the crosshead of the testing machine, 

and apply load continuously at a loading rate of 0.5 KN/min. 
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4. Keep it until the material would be failed. 

5. Record the peak load when the material failed. 

6. Measure the final length of the sample. 

7. Calculate the stress and stain analytically. 

8. Repeat, step 3 to 7 until the end of the experiment. 

9. Finally, measure the moisture content of the sample. 

Experiment Setup: The setup of the compressive test is shown in Figure 3:25. 

 
Figure 3:26 Compressive test set up   

Samples for both hollow and solid bamboo are shown in Figure 3:26. 

 

Figure 3:27 Samples prepared for post compressive test before test  

Failure of the material: As it is known that samples of a compressive test are similar 

to a short column. The type of failure for columns are highly dependent on its length.  

The failure of the sample which was shown during the experiment was crushing and 

shearing of the sample. The expected failure was crushing at the end of the sample but 

due to the lack of levelness of the sample, there was a shearing failure in some samples. 

The failure of the samples for both solid and hollow bamboo is shown in Figure 3:19. 
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4. Using digital caliper measure the diameter of the sample at a different place and 

then calculate the average diameter, average area and average second moment 

of area. 

5. Make ready the machine for bending test. 

6. Place the loading point on the center mark on the top of the sample. 

7. Center the test jig in the testing machine and apply the loading at the indicated 

rate until failure occurs. 

8. Save the result displayed. 

9. Repeat step, 3 to 6 until the end of the test.  

Testing set up: The test was a three-point test in which the load is applied at the center 

as shown in Figure 3:29.    

 
Figure 3:30 Schematics for three-point bending test loading set up   

The samples for bending test of hollow and solid bamboo are prepared according to the 

standard stated in chapter three. Some of the samples for both species of bamboo are 

shown in Figure 3:30.    

 
Figure 3:31 Samples for post bending test before test  
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Failures of the Material: The loading condition of bending test is in the lateral 

direction which is perpendicular to the grain direction. This implies that the loading of 

samples of bending is different from that of loading of tensile, compressive and shear 

of solid and hollow bamboo. The failure of hollow bamboo was tearing of the material 

at it is shown in Figure 3:31 because of it is hollow which leads to easily teared. The 

failure of solid bamboo was easily flexed. 

 
Figure 22 Sample for post bending test of hollow bamboo after test  

4. Shear Test 

Theory: Whenever forces act upon a body in such a way that one portion tends to slide 

upon another adjacent to it the action is called a shear. The shearing action may be (1) 

along the grain, or (2) across the grain.  

Knowledge of shear parallel to the grain is important since wood frequently fails in that 

way. The value of shearing stress parallel to the grain is found by dividing the maximum 

load (F) by the area of the cross-section (A).  

Shear modulus, also called modulus of rigidity, indicates the resistance to deflection of 

a member caused by shear stresses. Shear stress is different from tension or 

compression stress in that it tends to make one side of a member slip past the other side 

of a member adjacent to it (Samuel).  

Procedure: At the beginning of the test two types of bamboo were collected. Sample 

preparation is procced based on:  
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1. Cut the bamboo plant from its original place of land.  

2. Remove 1m from the bottom and then measure about 240 cm and cut it which 

is the required part of the test. 

3. Divided the total length into three equally which were 80 cm long. 

4. Split the hollow bamboo into four and solid into two.  

5. The curved shape should be converted to a flat shape. 

6. Measure 30 cm and cut by 80 cm length.  

7. Draw the standard dimensions of the prepared samples. 

8. Cut and remove the unwanted portion of samples. 

9. Repeat step 4 to 8 until the end of the test. 

Except for the sample preparation, the testing methods are similar to tensile testing. The 

testing setup is also the same as that of tensile testing which is shown in Figure 3:21. 

The stages of sample preparation for the simple shear test is shown in Figure 3:32. 

 
Figure 3:33 Stages for sample preparation of shear test  

Based on the stated sample preparation, samples were prepared for both solid and 

hollow bamboo from culms of with node and without a node. The samples which were 

prepared for the test are shown in Figure 3:33. 

 
Figure 3:34 Samples for post shear test before test  
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Figure 3:35 Samples for post shear test after test  

Failure Condition:  as it is shown in Figure 3:34 the failure of bamboo with respect to 

shear load was sliding of one layer through the other layer which is known as a shear 

failure mode. 

5. Hardness Test 

The results of hardness test differentiate between materials, and materials may be 

graded according to hardness. There are two common methods applied to measure 

material hardness: Rockwell and Brinell methods.  

The Rockwell Hardness Test: It consists of measuring the additional depth to which 

an indenter is forced by a heavy (major) load beyond the depth of a previously applied 

light (minor) load. Application of the minor load eliminates backlash in the load train 

and causes the indenter to break through slight surface roughness and to crush particles 

of foreign matter, thus contributing is much greater accuracy in the test. The minor load 

is applied first, and a reference or "set" position is established on the measuring device 

or the Rockwell hardness tester. Then the major load is applied at a prescribed, 

controlled rate. Without moving the workpiece being tested, the major load is removed 

and the Rockwell hardness number is indicated on the dial gauge. The Hardness value 

is the difference in depths of indentation produced by the minor and major load.  

Brinell hardness test: relative to Rockwell hardness tester, it the oldest hardiness test 

method in common use today. It frequently used to determine the hardness of forgings 

and castings that have a coarse grain structure for Rockwell testing. So that, Brinell 

tests are frequently done on large parts. By varying the size of indenters, Brinell tester 

can be used for different metals. Based on their different the Rockwell test method may 

be recommended for testing the hardness of wood because of the minor load is 

recommended in this method. 
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Testing setup: the setup of the test is given in Figure 3:35. 

 
Figure 3:36 Testing setup of hardness test  

Testing samples were prepared at the three positions and the resistance of penetration 

was measured from the inner to the outer layer. The hardness of both solid and hollow 

bamboo was measured. The prepared sample for hardness test is shown in Figure 3:36. 

 
Figure 3:37 Samples for post hardness test before test  

 
Figure 3:38 Samples for post hardness test after test  



Characterization of the Mechanical Properties of Ethiopian Bamboo by Fentahun Ayu Muche 

46 
 

4. RESULTS AND DISCUSSIONS 

This chapter focuses on the outcomes/ result of tensile, compressive, bending, shear 

and hardness test of bamboo. Based on the result obtain, the discussion was done on 

the result of the test. In this section, the variation of the result with respect to age, 

position and species type of bamboo were reason out. All the results of the experiment 

were written in a tabular form shown in Appendix A. 

4.1. Results 

The outcome of an experiment, after a period of time, is said to be the result of the 

experiment. The length of time taken to find a result is not same for different 

experiments. The output may be one result, multiple results or no results. The condition 

of the result with respect to age, the position of culm and species were obtained.  All 

sample are coded based on their name, position, species and sample number. Here, the 

double numbers are used to differentiate the samples of with node from without node. 

Generally, the coding of both samples are given as: 

SBYxPy: these codes are for lowland bamboos which means: S: solid, B bamboo, Y: 

year, x: stands for the number of years, P: stands for the position of culms and y: stands 

for the number of samples. Here, when y is expressed in a single number, in this case, 

the sample is without node and when y is double, the sample is with a node which is 

the same for all solid and hollow bamboo. 

HBYxPy: in this case all are the same except H which stands for hollow bamboo. 

4.1.1. Result of Tensile Test 

The tensile strength of bamboos along the grain direction was tested. After a series test 

of solid and hollow bamboo with respect to tensile load, the results were generated 

which are given in Appendix A, Table A:1 and Table A:

Tension strength of bamboos were tested with respect to the type of species, culm 

position, and ages.  at each, the end of the test the moisture content of the samples were 

measured but measuring moisture content is not the target of the study, but it is used to 

indicate at what moisture contents the strength of bamboo was measured.    

During the time of testing, the tensile strength of bamboo without nod and with node 

was measured in which the results are given in the figures 4:1 and 4:2  
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(A) Samples of solid bamboo without node 

 
(B) Samples of solid bamboo with node 

 

Figure 4:1 Chart for tensile strength vs age & position for solid bamboo  

(A) Samples of hollow bamboo without node 
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(B) Samples of hollow bamboo with node 

 

Figure 4:3 Chart for tensile strength vs age & position for hollow bamboo 

4.1.2. Result of Bending Test 

Bending (flexural) test was carried out in order to know the maximum strength of 

bamboo for bending load in the lateral direction. The results of both solid and hollow 

bamboo are given in a tabular form in appendix A Table A: 3 for two, three and four-

year bamboos. Based on the result the detailed behavior of the material was stated in 

the discussion section. Bending test was dependent on age and species type. The 

position was not considered during bending test because of samples were not suitable 

to take at a different location. The shape of the samples was circular. During the test, 

the outputs of the machine were the ultimate stress of bamboo. In combination with 

stress, the deflection of each sample was generated. The variation of bending strength 

with respect to its age and types of species are given in figure 4:3. 

 
Figure 4:3 Chart for bending strength vs age and species of solid and hollow bamboo 
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4.1.3. Result of Simple Shear Test  

The shear test was carried out in order to know the maximum strength of bamboo for 

shear load in the longitudinal direction. The results of solid and hollow bamboo are 

given in tabular shown in appendix A Table A: 4 and Table A: 5 respectively. Based 

on the results, the detailed behavior of materials was stated in the discussion section. 

Shear tests were done with respect to position, age, and species type. The strength of 

shear with respect to species, age and culm position are given in Figure 4:4 and 4:5. 

A. Result of solid bamboo without  node  

 
B. Result of solid bamboo with node  

 
Figure 4:4 Chart for shear strength vs age and position of solid bamboo  
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(A)  Result of hollow bamboo without node  

 
(B) Result of hollow bamboo with node  

 
Figure 4:5 Chart for shear strength vs age and position of hollow bamboo 

4.1.4 Result of Compressive Test 

Compressive Test was carried out in order to know the maximum strength of bamboo 

for compressive load along the grain direction. The results of both solid and hollow 

bamboo are given in a tabular form in appendix A Table A: 6 and A: 7 for two, three 

and four-year bamboos. Based on the results the detailed behavior of the material was 

stated in the discussion section. Compressive testing of bamboo is the resistance of the 

material for load applied in the opposite direction to each other. It was measured with 

respect to culm position, age, and types of species. The variation of the compressive 

strength is shown in figure 4:6 and 4:7.  
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A. Result of solid bamboo without node  

 
B. Result of solid bamboo with node  

 
Figure 4:6 Chart for compressive strength vs age and position of solid bamboo  

(A) Result of hollow bamboo without node  
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(B) Result of hollow bamboo with node  

 
Figure 4:7 Chart for compressive strength vs age & position of hollow bamboo  

4.1.5. Result of Hardness Test  

The hardness tests were carried out to compare the hardness values of bamboo for 

different ages, positions, and species. Among, different scales of hardness for Rockwell 

test method, the three scales including scale A, B, and C were used.  The result of 

hardness tests was written in the form of HRAX. Which represents hardness for 

Rockwell test for scale A and for values of x. that is the same for the other scales as 

shown in Appendix A, Table A:8 and Table A:9. The Rockwell reading was converted 

to a penetration depth. 

 

Figure 4:8 Chart for penetration depth vs layer, age, position of solid bamboo  
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Figure 4:9 Chart for penetration depth vs layer, age, position of hollow bamboo  

4.2. Discussions  

In this section, the variation of the result obtained would be a reason out how and why 

it is varied. Comparing and contrasting the strength of each sample with respect to 

position, age and species were also briefly described. 

4.2.1. Tensile Test 

The result of the tensile test for both species was varied with respect to position, age, 

and types of species.  When we see the numerical values of each sample, there were 

higher ranges in some samples. This was occurred due to the problem of sample 

preparation and the microstructure difference of the sample.  

The result of the tensile test with respect to position: As it is shown from Figure 4:1 

and 4:2 the tensile strength of bamboo varies with respect to its culm positions because 

of its non-uniform fiber distribution along its length. The result shows that the tensile 

strength of solid and hollow bamboo increases from the bottom to the top position for 

both samples of without node and with node. This is due to the increment of fiber 

contents and the decrement in the lignin of the plant from the bottom to the top. The 

result shows that samples of without node have higher strength than samples of with 

node with respect to tensile loading because of the fiber exist around the node is 

discontinuous and it is continuous for culms of without node. So that, the strength of 

the culm without node is higher than a culm of the node.  
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The result of the tensile test with respect to age: the test was also carried out in order 

to characterize the tensile strength of bamboo with respect to their age. The result shows 

that the tensile strength is directly related to the age of bamboo. Based on the result, as 

the age of bamboo increases its strength is also increased. From the result of the test, it 

is predicted that the fiber exists in the older bamboo is higher in strength than the elder 

bamboo which is the natural behavior of bamboo. Bamboo of the lower age has a higher 

moisture content as it is compared with higher ages. The moisture content of bamboo 

is indirectly proportional to the age of bamboo which is another reason why the strength 

of bamboo is lower for lower ages. So that year four (4) bamboo is higher in strength 

than bamboos of year three (3) and year two (2). The result of the tensile strength with 

respect to position and age of both solid and hollow bamboo is shown in Figure 4:1 and 

Figure 4:2 respectively.  

Unexpected results: as it is shown in appendix A, Table A: 1 and A: 2 among the four 

samples some sample has very low or high values of tensile strength. Here, it is known 

that bamboo is highly affected by insects, due to such and other related factors the fiber 

become discontinues which lead to very low values of tensile strength. For year two 

and middle position sample, one gives values of 45.6 MPa which was very low relative 

to the other samples.  Here, the prediction for such types of the result is that of the 

sample internally defects.  

4.2.2. Bending Test 

Bending strength with respect to age: bending strength of bamboo is highly 

dependent on age and moisture content. During the experiment, the bending strength of 

bamboo was varied with its age.  As it is shown in Figure 4:3 the bending strength is 

lower for lower ages and the strength increases as its age increases. The statement is 

true for all solid and hollow bamboo. The reason why the strength of bamboo increases 

as the age increases is that of the nature of the plant is higher in moisture content at the 

lower age. So that moisture is the critical factor for the variation of strength.    

Bending strength with respect to species: in addition to age and moisture content, the 

strength is also dependent on the type of species. As it is shown in Figure 4:3, solid 

bamboo is higher in bending strength than hollow bamboo. This is due to the fiber 

distribution of the plant. Solid bamboo is naturally dense in the number of fibers than 
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hollow bamboo which leads it to have a higher strength. The bending strength of 

bamboo with respect to age and species type is shown in Figure 4:3. 

Unexpected results:  from the bending test sample 1 and 2 of solid bamboo gives 10.8 

and 6.2 MPa. Those results show that samples defected.  So that the primary, study of 

the bamboo should focus on its microstructure. 

4.2.3. Compressive Test 

The result of the compressive test with respect to age and species: The compressive 

strength is directly related to its age. As it is shown in Figure 4:6 and 4:7 the values of 

compressive strength increases as we go from age two to age four. This is due to the 

moisture content of the material which is higher at age two which lead to lower strength. 

When the strength of the two bamboos are compared, low land bamboos are higher in 

compressive strength than highland bamboo for the same year and the same position. 

This is due to the fiber distribution of bamboo. 

The result of the compressive test with respect to position: As it is shown in Figure 

4:6 and Figure 4:7, the mean values of the result decreases from the bottom to the top. 

This is due to higher content of the lignin at the bottom position which leads to higher 

values in the strength of compressive. In addition to the culm position, the node 

condition also causes the variation in mechanical strength. The result also shows that 

culms of without node have better strength relative to culms of bamboo with node. 

4.2.4. Simple Shear Test  

The result of the shear test with respect to position: the shear test is highly dependent 

on the strength of interconnection behavior of fibers which is related to the lignin of 

bamboo that fills the adjacent fibers. Figure 4:4 and 4:5 shows that for solid and hollow 

bamboos, the shear strength decreased as we go from the bottom to the top. This is due 

to the natural content of lignin which decreases from bottom to the top position.  At the 

bottom position, there is higher lignin relative to the top position which is the main 

reason to decrease its strength throughout its position.  

The result of Shear test with respect to species:  from the two species of Ethiopian 

bamboo the fibers of solid bamboo is highly interconnected by the liquid element 

relative the hollow bamboo which leads a better strength.   
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In both species of bamboo, a sample of with node is weak relative to samples of without 

node. Fibers are discontinuously interconnected which lead to low strength with respect 

to shear load.  

The result of Shear test with respect to age:  the experiment shows that the shear 

strength increases as the age increases because the nature of moisture exists within 

bamboo decreases as its age increase which increases the interconnection of fibers. 

Such nature of bamboo leads to a higher strength at higher age related to a lower age. 

4.2.5. Hardness Test  

      Table 4:1 Mean of penetration depth (mm) of hardness for solid bamboo 

 

 

Position 

 

 

Year 

Mean 

inner layer outer layer 

60 

(Kgf) 

100 

(Kgf) 

150 

(Kgf) 

60 

(Kgf) 

100 

(Kgf) 

150 

(Kgf) 

B 2 0.28 0.54 0.78 0.20 0.38 0.55 

M 2 0.24 0.47 0.69 0.19 0.42 0.59 

T 2 0.24 0.47 0.66 0.16 0.31 0.44 

B 3 0.33 0.63 0.84 0.19 0.37 0.53 

M 3 0.31 0.60 0.88 0.17 0.33 0.48 

T 3 0.29 0.58 0.85 0.16 0.31 0.44 

B 4 0.26 0.51 0.75 0.14 0.27 0.36 

M 4 0.25 0.49 0.73 0.12 0.23 0.33 

T 4 0.25 0.49 0.72 0.11 0.21 0.30 
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Table 4:2 Mean for penetration depth (mm) of hardness for hollow bamboo 

 

 

Position 

 

 

Year 

Mean 

the inner layer at the middle  layer at the outer layer at 

60 

Kgf 

100 

Kgf 

150 

Kgf 

60 

Kgf 

100 

Kgf 

150 

Kgf 

60 

Kgf 

100 

Kgf 

150 

Kgf 

B 2 0.42 0.81 1.17 0.36 0.70 1.02 0.19 0.36 0.52 

M 2 0.36 0.71 1.05 0.33 0.64 0.94 0.18 0.34 0.50 

T 2 0.35 0.69 1.00 0.31 0.61 0.90 0.17 0.32 0.47 

B 3 0.33 0.65 0.96 0.29 0.59 0.87 0.16 0.31 0.45 

M 3 0.32 0.62 0.91 0.30 0.59 0.87 0.15 0.29 0.42 

T 3 0.29 0.57 0.85 0.29 0.57 0.85 0.15 0.30 0.43 

B 4 0.26 0.51 0.76 0.26 0.50 0.73 0.13 0.26 0.38 

M 4 0.25 0.49 0.72 0.24 0.47 0.69 0.12 0.33 0.43 

T 4 0.25 0.49 0.72 0.24 0.47 0.69 0.11 0.21 0.30 
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Hardness with respect to layer: Figure 4:10 and 4:11 shows that the resistance of 

bamboo is higher from inner to the outer layer. The depth is lower at the outer layer 

relative to the inner and middle layer of bamboo. This is due to the content of lignin 

(non-fiber element) which is higher at the bottom and decreases to the top of the 

bamboo and decreases from inner to outer. This non-fiber element of bamboo is weak 

in terms of penetration and as its content decreases the strength of bamboo increases. 

Hardness with respect to age: as it is shown from the result of solid and hollow 

bamboo the penetration depth is lower as the age increases which means higher age is 

higher in resistance than lower ages. Naturally, it is known that as the age of bamboo 

increases lignin element of bamboo decreased or fibers are highly interconnected. This 

is the reason why the resistance of bamboo is higher at higher ages. 

Hardness with respect to position: similar to the other mechanical properties, the 

hardness of bamboo is also not the same at different positions. The result of hardness 

with respect to position increases from the bottom to the top of the plant. This is due to 

the content of lignin of the plant which is a non-fiber element of bamboo. As the content 

of lignin is increased, the resistance will be decreased. Naturally, the bottom position 

of bamboo contains higher percentage compared to the medium and top position so that 

it is weak with respect to hardness. 

Hardness with respect to species: among the two species of Ethiopian bamboo solid 

bamboo has higher resistance relative to the highland bamboo. It is known that solid 

bamboo has higher fiber content which is highly dense. This lead to a higher resistance 

with respect to penetration load. 

Unexpected result: the mechanical properties of bamboo is dependent on different 

factors stated in the above. In addition to these factors, the strength is also highly 

dependent on the manufacturing of the sample, types of soil, and its growth behavior. 

Figure 4:8 indicates that the hardness of solid bamboo of year three is low relative to 

year two. This is due to the error what was done during sample preparation. At the 

time, samples of year two were highly shaped and samples of year three were tested 

as it is without shaping.  The hardness of both solid bamboo and hollow bamboo is 

shown in Figure 4:8 and 4:9 respectively. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

The result of the experiment leads to conclude that the tensile strength of hollow and 

solid bamboo increase from the bottom to the top position. This shows that using the 

material for the required application at some distance above the ground is good for 

higher resistance to tensile loading. The tensile strength of culm without node is higher 

than culms with node. The maximum tensile strength of solid bamboo for year two, 

three and four were found 206.7, 251.4 and 309.2 MPa respectively which occurs at the 

top position. The tensile strength of hollow was found 200.3, 303.2 and 285 MPa for 

year two, three and four which were occurred at the top position. 

Bending strength of solid bamboo for year two, three and four were 48.8 MPa, 142.3 

MPa, and 346.9 MPa respectively and for hollow bamboo of year two, three and four 

were 37.4 MPa, 43.8 MPa and 136.3 MPa respectively.  

Shear strength of solid bamboo for year two, three and four were 8.73 MPa, 9.27 MPa, 

and 10.73 MPa respectively and for hollow bamboo were 7.93 MPa, 8.28 MPa and 

10.63 MPa respectively those occurred at the bottom position.  

The compressive strength of solid bamboo for year two, three and four were -49.8 MPa, 

-50.8 MPa and -51.9 MPa respectively and for hollow bamboo were -45.2 MPa, -48.5 

MPa and -51.5 MPa respectively which were occurred at the bottom position. 

The shear and compressive strength of bamboo decrease as we go from the bottom to 

the top position. This indicates that for shear and compressive loading lower position 

is preferable relative to the top position for any engineering application. 

From the experiment which age is advice for higher strength was proved that the 

strength of bamboo is higher at age four relative to year two and three for all types of 

loading including tensile, compressive, shear, bending and hardness. This implies that 

all types of species are optimum for any application when its age is year four.  

The results of hardness test show that the resistance of bamboo for penetration decrease 

from the inner layer to outer layer.  

The experiment was also done for both samples without node and with a node for 

tensile, compressive, shear strength, the result shows that bamboo without node is 

higher in strength relative to a bamboo which has node within a culm. This also 

recommends that culms of bamboo without nodes are more suitable for any application 

from culms with node.  
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5.2. Recommendations /future works 

In this research, the selected mechanical properties of the two species of Ethiopian 

bamboo were tested. During the study, there were challenges that affect the result. The 

future researcher should consider the following points:  

Age and Growth Behavior of Bamboo: The researchers will give attention to the 

selected bamboos that will have uniform natural growth and evidence about their exact 

age.  

Sample Preparation: Sample will be prepared by accurate and precise machines which 

are used to shape the sample according to the required standard. All samples of the test 

were prepared manually because of non-available of precise machines.  

Testing machine: The machine used for hardness test was not calibrated. So that the 

future researcher will test the hardness of bamboo by accurately calibrated machines. 

Microstructure study: Before the testing operation, the continuous of fibers in the 

sample should be known. Future researchers will study the microstructure of bamboo. 

Recommended applications: as it proved that the strength of bamboo with respect to 

the stated mechanical properties has better strength. Ethiopian Aviation Industry works 

UAV from wood called boffefe in which its strength was not studied. The Industry 

manufactures a UAV of total weight varied from 3 Kg to 10 kg. It is possible to talk 

confidentially about the ability of bamboo for UAV structure. So, the structure of UAV 

can be constructed from bamboo which is higher in strength and highly abundant in the 

country. 
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1 SBY2T1 T 12.6 4.1 51.7 9.7 187.7  

 

206.7 

7.4  

 

7.3 

5.6 5.3 5.4 

2 SBY2T2 T 12.8 4.4 56.3 8.9 157.2 6.9   

3 SBY2T3 T 13.0 4.4 57.2 15.3 266.6 7.2 5.7 5.4 5.3 

4 SBY2T4 T 13.4 4.3 57.6 12.4 215.2 7.5   

1 SBY2B11 B 13.3 6.0 79.8 10.1 127.1  

 

114.9 

5.0  

 

5.1 

6.5 6.0 7.7 

2 SBY2B22 B 13.0 5.8 75.4 8.9 118.3 5.5   

3 SBY2B33 B 13.4 5.9 79.1 7.4 93.9 3.5 5.8 5.3 8.6 

4 SBY2B44 B 13.2 6.6 87.1 10.5 120.3 6.5   

1 SBY2M11 M 13.0 6.5 84.5 13.0 153.5  

 

136.3 

7.2  

 

5.6 

6.7 6.3 5.9 

2 SBY2M22 M 12.5 5.8 72.5 10.2 141.0 5.4   

3 SBY2M33 M 12.9 5.9 76.1 12.2 159.9 6.0 4.9 4.6 6.1 

4 SBY2M44 M 12.9 5.9 76.1 6.9 90.6 3.6   

1 SBY2T11 T 11.5 6.0 71.4 6.9 95.9  

 

85.1 

4.2  

 

3.8 

6.2 5.7 8.1 

2 SBY2T22 T 11.9 7.0 83.3 7.2 86.2 3.8   

3 SBY2T33 T 13.0 6.9 89.7 7.9 88.0 4.6 5.8 5.3 8.6 

4 SBY2T44 T 12.8 5.1 65.3 4.6 70.3 2.5   
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4 SBY4B4 B 12.2 6.0 73.2 8.7 119.3 

 

7.3   

1 SBY4M1 M 12.1 5.4 61.7 16.1 260.6  

 

214.7 

 

8.6  

 

6.3 

8.6 8.1 5.8 

2 SBY4M2 M 12.1 5.0 60.5 20.7 342.0 8.0   

3 SBY4M3 M 11.5 5.3 60.9 4.0 65.2 

 

5.4 7.6 7.2 5.3 

4 SBY4M4 M 11.7 5.3 62.0 11.8 191.1 3.3   

1 SBY4T1 T 12.4 5.6 69.44 21.3 306.5  

 

309.2 

9.6  

 

9.4 

9.2 8.8 4.3 

2 SBY4T2 T 12.6 5.5 69.3 23.4 337.7 10.0   

3 SBY4T3 T 12.2 5.7 69.5 22.5 324.0 9.3 8.9 8.5 4.5 

4 SBY4T4 T 12.0 5.4 64.8 17.4 268.4 8.5   

1 SBY4B11 B 14 5.5 77.0 

 

12.0 

 

156.1 

 

 

 

 

141.4 

5.2  

 

 

6.1 

6.9 6.3 8.7 

2 SBY4B22 B 14.3 6.3 90.1 

 

17.4 

 

193.4 

 

5.6 

 

  

3 SBY4B33 B 14.0 5.3 74.2 

 

6.0 

 

81.0 

 

7.0 7.2 6.6 8.3 

4 SBY4B44 B 13.5 5.8 78.3 

 

10.6 

 

134.9 6.5   
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1 SBY4M11 M 13.0 5.6 72.8 

 

14.9 

 

204.3  

 

154.4 

 

5.5  

 

5.2 

10.0 9.2 8.0 

2 SBY4M22 M 13.0 5.7 74.1 12.1 163.7 7.3   

3 SBY4M33 M 13.2 5.3 69.9 5.8 82.5 3.2 9.2 8.5 7.6 

4 SBY4M44 M 13.2 6.0 79.2 13.2 167.1 4.8   

1 SBY4T11 T 14.0 5.4 75.6 10.6 140.1  

 

 

161.9 

7.1 

 

 

 

 

5.4 

8.9 8.3 6.7 

2 SBY4T22 T 13.4 5.1 68.3 10.7 157.1 5.7   

3 SBY4T33 T 13.5 5.5 74.3 14.7 198.6 3.0 

 

9.4 8.7 7.4 

4 SBY4T44 T 14.0 5.8 81.2 12.3 151.8 5.8 
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2 HBY2B22 B 13.5 5.9 79.6 5.5 68.7  

86.2 

3.1  

3.8 

  

3 HBY2B33 B 12.5 5.9 73.8 11.3 152.8 5.9 7.8 7.3 6.4 

4 HBY2B44 B 13.0 6.5 84.5 5.2 61.3 3.2   

1 HBY2M11 M 13.1 4.6 60.3 10.4 172.5  

 

153.3 

5.6  

 

5.4 

6.9 6.5 5.8 

2 HBY2M22 M 13.1 5.5 72.1 11.1 153.5 5.7   

3 HBY2M33 M 12.4 5.5 68.2 9.7 141.7 5.1 5.9 5.5 6.8 

4 HBY2M44 M 12.6 5.4 67.8 9.5 145.4 5.3   

1 HBY2T11 T 13.8 5.5 84.2 10.0 118.7  

 

138.8 

5.8  

 

5.8 

6.7 6.2 7.5 

2 HBY2T22 T 13.1 5.5 72.1 9.0 125.1 4.9   

3 HBY2T33 T 12.5 5.4 67.5 9.9 147.3 5.4 5.8 5.4 6.9 

4 HBY2T44 T 13.0 5.9 76.7 12.6 164.3 6.9   
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1 HBY3B11 B 13.8 6.0 82.8 4.8 58.3  

 

59.8 

2.5  

 

2.6 

5.6 5.1 8.9 

2 HBY3B22 B 13.6 5.7 77.5 5.4 70.2 2.9   

3 HBY3B33 B 12.9 6.0 77.4 3.2 41.9 1.6 4.9 4.4 10.2 

4 HBY3B44 B 12.9 6.0 77.4 5.3 68.9 3.5   

1 HBY3M11 M 14.1 5.3 74.7 6.6 88.4  

 

70.5 

4.0  

 

3.0 

4.9 4.5 8.2 

2 HBY3M22 M 13.7 5.8 79.5 4.6 57.7 2.1   

3 HBY3M33 M 13.8 5.5 75.9 7.1 93.9 4.1 6.1 5.6 8.2 

4 HBY3M44 M 13.8 5.5 75.9 3.2 42.0 1.7   

1 HBY3T11 T 14.0 5.2 72.8 

 

7.5 

 

102.7 

 

 

 

 

99.9 

 

4.1 

 

 

 

 

2.7 

 

4.7 4.4 6.4 

2 HBY3T22 T 13.6 5.5 74.8 

 

5.3 

 

70.7 

 

3.0 

 

  

3 HBY3T33 T 13.1 5.8 75.9 

 

5.6 

 

73.6 

 

0.9 

 

5.2 4.8 7.7 

4 HBY3T44 T 13.9 5.4 76.1 

 

4.9 

 

64.1 

 

2.8 
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2 HBY4B22 B 13.5 4.9 66.2 6.9 104.2  

101.3 

3.9  

4.0 

  

3 HBY4B33 B 12.9 5.5 70.9 

 

7.3 103.2 4.4 4.7 4.2 10.6 

4 HBY4B44 B 14.2 4.9 69.6 8.2 118.0 3.8   

1 HBY4M11 M 13.5 5.2 70.2 9.1 129.3  

 

110.2 

6.3  

 

4.9 

4.5 4.1 8.9 

2 HBY4M22 M 12.7 6.6 91.7 10.5 114.1 6.1   

3 HBY4M33 M 13.9 4.0 55.6 4.6 83.1 2.2 5.2 4.8 7.7 

4 HBY4M44 M 13.9 5.6 77.8 8.9 114.3 5.2   

1 HBY4T11 T 13.0 5.9 76.7 

 

10.3 

 

134.0 

 

 

 

 

119.9 

5.2 

 

 

 

 

4.9 

 

4.3 4.0 6.9 

2 HBY4T22 T 12.6 5.6 70.6 

 

8.4 

 

119.2 

 

5.2 

 

  

3 HBY4T33 T 13.5 6.1 82.4 

 

9.3 

 

113.3 

 

5.0 

 

4.6 4.3 6.5 

4 HBY4T44 T 13.1 6.2 81.2 

 

9.2 

 

113.0 

 

4.5 
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1 HBY2 1042.0 935.6 53.2 25.6 13.8 1708.1 2.1 32.4  

 

37.4 

2.3  

 

1.6 

26.12 392412.7 70.5 64.7 8.2  
 
 
 

6.9 

2 HBY2 920.0 822.2 48.9 30.5 9.2 1147.4 2.4 42.1 2.2 26.12 280533.8 51.2 48.2 5.8 

3 HBY2 1131.0 1037.8 46.6 31.8 7.4 911.3 1.4 36.5 0.8 25.56 232158.1 48.7 44.5 8.6 

4 HBY2 1060 955.4 52.3 35.5 8.4 1158.5 1.5 38.7 1.2 24.6 289300.5 56.4 53.5 5.1 

1 HBY3 1182.0 1078.6 51.7 31.7 10 1310.0 2.3 48.0  

 

43.8 

0.6  

 

2.7 

26.30 351605.3 76.7 73.4 4.3  
 
 
 

5.3 

2 HBY3 1012.0 916.4 47.8 33.4 7.2 1768.3 1.7 37.0 1.0 26.59 255060.5 51.2 47.6 7.0 

3 HBY3 1122.0 1024.8 48.6 34.7 6.95 909.4 1.9 43.8 5.0 22.74 273712.6 56.5 54.4 3.7 

4 HBY3 1080.0 981.6 49.2 32.8 8.2 1056.2 2.1 46.4 4.3 23.5 230812.1 62.4 58.6 6.1 

1 HBY4 1173.0 1071.4 50.8 30.1 10.35 1315.3 4.1 86.2  

 

136.3 

8.5  

 

6.7 

27.33 326484.5 79.8 76.2 4.5  
 

 
 

3.9 

2 HBY4 1115.0 1017.4 48.8 33.9 7.45 967.8 2.5 57.4 5.9 30.04 278018.0 61.7 59.4 3.7 

3 HBY4 1016.0 917.8 49.1 31.4 8.85 1119.1 16.5 325.1 6.3 28.6 285849.0 63.3 60.5 4.4 

4 HBY4 1140.0 1031.8 54.1 38.9 7.6 1110.2 3.6 76.3 6.2 25.4 308092.7 64.7 62.8 2.9 
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2 SBY2B22 B 60 6.3 378 5.3 14.0  

11.53 

1.4  

1.18 

  

3 SBY2B33 B 60 6.3 378 4.1 10.8 1.2 5.1 4.6 9.8 

4 SBY2B44 B 60 6.3 378 3.8 10.1 1.0   

1 SBY2M11 M 60 6.2 372 3.7 10.1  

 

8.95 

1.2  

 

1.08 

4.3 3.9 9.3 

2 SBY2M22 M 60 6.2 372 2.8 7.5 0.9   

3 SBY2M33 M 60 6.2 372 4.0 10.3 1.2 4.7 4.3 8.5 

4 SBY2M44 M 60 6.2 372 3.0 7.9 1.0   

1 SBY2T11 T 60 6.3 378 3.8 9.9  

 

8.68 

1.2  

 

0.95 

5.0 4.6 8.0 

2 SBY2T22 T 60 6.3 378 3.4 8.9 1.2   

3 SBY2T33 T 60 6.3 378 2.2 8.1 0.8 3.8 3.5 7.9 

4 SBY2T44 T 60 6.3 378 1.9 7.8 0.6   
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2 SBY3B22 B 60 6.3 378 2.8 7.4  

9.33 

0.7  

0.83 

  

3 SBY3B33 B 60 6.3 378 3.6 9.4 0.7 4.0 3.5 12.5 

4 SBY3B44 B 60 6.3 378 4.1 11.3 1.0   

1 SBY3M11 M 60 5.5 330 3.4 10.2  

 

 

9.18 

0.8  

 

 

0.95 

4..2 3.8 9.5 

2 SBY3M22 M 60 5.5 330 2.7 8.3 0.5   

3 SBY3M33 M 60 5.5 

 

330 3.2 9.7 1.3 5.0 4.5 10.0 

4 SBY3M44 M 60 5.5 

 

330 2.8 8.5 1.2   

1 SBY3T11 T 60 6.7 402 4.3 10.6  

 

 

9.10 

0.9  

 

 

1.03 

4.5 4.1 8.9 

2 SBY3T22 T 60 6.8 408 3.3 

 

8.2 

 

1.1   

3 SBY3T33 T 60 7.0 420 4.2 10.0 

 

1.0 4.9 4.5 8.1 

4 SBY3T44 T 60 7.0 420 3.2 7.6 

 

1.1   
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2 SBY4B22 B 60 5.0 300 4.0 13.3  

10.5 

2.0  

1.5 

  

3 SBY4B33 B 60 5.0 300 2.0 6.7 1.4 3.9 3.5  

10.3 4 SBY4B44 B 60 5.0 300 2.5 8.3 1.0   

1 SBY4M11 M 60 5.4 324 1.9 5.8  

 

9.03 

0.8  

 

1.10 

4.8 4.4 8.3 

2 SBY4M22 M 60 5.4 324 2.8 8.7 0.7   

3 SBY4M33 M 60 5.4 324 3.4 10.5 1.4 4.1 3.7 9.7 

4 SBY4M44 M 60 5.4 324 3.6 11.1 1.5   

1 SBY4T11 T 60 5.5 330 3.1 9.4  

 

8.65 

1.3  

 

0.95 

3.4 3.1 8.8 

2 SBY4T22 T 60 5.5 330 2.6 7.9 0.9   

3 SBY4T33 T 60 5.5 330 2.8 8.5 0.8 3.6 3.4 5.6 

4 SBY4T44 T 60 5.5 330 2.9 8.8 0.8   
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2 HBY2B22 B 60 6.7 402 2.3 5.8  

6.75 

0.7  

0.75 

  

3 HBY2B33 B 60 7 420 3.0 7.2 0.9 4.3 3.8 11.6 

4 HBY2B44 B 60 6.8 408 2.9 7.1 0.8   

1 HBY2M11 M 60 6.3 378 2.5 6.6  

 

6.70 

0.5  

 

0.65 

4.4 4.0 9.1 

2 HBY2M22 M 60 6.4 384 2.7 7.0 0.8   

3 HBY2M33 M 60 6.1 366 2.3 6.3 0.6 3.2 2.8 12.5 

4 HBY2M44 M 60 6.2 372 2.6 6.9 0.7   

1 HBY2T11 T 60 5.2 312 1.8 5.8  

 

6.60 

0.5  

 

0.63 

3.5 3.2 8.6 

2 HBY2T22 T 60 5.1 306 2.0 6.5 0.6   

3 HBY2T33 T 60 5.4 324 2.2 6.8 0.7 4.0 3.6 10.0 

4 HBY2T44 T 60 5.5 330 2.4 7.3 0.7   
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3 HBY3B33 B 60 6.4 384 4.0 10.3 7.6 1.2 0.78 4.5 3.9 13.3 

4 HBY3B44 B 60 6.4 384 3.0 7.9 0.7   

1 HBY3M11 M 60 4.5 270 2.0 7.3  

 

7.73 

0.5  

 

0.65 

5.2 4. 5 13.5 

2 HBY3M22 M 60 5.0 300 2.0 6.7 0.4   

3 HBY3M33 M 60 5.2 312 2.8 9.0 0.9 5.0 4.4 12.0 

4 HBY3M44 M 60 5.0 300 2.4 7.9 0.8   

1 HBY3T11 T 60 5.5 330 2.8 8.4  

 

7.43 

0.7  

 

0.95 

3.7 3.3 10.8 

2 HBY3T22 T 60 5.4 324 1.9 6.0 0.5   

3 HBY3T33 T 60 5.5 330 2.3 6.9 0.8 3.8 3.5 7.9 

4 HBY3T44 T 60 5.6 336 2.8 8.4 0.9   
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3 HBY4B33 B 60 4.4 264 3.5 13.4 11.08 1.1 1.05 5.2 4.6 11.5 

4 HBY4B44 B 60 4.4 264 3.6 13.6 1.3   

1 HBY4M11 M 60 4.3 258 2.6 9.9  

 

9.1 

0.9  

 

0.88 

4.7 4.2 10.6 

2 HBY4M22 M 60 4.3 258 2.6 10.3 0.9   

3 HBY4M33 M 60 4.3 258 1.8 6.8 0.8 5.4 4.9 9.3 

4 HBY4M44 M 60 4.3 258 2.5 9.4 0.9   

1 HBY4T11 T 60 3.8 228 1.7 7.4  

 

8.68 

0.8  

 

0.80 

5.3 4.8 9.4 

2 HBY4T22 T 60 3.8 228 1.8 7.9 0.9   

3 HBY4T33 T 60 3.8 228 2.1 9.4 0.8 4.9 4.5 8.2 

4 HBY4T44 T 60 3.8 228 2.6 10.0 0.7   
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4 SBY3M4 33.8 896.2 34.3 -38.3 61.7 59.0 -4.4 30.5 26.8 12.1 

1 SBY3T1 27.9 611.4 28.6 -46.8  

 

-47.4 

63.0 61.0 -3.2  

 

-3.4 

30.5 27.4 10.2  

 

11.4 

2 SBY3T2 33.0 857.4 30.8 -35.9 59.0 58.0 -1.7 26.0 22.9 11.9 

3 SBY3T3 28.5 638.8 32.6 -51.0 62.0 58.4 -5.8 34.5 30.2 12.5 

4 SBY3T4 28.5 639.7 35.8 -55.9 57.7 56.0 -2.9 29.5 26.3 10.8 

1 SBY3B11 41.7 1363.1 59.6 -43.7  

 

-47.1 

60.5 54.0 -10.7  

 

-5.8 

57.5 50.1 12.8  

 

11.5 

2 SBY3B22 38.7 1178.7 52.0 -44.1 62.2 57.8 -7.1 54.5 47.7 12.5 

3 SBY3B33 39.2 1208.1 52.9 -43.8 56.0 54.9 -1.9 45.0 40.5 10.0 

4 SBY3B44 31.6 784.3 44.6 -56.9 46.7 45.0 -3.6 31.5 28.1 10.8 

1 SBY3M11 33.9 903.6 46.8 -51.8  

 

-45.7 

52.0 49.4 -5.0  

 

-7.4 

38.0 33.9 10.8  

 

11.1 

2 SBY3M22 30.8 747.9 40.6 -54.3 54.5 48.8 -10.4 33.5 29.5 11.9 

3 SBY3M33 32.6 835.7 33.3 -39.8 52.8 50.4 -4.5 33.5 29.9 10.7 

4 SBY3M44 29.0 660.5 24.4 -36.9 56.5 53.7 -9.5 27.5 24.5 10.9 

1 SBY3T11 30.6 735.4 40.9 -55.6  

 

-44.9 

48.8 47.0 -3.7  

 

-4.1 

30.0 26.7 11.0  

 

10.2 

2 SBY3T22 29.6 687.2 34.6 -50.3 49.2 47.0 -4.5 29.5 26.2 11.2 

3 SBY3T33 28.7 646.9 21.7 -33.5 51.5 49.0 -4.9 25.5 22.8 10.6 

4 SBY3T44 29.4 675.6 26.8 -39.7 44.5 43.0 -3.4 24.5 22.6 7.8 
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3 HBY2M3 52.8 7.3 1049.2 37.8 -36.0 -44.8 77.5 75.0 -3.2 -4.1 50.0 43.7 12.6 11.6 

4 HBY2M4 50.3 6.5 894.4 38.2 -42.7 60.5 58.0 -4.1 48.5 42.2 12.9 

1 HBY2T1 48.4 5.6 752.9 29.8 -39.6  

 

-42.0 

58.2 56.5 -3.7  

 

-3.8 

46.8 42.4 9.4  

 

11.0 

2 HBY2T2 50.2 6.1 845.1 37.6 -44.5 60.6 58.4 -3.6 50.2 43.9 12.5 

3 HBY2T3 51.3 5.7 818.7 38.6 -47.1 84.0 80.5 -4.2 52.0 45.8 11.9 

4 HBY2T4 48.1 8.2 1025.9 37.8 -36.8 78.0 75.1 -3.7 50.4 45.2 10.3 

1 HBY2B11 58.1 8.1 1264.2 46.9 -37.1  

 

-37.2 

79.0 76.5 -3.1  

 

-4.0 

51.5 46.0 10.7  

 

10.3 

2 HBY2B22 57.9 13.5 1880.0 60.5 -32.2 76.0 71.0 -6.5 68.0 59.3 12.8 

3 HBY2B33 54.4 8.6 1237.4 46.3 -37.4 75.4 72.9 -3.3 60.4 54.8 9.3 

4 HBY2B44 56.2 7.4 1134.5 47.6 -41.9 76.6 74.1 -3.3 62.8 57.5 8.4 

1 HBY2M11 55.3 9.4 1725.8 66.7 -38.6  

 

-35.8 

75.3 72.8 -3.3  

 

-2.9 

64.0 58.8 8.1  

 

9.4 

2 HBY2M22 57.9 10.1 1515.4 46.3 -30.6 77.0 75.0 -2.6 66.0 60.7 8.0 

3 HBY2M33 56.4 8.6 1303.7 56.1 -43.0 76.8 74.7 -2.7 62.5 56.2 10.1 

4 HBY2M44 55.2 9.5 1363.9 42.4 -31.1 77.2 75.0 -2.8 64.2 57.0 11.2 

1 HBY2T11 56.3 6.7 1039.0 36.7 -35.3  

 

-35.2 

80.8 79.0 -2.2  

 

-2.2 

65.5 60.2 8.1  

 

8.2 

2 HBY2T22 54.8 6.5 986.3 37.1 -37.6 78.9 77.1 -2.3 62.4 58.2 6.7 

3 HBY2T33 53.6 7.1 1037.2 38.2 -36.8 81.0 79.2 -2.2 64.3 59.0 8.2 

4 HBY2T44 56.6 5.8 1178.6 36.8 -31.2 80.9 79.1 -2.2 63.8 57.5 9.9 
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1 HBY3M11 56.9 8.4 1283.5 57.3 -44.6  

 

-40.0 

92.0 87.0 -5.4  

 

-6.9 

97.5 88.5 9.2  

 

10.7 

2 HBY3M22 52.9 10.6 1410.6 50.2 -35.6 78.0 70.0 -10.3 66.0 58.3 11.7 

3 HBY3M33 53.6 10.2 1393.4 58.0 -41.6 90.0 84.7 -5.9 86.0 75.2 12.6 

4 HBY3M44 52.4 10.4 1372.2 52.4 -38.2 84.0 78.7 -6.3 82.4 74.8 9.2 

1 HBY3T11 56.8 7.3 1129.4 52.5 -46.5  

 

-38.2 

82.0 78.8 -3.9  

 

-5.7 

66.4 60.2 9.3  

 

9.9 

2 HBY3T22 53.6 8.3 1186.9 45.3 -38.2 79.5 76.0 -4.4 64.0 56.1 12.3 

3 HBY3T33 52.5 8.5 1498.8 47.9 -31.9 85.0 78.0 -8.2 73.5 65.7 10.6 

4 HBY3T44 54.5 8.7 1246.0 49.0 -39.3 57.4 51.0 -6.4 77.5 71.6 7.6 
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4 HBY4B44 48.4 7.6 974.1 46.4 -47.6 87.4 82.3 -5.8 76.8 67.6 11.9 

1 HBY4M11 46.3 7.2 884.4 35.4 -40.0  

 

-42.6 

78.6 73.5 -6.5  

 

-6.3 

46.4 37.5 19.2  

 

17.4 

2 HBY4M22 45.4 6.9 835.2 34.9 -41.8 80.0 75.0 -6.3 45.5 40.1 11.8 

3 HBY4M33 44.6 6.8 807.5 38.6 -47.8 79.4 74.5 -6.2 46.7 37.8 19.0 

4 HBY4M44 45.4 7.6 902.5 36.8 -40.8 80.4 75.5 -6.1 45.4 36.6 19.4 

1 HBY4T11 51.3 7.4 1017.1 41.5 -40.8  

 

-41.7 

97.0 91.0 -6.2  

 

-7.1 

72.0 63.4 11.9  

 

11.5 

2 HBY4T22 39.4 6.2 646.7 26.6 -41.1 78.0 71.0 -8.9 33.5 30.3 9.6 

3 HBY4T33 48.1 8.1 1017.9 49.7 -48.8 89.5 83.5 -6.7 68.5 60.5 11.7 

4 HBY4T44 50.2 7.4 995.0 35.8 -35.9 96.4 90.2 -6.4 71.8 62.6 12.8 

 

Table A: 6  Results of post hardness test for solid bamboo 

Sam. Code Year Layer 

Sample Dimension 
Rockwell reading at Penetration At 

mi 
(kg) 

 

 

mf 
(kg) 

 
 
 

M.C 
(%) 

 

M.Cav 
(%) 

 

 

60 
(Kgf) 

 
HRA 

 

100 
(Kgf) 
 
HRB 

150 
(Kgf) 

 
HRC 

60 
Kgf 

 
 

100 
kgf 

 
 

150 
kgf 

 
 

L 
(mm) 

 

T 
(mm) 

 

W 
(mm) 

 

1 SBY2B1 2 
Inner 

150 5.5 18 
160 150 145 0.32 0.3 0.29 9.1 8.6 5.5 

5.93 
Outer 95 90 85 0.19 0.18 0.17    

2 SBY2B2 2 
Inner 

150 9 29 
135 120 110 0.27 0.24 0.22 21.1 19.8 6.2 

Outer 105 100 96 0.21 0.2 0.192    
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3 SBY2B3 2 
Inner 

150 5.4 26 
125 120 114 0.25 0.24 0.228 12.7 11.9 6.3 

Outer 110 96 90 0.22 0.192 0.18    

4 SBY2B4 2 
Inner 

150 5.5 16.6 
130 120 110 0.26 0.24 0.22 8.7 8.2 5.7 

Outer 96 85 78 0.192 0.17 0.156    

1 SBY2M1 2 
Inner 

150 5 17.5 
115 110 105 0.23 0.22 0.21 8.4 7.9 5.9 

 
 
 
 

5.90 

Outer 90 86 78 0.18 0.172 0.156    

2 SBY2 M 2 2 
Inner 

150 6.2 25 
126 114 108 0.252 0.228 0.217 13.2 12.4 6.1 

Outer 95 87 83 0.19 0.174 0.166    

3 SBY2 M 3 2 
Inner 

150 5.9 24.5 
125 115 110 0.25 0.23 0.22 

13.1 
12 

5.3 
Outer 108 100 86 0.216 0.2 0.172 0.4 

4 SBY2 M 4 2 
Inner 

150 5.9 17 
120 116 112 0.24 0.232 0.224 

9.5 8.9 6.3 
Outer 86 76 70 0.172 0.152 0.14 

1 SBY2T1 2 
Inner 

150 6.8 20 
120 114 108 0.24 0.228 0.216 12.2 11.6 4.9 

5.82 

Outer 84 73 67 0.168 0.146 0.134    

2 SBY2 T 2 2 
Inner 150 

7.6 27 
121 116 109 0.242 0.232 0.218 

16.3 15.3 6.1 
Outer 150 86 76 68 0.172 0.152 0.136 

3 SBY2 T 3 2 
Inner 

150 6.8 27.5 
118 113 105 0.236 0.226 0.21 

13.9 13.1 5.8 
Outer 78 68 62 0.156 0.136 0.124 

4 SBY2 T 4 2 
Inner 

150 6 19.8 
117 110 103 0.234 0.22 0.206 

10.7 10 6.5 
Outer 80 75 66 0.16 0.15 0.132 

1 SBY3B1 3 
Inner 

150 7.9 24.4 
170 163 150 0.34 0.326 0.3 

0.34 19.1 4.9 
5.5 

Outer 94 86 79 0.188 0.172 0.158 

2 SBY3B2 3 
Inner 

150 10.5 27.5 
167 164 152 0.334 0.328 0.304 

46.5 43.9 5.6 
outer 95 87 82 0.19 0.174 0.164 
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3 SBY3B3 3 
Inner 

150 10 28.1 
170 166 153 0.34 0.332 0.306 

38.6 36.2 6.2 
Outer 97 91 84 0.194 0.182 0.168 

4 SBY3B4 3 
Inner 

150 8 24 
168 162 153 0.336 0.324 0.306 

19.8 18.8 5.1 
outer 96 90 83 0.192 0.18 0.166 

1 SBY3M1 3 
Inner 

150 6.9 20 
150 145 138 0.3 0.29 0.276 

14.5 13.7 5.5 
 
 
 
 
 

5.82 

Outer 86 81 76 0.172 0.162 0.152 

2 SBY3 M 2 3 
Inner 

150 9.5 28 
155 149 143 0.31 0.298 0.286 

26.9 25.5 5.2 
Outer 87 82 77 0.174 0.164 0.154 

3 SBY3 M 3 3 
Inner 

150 8 28 
154 148 140 0.308 0.296 0.28 

23.5 22 6.4 
Outer 84 78 74 0.168 0.156 0.148 

4 SBY3 M 4 3 
Inner 

150 7.1 20.2 
153 147 142 0.306 0.294 0.284 

14.6 13.7 6.2 
Outer 83 76 74 0.166 0.152 0.148 

1 SBY3T1 3 
Inner 

150 7.9 20.5 
150 146 140 0.3 0.292 0.28 

16.5 15.8 4.2 

4.5 

Outer 76 70 65 0.152 0.14 0.13 

2 SBY3T 2 3 
Inner 150 

7 28 
148 140 132 0.296 0.28 0.264 

21 19.9 5.2 
Outer 150 77 72 64 0.154 0.144 0.128 

3 SBY3 T 3 3 
Inner 

150 9 27.9 
148 142 135 0.296 0.284 0.27 

23.9 22.9 4.2 
Outer 78 74 67 0.156 0.148 0.134 

4 SBY3 T 4 3 
Inner 

150 7.5 21 
147 142 135 0.294 0.284 0.27 

16.1 
15.4 

4.3 
Outer 80 76 67 0.16 0.152 0.134 ` 

1 SBY4B1 4 
Inner 

150 6.5 19 
130 126 120 0.26 0.252 0.24 

11.3 10.8 6.1 
5.32 

Outer 70 65 2 0.14 0.13 0.004 

2 SBY4B2 4 
Inner 

150 8.2 25 
132 127 120 0.264 0.254 0.24 

19.6 18.7 4.6 
Outer 68 64 59 0.136 0.128 0.118 
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3 SBY4B3 4 
Inner 

150 7.6 27 
133 125 121 0.266 0.25 0.242 

17.9 17.2 3.9 
Outer 69 65 66 0.138 0.13 0.132 

4 SBY4B4 4 
Inner 

150 6 18.8 
130 126 121 0.26 0.252 0.242 

10.5 9.8 6.7 
Outer 70 66 60 0.14 0.132 0.12 

1 SBY4M1 4 
Inner 

150 7 18 
125 119 116 0.25 0.238 0.232 

10.7 10.3 3.7 
 
 
 
 
 

4.85 

Outer 60 56 55 0.12 0.112 0.11 

2 SBY4 M 2 4 
Inner 

150 6 24 
126 124 120 0.252 0.248 0.24 

12.2 11.5 5.7 
Outer 62 55 51 0.124 0.11 0.102 

3 SBY4 M 3 4 
Inner 

150 6 24.2 
124 121 118 0.248 0.242 0.236 

12.4 11.7 5.6 
Outer 61 56 52 0.122 0.112 0.104 

4 SBY4M 4 4 
Inner 

150 7.8 19.3 
125 121 117 0.25 0.242 0.234 

13.7 13.1 4.4 
Outer 60 56 53 0.12 0.112 0.11 

1 SBY4T1 4 
Inner 

150 5.5 18 
124 120 116 0.25 0.24 0.23 

8.9 8.5 4.5 

4.52 

Outer 55 51 46 0.11 0.10 0.09 

2 SBY4 T 2 4 
Inner 150 

7 23.9 
123 118 114 0.25 0.24 0.23 

13.5 12.9 4.4 
Outer 150 56 53 48 0.11 0.11 0.10 

3 SBY4 T 3 4 
Inner 

150 5.9 23 
125 121 117 0.25 0.24 0.23 

11.7 11.1 5.1 
Outer 54 51 47 0.11 0.10 0.09 

4 SBY4 T 4 4 
Inner 

150 6 18 
126 122 115 0.25 0.24 0.23 

9.8 9.4 4.1 
Outer 53 48 46 0.11 0.10 0.09 
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Table A: 7 Results of post hardness test for highland bamboo 

 
 
 

No 
 
 
 

 
 

Code 
 
 

Layer 

Sample Dimension 
Rockwell reading at Penetration  At 

 
 

mi 
(kg) 

 
 

 
 

mf 
(kg) 

 
 

M.C 
(%) 

M.Cav 
 (%) 

 
 
60 
(Kgf) 
 
HRA 

 
 

100 
(Kgf) 
 
HRB 

150 
(Kgf) 
 
HRC 

60 
kgf 

 
 

100 
kgf 

 
 

150 
kgf 

l 
(mm) 

 

w 
(mm) 

 

t 
(mm) 

 

1 HBY2B1 
Inner 

200 22.5 
5.5 210 190 174 0.42 0.38 0.35 

13.5 12.8 5.2 

4.95 

Middle 
4.1 

180 173 165 0.36 0.35 0.33 
Outer 95 87 80 0.19 0.17 0.16 

2 HBY2B2 
Inner 

200 28.5 
6.1 208 190 177 0.42 0.38 0.35 

18.5 17.5 5.4 Middle 
5 

178 171 165 0.36 0.342 0.33 
Outer 94 85 78 0.19 0.17 0.16 

3 HBY2B3 
Inner 

200 24 
6 207 198 180 0.41 0.39 0.36 

14.6 13.9 4.8 Middle 
4.1 

174 167 160 0.35 0.33 0.32 
Outer 96 87 84 0.19 0.17 0.17 

4 HBY2B4 
Inner 

200 24 
5.9 212 195 181 0.42 0.39 0.36 

15.8 15.1 4.4 Middle 
4 

180 168 162 0.36 0.34 0.32 
Outer 93 85 83 0.19 0.17 0.17 

1 HBY2M1 
Inner 

200 26 
5.6 181 176 165 0.36 0.35 0.33 

14.9 14.2 4.7 
 
 
 

Middle 
4 

160 154 150 0.32 0.31 0.30 
Outer 88 83 78 0.18 0.17 0.16 
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2 HBY2 M 2 
Inner 

200 24 
6 178 171 168 0.36 0.34 0.34 

14.6 13.9 4.8 
 
 
 

4.62 

Middle 
3.8 

164 156 151 0.33 0.31 0.30 
Outer 87 81 79 0.17 0.16 0.16 

3 HBY2 M 3 
Inner 

200 26 
5 180 173 167 0.36 0.35 0.33 

14.7 14.1 4.1 Middle 
3.5 

165 157 150 0.33 0.31 0.30 
Outer 86 80 70 0.17 0.16 0.14 

4 HBY2 M 4 
Inner 

200 21 
6 181 175 169 0.36 0.35 0.34 

14.2 13.5 4.9 Middle 
4 

166 158 151 0.33 0.32 0.30 
Outer 89 84 80 0.18 0.17 0.16 

1 HBY2T1 
Inner 

200 23 
4.1 175 169 161 0.35 0.34 0.32 

12.8 12.4 3.1 

4.20 

Middle 
3.4 

155 148 143 0.31 0.29 0.29 
Outer 86 80 70 0.17 0.16 0.14 

2 HBY2 T 2 
Inner 

200 26 
5 174 168 160 0.35 0.34 0.32 

16.1 15.6 3.1 Middle 
3.2 

156 150 146 0.31 0.30 0.29 
Outer 84 78 76 0.17 0.16 0.15 

3 HBY2 T 3 
Inner 

200 21.5 
4.5 176 169 161 0.35 0.34 0.32 

12.8 12 6.2 Middle 
3.1 

154 149 143 0.31 0.29 0.29 
Outer 87 84 77 0.17 0.17 0.15 

4 HBY2 T 4 
Inner 

200 21 
5 175 171 165 0.35 0.34 0.33 

13.7 13.1 4.4 Middle 
3.5 

154 149 143 0.31 0.30 0.29 
Outer 83 82 76 0.17 0.16 0.15 

1 HBY3B1 
Inner 

200 28 
7 164 155 153 0.33 0.31 0.31 

22.2 21.2 4.5 
   
 
 

Middle 
4.5 

147 143 144 0.30 0.29 0.29 
Outer 80 75 71 0.16 0.15 0.14 
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2 HBY3B2 
Inner 

200 26 
7 162 167 158 0.32 0.33 0.32 

21.2 20.1 5.2 
 
 
 
 
 

5.2 

Middle 
5.1 

148 143 144 0.30 0.29 0.29 
outer 78 73 70 0.16 0.15 0.14 

3 HBY3B3 
Inner 

200 23.5 
7 164 158 150 0.33 0.32 0.30 

20.9 20.0 4.3 Middle 
4 

150 142 139 0.30 0.28 0.29 
Outer 81 75 72 0.16 0.15 0.14 

4 HBY3B4 
Inner 

200 22.5 
8 163 156 150 0.33 0.31 0.30 

21.8 20.3 6.9 Middle 
6 

147 142 135 0.29 0.28 0.27 
outer 79 74 69 0.16 0.15 0.14 

1 HBY3M1 
Inner 

200 21.7 
5.4 161 152 146 0.32 0.30 0.29 

18 17.3 4.0 

4.45 

Middle 
4 

150 143 137 0.30 0.29 0.27 
Outer 76 70 67 0.15 0.14 0.13 

2 HBY3 M 2 
Inner 

200 27.8 
6.2 155 151 149 0.31 0.30 0.29 

23.4 22.1 5.6 middle 
3.4 

145 138 134 0.29 0.28 0.27 
Outer 75 71 68 0.15 0.14 0.11 

3 HBY3 M 3 
Inner 

200 24.4 
6.1 159 155 151 0.32 0.31 0.30 

20.4 19.5 4.4 Middle 
4 

154 153 150 0.31 0.31 0.30 
Outer 79 72 73 0.16 0.14 0.15 

4 HBY3 M 4 
Inner 

200 24 
6.9 156 154 146 0.31 0.31 0.29 

21.2 20.4 3.8 Middle 
5 

147 142 134 0.29 0.28 0.27 
Outer 77 66 72 0.15 0.13 0.14 

1 HBY3T1 
Inner 

200 24.5 
6.5 150 148 146 0.30 0.29 0.29 

21.5 20.6 4.2 
 
 
 

Middle 
5 

153 149 147 0.31 0.30 0.29 
Outer 74 70 67 0.15 0.14 0.13 
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2 HBY3 T 2 
Inner 

200 22 
7.8 147 145 140 0.29 0.29 0.28 

21 20.1 
 

4. 3 
 

 
 
 
 
 

4.32 

Middle 
5 

146 144 143 0.29 0.29 0.29 
Outer 75 71 66 0.15 0.14 0.13 

3 HBY3 T 3 
Inner 

200 20.3 
5.6 146 142 136 0.29 0.28 0.27 

18.6 17.7 4.8 Middle 
4 

140 138 134 0.28 0.28 0.27 
Outer 74 67 65 0.15 0.13 0.13 

4 HBY3 T 4 
Inner 

200 24 
8.4 144 137 134 0.29 0.27 0.27 

22.5 21.6 4.0 Middle 
5.5 

138 135 130 0.28 0.27 0.26 
Outer 76 73 69 0.15 0.15 0.14 

1 HBY4B1 
Inner 

200 24 
7 133 127 119 0.27 0.25 0.24 

22.6 21.2 6.2 

6.62 

Middle 
4.2 

129 120 117 0.26 0.24 0.23 
Outer 66 61 60 0.13 0.12 0.12 

2 HBY4B2 
Inner 

200 28 
7.5 132 127 120 0.26 0.25 0.24 

25.4 23.2 8.7 Middle 
5 

128 121 116 0.27 0.24 0.23 
Outer 67 65 59 0.13 0.13 0.12 

3 HBY4B3 
Inner 

200 26 
7 134 125 122 0.27 0.25 0.24 

21 19.5 7.1 Middle 
4.3 

130 124 118 0.26 0.25 0.24 
Outer 66 63 58 0.13 0.13 0.12 

4 HBY4B4 
Inner 

200 25 
8.1 130 126 121 0.26 0.25 0.24 

26.6 25.4 4.5 Middle 
5.5 

127 120 117 0.25 0.24 0.23 
Outer 69 65 60 0.14 0.13 0.12 

1 HBY4M1 
Inner 

200 27.8 
6.5 125 119 116 0.25 0.24 0.23 

24.8 23.1 6.8 
 
 
 

Middle 
3.8 

121 115 110 0.24 0.23 0.22 
Outer 61 56 57 0.12 0.11 0.11 
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2 HBY4 M 2 
Inner 

200 28 
6 126 124 120 0.25 0.25 0.24 

20.2 18.8 6.9 
 
 
 
 
 
 
 

6.05 

Middle 
4.4 

120 116 112 0.24 0.23 0.22 
Outer 62 56 52 0.12 0.11 0.10 

3 HBY4 M 3 
Inner 

200 23 
5.8 125 121 117 0.25 0.24 0.23 

17.5 16.7 5.7 Middle 
3.6 

119 114 108 0.24 0.23 0.22 
Outer 60 56 51 0.12 0.11 0.10 

4 HBY4M 4 
Inner 

200 24.5 
6.7 125 121 117 0.25 0.24 0.23 

21.4 20.4 4.8 Middle 
5 

122 116 113 0.24 0.23 0.23 
Outer 60 56 48 0.12 0.11 0.10 

1 HBY4T1 
Inner  

200 
 

24.5 
8 123 120 118 0.25 0.24 0.24 

24.9 23.7 4.8 

 
5.52 

Middle 
5 

118 113 107 0.24 0.23 0.21 
Outer 56 51 46 0.11 0.10 0.09 

2 HBY4 T 2 
Inner 

200 27.2 
8.5 123 118 115 0.25 0.24 0.23 

26.5 24.5 7.6 Middle 
5.1 

119 114 110 0.24 0.23 0.22 
Outer 58 53 47 0.12 0.11 0.09 

3 HBY4 T 3 
Inner 

200 27 
9 124 121 114 0.25 0.24 0.23 

18.8 17.9 4.9 Middle 
5 

120 116 111 0.24 0.23 0.22 
Outer 56 51 46 0.11 0.10 0.09 

4 HBY4 T 4 

Inner 

200 24 

8.3 125 122 113 0.25 0.24 0.23 

22.8 21.7 4.8 Middle 
6 

121 115 109 0.24 0.23 0.22 

Outer 50 48 43 0.10 0.10 0.09 
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Appendix B 

Stress-strain curve for tensile test of solid and hollow bamboo is given below 

1. Solid Bamboo 

Bottom without node 

1.1 Year Three 
Sample 1 

 
Max tensile stress 332.6 MPa 

Sample 2 

 
Max tensile stress 250.4 MPa 

Sample 3 

 
Max tensile stress 126.2 MPa 



Characterization of the Mechanical Properties of Ethiopian Bamboo by Fentahun Ayu Muche 

109 
 

Sample 4 

 
Max tensile stress 110.5 MPa 

Middle without node 

Sample 1 

 
Max tensile stress 285.8 MPa 

 

Sample 2 

 

Max tensile stress 158.4 MPa 
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Sample 3 

 

Max tensile stress 286.9 MPa 

Sample 4 

 
Max tensile stress 164.9 MPa 

TOP without node 

Sample 1 

 
Max tensile stress 193.0 MPa 
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Sample 2 

 
Max tensile stress 253.4 MPa 

Sample 3 

 
Max tensile stress 245.7 MPa 

Sample 4 

 

Max tensile stress 313.6 MPa 
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Bottom with node 

Sample 1 

 
Max tensile stress 137.0 MPa 

Sample 2 

 

Max tensile stress 85.5 MPa 

Sample 3 

 
Max tensile stress 167.3 MPa 
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Sample 4 

 

Max tensile stress 112.4 MPa 

Middle with node 

Sample 1 

 
Max tensile stress 106.5 MPa 

Sample 2 

 

Max tensile stress 142.0 MPa 
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Sample 3 

 
Max tensile stress 157.9 MPa 

Sample 4 

 

Max tensile stress 168.5 MPa 

TOP with node 

Sample 1 

 
Max tensile stress 149.8 MPa 
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Sample 2 

 

Max tensile stress 181.6 MPa 

Sample 3 

 
Max tensile stress 168.8 MPa 

Sample 4 

 
Max tensile stress 138.2 MPa 
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Appendix B 

Stress-strain curve for bending test of both solid and hollow bamboo is given below 

1. Solid Bamboo  

1.1 Year two 

Sample 1  

 

Max bending stress 95.68 MPa 

Sample 2  

 

Max bending stress 10.79 MPa 

Sample 3  

 

Max bending stress 6.175 MPa 
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1.2 Year Three 

               Sample 1  

 

Max bending stress 137.206 MPa 

Sample 2  

 

Max bending stress 163.84 MPa 

Sample 3  

 

Max bending stress 147.7 MPa 
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1.3 Year Four  

Sample 1  

 

Max bending stress 78.7 MPa 

Sample 2  

 

Max bending stress 947.99 MPa 

Sample 3  

 

Max bending stress 176.47 MPa 

 

 








