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Abstract: This paper presents an investigation on the strength and elastic properties of Bambusa bambos,
which is commonly used in the construction of bamboo houses in southem part of India, in particular
Karnataka. Studies were carried out to examine the compressive strength, flexure strength and shear
strength of the small specimens. The load carrying capacity of full-scale bamboo elements is alse évaluated
through experiments on single and double bamboo columns. Modulus of elasticity was obtained by
carrying out flexural, vibration tests of bamboo beams. The compressive strength of bamboo specimen
js in the range of 31MPa to 47 MPa. These are the values abtained from very shott bamboo specimen
(about 300 mm} long, Thesc values agree with the codal provision. The modulus of elasticity of bamboo
ranges from 20,000 MPa to 40,000 MPa. Modulus of elasticity in compression is lower than tension
modulus, as expected. This was found from the flexural vibration test, These valies were also in agresment
with the codal provision, The shear strength ranges from 4 MPa to 11 MPa. The flexural strength is
about 60 MPa with 2 strain capacity of 0.6 per cent. The average compressive strength of bamboo
columns (single and double bamboo columny) is as low as about 10 MPa. Full-scale bamboo columns fail
due to crushing/splitting and local phenomenon rather than buckling.

Keywords: Bambusa bambos, compressive, shear and flexure strength of bamboo, modulus of elasticity,

bamboo columns.

INTRODUCTION

Bamboo is the most versatile forest product and its potential can be harnessed in the
service of the humble. There are about 75 genera and about 1250 species of bamboo.
India’s bamboo resources (both variety and distribution) are the second largest in the
world, with the first being China. Bamboo species are generally hollow, but the size
“of the intemal cavity depends upon the species, soil and climatic conditions. The
outer skin of bamboo contains a small amount of silica, which improves its natural
durability as well as the strength, Comparing the cost of bamboo and its behaviour
under mechanical stresses, the choice of bamboo as a vernacular material for semi-
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permanent rural houses is justified. Research carried out also has shown that bamboo
is an earth quake resistant structural member. To facilitate proper designing in bamboo
for different types of structural members like trusses, columns, rafters, eic. as well as
for fabrication of various bamboo-based constructions economically, it is necessary
to classify and grade different species of bamboo grown in India and determine their
safe working stresses.

A programme of testing of bamboo for their physical and mechanical properties has
been taken up at Forest Research Institute, Dehra Dun (Rajput et al,, 1992; Sanyal et
al., 1988) and methods of testing have been formulated and standardized for about of
20 important species of bamboos.

National Building Code of India (NBCI, 2005) has included a section for structural
design of timber and bamboo. The code gives safe working stresses of bamboo for
structural design. The safe working stresses for 16 species of bamboos are given in
Table 1(NBCI, 2005). The code also mentions the factor of safety to be within 4-8 for
bamboo based housing system. The code also includes that with the decrease in the
moisture content, the strength of the bamboo specimen increases exponentially and
bamboo has an intersection point (fiber saturation point) at around 25 per cent moisture
content depending upon the species.

Table 1. Safe working stresses of bamboos for structural designing

SL No. Species Extreme fiber Modulus of Allowable
stregs in bending elasticity compressive
. (N/mm?) (*10° N/mm?} stress (N/mm?)
1 Bambusa glancescens 20.7 3.28 154
2 Dendrocalamus strictus 18.4 2.66 10.3
3 Oxytenanthera abyssinicia 209 331 13.3
4 Bambusa balcoon 16.4 1.62 13.3
5 B. pallida . 13.8 . 2.87 15.4
6 B. nutans 13.2 1.47 13.0
7 B. tulda 12.8 1.77 11.6
8 B. auriculata 16.3 3.34 10.5
9 B. burmanica 14.9 2.45 11.4
10 Cephalostachyum pergracile 13.2 2.48 10.5
11 Melocanna baccifera 13.3 2,53 15.4
12 Thyrsotachys oliveri 15.5 2.16 134
13 Bambusa arundinacea i4.6 1.32 10.1
14 B ventricosa 8.5 0.75 10.3
15.  B.vulgaris 10.4 0.64 11.0
16  Dendrocalamus longispathus 8.3 1.22 12.0

Note : The valucs given pertain to testing of bamboo in green condition
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EXPERIMENTAL INVESTIGATION

The major objective of this investigation was to obtain the strength and the elastic
properties of the elements in a typical bamboo-based housing system. A series of
experiments were carried out to determine the various properties. Compression test,
flexure test and shear test were conducted to obtain their respective strengths and
elastic property. Later, free vibration test, under flexural vibration mode, was carried
out ta obtain moduius of elasticity.

Compression test

Essentially the load-carrying member is designed based on the compressive strength
of bamboo specimen. Compressive strength of bamboo again depends on the size of
the specimen and the way it is supported during test. Specimens during compression
test mostly fail due to lateral strain, local buckling and splitting. Hence, this test
forms as important component in designing of bamboo based housing system. Tests
on ultimate compression stress of bamboo have been carried out by several authors. A
summary is given in Table 2.

Three types of specimens were chosen for the purpose viz. (i) hollow specimens, (ii)
node at either end of the specimen and (iii} node in between the specimen. Figure 1
shows the schematic diagram of the three types of specimens. Five specimens were
tested from each type. The tests were carried out in accordance with IS 6874 (1973).
Along with compression test an attempt was made to obtain stress strain relationship
of bamboo under compression, To evaluate this, a compression strain gauge was used.

Table 2. Summary of compression test results by different authors on hellow specimen

Author Species  Specimen No. of Ultimate compression  Remarks
' (diameter, tests stress N/mm?
height in
mm)

Meyer and

Ekelund (1922) - 127,127 4 44 Nodes at several places

Espinosa (1930) Bambosa

spinosd 61,356 53 : 57 Node in between

- Mc Clure (1938) B. tuldoides 47,305 21 35 Node in between

Glenn (1950) Phyll, -, 153 11 13 -

bambusoides

Limaye (1952) D. strictus 36,152 33 44 (@64%M.C.) Node in between,
. 36,152 33 T {@9%M.C.) 2% years old

Atrops ( 1969) - 77,308 36 40 Hollow;
77,308 36 43 Node in between

Sekhar (1961} D, strictus . 16 54 Hollow;3 years old
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Figure 1, Schematic diagram of three types of specimen

All the bamboo specimens that were tested belonged to B. bambos. These specimens
were cut at an age more than 3 years. The specimens were properly conditioned from
bottom, middle and top of the culms. The specimen were cut into length varying
between 300-320 mm as per IS standards. The outer and the inner diameter including
the thickness of each specimen were measured using vernier calipers. Then finally
the area of each specimen was calculated, as follows:

2 2
Area= idla_fiZ_) ,d,- Outer diameter, d,- inner diameter
After this the studs were fixed to the specimen as per the gauge length. The specimen
was then subjected to compression in the UTM @ a rate of 1N/s. at the same time
strain was noted down using a digital dial gauge, The stress recorded in the dial gauge
was used to obtain the stress strain relation. Ultimate load was noted down when the
specimen failed to determine the ultimate compressive strength.

Shear test

As a material, bamboo has better shear strength than wood. Bamboo is not weakend
by rays. The problem with shear in bamboo results from ifs shape. The interior part of
wood cross section hardly contributes to the moment of inertia, but to shear area in
the neutral layer. The purpose of test is to determine which factors are significant and
which are not. The bamboo specimen was split in to two halves (specimen A and
specimen B) for the purpose that as a whole it was strong enough to bend 10 mm steel
rod. A slit was made through the specimen; through which a steel plate of 60x1 00x10
mm was placed. A small area was chipped at the top in line with the slot made. -Supports
were provided below the metal plate, and the Joad was applied at rate of 1N/mm?/s.
The specimen was free to move down. It was observed that there was local compression
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at the junction of metal plate and the specimen. Figure 3 shows the schematic
representation of the shear test setup. Plate 2 shows the experimental setup.

Free vibration tests to determine modulus of elasticity

Generally fibrous materials are known to exhibit an anisotropic behavior under tension
and compression. Bamboo is also one such material whose tension and compression
modulus may be different from each other. Obtaining a combined modulus may be
mote realistic from the consideration of using the values for deflection criterion.
Flexural vibration test offers a way of obtaining the combined modulus of such
materials,

The concept of free flexural vibration essentially involves setting up a specimen into
“freg vibration” by imparting an initial condition, such that the specimen vibrates in
its fundamental natural frequency. Frequency can be easily measured using vibration
recorders. Once the free vibration response is measured, the expression for fundamental
natural frequency can be used to obtain the modulus of elasticity after extracting the
fundamental natural frequency. Since during flexural vibrations, both tensile stresses
and compression stress are excited, the modulus thus measured would be the combined
modulus.

In the present case free vibration specimen were made as cantilevers. A bamboo
specimen of length 800 mm was housed in concrete cubes of dimension 15 cmx15 em
x15 cm at one end. After requisite curing period of the cubes, the embedded end of
the specimen was clamped in the compression-testing machine to achieve fixity. The
other end was later gently tapped with a wooden pallet, to set the specimen into
vibrations. Accelerometer was mounted on the tip of the specimen to record the
response of the specimen. Figure 4 shows the schematic representation of free vibration
test and Plate 4(a) and 4(b) show the experimental setup of vibration test.

Calculation of fundamental natural frequency

The analog signals were converted into digital signals using a high-speed data acquiring
system. To obtain the natural frequency of the signal, a Fast Fourier Transformation
(FFT) of digital data (time v/s acceleration) was carried out.

Calculation of cembined modulus of elasticity

The expression for fundamental natural frequency of a cantilever is as follows:

(3.516TIVEI)
= 7@ ,Where, w=20f
f- Fundamental natural frequency in rad/sec, E —Combined modulus of elasticity
(MPa)
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[—Moment of inertia m *, m— Mass per unit length (2.95Kg/m}), L—Length of the
specimen (m).

From the compression test carried out modulus of elasticity in compression was
obtained. Thus the Young’s modulus of the specimen in tension can be obtained from

- g O
the following expression. (15, JE_C)I

Where, E—Combined modulus of elasticity (N/mm?), E—Tension modulus (N/mm?),
E —Compression modulus (N/mm?).

Table 5 gives the results of free vibration test and modulus of elasticity values for
both tension and compression

Flexural test

The test was carried out to determine the deflection pattern of the bamboo and also to
obtain the moment curvature relationship and stress strain relationship. Seven
specimens of length 750 mm were used for the purpose. After the initial dimensions
were measured, the specimen was placed as a simply supported beam under the
compression-testing machine. Two supports were provided at a distance of 250 mm
from the center. A small aluminum plate was screwed at the center of the specimen.
The platc was provided to monitor the deflection using a digital dial gauge. The
magnetic dial gange was used to measure the deflection of the specimen. The specimen
was loaded at the center at a rate of 1kIN/s. The deflection recorded in the dial gauge
was used to plot at Joad v/s deflection curve and represented in Figure 6. Using the
beam equation, a plot of moment v/s curvature was also generated (Figure 7), thus a
plot of siress v/s strain was also generated.

Behaviour of bamboo columns

Bamboo members are the main load carrying members in bamboo based housing
system. They not only transfer the vertical loads but also play an impertant role in
resisting lateral loads that may occur during wind and seismic situations. Like in RC
framed structures, bamboo columns are the basic skeletal members in withstanding
the lateral stiffness. However, unlike RC columns, bamboo columns are significantly
slender. These slender columns could be vulnerable to ‘buckling’. However, lateral
restraints in the form of beams and ties mitigate the problems of buckling significantly.
Nevertheless there is a need to assess the axial load carrying capacity of bamboc
columns, since there exists possibilities of loss of lateral restraints. There is also the
problem of inherent eccentric loading, which may further reduce the load carrying
capacity of the columns.
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Two types of bamboe columns namely single and double bamboo columns were tested
to check the behavior of the storey-high bamboo column subjected to axial loads. In
the absence of the standard testing procedure for testing of the bamboo columns, the
following procedure was adopted, albeit certain drawbacks. Initially the dimensions
of each column were measured. The foliowing dimensions such as outer diameter,
inner diameter, length of the column, the length of the joints (in case of double column)
were measured. A wooden plank of 15 mm thickness was bolted to the top and bottom
of the bamboo column.

A concrete cube was first placed over which a loader of capacity 100 kN was placed.
Over which 2 metal plates of thickness 20 mm was placed. No arrangements were
made to prevent rotation of the specimen at the top and bottom. Hence the specimen
can be assumed to be pinmed at both the ends. Utmost precaution was taken to maintain
the specimen as vertical as possible and to maintain the load axial.

The hydraulic jack was placed at the bottom, as the load carrying capacity of the
bamboo column was much lower. Proving ring of 100 kN was placed over the hydraulic
jack to obtain the divisions to further carry the ultimate load. Metal plates of thickness
40 mm was placed below the proving ring and 20 mm metal plate above was used, to
avoid eccentric loads, as the surface of the bamboo column was not uniform. Figure
9 and Plate 6 shows the schematic representation of experimental setup of full scale
column testing. Load was applied using a hydraulic jack. The division at which the
specimen failed was noted down, to obtain the ultimate load and the strength of the
single and double column. Plate 7 show the lateral deflection observed in both single
and double columns during full scale column tests. Plate 8 shows the typical failure
patterns observed in both cases.

RESULTS AND DISCUSSION

Plate 1 shows the typical failure patterns observed for all the three types of specimens
during the test. Table 3 shows the summary of the compression test results, standard
deviation and coefficient of variation for the three different types of specimens, Figure
2 shows the typical stress strain relationship of all the test specimens of each type.

Plate 3 shows the typical failure pattern of the test specimens. Table 4 gives the shear
test results of the specimens and average shear strength. Figure 5 shows the typical

- vibration response obtained from the tip of the specimen. The first frequency
corresponding to the fundamental mode generally has a relatively large peak. For
each specimen signals from 6-8 repeated experiments were analyzed. During the
experiment it was observed that there was also local compression at the point of
application of load and when the load was realized the specimen regained its original
shape. Figure 8 shows the stress v/s strain curve. Plate 5 shows the experimental set
up and typical failure pattern observed during the test.



36 Journal of Bamboo and Rattan

Plate 1 (c). Buckling at the node at either end of the specimen
Plate 1. Typical failure patierns observed

Table 6 and Table 7 give the results of the test carried out on single and double bamboo
columns. A cursory glance indicates that none of the columns reached the Euler’s
critical load. It may be important to highlight here that classical buckling is a sudden
failure phenomenon. This was not the case in the present investigation; the dolumn
gave clear indication of failures before reaching the ultimate loads. A careful
observation of the failure pattern indicates that the failure was rather local in nature
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Table 3. Summary of compression lest results

S1. Specimen type Compressive Average Modulus of Average modulus of
No. - strength  compressive elasticity elasticity
(N/mm?*)  strength (N/mm?) (N/mm?)
_ T (N'mm?)
1 Hollow 4293 . 337 29594 18419
2 specimens - ILFT 10199
3 2345 26017
4 38.66 18944
5 . 30.88 13955
Standard deviation 7.48 - 8087
COV (%) 0.22 0.41
I Node at 28.60 30.2 20042 20968
2 either end 30.34 23049
3 26.89 23067
4 37.68 16777
5 36.01 24057
Standard deviation  6.49 : 2991
COV (%) 0.21 0.14
1 Node in 30.83 44.5 32075 27644
2 between 47.96 35781 '
3 42.92 21265
4 45.67 34998
5 55.34 27352
Standard deviation  8.95 6033
COV (%) 0,20 0.20

Shear arey

Plate 2. Experimental setup of shear test

by way of splitting and splitting at bolted joints (in case of double column), Probably
the excessive bending of the specimen caused these. Perhaps this is due to the inherent
eccentricity of loading or the inherent asymmetry of the bamboo specimen.
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Figure 2. Stress strain relationship of the specimens

Table 4. Summary of shear test results

sl Specimen Load Sheararea  Shear strength Average shear
No. Number (kN) nim? N/mm? strength N/mm?
1 A 8.0 1200 6.67 7.76
B 10.9 1128 8.86
2 A 10.0 1012 9.88 10.26
B 11.5 1612 11.36
3 A 10.0 1600 6.25 6.40
B 10.5 1600 6.56 .
4 A a5 1728 5.49 4,97
‘B 8.0 1800 4.44
5 A 10.2 990 10.30 11.14
B 12.4 1034 11,99
6 A 10.0 1620 6.79 §.72
B. 115 1728 6.65 .
AVG. 7.87
Standard deviation 2.38
COV (%) 0.30
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ACCELIROMETER

Plate 4(a) Bamboo culms housed in Plate 4(b) Accelerometer mounted on bamboo

Table 5. Results of free vibration test

Sk Fundamental natural Modulus of elasticity (N/mm?)
No. frequency (Rad/Sec) Combined Compression Tension
modulus modulus modulus
1 110.27 20213.45 22343.67 18374.07
118.50
109.26
111.52
2 11:7.25 2332540 22343.67 24373.45
120.01
121.46
123.92
3 133.25 24632.50 22343.67 27292.03
119.56
122,30

125.06
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Figure 5. Vibration response obtained from the tip of the specimen

Plate 5 (c¢) Deflection observed

Plate 5(d) Specimen after the release of the load
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Table 6. Test results of single bamboo columns

SL . i Area L. P P (4] Remarks -

ult

No. (mm) (mm) (mm?) {mm?) (kIL\rI) (kN) (MPa)

1 8345 3938 425152 2262487.02 79.74 36.62 8.61 Splitting, local buckling
2 7634 4058 3283.79 153405221 54.07 30.34 9.23 Splitting, local shear and

buckling
3 81.67 3094 4041.55 20698095 7295 3160 854  Local buckling and
splitting
Average 8.79
Standard deviation (.38
COV (%) 0.04

Where, | — outer diameter of the column (mm), , - inner diameter of the column (mm),

2
okl
I__- moment of inertia (mm*), £.= 12 - Euler’s buckling load (kN)
ol

Where, E—Modulus of elasticity in compression (MPa), L o — Effective length of the column

(m), £, - Ultimate load (KN),0— Compressive strength of bamboo column (MPa)

Table 7. Test re§u1ts of double bamboo columns

SL e bi Area 1. p P g Remarks

mia cr

ult
No. (mm) (mm) (mm?) {mm*) (kN) (kN) (N/mm?) )
1 69.06 54.32 4164.66 1455991.60 5132 5436 11.57 Local buckling, crack

68.64 50.64 near the joints
2 49.66 3744 261662 809752.34 2854 4045 1232 Local shear,
6490 48.12 local buckling

3 80.04 40.15 5279.55 397447895 14.00 25.28 7.56  Local buckling, crack
near the joints

82.24 4236
4 73.02 3742 6690.12 315524206 11.12 29.07 9.45  Crack near the bolts,
80.34 44720 local buckling

5 6651 30.28 6256.16 1494577.33 52.68 4930 10.01 Local buckling, local
59.67 31381 deformation, crack
at the joint
6 6895 5412 343999 1573085.12 5544 39.19  8.02 Local buckling, cracks
68.33 4480 near the joints
Average 9.82
Standard deviation 1.88
COV (%) 0.19
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Figure 6. Load v/s deflection curve

Plate 6 (a) Single bamboo column Plate 6 (b} Double bamboo column

Plate 6. Experimental setap of full scale column testing
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Plate 7 (a). Single bamboo column
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Plate. 7. Lateral deflection observed during full scale column testing

Plate 7(b). Double bamboo column
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Figure 10. Stress v/s slenderness ratio of coloumns tested
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The average ratio of P, and P, is an indication of the size effect of the specimen.

An attempt has been made to plot a curve of stress v/s slenderness ratio, in an effort to
identify whether the failure was close to buckling loads. Figure 10 shows the plot of
stress v/s 1/ r . The bold line is the curve generated from Euler’s formula. The
points in the 1 /r . region of the 75'to175 are from the test on the columns. The
points corresponding to 1 /v lesser than 25 is from the test carried out on compression
tests results the 3 types of specimens. It can be seen that storey high column tests

specimen fall in the long column range.

It is clear that there is a need to test ‘intermediate’ column specimen as well. Also the
experimental points are well within the upper band of the Euler’s curve. Clearly, this
indicates that failure of the long column (or even the short column) is mainly due to
local effects such as splitting, local shearing, local deformation or even local buckling.
There is a need to investigate this further. '
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