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Abstract

This paper presents an investigation on the mechanical properties of two bamboo species,Baanbasa Pervariabilis (or
Kao Jue) andPhyllostachys Pubescens (or Mao Jue), which are commonly used in access scaffoldings in the South East Asia, in
particular, in Hong Kong and the Southern China. A pilot study was carried out to examine the variation of compressive strength
against various physical properties along the length of bamboo culms for both bamboo species. Moreover, systematic test series
with a large number of compression and bending tests were executed to establish characteristic values of both the strengths and
the Young’s moduli of each bamboo species for limit state structural design. It is shown that both Kao Jue and Mao Jue are good
constructional materials with excellent mechanical properties against compression and bending. With a suitable choice of partial
safety factors, structural engineers are able to design bamboo structures at a known level of confidence against failure.

Structural engineers are thus encouraged to take the advantage offered by bamboo to build light and strong structures to achieve
enhanced economy and buildability. The effective use of structural bamboo as a substitute to structural timber will mitigate the
pressures on the ever-shrinking natural forests in developing countries, and thus, facilitate the conservation of the global environment.
0 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction boo in the world. Many of them have been used tra-
ditionally as structural members in low-rise houses, short
Timber is regarded as a good natural constructional span foot bridges, long span roofs and construction plat-
material, and probably, one of the oldest known forms in countries with plentiful bamboo resources.
materials used in construction. A number of design rec- Studies have shown bamboo to be an ideal and safe
ommendations [1-3] on structural timber are available, structural material for many construction applications. In
and traditionally, most of them employ permissible stress general, it is believed that the mechanical properties of
design. In a modern structural timber code [4], ultimate hamboo are likely to be at least similar, if not superior,
limit state design philosophy is adopted and structural to those of structural timber. Furthermore, as bamboo
adequacy is assessed with characteristic values of bothyrows very fast and usually takes 3-6 years to harvest,
loading and resistance using appropriate partial safetygepending on the species and the plantation, there is a
factors. Among many physical properties that affect the growing global interest in developing bamboo as a sub-
strength characteristics of structural timber, moisture ggjyyte of structural timber in construction. The effective
content, density, slope of grain and defects are con-se of structural bamboo will mitigate the pressures on

sideredbas the mtht importalnt ones. | al dthe ever-shrinking natural forests in developing coun-
Bamboo Is another natural constructional material and o anq thus, facilitate the conservation of the global

there are over 1500 different botanical species of bam'environment. However, a major constraint to the devel-

opment of structural bamboo as a modern construction
material is the lack of design standards on both mechan-
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Nomenclature

Yim is a partial safety factor for material strength.

An, Zn, | are measured cross-sectional area, section modulus and second moment of area, respectively,
Fies» Faesign @€ measured and design compressive force, respectively,

Miest; Mgesign @€ measured and design moment, respectively,

fer, foq @re characteristic and design compressive strengths, respectively,

for, foq @re characteristic and design bending strengths, respectively,

E.q Enq &e average Young's moduli under compression and bending, respectively,

V., W, are model factors for compression test and bending test, respectively, and

1.1. Bamboo scaffoldings

Bamboo scaffoldings have been used in building con-
struction in China for over a few thousand years. It is
believed among Chinese that the first bamboo scaffold-
ing was built some 5000 years ago while the basic fram-
ing systems and the erection methods were established
through practice about 2000 years ago. In Hong Kong
and other parts of the Southern China, bamboo scaffold-
ings are ones of the few traditional building systems
which survive by self-improvement through practical
experiences of scaffolding practitioners over gener-
ations. Nowadays, in spite of open competition with
many metal scaffolding systems imported al over the
world, bamboo scaffoldings remain to be one of the most
preferred access scaffolding systems in building con-
struction in Hong Kong and the neighbouring aress.

Bamboo scaffoldings are mainly built to provide
workers access to different exposed locations to facilitate
various construction and maintenance activities. Owing
to their high adaptability and low construction cost, bam-
boo scaffoldings can be constructed in any layout to fol-
low irregular architectural features of a building within
a comparatively short period of time. Besides widely
erected on construction sites, they are also used in sign-
age erection, decoration work, demolition work and
civil work.

Fig. 1 illustrates the typica application of bamboo
scaffoldings in Hong Kong as a double layered bamboo
access scaffoldings with safe working platforms for
heavy duty work such as masonry work and installation
of curtain walls. Primary vertical members, or posts, are
typicaly placed 1.8-3 m apart with two to three second-
ary vertica members, or standards, in between while
horizontal members, or ledgers, are placed 0.6-0.75 m
apart. It is very important to provide sufficient lateral
supports to the posts at regular intervals for structural
adequacy of the bamboo scaffoldings. Moreover, diag-
ona members are also provided to form triangulated
frameworks in order to increase the overall stability of
the scaffoldings. Bamboo or plastic strips are used to
form connections between the vertical and the horizon-
tal members.

Typical usage of bamboo scaffoldings is widely
reported to the community of structural engineers [5],
and two complementary design guides [6,7] on erection
and design of bamboo scaffoldings are compiled for the
building construction industry in the South East Asia, in
particular, Hong Kong. Moreover, industrial guides on
safety of bamboo scaffolding are also available [8-10].

2. Recent research in structural bamboo

Structural bamboo have been used traditionaly in
China, Philippines, India, and Latin America for many
hundred of years, but little research was reported in the
past. Recent scientific investigations on bamboo as a
construction material were reported by Au et a. in Hong
Kong in 1978 [11] and also by Janssen in Holland in
1981 [12]. A large amount of data of the mechanical
properties for various bamboo species all over the world
were reported in 1991 [13]; however, only typical ranges
of values were provided. More recently, a study was
reported in the literature [14] where bamboo was classi-
fied asa smart natural composite material with optimized
distribution of fibers and matrices, not just across cross
sections but also along member lengths, in resisting
environmental loads in nature.

A series of experimental studies on structural bamboo
were reported by Arce-Villalobosin 1993 [15] and prac-
tical connection details for bamboo trusses and frames
were also proposed and tested. Moreover, a recent study
[16] on the traditional design and construction of bam-
boo in low-rise housing in Latin America is also avail-
able, and innovative applications of bamboo [17] in
building construction in India is also reported. Further-
more, a theoretical study using advanced finite element
analysis of one element per member was reported by
Chan [18,19] to assess the load carrying capacities of
bamboo scaffoldings. Moreover, a full-scale bamboo
scaffolding was built in a construction site and tested to
failure, providing data for calibration of the finite
element model. Due to the slenderness of bamboo culms,
it was recommended that non-linear analysis was often
required to predict the buckling behaviour of bamboo
scaffoldings accurately.
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Fig. 1. Bamboo scaffoldings in Hong Kong. (a) Typica construction. (b) Diagrammatic illustration.

3. Scope of work

As natural non-homogenous organic materials, large
variations of physical properties along the length of bam-
boo culms are apparent: external and internal diameters,
dry density and moisture content. While engineers aso
expect variations in the mechanical properties of bam-
boo, they tend to accept that the mechanical properties
of bamboo are likely to be more consistent when com-
pared with those of concrete, probably similar to struc-
tura timber. Consequently, the project aims to establish
characteristic values of the mechanical properties of two
bamboo species, namely, Bambusa Pervariabilis (or Kao
Jue) and Phyllostachys Pubescens (or Mao Jue), which
are commonly used in Hong Kong and the Southern
China in bamboo scaffoldings. The project [20,21] may
be divided into the following parts of investigation:

Part | Pilot study
A pilot study isfirst carried out to examine the vari-
ation of compressive strength against a number of
physical properties along the length of bamboo
culms of both bamboo species.
Part Il Systematic tests
A number of test series are then carried out to gener-
ate test data on the compressive and the bending
strengths together with associated Young's moduli
of both bamboo species. In each test series, a large
number of compression and bending tests on bam-
boo culms are carried out over a wide range of

physical properties against natural occurrence. Stat-
istical analysis on the test data is then performed to
establish the characteristic values of the mechanical
properties of both bamboo species for limit state
structural design.

The project forms part of a research and development
programme to promote the effective use of structural
bamboo in building construction. The programme aims
to generate scientific design rules and data for the re-
engineering of bamboo scaffoldings into modern green
structures of high buildability through scientific investi-
gation and technology transfer. Other aspects of bamboo
scaffoldings such as column buckling and connections
will be reported separately.

4. Pilot study

The primary physical properties of bamboo culms are;
External diameter, D,

Wall thickness, t, (and cross-sectional area, A)

Dry density, p, and
Moisture content, m.c.

Some of these physical parameters vary significantly
along the length of bamboo culms, depending on the
species. For structural application, it is important to
establish safe mechanical properties of the bamboo
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culms, and aso reliable co-relation between their physi-
cal and mechanical properties.

A preliminary study was carried out to examine the
variation of the compressive strengths of both Kao Jue
and Mao Jue along the length of bamboo culms against
al the primary physical properties. For each species,
three dry bamboo culms were tested, and al of them
were mature with an age of at least 3 years old with no
visual defect. The test specimens were prepared as fol-
lows:

e A [ength of 750 mm from both the top and the bottom
ends of each bamboo culm was discarded.

e A number of test specimens were cut out from the
bamboo culms at regular intervals, each marked with
a label indicating its position from the bottom of the
bamboo culm.

® The length of each test specimen was about twice the
external diameter of the bamboo culms, but not larger
than 150 mm.

All the physical properties of the test specimens were
measured before and after the compression tests as

appropriate.
4.1. Test procedure

Fig. 2 illustrates the genera set-up of the compression
tests, and both the applied loads and the axia shortening
of the test specimens were measured during the tests.
Details of the compression tests may be found in [22,23]
while the data analysis procedure for compressive
strength and Young's modulus is given in Appendix A.

4.2. Test results

Two failure modes, namely End bearing and Splitting,
were identified, as shown in Fig. 2. It was found that
most specimens failed in End Bearing, especialy in
those specimens with high moisture contents. As the
moisture content decreased, cracks aong fibers were
often induced and caused Splitting. Typical load deflec-
tion curves of test specimens associated with both failure
modes are also presented in Fig. 2.

After data analysis, Fig. 3 presents the variations of
the physical properties along the length of the bamboo
culms for both Kao Jue and Mao Jue. The failure loads,
the ultimate compressive strengths and also the Young's
modulus against compression are presented in Fig. 4.

4.3. Discussion on physical properties

(a) Kao Jue
In general, the physical properties of all three culms
are found to be very similar among each other. It is
shown that while the external diameter is fair uni-

(a)

[—— Splitting Failure

150 | ——End Bearing Failure

100

Applied Load (kN)

50

0 2 4 6 8 10
Axial shortening (mm)

(b)

(c) (d)

Fig. 2. Compression test. (a) General test set-up. (b) Load deflection
curves, (c) Typical failure mode—end bearing. (d) Typical failure
mode—splitting.

form over the length of the bamboo culms with a
typical value of 45 mm, the wall thickness varies
from 8 mm at the bottom to 4 mm at the top of the
culm. Consequently, the average cross-sectional area
is 750 mm? with a variation of 250 mm? along the
whole member length. However, both the dry den-
sity and the moisture content are fairly uniform with
avalue of 700 kg/m? and 12.5%, respectively along
the whole member length.
(b) Mao Jue

On the contrary to Kao Jue, the physical properties
of the three culms of Mao Jue are found to be sig-
nificantly different among each other. From the bot-
tom to the top of the culms, the external diameter is
typically reduced from 80 mm to 50 mm. Moreover,
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Fig. 4. Variation of mechanical properties along length of bamboo culms.

the wall thickness varies from 10 mm at the bottom
to 6 mm at the top of the culms. Consequently, the
average cross-sectiona area is found to be 1750
mm? with a large variation of 1000 mm? along the
whole member length. However, it is important to
note that the dry density is somehow uniform with

an average value of 700 kg/m® and a variation of
100 kg/m® along the whole member length. More-
over, large variation in the moisture content along
the member length is aso apparent, ranging from
40% at the bottom to 20% at the top of the culms.
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4.4. Discussion on mechanical properties

(a) Kao Jue

The compression capacity is found to be at its
maximum of about 60 kN at the bottom of the culm
which is reduced steadily to about 30 kN at the top.
After dividing with the cross-sectiona areas, the
compressive strength is found to vary from 60 to 80
N/mm? along the whole culm length. However, large
variation in the Young's modulus against com-
pression is apparent, scattering between 4 and 12
kN/mm? along the whole culm length.

(b) Mao Jue

Contrary to the physical properties, the mechanical
properties of the three culms are found to be broadly
similar. From the bottom to the top of the culms, the
compression capacity is reduced steadily from 100
kN at the bottom of the culms to 50 kN at the top.
After dividing with the cross-sectiona areas, the
compressive strength is found to be 50 N/mm? at the
bottom of the culms which increases steadily to 70
N/mm? at the top. The Young's modulus against
compression is found to vary steadily from 5 to 10
kN/mm? from the bottom to the top of the culms.

Consequently, it is shown that despite of the large vari-
ations in external diameter, wall thickness and dry den-
sity, representative values of mechanical properties may
be obtained for both Kao Jue and Mao Jue. Among all
the physical properties, it is found that moisture content
is the most important one in governing the mechanical
properties of the bamboo. Moreover, it may be accept-
able to assume that all physical and mechanical proper-
ties are broadly constant along the culm lengths in Kao
Jue. However, both the physical and the mechanical
properties vary significantly along the culm lengths in
Mao Jue, and thus, the non-uniformity should be incor-
porated when assessing their structural behaviour.

5. Systematic tests

In order to establish characteristic values of the com-
pressive and the bending strengths together with associa-
ted Young's moduli of each bamboo species, a set of
systematic test series, or a qualification test programme,
was executed. In each test programme, a large number
of compression and bending tests on bamboo specimens
were carried out over a wide range of moisture contents
as follows:

(a) Normal tests. The tests aimed to measure the com-
pressive and the bending strengths of the test speci-
mens in normal supply condition, i.e. Green (G0) and
Green+3 months (G3). For each member position, six
specimens were tested.

(b) Wet tests. The tests aimed to measure the com-
pressive and the bending strengths of the test speci-
mens with high moisture contents. For each member
position, two specimens were immersed under water
over different time periods.

(c) Dry tests. The tests aimed to measure the com-
pressive and the bending strengths of the test speci-
mens with low moisture contents. For each member
position, two specimens were dried in oven at 105°C
over different time periods.

The designation system for the test specimens is defined
as follows:

Normal Tests—  Wet tests—W Dry tests—D
G0/G3

A A A

[B]X{l,2,3,4,5,6} [B]V\/{a,b,c,d,e,f,g,h,i}{;} [B]D{a,b,c,d,e,f,g,h,i}{i}
C C C

No. of tests No. of tests No. of tests

= 3x6x2 =3x9x2 =3x9x2

=36 =54 =54

where the time periods a to i are defined as follows:
a b c d e f g h i
1h 2h 4h 8h 12h1d 2d 3d 7d
h=hour(s); d=day(s)

In general, the test specimens were selected and pre-
pared as follows:

e All bamboo culms were about 6 m in length and of
3-6 years of age. They were air dry for at least 3
months before testing.

e A length of 750 mm from both the top and the bottom
ends of the bamboo culms was discarded.

® Three specimens were cut out from the top, the
middle and the bottom positions of the culm and
marked with the letters A, B, and C respectively.

® The length of each specimen was about 1200 mm
with acceptable out-of-straightness under visual
inspection. The external diameters at the top and the
bottom ends did not differ by more than 25 mm.

6. Test procedures

Two tests were carried out in the qualification test pro-
grammes as follows:

¢ Bending Tests
Each bending test specimen was supported over a
clear span of 1000 mm. The specimens were tested
under single point load at mid-span until failure as
shown in Fig. 5.

® Compression Tests
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Fig. 5. Bending test. (a) Genera test set-up. (b) Load deflection
curves. (c) Typica faillure mode—loca crushing. (d) Typical falure
mode—splitting.

After each bending test, two compression test speci-
mens were taken from the bending test specimen.
The height of the compression test specimens was
at least two times the externa diameter of the bam-
boo culm, but not larger than 150 mm. The speci-
mens were tested under axial compression until fail-
ure as shown in Fig. 2, similar to those compression
tests in the pilot study.

Details of the compression and the bending tests may be
found in [22,23] while the data analysis procedure for
both bending and compressive strengths together with
associated Young's moduli is given in Appendix A. It
should be noted that in bamboo scaffoldings, the hori-
zontal distance between the primary vertical members,
or posts, typicaly ranges from 1800 to 3000 mm. Thus,

the typical distance between points of inflection along a
horizontal member, or aledger, near internal supportsis
taken as 1000 mm. The bending tests are envisaged to
provide data on the flexural behaviour of ledgers over
internal supports under hogging moment.

6.1. Test results

e Compression tests
Two failure modes, namely End bearing and Split-
ting, wereidentified, as shownin Fig. 2. It was found
that most specimens failed in End Bearing,
especialy in those specimens with high moisture
contents. As the moisture content decreased, cracks
along fibers were often induced and caused Splitting.
Typica load deflection curves of test specimens
associated with both failure modes may be found in
Fig. 2; they are similar to those obtained in the
pilot study.
e Bending tests

Two failure modes, namely, Splitting and Local
crushing were identified, as shown in Fig. 5. Most
specimens were found to be failed in Splitting,
especialy for those specimens with low moisture
contents. For test specimens with high moisture con-
tents, the specimens collapsed under combined
bending and patch load, leading to Local crushing.
Typical load deflection curves of test specimens
associated with both failure modes may be found in
Fig. 5.

A number of qualification test programmes [13,14] for
both Kao Jue and Mao Jue have been executed for differ-
ent batches of bamboo samples. Statistical analysis on
all the test data was carried out to establish the character-
istic values of the mechanical properties of the bamboo
species for limit state structural design. Tables 1 and 2
summarizes the ranges of the measured mechanical
properties obtained from the qualification test pro-
grammes. Moreover, the ranges of the physical proper-
ties covered in al the tests are also presented.

Based on a total of 364 compression tests and 91
bending tests, the variations of the compressive strength,
f., and the bending strength, f,,, of Kao Jue against moist-
ure contents are presented in Fig. 6(a) and (b), respect-
ively. Similarly, based on a total of 213 compression
tests and 128 bending tests, the variations of the com-
pressive strength, f., and the bending strength, f,, of Mao
Jue against moisture contents are presented in Fig. 7(a)
and (b), respectively. The Young's moduli under com-
pression and bending for both Kao Jue and Mao Jue are
plotted in Figs. 8 and 9 respectively.

It should be noted that

o Kao Jue
Both the compressive and the bending strengths are
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Table 1
Summary of physical and mechanical properties of Bambusa pervariabilis (Kao Jue)

Nos. Range Maximum Minimum Average Standard Characteristic

deviation vaue at fifth
percentile

Externa diameter D (mm) 364 All specimens 57.6 239 40.7 5.9 311
Internal diameter d (mm) 364 All specimens  45.2 17.3 304 45 231
Wall thickness t (mm) 364 All specimens  10.7 29 52 14 29
Cross-sectional area A (mm?) 364 All specimens 1375 213 589 207 -
Second moment area | (mm?) 364 All specimens  37.3x10* 1.16x10* 10.4x10* 6.01x10* -
Dry density p (kg/mq) 364 All specimens 1731.6 522.0 708.8 87.02 -
Moisture content m.c. (%) 103 m.c.<5% 5.0 0.2 1.8 14 -

136 m.c.=5-20% 19.3 54 134 23 -

125 m.c.>20% 110.8 20.2 44.3 221 -
Compressive strength f. (N/mm?) 103 m.c.<5% 154 73 103 15 79

136 m.c.=5-20% 99 44 69 12 43

125 m.c.>20% 75 35 48 8 35
Young's modulus E. (kN/mm?) 70 m.c.<5% 15.8 49 10.3 2.4 -

100 m.c.=5-20% 16.1 25 9.3 29 -

90 m.c.>20% 14.2 2.2 6.8 22 -
Bending strength f, (N/mm?) 21 m.c.<5% 144 84 109 17 80

53 m.c.=5-20% 118 438 82 17 54

17 m.c.>20% 66 37 52 9 37
Young's modulus E, (kN/mm?) 21 m.c.<5% 353 14.3 220 5.0 -

53 m.c.=5-20% 39.3 110 185 43 -

17 m.c.>20% 285 11.0 16.4 4.7 -
Table 2
Summary of physical and mechanical properties of Phyllostachya Pubescens (Mao Jue)

Nos. Range Maximum Minimum Average Standard Characteristic

deviation value at fifth
percentile

External diameter D (mm) 213 All specimens 954 394 68.6 11.6 495
Internal diameter d (mm) 213 All specimens  74.2 27.6 54.5 9.6 38.7
Wall thickness t (mm) 213 All specimens  11.0 47 7.1 13 5.0
Cross-sectional area A (mm?) 213 All specimens 2831 578 1397 468 -
Second moment area | (mm?) 213 All specimens  258x10* 9.00x10* 76.1x10% 9.32x10* -
Dry density p (kg/md) 213 All specimens 1286.5 463.5 793.9 108.3 -
Moisture content m.c. (%) 9 m.c.<5% 30 0.9 15 0.7 -

41 m.c.=5-30% 29.6 6.5 18.3 7.8 -

163 m.c.>30% 59.1 30.1 434 7.0 -
Compressive strength f. (N/mm?) 9 m.c.<5% 152 122 134 10 117

41 m.c.=5-30% 114 438 75 18 46

163 m.c.>30% 8l 37 57 8 a4
Young's modulus E, (kN/mm?) 9 m.c.<5% 11.7 38 9.4 21 -

41 m.c.=5-30% 11.0 3.6 7.8 1.9 -

163 m.c.>30% 9.7 22 6.4 12 -
Bending strength f, (N/mm?) 15 m.c.<5% 124 56 85 21 51

32 m.c.=5-30% 50 132 88 19 56

81 m.c.>30% 118 49 76 13 55
Young's modulus E, (kN/mm?) 15 m.c.<5% 19.7 10.3 13.2 24 -

32 m.c.=5-30% 18.2 7.1 114 28 -

81 m.c.>30% 16.4 54 9.6 20 -

about 80 N/mm? in dry condition, i.e. m.c.<5%. In
wet condition, i.e. m.c.>20%, both strengths are
reduced roughly by half to 35 N/mm?2,

The average Young's moduli against compression
and bending are 10.3 and 22.0 kN/mm?, respectively

® Mao Jue

in dry condition, and they are reduced roughly by
one-third to 6.8 and 16.4 kN/mm? in wet conditions.

The compressive strength is 117 N/mm? in dry con-
dition, i.e. m.c.<5%. However, in wet condition, i.e.
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m.c.>30%, the strength is reduced roughly to one-
third of its original value to 44 N/mm?2. The bending
strength may be taken at 50 N/mm?, irrespective to
the moisture content.

The average Young's moduli against compression
and bending are 9.4 and 13.2 kN/mm?, respectively
in dry condition, and they are roughly reduced by
one-third to 6.4 and 9.6 kN/mm?, respectively in
wet conditions.

7. Design data and design rules

In order to provide simple and effective design data,
statistical analysis is carried out over three different
ranges of moisture contents (m.c.) as shown in the
pilot study:

Kap Jue

(a8 m.c.<5%, (b) m.c.=5~20%, and (c) m.c.>20%.

Mao Jue
(a8 m.c.<5%, (b) m.c.=5~30%, and (c) m.c.>30%.

Table 3 summarizes the proposed characteristic com-
pression and bending strengths at fifth percentile values
together with associated average Young's moduli. The
material partial safety factor for bamboo, ¥, is proposed
to be 1.5. It should be noted that the characteristic values
of the mechanical properties of both Kao Jue and Mao
Jue are shown to be superior to common structural tim-
ber, and probably also to concrete.

Simple design rules for both compression and bending
capacities of Kao Jue and Mao Jue are proposed as fol-
lows:

e Compression capacity: Fesgn = fea X Am
e Bending capacity: Maesign = foa X Zm.

Table 3

In order to assess the structural adequacy of the design
rules, model factors v are established which are defined
as follows:

e Compression capacity: _ Frex
l//c Fdeﬂ‘gn
_ Mtest
b_Mdesign.

® Bending capacity:

For the qualification test programmes, Figs. 10 and 11
plot the model factors of the design rules for both com-
pression and bending capacities against moisture con-
tents for both Kao Jue and Mao Jue respectively. The
average model factors for compression are found to be
1.98 and 2.04 for Kao Jue and Mao Jue, respectively
while the average model factors for bending are found to
be 2.18 and 2.40 for Kao Jue and Mao Jue, respectively.
Consequently, the proposed design rules are shown to
be adequate over a wide range of physica properties.
It should aso be noted that the model factors of the
design rule for compression capacity against the position
along the length of bamboo culms are presented in Fig.
4 for both Kao Jue and Mao Jue. The average model
factors for compression are found to be 1.83 and 2.13
for Kao Jue and Mao Jue, respectively. Consequently,
the proposed design rules are also shown to be adequate
at any cross section along the length of bamboo culms.

8. Practical considerations

For structural design of bamboo scaffoldings in prac-
tice, the following should be noted:

(a) Moisture content
In general, the moisture contents at normal supply
condition, i.e. air dry for three months after harvest,
or G3, may be used to determine the design strengths

Proposed mechanical properties® for Bambusa pervariabilis (Kao Jue) and Phyllostachya pubescens (Mao Jue)

. Characteristic strength (at fifth
Bamboo species

Design strength (y,=1.5)

Design Young's modulus (Average

percentile) value)
Dry Wet Dry Wet Dry Wet
?lf‘;!bﬁ) pervariabilis - vession 1., (N/mm?) 79 35 f.q (N/mm?) 52 23 E.. (kN/mm?) 103 68
Bending for (N/mm2) 80 37 foq (N'mm?) 54 24 Epq (KN/mm?) 220 16.4
Phyllostachya . 5 . 5
pubescens (Mao Jue) Compression f, (N/mm?) 117 a4 fea (N/mm?) 78 29 E.q (kN/mm?) 9.4 6.4
Bending fox (N/mm?) 51 55 foq (N/Mmm2) 34 36 Epq (KN/mm?) 132 9.6

a Dry condition m.c.<<5% for both Kao Jue and Mao Jue. Wet condition m.c.>20% for Kao Jue, and m.c.>30% for Mao Jue. Linear interpolation
is permitted for mechanical properties with moisture contents between dry and wet conditions.
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Fig. 10. Variation of model factors of Kao Jue against moisture content.
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Fig. 11. Variation of model factors of Mao Jue against moisture content.

of exposed bamboo scaffoldings in dry seasons.
Typical moisture contents for both Kao Jue and Mao
Jue at G3 are found to be 12.5% and 25%, respect-
ively. For exposed bamboo scaffoldings with an
intended life of usage over wet reasons, a conserva
tive approach should be taken and all the mechanical
properties should be evaluated at high moisture con-
tents.
(b) Wall thickness of bamboo
It is necessary to provide the wall thicknesses of
both Kao Jue and Mao Jue for structural design.
Based on the data obtained in the present study, it
is reasonable to adopt 5 and 7 mm as the nominal
wall thicknesses of Kao Jue and Mao Jue respect-
ively in the absence of measured data.
(c) Partia safety factors
For ultimate limit state design, a material factor of
1.5 should be used in general. However, the material
factor may be reduced to 1.25 for those bamboo
culms supplied under proper quality control. More-
over, it is recommended that the partial safe factor
for construction load should be 2.0 in general. How-
ever, for construction sites with proper management
and supervision on bamboo scaffoldings, the load
factor may be reduced to 1.6 as appropriate. With
a suitable choice of partial safety factors, structural
engineers are thus able to design bamboo scaffold-
ings at a known level of confidence against failure.
(d) Column buckling

Due to the slenderness of the bamboo culms, column
buckling is aways critical in bamboo scaffoldings,
especially in compression members with few lateral
restraints. Furthermore, it is also important to incor-
porate the non-uniformity of flexural rigidity along
the culm length as both the cross-sectional area and
the Y oung's modulus vary significantly from the top
to the bottom of a bamboo culm.

(e) Connections

In practice, all connections in bamboo scaffoldings
are currently made up with plastic strips by hands,
and they are considered as simple connections in
design. Obviously, both the strength and the stiffness
of the connections depend primarily on the work-
manship of scaffolding practitioners. It is important
to ensure that all the connections in bamboo scaf-
foldings are strong and reliable in both dry and wet
conditions over prolonged periods.

9. Conclusions

A pilot study on two bamboo species was carried out
to examine the variation of compressive strengths along
the culm lengths. It was found that despite of large vari-
ations in external diameter, wall thickness and dry den-
Sity, representative values of mechanical properties were
obtained through systemic testing. Among al the physi-
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cal properties, moisture content is found to be the most
important one in governing the mechanical properties of
bamboo. Furthermore, it may be acceptable to assume
that all physical and mechanical properties are broadly
constant along the culm lengths in Kao Jue. However,
both the physical and the mechanical propertiesvary sig-
nificantly along the culm lengths in Mao Jue, and thus,
the non-uniformity should be incorporated when
assessing their structural behaviour.

Moreover, a number of qualification test programmes
were also executed to generate characteristic values of
the mechanical properties of bamboo for limit state
structural design. It was demonstrated that the character-
istic values of the mechanical properties of the bamboo
were superior to common structural timber. In order to
qualify any bamboo species as a structural bamboo,
qualification test programmes should be conducted to
establish its mechanical properties.

Practical design data and simple design rules for com-
pression and bending capacities are presented, and
appropriate partial safety factors are also suggested.
Structural engineers are thus encouraged to take the
advantage offered by bamboo to build light and strong
structures to achieve enhanced economy and build-
ability. The effective use of structural bamboo as a sub-
stitute to structural timber will mitigate the pressures on
the ever-shrinking natural forests in developing coun-
tries, and thus, facilitate the conservation of the global
environment.
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Appendix A. Data analysis for compression tests
and bending tests
A.l. Compression tests

The compressive strength is given by

f:Ftﬁ
© Ay

while the Y oung’s modulus in compression, E,, is given
by the initial slope of the load—deflection curve as fol-
lows:

P_EA.
A L

A.2. Bending tests

The bending strength is given by

_ Miest
fo= Z

while the Young's modulus in bending, E,, is given by
the initial slope of the load—deflection curve as follows:

P Eln
INRAE

where y=deflection coefficient which is equa to 48 for
prismatic members, and equals 45 to 70 for Kao Jue and
Mao Jue with non-uniform cross-sections along member
length, depending on the ratios of the second moment
of area at the top and the bottom of the member.
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