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Fundamentals of the Design of Bamboo Structures

Summary

Summary
This thesis presents the results of the theoretical and experimental analysig of bamboo culms,

subjected to tensile and compressive loads, or acting as beam columns in framewaorks,
Glucability of bamboo wood phases is included as well. The connection of bamboo culms is
alz0 analyzed and a proposal based on the use of glue is made.

Evaluation and synthesis is made by presenting some general considerations for the structural

design and analysis of bamboo frameworks,

Keywords: Bamboo / mechanical properties / structural design / compression capacity /
tensile capacity / bamboo connections / gluing / structural analysis / bamboo research /

bamboo construction / bamboo testing / bockling /
Cover photo: Test specimen of a bamboo wood glued connection

Samenvatting

Dit proefschrift geeft de resultaten weer van de theoretische en experimentele analyse van
bamboe stammen, onderworpen aan trek en drukbelasting, of gebruikt in raamwerken.

De mogelijkheid van het lijmen van bamboe aan hout is onderzocht, De verbinding van
bamboe stammen is peanalyseerd en een voorstel gebaseerd op het gebruik van lijm is
gemaakt.

Evaluatie en synthese is verkregen door het weergeven van enkele algemene overwegingen

met betrekking tot het constructief ontwerpen en analyscren van bamboe raamwerken.
Trefwoorden: Bamboe/ mechanische eigenschappen / konstruktief ontwerp / drukcapaciteit
/ trekeapaciteit / bamboe verbindingen / lijmen / constructive analyse / bamboe onderzoek /

bamboe bouw / bamboe proeven / knik

Foto voorpagina: Proefstuk van een lijmverbinding tussen bamboe en hout
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Chapter 1: Introduction

Chapter 1: Introduction

11.-Introductory remarks

This thesis reports the results of a four year research project on bamboo s a structural
material carried out at the Eindhoven University of Technology in The Netherlands. This is
of course not the first time such an enterprise has been undertaken. On the contrary, as shall
be seen from some of the bibliographic references accompanying the thesis, the subject of
structural properties of bamboo has been a research matter since the beginning of this ¢century.
Bamboo has atracted people’s attention for centuries, and many publications have been
devoted to the description of the hundreds of applications that mankind has given to this
Gramminae’,

Applications in the field of civil engineering are neither rare nor new. Bridges, panels for
roofing and walling, full or split culms ag carth supporting structures, full culms as beams or
columns, as well as elements for the construction of frames and trusses are among the many
applications described in the literature,

Bamboo grows very easily and yields high productivity levels. Moreover, its cultivation does
not harm the environment, because among other reasons culms can be taken from the plant
from time to ime under a rotational scheme. In this way, the plant itself does not die. Instead,
careful harvesting revitalises ity growing. It can be cultivated in relatively poor soils, helping
to control erosion by water and wind, Tt 15 therefore a renawable resource.

Nevertheless, people have systematically decréased the use of bamboo for construction
purposes. When the author of this thesis asked a Taiwanese expert’, ten years ago, why less
and less bamboo was used in construction in south-east Asia, he answered that it had already
been considered {o be a poor man's material for some time. Indeed, one sees how the peasants
of Thailand have practically abandoned the practice of building with bamboo though the
material is available and handy as well, in spite of the fact that this material vsed to be a

primary construction material all over south-east Asta and Japan. Now, one can observe that

'The grass family.

o1, Wei-chin Lin, head of the Taiwsanese mission for the capacitation of bamboo
craftmen and craftwomen in Limdn, Costa Rica.

1
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as soon as rural people have access to wood or other materials, they change to them, Some
social factors are often put forward as the cause for this shift in artitude, among which is the
fact that other materials give a sort of status Lo their users, while bamboo emphasizes their
position as the poorest members of society.

Social factors are important and they have to be accounted for in the promotion of a product
or material, but it is equally important to look at the causes of human rcactions in the
materials or technologies themselves. What can be observed in the rural areas of soulb-gast
Asia is that people still onky use bamboo as a last resource, on a "better than nothing” basis.
Is there any objeclive reason for this change of attitude ? When people are asked about the
properties of the material for construction purposes, the first problem that is identified by them
is the durability of the culms. Indeed, some field observations and the testimony of people
lead to the conclusion that bamboo rots under some conditions in less than one year. When
complexity of the construction and availability allow, this is not a serious problem, because
replacement is cheap and straightforward. In terms of large-seale housing projects, however,
this creates a long term problem of maintenance, unless effective preservation is put in place.
So far no preservation process is readily available to the rural people, at a reasonable cost and
with a sufficient level of efficiency and security. A very important underlying assumption
in this project is that this problem is being attended to by other researchers in different
parts of the world, and that a solution for this problem will be scon available’.

Ome other major reason for the social neglect of bamboo is the Jack of acceptance by
professionals in the construction field. Engineers and archilccts prefer w work with the
delerminacy of a well-known system or material, supported by solid knowledge of its
properties, backed by the existence of a minimum of code specifications on which they can
hase their judgement and design decisions. Besides these ¢lements, most engineers and
archilects of the third world have a bias in favour of matarials that are traditional ones in the
North, the ones they are taught about. Actually, professionals in the Third world very

frequently suffer from the same problem of social status obscrved among the rural people of

*Research has been undertaken in several places. Construction oriented research is under
way in the Costa Rican Bamboo National Project, see for example, Gonzdlez { 1992 ).

2
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Thailand, In other words, they find it a bit degrading to work with such a ‘rough’ material like
bamboo,

There i3 another group 100, as observed in Latin America, for whom tradition is proof enough,
that tries to promote the use of bamboo based more on 'beliefs’ than on technical and rigorous
knowledge, some times producing a vicious circle of repeated mistakes,

A gimilar problem of "acceptance’ is encountered among researchers in so-called developing
countries, who endlessly repeat the subjects colleagues from the North tackle in their research
projects, refusing to put their talent and intelligence to the solution of their own nation's
problems. In the first place this QCcurS because in doing so, they get far more recognition
among the public and the scientific community.

Another social isspe around bamboo is the gort of target population associated with it

In that respect, Prof. Krijgsman®, a member of the Committee of this thesis, once said to the
author that if one wants t¢ promote the use of a certain system or material among the needy,
one should first demonstrate that it is also acceptable to other [ rich 1 members of 4 society.
The author very much agrees with that. Poor people are poor because of economic problems,
not becavse they lack the incentive to be better. So long as a material is regarded as a "poor
man’s material’ it is condemned to be refused, or to be used only on a very temporary basis.
Tt is the author’s belief that to some extent there is a connection between social and technical
problems relating to the use of bamboo in the field of civil engineering, building and
architecture. Or even more generally, in relation to overall construction purposes. The link is
the lack of a sufficient understanding of the material among professionals and the general
public. As a matter of fact, it is indeed a real difficulty to find consistent, ready-to-use and
complete information in this respect.

One objective fact is a clear reality, resources are becoming more and more scarce, needs are
growing faster than ¢ver, and bambao is available, breaking the soil and reaching towards the
sky, as vital as it has always been, producing a substantial amount of biomass that calls for

our attention. But perhaps more important, bamboo calls for our creativity and scientific

‘Prof.K.J. Krijgsman, Faculty of Building and Aschitecture, Delft University of
Technology, The Netherlands.
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curiogily and ingenuity.

There is information, perhaps not as abundant and well codified as for other materials, that
lells us of the wonderful properties of this material, and in one aspect it is consistent enough
1o spark imagination and admiration. The tensile capacity of bamboo is claimed w be as high
as that of reinforcing steel, Besides that, certain species grow up to 30 m high and gain an
external diameter of 200 mm in one year, with no need for special cultivation care or the like,
The promise of good properties and availability is a powerful reason 1o undertake continued
research into this material.

In this research project, the emphasis is not just on the exploration of the basic mechanical
properties, but an attempt is made to correlate these to the design feasibilides of the material,
The final goal of structural engineering is the design of effective, safe and socially
accepted structures. The final goal of the research reported here is to contribute to the
design of bamboo structures in that same spirit.

Research results are presented in this thests in a manner hopefully consistent with the abave
stated aim. To explain the way in which the research is presented, the reader is referred to
figure 1.1. The process of design ftself, at the bottom of the figure, is founded on a number
of previous steps collectively named the justification process (Addis, 1990). This can e
divided into three different levels in which information about structural systems is gathered
and processed first, as indicated. It is interesting to note that at these three levels the "design
codes’ fwhich most of the time could betler have been called "calculation codes’) are started
and developed, and specifications are given,

The intensity of the design effort during each of the sleps, strongly depends on the level of
development and availability of information and the extent to which it can be regarded as
being consolidated, The researcher, on the other hand, is compelled to start at the level where
information nceds are assessed s not being fulfilled. The more developed a structural system
or material is, the more attention can immediately be paid to the final phase of the design
process,

As stated at the International Bamboo Workshop in Cochin, Kerala, India, 1988 (Anonymous,

1988), in reference to the lack of information in certain areas, attention should be concentrated
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Figure 1.1: Steps/phases in the structural design process as employed in this research.

on " joints with bamboo to facilitate construction; strength properties as affected by specific
applications; development of 3 design code for bamboo; establishment of an engineering data
base to facilitate the yse of bamboo in the construction and building industry..”. All of the
points addressed in this statement of purposes fall within the justification process of design,
in clear recognition of the lack of information at this stage,

In view of this, the major effort, both in terms of time and attention during the development
of the research reporied in this thesis, has been put into the investigation of important points
related to the structural nature of bamboo. Design proposals are based on the analysis of the
results of this research.
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1.2-Thesis organization.

The thesis follows two different semantic approaches. In the body of the thesis iiself, the
major emphasis has been placed upon the description of phenomena and resuits in qualitative
terms, dealing mainly wilh those concepts thal have dirsct consequences for the design
process. Quantitative analysis, both theoretical or experimental, is dealt with in the appendixes.
This sel up is only diverged from when necessary for clarity’s sake.

Chapters 2, 3 and 4 describe actlivitics at the micre level of material properties, dealing with
tensile and compressive strains and stresses, and the glueability of bamboo, as seen in
figurel.2, Related appendixes are A, B, and .

At the micro leve] problems are investigated to help find an explanation for the way bamboo
is able 1o sustain strains and stresses. Tension both perpendicular and parallel to the fibres arc
included, The roles of the matrix and of the fibres are discussed and analyzed. The analysis
of bamboo culms under compressive loading is presented in chapter three and appendix B.
Chapter 4 describes the work camied out on the glueabilily of bamboo wood phases, and the
possibilities of using this approach as a solution to the problem of bamboo connections.
Experimental results on gluing are summarized in appendix C.

A synthesis about design is done at two differcnt instances. Firstly, some considerations are
made at the material element level. Chapter 5 presents a design methodology / proposal for
the connection of bamboo structural components based on gluing. A full description of the
design process is included. The analysis of a glued connection is presented in appendix D.
Secondly, the design process is further considered at the level of the struclure as a whole. In
order to understand the important features of bamboo structures, the results of the investigation
of a few fealures are presented as follows,

Buckling and the calculation of critical loads are included in appendix E, the analysis of

bamboo trusses and frames is described in appendix F. The content of these appendixes

SShear has not been included as a research subject in this thesis, The reader is refcrred
to Janssen, (1981) for a good discussion on this subject.

6
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Figure 1.2: Thesis content description

supports the design considerations in chapter 6. Appendix G contains a description of
statistical analysis of relevant geometri¢ parameters for bamboo cultms. Finally, chapter 7

summarizes the main conclusions, and discusses ideas for further research.

1.3-General remark

Evidently bamboo is a very complex material, and the ¢ulms have a complex geometry. In this
work an effort has been made to account for these complexities in an inclusive manner, but
at the same time to keep modelling and descriptions as simple as possible. Parameters are
included in the resulting proposed formulag so that their effect can be studied, and the
proposed models can be adapted to specific conditions after observation of experiments. The
latter were insufficient in our case due to the lack of sufficicnt experimental material (only

two species could be explored),
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In this sense the proposcd models are meant to indicate possible lines of thinking, rather than
10 be final and conclusive explanations about complex relations bhetween parameters in a
complex material. Models are proposed with the clear intention of motivating extensive
discussions among bamboo scientists and structural designers. It is the author’s hope that such
a broad discussion would allow clarification of the way these results can be used in every
specific circumstance, and that it would encourage the gathering of fundamental data needed
1o validate some of the results described here. In turn it is hoped that in this way, some code
specifications will be agreed upon for bamboo, based on a better undersianding of the

structural properties of the material,

REFERENCES:

1 Addis, W 1990, Structural Engineering: The natwre of theory and design. Ellis
Horwood, London.

2 Anonymous; 1988, Proceedings of the International Bambgo Workshop. Kerala, India,
in the conclugions.
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Chapter 2: Tensile strength of bamboo

2.1.- Introduction

2.1.1-Bibliographic background

One of the more abundant pieces of information gbout the mechanical properties of bamboo
is related to its tensile strength, although often very little account is given on the procedure
followed to measure this quality, nor enough data included in reports or textbooks on the
matter.

In the following section literature is referred 1o, to show the way the approach 1o the smdy
of the tensile capacity of bamboo has evolved over the years. Results are quoted with the
same purpose. Much of the carried ouf research deals with biological aspecis, which are
covered in many good papers. A complete and thorough review of this research is beyond the
scope of this thesis, though reference is made to some of the most comprehensive and
authoritative studies to support the here reported research , but readers with a specific interest
in this ficld are strongly encouraged 1o review the existing literature,

Meyer (1923) reports a first set of results, coming from the testing of several concrete beams
reinforced with bamboo. It is not clear in the paper what the appearance of the reinforcement
was like, or whether full bamboo stems or strips were employed. The tensile strength of
bamboo was calculated by means of formulae similar to those used for steel reinforced
concrete, and a maximum value of 104 N/mm?® is reported for the tensile strength of bamboo.
The botanical species is not mentioned in the paper.

The same anther reports that in a visit to the Upper Yangtze river, the working stress of the
twisted and plaited bamboo ropes used for towing the junks, was calcvlated to be about 70
N/mn¥* but it could be doubled in some cases, These ropes were made of the outer layer of
bamboo culms.

Duff (1941) carried out some tests on the different basic mechanical parameters of baroboo
on Phyllostachys pubescens. It seems that he tested strips taken from the culms, and that were
reinforced at the extremes to avoid damage by the grips. Reinforcing was enlarging the areas
in the support region gluing some extra material. The exact shape of the specimens is not

reported. He studied the variation of the tensile strength according to both the position along
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the culm and the cross-section in the radial direction. The author reports a maximum tensile
strength in the outer layer of 342 Nfmm® and a minimum in the inner layer of 54 N/mm®, He
also found a consistent varialion for the elastic modulus, In relation with the position alang
the culm, this author found that the strength docs not vary much from the base to about half
the full height, but that it increases toward the top where the strength was found to be 30%
to 40% higher, The fensile strength at the nodes was found to be only 80% of the
strength at the internodes. ‘

Ota (1954) reports what seems to he a first attempt to relate mechanical properties to physical
properties or biological factors, He studied the relation between tension at faiture and the
sample moisture content on Phyllostachys edulis and Phyllostachys pubescens. He studied
bamboos from different localities, finding a linear experimental formula to relate lensile
strength 10 moisture content. This same author summarized as well the values of average
density and tensile strength for all the specimens tested, which may allow for comparisons
with other results. Nevertheless, careful judgement is necessary since no detail is given about
the test procedure,

Karamchandani (1959) cxamined the suitability of bamboo as a congtruction material from
& more systematic approach, accounting for a series of engineering factors. In his paper he
reports that the tensile strength for the outer Jayers varies [tom 100 to 335 N/mm? and from
150 o 160 N/mm?® for the inner layers. This is in very poor agreement with the result
reportad by Duff (opus cit), The species tested was Dendrocalamus sirictus.

A more comprehensive study on this matter was undertaken by Cox (1969) on Arundinaria
tecta, From his lilerature review he reports that tensile strength of bamboo depends on age,
physiological variation of individval culms, habitat, liquid content of soil in the habitat, and
"external physical forces”. In the same report it is establshed that (he tensile strength of
individual culms increases from the first node o the middie node and then decreases towards
the Lop, and that specimens from the longest intemodes usually had the largest 1ensile strength
as well. Tn most cases the node was the weakest section. Tt is also reported that the Bamboo
Research Committee for the Bureau of Public Hiphways from Manila stated that ensile

strenglh ingreases with age of the specimen and from the basal to the distal scction of
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individual culms. Besides that, it is reported that in studies both in the United States and in
India it was found that peak values for tensile sirength occurred for specimens three to four
year old. The author performed a set of tests on full culms, with special grips to avoid failure
by crushing in the supports. Rate of loading was controlled to a constant of 7 N/mm*/minute,
and the results were 110 Nfmm? on average for the maximum stress and 18670 N/mm* for

the modulus of elasticity.

s 7 -

= 141 =~— 50

wood support
bamboo strip
wood support

- + :

dimensions in mm

Figure 2.1: Specimen by Atrops.

A detailed description of a specimen for the tensile test is given by Atrops (1969}, as shown
in figure 2.1

The loading rate was set at 20.27 N/mm’*/min, and the test was carried out for both the outer
skin and the inner part of the culm, with results of 290 N/mm® and 153 N/mm® respectively.
No details are given on the studied species .

More recently, McLaughlin (1978) accepted the at the time well-established principle
according to which the mechanical properties of cellulose based materials correlate very well
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with density, and he proved that this was indeed a good approach for bamboo as well by
studying the relation between density and tensile strength for very thin samples of bamboo

tissues. This experimental work was performed on Bambusa vuigaris.

’—7 120 4——|
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Figure 2.2: Specimen by Xiu,

Figure 2.2, shows the specimen used by Xiu-Xin (1985) to study the mechanical properties
of Phylostachys glawca from four different locations in China. His report includes data on
tensile strength, moisture and density, and regressions of tensile stress and age are calculated.
Widjaja and Risyad (1985) studied the relation between anatomical and mechanical properties
for some Indonesian bamboos.

Testing procedures were as recommended in ASTM D143-52, 72, though the type of
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modification and gpecific conditions of the tests are not described.
Soeprayitno et al {1988) carried our an analysis of certain physical and mechanical features
for Gigantochioa pseudoarundinacea from two different localities. Results are summarized

in the following table.

origin av.strength  av.E modulus av.density (kg/m’]
[N/fmm?] [ N/mm?] node i.nod

slope hill 177.9 27631 770 609

valley bottom 149.4 19643 6493 565

Table 2.1 Results from Soeprayitno {opus cit).

Prawirohatmodjo (1988) also studied some Indonesian bamboos, finding average tensile
strengths of 297 N/mm® and 315 N/mm? for green and dry bamboo respectively. There is no
complete description of test procedures in the paper. Species were Bambusa arundinacea,
Bambusa vulgaris, Dendrocalamus asper, Gigantochlog apus, Gigantochloa ater, and
Gigantochloa verticilliara.

Sharma (1%990) reporis on an experiment with the objective of investigating the possibilities
of bamboo as reinforcement for concrete T-beams. He studied Bambusa vulgaris and found
parallel tension strengths of 145 N/mpy® for specimens with nodes, and 200 N/mm® for
internode samples, No details are given on the test procedure or other mechanical aspects.
No reference was found on the tangential strain or stress' capacity of bamboo canes,
though many researchers and users mention the fact that bamboo is cleavage pronc, being onc
of its main advantages when used for handicraft purposes.

This current chapter is dedicated to the description of the tensile characteristics of bamboo,

Experimental observations are described as an appendix (A), and some resulting data are

lin the direction perpendicular to the fibres.
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introduced, 1o establish some reference points of further use in the following chapters.

2.1.2-Anatomical and physice-chemical background :

The properlies of the culm are mainly determined by its anatomical structure. Bagically the
composition at any transverse section is determined by the shape, arrangement, size and
number of vascular bundles.

Vascular bundles consist of the xylem” with one or two smaller protoxylem elements’ and
two Jarge metaxylem vessels® and the phloem?® | It conststs of steve elements and companion
cells and/or parenchyma cells, often with fibres or sclereids {short sclerenchyma cell) with
thin walled, unlignified sieve tubes connected to companion cells. Four major types of
vascular bundles can be differentiated according to Liese (Lisse, 1985),

'The density of vascular bundles increases with height (Grosser; Liese; 1971).

Fibres, that constitute the sclerenchymatous tissue, occur as caps of vascular bundles, but in
some specics also as isolated strands, They contribute 40-50% to the wotal culm tissue (Liese,
opus cit) and 60-70% to the weight. They have a polylamellate wall structore, especially the
outer skin, leading to very high tensile strength. This does not exist in other cell walls of
fibres, nor the tracheids of wood from dicotyledons, which gives bamboo a very high tensile
strength in the direction of the fibres.

From the point of view of the chemistty of bamboo, it can be said that the nodes contain less
waletr soluble exteactives, pentosans ash, and lignin but more cellulose than the internodes

{Liese, opus cit).

*Wascular tissue with the primary function of water transporl and that consists of vessels
and tracheids  and associated parenchyma and fibres.

¥The fitst-formed primary xylem.

“The last-formed primary xylem. that matures after the organ has ceased 1o ¢longate and
has reticulated thickened or pitted walls.

*Tissue with the major function of transporting metabolites, especially sugars, from
sources to sinks.
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According to the same author, the ash content 15 1-3%, the silica content varies .5-4% on
average increasing from bottom to top. Most silica is deposited in the epidermis.

The eellulose amounts to more than 50% of the chemical ¢onstituents. The lignin is the
second most abundant constituent.

Wood normally contains 40-50% cellulose and 20-30% lignin, 10-30% hemicelluloses ¢,
Ceilulose is thoroughly mixed and sometimes covalently linked with lignin.

From the point of view of the physics of the material, it can be said that young one-year old
shoots have a high relative moisture content of about 120-130%". The nodes show a lower
value than the internodes,

The above-mentioned author explains that “shrinkage begins right at the beginning of
seasoning as observed in different studies. It affects both the size and shape of the c¢ross
section. From green condition to about 20% of moisture content shrinkage goes from 4 to
14% in thickness and 3 to 129% in the diameter, but no shrinkage is noticed between 70 to
40%". One wonders about the amount of prestressing that this process creates, which would
be important in correlating small specimen testing to full culm testing, particulary in bending.
The fibres in bamboo culms are confined to the fibre strands and sclerenchyma sheaths of the
vascular bundles.

Thick-walled mature bamboo is specially liable to crack. Collapse is a most serious seasoning
defect. Liese (opus cit) argues that this is due to the fact that the outer fibre bundles are
pressed together while the inner ones are stretched. A possible explanation may be that
because tangential and longitudinal stresses are developed during drying, the different
anatomical composition widthwise the thickness locates the resultant force towards the outer
skin, creating inward bending moments along the circumference. thus producing tension
perpendicular to the fibre in the inner skin, which then cracks, producing collapse.

This fact may play a significant role in dealing with the concentration of stresses at the

*Plant cell component that is soluble in dilute alkali or hot dilute mineral acids with the
formation of simple sugars.

"There are reports of 195% for Guadua s.p. in Costa Rica.
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bearings, or at load application points, where it is therefore possible to find less than the
expected capacity.

Liese {opus cit) says that a close correlation exists between specific gravity and maximum
crushing strength, a claim that is widely supported in the literature. Ghavami (1988) also
maintaing that the fibres are the main source of strength. But fibre content and density are
rather variable, Licse (opus cit) says that besides marked variations from botlom (1o top within
one culm, there are differences between individual culms from the same stand. This has to
be taken into account in attempts to classify this material for engineering purposes.

1t has been argued that bamboo 1 much harder than wood. In actual fact, it is a real problem
for saws and sawing. Probably the major difference between bamboo and wood in this respect
is not hardness, but the characteristics of its fibres®. First of all, fibres are all aligned to the
axis, which means a perpendicular encounter with the faces of the saw. Second, because of
the concentration of fibres at the cutting planes, the abrasiveness of bamboo 18 much higher
than that of wood. Tests on this were performed in Malaysia { Latiff et al; 1988). Differences
in wearing capacity between bamboo and rubber wood were as much as five-fold were found.
Friction is a relevant factor in saw-ability, thus bamboo saws should be fabricaled bearing this
in mind.

Some ideas can be advanced in relation to the mechanism of failure when strains grow in the
dircction perpendicular Lo the fibres.

It has been found (Jeronimides, 1976) that, for wood, the work of fracture lor cracks
propagaling across the grain is about 100 times greater than those propagating in the grain
direction. On the other hand, in fibre-reinforced materialg, fracture working perpendicular to
the fibre is mainly due to the frictional work dissipated in pulling out fibres from the matrix.
Tt is argued that in the case of wood this mechanism is nol available or it is very small. In
any case, since bamboo fibres are longer than wood fibres, and exhibil large diameters as

well, and on top of it all they fully contribute to the tensile capacity because of their

$5ome people believe that the difficulties for sawing are caused by the high silica content
of the skin of bamboo, but laboratory observations of the avthor during this research indicate
that difficulties remain, even when the skin has been removed.
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orientation, it is logical to assume that this friction mechanism is far more important in the
case of bamboo, In the radial and tangential directions this mechanism is not at all available,
so therefore the amount of crack energy is much less. In other words, in the transversal

direction only the matrix plays a direct role in the strength.

2.2.-Tangential tension capacity of bamboo

2.2.1.-Test specimen

The experimental study of this parameter is complicaied because of the round shape of
bamboo, thus making it difficult to perform a test keeping control of eccentricities within the
thickness of the specimen.

A test specimen as shown in figure 2.3 was used for such purposes.

Forces are applied to the specimen by means of sieel bars as indicated. In our case a constant
rate of deformation was preferred as a controlling method, and 0.6 mm/min wag maintgined
all along the different experiments. Dimensions are indicated in the figure.

The test is actually a three-point bending test, carried out on an element that probably behaves
more like a deep beam, and that has two comparatively large holes where forces are applied.
"The analysis of stresses in this type of specimen is not straightforward, because the proposed
shape creates complicated distributions.

So that this type of problem could be studied, a finite element model of the specimen was set
up, and the calculations were done using the Diana Finite Element Code (Anonymous,1991),
Axisymmetric quadratic elements were employed, and orthotropy was simuolated by assuming
different values for the elastic modulli in the directions parallel and perpendicular to the fibres,
Completely proportional behaviour was assumed, as most of the experimental evidence
suggests is the case. Though fibres can be regarded as reinforcement, they were not modelled,
under the assumption that 2 brittle failure would occur in the matrix before any important
bending deformation could oceur in the specimen, allowing no change for the "reinforcement’
to act (it has to be noted that bamboo is a unidirectionally reinforced composite, so that
reinforcement would be effective only when stresses make an angle different from 90 degrees
with the fibres),
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Figure 2.3: Specimen for tangential tension [mm}.

The first element of concern was to know whether it was possible to find an appropriate place
in the specimen, where strains perpendicular to the fibres could be measured. In other words,
a place where these strains might oceur without major disturbances from other effects,
Figure 2.4 shows a typical distribution of tangential sirains, and figure 2.6 shows the same
for shear siresses in the specimen. It should be noted that there is an area al the mid-point
between the holes where conditions are good, since stresses there can be considered ag being
purely normal to the fibres.

At the beginning of the analysis, a value for the tangential E modulus (perpendicular to the
fibres) had to be guessed. It could be assumed that the figure is close to that of lignin and,
according to Janssen (1981), it has been taken between 1000 and 2000 N/mm? in this
tesearch. The specimen was analyzed under these two exireme conditions, and it was found
that the relation between peak vertical stresses and average ones was cqual o 2.97 on

average. Now, the peak value oceurs, as indicated in figure 2.5, as a compressive or ¢onlagl
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Figure 2.4: Tangential strain distribution in the specimen {( mm /mum ).

stress (see the bottom of the left circle, where concentration of lines can be observed). On the
other hand, peak shear values occur in the region indicated in figure 2.6 by a concentration
of lines at the bottom right of the left ¢ircle. It was later observed that, maost of the time, the
crack tends to start right at that point.

For either of the two extreme values of the tangential E modulus, stresses along the horizontal
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Figure 2.5; Tangential stress disiribution in the specimen ( Nfmm#2).

mid plane were found to be very small for deformations like the ones observed later in the
laboratory, close o the moment of failure. During the experimental phase, it was decided 1o
calculate average tangential stresses in the plane of failure, so that the tendency of this figure
could be compared to that of density and moisture, or any other physical property , under the

assumption that if such a relation existed, it would be observed even by checking this gross
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result (because the true values were just scaled). So in what follows it must be borne in mind

that the values of strengths are only nominal ones.

2.2.2.-Experimental observations:

In the results reported here density has been messured by immersion of the whole specimen
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50 that a better average could be achieved, but evidence suggests that the average of two
small samples from both sides of the specimen would cqually do.

Table 2.2 presents a snmmary of stalistics of two samples of bamboo with different origins,
Guadua s.p. from Costa Rica, and Gigantochloa seortechinii Gamble® from Malaysia.

The sample of Gigantochiva scortechinii Gamble was brought 1o Eindhoven only for the sake
of having some indication of the possible stability of the results over the maximum strain
found for Guadua 5.p., 25 will be explained later, but it is acknowledged here that the sample
is small (12 specimens picked at random from a stock in the Forest Research Institute,
Malaysia) and that more systematic tests must be undertaken before being conclusive on
characteristic parameters for this or any other species.

In respect to the resulls lor Guadua s.p., experiments were exhaustive, many samples were
carcfully taken on different occasions, and resulting data proved (0 be consistent enough W
be considered reliable (in total 30 tests were done for specimens with different positions in
the culm and of different diameter, these properties being random ones).

The first striking figures in the table are the non-existent corselation between density and
strength and maximom strain, It is important to mention that maximum strain is an
unmistakable feature, since failure oceurs in an absolutely brittle way (in the case of non
brittle failure there is always room for discussion about this figure), and density was carefully

determined in this investigation.

? Gratitude is expressed o Mr Latiff Mohamad from the Forcst Research Tnstitute
Malaysia, who supplied vs with a small sample.
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Guadua 5.p. Gigantochloa scortechinii
av.strength 2.608 2.445
E modulus 2122.8 2444.7
maximum Strain 0.001386 (0.00111
av. density 795.7 783.68
# density-strength 0.3568 -0.5134
¥ density-strain -0.1362 0.0035

Table 2.2: Summary of results. [N/mm’),(Kg/m®].
Average strasses are taken.

Tt is convenient at this time to take a look at the possible mechanism of failure, before
discussing other results.

Figure 2.7 shows a close-up of the radial plane of failure for a specimen of Gigantochlioa
scortechinii Gamble and figure 2.8 does the same for a specimen of Guadua s.p.. Cracks
develop joining weak points within the matrix, normally being sitvated around the
intervascular bundles. When the direction of growth of the crack crosses through a bundle,
it follows it surface ar that of a fibre strand along the interface with the parenchyma cells and
other weak structures.

1t seems clear that the more fibres there are present, the more likely it is that the crack is
longer. If, on the other hand, an extreme situation of only fibres and no matrix is taken, then
probably the strength would be very Jow as well. In other words, like in any other composite
material, there has to be an optimum combination of the number of fibres and the amount of
matrix.

But yet another factor that plays a significant role in the strength is the density of the matrix

itself, since the presence of voids would imply less energy needed to split the element.
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Figore 2.7: Radial crack in Gigamtochloa scortechinii.

The above argumentation suggests that a sort of ceiling exists in relation to density and
strength, that is to say, it is logical to think that density would increase the capacity, but only
to & corlain maximum, beyond which it may even have a negative effect. In the other
direction, about the same can be said, becausc there can be a combination of few fibres and
a dense matrix (and therefore very straight cracks), which would then produce another peak
capacity, but the latter would decrease downwards from thers if the density of the matrix
decreases (giving rise to an imperfect matrix).

The above argument is put forward more with the intention of motivaling specialists in the
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Figure 2.8: Radial crack in Guadua s.p..

field because the current research project can not be exhaustive on this matter. Laboratory
observations shed some light on the fracture fashion of bamboo, ¢nabling to indicate that the
above remarks have some objective basis.

The correlation values in table 2.2 thus indicate that we are in the presence of samples which
are very different in nature from the point of view of the way they resist cracking, though
they do have something in common. In both cases, the maximum strain is about the same.
In fact, 2 hypothesis test was carried out comparing the two samples, only to prove that there
is no difference between their maximum strains. A similar conclusion was reached when thege

two samples were compared to another one of Bambusa blumeang from the Philippines.
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Though more studies are needed on more species, some evidence has been found to support
the idea that bamaboo is able to carry an amount of strain that is rather invariable, or at least
would be so within a small range,

As a matier of fact, it was this finding what finally made that focus of atiention was
concentrated inlo the examination of critical sirains, as an interesting design criterion.
Janssen (opus ¢it) found that the value of Poisson modulus is very stable for bamboo, and
with this it is possible to relate longimdinal strains and tangential ones, closing a circle that
allows one o establish a design criteria for the material.

Therefore, it is proposed here that a erteria of maximum admissible tangential strain be
eventually adopted as a limiting criteria for design purposes. This would greatly simplify
design procedures, because, as has been previously observed by many authors, and ag is
plainly validated in this research repori, bamboo behaves very proportionally. Thus the
calenlation of strains would be an easy matter and could function as an easy check of ultimate
capacity, This will be the subject of more discussion in the following chapters, since
validation of this must be found in different stress conditions.

The tangential maximum straing for Guadua sp., from several samples from different
experiments, were pooled together so that a better appreciation could be achieved, especially

over the variability of the figures. Results are summarized in table 2.3,

itetn figure

average 1.1057x10"
standard deviation 1.6170x 107
standard error 5.7173x10*

Table 2.3: Descriptive statistics for Guadua s.p. from Costa Rica

Ultimate tangential strains

It is recommended here, that similar studies be carried out for culms from other species and

origins, since a lot more data are needed to be conclusive on the generality of these findings.
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It is possible that different critical values may be found for different bamboo types, but in any
case, specific design values can be calculated for each characteristic condition.

2.3.- Parallel tension:

As reported by Janssen (opus cit), a large amount of problems arise when dea]ing with testing
the tensile strength of bamboo, mainly due to the very weak trangversal ditection of the
material {as shown in the previous section). When pressure from a grip is applied, the most
common resuli is a crushing effect in the area of the supports, generating very high shear
stresses in the interfibre planes,

Most specifications for the tensile test of other materials, including wood (see for example,
180 3345), recommend that the cross section of the specimen be reduced (gauge length), so
that the area or section of failure ¢an be kept under control and therefore final stresses can
be accurately calculated.

For the purpose of stroctural capacity, the most relevant datum is the average tensile strength
for the whole cross-section, and from this point of view it was decided that the full thickness
had to be taken into account in the specimen {as opposed to examining the vatiation
depending on the position across the thickness).

In figure 2.9 the transition zone from the gauge and the supporting area on a normal specimen
is shown. Two small sections of dy high are taken, one on each side of the limiting section
a-a in the figare and there is an increment of

=t_; +my eq.2.(1)

on both sides of strip B, for every increment y. Then, once the tensile load F i applied to the
specimen, deformations in the y axis will occur. If perfectly proportional behaviour is

assumed then the deformations in each one of the elementary strips are
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Figure 2.10: Transilion zone between the gauge and the supporting section.
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Due to the Poisson effect, cach section of the specimen will also deform in the lateral or, in

this case, x direction, For strips A and B respectively this deformation is
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Lot eq.2.(4)
(ey=v—

and

_ N

(X, +2my) eq.2.(5)

E,

(e)p=v

From equations 2.(4) and 2.(5) it can be seen that there is a difference between the unit lateral
deformations in each one of the successive elementary strips. This difference leads to the
appearance of shear deformations which have to be mainly taken by the matrix of the
material, because of the type of structural array in bamboo. From figure 2,10 it can be seen

that the shear angle due to the difference in deformation 18

dAe

X

) €q.2.(6)
dy

dy=

and the coresponding shear stress is

E
- T g cq.2{7)
d ‘

From equations 2.(4) and 2.(5}
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Ac Hyv 1 1 q.2.(8)
2 2tE‘t, t,+2my

Back-substitution in 2.(7) gives

E, dN"l 1

(— eq.2.{%
2(l+v)dy ery 1y +2my
which after integration turns out to be
E.N,
_— i f £q.2.(10)
2(l+v)tE {t, +2my)2
Integration gives
ENyv (11)
4(1+v)(t +2my)Eyt K
Since it can be assumed that no change occurs in the section below ling a-a, then
1,0 £q.2.(12)

In order to know the value of shear stresses at the root of the gauge section, then a limil value

of eq. 2.{12) has to be calculated, so

EvN

E N S S eq.2.(13)
lm, gz AL+v)EL t,

which for more generality can also be wrillen as
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B eq.2.(14)
41+v)E,
For average values of material parameters'® the above eguation gives
eq.2.(15)

T =22 [Nimm?]

From data in this chapter it can be seen that this is too close to the maximum stress that
bamboo can carry in the interfibre planes.

That is to say, the shape proposed in I8G 3345 for wood might not be suitable for a material
like bamboo, since there will be a tendency to produce a failure of the specimen at the root
of the gauge zone.

It seems, therefore, that a straight specimen may be more promising in the case of bamboo,
or ar least one with only a very slight change in section.

An additional conclusion that can be reached from the above result, is that materials with a
structure like that of bamboo behave very poorly when initial cracks or sudden changes in
section occur, especially in areas with a high concentration of tensile stresses. An initial crack
may be regarded as a sudden change in section and therefore a similar phenomenon 10 the on¢
just described will oceur,

In choosing a way to measure parallel iension, another problem has to be taken into account,
since large compressive stresses in the transversal direction are developed by the grips. What
is more, the difference in toughness beiween the steel grips in the testing machine and
bamboo is so important, that it is advisable to place a transition material between the grips
and the specimen o avoid damage by contact.

Based on the above and after some irials, the specimen of figure 2,11 was uscd.

During the development of the specimen, it was found that hard wood is necessary for the

gay tension capacity is 270 N/mm’, Young's modulus 2000 and 14000 in x and y
respectively.
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B T | § TR

Figure 2.11: Paralle]l tension specimen for bamboo [mun].

making of the supports, since soft woods tend to split and slip under the application of loads.
Of special importance is the choice of gluing length. This very much depends on the type of
glue and of course on the amount of force to be expected'!, Therefore, some trials are
always advisable to get an insight into this problems, and calculations are needed to finally

determing the total lengih of support.

2.3.-5ome notes related to the modelling of bamboo clements

Appendix A includes the results of some experiments carried out at the Eindhoven University
of Technology, to observe some of the structural ﬁ:alures of bamboo in parallel tension,
Figure 2,12 shows a typical stress strain curve for tension that supports the fact that bambeo

behaves proportionally, and fails in a brittle manner under tension.

"8ee appendix C for a way of determining glue capacity in the lab,
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Figure 2.12: Stress strain curve from a parallel tension test.

A probler that will later prove to be of great importance is the determinadon of mechanical
and geometric parameters for the modelling of the nodes. It has on gccasion been argued that
the thickness of the node is an x number of tmes the thickness of the internode. a fact that
should be precisely defined to be taken into the analysis.

Figure 2.13 shows 2 longitudinal section across the node region of a sample of Guadua s.p..

It can be observed that the real shape of the node is complex in nature, ranging from a well
defined disk to a sort of hilly plate. Thickness is small compared to that of the internode, and
the transition region between internode and node occurs in a small region. In this transition
region fibres bend towards the centre of the diaphragm, or they just stop, or, in the case of
the outermost group, they point outwardly.

All this discontinuity and complexity in the shape of the node region calls for & more indirect
way of determining its properties.

To caleulate the elasnc modulus of the nodes as reported in this chapter, strain gauges of 30
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mm were located as shown in figure 2,14, 4o that the readings averaged the effects there. In
thig way the node Young's modulus refers to that average, and whenever used lor calcnlation
purposes, a node length of 30 mm shouwld be used. The problem of the determination of the
thickness can be overcome since for the length of 30 mm thickness can be considered
constant, because whatever valve it takes in the diaphragm, its weight within the 30 mm

length can not be relevant.

Figure 2.13: Longitudinal section along a node.

Another importart reason {or following the above recommendation is that the fibres in the

transition zone can not play an important role in the lopgitndinal stiffness of the element,
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because before they can take any direct iension energy they have to be straightened, and for
that purpose it 15 expected that very little energy is needed,

As presentad in appendix A, nodes are the weakest and the sofiest components of the culm.
Average capacity is only about 30% of that of the internode, and the average elastic modulus
is only 40%,

Since they are the weakest link, their properties arc of paramount imporiance in the definition

of design capacities. Their influence in the elasticity of the members becomes very

node ( rembved for
the test )

Figure 2.34: Location of strain gavges at the node region.

important as well. The relevance of this effect is a matter of discussion in appendix F of this

thesis,
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Chapter 3: Compression Bchaviour of Bamboo Culms

3.1- Introduction:

Mever and Ekelund {1923) tested a total of 11 specimens under compressive stress, reporting
an average strength of 39.27 N/mm?, for specimens of 120 mm height and about the same
in diameter, These authors report that two types of support conditions were employed: a lead
cushion in between the specimen and the testing apparatus, or a support in which the
specimen was placed in direct contact with the steel plates of the machine. The type of
tailure was described as a set of vertical eracks which opened wider and wider with
increments of the load. When lead was used, the outer layer of the culm penetrated the lead
cushion, showing that this layer is much stronger than the inner part of the culm. The authors
report that when no cushion was used, the owler layer came apart from the inner section by
shear, which was immediately followed by break-down,

Espinosa (1930) carried out compression tests using specimens 1200 mm and 350 mm in
height, with a speed of deformation of 0.02 mm/s, on Bambusa spinesa trom the Philippines.
The author says that to rsemble "actual” construction conditions, he U-shaped one of the
ends, while the other was kept flat at an angle of 90 degrees. The results ranged from 27 to
32 N/mm?® for the 1200 mm specimens and from 51.8 to 82.8 N/mm?® for the shorter ones.
He also tested small picces of a cross-section (9 by 15 mm and 25 mm in height), getting a
mean ullimate compressive stress of 53.5 Nfmm®,

In a summary report Roudakoft (1947) prasents the average compressive values for bamboo
from four different localities. No further details are given about the species, physical
properties or method of testing.

Ota (1950) studied the relationship between the percentage of structural clements and the
density and compressive strength of bamboo specimens. For that purpose specimens were
taken from the outer, the inper and the full section of the wall thickness, with the approximate
shape of a very small cube, and compression tests werg carricd out at a speed of .04 mm/s.
For moisture contents between 10 and 14.7% Ota found cormelations between the mass per
volume and the ultimate compression stress of the outer skin, the inner skin and the middle

part of the cross-section, for Phyllostachis edulis and Phyllostachis reticulara. The mean
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values oblained for pleces containing the whole section were 816 and 83,1 N/mm®
respectively for both species, for relaled masses of 965 and 866 kg/m*. He found that
compressive strength decreases towards the node,

Limaye (1952} carred out a matricial analysis of different factors presumably related o the
mechanical properties of bamboo, namely moisture content, presence of node in the specimen,
position along the culm, and age.

Some comments will be made to summarize the anthor’s conclusions.

In regard to the position of the gpecimen along the ¢culm and its influence, the author states
that " the main effect between the three positions is significant in all cases. But the
interactions between ages and positions are not significant for compression and the
imteractions between the position of nodes and positions along the culm are not significant for
maodulus of elasticity and compression”. A conclusion in this research is that the modulus of
Young is much higher for the bottom position than for both the middle and the top position
in bamboo culms, a fact that the researcher assocjates with " the greater wall thickness of the
culm near the ground level” (judgement on this affirmation is left to the reader !). Seasoning
was found to be an important factor, increasing the strength of green bamboo by more than
40%, and it was also found that there is an increase in the sirength with age up to three years,
though no further increase in age was studied. The species was Dendrocalamus strictus.
Sekhar and Rawat {1956) made a first atternpt to establish a standard test for compression of
bamboo specimens, calling for a ratio of 10 or less for length to wall thickness, This comes
from the review of the work by Limaye (opus cit) and others and the comparison with
specifications for wood. They also suggested that two specimens should be taken, one in the
green condition and the other being kiln dried to 12% moisture content, both originating from
the internode section of the culm.

Atrops (1969} studied the compression and elastic characteristics of bamboo by performing
a total of 108 tests using three types of specimens ! a) internode b) nodes at the extremes of
the specimen and c) node at the middle of the specimen . Tests were done at a loading rate
of .33 N/mm*s and a moisture content of 18.1% on average. The size of the specimens was

chosen according to a relation of diameter to height of 1 o 4, Maximum and minimum
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strengths found for specimens type a, b and ¢ were, respectively, 522 - 402, 537 - 407, and
528 - 433 N/mm’,
Jansscn (1981) performed a very extensive literature review and a comprehensive set of tests
on the compression capacity of bamboo culms on Bambusa blumeana, Some aspects deserve
special avention and will be summarized in the following.
The height of the specimens was 50, 100 and 200 mm, the diameter varigd from 70 10 90 mm
and the wall thicknegs from 5 to @ mm, The following variables were taken into account,
besides the height of the specimen:

-Moisture content

-position along the culm

-node and internode
The loading speed was set in the range of 2.7 to 3.2 KN/s or aboutl 1.5 N/mm?, for an
approximate speed of deformation of 0,02 mm/s.
This author reports that failure was either splitting or crushing and that no relation was
found between this and the moisture content. Results between 60 and 176 Nfmm® are
reported. ft was found that the parameters height of the specimen and node were not
significant and a recommendation was given to search for an explanation for this effect.
The tests showed that there is no difference between the compressive strength of split
bamboos and full culms, at least for the 5 % lower boundary, and a recommendation was
made to carry out compression tests for split bamboos only, using a smaller machine.

A relation between compression strength and density was found as:

f.=00% p eq.3.(1)

for 12% moisture content, and

f.=0075p £0.3.2)

for green condition
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A partial summary of the conclusions is:

-The moisture content is significant

-Node ot internode in the specimen is not significant

-Height of the specimen within the arga 1 10 3 times the diameter is not significant

-Instead of a full bamboo, a small piece of split bamboo may be used for the
prediction of the § percent lower boundary,
Xiu-Xin et al (1985) carried out a set of experiments to stdy the relation between
compression strength and the geographical conditions of four localities, for Phyllostachys
glauca. To account for the fact that the culms are not perfectly circular in cross-section, a
corrzction factor was introduced to the formula for the caleulation of stresses, 50 that nominal

stresses were divided by a factor of

a=1 +158‘5¢f‘3“ eq.3.(3)

A poiynomial was found to calculate the compressive strength a5 4 function of the age of the

culm at the time of cutting as

f.=588.4+53.9:-4.751* €4.3.(4)

s=1372- eq.3.(5)
cm

. ~497 years £q.3.(6)

Espiloy (1985) carried out a very complete statistical analysis of the physical and basic

mechanical propertics of Bambusa blumeana and Gigantochloa levis from the Phillipines,
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following the recommendations of ASTM! for small specimens of wood. Variables included
fikre length, fibre diameter, lumen diameter, cell wall thickness, vessel dimensions related to
moisture content, relative density, shrinkage, compression sirength, modwlus of ruplure and
modulus of elasticity, and in turn these mechanic varables were statistically related to outside
diameter, length-to-span ratio and culm wall thickness,

Prawirchatmodjo (1988) performed tests on both full culm 100 mm height and split bamboo
30 x 10 mm x thickness of the ¢ulm. The author reports that in his experiment the presence
of a node in the specimen does not seem to affect the strength, and that moisture ¢ontent
is a significant factor. No data arc included in the paper about the relation of compressive
strength and density,

By request of the Costa Rican Bamboo National Project (Chaves and Gutiérrez, 1938), Sotela
(1990) produced a handbook for "physical and mechanical testing of bamboo’. It includes
recommendations for the determination of density, contractions, bending, compression and
shear capacity. In general, the specifications for bending shear and compression follow
Janssen {opus cil), except that details are given on the pumber of specimens, the preparation
of specimens prior to testing, and the protocol for reporting resulls. One important feature is
the use of strain gauges on compression specimens though in a paper by the same author
(Sotela, 1992) he maintaing that "it is difficult to calculate strains from compression tests,
even with electronic devices’. In this paper the physical and mechanical properties of Guadua
s.p. from two different localities in Costa Rica are compared. This author recommends that
the elastic modulus of bamboo is calculated from bending tests only according to the
recommendations of the above menlioned handbook, A comparison is made between bamboo

and some hardwoods from Costa Rica, as summarized in the following table.

'American Society of Testing Materials,
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density [kg/m’] E modulus [kg/mm?] £, [N/mm®}
Cupressus
lusironicus 460.0 2800 41.1
Hieronyma
achoneoides 790.0 14300
Playmiscium
pinnatum 260.0 16700 EL.3
Terminalia
lucida 7700 13000

Guadua 5.p. 790.0 27700 420

Table 3.1: Bamboo and somg Costa Rican wood types, after Sotela (opus cit).

The moisture content of each of these wood species was 12%, and it was 15% for the bamboo

sample.

3.2 Structural behaviour:

3.2,1.-Failure Modes hypothesis:

As describad in chapter 2, the anatomical structure of bamboo culms consists of fibres and
vessels running parallel to each other and to the axis of the culm, with no radial structoral
elements as in the case of wood. The culm is made of 4 composite material which is the
result of the combination of very strong fibres and a relatively weak matrix of lignin,

The examination of short ¢lements from compressive tests points in the direction of at least
four possible ways failure can occur; these are the so-called failure modes,

In the first place, if a specimen is set in a testing machine such that friction is negligible,
and therefore, no hotizontal reactions are possible, the state of stresses can be pictured as
shown in figure 3.1, The top left of the figure shows the full specimen. It will be assumed
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in this case that the length of the specimen is comparable to the diameter, 50 (hat
eccentricities due to tapering are negligible.

Detail A shows the fact that the axial stiffness varics along the thickness of the colm,
increasing towards the outside. This means that axial siresses will be mainly taken by the
oulcrmost rings or layers of the culm, creating an uncven distribution of stresses, and inducing
relative tensions in the innermost rings. The overall effect of this will be the generation of
radial bending moments as shown in detail B.

The resulting compression in the outermost layers will generate, expansion of the rings in the
tangential direction, due to the Poisson phenomena, as pictured in detail C, and it will create
contraction in the innermost rings. The expansion of the outermost rings wilt eventually lead
to longitudinal cracking as shown in figure B.2. The relaive difference between the
displacements in the cutermost and the innermost rings also ¢reates some sort of anpular
cracking, indicaled by the radial arrows in detail C, as was observed in the laboratory,

In this way bamboo in compression will fail when a critical value of tangential stresses is
reached in the outer skin, initiating a longitudinal erack. This mode of failure has been
reported by, for example, Meyer and Ekelund (opus cit), and by Janssen (opus cit).

This failure mode leads to the conclusion that fibre density could contribute negatively 1o the
strength of the specimen, since tangential temsile sirength scems to be the more logical
mechanism, and strength can be better related to the matrix in (his case (see chapter 2, section
2.2,

Secondly, as mentioned in appendix B, it is possible that due w particular initial conditions
of the geomeiry of the specimen, with an especially large influgnce from tapering in
combination with the presence of friction, radial inward-bending moments occur, as illustrated
in figure 3.2.

Thirdly, as explained in appendix B, when the specimen is short cnough, it is possible to
have failure by contact stresses, something close to a compression (ailure in & cylindrical or
cubic specimen as observed in other types of materials. This mode of failure, which might

be of interest from the point of view of the materal, docs not describe the way bamboo
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Figure 3.1:5tate of stresses of a specimen under frictionless compression

culms are likely to react.

Fourthly, figure 3.3 shows what may happen when the slendermess is high and friction is
generaied between the plates and the specimen. As the quantification of this phenomenon
might be of some interest in determining the role of the different parameters involved, some

detailed attention s piven to its analysis in the following lines.
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compression

k]

Figure 3.2:Longitudinal section of a tapered specimen under compression,

3.2.2- Lateral buckling analysis:
For the analysis of the elemenl shown in figure 3.4 the following premises are assumed to
hold :

1- The cross-section of the culm is a circular ring with a constant diameter and wall

thickness.

2- E_ is ¢constant along the element.

3- Ey isconstant

4- Deformations are small

3- Material ig perfectly elastic,
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D CROSS SECTION BLOW UP
Figare 3.3:Lateral buckling
As shown in figure 3.4, two lateral displacements can be considered, e due to the lateral

expansion of the specimen, and  w, due to the bending deformation of the wall of the culm,

It can be shown that the relation between tangential strains and radial expansion is given by

E =

r £q.3.(7)
° r

or
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Figure 3.4;:Beam on elastic foundation model
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Tangential stresses are given by

"Ba=°a‘
or
E -
T = 1 e
Ba ;]
2

Equilibrium of radial forces on an infinitesimal sector gives
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w k rdB = ngd0
from which we gain, after simplification and substitution

E.t
k=_a

r
r'Z

which is the value of the reaction coefficient in the radial ditection.

The sum of moments gives
am ﬂw +g
—=Z v +n, T ) - 0
i &
which after denvation becomes

&

& & a?

Fm v, nxaz(wr - e)
-— T4

Equilibrium of forces in the radial direction implies that

¥
——k W = 0
3 r 'r

Substitution of this value in eq.3.(14) and the fact that

Fw,
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A solution of the above equation is

Wre = (@4 sin =t 2q.3.(18)
thus eq.3.17 becomes
n

4 2
W, [T] D, vk W -0y [El] @) = 0 £q.3.(19)

from where it can be secn that

¥
[E)z.?ﬁ g eq.3.(20)

2 E E,

0, = ——— 3(22)
5)2 12({1-v?) [5]2“2 o=
: I

The lirst component of the right hand side part of this equation can be recognized as the
buckling load of the culm when initial cracking exists, or when the langential capacity of the
culm is negligible. The second component is, therefore, the contribution of the lateral stiffness

of the specimen. To get some idea of the participation of these terms in the whole

50



Fundamentals of the Design of Bamboo Structures

Chapter 3: Compression behaviour of bamboo culms

phenomenon, an example can be examined.

Suppose that 2 specimen with the following characteristics is taken

N -200 Y - 60mm
2 2

mm mm

r=40mm t=~6mm E_= 16000

For this case

N
0, = 144+456 ——

mm

This means that the normal recommendation, to take the length as ten times the thickness of
the specimen to prevent buckling, is far too conservative for bamboo, since the first
component of the critical load (cracked specimen) already gives a value that is almost thres
times the average compressive capacity of bamboo.

It can be concluded that lateral buckling of the walls of the specimen is not 2 critieal mode
in compression tests. Tt has to be taken into account that the model of ¢q.3.(17) is even more
conservative, becanse it does not consider the effect of radial reacting bending moments in
the surface of contact between the specimen and the plaies of the machine, Experience
indicates that the height of the specimen should be equal to the diameter at most, in order to
aveid the influence of tapering.

Finally, some comments about the influence of the nodes on the compression capacity.
Janssen {opus cit), Limaye (opus cit}), and Sekhar and Rawat (opus cit}), among others,
reported that no influence of the nodes on the compression capacity could be found. In
compression tests the node impedes the Iateral expansion of the specimen working in tension.
If the low tensile capacity of the nodes is recalled, on the one hand, and on the other, the fact
that nodes are not flat disks but curved surfaces then it is expected that indeed their
contribution to the lateral stiffness of the walls is small. Even though this is the case, a

simplification can be made by assuming that they are flat disks. The complete analysis is not
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presented here, but it can be shown that under these conditions, at the maximum compressive

capacity, average tensile stress in the nodes are equal to about 30 N/mm?, about ten times

their expected capacity, which would explain the experimental findings.
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Chapter 4; Glupeability of bamboo wood phases

4.1- Introduction :

Mo indication of previous studies on the gluing characteristics of bamboo phases could be
found in the literature. This is not a surprising fact, since the use of bamboo in furniture
making, for example, follows the tradition of joints being finely adapted picces made to fit
gach other. Elements are connected by insertion through bored holes, or binding, or shaping
by heating and so forth. The grade of structural redundancy in these pieces of [umiture, on
the one hand, and the refined details on the other, make it possible to avoid fittings other than
those made of bamboo itself, and so far the possibility of gluing has not been seen as a
necessary improvement in the process, This perhaps explains why little o no attention hag
been paid to the gloing properties of bamboo.

Resing have been used in experiments for the fabrication of bamboo composites (Jindal,
1988). Urea formaldchyde and Cardanol-Phenol-Formaldehyde have been in usc i the
production of ply-bamboo in India as well (Zoolagud, 1988), bul no report was found on the
propertics of glued phases,

As has been mentioned in previous chapters, the mechanism of failure in bamboo is splitting.
when strains reach a maximum sustainable value, From this point of view gluing se¢ms an
attractive solulion to a number of problems, like the reparation of cracks, or, more
importantly, the connection of elements, Glue may not only be useful for force ransmission,
but o keep the fibres together at points of load concentralion as well,

In this chapter the structural possibilities of gluing ate discussed. A more delailed description

of testing procedures and quantitative results can be found in appendix C.

4,2,-Structural performance of bamboo wood glucd phases:

4.2.1-Description of some factors and their influence on gluing capacity:

As is explained in appendix C, forces and deformations are perfectly proportional in bamboo
wood phases (referred to as "glued phases’ in the remaining part of the thesis for the sake of
simplicity). A description of the test specimen employed during this rescarch can also be

found in the same appendix.
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Figure 4.1: Bonding test showing all registered deformations. Glue type: PVAg { white
wood glue ).

Figure 4.1 shows results of a bonding test. Each onc of the curves is codified to identify the
corresponding point of measurement. The codification comresponds to pins, in such a way that
those beginning with *wood’ are related to pins on the surface of wood, and those beginning
with "bam’ to ping located on bamboo. The depth difference between the layer where bamboo
pins and wood pins were located was about 1 mm (sec figure €.2). It can be seen that at the
depth where the bam pins are located very litfle deformation occurs, compared to that of the
wood pins. This is an indication of the fact that only the innermost layer of bamboo is able
o take stresses from the glue , due to the low shear capacity of the matrix. Glued phases
actually fail because of shear in the interfibre surfaces.

It can be expected that the shear bebaviour of bamboo differs from point to point because of

the different concentration of fibres. Different crack lengths may occur as a consequence.
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Despite of this facl attention is paid only to the gluing capacity of the inner layer of the culm
in this research repor, because of a predelermined interest in transmitting forces to or from
the inside of the culms

BOHD I NE STAESS DEFDRMAT ION CURVE

B TN e T P, A R

STAESS MY mm~2
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Figure 4.2: Stress deformation curve.

In figure 4.2 it can be seen that the relation between stresses and deformations is very
smooth, almost directly proportional for most of the range. Failure always occurs in a rather
sudden way, and it looks as if the preloading loop does not seriously affect the characteristics
of the curve.
An experiment was set to examine the influence of certain parameters on the bonding capaciry
of the phases. Considered factors were !

- Bamboo density (represented as the average along the  thickness).

- Bamboo thickness.

- Bamboo initial diameter,
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- Type of wood either hard or soft! .

- Type of glue, either PVAG or Araldite (in what follows called ‘resin’).?
An analysis of variance showed that none Of the above factors on its own, nor in combination
to the other ones, signiflicantly affects the resulls of bonding capacity as shown in table 4.2
below.
In relation to the type of glue, improvements on its quality do.nm alter bondding capacity
unless penetration patterns change, because of the low shear capacity of the inner layers of
bamboo. The experiments showed that glued phases always fail within the first mm of the
internal part of the culm, bamboo is thus the weakest link in the glued phase.
Table 4.1 shows the results of an analysis of variance for all the studied factors.
Although changes in the considered factors do not by themselves influence the bonding
capacity, it 1§ of imerest 1o obtain the 95% confidence limits for the means after an analysis
of variance. Such a result is shown in table 4.2 below.
Such separate analysis helps to visualise the effcots of the diverse varables, to confirm the
previously stated result,
The figures show that in spite of the fact that no significant difference exists between the two
types of glue, the resin seems to be less stable, yielding more scattered tesults than PVAc
glue,
The experiments showed that the strength disribution was different for the two types of glue
examined, 0 though the average value for the resin was slightly higher than wood glue {(6.33
against 5.78 N/mm?), a material factor calculated according to equation C.1, appendix C,
produces hardly any difference in the design capacity,
Experimental results suggest that glued phases made with resin would tend to be stiffer than

those made with wood glue, but the analysis of the correspondent values at the design level

'soft wood represented by an European conifer of 420 kgr/m®, hard wood represented by
a tropical hardwood of 780 kgr/m’,

PV Ac following the German Institute of Normalization { DIN ) norm 68602B2, Araldite
AW 106 N{ 3-dimethylaminopropy!}1-3 propylencdiamine.
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of stresses shows an average deformation of about 0.1 mm, without a significant difference
between the two {ypes of glee,
For al] practical purposes this deformation is little enough to produce a very stiff connection,

though this fact has to be examined in more detail for every specific application.

Analysis of Variance for STRENGTH

Source Sum of d.f. Mean F-ratio Sig. level
of variation Squareg square
COVARIATES 9626674 3 3208891 240 867
density D010824 1 0010824 001 9780
diameter 0043521 1 0043521 003 9559
thickness 7708084 1 708084 592 A717
MAIN EFFECTS 973914 2 AB69572 374 L6994
woodtype 0757670 1 0757670 058 8179
gluetype 7096751 1 7096751 545 4891
2-INTERACTIONS 2622303 1 2622303 20 6702
GLUE-WOOD 2622303 1 2622303 201 6702
RESIDUAL 10.416414 8 1.3020517

TOTAL (CORR.)  12.615226 14

d.f.:degrees of freedom
F-ratio; Fisher's coefficient.

Table 4.1; Analysis of variance for the whate factors.
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Std. Brror Std, Emor 95% Confidence
internal pooled Level for mean
Average
WOOQD TYPE
h 6.20106 407181 4312857 5.20623-7.19588
5 5.80141 300461 4034309 4 87084-6.73199
GLUE TYPE
t 6.21919 401665 4312837 5.22436-7.21401
w 5.78355 302878 4034309 4.85498-6.71612
INTERACTION WOOD-GLUE
h 1t 6.34300 732939 5705374 5.02697-7.65903
h w 6.01180 234167 6387998 4.49218-7.53142
$ 1 6.05410 176344 6387998 4.53448-7.57372
5w 5.64980 477621 5103042 447271682689
TOTAL 5.98791 .294624 2946242 5.30832-6.6675]

Table 4.2 : 95% confidence limits for the mean STRENGTHS after an analysis of
variance.

4,2,2- Cyelic performance of glued bamboeo wood phases :

A study was undertaken to observe the performance of glued phases under prescribed cyclic
loadings.

A first experiment wags set 1o determine whether the application of a certain number of cycles
under the rate of loading specified in 150 6891-1983 (E) would weaken the static bonding
capacity.

Initially, it was supposed that a top figure of 20 cycles would be enough and satisfactory for
the comparison, but actually as many ag 90 cycles were applied to the specimens, with an
amplitude of between 10 and 100% of the design load. Following this specimens were
unloaded and final loading undertaken ll failure.
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Final stress values were then compared 1o those of a sample subjecied only lo steadily
increasing load, where no significant difference between the two samples was found. Final
deformation proved not to be affected either. A typical stress deformation plot from thig

egxperiment 1% shown in figure 4.3,
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Figure 4.3:Cyclic load result

The experiment was then repeated on another sample for 4 larger amplitude of the load,
maintaining the same loading speed. The chosen range was between 10 and B0% of the
expected ultimate stress level. Figure 4.4 shows that deterioration oceurs at this level of stress
and rigidity quiékly deteriorates leading o the failure of the specimen.

An obvious question arises here, What is (he level of stresses for which the behaviour changes
from that reporled in figure 4.3 and that of figure 4.4 7

Because of time limitations, it was not possible to answer this question, but this matter is

worlhy of further research.
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Another important aspect congidered was load reversion, Structures under cyclic loadings
frequently sustain some degree of reversion of the loading as well. This is especially true of
light structures, becanse in those cases dead load is small compared to live and other types

of load.

CYCLIC LOADING 10-80% ULT IMATE CARACITY

STRESS Nfaemr2

o 1 z2 E 4 3
DEFQEMAT I QM mm

Figure 4.4; Cyclic load 10-80% of ultimate capacity.

This arguoment also applies to bamboo structures, and thus it is of interest 10 know what i3
the behaviour of glued phases under the action of reversing loadings.

An experiment was undertaken for such a purpose. Specimens were loaded with a signal of
amplitude -100,+100% of the design load. An example of the resulis is shown in figure 4.5.
After 20 cycles specimens were completely unloaded, and then reloaded i1l failure, and final
stresses were again compared 1o those of the steadily increasing load specimens, resulting in
no significant difference between the twe sets of results. Final deformation was also the same,

indicating no deterioration of the stiffness. It can be seen that the amplitude of the loops
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remained very stable too, at this level of stresses. Even though no attempt was made to study
the real hysteresis of the glued phases evidence as shown in figure 4.4 suggests not much
energy dissipation is available and therefore stress design levels should be kept in the
elastic range. Structures in areas prone to seismic activity should be designed for the
maximum earthquake response without any allowance for plastic deformation, that is,
without considering any energy dissipation mechanism, unless other dissipaling points are
included, of course. Because of the lighmess of bamboo, peak loads are expecied to be low

in any case,

REVEARS NG LOADS -100, +100% DESION LOAD

STRESSES MW/ mm2

=0.5 -0.2 0.1 0.4 0.7 il
DEFORMAT | QNS mm

Figure 4.5: Completely reversing load.

It was considercd important to observe the sensitivity of the above results to a change in the
speed of the application of the load, because the speed recommended by IS0 is very slow as
compared to a real earthquake signal. In the case of the signal of figure 4.3, frequency is

0.008 herlz, while it is considered that the possible range of responses for bamboo structures
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are between (.3 to 20 herz, depending on 4 number of facts (mass distribution, stiffness,
support and soil eonditions, etc.). In order to observe the effect of this type of load on the
glued phase, the signal of figure 4.6 was chosen. The period of the different trains was
decided after examination of some earthquake registers (Arce,0.A., 1992), Different locations
under different soil conditions, including extremes of stiff and very soft soil were looked into,
50 that the expetimental input covered those extreme conditions. The basic idea was to imitate
the nitial, the intermediate and the final frequency trains that may typically occur in a real
earthquake, for different combinations of amplitndes and frequencies. Because of limitations
on the equipment, digitalization of the signals was not possible, s0 no real earthquakeinput
was employed. The random character of peak loads that are typical of earthquake signals
could not be replicated either because of the same limitations

It was also found that the equipment was only sensitive to frequencies of or below 0.5 hertz,
after which there was no further control. Therefore it was not possible to go beyond this level.
Further, it was not possible even at this frequency, 1o record deformations, because the data
acquisition speed was found to be very slow for this signal, so the experiment was only
checked with a continuous plot of force against time,

Again it was found that the final load of the specimens was not affected by the imposition
of the dynamic signal. What is more, three specimens were subjected to more than fifty cycles
of complete reversal between -100 and +100% of the design load at 0.5 hertz, with no
apparent damage. Specimens were reloaded again up to faiture, and the average result showed
no difference with that of the reference sample.

Thoughthese results are gnly indicative, and more research is needed o he eonclusive about
the dynamic properties of glued bamboo wood phases, results so far are encouraging and can
be taken as a confirmation of the degree of safety of the recommendsd design level.

The final choice of glue on 4 given design of course depends on a number of aspecis. So far,
evidence suggests that strength s not the most important issue, becanse, as explained before,
failure occurs inside bamboo.

Three factors must be carefully examined though. First, durability, especially in relation to

weathering, is a problem that requires close examination, In relation to this it has to be
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force as 2 % of design load
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Figure 4.6:Design signal for high frequency tests.

remembered that bamboo requires preservation, and, as a complete definition of this problem
is yet 1o be gained, preservanls may react with glue, or may impede correct bonding. Second,
glues are normally expensive, and sometimes unavailable in certain regions of the third world.
S0 a cost effeclive choice is always a priority. Third, workability may be important,
depending on the specific design application. 1t can be, for example, that a filling glue type
is desirable for some reason, Among other solutions, a mixture of resin and portland cement’
may turn out te be atractive, because in this case the resin volume is decreased. As a resalt

thete are lower costs with the advantages on the durability side. In addition, the need for

*Work done by Dr. Jurek Jassienko, a staff member of the University of Technology of
Wroclaw, Poland, during a sabhatical in the University of Technology of Eindhoven, showed
the potentials of this application in the case of wood restoration work,
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pressure during the setting period is eliminated, and surface imegularities or are compensated

for,
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5.1.-Introduction

In the course of time a number of joints for bamboo construction have been developad, and
some of the solutions in use can be traced back thousands of years. As in the case of wood
initial trials consisted of two or more elements tied together with rope or siring. Tnitially,
organic fibres like bamboo itself were used, and more recently steel wires. Warner (7)
describes some of the laghing type joints normally found in the field, and some of them are
depicted in figure 5.1.

The lashing technique is popular among users of bamboo. The Chinese people are able to join
together elements of bamboo to build structures as high as forty storeys, as in scaffolding
(Anonymous, 1979}, In Thailand this system is still common practice in the construction
industry, Plastic bands are employed there to connect the culms, and a small piece of wood,
bamboo or a metallic pipe i utilized 0 twist and fagien the lashing,

In more formal construction though, lashing does not produce enough stiffness in Lhe
connection and better options are needed.

An alternative has been 10 clamp the coims between pieces of wood or plywood connecied
with bolts, as shown in figure 5.2, Rigidity can largely be improved making use of the in
plane moment of inertia of the pieces of plywood or the like. There is no need for much
precision because the presence of plates relaxes this requisite, allowing for a certain amount
of flexibility in the dimensions of the culms,

A different proposal is described by Sonti (1959} in which bamboo elements are Iashed to a
steel plate. The author raports that a full-scale dome was constructed in India using this joint
with good results. The advantage of the design is that advantage is taken of the ngidity of the
plate, but that damage to the culms is avoided. No report was made on the rigidity of the joint
itself, but it is very likely that this characicristic largely depends on the guality of the lashing,
A detailed description of common lashing and lashing-like joinls is given by Janssen in his
Ph.D, digsertation (Jansscn, 1981), followed by an analysis of the way the examined joinls

react to the imposition of loads. The author carried out a set of tests on full-scale joints to
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Figure 5.2:Plated joint.

simulate the under-loading behaviour of a king-post type truss.

The joint in figute 5.3 was reported by DANIDA' (Anonymous, 1985).

It is claimed to be especially serviceable in the case of axial forces, for which a set of design
tules are described in the said document. The basic concept is 10 use external ties to take
tension forces transmitted by pins through barmboo. Splitting of the culms is avoided by
hinding the zones of stress concentration with wires, though the authors report that during the
1est of full-scale trusses this type of reinforcement did not prove to be effective, Similar
conclusions in this respect are reported by Janssen (opus cil), who compared the bending
behaviour of bamboo culms with that of a sample that was reinforced by a wire wound
around the elements.

The use of precast steel or alumininm fittings was suggested by Duff (1941). A detail is

“The Danish agency for development,

68



Fundamentals of the Design of Bamboo Structures

Chapter 5: Design of bamboo connections

(naol /ﬂ! /lu'l[numg

] T 7 ' i B ]
- .(IHV:Z___._'._..-L.,,-.J. s [P ]

- i—mp

SECTION OB

JSeevion an

Figure 5.3:Connecting system proposed by DANIDA,
from reference 2.

shown in figure 5.4,

More recently, Spoer (1982) tested some space structures in bamboo where the joint of figure
5.5 was employed. The author reports that the connection performed very well during the
tests.

A gystem has been developed by the Costa Rican Bamboo National Project (sec reference 2,
chapter 3 for more information on thig project) in which a steel bar rung ingide the ¢ulm. The
bar is welded at the extremes to steel plates. The extreme internodes are filled with mortar
to prevent insects from entering and to keep the bar in position. The steel bar has the purpose
of carrying tensile forces, whereas the culm takes on compressive forces. The element-to-
element connection is achieved by welding or by machining the ends of the steel bar, so as
to be able to screw it to some type of receptacle.

In the present chapter the description of a systematic approach o the design of a feasible
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connaction system for bamboo elements is undertaken. The experience summarized in this

introduction is employed as background information in the process.

5.2-Design Methodology

A systematic design approach s now given according 10 the description in figure 5.6.
Basically, the design problem i3 first defined by means of centain objectives to be
accomplished by the resulting object, system or technique. In this case structural performance
is the chosen semantic level, since the object to be produced is fundamentally a structural
object. Next, constraints of the design are clearly stated. Basically, these first two elements
should completely define the design problem, to which the resulting degign should be a
plausible solution. An instrument for the evaluation of the resulting design has to be
developed, so that decisions can be made over a number of options. The actual application

of the approach is described below.

5.3-Objective function

" To achieve structursl continnity between elements "
In modern ¢onstuction technology, the concept of connection involves the search for
mechanisms such that deformations can be kept largely under control, and that predictions are
also possible. Structural continuity also conveys the idea of foree trangmission according to
a certain prescribed and desirable manner.
Perhaps the main role of the connection is indeed to safely transmit loads in a prescribed

manner from element to element, and finally 1o the ground,

5.4- Constraints.

5.4.1-Internal Constraints.

5.4.1.1-Material properties,

In order to define material constraints all relevant features of the material are described and
a synthesis is made, based on the descriptions made in previovs sections of the thesis, and on

other sources where necessary.
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Bamboo is an anisotropic material which shows its best mechanical properties in the direction
parallel to the grain, coincident with the longitudinal axis within very small margins of
variation, Loaded in tengion fibres face stresses with comparatively little shear disruption of
the weak lignin in between them.

Under compression, lignin does play a significant role and failure occurs because of the
presence of tangential expansive forces in the specimen leading to critical tangential straing.

This mixtere of high-strength fibres running almost perfectly parallel (but certainly without
crossing), and a weak lignin matrix in between, produces a material with little tensile and
shear capacity in the direction parallel to the grain. Bamboo is a unidirectionally reinforced
composite with comparatively little tangential capacity.

Thesae facts are well-known to people in the villages and they actually use weaknesses of
bamboo to their own advantage. They split bamboo longitudinally by wedging a knife in
between the fibres, with very little effort, o produce the raw material they need for baskets

and furnitore.

5.4,1.2-8hape

Some of the most promising species are hollow and nearly round. This means therc are a
number of problems for the design of connections. Besides that, bamboo canes are tapered
and thickness varadon is important,

Forces generate high tangential stresses due to the round and hollow shape. As mentoned
above, the absence of tangential or radial fibres creates a set of natural failure planes along
the longitudinal direction and this stops bamboo from taking advaniage of the dome effect,
that could have been expected as a response to forces perpendicular to the culm. Open ends
are then very easily crushed and this is no doubt the reason why common practice
recommends the location of transversal loads on the nodes, to take advantage of their
diaphragm effect As node distribution along the cane is rather variable (Espiloy,1985), this
1% not always possible and in any case it works oul to be restrictive and rigid from a
constructional point of view,

Another inconvenience associated with the round shape of bamboo is the difficulty of aligning
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elements to produce a neat joint. This hag led Lo element overlapping, but this produces a very
magsive joinl, créates serious problems to the modulation and prefabrication of elements and
what is equally important, prevenls an easy solulion for the problem of interaction between
bamboo frames and other elements of the building. Besides that, overlapping leads to the
creation of ectentricilies, increasing bending moments and secondary cifects in the
construction.

But the main drawback of bamboo’s shape need not be the stresses involved, but the
difficulties that arise on the geomelric side of the connection. Since sizes occur in a rather
random fashion, each connection presents a specific case and produces specific cutting
problems. So the connection of elements is a very labour intensive task, that requires highly
qualified workers. The amount of skill needed is such that the furniture industry workers are
real artists, and their wages follow suit. In Costa Rica, for example, this phenomenon is such
that bamboo [urniture i a luxurious product, in spite of the low cost of the material, far
beyond the buying capacity of the low income levels of general society (Manger,1991),
Thus barnboo has a high variability in size, thickness and shape. Hollowness creates little

crushing strength,

5.4.2-External constraints,
External constraints are set up as a list of desirable characteristics to be fulfilled by the design

proposal,

5.4.2.1-Maximization of the use of bamboo.
Like any other maleral bamboo has a combination of good and bad malerial properties. Joints
should take full advantage of the material and should support the use of bamboo to its full

structural potential,

5.4.2.2-8implicity:
Bamboo construction is fundamentally aimed at the solution of infrastruclure problems in

areas where sophisticated equipment and technical capacity are not readily available or are
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expensive. Therefore, good design must be simple in terms of the amount of skill and
equipment involved in its production. These conditions are very important because solutions
to building problems in developing countries normally call for the participation of untrained
volunteers of uscrs in self-construclion projects.

Field tests would be necessary to fully understand and qualify the grade of simplicity of a
design, Factors like those explained by the Theory of Learning and Leatning Curves can then
be quantified and accounted for, and, in the same way, the interaction between component and

total cosis can be better understood.

5.4.2,3- Stability:
Joints should be stable in relation to time. Design must take durability into account, in terms

compatible with the expected life of the entire structure.

5.4.2.4- Adaptability of dimensions to & modular system;

So far the need for modulation on the basis of individual construction appears Lo be an
unnecessary sophistification. But it has to be realised that without this important tool it is very
difficult to achieve the goal of coping with the increasing problem of housing in the third
world, which urgently needs the introduction of modern management to speed up construction,
to improve quality and to lower costs. Besides, modulation has potentials to initiate systematic
approaches to production problems, which may help users to improve their own solutions,
may enable the participation of unskilled workmanship, may concentrate technical problems
in areas of easy conirol like specialized shops, and may also allow the formarion of
production units, On top of this, modulation is a principle in its own right, with a wide range
of applications in production systems, worthy of being tried out and leamed with benefits

beyond the particvlar solution of a building problem.

5.4.2.5- Strength predictability:
From an engineering point of view what is pethaps the greatest problem found in the

literature on joints, is the absence of design rules to allow extrapolation, strength prediction,
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and safety estimation. Not even rules of thumb seem to be available. Plausible mechanical
models and/or sound experimental data should be the natural companions of proposals for

joints,

5.4.2.6-Cost effectiveness:

Taking the interests of bamboo users into account, any submission or proposition must fulfil
requirements of cost-effectiveness.

In themselves joints are one of the highest components of structural costs in 2 building, But
it is common knowledge that joints affect the overall structural cosis ag well, because they
change the amount of structural material needed, constroction time, labour nceds, architectonic
design possibilities, and so forth. So, the real impact of joints on the total cost is nol a simple
matter to determine, and it certainly would be a mistake o simply compare joint 1 joint by

the cost of, for example, only the materials involved.

5.5-Design Profile
The analysis of internal constraints indicates certain elements that should be present in a
"Design Profile’. This can be summarized as a set of specifications for the designer and in
this specific case works out to be ;

-Avoid penetration by nails, screws or bolls,

-Avoid open ends.

-S0lve the problems of size adaplability.

~Transfer forces by axially distributing them to the fibre  system of the culm.

5.6.-Joint evalvation

In order (o compare different design options or joints already available, it is necessary (o
produce an instrument, so that the decision on the quality of the different possibilities can be
made in the most objective way.

At the end of this chapter an assessment is made of the design proposal, by summarizing its

most important features, and comparing them with the objectives and constraints of the
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£.7-Proposal for a Connecting System for Bamboo Elements

As indicated before, the unge of pins, nails or screws entails some drawbacks and
disadvantages for the purpose of making joints for bamboo structures.

The above argument explains why it has been of common practice to use natural or arificial
materials to rope the elements together, No damnage is done to the culm in this way, but some
restrictions to the transfer of loadings become apparent.

Some of the natoral fibres used for this purpose are not strong enough to generate the
necessary tensile force, and besides that, there is very litthe friction with bamboo surfaces,
which are rarely sand papered or cleaned. Another source of softening in this type of joint is
the use of green bamboo, which shrinks and slips out of the bond made by the rope-like
materialg,

Improvements can be made by using devices like the Delft wire-lacing too} (Huybers, 1988~
1,2, 1989, 1990). Basically, this tool winds steel wires around round pieces of wood, and has
been suggested for the making of bamboo connections as weit,

Some trials at the University of Technology of Eindhoven showed though that the amount of
tying is not sufficient to avoid slipping of the culms in the case of bamboo, and sometimes
the wires cause early cracking by crushing of the ends. The major problem would be the
calculation of the safety level of such connections, especially because uniformity in quality
is difficult 10 achieve,

The use of steel or aluminium fittings has given good results according to several authors
(Duff, Spoer, opus <it). Indeed, it is possible to provide the right shape to avoid all, or most,
of the problems mentioned problems above. However, those fittings are usually costly and
unfeasible in the types of applications bamboo is aimed at,

A feature or characteristic is common among proposals like the ones made by Duff and
Spoer. The problem of a low crushing capacity of open ends is eliminated, because the inner
chamber is filled, in one case by wood and in the other by mortar. Both solutions required

some external reinforcement, Duff's proposal in the way of a complex steel fitting, and
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Spoer’s by using a tightened wire that is wound around the culm vt it is completely
covered in spite of the author's claim of its dubious effectiveness. S0, in both solutions an
attempt is made to take carc of the problem of the low tangential capacity of bamboo,
Experience shows that taking (orces out from inside the culm solves a number of problems.
For cxample, the alignment of elements, distribution of crushing siresses, etc. S0 far, the
problem remaing how to transmit forces o other clements without using cxpensive fttings,
on the one hand, and how 1o protect bamboo in the tangential dircction on the other.
Filling the culm seems 1o be a first logical step. To wransmit forees from the colm to the
filling, and at the same time to reinforce bamboo to sustain tangential strains, some sort of
adhesive material is needed. Better still, a piece of wood can be used and glue can be
employed to stick il o the inper surface of bamboo. As shown in chapter four and appendix
C, any normal glue provides a capacity far larger than that of bamboo in the tangential
direction. The piece of wood can be regarded as a wood fitting. This component of the
connection can be extended outside the culm to meet the outcoming piece of wood from other
glements, and the design of an appropriate way of joining them tog,ether can be achicved, as
it is normally done in wood construction. In more demanding structural conditions, some
other type of solution can be developed.

Figure 5.7 shows a proposal. The main principle behind it is, as explaingd before, that the
syslem takes forces out from inside the culm, distributing contact stresscs over as much area
as needed. In order to achicve this a cylindrical piece of wood is glued 10 the culm internally,
The first gain comes from the fact that the presence of the piece of wood changes the internal
distribution of shear stresses, because of the enlargement of the net sccond moment of arca
in the region of the connection, Obviously, the cross-section is also cnlarged, This means that
bending swresses are diminished too, compared to those in the vicinity of the connection,
where hamboo acts alone. Normally the thickness of bamboo is small compared to the
diameter of the full combined section. This then produces a low demand on bonding stresses,
as shown in appendix D, where an analysis of stresses 18 presented for the derivation of les
for caleulation.

Two slots are necded to control cracking during the insertion of the wood cylinder into the
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culm, as shown in the figure, because, as said beforc, bamboo iz rarely perfecdy round,
Besides this fact, the inner surface must be carefully cleaned prior to gloing. The preparation
of the inner surface can be done using a hand-held drilling machinc with sand paper attached
1o the drll, Up 10 5 mm can be easily removed this way, making it possible 1o use 2 fixed
diameter size of the wood cylinder in a variety of bamboo sizes,

It has been observed in the laboratory that up to 10 mm of difference between diameters can
be dealt with normally by this means.

The way in which forces are transmitted from one sirnctural member to another very much
depends on the type of structure and the predominance of one force type upon another, Thus,
a discussion about the actual connection of elements 13 presented in chapter 6, once some

criteria for the structural possibilities of bamboo have been gathered,

Figure 5.7: Proposed system, inner parl,
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5.8-Evaluation

5.8.1-Objectives

As shown in appendix D, it is possible to predict the level of deformations in the connecting
system, and it is also possible to calculate material and geometric requirements. On the other
hand, the study of glued phases in chapter 4 and appendix C shows that structural continuity

1% also achieved with the system.

5.8.2-Design profile

All the specifications of the design profile are met by the proposed system, Though size
adaptability is not completely solved, some degree of achievement can be claimed in this
respect as well. However, no complete evaluation of this matler can be made until some
classification svstem is put in place, because otherwise the designer would always face an

unlimited number of sizes and shapes.

5.8.3-External constraints

The making of the wood ¢ylinders may present some problems in the ficld, but they can be
made in small workshops to the specifications of the designer. This is economically important
also. The construction industry generates a significant contribution to the economies of
developed countrigs, mainly because of the amount of economic activities that it is able o
generate. In the same way, if bamboo construction proves to be technically feasible, it should
significantly contribule to the development of the economics of developing countrics, by
creating business and job opportunities, as well as forward and backward economic linkages.
Once the wood fittings are shop tailored and made, the construction process in the field is
greatly simplified. There is no need for skilled labour. Bamboo elements need but fittle
preparation, sand-papering and cleaning of the interior surface in the region of the connection.
Cutting requires no precision at all, since differences can he taken on by the connection itself,
Angle cutting on bamboo i complelely climinated, since this ¢an be done at the extreme end
of the piece of wood.

The cost of wood can also be significantly reduced, since pleces of Lhe required diameters are
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often the result of plantation thinning in tropical forests. The amount of glue involved is very
small and good quality can be achieved with normally available types. So, though this can
only be evaltuated under real site conditions, it is believed that the cost of the proposal is low
angd makes it feasible from an economic point of view.

The system makes the best use of bamboo by taking advantage of its good properties, but
also helps to protect and improve conditions in the region of the connection, not only from
the point of view of stresses, but also from that of protection. No open ends means no place
for insects 10 hide, neither places of difficull maintenance.

The system allows for the design of modular systems, concentrating the problem of
dimensions in the connection itself, so bamboo becomes sort of neutral in the system, which
is a real relicf, since, because of the wide range of shapes and sizes, putting bamboo elements

together would otherwise require very skilled workmanship.
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Chapter 6: Dezgign of bamboo structures

&.1-Introduction

In the previous chapters bamboo was dealt with from the point of view of the material
(chapters 2, 3 and 4 and appendixes A, B and C), and from the point of view of the properties
of the culms (chapter 3 and appendixes D, E, F, anf G).

In this chapter some ideas related to the design of bamboo structures are based upon the basic
concepts described there. The approach in this chapter is basically descriptive, remarks are
made based on the physical relation of varizbles, that has been introduced in previous sections
of the thesis, on the observations of different phenomena in the laboralory, and on some
limited field observations. It is acknowledged, though, that probably the most important
source of inpul to the development of structural design, namely, enginecring experience, is
very limited as a source in this case, due to circumstances which will be explained i the
following. As an eventual *fully engineering’ material, bamboo is still at the very beginning
of its development. Moreover, the crude application of 'commeon’ éngineering knowledge may
be misleading, becaunge of subsiantial differences between bamboo and other more normally
used {and more normalized) materials.

Though basic mechanical properties have been dealt with by many authors and were also dealt
with during this research project, ficld work should still be undertaken from the point of view
of the practical applications of the findings. In wood, for example, and to talk about &
material that may resemble bamboo, properties are related to species, broadly speaking, but
in the case of bamboo it looks as if things are not so straightforward, because of the very
random nature of the material. Basic valuable design data for tropical wood is stll in the
process of being developed (see Nakai, 1992, only to mention one example of this effort), so
it would be too much of a simplification to believe that the bamboo data base 15 complets,
The way bamboo should be classified still has to be developed, and only then will it be
possible to determine, in a cyclic process, design levels for the different parameters, and the
relation of these design levels to spacies, location, and 50 forth,

So far, though, one intercsting possibility pointed out in this thesis (chapter 2) is that it may

be possible to control the maximum tangential strain in the culms as a way of fixing desirable
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levels of safely. For that purpose all one needs to do is to c¢heck the maximum langential
capacity for a certain batch or species, and to determine the clasticity modulus in an
appropriate and rcliable way. This can not be done without serious statistical studies and
careful laboratory investigations, but in this way the work of the designer can be greatly
simplilicaled and grow in meaning.

In the following lines, therefore, consequences of the properties of the material and of the
culms are connected to design possibilities from several points of view, covering matters like
loads, shapes, connections and others that may have some relevance in the determination of
the design procedure and the final product: the bamboo structure,

There might be some discussion upon the fact that perhaps practice should lead the way in
the development of bamboo use in construction, as some maintain is the case in engineerng.
That criticism may be plainly justified, especially because in general terms a theory in
engineering is not (really) engineering Ul it is pul o work, that is, until there is some
concrete enginecring evidence of it, otherwise it just remains a theory.

In the case of the general methodology of this thesis, theory precedes practice W some extent
{some people will not be surprised about this in any case, they probably ¢ven applaud the
approach, especially many in favour of theory first and practice later). But practice in bamboo
construction! is practically nonexistent, so there was no choice but to try to simulate a broad
reality by modelling it, accepting that models may be incomplete, but that at Jeast they may
give some idea of the extreme situations that may arise from extreme values of the paramelers
involved. The design consequences that are referred to in the nexi sections contain this

methodological bias, so the reader should keep this in mind.

G.2-Load systems
Loads can be classified in many ways, and il is not the intention of the author ko propose
criteria in that sensa, or to extensively discuss ideas currently available on this mateer. It is

important to acknowledge, though, that there must be a connection between the properties of

'Meaning “engineered’ construction.
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the structural elements that are to be used in a construction, and the type of loads that those
particnlar elements may carry in an efficient way.

Perhaps this point is not 30 obvious in the case of shapeable materials (those that are
susceptible to forming or shaping. the final shape of which is not an intrinsic property),
hecause those materials are precisely shaped to meet certain structural and architectonic
requirements, to mention just two demanding conditions.

From the perspective of the initial and basic scope of this research project, bamboo is
considered unshapeable?, that 15 to say, the accepted objective is to pse the culms as they are
produced by nature. as tubular tapered elements. This shape and the mechanical properties of
the material should in the first place determine the type of loads that a particular structure
may camy.

For simplicity’s sake forces can be grouped according to the effect that they produce in the
element, such as axial forces, ransversal forces, bending moments, and twisting moments.
Axial forces can produce compression or tension states in the element,

The final effect on the element depends on g mumber of conditions, like the shape of the
strocture, the position and direction of the forces, the conditions at the supperts, initial
imperfections, creep, time dependency of the loads, ete,

According to the arguments in chapters 2 and 3, bamboo is an elastic brittle material, with
a relatively low modulus of elasticity®. Though the culms have nodes that sometimes are
thought of as strong links, it hag been shown that actually nodes are the weakest component
of the culms, and the points where attention should be mostly concentrated. As a general rule,
the more nodes a culm has, the less effective it is carrying loads, both from the point of view
of strength and of deformation.

Muostly, it is therefore desirable that culms carry axial loads only, or at least that transversal
loads and bending moments can be kept to a minimum. Bending moments will be present

anyway, because of initial imperfections, even in visually straight culms, and because of some

*Though, in 4 broader sense, this is not tree of course,
*That is, the overall phenomena in the full culm, as explained in appendix F.
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time dependency of the shape of the culms, namely creep, that has been observed as an
important factor. Though Janssen (1981) has shown that creep in bamboo iz less than in
wood, cvidence suggests that the inftial conditions of storage in the process of drying, play
an important role in this matter, because cuims supported at two extremes during this period,
usually show important sagging effects. Moreover, bending and shear is introduced by the
connections, which can never behave as perfect hinges.

As said before, nodes also generate bending moments, normally accompanied by twisting. In
the experiment of appendix E, though, it was found that the angle of lwisling was not
considerable (but culms were selected on the ¢riteria of straightness). in terms of twisting, in
any case, the major obstacle remains the fact that research in this area is practically non-
existing. This is of course limiting for the design and calculation of space trusses, especially
those where, because of agymmetric loading or shapes, torsion may be important,

Though this research project did not cover the study of shear in an explicil manner, we
explained in chapters 2 and 3 how tangential strains could be the single most critical
parameter in the definition of the type of failure in bamboo culms. Transversal shears can be
associated to tangential strains (perpendicular to the fibres) , of course, and therefore they
should be avoided. It was pointed out by Janssen (opus cit), that shear calculated according
to bending theory related poorly to the measured capacity of a sample of culms tested in
bending, the measured shear capacity being about five times as large, Oddly enough, the
figure found in bending calculations is much closer to the maximum capacity that has heen
found in this research project for tension perpendicular to the grain (chapter 2), confirming
how ctitical this can be. From the point of view of its composition, bamboo is not naturally
reinforced for shear, because, compared W a reinforced concrete beam, "stirrups’ are located
on the longitedinal instead of the transversal direction in a bambod culm.

S0 it is important to consider shapes thal produce axial loads in the elements. In addition,
account has to be given to bending moments due to initial eccentricitics and those generaled
al the conneclions.

The discussion on whether to prefer compressive or tensile forces is a bit more difficult. The

design value for lension and compression works out to be quite similar, but compression
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capacity is rather irrelevant from a structural point of view, because the culms are usually
slender. Therefore, elastic instability may play a very important role, bringing down the
maximum admissible stresses, depending on a number of parameters as indicated in appendix
E.

A comparison of the values given by eq.E.(74) and the maximum compressive capacity,

typically found for bamboo, indicates that the critical value of average slenderness at which

the compression changes to buckling is A, = 50 . It means that for the more common

species the maximum length for a double hinged strut should be kept under 230 mm, because
under this condition compression would govern the maximum capacity of the element.

So it is clear that elements under compression loads are bound to be much shorter {or less
slender, in any ¢ase) than those under tension loads, and that the overall shape of the structure
should reflect this fact.

One possibility that can be examined in relation to the need for angmentation of the second
moment of area conceming elements under compression, would be the use of arays of two

or more culms,
The left-hand side of figure 6.1 shows an array of four culms of 30 mm in external diammeter.

This is perhaps not the most feasible shape for constructional purposes, but it is proposed here
only for the sake of the corrent argumentation, though it will be shown in the next section
that some constructional possibilities do exist.

When the second moment of area of the left side array is compared to that of a gingle ¢ulm
of approximately the same size, as shown on the right hand side of the figure, we find that
they are very similar to each other. On the other hand, it is always much simpler to build
using single elements, especially if we consider the complexities arising in the connections.
So, bamboo structures should tend to be formed by using single elements instead of groups
of smaller ones.

It can be concluded, therefore, that bamboo siructores deliver their best structural

performance under axial loads.
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Figure 6.1: Four culm and one single culm arrays

6.2-5troctural shapes and connections

In terms of the very limited recent experience, different approaches o the use of bambaod have
been on trial, mostly at the laboratory level, but also in actual comstruction, particularly in
housing projects. There is on the one hand a sort of a traditional approach, where bamboo is
vsed for walling and parlitions, and where some level of transformation is given to the culms.
Woven strips, culm frames filled with these woven strips, and sometimes plastered faces, are
examples of these types of applications. Part of this approach is the use of the culms 1o
produce trusses and frame trusses as strectural shapes, where the elements are connected 1o
cach other using natural fibres, crossing the elements over each other, This is the solution one
typically comes across in traditional construction in South-East Asia.

More recently the literature reports the studies of Hidalgo (1981), Spoer (1982), Ghavamy
{1988), to mention just the best documented cases, where connections follow the shapes used

in the 'West' in steel and wood construction. Structural shapes also resemble the ones used
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in wood and steel.

Perhaps the most complete collection of design ideas can be found in " Bamboos"
{Dunkelberg, 1935), a book published by the Instiate for Lightweight Structures, University
of Swttgart, vader the direction of Frei Otto.

The observations of these authors, and the examples of appendix F, seem to suggest that one
of the most promising applications may be the building of trusses, frame trusses and spatial
structures, Bamboo frames are definitely not a good option, leading to very flexible and weak
structures, with very low degrees of redundancy, as is discussed in the last section of
appendix F,

In accordance with the results of chapter three and the discussions of appendix E, structural
shapes should be such that the length of compression clements is kept short to avoid buckling,
and the connections should be as sGif as possible for the same reason.

In this sense the choice of shapes has been limited in the past by the type of connections
available, Spder (opus cit) tried the vse of steel fittings bolied 1o a spherical receptacle, that
allows the building of lamellae and grid-like structures. Ghavamy (opus cit) reports works in
the same direction, with positive results.

The use of steel or metal to transfer loads from element to element seems to be a promising
approach. As discussed in appendix F, wood-to-wood connections add a great deal of
flexibility to bamboo structures, because the second moment of area that is available, due to
the size of the incoming elements, is very low, though the effective elasticity modulus of
wood is normally much higher than that of bamboo culms.

S0, before going ahead with the discussion on feasible structural shapes, it is necessary to
develop some ideas about the possible joining systems, departing from the fact that the basic
problem of taking forces from the culm can be solved according to the proposal made in
chapter 5.

A simple way of dealing with the problem is depicted in figure 6.2,

The steel plate C is introduced in the slot of the wood cylitder and glued to it with a mixture
of epoxy resin and Portland cement. The plate is projected, 50 that its ouier extreme can be
adapted for different applications, as indicated in the details D and E in the figure,
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Figure 6.2: Connccting system,

In plane trusses, the plates from two or more incoming elements can be pre-welded o cach
other and then the rest of the connection can be assembled.

The specific way by which plates or steel tips are joined together is left to the creativety of
the designer, but an idea is depicted in figure 6.3 just to show the kinds of possibilities that
can be made available.

Figure 6.3 shows a connection in which a small box is made of steel plates, so that the faces
are perpendicular to the axis of the incoming elements. The steel 1ips are then welded directly
to those surfaces. Welding is thought of here because it is cheaper than machining of the tips,
but in some cases this can be achieved as well,

Figure 6.4 shows a different solution, where a pisce of steel pipe is used as a central element
so that incoming plaies, in this case, can be welded to the required angles. It can be seen that
this type of generic solution gives great flexibility to the designer because there are lew

restrictions from the perspective of the structural shapes that it may support. The amount of
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Figure 6.3: Connection for space truss, with centre steel box element.

steel that is needed is very small and the fabrication of the components is simple comparad
to precast steel fitings. A rough calculation of the thickness of the plate shows that a
thickness of only 2.0 mm is needed to maich sirength and stiffness needs in the connection,
for the expected capacity of bamboo culms between 70 and 120 mm diameters, Experimental
evidence on the use of the mixture of resin and Portland cement at the laboratory of the
Department of Structural Design of the University of Technology of Eindhoven® very much
supports this idea both from the point of view of strength and stiffness. Though the cost has
to be evaluated in a field simation, the amount of resin involved suggests that this would not

be a major problem.

‘From the work of Dr, Jerzy Jasienko, invited researcher, staff member of the University
of Technology of Wroclaw, Poland, who has studied this possibility for the reinforcement of
wood beams with embedded steel bars,

21



Fundamentals of the Design of Bamboo Structiures

Chapter 6: Design of bamboo structures

Figure 6.4:Connection made with a piece of steel pipe and plales.

Several problems are dealt with by means of this proposal.

Tn the first place, all the advantages described in chapler five are kept intact, both those
related to the properties of the materiat and those related to dimensioning, detailing, and
building.

In the second place, the proposal is more of a concept than a definitive rigid fitting or system,
because it allows the designer o have choices in relation to the final specific shape of the
conneclion. In that way it allows the interconncction of bamboo culms, but also their
connection to elements of other materials, like a concrete beam or a foundation system, a4
shown in figure 6.5.

In this way the structural shape is not restrained or defined by the connecting system. 50,
what should the shape of bamboo structures be then?

It has been shown how the use of the glued wood eylinder plug proposed in chapter five

opens possibilitics for the designer, as have been shown in the previous paragraphs. This fact
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Figure 6.5: Connection to a foundation or concrete element.

combined with the recommendations of section 6.2 leaves the designer free to respond to the
specitic circumstances of the problem to be solved.

In spite of that, some other recommendations can be derived from the statements in previous
chapters.

Though it was argued that the use of a single element, instead of a combination of several
ones, is more efficient from the point of view of the stiffness, there may be other reasons why
it is desirable to proceed in that manner.

In figures 6.6 and 6.7 we can sec that the proposed system can be adapted to cope with this
type of demand. There, a combination is shown of three and four cuims, which together form
a chord, or a diagonal element. The culms probably need to be kept together at midspan, and
for this purpose the figures show the use of thin steel bands.

The cormection is achieved by projecting steel tips out of the wood cylinder, so that these tips
can be welded to a plated or any other central component. As shown i the figures, stiffening
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Figure 6.6:5woctural cletnent composcd of three culims,

plates can be welded to the tips, to fix the relative position of the culms.

6.3-Bamboo’s major assets

As cxplained in chapter ong, bamboo is a remewable resource, 5o far, ils "silviculture’ has
been rarely defined in terms of construction purposes, except in the case of the Costa Rican
Bamboo National Project (a bamboo housing project supported by the Government of Costa
Rica anp the Government of The Netherlands, see for example, Chaves and Gutiérrez, 1988),
Bamboo supplics can easily be sustained in a process that is environmentally friendly, and
this one of bamboo's major assats.

The second major advantage of bamboo is its relative lightness, a property that comes from
the hollowness of the culms, Designers can take great advantage of this characteristic. It
seems that the major field of applications is in structures for rools and sheds, where the

demands of stiffness of connections are not that high. This is an important factor o take 1nlo
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Figure 6.7: Structural element composed of: four culms

account, because if the weight of the connections becomes an important factor in the 1otal
weight of the structure {which may happen, due to the lightness of bamboo), then litde
capacity may be left to carry the rest of the loads in the stracture. An appropriate design of
the shape may allow it to carry quite important loads with only a small amount of bamboo
mass in the structure. Therefore, designer should pay most attention to the relation belween
bamboo and total weight so that an optimum can be reached. This fact may in some cases
define the viability of the use of bamboo for a predetermined purpose.
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Chapter 7: Conclusions and further research recommendations

7.1-The strocture of bamboo culms

7.1.1-Most bamboo species have holiow culms, though some solid stems can be found. The
hollow internodes are connected 10 each other by nodes, or transversal walls (see section 2.1.2

and related references).

7.1.2-Bamboo culms are compaosed by a matrix that holds fibre strands together. These fibres
run parallel to the axis of the culm, being more concentrated at the top of the culm and
towards the outer layer of the cross-section. The fibres are confined to the fibre strands and

1o $clerenchyma sheaths ($ee section 2.1.2),

7.1.3-Fibre strands are not continuaus along the length of the culm, instead they bend towards
the inside of the nodes (see section 2.3),

7.1.4-No radial fibre strands exist in the case of bamboo (see section 2.1.2).

7.1.5-Culms are tapered, the wall thickness decreases from bottom to 1op, and the internode

length varies along the culm.

7.2-Tangential tension capacity of bamhoo

7.2.1-The elasticity modulus In the tangential direction i3 aboul one-gighth the elasticity

modulus in the longitudinal direction (see chapter 2).

7.2.2-No clear correlation could be found between tangential tension capacity and density of

the specitmen (see section 2.2.2).
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7.2.3-A maximum tangenlial girain was observed for different samples of Guadua s.p.,
Bambusa blumeana, and Gigantochloa scortechinii, indicating the possible existence of a
characteristic value for bamboo. More research is needed on more species and samples 1o
verify this aspect. This is a matter of importance not only for constructional and stoctural

purposes but also for handicraft (see section 2.2.2).

7.2.4-Fibres contribute indirectly to the tangential strength, becavse they change the "texiure’
of the crack path. The more fibres the crack trajectory encounters, the more energy is needed
to fracture the material. Research on this matter should be undertaken to determine the
relation between fibre content, density of the non-sclerenchymatose components, and

tangential tension capacity (see sections 2.2.2 and 5.4.1.1).

7.2.5-A specimen for the delermination of maximum strain at failure in tangential tension was
developed, Research is needed 1o develop a specimen which is also suitable for a simple

determination of steength (sec section 2.2.1),

7.2.6-Bamboo exhibits an elastic behaviour in tangential tension, with a brittle mode of lailure

(see section 2.2.2).
7.3-Parallel tension

7.3.1-A strong correlation between parallel tension strength and density was found (see

appendix A, ey A(1)).

7.3.2-A specimen for the determination of tensile capacity of bamboo strips was developed

{see seoton 2.3).

7.3.3-Nodes are the weakest components. The capacity of the nodes for a sample of Bambusa

blumeana was found to be only 40% of that of the internode scction (see section A3),
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7.3.4-Nodes are the more flexible part of the culm, The average elastic modulus in the region
of the node (measured over a length of 30 mm, ¢entred at the node position) was found to

he 40% of that of the internode section for a sample of Bambusa blumeana.

7.3.5-No study was undertaken on the structural behaviour of the full culm under tension.

Research should be done on this matter, raking the role of the nodes into account.

7.3.6-The capacity of strips from the intcmode section is very high, found to be 270 Num®
for a sample of Bambusa blumeana. This fact should stimulate research into the use of the
internode sections of bamboo culms in such a way that foll advantage is taken of this
capacity. In the use of full culms this capacity can not be vsed because the nodes are the

limiting factors (see section A.3).

7.3.7-Further regearch into the utilization of the fibres of bamboo should include the way

different factors affect fibre conient and density.

7.3.8-Bamboo presents a perfectly elagtic behaviour in parallel tension, with a clearly brittle

mode of failure.
7.4-Compressive capacity of bamboo

7.4.1-The conditions of the test set-up in compression ate a critical point to be taken care of,
Friction and stiffness of the loading plates contribute to the modification of the mode of
failure of the specimens (see section 3.1, 3.2 and B.1).

7.4.2-A distinction should be made between the compressive capacity of bamboo as a materiat
and the compressive capacity of the culms. In the latter case, capacity is affected by the
geomeiry of the specimen, Measured parameters may show a strong influence of
imperfections in the specimen and the conditions of the test (see sections 3.2 and B.1).
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7.43-When the full culms are intended to be used for structural purposes compressive
capacily should be measured on tings with a ratio of 1:1 for the height and the diameter, and
the test should be run in such a way that friction is limited to the minimum possible (see

sections 3.2 and B.1).

7.4.4-The relalion belween longitudinal and tangential straing is about 0.3. The maximum
tangential strain on the external surface of bamboo prior to failure is about 0.0012 (see
sections 2.2.2 and B.1).

7.4.5-1t is possible to predict the stress level at failure when the elastic modulus is known,

by using .0012 as a limiting figure for the maximum tangential strain (see section B.1).

7.4.6-The sccant value between 10 and 80 % of the maximum deformation is a good
gstimator of the elastic modulus, being more stable and less affected by interactions helween

the specimen and the plates of the testing machine (see sectdon B.2)
7.5-Critical load of bamhoo columns

7.5.1-The major source of lateral deformation in 2 bamboo column is the initial lateral
delormation (see sections B.2 and E.5). This has to be taken into consideration in laboratory

experiments on buckling,

7.5.2-1t is possible to measure the critical load of bamboo culms by ﬁsing a Southwell Plot

procedure in the laboratory (see sections E.2 and E.5).
7.5.3- The critical load of bamboo culms is affected by a combination of the change in the

cross-section and the change of the clasticity modulus along the length (see eq.E.36 and
E.37).
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7.5.4- Tgnoring the influence of the nodes, the calculation of the critical load as a function of

average properties of the culm gives a conservative estimate (see eq. E. 36 and E 37).

7.5.5-5ince the nodes are more flexible than the intemodal sections, they decrease the value

of the critical load of bamboo columns (se¢ chapter 2).

7.5.6-Nodes are a very random feamre, so their average influence should be studied for
specific conditions. The results of the Southwell plot procedure can be statistically adjusted
1o take the influence of the nodes into consideration, and to simplify the calculation. The
study of the influence of the nodes on the stiffness of culms indicates that the critical load

iz overestimated when the nodes are not taken into account (see section E7 and appendix F),
7.6-Glueability of bamboo

7.6.1-The bonding capacity of bamboo glued phases is not affected by barmboo density, nor
by the type of wood, the thickness or the diameter of the culm. A normal wood type of glue

is enough to produce a high-quality connection {see section 4.2.1}.

7.6.2-Bamboo glued phases can resist cyclic loadings below the design level with no damage

or deterioration of the final capacity (see section 4,2.2),

7.6.3-Failure in bamboo glued phases always occurs inside bamboo, therefore bamboo is the

most critical component of the phase (see section 4.2.2).

7.6.4-Failure of bamboo glued phasas is brittle {see section 4.2.2).

7.7-Bamboo ghted connections
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7.7.1-Glued wood fitings are a feasible and effective way of taking or transmitting forces to
bamboo beam columns, taking into account the weaknesses of the culms and making use of

their full capacity (see section 5.1, 5.4, 5.5 and 5.6).

7.8-Connections for bamboo structures

7.8.1-The use of nails, screws or bolts to conpect bamboo culms entails a namber of
disadvantages, because this type of sclution concentrates siresses in regions and directions

where Bamboo is very weak (see scction 5.4).

7.8.2-The insertion and gluing of a wooden cylindrical connector in the extremes of bamboo
culms not only allows us 1o take and transmit forces, but also to reinforce the culm in those

regions (see secton C.4),

7.8.3-IL 15 necessary 10 use steel fitdngs as central elements in the commections of bamboo
structures. Simple nailing of the wood fittings leads to low capacity and high rotation of (he

connections (see section F.6).

7.8.4-Simple cheap steel fitings can be designed and developed to connect the wood fillings
glued to the inner side of the culms. Some examples can be seen in gection 6.2. Research
should be concenirated in developing a complete construction system, that 15 based on the
utilization of the possibilities of the glued wood fitting, allowing for a speedy and efficient

utilization of bamboo in structuses.

7.9-The Design of bamboo structures

7.9.1“When the problem of the connections has well been taken care of, it will be possible

to produce bamboo structures that are light, stiff and strong, as shown in section F.6.
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7.9.2-In general, the vadation of the diameter and that of the modulus of elasticity do not
compensate cach other in terms of the final stiffness of the culm {see section G.2).

7.94-The infloence of the variation of the ¢ross-section and of the elasticity modulus
produces a reduction of no more than 15% in the bending and the axial stiffness of bamboo,

as compared to the figure resulting from using average properties of the culms.

7.9.4-Nodes largely affect the bending and the axial siiffness of bamboo culms. Therefore,

it is better from this point of view to use culms with long internodes (see section G.4).

7.9.5-In general, it can be said that the combined effect of the variation of cross section and
the presence of nodes results in a reduction up to 50% of the bending stiffness calculated

using average properties’, and up to 80% of the axial stiffness (see section G.A4).

7.9.6-Both from the point of view of capacity and deformations, trusses and frame lrusses are

a ruch better application of bamboo than frames (see section 6.1 and 6.2).

7.9.7-Structural bamboo components in compression should be kept under a slenderess of 50.
In this way buckling is controlled, but also bending moments arising from initial
imperfections are kept to a minimum (see section E.7).

7.9.8-The crude application of ‘commom’ engineering knowledge to the structural design of
bamboo may be misleading, because of substantial differences between bamboo and other

more commonly vwsed materials.

7.9.10-As a general rule, the more nodes a culm has, the less effective it is for carrying loads,

both from the point of view of strength and of deformation.

the average of the properties at the extremes of the culms
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7.9.11-The stryctural behaviour of bamboo culms under twisting loads is an area of research

that i yet to be unexplored,

7.10-General remark regarding bamboo as a structural material

Structural malerials have strengths and weaknesses, and it is up to the structural engineer and
architect to use them in the best possible way for the benefit not just of a specific client or
idea, but for that of mankind as a whole.

The facts found during this research show that bamboo can be given some restricted structural
use. It is the hope of the author that some elements of relevance are put forward in this thesis,
80 that new gtructural shapes and applications can be devised. The gathering of controlled
field experience should be the major focus of attention in the future, and would be the best
way Lo promoe the use of bamboo,

The results of the testing of trugses in the laboratory are encouraging, cspecially because the
comparison of the weight of the structure with #s capacity and stiffness gives a clear vote of
confidence as regards the potential of the material.

During this research effort, bamboo proved to be a difficult malenal, sometimes it was even
evasive and impencirable. Laboratory work on the preparation of specimens of all types has
shown how unworkable it can be, perhaps due to the fact that no tools, at the construction
level, are yvet available for bamboo,

During the very last phase of the research project, though, the making of a few lrusscs
demonstrated that it is possible to build attractive, light, strong and well-enginecred structures
from this material. As a final slatement the author wishes to share his enthusiam in this sense,
and to encourage engineers and architects, especially those colleagues who have bamboo

available, 1o give it a chance by using all their inventiveness. Bamboo will pay back.

7.11-Gencral remark on future research

The attention of bamboo rescarch should move from the specifics of the properties of bamboo
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as a matetial, to the applications in the construction industry.

It must be borne in mind that the major reason some institutions and individuals are paying
attention to this materials is its abundance and easy reproduction, and the possibilities that it
may hold for people in the third world. But the results of research activities will never reach
these populations as long as they are kept in the sometimes ambiguons terrain of testing
compression and bending capacity in the Iaboratory only. Communication between field
engineers and researchers is needed in order to focus our attembtion on the real issves
concerning the wtilization of bamboo in construction,

The current efforts in looking for a solution for the problem of preservation and treatment

should be strongly encouraged and supporned.
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Appendix A: Experimental analysis of parallel tension
A.1-Influence of the speed of loading on the tensile capacity of bamboo
Table A.l1 shows the descriptive statistics for the results of three treatments (speeds of

deformation).

Variable: (.2 mm/min 0.6 mm/min 1.0 mm/min
Sample size 11 11 11
Average 272,135 294,144 309.983
Median 300.82 291.96 328.0
Mode 282.48 261.0 284.0
Geometric mean 264.718 288.377 307.832
Variance 373393 3910.7 146822
Standard deviation 61.1059 62.5336 383173
Standard error 18.4241 18.8552 11.5531
Minimum 143.68 195.81 263.44
Maximum 345,76 419.88 374.58
Range 202.08 224.07 111.14
Lower quarlile 224.0 259.68 272,25
Upper quartile 314.64 317.0 339.6
Interquartile range 90).64 57.32 67.35

Table A.1; Results from three loading speeds.

These results show that strengths tend to be higher for higher rates of loading, although it i3
clear that more studies are needed to completely understand this phenomenon.

The goal of the study regarding the influence of the loading rate was to be able 1 gain some
tlexibility in the cventual specifications of the test. This is because most of the laboratories,

where tensile tests may eventually be carried out, may not have conditions good enough to
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assure a permanent and non variable rate of loading. So, the question is to what extent some
variation in the rate of loading may lead to variation in the tensile strength measured thig way.

Two-Sample Analysis Results

Sample Statistics: 0.2 mm/min 1.0 mm/min Pooled
Number of Obs. 11 11 22

Average 272.135 309,983 291.059
Variance 3733.93 1468.22 2601.08

Std. Deviation 61.1059 383173 31,0007
Median 300.82 328. 30124
Difference between Means = -37.8432

Conf. Interval For Diff. in Means: 93 Percent

(Equal Vars}) Sample 1 - Sample 2 -83.2222 7.5258 20 D.F.

Ratio of Variances = 2.54317

Conf, Interval for Ratio of Variances: 0 Percent
Sample 1 = Sample 2

Hypothesis Test for H); Diff = 0 Compated t statistic = -1.7404
vs Alt: NE Sig. Level = 0.0971534
at Alpha = 0.05 so do not reject Hi.

Table A.2: Compartison of two loading speeds.

Table A.2 reports the test results of the hypothesis that the difference in means between the
two cxtreme speeds tested is zero. It can be seen that for a confidence interval of 95% this
hypothesis is comrect, in spite of the difference in loading rates. Therefore, at least in a
preliminary step, it may be concluded that the proposed test could be done in a certain range

of loading speeds without affecting the results thus obtained in a significant way,
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A.2-Influence of density

Tt was found that when moisture and density were taken together in the analysis, moisture
accounted for only 20,29 % of the variance. [n our case, moisture ranged hetween 12,80 and
17.71 % as it can he seen in table A3, It can be observed that specimens were not
specifically conditioned from the perspective of constant moisture, nor was a wide enough
range selected for this variable, since as we cstablished before, our main inlerest was o see
the influence of density under some flexibility regarding the values of other parameters’. No
attiempt hag been made in this experiment lo find a correcting factor for moisture, bul its
influcnce is analyzed anyway, of course, as explained in the following lines. Density and
moisture were measured according to IS0 3131-1975(B) and 150 3130-1975(E) respectively,
exeept thal the shape of the specimens was changed to small strips of 3 mm x 50 mm X
thickness *. Table 2.4 gives us some appreciation of the high tensile strength of bamboo
specimens from the internode secton of the calm.

Two problems refated o moisture and density become apparent after analyzing table A3
First, both density and moisture tend to distribute in the way of a long right tail, but this
factor is even more pronounced in the case of moisture, as revealed by the values of the
skewness coclficients. Sccond, the distribution of density tends to be flal with short tails, but
this feature is mote pronounced in the case of moisture, ag shown by the valves of the
Kurtosis coefficients. What is more important, the standard valucs of these coefficients also
show Lhat the normality assumption is very good for density but poor for moisture, facts that
have to be taken into consideraton in the analysis.

In spite of the above statement the influence of moisture was also checked by calculating
regression of tensile strength vs. density and moisture, as shown in table A4,

Analysis of the significance levels and the t-factors leads to the conclusion that the regression

"The relation between density and tensile capacity was alse studied for conditioned
specimens at 129 moisture content, but, again, it was of interest to sec il some deviation
from this value would significantly affect the result, which was not found 10 be the case.

*Thus density refers w the average along the thickness.
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is not a good one, since the possibility of failing to predict is very high. Perhaps this was to
be expected due to the combination of two variables with two very different distributions as
was shown before.

This result supports the possibility of looking for a simple relation between tensile strength
and density, instead of complicating the equation by including moisture.

Table A.5 below shows the results of calculating a linear regression of tensile strength and
density. The improvement in the significance level can be seen. It can therefore be concluded
that density can indeed be a good estimator of the tensile strength of this haich of bamboo.
An analysis of variances confirmed the accuracy of the model and, therefore, it could be

concluded that

£ =04p eq A1)
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Variable density maoisture strength
Sample size 11 11 11
Average GB6.56 13.63 275.16
Median 666. 13.27 300.82
Mode 634, 13.24 300.82
Geometric Mean 682.17 13.57 269.79
Variance 686942 1.89 2978.84
Standard Deviation B2.88 1.37 34.58
Standard Error 24.98 41 16,45
Minimum 3834 12.8 177.0
Maximum 827.3 17.71 34576
Range 241.9 491 168,76
Lower Quartile 622, 13. 224,
Upper Quarlile 783.8 13.57 314.64
Interquartile Range 161.8 57 20.64
Skewness 60 311 -37
Standarived skewness 90 4.21 -7
Kurtosis -1.01 10.02 -1.01
Standardized Kurtosis -.68 6.78 -.69

Unils : density = kg/m® moisture = % tensile strength = N/mm*

Table A3 Descriplive statistics for a sample of B.blumeana from

the Philippines.
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Model fitting results for TENSILE STRENGTH

Independent coefficient std. error t-value sig.level
variable
DENSITY 0.200101 0.210589 0.9502 0.3668
Moisture 10.03717 10.62858 0.9444 0.3696
r = 0.9623

Table A.4: Density and moisture related to strength.

Model fitting results for; TENSILE STRENGTH
Independent coefficient std. error t-value sig.level
variable
DENSITY 0.397578 0.024733 16,0606 0.0000
= 0.9627

Table A.5: Regression model of density strength,

A3+ Influence of nodes.

Ty examing the effect of the nodes, samples were checked in such a way that intemode amd

node samples were taken from neighbouring positions along the circumference , and tests ran

under the same ¢ircumstances.

The results in table A.6 show that the tensile strength of the node region is only about 30%

that of the internode.

Table A.7 shows that there is also a significant difference in the value of the elastic modulns,

Node elagtic modulus i3 about 40% the intemnode’s,
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Variable:

Sample size
Average

Median

Mode

Geometric mean
Variance
Standard deviation
Standard error
Minimum
Maximum

Range

Lower quarlile
Upper quattile
Interquartile range
Skewness
Standardized ..
skewness

Kurtosis

TENSION INTERNOQDE
11
270,386
287.09
273.13
263.66
3597.13
29,9761
15.0835,
154.76
334.27
174.51
224.37
326.4
102.03
-0.76207

-L.03185
-(.446007

TENSION NODE
1L
79.8936
0.7
80.7
786725
201.64
14.2G19
4.28204
52,48
101.89
4941
69.4
£3.67
19.27
-(0.29442

-(. 398640
0.172994

Table A.6; Swengths {rom node-internode 2sts.
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Variable: INTERNCDE MODULE  NODE MODULE
Sample size 11 11

Average 13857.3 7452.62
Median 19444.7 7730,
Muode 17600. 6752.86
Geometric mean 18021.4 7317.02
Variance 2.99612x10 2.2288x10°
Standard deviation 5473.68 1492 92
Standard error 1650.38 450.131
Minimum 8928.0 5511.0
Maximum 26794.9 97%4.0
Range 17866.9 4283.0
Lower quartile 15376.0 6082.0
Upper quartile 22271.0 83920
Interquartile range 6893.0 2310.0
Skewness -0.403314 0.216891
Standardized skewness -0.546089 0.293671
Kurtosis -0.380636 -1.28877
Standardized kurtosis -0.257692 -0.872502

Table A.7: Elastic Moduli from node-internode tests,
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Appendix B: Experimental analysis of short elements

B.1- Introduction

Several problems need to be taken into consideration in dealing with compression tests of
barmboo clements.

Perhaps the first aspect that is usually noted by the experimenter is the fact that the cross-
section of bamboo elements is not a perfect circle, but rather an irrcgular shape. Since it is
customary o calculale siresses as simply being the ratio of the normal force to the area of an
agsumed cylinder of constant thickness, it is relevant to find out what influence this
simplification has on the values measured in this way. As proposed by Xiu {ref. 11, chapler
3) a factor can be derived, like that of equation 3.3, to correct the ¢ross scctional area of the
specimen,

From a different stand-point when the cross-section resembles an clliptical ring, its area can

be related to that of a circular ring by the eguation

A, lvr,-2r, eq.B.(1)

A 2-2r,

A sample taken from the stock of Bambusa blumeana and Guadua s.p. n the laboratory at

Eindhoven University of Technology, showed that the range of valucs for the parameters ry

and r, ranged, respectively, from 1.0 to 1.3 and from 0.05 to (.15. Evalvation of equation

B.(1) for the resulting extreme values shows that the amount of error in assuming a constant
circular section ranges between 0 and 16 %. Therefore, a directly correspondent range also
oceurs in the estimation of siresses. The important point here is that the deviation of the
cross-section from a circular one should be observed and ils importance never underestimated,
and that the acteal conditions of the sample in this respect should be added 1o the report, to
make comparisons possible.

A second problem, very much related to the above-mentioned irregulanity of the cross section
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is that the thickness of the specimen is not constant, and neither is the dengity on the surface
of the cross-section, This means that some concentration of stresses may occur during testing
and this produces very different failure patierns, some of them merely duc to higher contact
stresses at the points of larger stiffness,

A third problem is that the steel plates of the apparatus act as a lateral reinforcement, leading
1o possible overestimations of the mechanic properties, as found by Meyer (ref. 7 chapter 3).
Tests done in machines, which are very stiff in the movement of the heads, are likely to be
influenced by the rigidity of the plates. In some cases the plates ate supported by a ball-like
conpection, but even then some other measures should be taken to ensure that the test is a fair
approximation to the envisaged conditions.

Figure B.1 shows the results of a test using a machine in which the upper plate was hinged,
but no special measures were taken in relation to friction. Resuils are stresses vs, vertical
strains calculated using the vertical displacement of the plates, as has traditionally been in the
case of bamboo.

The result can be misleading in many ways. Firstly, the initial section of the curve registers
the "consclidation” of the plates. In other words, all the movement that takes place till all the
pieces fit each other, including the specimen in relation to the plates. So, this is not a plot that
gives information about the material only, but about the whole mechanism present in the test
set-up.

Secondly, some recovery s observed after failure. In some cases even higher loads than the
first peak can be recorded, but this is due to the fact that, because of the high normal stresses,
friction keeps the specimen trapped between the plaies, so that it can sustain some extra foree,
Besides the above-mentioned factors, and purely from a technical point of view, the making
of the specimen is a very laborious and difficult task, due to the tapering and to the fact that
the cross-section is not circular. Most of the time this leads to specimens in which the
surfaces in contact with the plates are not parallel to each other, thus inducing accidental
eccentricitics during the test What is more, the problem is worsened by the fact that an
increase in the height of the specimen implies increments on the eccentricity of the load as

well, inducing radial bending moments towards the inside of the specimen resulting as in
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figure B.2.
Control of the conditions during 3 compression test is therefore a factor of the major

relevance.

MACHINE |INTERACTION
B0 e

0.02 0D.03 0.04 0.03 0O.0&
STRAINS

Figure B.1: Compression test stress strain curve.

Figure B.3 shows a test specimen tested using the special support shown in figures B.4, B.5
and B.6. It can be seen that in these cases the culm could expand freely in the lateral

direction, displaying longitudinal cracking as a main feature.
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RPN R A S R )

Figure B.2: Bamboo specimen after a compression test with no special consideration for
the machine interaction problem.
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Figure B.3: Bamboo specimen after a compression test with special supports,
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Figure B.4: Special hinged support.
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Figure B.5: Hinged support showing thin teflon layers and greased surfaces.
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Figure B.6: Hinged suppont showing radial sliding elements made of steel.

The radial elements one can observe in figure B.6, displace radially with the lateral expansion
of the specimen, as a result of remaining friction. They are made of pieces of galvanized steel
1 min thick, that are independent from each other, o that they completely fill the surface of
the supporting fitting. A layer of grease and teflon separatzs the galvanized sieel radial sheets
from the support.
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B.2-Experimental results
Table B.1 shows the descriptive statistics for the maximum strains, both longitudinal and

transversal, for a sample of Bambusa blumeana.

Variable: long. strains lang slrains E modulus
Average 0.00317 0.001149 18784.7
Variance 7.32x107 2.68x107 2.196x 10
Standard dev. 8.56x10" 5.18x10" 4686.7

Standard error 2.58x10" 1.56x107% 1413.09

Table B, 1: Descriptive statistics for Bambusa blumeana in

compression. [ N/mm? |

One-3ample Anatysis Results

Sample Statistics:  Number of Obs. 25
Average 1.22804x10°7?
Variance 1.07117x1¢7
Std. Deviation 3.27288x10*
Median 1.28x10?
Confidence Interval for Mean: 95 Percent

1.09291x10° 1.36317x107 24 DF,

Table B.2: Analysis of peak tangential strains for Guadua s.p.

Tt was found that at a 95% confidence lavel, the peak value of tangential strains found for
Bambusa blumeana in compression is equal to the average value found for the peak tangential
strain from tangential tension tests. This suggests that it is possible to estimate the maximum

compression capacily by using the values of strains from perpendicular tension tests, if
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average values of the E modulus are known for a given batch,

The results on Guadua s.p. from Costa Rica show a highly similar maximum tangential strain
as can be seen in table B.2, The 95% confidence limit for the mean is also incleded in the
table. The similarity of the results is interesting, and it indicates the importance of explaring
these paramétcrs for other species. It is fairly likely that a critical value for tangential strain
can be found for each species, or perhaps groups of species, allowing for a simplification in
the calenlation of the capacity of the culms.

Further, no correlation could be found between peak strains and the elastic modulus. Figures
B.7 and B.8. illustrate these last two tesults, In the first figure one can see that, culms tend
to fail at a commom maximum strain, as mentioned before, in spite of the wide range of
observed strengths in the sample,

No reliable correlation could be found between the peak stress of compression tests and
density, though, a$ indicated in section 3.1, several authors report that such a correlation
exists. A possible explanation for this is that density does correlate with the amount of friction
that can be generated between the specimen and the plates of the testing machine', on the
one hand, and ¢n the other, that the reinforcing effect that the interaction machine-specimen
produces does increase this phenomenon, Figure B.9 presents dats from Guadua s.p,
concerning the above. Figute B.10 further illustrates the relation between densities and
sttengths found,

Descriptive statistics arc included in table B.3 below. Moisture content was set at 12%.

'which would obviously depend on the number of fibres
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Variable: dry density strength E

Sample size 31 3 31
Average 691.121 50,4958 18464.6
Median 718 50.85 18098
Mode 71391 49.97 18097
Geometric mean 684.869 49.8506 18248.5
Varanae 7918.63 66.2256 8.50777x10°
Standard deviation BR.9867 8.13791 2916.81
Standard error 13.9825 146161 523.874
Minirmnum 448 36.3 14062
Maximum 8435 67.15 25233
Range 395.5 30.65 11171
Lower quartile 644.601 42.10 15508
Upper quartile 742.63 57.69 20619
Interquartile range 98.02 15.53 4811
Skewness -L13173 0.038994 0.520005
Standardized skewness -2.57245 0.0886346 118199
Kurtosis 143706 -0.810767 -(.485961
Standardized kurtosis 1.63597 -0.921449 -{).552302
Coeff. of variation 12.8757 16.116 15.7967

Table B.3: Descriplive statistics for the sample of Guuduu s.p.|kg/m®, N/mm?]
The skewness and the Kurtosis cocfficients of the distributions give further evidence on the

differences between the sample in relation to density, on the one hand, and strength and

elastic modulug on the other.
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Figure B.7; Strains and stresses compared

COMPARTE IDH TEST

£x -4 WAX ML TAHGENTIAL ETRAIN YRE E MOOULWUS
P i oy s R it =T
= -
"
. + * .
E U A mmmmmem s —
r s
L [
-
"
[T ) S emrmrm—rw———— g ey -
r N N
L] .
Slnncravsedsssrasssdanrsarccsisan s rataan s sarasiarra
14 L] al ] an == 4 T

B MODLLS B moe C¥ 00w

GUADUA 5,.P,

Figure B.8:Tangential strains vs. E modulus
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Figure B.9:Density vs. strength for a sample of Guadua s.p.

COMPRESS I ON TEST Guabua 3.9,

Freglancy
u

o b
42
E-oa] aza

DENSITY [ kg/m™3]

Eg-- azo Ba

az20
STREMGETH [ e e 2]

Figure B,10:3-I) histogram for density and strength, Guadua s.p.
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It is important to add some comments on the way the elasticity modulus was calculated,
because, though it is customary to report its value from compression tests, the way il
calculated is rarely stated with clarity. Most of the time the elasticity modulus is calculated
as the secant value between zero and the peak load, though sometimes the 'limit of
proportionality” is taken for the calculation,

Figure B.11 shows the resulting plots of strains and stresses for four specimens of Guadua
s.p., from tests done using the frictionless set-up. As explained before, friction is eliminated
sometimes 5o that the failure is absolutly brittle, but, as is shown in the examples, it may be
that the cracked specimen 13 trapped between the supports, giving the impression of some
plasticity, which is not the case. The point is that under these conditions, which can be
ambiguous, it is difficult 10 establish what the "himit of proportionality’ is, which probably
leads to results that are difficult to compare. As can be appreciated from the comparison of
figures B.11 and B.1, it is even more difficult to avoid ambiguity where the test is run in a
tradirional way.

The results presented in figore B.11 show that there is also some ambiguity at the beginning
of the loading path, which makes it scem as if the specimen wag stiffer.

Taking into account the purpose of using the elasticity modulus in the prediction of
deformations, and the need to make results comparable and self-consistent, it would perhaps
be advisable to calculate the elastic modulus as the secant value, between ranges of 10 and
80% of the strength, or in any case, in a region where the curve strain stress is less influenced
by extreme conditions, During this research project the values calculated in this way were
compared to the secant values between 0 and 1009, and between ( and 50%. It was found
that there can bg very big differences between one criterion and another, and therefore it is
of the major importance to clearly state the way the modulys is caleulated in each report.
Finally, gratitnde is expressed to the staff members of the Costa Rican Bamboo National
Project, who kindly supplied the stndied sample of Guadua s.p..
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Figure B.11:Strain stress plots for four specimens of Guadua s.p.
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Appendix C : Experimental analysis of bamboo wood glued phases

C.1-Bonding specimen.

Small samples of bamboo were first taken out of the culm, their inner surface flattened, and
specimens as the one shown in figure C.1 were prepared.

Several problems were found in practice. For example, the removal of part of the inner
surface (in order to have a flat face) introduces variations in the surface characteristics of the
specimens. This is provoked by the fact that the number of fibres present varies with the
radius, so there are more fibres at the borders of the samples because there the remaining
thickness is smaller. It is very difficult to keep this fact under control in a manner that allows
for the comparison and repetition of tests,

On the other hand, the preparation of the specimens proved to be rather cumbersome, because
it is very difficult to keep dimensions and relative positions of the components under control.
Becauge of particular interests in the gluing possibilities of the inner surface of the culms, it
was considered best to try to use sections of the culms kept as intact possible. So, the
specimen shown in figure C.2 was considered to be a better option.

As shown in the figure, two glue strips 10 mm wide connect the two pieces of bamboo 10 the
mner core of wood, While setting, pieces are kept together by clamps, or most preferably by
steel screw rings. The surfaces of both wood and bamboo are carefully cleaned and freed
from wax, dust or whatever other substance or condition that may be deleterious to gluing.
The bottom surface of bamboo, which is in contact with the supporting plate in the testing
machine, is carefilly levelled and made parallel to the upper surface of the wood cylinder o
avold eccentricities during loading. {irease and teflon are placed between bamboo and the
steel support to avoid friction resistance, though this fact is not so important where the upper
surface of the wood cylinder is concerned. The specimen is located between two freely
rotating plates.

Deformation is measored by controlling the movement of wood. This is done by means of
ping located at opposite sites half way down the length of glue, Initially two pins were located
on bamboo as well, at about 1 mm from the inner surface, and two were located through

holes on the wood cylinder, This was done in order to observe slipping between the two
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cross section lateral elevation

Figure C.1:Specimen for determination of gluing capacity. Dimensions in [mm].

materials and to be able to rale the quality of the specimen. For normal measurements, only
the ping on wood are considered necessary. Tt has to be stated though that the readings from
such pins cotrespond to the movement of a particular point on the skin of the wood cylinder,
but not to the actual strains at the gluing surface, though the method docs give an indication
ol the shape of the load deformation path [or these glued phases. The area of glue 15 kept as
small as possible, so that the wood cylinder does not significantly deform during loading.

The speed of loading was set according o 1SO 6891-1983 (EXAnonymaus, 1983),
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LATERAL ELEVATION

Figure C.2: Specimen vsed for bonding test. Dimensions in [mm].

C.2- Load deformation relations and influencing factors
An example of a stress deformation curve is given in figure C.3.Most of the observed results
showed a very smooth and continuous relation between stresses and deformations, as seen in
the figure. Failure occurs in a brittle manner, and was found within the first mm of the layer
of bamboo for all ¢ases studied, as will be explained in the following lines. Before going
ahead with the description of resulis on capacity, deformations and other features, it is
necessary to explain the results of some experiments, to determine the degree of influence of
certain factors on the qualities of the phases.
Studied factors were :

- Bamboo density.

- Bamboo thickness.

- Bamboo initial diarneter,
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BOND ING STRESS DEFORMATION CURVE
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Figure C.3: Typical stress deformation curve.

- Type of wood either hard or soft.

- Type of glue, either PV Ac or Araldite.
A olal of 32 gpecimens were prepared, 16 for each type of glue. Half of each block was
made using hard wood, and the other half using soft wood. The initial diameter. the thickness,
and density were variabies that were entered randomly into the eaperiment. The analysis of
variance for the experiment is shown in table 4.1, The results have been already discussed in
chapler 4, bul a few other elements are added here for the sake of completeness.
Table C.1 shows the result of pooling each one of the glues together (that is, involving the
twor types of wood for cach type of glue). This was done in order o have some indication of
the variability of the data in this way, and w0 be able to calculate material faciors for the two
plues, so that design values could be compared.

The malerial factor in the table is worked out by using the expression
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[1+{1-09375(1-6,25 vilr,

1-625V;

2q.C.(1)

(for a reference on this equation see for example, Huybers, 1990). Here V¥, is the

coefficient of variatiop and T, is a time factor, normally taken as 0.8,

To add an extra element to the analysis, a statistical comparison of the two sets of results was

undertaken, and the resalt of the test of hypothesis is given in table C.2.

Vanable:

Sample size
Average

Median

Mode

Geometric mean
Variance

Standard deviation
Standard ermror
Minirrium
Magximurn

Range

Lower quartile
Upper quartile
Interquartile range
Coeffictent of variat,
Material factor
Design value

wood gloe
16
5.78555
6.0937
5.548
5.72079
0.733879
0.850067
0.302878
3.929
6.57
2.641
5.454
6.345
0891

0, 1469
2.985
1.94

resin

16
632779
6.1795
3.903
6.25775
1.0612
1.03015
0.364212
4.85
8.348
3.498
5.82015
6.7125
0.89235
0.1627
31629
2.00

Table C.1; Summary of statistics for strength [N/mm?].
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Two-Sample Analysis strengths

wood glue  resin Pooled
Sample Statistics:  Number of Obs, 16 16 32
Average 6.32779 5.78555 6.05667
Variance 1.0612 0.733879 0.897341
Std. Dev. 1.03015 0.8560667 0.947387
Median 6.1795 6.0837 6.1387

Hypothesis Tast for HO: Diff = 0 Computed L staiislic = 1.1447
vs Ali: NE Sig. Level = (0.271526
at Alpha = 8.05  so do not reject Hi)

Table C.2: Comparison of the two glue types.

As can be deduced from the table it can be stated that there is no differcnce between the
strengths of the two types of glues. The difference is even less significant for the design
values, as shown in the previous table,

One final element concerning the influence of the two glues is examined.

When dealing with structures, the stress level is not the only concern matier, deformations
should be looked at too. In order to see the effect of the different factors on this parameter,
an analysis of variance for the final deformations was undertaken. Table C.3 shows the
results, and table C.4 shows the resulis of caleulating the 95% confidenee limit for the means,
Certadnly, it s clear that though the results arc below significance, different glues give

different end deformations. The same can be said of bamboo densily, and the table also shows
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as that the type of wood is even less of an influence in this matier.

Analysis of Vanance for DEFORMATION

Source Sum of dif.  Mean F-ratio Sig, level

of variation squares Syuare

COVARIATES 0066216 3 0022072 773 .5409
density 0056442 1 0056442 1.977 1974
diamneter 0000204 1 6000204 007 9356
thickness 0000734 i 0000734 026 8783

MAIN EFFECTS  .0056313 2 0028157 986 4142
woodtype .0001708 | 0001708 060 8155
eluetype 0055857 1 0055857 1.956 1995

2-INTERACTIONS .0001179 1 000118 041 8461
GLUE-WOQD 0001179 1 000118 041 8461

RESIDUAL 0228419 8 0028552

TOTAL (CORR) 0352127 14

Table C.3: Influencing factors on final deformation.

The results seem o suggest that phases tend 1o fail at about the same level of deformation.
At the level of the design stress, deformations are also similar,
The analysis of the corresponding values shows that the average deformation at the design

level of stresses is about 0.09 mm, without a noticeably significant difference between the two
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types of glue, as found in a slatistical compartson.

It is also of interest to sce if there is any correlation between the maximum stress and the
maximum deformation.

Such an analysis was undertaken for wood glue only. A correlation analysis for strength and
deformationg gives a coefficient of (-}).3731, but the significance level of a Student’s test is
0.1546.

Sid. Sid. 953% Confidence

error £ITOr for the mean
Level Average (inlernal) (pooled s)
woodtype
h (1.27349 012573 0201963 0.22620 0.32007
5 0.26610 022508 18391 0.22252 0.30968
glue type
T 0.25301 010497 0201963 0.20643 (0.29960
w 0.28401 021957 0188919 (0.24044 0.32759
INTERACTION WOOD-GLUE
h r (.25277 N4463 026717 0.19115 0.31440
h w 030110 004563 030850 (.22994 (1.37226
5 r 025330 018782 030850 0.18217 (.32449
i ow 027376 35687 023896 0.21864 0.32888
Toral  0.269535 013797 0137967 0.23772 0.30137

Table C.4: Confidence limits for the mean maximum defommation.

In other words, evidence shows that no comelation exists between strength and final

deformation.
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In order 1o observe the way strains vary along the length of plue, a different test specimen
was designed as shown in figure C.4. Small strain gauges were glued along the length of the
specimens, and readings of the strains were taken constantly during loading. Data were later
summarized so that strains at each one of the strain gauges could be plotied against the
position of the strain gauges along the length, as seen in figure C.5. In thig way it is possible
to obtain a plot for specific levels of force, Two of thesa plots are given in the figure with
an indication of the force level as a percentage of the maximum reached value. The graph
gives an indication of the approximate linear variation of the strains from one end to the

other. The angle of the linear varfation increases with increments in load.

[ : strain gauge position

[ wood cylinder '&‘
I o |0
3 i 31| bamboo
280 Il o l| 7e3o I 01| enlm
[ 0l (T
iRy R
0 LB
20 i
ELEVATION

Figure C.4:Test specimen for the distribution of sirains. Dimensions in [mm].

The plot helps to visualize to what extent one can be precise in assoming a certain

distribution of straing along the length of glue. Tt can be seen that at the design level 2
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Figure C.5:5train distribution along the length of glue.

constant distribution of straing (and therefore of stresses) can be justified, but for higher levels
of load the distibution becomes more complex. According to the plot, strains tend o be
larger towands the side where the wood cylinder projects beyond the connection. A possible
explanation for this is that the culm is completely glued to the piece of wood on this side ,
50 that it is constrained Lo move radially. At the other extreme, the culm expands more freely,
due to compressive forces, so therefore less stresses can be translerred along the gloed phase.
The higher the load, the more important this mechanism becomes, and thus the more

pronounced the cffect shown in figare C.5 is.

C.3- Glyed phases under the effect of dynamic loads
Four different types of experiment were set to study the effect of dynamic loads on glued

phases, as is explained in the following.
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Five groups of six specimens cach were prepared using soft wood and PVAc glue, as
explained in section C.1. The first group was set a3 a reference, each specimen was steadily
loaded till failore, and relevant information was recorded.

Each one of the remaining groups was subjecied to different load conditions, and the result
of final capacity and deformation was compared to that of the reference group. In other
words, each load condition was regarded as a different treatment from a statistical point of
view. As will be seen, statistical comparisons were not always necessary, because of the

clarity of the results,

C.3.1-Load type one.

At the speed of loading preseribed by ISO specimens were loaded up to 100% of the
calculated design load', then unloaded to 10% of that same value, and finally the eycle was
repeated 20 tmes. A result was prescnted in figure 4.3. After the 20th cyele, loading
continued till failore. It can be observed that though, some degree of consolidation occurred,
as was mentioned before, it looks like the curves retumed to that of the reference group, after
the last cycle. The statistical comparison of both pltimate load and ultimate deformation
showed no significant difference between this group and the reference group, though final
deformation was found to be slightly higher for specimens under the repeated load condition.

C.3.2-Load type two.

Another group of specimens was loaded following the same load pattern as that of Ioad type
one, except that the maximum load in the cycling phase was increased to about 2509 af the
design load, or about 80% of the ultimate capacity. Speed of loading was kept the same.
Figure C.6 below shows a typical result. As seen in the figure, the effect is clear enough in
showing an accumulative deterioration. Plastic permanent deformations are reached from the

first ¢ycle, and the specimen fails after just a few loops. As in all other cases, failure occurs

"the ultimate load reduced by the material factor calculated following eq.C.(1).
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within the first mm inside bamboo, however, in this case far more deterioration is observable
in the matrix of lignin. &t was thought that perhaps the total amount of deformation, and not
necessarily the amount of stress was the sowrce of this early failure, s0 the next experiment

was set to observe if that was the case when the stresses were kept under the design value.

CTYCLIC LDADING 10« BO% ULTIMATE CAPACITY

B Ermam e T R o e

STRESS armr2

DEFOMMAT |CW mm

Figure C.6:Cyclic load for sccond load case.

€.3.3-Load type three

The third group of specimens was subjected to a completely reversing signal, keeping the
same speed of loading, with amplitudes between -100% and +100% of the design value,
Again, alter 20 cycles results were compared to those of the reference group. No significant
difference could be observed between the capacities or the ultimate deformations. A typical

result can be seen in figure C.7.
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Figure C.7:Cyclic load for third load case.

C.3.4-Load type four.

As reported in reference 1 chapter four, certain load signals were chosen after the examination
of several earthquake registers. In principle the idea was w iry o replicate as closely as
possible the type of frequency trains that may be typical of the initial phage of seismic
signals, the intengive phase, and the final one.

It was determined that registers could be represented by the extreme conditions of frequency
and amplitude indicated i figure C.8, but because of equipment limitations only the second
signal could be implemented, with restrictions in the possibilities of data acquisition. Only
time load records were possible, and only realtime plots of that were possible, so no data files
were kept for post-processing of the results,

Actually, in the end, each specimen was subjected to a different load patiern in a random
way, with some level of control over the peak amplitude of the signal only. In some cases the
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experiment was allowed to run up to 100 cycles in a kind of random combination of
amplitudes between 40 and 100% of the design load, at approximately 0.5 hertz. In any case,

since no damage was observable in the specimens, they were all loaded to failure afterwards,
and the capacities and deformations were compared 10 those of the refercnce group. Again,

no significant difference was found between the two groups,
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100

FORCE
e ———
—
P————
—
e ——
f———
——
P
—
r—
[
f———
———
=
—
——
————
—
=S,
—rr——
e
—r——
—————
e
——
——
[—
————
—

CYCLES @!— B i 10 2 .
05HERTZ OSHERTZ 05 HERTZ LOAD 1
FREQUEN- g

20 HERTZ 20 HERTZ 20 HERTZ LOAD 2
Figure C.8:High frequency signals.

C.4-General Remarks

A large number of observations were additionally made in the laboratory, related to the
response of glving phases to dynamic loads, beyond the initial goal of the experiments.
Results are, clearly, indicative, including the calculation of the design level of stresses.
The major goal of this phase of the project was to study the feasibility of gloing in

bamboo construction, and not the preseription of design parameters, because to reach
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that point more smdies are necessary.
Cne more example of laboratory observations is included in figure C.9 below.

REVERS ING LOADING

«0.7 =R.3 D." 0.5 c.g 1.3 1.7
DEFORMAT | DNS

Figure C.9: Response of a glued phase to different amplitudes.

This specimen was subjected first to two cycles of -100,+100% of the design load, then two
cycles of -200,+200% of the design load, and then loaded to failure. The plot shows how
deterioration happens soon after stresses get closer to expected non-dynamic strengths.

But after the observation of the results of the different types of loads, evidence suggests that
up to the design value glued phases are able to sustain ¢yclic and repetitive loading without
significant loss of properties, though, again, somewhere above this limit deterioration happens
after a very low number of cycles, even at very low speeds of loading. The same evidence
suggesis that the speed of loading is not a critical condition in the testing of this type of
specimen. It can be concluded that gluing can be an interesting option for the solution of

certain problems pertaining the use of bamboo for applications like furniture making, but in
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construction activitics ag well, though more facts are shown regarding this respect in appendix
D.

Finally, some tests were run to observe the behaviour of full-scale connections made by
gluing, following the design proposal described in chapter 5. Some traditional connections

were also tested to have a reference.

TRADIT IONAL CONMECT | OM

200 T e T

FOACE ™

u] 20 -0 [ju [=]8] 400
DI SPLACEMENTS e

Figure C.10:Force deformation curve for a traditional connection,

All tests were done on cantilever specimens. Traditional connections were made vsing
galvanized wire 3 mm in diameler, wound around the culm and a wooden supporl, as shown
in figure C.12. The surfaces of contact between the culm and the support were made to
perfectly fit each other, to avoid undesirable concentration of stresses, Figure C.10 shows an
example of one of the resulting force deformation diagrams. It is noticeable that a large
amount of rotation happened during the test. Actually, the culm became loose, being unable

to sustain any reversion of loads, deformation at the ends of the culm were very large under
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a comparatively low load, as seen in the figure.
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LA 10003 SPECIMENS BEAMDT AND TRJOI1O?
2 FrT

.
|

/

u} 26 40 1] ao 1640 120
DEFQRMAT IONS AT LOAD POINT mm

LOAD M

Figure C.11:Force deformation for glued ( upper } and traditional { lower ) supports.

Figure C.11 shows one example of a force deformation plot for a glued connection {as
indicated in figure C.13), together with the previously shown result, that i included here to
facilitate the comparison. The straightness of the glued connection plot indicates the small
degree of or nonexistent rotation at the support up vntil the fajlure load was reached.

To confirm this, a plot of maximum strains at 20 mm from the support is presented in figure
.14, There, one can see that contneity is achieved to a good level, with no observable
participation of rotations in the end deformation of the culm,

Figure C.15 shows maximum strains at sections located 20 mm from the end of the wooden
support, ong of them in the support itself, and the other on the free standing part of the cuim.
The distance between the two sections is comparatively small, 50 the difference between the

two levels of strain is due to the change in the second moment of area, but it can be seen that
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plots remain straight, indicating Hittle rotation in this other example. Tested beams had a
gluing length of about two times the diameter, which, as will be shown in appendix D, should
leave no room for failure in the connection, as happened in reality. Failure occurred by
compression. Maximum girains were well within the same range of those observed during
compression tests for bamboo, as indicated in chapier 3 and appendix B.

Table C.4 contains a description of the two beams presented in the previous plots .

” FORCE
| ) ) 1 |
TEST SET UP
hole and steel pipe
steel wire mpp L
|
wood suppott
= CONNECTION DETAIL

Figure C.12: Traditional connection test set-up.
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specimen External diameter  thickness length E

[mim] [mm) fmm] [(N/mm?]
Traditional 86.68 6.98 1500 18627
Glued 84.44 7.60 1485 18303

Table C.4: Properties of the compared baams.

wood support

CONNECTION DETAIL

Figure C.13: Gived connection test,
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Figure C.14: Glued connection, beam O, maximum straing al 20 mm {rom the support on
the free standing cuim.
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Figure C.15:Comparison of strains at both sides of the limit between the support region
and the culm.
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149



Fundamentals of the Design of Bamboo Structures

Appendix D Glued connectors for bamboo

Appendix D:Glued connectors for bamboo.

D.1-Caleulation of bonding stresses

D.1.1-Basic equations of elasticity

The distribution of bonding siresses, on the surface of contact between the two materials, is

examined in the following sections, according o the relerence system of figure D.1,

[
o

Figure D.1:Reference system,

The analysis is based on the following basic assumptions |
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1- Bernoulli’s assumptions hold true

2- Each material is homogenous and isotropic

3- There is no slipping in the interface between the two  materials

4- Sections are perfectly ¢ircular

5- There are no discontinuities in the glued surfaces

6- The maximum strain ¢apacity of bamboo is predictable

7- The three materials behave elastically in the range of analysis
Stresses on the surfaces of the infinitesimal element of figure D.1 (bottom) are

do at at
. x . I . =
IH UI + -a 2: T“ + o—_— 3 T + —
da 8t 3
4 o, + L 5 .+ F 6 T ¢ i
& a ' ot
o T
oo B onrgE % g

For an infinitesimal element in the body of the connection, as the one shown in figure D.1
(bottom), the following well known equations of elasticity are examined (see for example,

Timoshenko,1984).
If no body forces are present then the state of equilibrium of the element is given by the

relationships
90, O Ora eq.D.(1)
& &y &
2%, %%, % . g eq.D.(2)
3y & &
Bo, Fn Ty 6q.D.(3)
% & By
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On the other hand, for a particular element on the external boundary of the connection it
holds that

n, = le+'ry1m +T M eq.d.(4)
n, = omeT ot ] eq.D.(5)
n,=on +1:nl+-:nm eq.[2.(6)

Compatibility of deformations is given by

Fe. Pey _ Pry eq.D.(7)
By? ax*  Oydx

ﬁarizf_’e = azYF eq.D.(8)
a2 oyt v

a@e“a*ex . % eq.D.(9)
axZ! azz a‘.t‘az

e, | 3 _%J,%J,%] ¢q.D.(10)
dydz  Bx x 8y O

274 _ 0 ﬂ_%+%] ¢q.D.(11)
I o\ & By &

A E[%...f.y_u_f}ﬂ] ¢q.D.(12)
dwdy dldx Oy &

Under a state of only axial stresses
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o, =a, =1_ =0 eq.D.(13)

Bending stresses follow the mile

= Ml’z

.=
q

¢q.D.(14)

=]

I, is the equivalent second moment of area of the two material section, and will be dealt

with later,

Substitution of the above values in equations D.1 to D.3 implies that

95;‘5 o eq.D.(15)
@

3;,; -0 ¢q.D.(16)

liM’ %»,%zz Q £q.D.(17)

g

Since forces are zerd on the surface of the connection, then

T drem =0 eq.D.(18)

Now, because 1 =

&

-dx
m = —— thett
ds

'Note that this is true when the length of the connection is small compared to the iength
of the culm.
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& &, eq.D.(19)
T T r q

Using Hooke's law, the cquations ol compatibility can now be written as

(1+V)Vauz+@ =0 ¢q.D.(20)
az?.

(1 +v)VEoy+% = £0.D.(21)

(1+v)¥o +@ =0 eq.D.(22)
X axz

(L+v)Ver + g gx =0 eq.D.(23)

Lvyve_ + 28 _ g 2q.D.(24)
=" Bzar

¢l +v)VQTU+ & 0 eq.D.(25)
/

o _M 64 D.(26)

& 1,

&0 _ 1, 6q.D.(27)

aax I,

This set of equations reduces to
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S 4.D.28)
and
v - M ¢q.D.(29)
G,

It can be seen that the equations of equilibrium are satisfied if

/2
-:ﬂ = ?j.’. +b_l£ +ﬂy) qu(m)
& 2,
and
_ _9%
T, = % eq.D.(31)

¢ is a swess function on y and z, and Ay) depends on the boundary conditions,

D.1.2-Stress due to shear.

Trangversal -forces generate shear stresses that affect bonding stresses. This effect can be
acconnted for in the following way.

Back-substitution of equations [2.(30} and D.(31) on equations [2.28 and D.29 gives

Cl
B[
[+T]

e
dy

s

JOed | 9 ea.D.(32)
- q

B

B[ R
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dp _ M7 | £q.D.(33)
a |21, "las

Since ¢ must be constant along the boundary, then  fy}  must be such that the right side

of equation D.33 becomes zero, If the attention i now concentrated on the glued region of

the connection, then, for a circular section of external radius r, , the external boundary is

s T

defined by
z2+y2 - rf eq.D.(3)
Therefore
f iy 2oyt
PO ) £q.D.(35)
2 Im
and thus
!
7o) = _f‘fﬂ eq.D.(36)

]

Appropriale substitutions show that

/. /
ﬂ+ﬂ = Lﬂ +ﬂ Cq‘D.(37)
azt  B? lev I I,

Or
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/
Fo  Fo _(1429\Myy ¢q.D.(38)
32 a? 1+v I.q

A solution of this equation is

Ml
g = 2 [L2¥N Ty (g2 2y ¢q.D.(39)
8 1+v )L,

In order to obtain stress values and taking the convenience of using know polar ¢oordinates
ittto account, this boundary function ¢can be now back substituted in D.30 and .31 to obtain

/
. (3+2v) ﬂlrz-rzcmz pl2v 2,20 ¢q.D.(40)
=8 (1) L," 342v
'
T =- 1+2v ﬂﬁme sinf eq.0.(41)
= a(lev) I,

Forces can now be calculated for an elemental sector such that

dd = rdrd®

If a unit arc is defined on the gluing surface, then A = dr and the force acting on such

elementary sector is
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M/ _
dvdc = 22V T 1r 2 aong 172V 2l g ¢q.D.(42)
By I, * Ti5e
!
dv, dx = ‘fiﬂrzmsﬁ sin@dr cq.D.(43)
(1) I,

After double integration the abhove equations become

3+2v Vx[ 2 3% 7
—=r A r=r \~—{r’-r }cos’0
, - 8w I i 3(‘ ‘) £q.D.(44)
= 11-2v 3 N .2
“33+2y (r' e )sm ®
and
eq.12.(45)

_.a +2v)5[r.“-r,’

Vi ]cusﬂ sin@
4(l+v) L\ 3

It is convenient to convert shear stresses into tangential and normal stresses on the surface

of contact between the two materials, which can be done as

eq.12.(46)

v

N = Vo050 + vﬂsinﬂ

eq.D.(d7)

=
L]
1]

v, sin@ + VFGOSB

After proper substitutions, the above lwo equations become
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342y V, . 3
= 3(1+v)f: rolrytpos0-3{r s, Yoos’®

eq.D.(48)
YN 1-2v . 1+2v
+ +2 cosBsin’
3+2v 342w
¥,
_3+2v_ —I[r f(r‘ -7} sin® -.l.(rf -rf)
vy = 8(1+v) I, e 13 , eq.D.(49)
N 1 2 o A 38
[cos’ﬂ smB[ + 3+2v] ( 3+2vsm ]]

The maximum values of these shear forces occur at the value of © , for which the first

derivatives of the above equations are zero. It can be shown that the maximum normal force

occurs at @ =0 and it takes the value of w_ . and that the maximum value of the

tangential torce occurs at 0 = . and that it takes the value of v_ . Now, in order to

x
2
see the significance of these siresses, a parametric analysis is undertaken in the next section.
D.1.3-Effect of bending on the value of bonding stresses

Under a condition of pure bending, stresses acting on an elementary sector will be like those

indicated in figure D2, where
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Figure D.2:5wresscs on an elementary bamboo sector.

A=¢ E_ ¢q.D.(50)
E,=[EVE, eq.D.(51)
B=Ae E_ eq.2.(52)

The total resistant moment of the section can be calculated by taking moments around the
neutral axis, so that
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€ r =inf .
dM)- = drds“’“TEmr sind eq.D.(53)
2
Since
ds = rdtt

then the total moment is given by
Fp 2x

}-f [ 1"51!).05",‘:’"ﬂa ff €, 'maﬁm ¢q.D.(54)
00

which after integration and grouping results in

E eq.D.(55)

M, =

b4 4 4 (]

rt E (r‘ﬂ)"_r_,“

The term in brackets is the equivalent stiffness of the composed section of two materials.
Equation D.55 can be simplified ag

[

- M
M’_r_ E, I‘q eq.D.(56)
i
where
I
I = _W+I CQ'D'(S'?)
ay P b
and
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Ey

P=Ew

The maximum strain in the section is given by

_ Myr‘

€
" E, I,

and therefore

m I,q,

a

Axial stresses of a particular point on the section can thus be calculated as

Myrcusﬂ
0 = —_—_—_—
* I

[ "}

The corresponding force, after integration works out to be

M

N =L cosﬂ(rf—rf)
2 IM

{force per unit sector)

Along Lhe length of glue, the bonding stress will be

oN,

v | J———

B ax
Therefore
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2q.D.(60)

eq.02.(61)

¢q.D.(62)
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2.3

Vop = cosbfri-r.’),, 6q.D.(64)
21
oy

D.2-Parametric study

Since normal and tangential forces reach their maximum at €6 =0 and B = 5

respectively, then

32w Ko 0 15
VN = ma[’. (r‘ r.) E(ri r.) GQ'D'(ﬁs)
and
342v Vi , 11-2v /53
V, = e El 2y ym s r3-p €q,D.(66)
T 8(1"’\?) Iq[ﬂ(rt !) 3 342y (f l)

It can be assumed that v = 0,3 . On the other hand, the anthor found that for Bambusa
Blumeana from the Philippines, and for Guadua s.p. from Costa Rica, ¢ = 0,09 ¢ (),or

r, = 0,82 r, . Substitution of these values gives

0,04V, 80
rT o = eq.D.(67)
nr,|045- PTf]

Bee appendix G.
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In the same way it can be shown that

0,23V .
Vp = —————— [‘3“2“) eq.D.(68)
™, [0,45 -E-:l]
P
and
L/ T
bh T ~ b eq.D.(69)
nr} 0,45—1—’4]
P

Equilibrium indicaies that

g, =V, (@=0) eq.2.(70)
and
Sl omy, (ﬂ“,t)
v e S L eq.D.(71)
22 nr [0,45—1',—1} 2
7

This cquation can be reordered as

L 02044 Voy

g [0,45 : ﬂ] b aam
P

eq.D.(72)

The cxtrerne right erm of the equation is the ratio of maximum design values, for the
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trangversal shear in the cuim, and bonding capacity in the glue, respectively.
It is convenient to see the effect of changes in the parameters involved, what can be done via

a plot like shown in figure D3,

It can be seen that for average material properties a glue length of about 1.5 times the
external diameter of the culm will guarantee that failure will not occur within the region of

the connection due to bending alone.

GLUE IMNDEX PLOT

LEMGTH-RAD IS RATIO

e LT T TT Vo

] bl 2 3 4 ¥
STRENGTH RATIO

Figure D.3:Parametric analysis of equation D.72.
p=EJE,.

D.3-5iresses due to pure tension or pure compression

If stresses are to be kept equal or below the design values found in appendix C, then it is
reasonable to assume a linear distribution along the length of glue. In that case the calculation
of stresses becomes very simple, because their average value can be obtained by dividing the
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total tensile force by the area of the connection.

REFERENCES :

1 Timoshenko,S.P.; Goodier,J.N., 1984, Theorv of Elasticity, Third Edition. Mc. Graw
Hill International Book Company.
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Appendix E: Bamboo columns

E.1.Calculation of the critical load

E.L1-Introduction

In what follows the critical 1oad of bamboo columns is investigated. The role of the geometry
and of the changing mechanical properties of the culm is analysed. The intluence of the nodes
is not studied in this chapter.

A direct link is established between the theoretical analysis and the experimental phase, since
both are based upon an adaptation of the Southwell Flot procedure, which enables the
experimenter to take care of the problem of initial deformations during testing. A detailed
description is given in the following sections.

Since the measuring procedure is crucial for good resulls, a complete description is given of

two options devised during the development of this study.

E.1.2-Influence of initial twisting deformations

As experience shows, bamboo culms are naturally twisted to some extent. Fibres run almost
parallel to each other within the internode region, but they are not necessarily parallel from
internode to internode, 5o that this mitial condition leads to twisting under axial loading,

It ig well-known that twisting and lateral deformation participate in an uncoupled manner in
a column, ag will be shown in the following lines.

The initial deformation can be described by a sine series of the form

¢(x)=f; C, sin(nx %) eq.E.(1)

a=1
The figure shows how fibres elongate under the twisting of the culm. It is assumed though

that straight fibres before loading remain so afterwards.

It can be seen that
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_dax _ rdb(x) eq.E.(2)
rdp(x) dx-dA
which after elimination of second order differentials becomes

dAx _( rdd(x) eq.E.(3)
de | dx

or by introducing the value of the derivative,

>

Figure E.1:Geometric considerations on twisting.

dAx | ne z eqE4)
= [r l§ C“cos[nn l)r 4
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The work done by twisting is therefore
Td=GLACIHE)

or

rao-aL 3 on{re [ S

The bending moment at 2 distance x along the culm is

diw-w
Mo

ot sitnply
M=E I'K

The work done by bending can be calenlated as
dl,=M do

and since
d8-K dx

this results in

-—EJ f dz(w—w,)

On the other hand the work done by the axial load is, using eq.E.4
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N
4'.111:",,=?I ]‘1’ [ —E C cos\nn l)rdx eq.E.(12)
n-l

since a slationary value is looked for then

(sl

0=E L[ {u—)_'_j n%b,si ]

A=l

T eq.E(13)

fGIEC [ ( I)+cos m:j) ;
N, f {%g n.b"ms[uﬂ ?)

n=1
1
'MQO{HTF'{}TIx
4 I ]
i
—Nxf zrﬂEC u—sm(n'r: )dt
[} n=1

Since the second integral vanishes only the last one remains associated with the initial

twisting deformation of the culm. If a further assumption is taken, in the sense that it is
always possible to express the angle of twisting using the first term of the series only, the
contribution of this term only remains important depending on the values of deformations
actually occurring durng loading. Tt is assumed here for the time being that this value is
random with respect to the force and that it 15 very small, but this point will be discussed
later on in the section on experimental results,

With this in mind and due to the fact that
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W2 o eq.E.(14)

in order to have a maximum value of the force, then

1 Er*n* [ Nx'n® b eq.E.(15)

02 & L S "

or

¢q.E.(16)

E 2
N7

which is the first Euler load, unaffected by the presence of initial twisting of the colm.

E.2-Buckling load of an initially crooked tapered bar with variable modolus of elasticity
L&t us suppose that the bar shown in figure E.2 is initially deformed in a random way, that

can be described by the series

=Y a5 ng) eq E17)

nwl

Let us also suppose that the solution of the differential equation for the pin-ended strut can

be approximated by

I

ar]

w =Y b m:f) eqE(18)

Two further assumptions will be made in relation to the elasticity of the element and its cross
section. First, suppose that the Young's modulus varies from the smallest section following

the rule
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4

il-!--!

Figure £.2; Initially crooked bar,

E(x) = E,-8, % ¢q.E(19)

and second, that the moment of inertia of the section follows the rule’

Kx)=I,+8, x* eq.E(20)

it can be noticed that

'Actuaily a linear relationship would do as well, as explained in appendix G, though at
the time his section of the research project was undepaken cvidence for this was not
available. An option in that sense is added at the end of this appendix.
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E() ~E(0)= -8, eq.E(21)
and that
bp=AE eq.E.(22)

and in the same way

o, I*=Al eq.E.(23)

The critical load of the strut can be caleulated by finding the maximum potential energy of
the systerm.
The potential energy due to bending in the bar is equal to

dHw-w
=-— fE(x)I( )‘ o ')Iz ¢q.E.(24)

It also can be shown that the potential energy due to the shoriening of the bar is given by

(-

Substitution of the respective values of the derivatives and products and the fact that the

derivative of this function with respect to b, has to be zero gives
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w4 4
¥ LA E I sin’(nn %y » 8 Extsin*(nnZ)
0 = ala= * ! I

-8 Ell%ﬂnz(nﬂ;%)] (b, wa")]dx

dx

' — n'n? x* .
-/ [E : [MET (mr%)] b, -a,)

o |l 14

n=1

t -
- N, [|ZY nbcosnn> [nfcosmwf]dx
|7 11 A

After integration and some further simplification eq.E.26 can be reduced to
0=A@®-a)-bNB

where

2
A %{E,r1 +0.4494(AE)], +0.4T86(ADE,

B -2 616(AD(AE)]
and
2,2
B = TR
2
therefore
b, - 2
" A-NB

The Jateral deformation due o the application of the load is
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w=a -a, eq.E.(31)

eq.E.(32)

W2
| | P
PN ES

-

which is the equation of a straight line with intersection at —2  and slope g

B | B |

Eq.E.32 is a variation of the Southwell Plot (see for example, Gregory, 1967) procedure that
accounts for variations in the second moment of area and the modulus of Young.
Forther cxamination of the values of eq.E.27 can be done taking into account that in order

o have a mraximum value for the equation of encrgy

L-Liag eq.E.(33)
ax?
50 hat
0 = A-B N7 eq.E.(34)
or
N - % eq.E.(35)

Substitution of the corresponding values gives
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i Lk n’
EL— + 04494(AE)— + OATR6(ADE,—

! I 12 2. E.(36)
- 2,616(AD(AE)%

which is therefore the magnitude of the critical load of a perfectly straight bar with a tapered
cross-seetion and variable Young's modulus, as a function of properties at the extreme of the

glements and their variations.

E.3-Theoretical buckling load of bamboo culms

It can be noted that the first component of eq.E.36 corresponds o the buckling load of a bar
with conglant elastic properties along its length. The other three components can be regarded
as corectdons due w the presence of changes in these properties,

In the case of bamboo it is possible to plot the result of eq.E.36 as a sequence of graphs each
representing the influence of each component for a family of values of the variations in these
parameters for the ranges found in the ficld.

Such a set of graphs is presented in figures B3 10 E.6 in the following pages. In the figures

uttits are NAnm®, and

eq.E.(37)

;-|___'-4 ""‘

-y
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BUCKLING OF BAMBOD CULMS
FIRST COMPONENT OF CRITICAL STRESS
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Figure E.3:First component of the critical stress for bamboo [N/mm?].
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BUCKL ING LOADS OF BAMBOO CULMS
SECOND COMPONENT OF CRITICAL LOAD
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Figure E.4:Second component of critical stress[N/mm?®].
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BUCKL ING LOADS OF BAMBOO CULMS
THIRD COMPONENT OF CRITICAL STRESS
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Fignre E.5:Third component of critical stress [N/mm?].
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BUCKL ING LOADS OF BAMBOD CUEMS

FOURTH COMPONENT OF CRITICAL LOAD
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Figure E.6:Fourth component of critical stress [N/mm?].
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E.4- Buckling Experimental Analysis of Bamboo Celumns
E.4.1-Theoretical basis
The value in eq.E.36 can be regarded as

N =N, + N, + Ny - N, eq.E.(38)

Bach term represents the different contributions to the bockling load of the ideal strut

In this way eq.E.32 can be written in a simpler way as

w.a _w
NN N eq.E.(39)

This is the cquation of a so-called " Southwell Plot of Deformations”, as shown in figure E.7.

w
N_
X
el
a Nﬂr
_ X
Ncr
x

Figure E.7:5outhwell Plot of deformations.

So it is possible to run an experiment on an initially crooked strut and get rid of the influence
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of initial deformations, by taking the inverse of the slope of the line shown in figure E.7. In
the case of bamboo culms this may be a powerful instrument, because crookedness is more
the normal case (han the exception, In the following lings an experimental set-up for the

dewermination of force deformation relations in the case of bamboo culms is presented,

E.4.2-Experiment set-up

Due o the fact that both rotations and displacements are expected to oceur during a buckling
test, it is not possible to read lateral displacements by simply attaching a device to a point on
the culm skin, This is because the movement of the point of contact between the device and
the culm will be affectad by both the lateral movement of the piece and whatever rotation of
il$ section has,

In the following lines a test set-up is proposed. It takes into account the above menttned
facts and therefore allows us (o make & Southwell Plot for bamboo columns.

The general lay-out is shown in figure E.8. It is basically an arrangement of four rotaiing
polentiomeiers, each atached 1o the extreme of & 6 mm diameter needle, which passes
through the centre of the culm. The attachment points between the ropes and the needle are
st equally apart Irom the centre of the ¢ulm. When the needle moves due to any sort of
movement of the specimen, it makes the potentiometers rotate thus allowing [or registrations
of the angle of rotation of cach potentiometer, together with the force producing the change,
the longitudinal deformation of the culm and whalever other variable of interest.

From geometric relations as shown in figure E.&, it follows thal
r:_al - rlz_(dm_a)z eq.ﬂ.(dﬂ)

Therefore, the value of a is

182



Fundamentals of the Design of Bamboo Structures

Appendix E: Bamboo columns

z 2
ry =y vdiy eq.E.(41)
Ml:

With this value it is now possible to calculate the ¢oordinates of point number 1 on the needle

as

Xy = Xpgy yHTz 0 eq.E.{42)
and

Y= Vpura* @ eq.E.(43)

From the triangle on the left it follows that
ri-b? = ry-(d,-b) ¢q.E.(44)

which after simplification becomes

2 2
ry =Ty +dy ¢q.E.(45)

2d,,

and this leads to the calculation of the coordinates of point 2 of the needle as

Xy = Xygsm /r:f—bz eq.E.(46)

and

Y2 = Ypoest B eq.E.(47)

If the coordinates of the end-points on the needle are known, then it is casy to calculate the

coordinates of the centre. They are
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. |x1_xzi
(2 T 1
and
L Yty
Yo = =5~

* The initial angle between the needle and the horizontal 13

| %, =%, |

|x|‘_x2‘|

¥ = tanl

The lateral absolute displacement of the middle of the culm at any time is

w = ﬁxc_ cl)2+(yc_ycl)2

Figure E.8:Cross-section of the experimental lay-out.
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and the wtal rotation of the cross-section is

(1%

- eq.H.(52)
|x1 Xy |

b - m-l[

E.4.2.1-Alternative procedure

The experimental lay-out of the previous section may present some limitations or may be
found too cumbersome, and therefore it is convenient o have a second option. In order 1o
find out whether thiz alternative does exist,.it is first necessary 0o retwrn 1o the basic

formulation of the Southwell Plot.

E.4.2.1.1-Extension of the Southwell Plot to the Plot of Strains
If the corresponding value of the coordinates is substiteted in the equation of deformations

then the result is

4 . x
w= — - _ginnm>
;Y?; : N, i eq.E.(53)
- n‘ZN cr

If the initial deformation of the bar can also be described by the scries

w, = a,simziz‘ eq.E(54)

then the lateral deformation can be expressed as

a
W = L
1- N, ! &q.E.(55)
N

and thus the maximom lateral deformation at half the length of the culm is
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3 N ¢q.E.(56)

3 N eq.E(57)

The maximum stregs somewhere in the pariphery of the culm at this level can easily be

calculated by superposition of the bending and the compressive effects. This stress is

&
N_1 cq.E.(58)

N.I.' N.l:al rl

€ = + T
" AE i N IE &q.E.(5%)

_Ncr
Eq.E.59 can be rearranged to get
NI
RV R U . cQ.E.(60)
N, N:" *AE I

a]ra

It should be noted that eq.E.60 is the equation of a straight line with inlcrsection at
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NI
1. “EI . N, . .
and slope — ,ina plot of apainst E’_A 5 as indicated in figure E.9,
x x
N
x
€, =
X
~ ]!
N cr
Gy r, X
El
N
€, " —
AE

Figure E.9: Scuthwell plot of strains.

E.4.2.1.2 Experimental lay-out

The point of maximum straing can hardly be anticipated during a buckling test on a strut of

bisymmetric cross-section. In the past some readings were approximated during bending tests,

by using a large number of strain gauges located longitudinally around the periphery of the

culm, si that the maximum strain could be guessed by observation after the test, and then

sorae sort of interpolation could take place.

In order to produce a continuous plot of eq.E.60, it is necessary to find a simpler and more
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precise way of calculating the position of the point of maximum siraing and of calculating this

value too,

straln gouge

Figare E.10: Threc-point strain gauge lay-out.

Figure E.10 shows an option to the solution of this problem. Three strain gauges are attached
to the prepared surface of the culm. If great precision is to be achieved, then different sets
can be glued at different levels of the culm near the point of maximum initial laleral
deformation.

In the figure, the position of the y axis on which the points of maximum and minimum strain
lay has been guessed.

It is a matter of simple geometric relations that, under the conditions shown, the value of the

maximum sitain can be calculated as
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€any = % eq.E.(61)

in this expression

£ = m—l[%@_ eq.E(62)
&
and
a= 21 ) cos30 £q.E(63)
-
€(+)

The value of e(+) in the equations is chosen from any positive value of the readings of

straing, and &, is ope of the remaining different sign strains (or the different sign strain if

thare i3 just one).

E.5-Experimental results

A sample of bamboo canes was selected from a larger random sample. s0 as to have a good

description of the possible variation in the value of A . Following the procedure of the
above paragraphs, a Southwell Plot was generated as can be seen in figure E.11.

The value of the combined critical load N  was determined in each case by calculating

a linear regression model for each one of the graphs, after which results were compared with

those predicted by the theory,
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The two sets of results were statistically compared, resulting in a correlation of r? = .81

between predicted and meagured critical load, As can be seen the amount of agreement
between the theory and the experimental results is remarkably high, and therefore gives a
good indication of the potential of the proposed model to explain the relation between

slenderness and buckling lead of bamboo culms,

SOUTHWELL PLOT SOJUTHWELL PLOT
£X E- B3 SPEC IMEM BUC . 008 cW 1E-5D SPEC IMEN BUC.0DB
BS [OT TT ymn m pmnpa un & ey ey

-1
B
%5 g
- -
z E
2 g
%= 3
@ i
[ a
=
a5
a= [w)
[m] 30 =0 a0 920 A4S0
LATERAL DI EF'L.ACEMENT mm LATERAL O SPLACEMENT mm

Figore E.11:Resuiting Southwell plots of deformations.

A final experimental result of interest is the influence of twisting in the phenomena of
buckling |, Tt was already said that this effect would be of no interest if the amount of rotation
of the transversal section was limited enough, so thal the assumptions made in the first
sections of the appendix hold true.

Figure E. 12 illustrates the relation between twisting of the ¢ross section and axial load. There,
it can be seen Lhat the amount of rolation registered during this test was very little, in spite

ol the fact that the culm wag completely free o rotate at the ends. This fact lepds support (o
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the decision not to take the twisting energy into account in the general equation.

AXIAL LCAD VS TWISTING AM AL LOAD VS TWISTING

ox 1007 SPEC IMEN BUC ., 004 Cx 16003 SPECIMENM BUC, 009
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0 =
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=] Q.2 Q.4 a.s a.e -0.4 -G.2 =) 0.2 a.4

AMGLE OF TWIST NG Segraes AMGLE OF TWLSTING deqreas

32

Figure E.12;Twisting of the cross-section.

E.6-Calculation of the critical load as a function of average properties
An alternative way of calculating the critical load of bamboo culms can be proposed if the
simplifications suggested in appendix G are followed. If, besides that, the elastic modulus and

the moment of area are written as a function of the average values such that

E®) = E, [A3+BE :}E]

=1, (A,ma, —f)

where
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3
AE .
2
and
A' = |-

then the result of integrating e¢q.E.26, and further simplifying it as in eq.E.28, is that the

eritical load can be calculated as

=°E,
Ny = uu};“l'ﬂ'[1+o.orz14(a,—2.mg) +2.833,3,] £q.E.(64)

In this equation the term in brackets represents a 'correction factor’. In other words, a factor
by which the average critical load has to be comected, to account for the varnalion in
geometric and mechanical properties,

A sample of Guadua s.p. was (aken o run a parametric study using this last equation, and see
the effect of combinations of some real values on the critical load.

Figure E.13 shows the results of such swudy, In the figure the values of the right term of

¢q.E.(64) are plomed against the product 8, 8 for ¢ach specimen in the sample.

As can be observed, for this partcular batch, the calenlation of the critical load using average
properties gives conservative figures for most of the specimens, but this is nol a general rule,
since, as can be scen in the plot, there are culms for which the average values give
underestimations of the critical load,

Eq.E.{64} can be used for the study of particular batches of bamboo, so that, with (he right

input, the range of values ol the factor of figure E.13 can be estimated, and proper design
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factors can be agreed upon and recommended.

BUCKL ING OF BaMBOD CULMS
CORRECT ION FACTOR FOR GUADUA S5.P.
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Figure E.13:Result of the estimation of the correction factor for Guadua s.p.

REFERENCES:

1 Gregory, M.;1967. Elastic Instability; Analysis of Buckling Modes and Loads of

Framed Structures. E.& F.N. Spon ltd., London,
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Appendix F: Structural modelling and analysis of bamboo structures

F.1-Introduction

In this appendix the influence of bamhoo’s geometric and mechanical properties on the
defprmations of structures is evaluated.

Bamboo culms are tapered, the cross-section decreases from bottom o top, the elastic
modulus increases from bottom to top, and they have nodes with complicated geometrical and
mechanical properties, different from those of the neighbouring internodes. The spacing of
these nodes is not a constant feature, it vares along the axis of the element and the pattern
of variations is different in samples from the same origin.

The ditfercntiation between node and inlernode properties has been explained by several
researchers, for example, Grosser and Liese (Grosser, D.; Licse, W.; 1971; Liese; W, 1985},
These and olher scientists have found significant anatomical differences between the nodes
and the internodes. However, it was not possible to find any quantification of the effect of
these differences in the lilerature, on the overall structural properties of the culms, As
indicated in chapier 2, the nodes constitte the weakest link in bamboo culms.

In the next sections the inention is 1o explain and to quantify, on a theoretical basis, the
cssential roke that conicity and nodes play in the structural performance of bamboo culms. The
followed methodology is summarized in figure F.1. As seen there, the stiffness matrix for a
tapered clement with varying modulus of clasticity is caleulated first of all, adding to it the
effect of nodes so (hal bamboo can be studied. Parameters that show any relevancy in the
definition of the matrix, are evaluated by studying real-case culms in a sensitivity analysis,
This approach is chosen becavse there can be combinations of the parameters that just do not
exist in real cases, therefore, a simple mathematical analysis may lead o unteal situations.

Secondly, the stilincss of some sample elements is calculated following two different

approaches, using the generated matrix, and using average properties only (i.e. average section
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THEORETICAL MODEL
Equations to calculate forces and displacements

COMPARISON OF STIFFNESS VALUES AND
DERIVATION OF A SIMPLIFIED METHOD

Calcalation ofavmofec:lign& for the sample

Figure F.1: Method
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and average elastic modulus".

Thirdly, the two sets of stiffnesses are compared to derive a simplified approach for the
calculation of bamboo trusses and frames (and therefore to avoid the use of complicated
egualions).

From a methedological point of view, conicity and variation of the elastic modulus, on the
one hand, and node influence, on the other, are trealed in 4 scparate way, as will be seen later
in the chapter. The validity of this procedure is of course subject to doubt in the first instance,
but on the pragmatic side, it simplifies the problem. In this way, a theoretical model 15
developed first to explain the combined effect of conicity and varation of the clasticity
maodulus. The model is then used to undertake a parametric and a sensitivity study, A second
model is developed based on the results, to take account of the influence of nodes on the
suuctural properties of bamboo culms,

From the perspective of the behaviour of bamboo structures, comparisons between three
different structural types are presenied in the last sections of the chapter, in accordance with
laboratory observations of their performances, with the purpose of giving input for the

decision about the best structural options for bamboo constructions,

F.2-Theoretical model

F.2.1-The effect of conicity

Several asgsumnplions are made in order to set up a theoretical model.
- The material is elastic.
-.Blements are perfectly straight,
- The conicity can be described as in eq.F.{ 1-3).2

- The variation of the elastic modulus can be described as in eq.F.(4)

'average properties are calculated by laking the average of the values at the extremes of
the culm,

“sec appendix G for more details on this mauter. ]t is also possible to express the variation
in terms of the average valucs, but it can be proved that that way does not contribute o the
simplification of the final equations.
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$,x) = ¢‘_ A[l—%—"i x] eq.F.(1)
AR = Aﬂ(l——"x] eq.F.(2)
x) = 1‘(1—67":;] eq.F.(3)
E@® - E,.(i +8, %] eq.F. &)

Figure F.2 Degrees of freedom of the element

The element stiffness depends wpon 4 combination of its elasticity, Poisson ratio and
gseometry. The stiffness matrix of prismatic elements is readily available in many books (for
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Figure F.3: Relations between displacements and rotations,

instance, Norris,Ch,; Wilbur, T.B.; 1960: Willems, N.; Lucas, W.M.; 1978) and it permits the
full analysis ol such clements and of structures made of those clements.
In what follows details of the calculation of the stiffness mateix for non prismatic elements

are shown, according to the assumptions depicted by equations F.1 to F.4,
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Suppose that the beam-column of figure F.2 is displaced and rotated at the extremes as

shown,

Following the principles of the Reduced Area Moment method the equations of displacements

and rotations for the beam-column can be set a3

t
My = Up [tbj-f M (l—x)dx]
o

E(x)IX)
QOr
y Mz
ky = Ugmbd _f BRI

[

i
M
+ 1 l- 1-x)dx
5 " _['b“ { E(x)I(X)( * ]

ar

i

o+ _ M _
g = Wt O _[ Eol® I(x)(l x)dx

t
|

and the rotations are related such that

I
- M
b O | i

t
M

% = % - [

eq.F.(5)

eq.F.(6)

eq.F.(7)

eq.F.(8)

eq.F.(9)

eq.F.(10)
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If the element is allowed to displace or o rotate at the extremes, in such a way that only one
possible displacement or rotation is permitied at a lime, then four cases can be distinguished

as explained in the following lines.

F.2.1.1-Case one

2

s,

M(2x)

K3z KE
I
KSZ - ) .
X

Figure F.4; Equilibriym conditions for case one.

The state of displacements and rotations is described by

By =My =1

g =uy =0

b, =k =0 eq.F.(11)
by =u, =0

=20, m =0

From the equilibrium of the beam-column
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Eg = ~KptK,,l eq.F.(12)
Ky = K eq.F.(13)
M(x) = K,,-K,,x eq.F.{14)
F.2.1.2-Case two
Ka: Ka: KS‘!
Kl!
K,, d__b K,y
M(x)
X z
' l 1
Figure F.5: Equilibriom of the beam column for case two.
q
Displacements and rotations ate described by
u, =u; =0
Ug = Uy =
¢A =, = i Eq.F-(ls)
by = g = 0
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From the equilibrivm of the beam-column

Ko = ~Ky+ Kyl ¢(.F.(16)
K, = -k, eq.F.(17)
M) = KSS_KHI ed.F.(18)

F.2.1.3-Case three

35
)
RS T

Figore F.6: Equilibrium of the beam column for case three.

The state of displacements and rotations is described by
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Uy =8, =0
g = iy =1
b, =u, =0 eq.F.(19)
tba =Wy = 0
4, =0;u,=0
From the equilibrium of the beam-column
Koo = Kyt Kyl ¢q.F.(20)
Ky = Ky eq.F.(21)
M) = K, -K, x eq.F.(22)

F.2.1.4-Case four

Kzs KZE Kst‘-

Figure F.7. Equilibrium of the heam ¢olumn for case four.

Displacements and rotations are described by
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uy =4, =0
g =uy =0
by =u; =0 eq.F.(23)
by =u, =1
u, =0;u,=0
From the equilibrium of the beam-columnn
Ko = ~KtKyl eq.F.(24)
Ky, = Ky eq.F.(25)
M(x) = Ky -K,.x eq.F.(26)
F.2.1.5-Solution of the equations of displacement and rotation
Substitution of the values of eq.F.11 into eq.F.5 1w F.10 gives
i
K, -k
0=[— " Par’ dx eq.F.(27)
° E 1, [1+a; i;-)(l—a,’ ’—;)
and
K- x
S Ke) dx eq.F.(28)

1
!

B, [1 -8, E](1 -8/ E)
I !
For the sake of simplification the fallowing notation will be kept throughout :
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F, = EJl, (1 +3, ‘-"][1 -8/ ’-I‘) cq.F.(29)
!
Fl "] fé eq'F'(so)
o fo
t
F, = [ eq.F.(31)
F,
[ Bl ]
1
F, = fx’_d* eq.F.(32)
3 . Fo

If the values of equations F.15 to F.26 are substituted one case at 2 time into equations F.5
to F.10 then it is possible to write the following expressions:

From case one,

0=K,F-K,F, ¢q.F.(33)

o
1

= K F,+K,.F, eq.F.(34)

From case two,

1

KyuF Koy eq.F.(35)
0 = -K,,F,+K,,F, eq.F.(36)
From case three,
1= K”(—IFl +F2)+K”(I,F2—F3) eq.F.(37)
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0 = -K,.F,+K,.F, ¢q.F.(38)

Frotn case four

3 =Ky F, +KyF, eq.F.(39)

0 = Ky ~IF,+F,) + Kyf-F,+IF) €q.F.(40)

The solution of the above equations can be expressed in terms of Ky and of (he following

relations
z -5 £q.F.(41)
FI
Z = ﬂ eq.F.(42)
F,
to find that
F.
Ky = —— eq.F.(43)
F,F,-F,
Ky, = Ky Z, eq.F.(44)
K,, = -Z,K,, eq.F.(45)
eq.F.(46)

&
(]
®
L
b
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By = Ky eq.F.(47)
Ky = LK, eq.F.(48)
Ky = K, eq.F.(49)
Kgm{l -z,)- ks eq.F.(50)
K, = Ky eq.F.(51)
K,=-2 Kk, eq.F.(52)
K,=Z K, eq.F.(53)
Ky = {1-Z,0K, eq.F.(54)
Ky (1-2) Ky eq.F.(55)
Ky = (1Z,-1) K, eq.F.(56)
Ky = (1-2, 1) Ky eq.F.(57)
Ky = (5+0Z,-21) K, eq.F.(58)
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Integration of equations F.30, F.31, and F.32 allows to state that;

!
et |10 L €q.F.(59)
(GE’+61’ ) 1—61." EAIA

e m!hﬂE’ !1-6,’1 i eq.F.(60)

(5 Fe8g ) ElI,

3/ &,
o ()L n (18]

R ; e eq.F.(61)
3
63' 6]/ 63""6:" E‘I‘
The members X, and K, of the stiffness matrix can be found taking
w =1 ; w =1 eq.F.(62)
and all the other digplacements and rotations equal to zero, Then
1 F,
X, [ * d eq.F.(63)
il

angd therefore

K. = 5, +8, Ey
1 1-8, ; 1 eq.F.(64)
1+8,'

Equations F.43 to F.58 and £.64 describe the members of the stiffness matrix of a tapered

beam-columnn element with linearky varying elastic modulus, It is possible to show that, for

examplg,
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{
5 ol k. - 8 Faks eq.F.(65)
5, 2 op
and
8,
m| * 0K, - A% eq.F.(66)
5,

which are the corresponding members of the stiffness matrix of a prismatic beam-column with

constant modulus of elasticity.

F.3-Parametric study

The major difficulty in the use of the stiffness matrix, to see the effect of changes in the
various parameters, rises from the fact that valuable data to facilitat a practical exploration
is not available. Data do exist, of coutse, but they have been gathered and produced under a
different focus of attention,

Basically, the method followed consisted of changing the values of the different parameters
involved, so that a more complete picture of their effect could be produced.

To set an aﬂequatc reference to the values that the different parameters may take, a sample
out of a larger sample of 120 culms of Guadua s.p. from Costa Rica was studied.

A total of 24 pieces of different lengths were taken. The sample was nol completely
randomized, because part of the current stock at Eindhoven Uni;zersity has been attacked by
borers, 50 all the damaged culms were regarded as unsuitable. Every one of the culms was
closely examined and its relevant properties determined, namely the geometric and mechanical
characteristics as described in previous chapters.

In the search for a way to easily carry out a parametric study, it was of initial interest to
know whether there was a2 way of relating the stiffness calculated using the proposed matrix,
and that calculated taking only average properties for every culm into account, because the
formulae suggest there should be some straightforward relation between them. Should the
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formulae be close to reality, that ype of relation would then come forward in an obvious way

after the examination of a sample. Results are encouraging, as can be seen in the following

paragraphs.
Some basic information about element properties is given lo put results in the right
perspective.

statistic external diam, E (10-80%)

AVETage £3.01 18710.0

variance 2532 4724710.0

standard dev. 5.03 2173.52

standard crror 726 443.67

minimum 71.82 14930.0

maximum 97.68 22235.0

Table F.1 : summary of element properties. Diameter {mm].

Average elasticity modulus [N/t

Axigl deformation stiffness was examined first.

The values of K, for each one of the clements were calculated according to equation F.64,
as well as the corresponding average value. The results can be better visualized in a plot like
the one shown in figure F.8.For this sample it was found that the ratio between axial
stiffnesses according to the proposed formulac and that calculated based on average properlics
is .97, Thus, for the examined sample it looks as if the eror in the estimation of the axial
stiffness is an average of approximately -3% in relation to the axial stiffness based on average
properties.

{For the sake of ¢larity, in what follows, stiffness calculated according to the proposed matrix,
will be referred to as "theoratical stiffness”, though it is acknowledged thatl the average one
is also theoretical. Average properties are calcvlated by taking the values at the extremes
A and B of the culm and averaging them).

The same type of comparison can be made for other factors in the matnix. if for example K,

is considered then the result is like that shown in figure E9.
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K11 ay VAS KA1 Lhaory

CX 400003 BAMBLISA GUADUA
10 —r—
a -
8
]
]
e
=
4 j'.,
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2
o T J——
u] 2 a4 [:] a g
THEORY £ 100am

Figure F.8 Average and theoretical axial stiffness compared

Nexl, the most relevant elements of the stiffness matrix were compared to those from average
valucs for all the elements in the sample, so that 2 more general picture could be gained.
Figure F.10 shows the ratio between theoretical values and average ones, on the y axis and
the identification label number of the element is located on the x axis.

There it can be seen that, at least for this sample, the range of variation of the coefficients
for different stiffness elements is within -.92 and +1.05 times the average value. The plots
show that in general, values tend to fall below 1.0, meaning that the average approach tends
to overegtimate stiffness.In order to broaden the picture on these effects, and to see how

general this conclusion can be, a limited sensitivity analysis was carried out.

& !
Culms were studied in such a way that the ratio —’; changed while the remaining factors
3

4
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were kept constanl The results of the calcwlations of the ratios for different stiffness members
are given in figures F.11 to F.14,
The studies of the author on samples of Bambusa Blumeana [rom the Philippines and Guadua
xp. from Costa Rica allow us to conclude that in these two cases the conicity rates spread
over a wide range of values (though the conicity itself is small). More refined anatomical
studies show that conicity rates change along the length. Therefore, equations F.1 to F.4 are
only a simplification, of course, bul as indicated in appendix G Lhey are precise enough for
structural calculations, as long as the length of the element is bellow say one third of the
total fength of the original culim , which seems to be the case in structural applications.
The figures show that in most of the cases the error, in the cstimation of the stffness by
taking average properties, is about 15% and that average values overestimate the stiffness
of bamboo elements.
Further calculations were undertaken in order to show the individual effects of different
combinations of parameters, as shown in figures F.15 10 F.32.
Hopefully this analysis covers all the cxtreme possibilities that can be found in structural
applications of bamboo, though it is acknowledged that further data should be gathered to be
conclusive about on these results. Nevertheless, some obsarvations can be made.

!

-The sample of Guadua s.p. showed that the ratio —’I has a large variation, in the
]
E

range from 60 to about 400, with some concentration of values in the region of 350.
According to the plots, it is possible to have overestimations as large a5 25% on the bending
stiffnesss, though a typical figure would tend to be closer 1o the 3% mentioned above, for all
ranges of initial diameters and initial elasticity moduli examined in this study.

-8o, for most of the cases of structural interest, it probably does not pay W0 go into any
refinement in taking the influence of the variation of the diameter and the clasticity modulus

in the bending stiffnesss of the culms into account. In relation to the axial suffness, this
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&
characteristic seems less sensitive to the value of —"', .

by

*ed av VRS K22 theory

CX 1800) BAMBLIZA CUAQLA
=3 o o T T T T e T T e e e e

MVEAAGE
w

d

o 1 2 a 4 3 -]
THECRY Cx 1pom

Figure F.% Average and theorctical bending stiffness compared,
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THECRYT AMD AVERAGE COMPARED
BiaPLE T ZE 48 GUADLA

ATIO THEDRTS AVERAGE

- KHY

Q 19 2C a0 -0 50
SLEMENT LABEL

Figure F.10: Ratio of theorctical stiffness to average oncs for different stiffness elements.

Figure F.11 Case i: 1= 4500; ®=110 mm; E= 14000 Nimm?.
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Figure F.12 Case 2: 1=3000 mm; ®= 82 mm; E=22034 Nimnt.
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Figure F.13 Case 3: [=2000 mm; ®, 110 mm; E=10000 Nfmm?.
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Figure F.158: Correction factors for average stiffness, conditions as indicated.,
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Figure F.16: Comection factors for average stiffness, conditions as indicated.
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Figure F.17: Comecton factors for average stiffness, conditions as indicated.
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Figure F.18: Comection factors for average stiffness, conditions as indicated.
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Figure F.19: Comection faclors for average stiffness, conditions as indicated.
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Figure F.20: Comection factors for average stiffness, conditions as indicated.
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Figure F.21: Correction factors for average stiffness, conditions ag indicated,
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Figure F.22: Correction factors for average stiffness, conditions as indicated.

RE RATION Fow INETLAL DAAMETEP=Amm

RATC

o7 [ == SR
F ——  EelAOOU
ar L ke RO
E ] F.
e T SO PRFPPIY SIS I
o 200 00 L) L] &l
B

Figure F.23: Cormrection factors for average stiffness, conditions as indicated.
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Figure F.24: Correction factors for average stiffness, conditions as indicated.
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Figure F.25: Comrection factors for average stiffness, conditions as indicated.
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Figure F.26: Correction factors for average stffness, conditions as indicated.
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Figure F.27: Correction factors for average stiffness, conditions as indicated.
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Figure F.28: Correction factors for average stiffness, conditions as indicated.
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Figure F.2%: Correction factors for average stiffness, conditions as indicated.
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Figure F.30; Correction factors for average stillness, conditions as indicated.
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Figure F.31: Correction factors for average stiffness, conditions as indicated.
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Figure F.32: Corrcction faclors for average stiffness, conditions as indicated,
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F.4-The effect of the nodes

As indicated in chapter 2, the nodes of bamboo culms are much softer than the internodes,
50 it is reasonable to expect that they decrease the general stiffness of the cancs,

The amount of stiffness decrement depends upon the number of nodes and upon the stiffness
relation between internodes and nodes. As said before, the statements in chapter 2 in this
respect are based on the examination of a sample available in the University of Eindhoven,
but the description of anatomical features of the nodes by Grosser (opus cit) leads one to
believe that those remarks are widely valid. The specific relations for cach species or group
of species will have to be worked out to be used for structural purposes.

On thig bagis nodes can be incorporated in the model of figure F.2.

Equation F.27 can be ewritien 80 that

1 y o |Ean fravy

0 = f Kp KX, . 3 f Ko K% 4o . f Ky Knx ¢q.F.(67)
0 EIII i=1 i EN [N E’ I’
and equation F.28 now becomes
I s N irta, ir+a,
1= (K Kot o, > (K Kn¥)x [ (Kot Kph)* eq.F.(68)
[i} 1 i-1 iy NN ix 1

Integration and some reorganization of lerms permits us to write these cquations as

R

- ek ] K, eq. F.(69)
2EI, E, E,l,

El, EJ, El,

and
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.2 F
g2 B (2 B B K, eq.F.(70)
2E[1, EJl, El| ™

where
F, =F,=-30N eq.F.(71)
N 2
F,=F, =% -a is-— eq.F.(72)
i-
Y : 3
F<F <Y (_miﬁ.(“:fiJ eq.F.(73)
=\ 3 3
The solution of these equations is
B
K, = - F.A(74
% plicA e
and
A
= edq.F.(75
Kz B2+CA RTS)
where
1 internode stiffness
A=_—(-lra N{1-R AR, = - F.(76)
E, (ol (1-Ra) ) ® node stiffness “

227



Fundamentals of the Design of Bamboo Structures

Appendix F: Structural modelling and analysis of bamboo structures

B S L eq.F.77)
B £/, [E+ (1 Rﬂ)lz_; [ 4,85

{M_ gis +da)3 ] ) eq.F.(78)

c- 1| By gy
= S
EIII 3 ( H)E

This solution has heen writien in terms of the average properties, so that compansons can be
done in a more direct way.

One aspect that can be noticed after examination of the above equations is that, as common

sense dictates, the length of the nodes &, plays an important role in the caleulation, but the

determination of that figure is a rnalier subject to great discussion, as has been already pointed
out in chapter 2. In what follows, the assumptions made in this respect in that chapter also
hold for the sake of the present arguments.

The recalculation of the longitudinal stiffness can be dong in an casy way as well It is
possible to model the element as indicated in figure F.33,

Using basic principles the sum of the stiffness of the different components along the cane can

be written as:

AE N
(K“)N = —_’.!,__...... e F.(79)
[*(Rg-1 )a, N
or
ial stiffness internode
X = K _t AR =% eq.F.(80
(”)N Y R -1Ya N £ axial stiffnes node 9-F80)
E n
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N

BAMBOO CULM

i 1 j
A

Figure F.33 Model for the calculation of axial stiffness

F.4.1-Parametric study on node influence on the stiffness,

Figures F.34 to F.39 show the results of a parametric study on the influence of nodes on the
bending stiffpess of bamboo elements.

As can be observed, nodes have a very important impact on the stiffness of cubms, theireffect
averaging out to a reduction of 40% on the bending stiffness, and of 12% on the axial
stiffness, being the major source of flexibility.

A small word has to be said about the node width indicated in the plots. The value of a,
corresponds to the indications that are made in chapter 2, and therefore it is only a nominal
figure. The fact that some of the curves are saw-like may be confusing, but it is only due to

the discrete character of the number of nodes.

229



Fundamentals of the Design of Bamboo Structures

Appendix F: Structural modelling and analysis of bamboo structiures

MODE | HFLURNCE OM K32
NMODE W!DTH — 30 FRu=2.8

4
—  IMNTRANODEw3OY
n  INTERMODEWRSG
a.8 e I MTERMODE=200
o.e
e
e T PPV PP TP -
&
o om ﬁ:t‘::--:__‘_ . - .
\ T - 1
o .= w - - - .—"”"""?
.
a A = a 4 =
LEMGTH wm cw noE03
Figure F.34 Influence of node on bending stiffness.
internode lengths in mm. Conditions as indicated.
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Figure F.35 Inllucnce of node on bending stiffness.
Internode lengths in mm. Conditions as indicaled.
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Figure F.36 Influence of node on bending stiffness.

Internode lengths in mm. Conditions as indicated.
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Internode lengths in mm. Conditions as indicated,

231

=
CH 1dacas



Fundamentaly of the Design of Bamboo Structures

Appendix F! Structural modelling and analysis of bamboo structures

NORE | MFLUGMGE &M K11

NQRE WIOTH — 300 Rawx 4
i} T, T
o.= T T
T at e
Q.a —
]
o .
e e T P —
& ]
o.e =
(=1 [ i N T E R T T O L= -]
L — | NTERMODE=Z50 '
- MTERMNCDE=200 ‘J
R
4] b 2 =) - =
LERGETH mm T aaoon
Figure F.38 Influence of node on axial stiffness.
Internode lengths in mm. Conditions a3 indicated.
HOLE | HFLUERCE O KA
HOOE WIDTH = 300 liw=Z 8
a v 4
0.9 rren
—
Al e ot "
a
0.7 —
g
o.af
g
o3 o2 o O e —
—— INMTERMNODE=250
- | MTORMODE= 0D
Q.- " Ly pgipeegenee
[u} - 2 2 L) =

LEREYH e Cx mooog

Figure F.39 Influence of node on axial stiffness.
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F.5-Simplified calculation of bamboo structures.

So far the question has in the first place been, to what extent conicity, variation in the elastic
modulug and nodes should or should not be taken into account in the ¢alculation of bamboo
structures, and, in the second place, as a corollary, if using average properties would be
precise enough for structural purposes.

Some theorics have been adapted in this appendix to be able to simulate a wide range of
possible sityations, in relation 10 the combination of the different parameters involved.

In the first place it has been shown that in principleconicity accounts for an average reduction
of 3% in the bending and axial stiffness.

On the other hand, 2 much more important role is played by the nodes, amounting to as much
as a reduction of 40% in the bending stiffness and 12% in the axial one.

This supgests that within certain margins of error it is perhaps possible 1o reduce the average
stiffness of bamboo elements by a certain factor, to account for the overall influences. It is
not the intention of the author to state precisely what that factor should be. In the first place
this is because such a proposal should come from a broad experimental vatidation, for which
the data at the Eindhoven University are probably not representative enough, and second,
because it is believed that such an approach is absolutely unfeasible without a correct
connection to classification critetia, which does not exist yet for bamboo.

However, it is considered that light has been shed on the importance and relevance of the
differcnt parameters, and a general approach has been put forward, so that it can be further
supported for any particular situation.

A general conclusion is that just taking the average values for the parameters of the culms,
15 indeed an over-simplification that may lead to underestimations of the deformations(though,
not necessarily, to unsafe designs),

Just for the sake of a practical appreciation of what is said above, the result of figure F.40
is presented, !

In this case the connections were made following the proposal of chapier 5, in such a way
that wood was projected outside the culms, and then the joints were made by screwing and

gluing them to steel plates, to sandwich the pieces of wood, so that the joint was as stiff as
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possible, as indicated in figure F41,

It can be seen in figure F.40 that certainly the estimation of deformations based on average
properties is worse than those made when the effects of the varations are taken into account,
In this case, of course, culm properties were datermined specifically for cach of the elements
ol the truss, so this is strictly an academic exercise, because it would be unfeasible to do that
in a real construction case. This does, however, give us an idea of the validity of the findings

presented in this chapler.
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Figure F.40; Deformation load carves for a bamboo truss.
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Figure F.41: Double-plated connection.

F.6-Experimental analysis of the behaviour of bamboo stroctores.

Figures F.42 to F.45show relations between displacements and forces for three different
struciural configurations.

The first of these figures shows the complele load deformation curve for a truss type of
structure, The same type of connection as the one mdicated in figure F.41 was used for all
these cases, except that the steel plates were not glued to the wood fittings.

It can be seen that, but for some settlement at the beginning, the behaviour is very elastic,
ending with a brittle type of faflure, The structure is pretty stiff, and the reached capacity is
very satisfactory in terms of the employ of the capacity of bamboo, but also in terms of the
relation of the load carricd and the weight of the structure. Failure occurred by longitudinai
splitiing due to tangential strain near the connection of element number 5 and joint 3. One
interesting, though accidental observation, that could be made during this test, was that failure
occurred in the first trial through buckling of the steel plates in the connection with the stiffly
reacting steel frame, near the maximuom capacity of the truss (because of an underestimation
of the thickness of the plates, of course). This is interesting. Though the main advantage of

bamboo in areas prone to seismic activity is it lightness, this observation suggests that in the
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Figure F.42: Test resull for a tross.

case energy dissipation is nceded, this can be concentrated in the region of the steel
commectors. (ILis good to remember that such a possibility does not exist anywhere else in
the structure of bamboo culms).

Figure F.43 presents the result on a frame-truss. In this ¢ase, and in relation to the clements,
transversal forces are applied, increasing Lthe amount of bending moments. Still, it can be seen
that performance s very good. Capacity and stiffness are high. Failure happens in a brittle
way here too, in the highly compressed diagonal element.

Finally, figures F.44 and F.45 show the result of testing a portal frame. In figure F.44 the
scale is kept the same as in figure F.43 w facilitate the comparison, but the plot 15 repeated

in figure F.45 to permil further observation of the behaviour. It is clear thal this type of
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Figure F.43: Test result for a frame-frame.

application is not the most promising for bamboo culms, Deformations are very high for very

low rates of loading. The induced rotations of the connections are also high, leading (o early

loeal failure.

One aspect that deserves attention is the fact that in all these tests, the amount of rotation of

the connections was very high, though it always happened outside the region of the glued

bamboo wood conmection, This is a fact that has to be given special awtention in the

calculation of bamboo structures, though its treatment lies beyond the scope of this research

project.

This observation led us to make the proposal in chapter 6, that a connecting system in which

elements are put together using a steel fitting, helps to keep rotations under meore control.
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Figure F.44: Test result for a frame test

Some limited laboratory experience suggests that even in the case of frames, this proposal
might significantly improve their structural performance. 1n spite of that, cosl may be the
major limiting aspect in this type of application, thus the recommendation of using bamboo
for trusses and frame-trusses is still valid,

From figure F.46 onwards, details of the tested frames are given. The respective indications

are found at the bottom of each of the figures,
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Figure F.45: Frame test, enlarged vertical scale.
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Figure F.46: Typical L-type connection employed.

The above figure shows the | mm thick steel plate used for joining the wood components of
the connection. The connection was made in two steps, First, the wooden componenls were
glued to the culms, and temporaly aligned o each other. Once the glue settled, the steel plates

were screwed in position.
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Figure F.47:Culm-to-support connection, showing diameter adjustment, The steel ring-
cramp holds bamboo against the wood fitting until the glue is settled.

This figure shows how, within certain margins, size differences between the culm and the

wood fitting, mean no major problem for the making of the connection.
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Figure F.48:Truss placed in the steel reacting frame, prior to testing,

The load was applied as indicated in figure F.42. In this particular case a maximum load of
9.5 kN was reached, with a deformation of about 35 mm. ‘The total weight of the truss was
120 N.
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Figure F.49: Frame-truss in the process of testing.

As seen in the figure, vertical loads were hung wsing cottom towing bands, to keep their
position on the beam, At the moment the photo was made, the test was about half way before

failure,
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Figure F.50:Bamboo frame being tested,

The figute shows the beginning of the test of a bamboo rame. The structure proved o be

very flexible, as will be shown in figure F.52,
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Figure F.51:Detail of the load application point in frame tests.
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Figure F.52: Bamboo frame after failure.

The above figure shows a bamboo frame right after failure. Large plastic rotations of the 1op
connections initiated early during the test. Final mechanigm of failure included explosive

splitting of the culms, in the bottom connections to the steel reacting frame.
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Appendix G: Geometric parameters of bamboo culms

G.1-Intreduction

Nature supplies bamboo in all sorts of diameters, thicknesses and shapes. The exact way the
external diameter changes along the length of the culm is very complex. In a strict sense, it
is specific for every culm.

Though for structural purposes it is important o determine the way geometric parameters
change along the length, an exact description of this may seem rather imelevant.

A mixed sample of Bambusa Arundingria and Guadua s.p. was studied at the Eindhoven
University of Technology o determing a simple way o relate external diameter to thickness,
and to see if the area of the cross-section and the second moment of area could be

appropriately approximated by a simple relation to be used for structural purposes.

G.2-External diameter and thickness

Finding an easy relation between the thickness and the diameter may contribute significantly
to the simplification of calculating formulae, but the level of inaccuracy must be kept under
control o that this simplification does not lead lack of safety.

Table G.1 on the next page shows the result of calculating descriptive statistics for the
relation between the thickness and the external diameter for a large sample, as indicated in
the introduction.

As can be sgen, the average ratio is 0.09, In other words, we can say that

t =009 ¢, eq.G.(1)
To have a hetter idea of the level of accuracy in this assumption, an estimation of the 97%
limits for the mean was undertaken, as shown in table G.2, Here, one can see that such a

simplification can not lead (o any significant change in calcwlation autput, because the level

of variation of the probable error is far below that related to other variables,
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Varable: - ratio thickness/diametct
Sample size 87
Average 0.0919237
Median 0.08459339
Mode 0.06875
Geometric mean 0.0897555
Variance 4.44906x 10
Standard deviation 0.0210928
Standard error 2.26138x10°
Minimuin 0.0632911
Maximurn 0.154762
Range 0.0914708
Lower quartile 0.0763889
Upper quartile {.103659
Interquartile range 0.0272696
Skewness 0.931581
Standardized skewness 3.73775
Kurtosis 0.328252
Standardized kurtosis 0.624972
Table G.1:Descriptive statistics for ratio between thickness
and diameter.
Samnple Statistics: Number of Obs.: a7
Confidence Interval for Mean: 7%

Sample 1 (.0869324-0.096914%

Table G.2; 97% confidence limit for the mean ratio
thickness/diameler.
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Independent coefficient  std. error t-value siplevel
variable

diameter 0.0927350 00226840 8834 (.0000
= 0.9511

Table 3.3; Regression thickness diameter.
A further look ¢an be taken by calculating a regression of thickness and diameter. The result
of such a calculation is shown in table .3, where the resemblance between the regression

cocfficient and the average of the ratio in the previous tablgs turns oul Lo be sell-evident,

G.3-Area and second moment of area

It is possible to describe the variation of the external diameter with a linear rule like

¢ = ¢,-8, x q.G.(2)

In the same way the area and the second moment of area can be calculated respectivaly as

A(x) = A,-8 %7 eq.G.(3)

Ix) = [,-8, x* eq.G.A(4)

Bt can be proved that, from the above equations

0.1638 7,3
8, =~ _ 0.08197:8, €q.G.(3)
l '
and
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3, - —0.0:1861: [(‘b,r 5% l)z— %4] eq.G.(6)

Now, though these relationships may represent the variation of geomelric parameters in
bamboo in an appropriate way, it is worth seeing whether it is possible to say that, for
example, both the ares and the moment of ares vary according to a linear relationship with
the lengih of the culm.

A sample was studied with the purpose of estimating the possible error of such a
simplificatidn, The errors in the estimation of the middle area and the middle moment of area
for the culms are statistically analyzed in table G.4. |

The 97% confidence limits for the means are also calculated. It can be seen that a lincar
relation between moment of area and length 15 good enough for structural purposes, and the
same can be said for the area, though the 97% confidence limit for the mean error is much
wider, due to two outlying values in the sample. Without them, the results are equally good.
It can in any case, be seen facts suggest that it is possible to assume linear relations between
area and moments of area and the length, without significantly affecting the accuracy of
structural caleulations. In this simplified approach, of course no rational relation would exist

between the expression for area and that for moment of area, and thus the respective

parameters 8, and &, must be statistically determined for every batch of bamboo

according to pre-established classification critena.
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Variable: moment area crror %
Sample size 51
Average error 1.52957
Median 0.426717
Maode 0.0
Varance 12,256
Standard deviation 3,50085
Standard error 0.490217
Minifmuim 0.0
Maximum 19.1413
Range 19.1415
Lower guarile 01353776
Upper quartile 1.31713
Interquartile range 1.18136
Skewness 370161
Standardized skewness 10.7919
Kurtosis 14.4306
Standardired kurtosis 21.036

Ares error %

51
(1254209
00711111
0.0
0.337543
(L3B098S
0.0813541
0.0
3.17346
3.17346
0.0226236
0.219442
.196813
3.69361
10,7745
14,3744
20.9541

Table (r.4: Descriptive statistics for the etrors in the
estimations of areas and moments of areas.

moment of arca

Sample Statistics: Number of Obs. 51
Confidence Interval for Mean: 97%

Sample 1

0.434294-2,62484 %

Table (3.5: 97% confidence interval for the mean
error in the estimation of the moment of arca,
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area
Sample Statistics: Number of Obs, 51
Confidence Interval for Mean: 97 %

Sample 10.0725023-0.436036 %

Table G.5; 97% confidence interval for the mean
error in the estimation of the area.
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SYMEBOLS

Symbols

weorrection factor for the calculation of ¢ross sectional area

:shear deformation angle [radians]

: * +
o, g, +a

:coordinate angle {radians]

«change
2 E 2
Edv
Al . . o I
—= , but in section E.6, where itis = - =—
2 3r,
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Symbol;
5; En B EA
E,
€ :strain in direction indicated by
(e‘): :girain in direction indicated by ¢ , at the location [
€ smaximum strain
v :Poisson’s ratio
p :density [kg/m®]
¢‘ :external diameter [mm]
P, . internal diameter [mm]
("b')m raaximpm external diameter [mm]
(¢')m iminimum external diameter [mm]
) :x function of the initial twisting deformation
A :slenderness
o ‘eompressive stress [N/mm?)]
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Symbols

dangential stress [N/mm?)

:stress in the x direction [N/mm?]

:Buler strass, or critical stress [Nfmm?]

imaximum stress |[N/mm?

‘densife stress [N/mm?)

:shear stress [N/mm?]

'stress function

-area [mm?)

:when used as an index, it refers (o the culm extreme with the largest cross

section

:area of an eliptical ring |mm®)

:node length [mm]

swhen used as an index, it refers W the culm extreme with the smallest cross

section
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HO
HE

Symbols

:average elasticity modulus, calculated as the average of the comespon-

dent values at the extremes of the culm

:elasticity modulus at the exireme with the smallest cross section

:elasticity modulus in the direction indicated by the subindex

:bamboo clasticity modulus (N/mm?)

:wood elasticity modulus [N/mm?]
:lateral expasion [mmj
:lateral expansion coefficient [mm)

:as defined in eq.F.(59-61) and F.(71-73)
:compressive strength [N/mm?]

:shearing modulus [N/mm?]

shard-wood code in table 4.2
:null hypothesis
:alternative hypothesis

:average second moment of area [mm*]

:equivalent second moment of area for a composed section [mm®*]
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Symbols

:polar moment of area [mm*]

sreaction coefficient in the radial direction [N/mm?]
:stiffness coefficient

:curvature [1/mm)

length [mm)

:bending moment around the y axis [IN-mm]

:bending moment per unit length [N-mm/mm]

‘slope

:stress in the direction indicated by the subindex
number of nodes

:force in the direction of the subindex |IN]

writical load [IN)
5
EW

resin code in table 4.2
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Symbols

r middle radius {mm]
J'd. . —

d"mh:
r, :external rading [mim]

[
¢ —
!

d,‘nux
r :square of the correlation coefficient
5 :standard deviation; soft wood code in table 4.2
H :internode length [mm])
t . :time [years]; thickness [mm]
f time coefficient
T :torsional moment [N-mm]
3 :displacement in the direction indicated by the subindex [mm]
u, :bending potential energy [N mm®]
U, ;axial load potentia] energy [N mm?)
Vl :shear force in the direction indicated by the subindex [N]
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Symbols
v, woefficient of variation
Vs :bonding stress due 1o bending [(N/mm)
vy :shear stress in the direction j and perpendicular o § [N/mm?)
VIS wversus, in figures and plots
Vs Iversus, in statistical tables
W 'material factor in eq.C.(1)
w 'PVAC glue code in table 4.2
W, :radial bending displacement [mm]
ﬁ‘:r :radial bending displacement constant [mim]
Z :a5 defined in cq. F.(41-42)
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Page 37: Second paragraph
15 Ota, M.; 1954....

Page 47:

G CROSS SECTION BLOW UP
Figure 3.3: Lateral Buckling,
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Figure 3.4: Beam on elastic foundation model.
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...ahout these results...

Fourth paragraph fourth line
.10 the 15% mentioned above....
Page 248:  Fourth paragraph third line
.does not lead to lack of safety.
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Statements
pertaining to the thesis of O.A. Arce-Villalobos

Fundamentals of the Design of Bamboo Structores
1-Tests on the tangential tensile capacity and on compression for theee different species show
the possible existence of 2 common maximum for tangential strain in bamboo (see sections

2.2.1 and appendix B).

2-Bamboo culm$ do net fail in compression, in bending or shear, but doldl"a.il when a
maximum tangential tensile stress is reached (see chapiers 2, 3, and appendices B and D).

3-The majority of fittings based on some sort of penetration normally used m ccrnstmcuon
are not suitable for bamboo because they create high tangential Su\esses (,see m 2.2, 2) ‘
4-The usc of glue and a wooden fitting has not only proven to be 4 way «nf mkmg and

transmitling forces to the culms, but it actually reinforces them (seg. chzrpters ;
appendices C and D),

S-Contrary & peneral belief not the fibres, but the matrix, is the major source f strength in
bamboo culms (see scotions 2,2.2, 5.1, 5.4 and 5.6). l

6-The nodes contribute negatively to the axial and bending stiffness of the culim, and to the
parallel tension capacity of bamboo (see sections 2.2.2 and G.4).

7-The esleulation of bamboo structures can casily be made by using a factor 10 take the
varigtion of the modulus of elasticity, and the cross-section along the ¢ulm into account {see
appendices G and H, and chapter 7).

8-The resulis of tests on bamboo trusscs are highly encouraging., The balance between
lighiness, on one hand, and capacity and stiffness, on the other, gives a vole of confidence
to the possibilities of this material (see appendix G and section 7.10).



9-Bamboo culms can be appropeiately employed in trusses, space trusses and frame trusses,
provided connections are well taken care of. Bamboo culms are not adequate for frames nor

for beams.(see appendix G and chapter 7).

10-1t s pecossary to pay more attention to practical design problems in future bamboo

research activities (see chapter 7).

11-Some people would like to "preserve third world cultures’ like keeping monkeys in a cage.
There has to be a balance between cultural preservation and the right of people to decide
about their own future. Thig is only possible through education and knowledge, No lasting
freedom is posgible in the darkness of ignorance.

12-Through the power of scicnee we have managed to develop our knowledge to unthinkahle
horizons. Our bram has reached {omerly unimaginable frontiers. Now it is time we start
developing our hearts, and to embrace ethics as the centre piece of our behaviowr,

13-Our ega is 80 huge that we believe it is we who will destroy this planet with our careless
treatment of the ¢nvironment, The truth is that we will destroy ourselves first, not the carth,
by making it uninhabitable, unless we seriously incorporate environmental considerations as

a routine part of averything we undertake.

[4-We no longer elect our leaders, we only ‘huy' images, Like with other things in the
myrkel, we do not buy what is the best for our interests, but just what is sold in the best

manner. No wender actors become politicians. Mo wonder politicians are becoming actors.

15-On. top of the vnfair division of the world according to the level of one’s possessions, or
according to the colour of our skin, thare is the unfair distinction between men’s and women’s
chan¢es of success and happiness. Even in the most developed countries women are still
destined w secondary roles, viokence of all kinds, even the right access 10 knowledge and
education, being men's main insirument of domination. Men's appreciation of women s
limited to Mother’s day and to the sexist concession that behind every great man thers is a

great womarn.



I6-5ome people blame science and technology for everything that is going wrong an our
planet. But ¢ven if they are right, science and technology, in & proper moral context, are the
most powerful instruments to make a better life possible.

17- My family and T have been favourably impressed by the Dutch people. Wo have found

people who are warm, hospitable and generous, Everywhere we went, people made us feel
well ireated, respected, Part of our hearts will remain here, with our fdends, for ever.

it



