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Literature review

2.1.
General introduction

Bamboo is the most important and abundant non-wimoest product,
which grows in most tropical and sub-tropical zoassund the world (Chaowana,
2013). This plant is a giant perennial grass watigé woody stem, which belongs
to the taxonomic familyPoaceae and subfamilyBambusoideae. It encompasses
about 1,800 species within 50 genera (Chapman,)136ile bamboo attains
maturity in 3-5 years, wood takes more than 20 sielirgrows faster than any
other plant, somenoso bamboo species can achieve 20m in only 3 months,
therefore, cutting down this timber substitute mayt affect the ecological
balance at all (Khalil et al, 2012).

It has a superior adaptability to most climatic aathphic conditions than
other fast-growing woods. Moreover, it has straigimain, smooth surface,
toughness and excellent abrasion resistance (Cmag\2813). Due to its hollow
section and circular configuration, bamboo is viegit, handleable and easy to
transport and store, allowing rapid construction stfuctures. Bamboo has
diaphragm along the culm that makes it rigid aratkrresistant when it bends;
therefore, it has proved to be an ideal material &oti-seismic construction
(Gonzales, 1999). However, bamboo presents somgatioms, which until
present time considerably restrict its widespread large-scale use. Once it is
cut, for example, insects, fungi and pests attecktructure weakening it. For this
reason, untreated bamboo structures are vieweehgsotary. Similarly, bamboo
structures, as timber, must be fire proofed orquiad from fire. Finally, it does
not have a regular shape along its body and iiablarwidth causes difficulties in
the construction process. Due to this, the buildimystry does not fully regard
engineering bamboo as a suitable, economicallylesiahd green alternative for

construction.
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2.1.1.
Environmental context

Recently, energy awareness has caught the attesftpeople all around the
globe, as the world is simply running out of fodsiéls. This fact will contribute
to energy shortages and supplying problems toragstries, which has brought
the attention of governments in many countrieghthaim of construction field to
incorporate healthier methods, innovating buildiagd preserving resources,
bamboo surges as a large-scale alternative cohistrumaterial. Particularly
when improved building development and energy oseform the high standards
of environmental friendliness: to be lighter andosger, to be efficient, to be
cheaper, to be sustainable (Rittironk & ElnieiG038).

It is estimated that by 2011, more than 1 billp@ople were living in
informal settlements and over the next 25 yearslidrbpeople will be added to
this number (United Nations Human Settlements Rwogne UN-HABITAT,
2011). Dickson 2002, estimates this number in Bohilpeople by 2050, and adds
that socio-economical gap between advanced andadeaaced societies will
raise as well (Dickson, 2002). Besides that, RamdpQration presented in a
recent report (Silberglitt et al, 2006), an incregstechnical-scientific gap
between scientifically advanced, proficient, depalg and lagging countries.
Additionally, the report anticipates a similar wieg gap between urban and
rural populations throughout the globe. On the woth@nd, diminishing wood
resources and restrictions imposed on natural teresainly in the tropic, have
centered world attention on the need to identifyr nenewable, green and locally
available materials (Sharma, 2010) in the samedfrenvironmental friendliness
standards. Due to the development of the worldn@ey, and population
explosion, the overall demand for wood and woodetlasomposites is rising
sharply. Meanwhile the available wood supply widcdease due to the global
biomass demands for green energy generation (Cmzo\2813).

In rural areas, bamboo is called the poor man’o¢indue to the entire
aspects of bamboo utilization in human life (Chaoaya2013). Bamboo grows in

tropical and subtropical developing countries aslmaseen on the Figure below.
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Figure 1 Global map of available bamboo speciesoduze, 2007).

Latin America shelters 6% of total world populatigratouche, 2006), so it
turns its energy and resource problems more trigctebmparing with super-
populated and other developing regions in the wddlebertheless, there is also a
big need for adequate housing and infrastructuhe dccelerated urbanization
throughout the world is challenging provision oegdate dwelling, because it has
forced many people to live in non-engineered orgimatly engineered informal
settlements (Richard, 2013). This makes reconsidethe real objectives of
developing countries, which have followed the sare&tive consumption
requirements as industrialized countries. Howeuwy, contextualizing local
industries and giving way to other alternativesnsasocio-economic problems
and supply demands could be mitigated without expesduction and pollution.
Facing such energy, resource and social issuedydzagrowing in Latin America
comes out as a resource to address those probfethe iconstruction industry.
Using these sustainable and friendly alternatidetems also helps to continue
using traditional materials. Therefore, innovatiand knowledge about local
environment becomes a key factor to achieve aldaitdalance between using

sustainable and industrialized materials.

2.1.2.
Bamboo for construction

Structural use of bamboo offers potential advarmesreducing homeless
rates, bridging the growing socio-economical gag antigating damage caused
by natural disasters” (Richard, 2013). Bamboo fast-growing and renewable

resource therefore; these features have turned dmmidms into a suitable raw
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material used in building applications beyond hogsisuch as flooring, ceiling,
walls, furniture, roofs, trusses and rafters. Itailso used in construction as
structural materials for bridges, water-transpartatfacilities and skyscraper
scaffoldings. However, low-cost native materiakelbamboo are often replaced
for large-scale building materials due to lack offormation about its
implementation. As a result, it has been principalsed in non-engineered,
temporary and vernacular constructions (Richard 320

Bamboo has similar properties to some timber anddvoomposites,
therefore, Chaowana considered it an ecologicableiasubstitute for them
(Chaowana, 2013). After maturity, tensile strengthbamboo is comparable to
mild steel (Correal et al, 2009). Moreover, theéoratf strength over density of
bamboo pole, which indicates material efficiensy2i5 times higher than wood
and 3 times than steel (Rittironk & Elnieiri, 2008his shows how bamboo is
extremely efficient due to its lightness and higinersgth. Figure 2. shows

stress/strain diagram of some of the most usedtatal materials.

s (psi)

Unit Stre:

Unit Strain (infin)

Figure 2 Stress/strain diagram comparing diffestnictural materials
(Rittironk & Elnieiri, 2008).

Ghavami reported that its strength and stiffnessuitable for construction
and design of thinner structural elements thanemade of wood (Ghavami et al,
2003). Its structural importance was seen, iamdhgrs in Armenia, a city part of
the Colombian Coffee Region devastated by 199%heaske. Bamboo came out
rapidly as raw material for temporary shelters np@rent houses and public and
institutional building reconstruction (Sharma, 2p10

The use of bamboo fibers as reinforcement in comgasaterials has
increased sharply. “The amalgamation of matrix amatural fibers vyield

composite possessing best properties of each cangoiiKhalil et al, 2012). The
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exploitation of bamboo fibers in various applicaBohas opened up new
opportunities for both academicals as well as itréls to design a sustainable
module for future use of bamboo fibers. Howeverpider to fully exploit the
potential of bamboo as a construction material atng Khalil (Khalil et al
2012), it results fundamental to increase knowledgeareas of preservation,
joints, structural design and codification.

Khare reported an acceptable and feasible perfarenahbamboo used as a
potential reinforcement in concrete structural meral{Khare, 2005). Khare also
concluded that bamboo is a potential substitutsteé| reinforcement, even more
in regions where availability of steel is limiteddaplain concrete members are
commonly being used. Bamboo gerbendrocalamus studied on this paper
presents the better performance among other spegmsps with excellent
bending properties and has great potential to led as a load-carrying member
(Korde, 2008). Scientists have already researcimetamboo-based composites
but more research is still required to overcomepidl challenges ahead. “These
facts will make life easier for both urban as wasl rural people who are more
dependent on synthetic based composites in a big,5conclude Abdul (Abdul
et al, 2012).

2.2.
Bamboo treatment

Bamboo strength is greater than most timber praguaethich is
advantageous, but it has approximately half ofl dEesile strength. Bamboo is
easily accessible as it grows in almost every ta@pand subtropical region. This
fact reduces the cost of construction and incretsestrength of the buildings
that would otherwise be unreinforced. One majobjfenm with bamboo is that it
is more prone to insects than other trees and @gdsscause it has a high content
of nutrients. On its raw state, it is vulnerable,tto fungi and plague attacks. In
order to address this problem, it becomes necessdargat bamboo to protect it
from the environment. Steel does not have this Iprotbut it also needs to be
coated to protect it from rusting. In addition, b@ou is light in a strength-weight
context compared to steel. Due to its low moduluslasticity, bamboo can crack
and deflect more than steel reinforcement under sdi@e conditions. These
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properties, suggest that bamboo will make a firditewh to the current selection
of materials, but it is necessary to be more familvith its strengths and
weaknesses.

For the current study, bamboo was not treated,spatimens and beams
were tested three months after cutting the poldsclwremained until outdoor
assembling. Therefore, the effects of treated bandowd its durability are not

within the scope of this study.

2.2.1.
Weather, altitude and soil conditions

In order to get suitable bamboo culms there areesconditions to consider
regarding its growing and harvesting. As it wasvpusly said, the grass grows
in tropical and subtropical regions and the idd@tiuale ranges between 400 and
2000 MASL. Regarding weather conditions, tempeeaghould be between 18
and 28 degrees Celsius with precipitations rainfis higher than 1200 mm. In
terms of soils, it should be a well-drained andilterclayey sandy loam. Soils
must be moist, permeable and preferably rich imoigmatter and protected from
floods (Chara, 2014). They should not have obstackones, old roots and
undergrowth. It has had some indications aboutén&in period to cut bamboos,
but some literature demonstrated that it has mgnifstant factor (Ghavami &
Marinho, 2003). They also suggested bamboo culrosldhe cut between three
and six years after it has reached its highestl lezenaturation and culms are

completely lignified.

2.2.2.
Curing process

After harvesting, green poles should be cured d@eoto protect them from
plagues and fungi. Proper poles storage is a deteninfact to preserve its
properties and keep the performance (Chiozziniy2(Qdoreover, there are plenty
of methods to cure and seal poles however, someiichk treatments have
presented similar results than natural ones (Cmgz22007). Chiozzini also found
that long-term treatments not always result mofecéfe than short-term ones.

Most of these are some curing methods that makeotise mixture of saline
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solutions (Chara, 2014). This study, in order haldustainable scope, addresses
natural treatments implemented by local bamboodktsl in Narifio, Colombia
which are presented below:

Vertical: nodes are broken through the pole, exéapthe last one. Then,
bamboo hollows are filled with immunizing during t8 5 days for liquid
penetrates, and then it is rotated and refilleth®otop according to the volume
absorbed. After the"8to 10" day, liquid is removed and poles are dried velitica
The solution requires, for 100 liters of water fprably warmed-, 12 kg of borax
and 12kg of boric acid. If possible, it is recommed to add 1 liter of salvia
extract to improve the solution and red powdergeppe for fumigating it.

Immersion: poles are submerged during 12 hourssiolation composed by
1kg of borax, 1kg of boric acid and 50 liters of tera In this case it is
recommended to drill internally the nodes as inviical treatment.

Injection: due to results experienced by small poads, this method is no
longer used, however it uses between 5 to 2Dafimmersion solution which is
injected in each bamboo conduit in a zig-zag patiierm its cross section.

Smokedried: is performed by a poly-woody acid, produbgdcondensation
of tar-saturated smoke. Poles must be kept withirglatly closed oven for a
period not less than 3 weeks.

After curing process, bamboo is ready to be employe construction

process.

2.2.3.
Laminated bamboo

Laminated bamboo has become a way to standardiztosater its use, since
it can be designed in many geometrical sectionsregslired by structural
applications. In wood composite manufactures, adessare required to bond
wood elements together. Adhesives are not onlgmifsiant cost factor in wood
composite production but also they are the keyofaftir some of the product
properties. In bamboo, adhesive capacity is infteenby its surface properties,
such as wettability, roughness, pH value, buffericepacity among others

(Ahmad & Kamke, 2003). Availability of appropriatequipment for culm
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transformation into regular pieces is one of thiagypal limiting factors for the
local production.

Laminated bamboo cannot replace entirely the useaditional structural
materials, but its use can lead to more suitablaniba in many constructive
aspects. Bamboo culm heterogeneity becomes a pmofde standard housing
processes even in developing countries in mediuch l@g scale production.
However, lamination comes out as a good opportututyyenerate innovative
solutions by people involved on the industry. Thene it is a challenge to young
generations to achieve the balance between tradltimdustry and sustainable
and decentralized production, even more in thenLAtherican context. In Brazil,
many exotic bamboo species suitable for fabricatibbaminated Glued Bamboo
grow naturally. Among them stand tbeEndrocalamus giganteus and Bambusa
vulgaris (Beraldo, Rivero, & Azzini, 2003). In this studyhe wood-based
composite assembled was a Laminated Glued Bamboobéu made from
Dendrocalamus giganteus layers Plies of bamboo were stacked in order to glue
them and produce beams, aimed to continue theroksea those materials.

At the same density level, strength propertiesilmérboard increased with
greater levels of resin content. Age had a siganficeffect on board properties.
Fiberboard made with one-year-old bamboo at 8%nresntent level had the
highest modulus of rupture (MOR) and elasticity (E)Oamong the bamboo
panels, which is largely due to a higher percentddarger fiber size. Fiberboard
made with five-year-old bamboo at 8% resin leved ki@e highest internal bond
strength, which was largely attributed to the hrgtesin recovery on old bamboo
fibers (Nugroho & Ando, 2001). Bamboo fiberboardsowed comparable
physical and mechanical properties with tallow woditberboards. The
dimensional stability of bamboo fiberboard was rsattisfactory. Wax was
recommended to improve the dimensional stabilitp. tbe other hand, spread
glue rates appeared to be a significant variahlghfe internal bond strength on
two-ply. Moreover, orientation of glue line in thrertical direction demonstrated
to maximize the ultimate strength of Laminated Bamhumber LBL (Nugroho
& Ando, 2001).

Chaowana stated that bamboo-based composites wabnbe a highly
competitive alternative to wood-based compositesaiti become an important

forest based product in the future (Chaowana, 20ER)wever, in Brazil,
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Laminated Bamboo Lumber process is practicallyrictstl to university research
(Beraldo et al, 2003)Nevertheless,iisce the 20th century, bamboo has received
increasing attention for industrial applicationsregional markets, especially as a
raw material for wood-based composites such adicferoard (PB), medium
density fiberboard (MDF), hard fiberboard (HB), laate glued bamboo (LGB),
plywood, oriented strand board (OSB), Glue-Lamidateumber (GLL),
laminated bamboo lumber (LBL), Laminated Veneer bem(LVL) and oriented
strand lumber (OSL) (Chaowana, 2013).

2.3.
Bamboo as functionally graded material

Bamboo is a functionally graded composite matéicahstituted by long
and aligned cellulose fiber embedded in a lignirtriwa(Ghavami et al, 2003).
Fiber distribution is variable through its wall ¢khess, arising from center
outwards (Ghavami et al, 2003). The variation dreffidistribution prevents the
direct application of traditional solid mechanicgiations, as they assume perfect
bonding between fiber and matrix and uniform dusttion of fibers along the
wall thickness. This fact raised the need to eshatilow this variation occurs and
therefore modified basic equations for compositdenels. Ghavami states the
importance of analyzing bamboo culms through DIAg({@al Image Analysis)
aimed to establish the variation of the volume tfcac of the cellulose fibers on
the cross section. To theaked eye, it can be observed in Figure 3 how its
constitution changes along its cross-section. &, finis allows great application
of rule of mixtures by adjusting variability of itbers.

Figure 3 Variation of fiber volume fraction acrdsmmboo wall (Ghavami &
Marinho, 2003).
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Rule of mixtures achieves a preliminary assessnoénthe mechanical
behavior of composite materials in elastic randes Tule is a group of equations
that assign values of mechanical properties to cmitgs based on individual
mechanical properties and volume fraction. In th&y, Ghavami put forward an
example of how to establish the composite moduluglasticity knowing the
modulus of elasticity and volume fraction of botimgonents.

Ec = BVf + EnVm = BVi + En (1- ) (2.1)

Where E is the composite modulus of elasticity
Er and VM are fiber modulus of elasticity and volume frastrespectively.
Em and M, are matrix modulus of elasticity and volume fragtio

respectively.

However, this procedure assumes perfect bondingdaeet components,
thus a more suitable approach would be necessagtiin bamboo components
properties. Furthermore, Nogata & Takahashi suggdesivesting more time and
resources on developing functionally graded mdterihich are governed by
uniform strength as could be bamboo, rather thaeldping materials with high-
stiffness (Nogata & Takahashi, 1995).

For instance, bamboo wall is composite by bundlesnore than one
hundred elementary fibers. Elementary fibers consislayers of crystalized
cellulose nano-fibrils aligned with many angleshmespect to the fiber on the
longitudinal direction and are embedded with hesaliutose and lignin (Fuentes
et al, 2011).

2.4.
General Mechanical and Physical Properties

Taking Bamboo as giant timber and a potential caitpoof layered
structural material requires more knowledge abtaitmechanical and physical
properties. Despite the bamboo culm presents sotellent features such as
rapid growth rate, short rotation age, excellesxibility and high tensile strength,
it also has some drawbacks. These disadvantages meinly to its natural
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composition and structure, and this means thatfimdamental to understand its
physical and mechanical properties. As previouslistu have demonstrated,
properties vary depending on the position in thencuherefore, obtaining and
comparing these properties at different positidesgthe culms is a good start
point for the analysis.

In the first place, a micro and macro mechanicaragch is presented, then,
the procedure to analyze laminated beams by comepasaterials theory and
elementary solid mechanics of materials is expthifenally, a section covering

rupture mechanics is presented.

2.4.1.
Micro-mechanical Analysis

Formulations for micro-mechanical analysis basednechanic of materials
could be used in bamboo modeling as a natural ceitgpmaterial with aligned
elongated fibers. This is supported by studiesraflgd functionality of bamboo at
micro-structural level (Ghavami et al, 2003).

As bamboo fibers are not distributed uniformly thgbout the thickness,
engineering constants cannot be obtained by tkeafdinixtures, commonly used

for composites as shown below.

E, = EV; + E,V,, (2.2)
E, —=_“ffm (2.3)

2 EfVm+EmVy

12 = _GL (24)
Gf Vm+G|‘n Vf

Where G: is the composite shear modulus,, @nd G are the shear

modulus of matrix and fiber respectively

vy, = vV 1, (2.5)

And v12 is the composite Poisson coefficient, beiagnd vrthis coefficient
for matrix and fiber respectively.

To apply rule-of-mixtures in bamboo lumbers, it indstermined a function
of volume fraction of fibers and thickness, assunihat fiber distribution is

symmetric to radial axis (arising from the innerlwautwards). Thereby, the
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young modulus at main (longitudinal) ax&$ could be indicated in a simplified

form in the following equation.

Ey = EpyVe(x) + E, (1 — V5 (x)) (2.6)
To determineV; (x) it is necessary to implement digital images preces

To achieve this, cross sections are digitalized dimitled in little segments with
uniform fiber distributions. The function is defohafter processing quantity of
fibers in each segment from the curve of volumetioa against the position on

x-axis. In this way, a regression of functivn(x) for Dendrocalamus Giganteus

is obtained this is shown on Figure 4.

This function allows the use of rule-of-mixturesdato calculate bamboo
mechanical properties as a function of fiber matiistribution. As it can be seen,
fiber and matrix form a unified compound; therefoeecomposite analysis to

determine modulus of elasticity is done to asdesptoperties of these elements.

location vs volume fraction of fibers
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40

30

20

10
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Normalized position on thickness

Figure 4 Relationship between volume fraction awiion on bamboo
wall thicknes¥;(x) = 46,27x* + 1,60x+ 11,85 (Ghavami et al, 2003).

The parabolic trend plotted shows a correlatiorexndf 0,998 and evidence
the non-linear trend of fiber distribution. Thisrglholic behavior could allow
defining a trend between fiber and matrix concdiminaand issue about need to
use functional graded material methods instead imipler rule-of-mixtures.

Figure 5 shows wall thickness division (a) andib$egments with uniform fiber
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distribution (c). Modulus of elasticity is deterraoh for each individual segment
by tensile tests.

Figure 5 Layering segmentation on bamboo wall théds.

After that, each segment is analyzed through digitage process method
to calculate its volume fraction. It allows plotjira curve of volume fraction
against modulus of elasticity. Using a lineal regren it is possible to define
values for matrix and fiber modulus by extrapolgtiralues from 0% and 100%

respectively as shown in Figure 6.

Series1; 100;
vfvs E

Series1;0; 1

v (%)

Figure 6. Volume fraction vs. normalized moduluslaisticity for & and k&
calculus (Ghavami, 1990).

This methodology could be implemented to determwotber elastic

properties and to establish separate propertiesraponents, matrix and fibers.
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2.4.2.
Macro-mechanical Analysis

To characterize mechanical properties of bambdo &nalyze the structural
composite of whole. In this case, matrix and fipeperties are state in terms of a
new homogenous equivalent material. Average stsaegptace real stresses.

As bamboo is a composite material with aligned rBbewhose wall
thickness is smaller compared to its diameter andth. It can be assumed as a
unidirectional lamina especially orthotropic undeplane stress state. This means
that there is not any stress in thelirection and there is only one in the plane

shear. Constitutive relation for these approadih@vn on equations 2.7 — 2.18.

1 Vs
£ =0y o0, (2.7)
1 Viz
©=g %" g0 (2.8)
1
Yiz T Tz 2.9

Wheres, ande, are the components 1 and 2 deformations respbctive

and o; are the 1 and 2 component tensile strengths. vi; and Y12 the composite
modulus of Poisson and 112 and G12 the composite shear strength and modulus.
Stress-deformation relation could be defined in atrix form from

flexibility matrices and then, engineer constarais be defined as follows:

1 1
511 :E 522 ZE (210)
Vs Vs 1
S =S T T4 See = o (2.11)

Thus, the matrix form is defined by:

£1 511 512 0 gy
[Ez ]= [5:1 S5, 0 ][Uz ] (2.12)
¥12 555 T2

Stresses on the lamina could also be expresseernms tof strain tensor,

Whereqij corresponds to the stiffness matrix elements efléimina that is the

inverse of the flexibility matrix.

[@1=[51" 12)
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0y ¢y @ 0 jl
T v = |@2 @2 0 }rdz (2.14)
T1z 2Qeed (5
Where
i 5:: _ .E._
Qu = Sy Sp—52,  1-V,o Vi, (2.15)
= Sig _ VB
Q12 = 5y S-S0, 1V W, Q21 (2.16)
— B _ E,
QZZ o 5;;511—55': - 1=V, Vi (217)
Qe = —= Gy, (2.18)

2.4.3.
Beam analysis by mechanics of materials

A theory of laminated beams in pure bending waseligped from
Bernoulli-Euler theory of elementary mechanics cdtenials on Principles of
Composite Materials (Gibson, 1994). Although thel@ation of this theory is
quite restricted, it provides considerable insigiib the analysis of laminated
structures and introduces the general laminatiearth

Theory based on the analysis of Pagano (Pagand,) 186 bidirectional
composites used the following assumptions:

1. Plane sections, which are initially normal to tbaditudinal axis of the

beam, remain plane and normal during flexure.

2. The beam has both geometric and material propgnyretry about the

neutral surface (the plies are symmetrically areahgver thexy plane).

3. Each ply is linearly elastic with no shear coupl{ipdy orientations are

either 0° or 90°).

4. The plies are perfectly bonded together, so thaslip occurs at ply

interfaces.

5. The only stress component presenta@rand tx,
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J
N2

Z

z
Before deformation After flexural deformation

Figure 7 Element of a laminated beam before arat e application of a
bending moment (Gibson, 1994).

Longitudinal normal strain at a distance z from tieaitral surface is given
by the familiar equation from assumption 1.

_ lptalg—pd _ = (2.19)

* o o

Where p = radius of curvature of the neutral surface dyflaxure
¢ = angle as defined on Figure 7
z = distance from neutral surface defined byxghplane.
From assumption 3 the longitudinal stress injthely is given by.

(ij_;l' = (Exj_;l'(ij_;l' (220)
Static equilibrium requires that the applied begdmoment M must be
related to the longitudinal stresses by
M=2[""0,zbdz (2.21)

Recall that for a homogeneous, isotropic beam thememt-curvature

relation is given by

M= Zthe O (2.22)
o 2p

Where }yis the moment of inertia of cross section.
The effective flexural modulus of the laminatedinezan be expressed

N2

]
E, = S XL (B),(z — z1hy) (2.23)
or for an even number of plies

E, = =B (37— 37+ 1) (2.24)
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Thus the bending modulus of laminated beam, unti&® modulus of
elasticity of the homogeneous isotropic beam, dépeon the ply stacking
sequence and the ply moduli. “That is, if the prps do not change through the
thickness of a beam, the flexural modulus is theesas the Young’s modulus”
(Gibson, 1994). Due to lamination orientation anelvpus assumptions made by
Pagano (Pagano, 1967), an analysis by elementdiy smchanic could be
carried out. Considering LGB as a homogeneous sotifopic beam with ply
stacking unidirectionally. Elementary equation 8.for inertia moment of beam
cross-section (Hibbeler, 1997) was used to rekaggnsand moment of the beams
tests, and then solve for &d E.

M= ‘7“—: [, y7dA (2.25)

and then solving fo6max
O = 2 (2)26
and o, = E,e,, o, = E_¢, (2.27)

where

Oomax = Maximum normal strength that occurs at the fstthmoint of the

cross section of the neutral axis

M = resulting internal moment determined by sediomethod and

equilibrium equations, it is calculated regardinguimal axis of cross

section.

| = moment of inertia of the cross section caledategarding neutral axis.

c = perpendicular distance from neutral axis toftivéhest point ofy-axis

whereomax acts.

In most problems, bending stiffness remains comnsédong the beam.
Consequently, following equations for beam elastio/e was used to relate load,

shear and moment with E.

2L — () (2.28)
= =v() @)2

EIE _ M(x) (2)30

dx?
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These equations are integrated to obtain deflectiofn the elastic curve.
Each integration introduces an integration constahich are solved by boundary

conditions and provides a unique solution for dipalar problem.

2.4.4.
Failure analysis

“The rupture of an element is separation or fragai@n due to external
loads, as result of process of creation of newungpsurfaces, which can origin
from a fissure existent” (Gonzales J. L., 2004)ngdes also stated that fracture
process generally happens in little regions witbrgiths smaller than maximums
and he characterize them as a sudden, unexpedeazh&strophic action.

Under behavior of materials standpoint, fractureidd#is in two sorts
depending on quantity of plastic deformation ptierfailure. Figure 8 shows a
diagram of fragile and ductile fracture.

Carga Carga

Deformacdo Deformagdo

= " elostica F?/pmsﬁm

Nio hd ™\
|~ deformagdo \ //

I.‘A-uj\ Alta
deformagdo
"""l plastica

/ \
AN

L]

Figure 8 Types of fracture fragile fracture andtdedracture (Rusinque
Guatibonza, 2009).

Fragile fracture happens when deformation of thestnaf the body is
elastic, so that after fracture under small defdiong, element fragments can be
jointed without big changes on geometric piece. tba other hand, ductile
fracture happens after a considerable plastic defbon and a stable propagation
of cracks. However, for static bending tests, AS@lsksifies them in accordance
with the appearance of the fractured surface aadrtanner in which the failure
develops (ASTM D143, 2014). Those fracture surfavey be roughly divided

into brash and fibrous regarding fragile and dectiypes shown on Figure 8.
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Figures 8 to 14 below present ASTM failure classifions that was used to

classify failures in present study.

Figure 11 Splintering tension failure.

Figure 12 Brash tension failure.
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A A

Figure 13 Compression failure.

\ A

Vv —— Vv

A A

Figure 14 Horizontal shear failure.

2.5.
Experimental procedures

Studies aimed to characterize bamboo propertigerims of location both
along its wall thickness and its culm as specifiavgy, relative density, modulus
of elasticity and volume fraction are addressethis section. Specific gravity and
bending properties of bamboo vary with age andHhidmration as well as cross
the layer. They all increase from one-year-old bamto five-year-old bamboo,
as mentioned Ghavami referring to the age for mgt{Ghavami & Marinho,
2003). “The bamboo culm comprises about 50% pasgnah 40% fibers and
10% vessels and sieve tubes” (Liese, 1985). Therdibontribute 60-70% of the
weight of the total culm tissue. They are long #mukred at their ends. Li stated
that outer layer had significantly higher SG anddeg properties than the inner
layer, ratified by rising on E as shown on Figurartl 6 above. This because,
outer layer supports bamboo more than the innarlagending strength had a
strong positive correlation with SG (Li, 2004) asal that with volume fraction.
Furthermore, height location of culms affects iteygical and mechanical
properties (Lee, Bai, & Peralta, 1994) other stadibout variation in mechanical

properties of moso bamboo established an equatorpredicting the tensile
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strength and modulus of elasticity from the positan the wall thickness (Xian,
Shen, & Ye, 1995) similar with interpolation esiabed by Ghavami.

Yu et al found volume fraction of bamboo fibers dgna outer region (60—
65%), sparse (15-20%) in the inner region and asae linearly with height by
about 20-40%. For this reason, these studies fdansmechanical properties of
bamboo culms along and across the fiber direcioperimental results indicate
that stiffness and strength under tensile loadihgamboo laminas is higher in
outer region and lower in inner region. To underdteariations along the bamboo
wall, Yu et al conducted tests focused on thatsdiaatory parameter. On their
work, bamboo specie waPhyllostachys pubescenes, which presented a relative
density ranging from 0,553 g/cm3 at internal edgé,006 g/cm3 at external one
(Yu, Jiang, Hse, & Shupe, 2008). The mean longitaldiensile MOE ranged
from 8,987 to 27,397 GPa and mean longitudinaliersgrength ranged from
115.349 to 309.322 MPa, both from inner wall outigarRelative density
decreases significantly from outer layer to thedtedayer and the difference in
relative density between the layers toward therirsugface was not significant.
(Yu, Jiang, Hse, & Shupe, 2008)

Layer and height position have a significant effectall of those studied
properties except for tensile strength. Relativesdg, tangential shrinkage,
tensile MOE and tensile strength of bamboo incregreatly from inner layer
outwards. Longitudinal shrinkage decreased grdatdiy the inner layer outwards,
relative density, tangential shrinkage and tenSMI@E at 1,3m were less than
those are at 4,0m height (Li, 2004). One year odlebré showed a higher
percentage of larger fiber size, less percentagineffibers retained on sieves
higher than 60 meshes, and less lumpy fiber clutih@s three and five year old
bamboo fibers due to the refinement process. Cossjune properties parallel to
the longitudinal direction are significantly highénan perpendicular to the
longitudinal direction therefore, it makes bambodareed longitudinally an
optimal structural material for compression strésgLi, 2004).

Ghavami and Solorzano proposed first split bamivadl in two ranges.
Both have a fiber distribution relatively uniformtiv40 to 90% at outer face and
a 15 to 30% at inner face (Ghavami & Solorzano 5)9Burthermore, Verma and
Chariar 2012, carried out a layered laminate bandwroposite study, analyzing
mechanical properties in segmented sector alongcthea and from the center
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outwards. Table 4 presents tensile properties ofinas of Dendrocalamus
gtrictus. It can be seen how stiffness and strength incrirase lower internodes
to top and a considerable difference between immet outer regions. Middle
regions in some cases have higher stiffness theer cegion, but strength always
increase from center outwards. This presents odpmt character of bamboo.
Nevertheless, it also lets assume that an asserbhfgd in segment location
could improve use of beams according applying laats homogenize somehow
sections properties. Verma & Chariar, 2012 condutiat all laminas presented a
bi-linear stress-train curves and tensile stremagith modulus of elasticity increase
from inner to outer region across any cross seciath from bottom to top of

culms.
Specimen No. Bottom Middle Top
1 | 4 8 | 11| 14| 17
MOE [GPa] 46 59 64 523 6893 89
Outer
Region i
g Tensie Strength o/ o517 250 281 298 3p2
[MPa]
_ MOE[GPa] | 463 6p 63 66 463 756
Middle
region i
g Tensie Strength o0 o4 o0k 206 230 276
[MPa]
MOE [GPa] 21 25 27 363 37 46
Inner regiorT 'I I
ensie Strength )| 104 160 172 217 212
[MPa]

Table 4 Tensile properties of laminaelEndrocalamus strictus (Verma &
Chariar, 2013).

Verma and Chariar, 2013 found on their experimentgults good
agreements between the estimated and predicted f@unodulus of elasticity
and tensile strength, which are satisfactory agesgrfor initial design purposes
(Verma & Chariar, 2013).
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