ASIAN JOURNAL OF CIVIL ENGINEERING (BUILDING AND HOUSING), VOL, 3, NOS 3 & 4(2002)
PAGES 1-16

THE INFLUENCE OF INITIAL IMPERFECTION ON THE
BUCKLING OF BAMBOO COLUMNS

Khosrow Ghavami' and Luis Eustaquio Moreira®
'Department of Civil Enginecring, Pontificia Universidads do Rio de Janciro
*Department of Structural Engineeri ng, School of Engineering,
Federal University of Minas Gerais, Belo Horizonte

ABSTRACT

[ncreasing the appleation of bamboo for structural elements requires knowledge about their behaviour
under differemt loading condiions. Only  through proved analvsis, based on theorctical and
experimental resulls on the perfommance of bamboo, stuctural elements, the engineer can accept the
responsibility to uwse bamboo salely and cconomically in civil constructions, Considering these
requirenents, since 1979 in Department of Pontificia Universidade of Rio de Janeiro (PUC-Rio) and at
a later stage in the School of Engineering ol the Federal University of Minas Gerais (UFMG), o series
of research programs have been realized to establish the physical and mechanical propertics of different
bamboo species, connectors Tor plane and space  structures and buckling of bamboo culms. CF great
importance for the study of the stability  of long elements is the evaluation of the imperfection of the
colutrms’ geometry, mainly responsible for the loss of loading capacity in relation to the higher limit,
given by the theoretical equation of Euler, which 15 applied t0a colunn. Bamboo, being a natural
product, presents deviations in the column axis with immediate consequences on the loading capacity
under compression,

In this article, a device developed to register the geometrical mapping of bamboo column and hence
o cstablish the mtal mnperfections along the column axis in every lwo meter length of the bamboo
species Dendrocalanus - glgantens. Further buckling test results on these segments are presentad, using
the Southwell diagram, which is a classic procedure o understand the global behaviour of the system.

The regularity and consistency of the obtained results showed that the dimensioning of long bambon
elements i viable considering the geometrical variation of the bamboao beside other parameters, which
influgnce the mechanical strength of this natural material. Finally, recommmendations are provided for

the design of bamboo subjected 1o compression load.

Keywords: bamboo, colunmms, geometry, imperfections, buckling tests
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1 INTROMMUCTION

About 130 to 200 million years ago a plant appeared on our planet, which today is classified as
bamboo belonging  to the fumily of gramineas. According to the neurobiologist (Maturana [11),
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who in the last decades revolutionized the comprehension of vital mechanisims considering all
aspects, as an evolulion process, consisting in a constant and recurring structural interaction of
bemas with their surrounding. Although considered o be nothing new, Maturana, however,
considers all components of living organisms, such as one’s own selfl as closed systems, which
are determined structurally in such a way that the possible "evolutions™ are already foreseen.
These would be stwructural changes with the aim to turn a living being more suitable for its
surrounding, which could be described by an observer as a behaviour coordination of a being as
a living system, in relation with the environment where this living system 15 supposed Lo survive,

From the structural mechanics point of view, bamboo, mainly in order to counteract wind
load and the own welght, acquired several natural seometrics which tums it s most oplunum
structure o the requirement of deflection-compression: - a conical form along the culm, an
approximately circular transversal section, a hollow form in most species, which reduces ils
welght, a gradient fgidity to deflection in the radial direction ol the bamboo’s cross-section,
among others,

The appropriation by  man, with the ann of utilization in construction, demands, in the same
way as in the biological self-evolution, denominated as * autopoiess™ by Maturana, that it
becomes known to extract the utmost mechanical possibilities of this sysiem already determined,
in a way as to establish, with greater precision and salety, the limits of resistance and utilization
of the bamboo structure for each type or requircment.

The leap of the bamboeo structure is thought to have done in the last decades consisted of
passing [rom an intuitive structural application to a controlled one. As well, an attempt was made
Lo determine to which point it becomes viable to control the structeral behaviour of bamboo in
its natural state, conforming o the type of requirement and environmental conditions. 1t is a fact
thal the intuitive application of bamboo in construction, during millenniums, was and still is
extremely uselul and without great risks for the users within the limits already established. This
atiributes to the mechanical control, the task to make it possible to establish a safety index for
bamboo  constructions, making the  structure more economical and making some type of
requirements feasible, which so far had been avoided, exactly for involving a greater risk and
demanding greater knowledge of the mechanical response,

Therefore, we  apply knowledge as a function in order to liberate the evolutionary process of
humanity and not as a mechanism of restriction and social-political control, in the way that the
mechanical control of the traditional structural systems and other systems ought to facilitate and
stimulate the use of this noble plant,

The mechanical behaviour control of bamboo has to pass through its geometrical idcalization.
For all existing natural fornns, man created an idealized form, such as straight lines, circles,
ellipses, among others, by which all natural forms would be imperfect manifestations, probably a
heritage of the thoughts of the Greek philosopher Plato, As a fact, the so-called perfect forms
have their advantages as they facilitate industrialization, the execution and mathematical
analysis, but their extreme habitual use could become inconvenient as they make people develop
prejudice towards natural forms as being “imperfect”. This dis-naturalization of the world, which
turne the natural world unreal and the virtual world real, a characteristic behavioor in the actual
level of scientific-technological development, brings serious dmmage Lo the ccosyslems.

Therefore, to draw on these raw materials, frying to integrate them in a symbolic
contemporary universe and establishing their form of utilization is as well returning them to the
sovereignty of nature and Earth. Thus, with the objective to be able to utilize bamboo, as it is
made by nature, In airy structures, such as space structures, geodesics and cable stayed structures
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in general, we present part of our studies in this paper, (Moreira [2]) which are related o the
gvaluations of natural deviations in the longitudinal axis and their relevance 1o the load hmt,
when the tubular sections are subjected to axial compression.

2. MATERIALS AND METHODS

The first researcher, deducing a mathematical expression [or the buckling load of a column, was

Leonhard Euler in 1744, For such, all the apparent chaotic phenomena, prosenting itsell with its

many real varicties and relations, was reduced to three relevant variables, adjusted by the square

of the irrational number . One variable represents the rigidity of the muterial constituent of the

column, E, the other represents the geometrical response of the transversal scetion, when luming

around an axis, [, and the last variable is the lencth of column I The expression deduced by
=T

b1 ; GG ’
Euler, F. = ——, establishes the check critical load Fy. of a long column, which corresponds a

theoretical load i which the ideal column 15 in a straight form or in g shightly curved form.
However, in order to reach this expression, other assumptions have already been made, such
as: - the material is homogengous, isotropic and obeys the Hooke’s law; the column is perfectly
straight and has a constant btansversal section. Also, the column is joined to the neighbouring
structural components by means of perfect hinges at the extramity. [n the experiments, the Euler
load only will be effective to a slender column and the longitudinal axis is perfectly straight one.
S0, the deviation of the longitudinal axis is a indispensable variable in the understanding of the
behavour of teal columns [4].
The study of the behaviour of bamboo under compression leaves us then with some doubits:
- How to measure the initial imperfections of the axis &, ?
- Does the geometrical approximation ol the transversal section in a circular ring form with
a constant section throughout the element lead mathematically the necessary resulis? In
which position of the element is it convenient to assume the transversal seclion to be
comslant?
- Does the density gradient of the transversal section, in radial direction and from the
inside outwards, seen in Figure 1, affect the results?
- How does the failure of the elements ocour?

Fizure | Density gradient
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3. MAPPING OF BAMBOO

In order to measure the circumference of the bamboo’s geomelry with precision, a special
mapping devise was designed as shown in Figure 2.

Figure 2 Mapping device developed to measure the Bamboo’s geomelry

The device consists of three aluminium bars, fixed to a wooden circular base plate and an
acrvlic ring at the upper end. A second ring is fixed 1o the upper extremity of the bamboo and a
third ring is the maobile measuring ring as shown in Figure 3.

i e

3 o

FEE
Figure 3 Measuring ring

The measuring ring, consists of an external ring, fixed to the aluminium bars, and an intemnal
ring, which contains a dial gauge with the exactness 1/1000, see Figure 3. This internal ring can
turn 360° in steps of 15°, Knowing the distance from the end of the pointer of the dial gauge to
the center of the ring, il i possible 1o reproduce the whole circumference of the bamboo at a
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determined height. The external circumference of the bamboo 15 measured at every [ cm along
the axis,

At every IS“, 24 points were marked on the surface of the bamboo, AL cach pair of puints, a
circumferential distance of 90" was supposed to belong to one diameter, 1n a way that the center
of this circumference was obtained by the intersection of 2 diameters.  Afler a tum uflSD,
another center could be determined in the same way. The coordinates of these centers were quite
close 1o cach other, but did not coincide, because bamboo is not perfectly circular.

I was assumed that the centroid of cach circumierence was the arithmetic average of the
obtained coordinates and the radivs was the average distance of this centredd Lo each of the
mapped points on the surface of the bamboo. For bamboo of about 2w lenath, 19 centroids
were delermined.

The mapping of the eclement’s axis was obfained by projecting the centroid of cach
circumierence on 8 plane normal 1o an imaginary axis which links the circomlerential centroids
of the two bamboo ends, as shown in Figure 4. Each single mapped bamboo presented a
description of the axis dilterent from the others,

Aller the buckling test, the bamboo culumns was cut in segments of 10 e along the axis and
the thickness of the bamboo wall was taken to be the arithmetic average ol 4 times the measured

thickness at 90" distant from cach other.

12 -+
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&
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I

Figure 4 Projection of the centroids

4. DENSITY GRADIENT

The [ibres of the schierenguima the parl of bamboo’s cross-section with high strenyth, visible as
black points in Figure 1, increase their concentration when approaching the exlomal surface.
This causes the transversal scelion to have a density gradient in the radial direction, from the
inside to outwards of the thickness, which interferes with the moment of inertia £ of the section,

From cobservations of microstructural studies [1], one considers a sradient funclion {or the
radial density: - the transversal section is supposed o have constant density up o closely 75% ol
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the thickness of the internal wall, pi, and a higher density for closely to 25% of more external
thickness, p..

In this way one can calculate fora transversal section, a physical inertia, Iy, larger than the
geometrical inertia, or expressed differently

= . N . . R .
where k, =—, L, is the geometrical inertia of the internal part (= 75% of wall thickness t) and
i

the geometrical inertia of the external part.

5. BUCKLING

In order to eluminate the mitial excendricity in the load application and create hinge ends, the
ends of the elemenis were modeled as shown in Figure 5. Two wooden cylinders were
introduced inte the hollow ends and glued. In this way the axial load is transforred to the
bamboo via a washer, which receives the force through a thread bar, fixed axially. A spherical
end of the threaded bar tumns inside aspherical opening, and guarantees in this way a hinged
condition of the contour for the test specimen.
; : ; n El
On the other hand, in order to consider the Euler expression Fe=—— the length I, must
0

refer to the rotadon axis of the section which is the end of the threaded bar, which adds 5 car to
the length of each bamboo specimen. The lateral displacements & were measured in the centre of
the element by means of LVDT and the measurement of the deformations was carried out using
glectrical extensometers glued along and as well across the element. The LYDT was positioned
in direction ¢ supplied by the mapping, Figure 4.
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Figure 5 Hinge boundary conditions of the column
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6. RESULTS OF THE GEOMETRICAL DESCRIPTION OF THE MAPPING

Eleven elaments of about 2m length and about [0om diameter ol specie Dendrocalamus
viganfens were mapped and tested for buckling. In Figure 4, the extreme circumiferences are
coincidental, numbers [=19 and represent the straight imaginary axis of bamboo, 10 was possible
to detect the seelion most distant from the axis, obtaming therelore the maximum imperfection &
and the orentation 0 of this maximum imperfection, assuming the preferential direction of the
arching of the bamboo, For this reason the LYDT is flxed in this dirsction,

Figures 6 to 10 show, the type of variation along the element, the average radius R, the
average thickness of the wall t, the average arca A, as well as the geometrical inertias [, and
physical Iy, of the transversal sections, calculated for each circumferential ring along the axis of
the column at a distance of 10 cpr ffom cach other, respectively,

It can be ohserved that there are peaks m all curves close 1o the nodal regions, Further 1l can
be seen that the direction of the radius increase cotncides with the direction of the inerease of the
wall thickness, which is also the direction top-basc of the bamboa,

7. MEASURING RESULTS OF THE DENSITY GRADIENT

Bamboo columns of 2 meler length each, were divided in cylindrical scgments of 15cm height

and in gach of these segments k| = Ee. was determined and from k., = le an average value [or
Pi
all the bamboo was caloulated afterwards.

For bamboo with an average density cqual 1o 366433 kgf"m't._ considered to be low, one linds
the ratio k,=1.95+0, 018 for k=028:0.04: now for bamboo with an average densily of 883+37
kgﬁrf, one finds ki=1.35+ 0009 for k.=0,27+0.05,

Consequently, for a bamboo with smaller densily, the density gradient causes an average
increase of inertia [or the transversal section, described by ratio [T, close 1o 30%. For bamboo
with a higher density, this ratio falls to approximately 10%,

A5 R =00006x + 52,115
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8. RESULTS OF THE BUCKLING TESTS

Tahle 1 shows the Nnal geometrical characteristics for the swdicd elemenis, assuming as the
mean valne of the characteristics of the extreme lransversal sections, which is approximalely
cqual 1o the aritimetic averags of the values oblaincd [rom the 19 transversal sections. For cach
element, the clasucity modulus E was determined. The Euler load Fp was obtained using the

Southwell Diagram and P was obtained from the test,

Table 1 Greometry ol specimens and test resulis

Test sample | Re{mm) | ¢ fmm)} | L, {em™) | I {L'mJ':I Fr(kN) | Pum (kN)
5 523 73 264 303 147.1 6.6
T 455 6.2 143 w1 | 603 307
8 6.0 so | 128 163 55.0 B
0 I _T.-'.[Il 410 55 '.-';‘.-__ | 234 168
1) 42.0 5.1 100 129 | 33 15.2
T 435 46 99 127 | s 242
12 | 385 6.1 86 109 30,4 16,8

s a9.0 | 72 2008 266 78.7 126
|7 - r-;m.[-]_ | _h.ﬁ 1] 205 520 I‘J'.-.“t; ]
I8 25 | 67 | 129 | 167 556 | 196
E 52.5 79 | s | am | esa | 559

The instrumentation and the scheme of the buckling test are presented i Figure 11, Figure 12
shows the curves [P oversus & for the tested bamboo afler the ol mapping, where 7 s the il
lateral displacement or the swmn of the maximum imperfection & with the defleclions measured
Iy the experiment, & By plotting the values &Py P, where P s the applicd load, one oblains the
Southwell diwgram Tor the bamboo, a classic procedurs 0 study the buckling behaviour,
wdependent ol the material. Typical Tailure of the element occurs by progressing squashing of
the fibres in the concave region subjected 1o larger compression siresses. The longitudinal
cxlensometer situated i the most compressed wone, measures the masximuem longitudinal steain
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Figure |1 Buckling tests
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Figrre 13 Southwell diagram

9. ANALYSIS AND DISCUSSION OF RESULTS

Theorchically, for a non-prismatic column, the form of the elastic ling »(x) must be given by a

superposition of sinugoidal half waves, Lo, (1)

TR &, . 2ux
B SO BN T e G i1
] — o 1 2 -a l

As o= PFe 08 always smaller than 1 oand  approaches the umit while P approaches the load
FEuler Fp. the first term inthis series is usually predominant over the others and Therefore ang
can consider the following approsimation:

) ( 8 1, (x|
yix)= | jgin) — (2
Sy W

Forx= 1, /2, there 15 a luteral displacement given by

By adding &, 1o the above expression one gels
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Fearranging B, (33 one can wrie

s
i
1
[y
4

.r':
P

Therefore, when plottmez T—Jx-'er.t;u a9 ong ablams a straight line with an inclinatden of {1 =1/F

which crosses the axis ol the abscissa in f=fn So. the Sowthwel! dugram, Fuaure 13 provades the
Euwler losd Tor the cxperiment, as well as the initial imperfection of the glements axis, [n i
lollowig the Table 2 s construcied which compares the inperlections obtained trougl
mapping &, with the results &) ol the Southwell diagram.

1
e

C

[he differcnce besween the values A and &0 can be expluned by the mluence ol =ome
parameters of difficul contral, soch as:
- The presence of sinall cocentricities in the load zpplication,
- The tact of the Southwell Diagram being considercd (e be a prismatic bar and the
dimensions were taken in L2 to the way inowhich bamboo has an variable inertia and the

&g measured in the mapping not always occurs in the center of the baumboo.
[t is importanl o poing out that the abtamed results of the Southwell Diagram reprosent 4

ulobal response of the system, or tather, by oblaining the Culer load 1 = —— one ublams the
) Ll

riwidity wdeflection (Bl of the system, which can be expressed with

(1), = el (6)

e

As the value of Cepowas detenmined experimentally  for cach element, the mean value of

-
;s o : (LD, : ‘ .
inertia of the hwmboo can be obtamed by || = ———=_ The compurison of these results with

thase inertia results obhuned by the mapping and density measuremeants is shown in Table 2,

Table 2 Comparizon ol mapping results and Soutveell diagram

Cp s | 7 8§ o |10 | 1| 12| s | 16| 17 | 18
doprmy | 761 93 [ 165 170 [ 1| 82 | 43| 77 | 37 195 | 300

i
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Iffcmd) 303 191 Lo Tao| 129 | 127 | 10% | 354 | 266 | 208 |67
Za% | 198 I

Feiramd) 304 170

[
feal
)
o
(A
o
[~
=
e
T-d
(Y
ad
1
o
o
b




Lrd

THE INFLUENCE QF INITIAL IMPERFECTION ON THE BUCKLING O, 1.

It can be seen that the  density gradient really aifeers the resulis, sinee Lois more close to 1,
than w [, The measuring of the maximum strain through electrical strain mauges has shown that
the Tatlure of the clements occurs mainly by progressive squashing ol the fibres in the concave
rewion ol the element followed by the local buckling of the bamboo wall,

The curve oy versus g Tor seaments of height 203 tested in uniform compression, presented the
profile of Figure 14

Ef= 115824 MFPa

| 40 r
an +
TMPalon
A
10 4+
0 1 | . e —
0 0n.001 D00z 0,003 .04

Fiavre |4 Siress versus Suain curve [or bamboo in compression

[herefore, one can assume thal the masimum compressive stress responsible for the local
fatlure of bamboo subjected o buckling would be failure stress e MNevertheless, @ more
profound study of the measured sirain in real tme, during the test, in the more compressed wone,
lemgitudinal direction, and comparing it io the theoretical stress acting in the local, abtained
through the right side of EBqo (7}, points out the limit of proportion o as limit stress
corresponding fo limit load P This Tevel of stress s the trangition between g stable o an
enstable behavior of the bamboo wall close fo the center of the element, in the concave side
where the highest compression slresses ocour, s not so clear 10 thiy fevel of siress may also
correspond to instability of the material itselt. At the moment of the local buckling phenomenon,
the displacement of the bambooe wall was observed as well as the squashing of the fbres, It is not
clear what oceurp Orst. Therfore, two limit states shoold be examined for application of bamboo
under asial compression: where 15 by ultimate Bmit state, which gusrantees the integrity of the
column it compression, expressed by Eg. (7). mowhich the influence of the axis impertection is
expressed by &a/ (1-P7Fg)

P i P&, D A o
\ f. P T o i §
)

% F, ,

The theoretical lunit load Piy will occur when the left side of the Eq. 7 equals the right side.
Linder the calculated limit load, hamboo would have a theorstical lateral deflection given by
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l.;.;ll = I:'H:]

[_ farmn

The strain limits and  the maximum displacements ol a structural element, known as service
limit sates, are mainly associated with the uselul Hile of the materials, acsthetic Metors and the
comfort of the user. In the case of bamboo, where & 1s always present, various test specimens
reached maximum loading  with the bamboo quile arched, reaching tension siress in the convesx
side of the element, mainly in those elements in which &, was relatively high.

For the purpose of the project the gain ol inertia Iy can be considered negligible and one-can
work with 1=l favorably 1o safety. Therelore it is possible 1o solve the problem in an easicr
way by limiting st the maximum lateral deflection, Thus let #=né&q, and the momem of inerlia

of the transversal section corresponds o the element approached by I==zR 1. Using
{1 1 S ;
I, =——. Eq. (8} can be rearranged ao follows:

[

P - T ERUn-1) ©

leity =
' In

This load is shown by Py, becanse the actions, which load the structural element, are of
different combinations to verify the ultimate limit states and service limit states. When an
ultirnate limil  state is reached, due 1o buckling, the structural element could fail but if the
service limit state is reached there is ne risk, Therefore, faken as a structural calculus, the
caleulus actions lor werifying the ultimate limit state are always greater than those for
verifying the service limit state. Therefore, if Pum represents the Umit load of the caleulus
for verifying the ultimate limit state and Py, represents the limit load lor the service limit
state, ome can write Pip=yPim, where =1 is estimated for each loading. Consequently,
once having calculated Py, with Equ9), Eq. (107 is evaluated Tor Pug. [L 15 tmporiant to
mention that the proposed sequence of the evaluation of these equations 15 a function of
imperfection of the bambuoo axis, which s relatively high, However, nothing prevents that
the uwitimale limit state is [Grst evaluated and then the fellowing service limit state. 1f the
area of the fransversal section is approached by A=27RL, Ey. (7} can be writlen as:

P

¥
P, Pty a, {10
2nRt =Rt :

Acording to the mapping results, the natural form of columns can be selected with & tolerance

af &5 =——_ where ly is the buckling length. This value is twice the initial imperfection
considered  for  cut  wooden  strips.  For three distinet  rvegions ol each
bamboo  specicecolumn  (base, center and top), one can creals the parrameter o= DJD.
sepresenting the relation of internal diameter or radivs to extemal diameter or madius. i
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R =(R, + R}/ 2, the avernze radins of the center of the elament, ome can rewnite the Fa. (99 as:

LR, (-2 ) +25) (n-1)

Lun 2 | '” ll‘:'
; 81, o
[n the sume way, the Eg. {107 can he rewritlen as:
Blii [R_____E-_ Ay +8nd, ] o (1)

I

AR A= 0

1. CONCLUSIONS

Bamboo mapping was basic w the firstunderstanding of bamboo buckling due Lo the
number of relevant wvariables to the phenomenon. The adopled procedure allowed to
determine the buckling plune descrihed by @7, the imperlections characterized by 5% ay
well ag the chaotie distribution of ithe cenlroids,

Bamboo lubes in perfect stute have behaved as an Fuler column with a moment of
mertia by increased by the density gradient of the Dbres i the radial direction. The
consideration of the bamboo as a prismatic lube with g constant moment of inertia equal
1o the mean of the moment of wertia of the ends of the clement provides good resulls Tor
these scoments whose maximuom mean slendarness 15 70

The limit load of the tested elements 1Py, were delined by the local insiubiliy of
bamboo wall close to the center of the clement, i the concave side of the bamboo, when
the measured  stram and estimated stress were both close 1o g, and op, Tespectively, and
not close 1o g or o given by the stress strain curve of the matertal bamboeo under
compression, Fiepgire 14, In the exacl moment of the failure, messured sirains have
increased indetfinitely, resulling i the squashing ol the fibres and the displacement ol
bamboo wall between  two adjacent nodes, 10was clear thar the compression stress that
corresponds 1o this phenomenon is the limit  of proportionality o, in unilonn
compression bul 1l was not clear 10 this level of stress may alse correspond wo mstahility
el the material hamboo itself,

The praoposed equations were fitted to the test resulis and thus arc suitable for
evaluating  the buckling ol the bamboo without splitting. 11 is also dmportant to
remember that these equations are working with aominal values of the loads and
resistance ol bambeo, e without need to increase the loads or to lower the resistance
by safety lactors.  Hence for the project purpuse, it is necessary 1o add to these
eiquations the suitable safely factors and I=[, can be uscd instead of 1, favaorably 1o

sulivly.
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