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ABSTRACT

Bamboo is a lignocellulosic material traditionally and increasingly appreciated as a structural material
in construction within the context of a low-carbon circular bioeconomy. Evaluating changes in its
basic mechanical properties when exposed to outdoor climatic conditions is of key importance.
This paper describes bambods behavior under compressive stresses in the direction of the culm,
tensile and bending, when exposed to natural environmental conditions for two years, in
comparison with control samples under stable conditions in a climatic chamber during the same
period. Specifically, culms of the Guadua angustifolia Kunth species were exposed to the climatic
conditions of the city of Granada (southern Spain). The results attest to a decrease of up to 9% in
compressive strength, yet no influence in tensile or bending strength when the silica layer is
placed on the compression face. Furthermore, the node enhances stiffness near the points of load
application at bending, the node area undergoing lower stress, while the maximum stress and
modulus of elasticity in a tensile state are reduced. The influence of nodes in compression is not
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relevant.

Introduction

According to the United Nations, cities occupy just 3% of the
Earth’s surface but produce 75% of carbon emissions, 60%-
80% of energy consumption, and over 60% of resource use
(United Nations, 2015). This dire situation calls for a paradigm
shift in the building sector, applying sustainability principles
in construction materials. Bamboo is renewable, light,
cheap, widely available, and has excellent mechanical and
physical properties. In addition to being environmentally
friendly, it grows quickly, has a high carbon sequestration
rate, and is a renewable resource (Judziewicz et al. 1999,
Chaowana et al. 2021). It can even replace conventional
materials such as steel, concrete and wood in certain appli-
cations (Tahmasebinia et al. 2021). Uses of natural or
modified bamboo for construction vary, from structural
material for bridges, scaffolds, fences and beams, to floors,
walls, windows or doors (Zhang et al. 2011, Fu et al. 2017,
Song et al. 2018, Sanchez et al. 2019, Chen et al. 2020a, Li
et al. 2020a, Chaowana et al. 2021). Although there are
1662 species of bamboo (Canavan et al. 2017), only a few
are currently used for construction, among them the
Guadua studied here (Jayanetti et al. 1998).

Bamboo is a natural cellulosic-fibrous composite. Its stems
have periodic nodes and hollow internodes, the node consist-
ing of a sheath scar, a nodal ridge and a diaphragm, protect-
ing the stems from breakage (Parameswaran and Liese 1976,
Jiang 2007, Wang et al. 2013, Peng et al. 2014, Taylor et al.
2014). The nodes play a role in the mechanical characteristics
of bamboo (Gauss et al. 2019), resulting in an increase of

stiffness at the node location without leading to increased
stiffness at the global level. Meanwhile, for certain efforts
such as longitudinal tensile tests (Taylor et al. 2014), the pres-
ence of the node can lead to a decrease in global stiffness.

In the wake of flexural tests (Amada et al. 1997, Tan et al.
2011, Habibi et al. 2015, Song et al. 2017a, 2017b, Chen
et al. 2020b), other authors conclude that bamboo with
nodes has higher flexural strength than bamboo without
nodes (Shao et al. 2010, Taylor et al. 2014). It is important to
identify the type of sample tested, differentiating between
round long samples, round short samples, and split
samples, each harvesting different results (Gnanaharan et al.
1994). In tensile tests (Amada and Untao 2001, Shao et al.
2010, Oka et al. 2014, Taylor et al. 2014, Chen and Luo
2020, Liu et al. 2020), the nodes were found to reduce the
breaking stress due to the discontinuity of fibers.

In compression tests, similar results were obtained for
samples with and without nodes (Oka et al. 2014, Gauss
et al. 2019). Other studies analyzed the natural compression
of bamboo columns (Bahtiar et al. 2021) or laminated
bamboo columns (Li et al. 2020b, Hong et al. 2021).

As a natural material, bamboo is moreover sensitive to
hygrothermal effects (Xu et al. 2014, Kumar et al. 2016, Xu
et al. 2017, Chen et al. 2018). When bamboo elements are
exposed to unprotected environmental conditions, surface
deterioration occurs, which may affect their mechanical prop-
erties. The literature is more focused on evaluating aesthetic
degradation (Hung et al. 2012, Fei et al. 2016), changes in
thermal properties (Chee et al. 2019), surface changes, and
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antifungal capability (Li et al. 2016, Sanchez et al. 2020),
especially in bio-composites after the application of
different treatments (Hung et al. 2012, Kallakas et al. 2015,
Sanchez et al. 2020). Some previous studies focus on the
behavior of bamboo under different moisture levels at the
time of testing, showing that when the moisture level
increases, the final tensile stress decreases (Jakovljevic et al.
2017, Xu et al. 2017) and the behavior changes from brittle
to ductile (Chen et al. 2018). However, as far as the authors
know, no complete analysis on the influence of uncontrolled
atmospheric conditions on natural bamboo has been
undertaken.

This paper looks into the behavior of Guadua angustifolia
Kunth bamboo from various perspectives: three types of
tests to characterize its mechanical properties (compression,
tensile and bending), samples with and without nodes, and
the effect of exposure on elements —for two years, without
any type of protection, in the city of Granada (southern Spain).

Materials and methods
Bamboo

The bamboo culms used in this work are of the Guadua angu-
stifolia Kunth species and come from the Colombian Coffee
Axis, from municipalities of the metropolitan area of Cali
(mainly Palmira and Candelaria) in the Department of Valle
del Cauca, cultivated between 1000 and 1200 m above sea
level. The culms cut were between 3 and 5 years of age.
Once cut, and in a maximum period of 14 days, the dia-
phragms were pierced and placed in pools with a solution
of borax and boric acid in a 1:1 ratio at a concentration of
4%-6%. The immersion time was between 4 and 6 days.
This is an effective preservation method to significantly
prevent fungal and insect attack, while increasing fire resist-
ance (Yu et al. 2017). Afterwards, the culms were transported
to the Andalusian Wood Research Unit located at the Univer-
sity of Granada, in southern Spain. The average diameter and
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Figure 1. Bamboo structure located outside the Building Engineering School
(University of Granada).

average wall thickness of the bamboo culms were 101.7 +
45mm and 9.7+ 1.7 mm, respectively. The density of
bamboo was 764 kg/m?. The material was randomly divided
into two batches. One batch, serving as the control, was
kept in a climatic chamber at 23 +3°C and 65 + 5% relative
humidity. The second lot was left outside, forming part of a
small structure (Figure 1). This outdoor structure was main-
tained for 2 years, sufficient time for an evident degradation
of the material. Figure 2 offers the climatological data of
mean, maximum and minimum temperature, relative humid-
ity and rainfall per month recorded by the Granada-Cartuja
meteorological station (5515X) of the University of Granada.
The mean temperature during the 2-year period of exposure
of the structure was 16.7 ° C and the relative humidity was
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Figure 2. Climatological history of Granada recorded at station 5515X during the period of exposure of the bamboo structure. (a) Black line: average temperature;
gray area: range of maximum and minimum temperatures; dotted blue line: relative humidity. (b) Monthly accumulated rainfall.



Table I. Tests, samples and nomenclature.

Test Exposure Node Nomenclature
Compression Climatic Chamber (Control) No c_C
Climatic Chamber (Control) Yes C_CN
Outdoor No coO
Outdoor Yes C_ON
Tensile Climatic Chamber (Control) No T_C
Climatic Chamber (Control) Yes T CN
Outdoor No TO
Outdoor Yes T_O_N
Flexure Climatic Chamber (Control) No F C
Climatic Chamber (Control) Yes F_CN
Outdoor No F O
Outdoor Yes F_O_N

Note: 18 samples tested for each case.

58.9%, with strong seasonal variations and strong daily
thermal amplitudes. Rainfall was very irregular, the driest
periods being in summer, with a generally negative trend
overall. The borax content before and after conditioning
was not assessed. However, an acoustic emission test was
carried out on the material in order to detect existence of
active xylophagous. No acoustic activity was detected.

After two years, the structure was disassembled and
samples were extracted for three types of tests: com-
pression (C), traction (T) and bending (F); they were taken
from the culms of the first batch (located in the climatic
chamber) (C) and the second batch, located outdoors (O).
Table | shows the tests carried out and the nomenclature
of the four types of test samples. This study further includes
as an analysis variable the existence or not of a node in the
sample from the culm diaphragm. Although a larger
number of samples would have been desired due to its bio-
logical character, owing to the limited availability of this
biological material, only 18 samples were tested for each
case —at any rate a number useful enough for an initial
comparative study.

Compression test

Following the ISO 22157:2019 standard, culms with an average
diameter of 103 + 3.8 mm were selected, and an average wall
thickness of 11.2 + 1.6 mm, the wall thickness being the par-
ameter used to determine the length of the sample. For hom-
ogeneity purposes, the length was established according to
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the most unfavorable specimen, from which samples of
110 mm in length were machined (Figure 3a). During machin-
ing, special care was taken to ensure that the load application
faces were parallel to each other and perpendicular to the
direction of the culm. In the case of samples with nodes,
machining was performed making sure that the node was cen-
tered on the sample length.

The compression test was carried out using a hydraulic
press with a maximum capacity of 2000 kN. A load control
speed of 700 N / s was set, ensuring that the duration of
the test was 300 £ 120 s, according to the I1SO 22157: 2019
standard (Figure 3b).

For all the samples, the maximum compressive stress in
the direction of the fiber f., was calculated according to
the equation:

fc,O = (1)

where F, is the maximum load reached during the test and A
is the area of the section where the load is applied.

Tensile test

Tensile sample machining was carried out according to the
ISO 22157: 2019 standard, which establishes that the width
of the sample be equal to the width of the shank (8) and
the thickness of the sample must be half the width of the
sample (& / 2). The average culm width was 9.8+ 1.7 mm.
For all cases, a length between clumps of 100 mm was estab-
lished. In the case of the samples with node, this was in their
geometric center. Following the recommendations of the ISO
22157: 2019 standard, in order to avoid slippage or crushing
of the sample, and to reduce stress in the grip area, coniferous
wood tabs having a length of 70 mm were arranged (Figure
4a) to give the total sample length of 240 mm. The pine
tabs were glued to the sample by means of a commercial cya-
noacrylate adhesive.

The tensile test was carried out in a multi-test electric
press, with a maximum capacity of 100 kN, by position
control, with a speed of 5 mm/min, thus ensuring that the
final break occurred in time 300+ 120 s. For all the test,
fixed grips were used. In addition, a strain gauge was
placed in the center of the sample in order to measure the
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Figure 3. (a) Dimensions (in mm) of the samples subjected to the compression test. (b) Sample during the test.
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a)

Figure 4. (a) Dimensions (in mm) of the samples subjected to the tensile test. (b) Sample during the test.

strains. The strain gauge had a length of 10 mm and was
glued with a bicomponent adhesive supplied by the manu-
facturer for this type of material. In the case of the specimens
with a node, the strain gauge was slightly shifted to the outer
area of the node to avoid effects that might distort measure-
ment of the real strain.
For all the samples, the maximum tensile stress in the direc-
tion of the fiber f,, was calculated according to the equation.
Fult
foo = a (2)
where F,;; is the maximum load reached and A is the area of
application of the load. In addition, a strain gauge was placed
in the center of the sample in order to measure the strains.
Through the stress—strain relationship, the tensile elastic
modulus could be obtained in the fiber direction, E, . It was cal-
culated between 20% and 40% of the maximum tensile stress.

Et,O _ ft,40 — ft,ZO 3)

€140 — €120
where f; 50 and f; 49 are the tensile stresses at 20% and 40% with
respect to the maximum load; and e; 0 and ¢ 49 their respective
tensile strains.

Bending test

Since it was not possible to test full-culms, the ISO
22157:2019 standard could not be applied directly. Therefore,
4-point bending tests of small flat pieces were carried out fol-
lowing thickness-span criteria similar to that standard and
others structural timber standards as EN 408:2010 + A1:2012
and EN 16351:2021. The thickness of the samples coincides
with the thickness of the culm &, and the width was set as
286 (Figure 5). The thickness and width of the machined
samples were respectively 8.4+0.9 mm and 16.1+ 1.6 mm.
A distance between points of load application of 106 was
established, and a distance between lower supports of 306,
corresponding to 100 and 300 mm, respectively. The length
of the sample was 340 mm (Figure 6). The test was carried
out controlling the displacement position, with a speed of
8 mm/min, ensuring that the final break occurred in time
300+£120ss.

Due to the fact that in samples with node, the section
between the points of application of the load varies, the distri-
bution of stresses between the two points is not constant.
Therefore, the stress was calculated in two regions: (I)
bending stress in the area of the load application points, f,,
1w () bending stress at the geometric center of the sample
or mid-span, fy, s (Figure 6a), i.e.

PL
fola = — 4
bla = ¢ 5 (4)
PL
foms = bé_rzns (5)

where P is the maximum bending load, L is the distance
between supports, b is the width of the sample, §,, is the
mean thickness at the two points of load application, and
Oms is the thickness at the geometric center of the sample.
Likewise, two strain gauges were introduced, one under the
point of application of the load and the other in the geometric
center of the piece. In both cases, the flexural elastic modulus
was obtained through the stress—strain relationship, calculat-
ing between 20% and 40% of the maximum bending stress:

fota40 — foa20

Epja = (6)

€b,la,40 — €b,la,20

Eb,ms — fb,ms,40 - fb,ms,ZO (7)
€b,ms,40 — €b,ms,20

where fyjq20 and fpjq40 are the bending stresses at 20% and
40% with respect to the maximum stress at the points of appli-
cation of the load, &40 and €540 are their respective strains
for the same stress state, fyms20 and fpms40 are the bending
stresses at 20% and 40% with respect to the maximum stress
in the center of the sample, and &y ms20 and epms40 their
respective strains.

wall
thickness ()
e ——

Figure 5. Dimensions (in mm) of the samples subjected to the bending test.
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Figure 6. (a) Dimensions (in mm) of the samples used for the bending test. (b) Sample during a bending test. f, ;,: bending stress at the point of application of the

load. f,,ms: bending stress at the geometric center.

Statistical analysis

Statistical analysis relied on the package Statistix v.9° to
determine the statistical differences among all the bamboo
properties. The normality of the variables was verified, and
a factorial ANOVA was performed for the Gaussian variables,
with non-parametric Kruskal-Wallis tests for the variables
deviating from normality. Statistically significant differences
between the means were established for p-value < 0.05.

Results
Compression tests

Figure 7 and Table Il show the results of the compression tests
for the four types of samples. Values lower than the mean are
observed for the outdoor samples —8.2% and 8.8% lower for
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Figure 7. Maximum stress at compression (f,). x: mean value; horizontal line:
median; colored area: first and third quartile; vertical lines: maximum and
minimum values.

the samples without and with nodes, respectively. From the
statistical analysis, it can be deduced that there are significant
differences between the control and outdoor samples, whereas
there are no differences between the samples with or without
nodes for the same type of environmental exposure.

As an example, Figure 8 shows the compressive stress
versus time for five samples without nodes (Figure 8a) and
with nodes (Figure 8b), comparing the two types of environ-
mental exposure. A clear difference in behavior is seen
between the samples subjected to different environmental
conditions, with a decrease in the maximum stress and
stiffness values in the samples subjected to external environ-
mental deterioration, especially in the samples with nodes.
The presence of nodes implies that the stiffness in either
environmental condition hardly suffers degradation. For all
cases, an elastic and linear behavior is observed until reaching
the maximum stress. After this point, a plastic and ductile
behavior is observed, with a gradual decrease in the load.
This aspect is of great relevance in terms of structural safety.

Table II. Maximum stress and moisture content for bamboo samples subjected
to compression.

Sample description Nomenclature feo (MPa) A (%) MC (%)

Control, no node cC 51+9 - 10.7+13
Control, with node C_CN 54Ai 1 +5.2 10.0+0.9
Outdoor, no node co 47Ai 7 -8.2 9.2+0.8
Outdoor, with node CON 4721 6 —-8.8 93+16

Note: Mean values + SD and statistical analysis. The letters (A, B) indicate sig-
nificant differences between means (p-value < 0.05).
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Figure 8. Stress versus time curves for bamboo samples subjected to compression tests. Five samples for each type. (a) Samples without node. (b) Samples with node.

Figure 9 illustrates each type of sample after the com-
pression test. Upon reaching the maximum stress, a separation
occurs between the external (silica) and internal faces (Figure
9-above). After this point, there is a plasticization of the outer
layer and crushing in the head of the samples, with a conse-
quent decrease in load, as can be seen in Figure 8. This plasti-
cization generates longitudinal cracking, first on the outer face
silica, being the layer associated with greater resistance. Later
the cracks propagate along the length of the sample and
towards the inner layer. In the case of samples subjected to
external environmental conditions, this effect is more dramatic
—due to environmental deterioration the samples showed
previous cracking, very marked in some cases, causing the
crack to completely cross the section of the sample. It should
be noted that the presence of the neoprene layer may affect
the final breakage, though at the same time it prevents
eccentric stresses in the specimen and ensures that the load
is applied homogeneously throughout the cross-section.

Tensile tests parallel to the fibers

Figure 10 and Table Il show the results of the tensile tests for
the four sample types. Regarding the maximum stress, there

cC

CoO

Figure 9. Pictures of the samples after the compression test.

are no statistically significant differences for the samples
without nodes, although in average terms the maximum
stress is 6.3% higher in the samples exposed to outdoor con-
ditions. The presence of the node reduces the maximum
stress by 37% in the control samples and by 50% in the
samples exposed to external environmental conditions,
with respect to the same type of sample without nodes. Stat-
istically, the samples with nodes did not show differences
according to their exposure.

Regarding the elastic modulus, the differences between
the four types of samples are minor. In general, samples
with node have a lower elastic modulus, associated with its
presence in the central part of the sample. The control
samples with node show a decrease in the elastic modulus
of 20.3%. In the case of samples without node at outdoor
environmental conditions, a slight increase of 9.5% is
observed when compared to the control samples. Finally,
the outdoor samples with node underwent a decrease of
22.5% in the elastic modulus.

Figure 11 gives the stress vs. displacement curves for the
four types of samples. The curves are presented differentiat-
ing between samples without nodes (Figure 11a) and
samples with nodes (Figure 11b). It is clear that there are

CON
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Figure 10. (a) Maximum tensile stress (f,0). (b) Modulus of elasticity in tension (E, ). x: mean value, horizontal line: median, colored area: first and third quartile,

vertical lines: maximum and minimum values.

Table IIl. Maximum stress, modulus of elasticity and moisture content for samples subjected to tensile tests.

Sample description Nomenclature fro (MPa) A (%) Eo (MPa) A (%) MC (%)

Control, no node T C 181 +£53 - 1434 + 492 - 95+1.0

Control, with node T_CN 10A9 +18 -37.6 11/22 +397 —20.3 9.6+ 1.1

Outdoor, no node TO 1933 +32 +6.3 15871 +471 +9.5 89+1.0

Outdoor, with node T_O_N 98Ai 16 —43.6 1 1/:1 +320 —225 8.6+05
B B

Note: Mean values + SD and statistical analysis. Letters indicate significant differences between means (p-value < 0.05).

no differences in mechanical behavior owing to the effect of
environmental exposure between groups. The samples with
node —despite reaching maximum stress and presenting
lower stiffness— have a much more linear behavior until
failure than the samples without node. This may be due to
the fact that the presence of a node exerts a homogenizing
effect between the possible differences in deformation that
occur between the external and internal faces of the
bamboo, having different mechanical properties.

Figure 12 shows a typical breakage for the four types of
samples tested in tension. As expected, in the case of the
samples with node (T_C_N and T_O_N), the break occurred
at the node, since it is a stress concentration point. The
crack begins on the external face of the silica and spreads
suddenly towards the rest of the section. This type of crack
concentrated at one point justifies the greater homogeniz-
ation of the mechanical behavior that is observed in
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Figure 11. In the case of the samples without nodes, the
break occurs in a laminar way, producing the failure of the
silica fibers in a disparate fashion. This failure of the outer
layer —suddenly and similarly transferred to the inner layer
— produces a greater dispersion in the mechanical behavior
of the material in tension, as has been demonstrated.

Bending tests

First, a qualitative comparative study was carried out to assess
the influence of the location of the silica layer (in tension or
compression) in a bending test. To this end, twin samples
were extracted from the same culm for each type of study:
control and external environmental exposure, with and
without nodes.

Figure 13 shows the stress vs. displacement results taking
into account the stress between the supports not including
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Figure 11. Stress-displacement curves for samples subjected to tensile tests. (a) Samples without node. (b) Samples with node.
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Figure 12. Pictures of the samples after the tensile test.

the node, f, 5. As expected, although the maximum stress
results are similar, the mechanical behavior is highly depen-
dent on the position of the silica. In all cases, when the
silica lies at the compression face, higher stiffness values
are achieved. This is mainly due to the fact that the load is
applied to the rigid part of the section, and this layer acts
as a reinforcement. When the silica is in the tension face,
the layer with the highest lignin content acts as an element
of greater plasticity, allowing the section to achieve higher
displacement values at the cost of lower overall stiffness.
For this reason, here we opted to work with silica in com-
pression in order to have the optimal mechanical properties
of stiffness and bending stress. However, in situations
where ductility is the relevant aspect, the second option
should be considered.

Table IV and Figure 14 offer the results of tension and
modulus of elasticity of the bending tests considering the
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points of application of the load (f,,, and E, ) and the area
in the mid-span of the sample, coinciding with the node (f,
ms and Ep ). This distinction was made to take into
account the effect of the node.

In the first case, that is, considering the tensions and elastic
moduli at the load application points (f,, and £ 4), no stat-
istical differences were observed for any of the four groups of
samples; yet on average, the bending stress, f,, for the
samples exposed to outdoor conditions were 5.4% and
12.9% lower with respect to the control sample without
nodes. No influence of the node on the bending stress was
seen at the points of application of the load. Regarding the
modulus of elasticity, three statistical groups can be distin-
guished: (A) samples with node; (B) control samples with
and without nodes; (C) samples without nodes. Despite this
difference of the elastic moduli, it is important to note that
the specific geometry and structure of the node (Liese
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Figure 13. Stress-displacement curves for samples subjected to bending tests, with the silica layer at compression and tension faces.



Table IV. Maximum stress, modulus of elasticity and moisture content for samples subjected to bending tests.
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Sample description Nomenclature  f,, (MPa) A (%) fo,ms (MPa) A (%) Epjq (MPa) A (%)  Epms (MPa) A (%) MC (%)

Control, no node F_C 94+16 - 94+ 16 1150 + 248 - 1150 + 248 - 10313
A A BC A

Control, with node F_C_N 101 +£22 73 43+ 11 —54.8 1468 + 284 276 410 £133 —64.4 9.6+ 1.1
A B AB B

Outdoor exposure, no node F_O 89+16 —54 89+16 1072 +18 —-6.8 1072+ 183 —-6.8 94108
A A 3C A

Outdoor exposure, with node F_ O_N 82+10 —-129 37+10 —60.5 1553 +29 35.0 482 +171 —58.1 94+1.2
A B 3A B

Note: Mean values + SD and statistical analysis. Letters indicate significant differences between means (p-value < 0.05).

1998), as well as its shorter fiber length despite its larger
cross-section, can produce a false effect of increased
stiffness, even when this zone with lower stiffness, as is
demonstrated by Gauss et al (2019).

Taking into account the values obtained for tension and
elastic modulus calculated with the section at the geometric
center of the sample (ms), it is evident that the node area is at
a much lower stress state than the one obtained at the point
of load application. This result is a clear indicator that the area
of the node is not the critical area of the sample; rather, the
areas around it will cause the final failure in bending, as
they are subjected to greater stress for the same load. This
finding makes it clear that, in the presence of nodes, the
bending strength and modulus of elasticity calculations
must account for the section without nodes, since otherwise
its bearing capacity would be underestimated.

The stress curves f, , versus the displacement (Figure 15)
show that the samples without nodes (Figure 15a) and with
nodes (Figure 15b) generally show similar behavior, regard-
less of the type of exposure, though there is a certain ten-
dency towards decreasing maximum stress and stiffness
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under external exposure. In both cases, an elasto-plastic
behavior is observed until the maximum stress is reached,
after which a stepped decrease in stress occurs. This
stepped descent (ductile behavior) is of great relevance for
structural safety. The main cause is the gradual breakage of
fibers on the side opposite to the silica layer, being subjected
to traction.

In the case of samples with node, the increase in stiffness
mentioned above is very evident. Still, because the node acts
as a stiffening element, the maximum deformation that the
samples can achieve is much lower, around 22% less than
for the samples without nodes. Likewise, since the silica
layer is in the compression zone, the breakage occurs in a
ductile way. Finally, Figure 15(c—d) shows the relationship
between tension and displacement in the central area of
the node. This area is clearly seen to be at a lower state of
tension than the areas in the supports.

Figure 16 gives an example of failure for each study group.
In the case of the samples without node, it is clear that the
silica layer acts as a reinforcement of the section, producing
a laminar tensile rupture of the fibers subjected to this
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Figure 14. (a) Maximum stress in bending considering the zone at load application points, fy 5. (b) Maximum stress in bending considering the mid-span of the
sample, f, ms. (c) Modulus of elasticity in bending considering the zone at load application points. (d) Modulus of elasticity in bending considering the mid-span of
the sample. x: mean value; horizontal line: median; colored area: first and third quartile; vertical lines: maximum and minimum values.



10 (&) E.SUAREZETAL.

&

—

0

o
d

seesF C

_

& (=2}

(=]
T T

e0 o000 o

,f‘“. gutoet, o~

—

[

o
T

23
=]
T

3

D
o
T

Stress,, = Stress,,,, (MPa)
5 g
L4
]

[
o
T

(=]

Displacement (mm)

©) 150 .

b)
180 eessF CN
160 | FON
60 70

Displacement (mm)

eessF C N
FON

60 70

Displacement (mm)

Figure 15. Stress-displacement curves for bamboo samples subjected to bending tests. (a) Samples without node. (b) Samples with node considering the zone

between support. (c) Samples with node considering the central zone.
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Figure 16. Pictures of the samples subjected to bending test, after the test.

stress. In the case of samples with node, despite the fact that
the node is at a lower stress state, it remains a singular point
where the final fracture begins. In this case, the cracks are
found to originate in the area near the node and propagate
towards the area of the supports, which are the ones that
support the greatest stress. The final break occurs in a
tensile-shear mode.

Conclusions

This research is focused on assessing the effect of environ-
mental exposure of Kunth angustifolia bamboo on three
mechanical properties, comparing samples with and
without nodes. To evaluate the deterioration mechanisms,
further research is needed, including a study of changes at
the microscopic level.

When subjected to compression, the material clearly evi-
dences how the effect of weather adversely affects strength
—as well as stiffness, in the case of samples without node.
This decrease in stiffness is not observed in the samples
with node, since the nodes serve as compression reinforce-
ment against cracking of the silica wall. Cracking is accentu-
ated in the samples exposed to the elements.

Regarding the tensile tests, as expected, the node pro-
duced a decrease of up to 50% in the maximum stress and
22% in the modulus of elasticity, with no statistical differ-
ences between the different types of exposure, regardless
of the samples having or not having nodes. One aspect to
highlight in the tensile mechanical behavior is that the
samples with node showed greater homogeneity, mainly
owing to the its presence and brittle fracture, instead of the
laminar fracture that occurs in samples without node.



In the samples subjected to bending, a qualitative evalu-
ation was carried out on the position of the silica layer in
the test, demonstrating that when the silica layer is in the
compression zone, higher stiffness values were achieved.

The presence of the node in bending (non-constant
section) required an evaluation at two different points: (A)
Points of application of the load (la); (B) Geometric center
of the piece (ms). Statistically, taking into account the
flexural strength at the points of application of the load, no
differences were observed among the four study groups.
An apparent increase in stiffness was observed of the
samples with node. However, this is due to the change in
the geometry itself, not to the fact that the node composition
provides greater stiffness to the entire specimen. In case B,
the presence of the node implied that that area, having a
greater section before the same load, is in a lower stress
state. In sum, this indicates that the critical zone subjected
to the greatest stress is the zone of application of the load.
In all cases, ductile behavior against breakage was verified,
occurring in a staggered manner, and associated with the
presence in compression of the silica face, whose fibers
gradually failed.
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