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ABSTRACT:

In this research, the relation of the bending strength
and the Young’s modulus with moisture content was
studied for Bamboo Guadua angustifolia Kunth. The
experimental methodology consisted in three-point
flexural tests with small specimens obtained from the
bottom, middle and top parts of bamboo culms. The
moisture content of the sample was modified using a
methodology that ensures a controlled range of values
from 0% to 25%. The behaviors of the proportional
limit, ultimate flexural strength and the Young’s
modulus as functions of the moisture content were
determined by a statistical analysis using their
experimental results. The results showed that the
values of the proportional limit and the ultimate
strength decrease linearly when the moisture content
increases, and there was no significant correlation
between the Young s modulus and the moisture content
of the sample.
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RESUMEN:

En este trabajo se estudié la relacién entre la
Resistencia a la flexion y el Médulo de Young con el
contenido de humedad del Bambu Guadua angustifolia
Kunth. La metodologia consistid en ensayos de flexidon
de tres puntos realizados en probetas obtenidas de las
zonas baja, media y alta de los culmos de bambu. El
contenido de humedad de las probetas fue modificado
usando un procedimiento para asegurar un rango
controlado de valores entre 0% to 25%. Se
determinaron los comportamientos del Limite de
proporcionalidad, la resistencia ultima a la flexién y el
Mddulo de Young como funciones del contenido de
humedad mediante un analisis estadistico a partir de los
resultados experimentales obtenidos para cada
propiedad. Los resultados mostraron que los valores del
Limite de proporcionalidad y la Resistencia ultima a la
flexion decrecen linealmente con el incremento del
contenido de humedad y que no hay una correlaciéon
significativa entre el Mddulo de Young y el contenido de
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bending strength, young modulus, moisture content humedad de la muestra.
Palabras clave: Bamboo Guadua angustifolia Kunth,
Resistencia a flexién, Mddulo de elasticidad, Contenido
de humedad.

1. Introduction

Bamboo Guadua angustifolia Kunth (guadua) is an endemic species from the Neotropics and
represents a valuable natural resource, especially in Colombian rural zones, with suitable
mechanical properties to be used in civil construction. Additionally, it plays a key role in the
proper functioning of the ecosystems, since it acts as a protector and regulator of water
regimes in micro and macro watershed fostering biodiversity due to its features (Cruz, 2009).
Moreover, since there are low initial costs of bamboo extraction and treatment, the economic
cost is lower compared with the usual building materials such as cement and steel which are
obtained from high cost manufacturing processes (Ghavami, 2005).

The mechanical behavior of many species of bamboo has been tested by many researchers
(Nogata & Takahashi, 1995), (Luna P. , Lozano, Takeuchi, & Gutierrez, 2012), proving it is a
natural resource that could be used in structural applications becoming an alternative building
material in the development countries, and a solution for the social problem of homelessness
and the high cost of social housing construction projects (Ghavami, 2005).

The ignorance of mechanical behavior of construction materials can end up in technical errors
that increase the construction costs or the failure probability for some structural elements.
Therefore, for using guadua as a structural material it is necessary to evaluate its mechanical
behavior under different loads and service conditions (i.e. relative humidity, temperature, and
loads deferred in time, among others).

At the Universidad Nacional de Colombia many researches have been conducted in order to
establish the guadua mechanical behavior under different loads (Uribe & Duran, 2002) (Pacheco
, 2006), the design of joints for guadua structures (Camacho & Paez, 2002) (Lamus, 2008) and
their structural performance (Vidal , 2002) (Rivera, 2008) all of this without studying the
influence of various external factors such as the relative humidity and temperature; increasing
the uncertainty in the actual response when it is used as a construction material (Gonzalez,
Osorio, & Garcia, 2002).

Osorio, Vélez, & Ciro (2005) conducted a research to determine the effect of the outer
diameter, the element length, the wall thickness and the moisture content on the flexural
strength of guadua culms. They tested guadua elements of 2.5m to 3m of span with moisture
contents ranged between 9% and 12%, using a four-point bending test. The results showed
that the element length, the moisture content, and the wall thickness do not significantly affect
the flexural strength of the material; however, the average outer diameter affects the load
value at proportional limit for tested culms.

Guitierrez, Takeuchi, & Perozo (2012) also studied how the moisture content of guadua affects
the tensile strength parallel to the grain. They carried out tests on samples obtained from three
different locations of Colombia with moisture contents ranged between 5% and 35%.

The moisture content variation was guaranteed for each group of samples, and the desired
value was reached by immersing them in water for different periods of time. The results
showed that the tensile strength parallel to the grain had a significant variation when the
moisture content was less than 12% and more than 21%, but there was no variation within
these moisture values.

On the other hand, the objective of the research carried out by Leguizamon & Gonzales (2012)
was to determine the variation of compressive strength parallel to the grain for guadua with
moisture contents ranged between 10% and 20%. They concluded that the compressive
strength parallel to the grain decreases with the increment of the moisture content.



The present study was made to establish the relation of the bending strength and the Young s
modulus with the moisture content of Bamboo Guadua angustifolia Kunth samples.

2. Methodology

2.1. Bamboo culms

The specimens were obtained from three (3) culms of Bamboo Guadua angustifolia Kunth
coming from the region of Quindio and acquired in the local market. The culms were divided in
three segments: bottom, middle and top; this procedure was made as established by Luna P. ,
Lozano, Takeuchi, & Gutierrez (2012). According to the information given by the farmer who
provided the guadua, the culms were harvested when they were about 4 or 6 years.

2.2. Guadua samples

The tested specimens have a rectangular cross-section using a ratio height/width (h/w) of 1.5
and a total length (L) of 320mm. The sample width corresponds to the wall thickness of the
culm. Each of the specimens has a knot in the center of the span. A sample of 108 specimens
was prepared, 12 from each part (bottom, middle and top) of the three culms. The procedure
used for the sample preparation is shown schematically in figure 1

Figure 1
Sample preparation scheme
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2.3. Variation of moisture content

All the specimens were dried in the oven for 48 hours in order to achieve a moisture content
near to 0%; 12 of them were tested with this moisture condition and the rest 96 specimens
were immersed in water to obtain a variation of moisture content and then they were tested.
The immersion time ranged from 2 to 40 minutes (2, 5, 10, 15, 20, 25, 30 and 40), taking 12
specimens out from the water at each time. With this procedure, the range of the moisture
content was from 0% to 25%.

2.4. Bending tests

The specimens were mechanically tested using the three- points bending method with the
applied load acting at the center of the span. The free span was 290mm. In order to ensure
bending failures and the uniform distribution of fibers in the height of the cross section, all
specimens were placed with the external cortex parallel to the load direction. The test speed
was 2.5mm/min. Figure 2 shows a sketch of the test setting

Figure 2
Three-point bending test.
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After the mechanical tests, the moisture contents were computed for all specimens using
equation 1, where m is the weight of the specimen before drying and mo is the weight after
drying. According to 1S022157 (International Organization for Standardization, 2004), the
drying process is complete when the difference in two successive measurements of the weight
does not exceed 0.01qg.
mc ="""0 4100 (1)
m,

3. Results and discussion

Checking the calculated variables (proportional limit, ultimate strength, Young s modulus and
moisture content) scatterplot, it is evident that a simple linear regression model was adopted.
Shapiro-Wilk test was used to confirm the normal distribution of each data set.

A coefficient of determination R? for each model was calculated to assess the model
adjustment; this coefficient represents how well the experimental data are represented by the
proposed regression function. Since R? is a quotient of the variances of the fitted values and
observed values of the dependent variable and not a measure of a hypothesis test, this value
cannot identify whether the result is good or bad by itself. This can be determined if the
obtained model represents the observed behavior or not depending on the data model context



(Montgomery & Runger, 2002). For this study, R? was considered appropriate for values
greater than 0.10, because the model was performed with a single explanatory variable;
additionally, taking into account the anatomical and morphological nature of the bamboo, there
were highly variable experimental results in its mechanical properties.

3.1. Bending stress at proportional limit and moisture content

Equation 2 represents the linear regression between the proportional limit and the moisture
content, where oLP is the stress at proportional limit in MPa and MC is the moisture content in
decimal format ranging from 0 to 0.25. It can be observed that for each 0.01 (1%) increment
of the moisture content, the stress at proportional limit decreases 2.35 MPa.

o, =117.9-2352MC (2)

Table 1 presents the coefficient of determination R? calculated for the proposed model. It can

be seen that the model represents the 31.86% of data variability (adjusted R2 value), which is
acceptable taking into account the context of the experiment. The p-value result of the
application of Shapiro-Wilk test was > 0.05; this indicates that the data set has a normal
distribution and the randomness in the distribution of residuals (Fig. 3) ensures the
homogeneity of the variance.

Table 1

R2 calculated for the relation between the
proportional limit and the moisture content.

Estimate | Error | tvalue pri=|t|]
Intercept 117.87 | 4.02 | 29.31 | 2.00x 1016
MC -235.24 26.93 -8.73 3.12 x 10-15
Ajusted R?2 0.3186

It can be concluded that the proposed model correlating the stress at proportional limit with the
moisture content, ensures good predictions and can be used for samples of Bamboo Guadua
angustifolia.

Figure 3
Distribution of residuals for the proportional
limit and the moisture content.
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3.2 Ultimate bending strength and moisture content

The model proposed for the relation between the ultimate bending strength and the moisture
content is presented in equation 3, where oult is the ultimate bending strength in MPa and MC
is the moisture content in decimal format ranging from 0 to 0.25. For each 0.01 (1%)
increment in the moisture content, the strength at proportional limit decreases 3.78 MPa

0, =2178-378.TMC ;.

Table 2 presents the statistical values calculated for the proposed model. Equation 3 represents

the 42.2% of data variability (adjusted R? value); which is acceptable for natural materials.
The p-value result of the Shapiro-Wilk test is < 0.05, therefore the data set does not have a
normal distribution. Hence, equation 3 can only be used as an approximation due to fact that
the model validity cannot be completely accepted.

Table 2

R2 calculated for the relation between the ultimate
bending strength and the moisture content.

Estimate | Error | tvalue pri=|t|]
Intercept 217.84 5.19 41.95 2.00 x 10-16
MC -378.72 34.78 | -10.89 2.00 x 10-18
Ajusted R2 0.422

3.3 Young’s modulus and moisture content

Figure 4 presents the experimental data for the Young s modulus (E) vs. the moisture content.
It is noticeable that there is no relation between these variables; however, a statistical test was
conducted to support this assumption.

Figure 4
Young’s modulus vs. moisture content for tested samples.
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Equation 4 represents the relation between the Young s modulus and the moisture content,
where E is the Young "s modulus in MPa and MC is the moisture content in decimal format
ranging from 0 to 0.25. It can be noticed that the modulus increases 38.46 MPa for each 0.01
(1%) in the moisture content.

E =14903.6+3846.5MC (4)

Table 3 presents the results obtained by a statistical analysis; the proposed model (equation 4)
presents 0.17% of data variability (adjusted R? value), which is not significant considering the

nature of the material. Due to R? for this model is lower than the minimum value that is
accepted, the normality of data set is not verified. Thus, equation 4 can only be used to
calculate an approximated Young s modulus for Bamboo Guadua angustifolia as a function of

the moisture content.

Table 3

R2 calculated for the relation between the
Young’s modulus and the moisture content.

Estimate | Error | tvalue pr (=|t|]
Intercept 14903.6 506.8 29.40 2.00 x 1016
MC 3846.5 3394.6 1.13 0.259
Ajusted R2 0.001761

Additionally, using traditional statistics two graphics were made gathering the specimens by
classes in order to obtain the average values, leading to a better coefficient of determination

R2, as shown in figure 5.

Figure 5

a) Proportional limit vs. moisture content.
b) Ultimate bending strength vs. moisture content.
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4. Conclusions

The experimental methodology and the statistical analysis performed in order to obtain the
relation between the bending behavior and the moisture content for Bamboo Guadua
angustifolia Kunth were presented in this study. The results showed that the proportional limit
decreases with the increment of the moisture content; the same behavior was found for the
ultimate bending strength. The proposed model correlating the proportional limit and the
moisture content can be used to estimate the value of this mechanical property of Bamboo
Guadua angustifolia. The models proposed for the relations between the ultimate bending
strength and the Young s modulus with the moisture content can be used as approximated
functions that describe the variation of these properties with the moisture content of the
material.
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