
Composite Products

154

Chapter 7

Structural Composite Products From Calcutta Bamboo

7.1       Introduction

            Calcutta bamboo has been tested for its various physical and mechanical

properties and the results were reported in the previous chapters. These results

have been compared with selected timber species in an effort to assess the

technical feasibility of using bamboo in structural composite products. Several

timber species that are commonly used for composite products were compared to

Calcutta bamboo. These timber species have been used successfully for composite

products, interact well with the common wood-adhesives, and the production

technology is well known. Thus, the similarities, or differences, between bamboo

and wood were used to judiciously select the manufacturing parameters for a

prototype bamboo composite.

            In this chapter, several composite products are proposed for Calcutta

bamboo and a prototype product from Calcutta bamboo was manufactured and

tested in the laboratory. The suitability of Calcutta bamboo as a raw material for

composite products is demonstrated by several factors such as its availability,

physical and mechanical properties, and its interaction with adhesives. In each

case these factors were analyzed and compared to wood characteristics by the

various experimental works completed in previous chapters. These factors will

now be integrated and discussed in the context of a new product development.
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Availability

            In general, bamboos are an abundant source of material. There are about

60 to 70 genera and over 1200 – 1500 species of bamboo in the world [3]. About

half of these species grow in Asia, most of them within the Indo-Burmese region

[4]. Bamboo is quite adaptable and flexible. Many bamboo species have been

introduced and strive in new places. Calcutta bamboo is one of the bamboo

species that was introduced in the United States and can be found in southern

California, Florida and Puerto Rico [5]. Calcutta bamboo is the most widely used

bamboo in India [6], because it is the most common species of bamboo found in

the Indian forest and is available in every state in India [7]. This species is also

found in Burma, Bangladesh and Thailand [8]. Calcutta bamboo cultivation has

been promoted throughout India, as well as in other countries like Indonesia and

Sri Langka [9]. Calcutta bamboo thrives because it is adaptable to various types of

habitat. Generally, it thrives in the inner region of the land that is beyond the

effect of the sea breeze, and with low relative humidity. It flourish in places with

an annual rain fall between 30 to 200 inches, and in a maximum shade

temperature as low as 22oF, and up to 116oF[11]. It can grow in all types of soils,

with good drainage characteristics, except water-logged soil such as pure clay or

clay mixed with lime. Sandy soil or well-drained soil, or comparatively low

rainfall, are the factors, which enable Calcutta bamboo to occupy even flat

ground. It is said to be the most drought resistant species of bamboo [10].

            Another factor contributing to the availability of Calcutta bamboo is its

fast growth. Most bamboo, including Calcutta bamboo, matures quickly (15 to 18
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cm daily increment), and can be cut-down in three-year cycles. Tewari [10]

reported that the yields of Calcutta bamboo in one region in India was about 2

tons/hectare. The yield of Calcutta bamboo is increasing each year to fulfill the

growing demand. The average diameter of Calcutta bamboo is small (3.0 to 4.0

cm). However, it has thick walls and a long culm. Bamboo can be processed into

a variety of forms, including whole culms, halves or splits, thick strips, thin strips,

veneer, large flakes, chips, small flakes, excelsior, strands, particles, fiber

bundles, paper fiber, flour and cellulose. At this point, almost every wood-based

composite product that exists today can possibly be made out of Calcutta bamboo.

Physical Properties

             Relative density, and moisture-induced shrinking and swelling were the

physical properties evaluated in this study. According to Maloney [12], the range

of relative density used to manufacture composite products in the United States

and Canada is about 0.30 to 0.50. Table 7.1 presents relative density of some

timber species. The relative density of Calcutta bamboo is 0.64 (Table 7.1), which

is higher than the usual range. Thus, based on relative density alone, Calcutta

bamboo would not be desirable. High density particles could prevent a sufficient

development of interparticle contact area during hot-pressing, thus leading to poor

bonding. Products such as glulam or PSL, which, have a density approximately

the same as the wood from which they are produced, or composites comprised of

very small particles or fibers, could be more suitable for Calcutta bamboo. Low-

density products, such as oriented strand board, are not suitable.



Composite Products

157

Table 7.1. Comparison of the physical and mechanical properties of Calcutta
                   bamboo to those of some timber species [13,15,16,17]
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Relative density
(oven-dry)

0.64 0.45 0.51 0.66 0.37 0.42

Radial 2.5 1.9 2.0 1.6 0.9 1.2Shrinkage
(%)from
12% to
oven-dry

Tan-
gential 2.9 3.5 2.8 4.2 2.5 2.8

Radial 13.8 4.8 5.0 4.2 2.2 3.1Swelling
(%)from
oven-dry
to wet

Tan-
gential 14.6 8.9 8.2 11.0 6.5 7.3

Ultimate tensile
strength (N/mm2)

156.0 71.7 86.8 88.8 60.5 61.9

MOR 156.1 76.5 92.0 94.2 64.7 64.4
Bending
(N/mm2)

MOE 10582 11384 13891 12092 8822 8460

      Relative density values for timbers were adjusted to oven-dry condition [13].
      Shrinkage and swelling values for timbers were adjusted to the same condition as
      Calcutta bamboo [14].
      Average moisture content of tension and bending tests for Calcutta bamboo were
      11.4% and 9.4% respectively, while values for timber were adjusted to the moisture
      content similar to Calcutta bamboo[20].
      All values for Calcutta bamboo are for the internodes at the bottom location in the
      culm.
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 More pressure is needed to compress a mat of high-density particles, which may

cause particle fracture. A high-density product results, with an associated increase

of moisture-induced swelling. However, the strength of a high-density board

could be increased, which could allow its use for structural applications.

            There was no significant difference of relative density along the height of

the culm when only the internodes were considered. The relative density of the

nodes was significantly greater than the internodes. In composite products such as

PSL, the nodes cannot be avoided, but can be uniformly distributed throughout

the products. On the other hand, if a particulate composite is to be made from

Calcutta bamboo, the nodes can be discarded from the culm through a cross-

cutting process. The nodes comprise approximately 15% of the culm. If

discarding nodes in the production is not economically feasible, then they can be

used for the core or some less critical area in the product.

            Dimensional stability of Calcutta bamboo has some important differences

and similarities in comparison to wood. Shrinkage values for several wood

species that are commonly used as the raw material for composite products in the

United States are presented in Table 7.1. From Table 7.1, the tangential shrinkage

of the wood species was close to the tangential shrinkage of Calcutta bamboo.

The radial shrinkage of Calcutta bamboo, on the other hand, was greater than the

values shown for the wood species in Table 7.1. Radial shrinkage for wood is

always less than tangential shrinkage. The Calcutta bamboo had equal shrinkage

in the radial and tangential directions. On the other hand, Calcutta bamboo had

larger swelling values. An explanation for this is that Calcutta bamboo may have
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a higher fiber saturated point compared to wood. Overall the shrinkage and

swelling potential of Calcutta bamboo was greater than wood.

            Some variability in shrinkage and swelling was noted along the length of

the culm. This is undesirable, but could be accommodated by random distribution

of wood elements throughout a composite. Since dimensional stability is closely

related to density, Calcutta bamboo would be better suited for a composite

process that does not significantly increase density. A laminated composite or

PSL would be a choice.

Mechanical Properties

            Basically, the structural application of timber or building materials

depends on its final end-usage. This is also influenced by other factors such as

availability and economics of using the materials. However, most timber species

that are being used as a structural material can attribute their success to their

abundance and superior strength properties. The tensile and bending strength of

Calcutta bamboo is summarized in Table 7.1 and compared to several common

timber species that are used for composite products in United States. However,

the test specimens were much smaller than those used to collect the wood data.

This results in slightly larger strength values because large specimens fail at the

weakest point. Considering the size factor, the mechanical properties of Calcutta

bamboo compared quite favorably to the common wood species used for the

manufacture of structural composites. Variability between nodes and internodes is
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again noted. However, randomly distributing the nodes within a composite would

minimized this problem.

Surface Properties

            The surface properties determined for Calcutta bamboo included pH,

buffer capacity, the wettability (contact angle) and the surface tension. From

Table 7.2, the average pH and buffer capacity values were 5.2 and 0.06 me.

respectively. Several timber species are also included in Table 7.2 for a

comparison. These values are close to the values of timber. The range of pH value

of timber mentioned in this table is between 3.3 to 5.0, while buffer capacity is in

the range between 0.03 to 0.31. In addition, pH was not significantly different

along the culm height. Thus, based on pH and buffer capacity, Calcutta bamboo

can be used with the existing wood adhesives.

            Wettability of the Calcutta bamboo surface was reported by the contact

angle. The lower the contact angle values the easier the subjected surface to be

wet or spread with adhesive. The contact angle of Calcutta bamboo (internodes)

was similar to wood. Total surface tension of Calcutta bamboo is close to the

surface tension value for timber. These results indicate that adhesive and other

low surface tension liquids can easily wet or spread on Calcutta bamboo. Thus,

from the wettability and surface tension values, Calcutta bamboo can easily be

adhered with any existing adhesive used for timbers.
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Table 7.2. Comparison of the surface properties and adhesive penetration of
                  Calcutta bamboo to those of some timber species [17,18,19,20].

Mean
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pH 5.2 5.0 3.5 3.5 5.5 3.3

Buffer
capacity(me.)

0.06 - - 0.1 0.17-
0.23

0.03-
0.09

Wetability (contact
angle in degree)*

52 51 50 50 - -

γs
LW 44.1 39.7 34.0 44.6 - -

γs
+ 0.89 0.46 0.39 0.70 - -

γs
- 29.2 37.7 22.8 31.6 - -

Surface
Tension
(MJ/m2)

γs
total 54.3 48.0 40.0 54.0 - -

Mean

Calcutta
bamboo1

(Dendrocalamus
strictus)

Beech wood2

(Fagus sylvatica L)
Southern pine3

(Pinus spp.)

Effective
penetration (µm)

17 61 -

Maximum
penetration (µm)

108 385 260

* Contact angle using water
1 Effective and maximum penetration of phenol formaldehyde at 12% moisture
   content using the resin drop technique developed by Johnson and Kamke [18].
2 Effective and maximum penetration of urea formaldehyde at 11% moisture
   content using pressure and conventional oven by Sernek et al[19].
3 Maximum/depth of penetration of resorsinol formaldehyde at 10% moisture
  content using cold pressure reported by White et al [20].

              All mean for Calcutta bamboo were for bottom location values, except pH,
  which was the average values of all location in the culm.
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            Some variability of wettability was noted along the culm height, and

between nodes and internodes. The contact angle of the nodes was significantly

greater than the internodes. This may present some adhesive bonding problems.

As was suggested earlier, distributing the material throughout the products can

minimized variability of properties.

            From the wettability analysis and the surface tension values, it is

concluded that Calcutta bamboo is a suitable raw material for many composite

wood products.

Adhesive Penetration

            Adhesive penetration of Calcutta bamboo was investigated using the

adhesive droplet method. Three types of adhesive were used in this experiment,

they were phenol formaldehyde that was formulated for parallel strand lumber

(PF-PSL), phenol formaldehyde that was formulated as an OSB core resin (PF-

OSB) and polymeric diphenylmethane diisocynate (pMDI) that was intended for

OSB.

            Adhesive penetration is one of the phases involved in the resin-substrate

interaction that has a strong influence on bond performance. The penetration of

the three adhesives into Calcutta bamboo was not significantly affected by the

level of moisture content over the range of 4.0 % to 12.0%. There was no

significant difference in effective penetration between PF-PSL and PF-OSB.

However the effective penetration of the two PF resins were significantly

different from the effective penetration of pMDI. This is anticipated since PF and
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pMDI are different in chemical composition and surface energy. The effective

penetration of PF was different between the nodes and internodes. However, there

was no significant difference between the radial and tangential directions. Again,

the nodes present a potential problem in variability. However, if a layered

composite is made from Calcutta bamboo, nodes can be distributed evenly in the

product in order to reduce the product variability. No direct comparison can be

made with timber due to lack of previous study. In Table 7.2, the effective and

maximum penetration for beech wood and southern pine using urea formaldehyde

and resorsinol formaldehyde was included. The technique used in those studies

was different from the one used in this study. However, it is anticipated that the

adhesive penetration value found in this study is lower compared to the other

study. The factors that affect the penetration are temperature, pressure and the

density of the materials. In the case of Calcutta bamboo, the relative density was

higher and no pressure was applied in this study.

            In consideration of the properties analysis performed on Calcutta bamboo,

a prototype bamboo composite product was designed in the laboratory. Due to the

high relative density a composite that did not require significant consolidation

was selected. From the mechanical analysis, Calcutta bamboo is suitable for a

structural composite. From the surface analysis, an adhesive that was commonly

used for wood was chosen as the binder for the bamboo prototype composite. No

additives or special handling was needed. Given the geometry of the bamboo

culm, long strips could be easily machined that would allow the nodes to be
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uniformly distributed in a parallel laminated composite. Therefore, a product

similar to PSL was selected for the prototype.

7.2       Experimental

7.2.1    Materials

Another fifty Calcutta bamboo culms from the company mentioned in the

previous chapters were purchased and used as the raw materials for the prototype

composite material. Average length of the culms was 5.5 m (18 ft), and the

average moisture content as received was about 10%. Culm characteristics were

presented in Table 3.1 in Chapter 3. The adhesive used in this study was the liquid

phenol formaldehyde (PF-PSL) obtained from Georgia Pacific Resins, Inc. The

viscosity of PF at 25oC ± 0.5oC was 2200 cps, pH value of 11.2, 51% solid

content, and specific gravity of approximately 1.18.

7.2.2 Methods

                        The prototype bamboo strips lumber (BPSL) was manufactured according

to the process flow showed in Figure 7.1. Upon arrival, the bamboo culms for the

prototype BPSL were cross-cut into 0.6 m (2 ft.) long segments. The culms were

then manually split into 4 to 6 parts using a hand cutter. The culms were then

reduced into strips of 2.5 mm (0.1”) to 5.0 mm (0.2”) thick and with various

width ranging from 6 mm (0.25”) to 20 mm (0.75”). The strips were obtained by

using a single surface, sanding machine with 1 horse-powered motor. The

bamboo strips were dried to a moisture content of approximately 5 % in the
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convection oven (Blue M, model 2010/2011). The PF adhesive was applied using

a single surface glue roll-coater. The PF resin was added with an extender ratio of

95% neat PF and 5% extender (wheat), which increased the viscosity of the

adhesive to 2800 cp. The adhesive mix was spread at a rate of approximately 200

g/m3 to form a single glueline. Adhesive was applied to both surfaces of the strips.

The strips were later laid-up parallel to each other in a forming box to a

dimension of 1.9 cm X 61 cm X 61 cm (0.75” X 24” X 24”). Typically 7 layers of

strips were needed. The weight of the bamboo strips used in one mat was 5000g,

while the average adhesive mix consumption was approximately 730 g. A

temperature probe was inserted in the mat to monitor the temperature at the center

during hot-pressing. The mat was pressed at a temperature of 120oC for 15

minutes.

Figure 7.1. Processing flow of bamboo parallel strip lumber

Cross Cutting Splitting

Strip DryingGlue Spreading

Strip Forming

Layup and
Forming

Hot Pressing Specimens
Cutting

Conditioning and
Testing
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Figure 7.2. Pressing schedule of bamboo parallel strip lumber.

 Figure 7.3. Cutting pattern of specimens for the physical and mechanical
                     testing.  B=bending test, TS=dimension stability and
                     C=compression.
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                        The pressing schedule is illustrated in Figure 7.2. Pressing was done on a

step-wise basis. Initial pressure was applied with the press closing to a position of

1 in (100 psi or 700 kPa initial pressure) at 1 minute. After one minute initial

pressure, the ram continued closing to achieve a thickness of 0.75 in. The

maximum pressure was 800 psi (5500 kPa) before the mat relaxed to

approximately 145 psi (1000 kPa). The middle layer of the board achieved 100 oC

in approximately 8 minutes. Seven boards were pressed and the finished boards

were set to cool. The boards were later cut for the physical and mechanical

properties according to Figure 7.3. Figure 7.4 illustrates the finished bamboo

parallel strip lumber. The specimens were conditioned at 20oC with 65% RH for

three weeks before they were tested. Bending and compression tests were

performed in accordance with ASTM D5456 [1], while water absorption and

thickness swelling, linear expansion and the accelerated aging test (24-hour soak)

were carried out in accordance to ASTM D 1037-96a [2]. In Figure 7.3, the

specimens labeled B were used for bending tests, specimens labeled C were used

for the compression test, and specimens labeled TS were used for thickness

swelling, water absorption and linear expansion tests. Dimensions for B, C and

TS were 1.9 cm X 4.0 cm X 40.0 cm, 1.9 cm X 1.9 cm X 8.4 cm, and 1.9 cm X

12.0 cm X 12.0 cm, respectively. At least 30 specimens were prepared for B, C

and TS, while more than 20 specimens were used for the accelerated aging test.

Compression stress at proportional limit (σpl), ultimate compressive stress (σult),

and compressive modulus of elasticity (E) were calculated using Equations 4.1 to

4.3.
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Figure 7.4. Bamboo parallel strip lumber.

Figure 7.5. Illustration of the three planes in BPSL. Face (A), edge (B)
                   and end view (C).

A B

C
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                        Bending stress at proportional limit (SPL), bending modulus of rupture

(MOR) and bending modulus of elasticity (MOE) were calculated using the

Equations 4.4 to 4.10. The mechanical tests were conducted on a universal testing

machine (MTS 810). Bending tests were conducted at a cross-head speed of 5

mm/min (0.2 in/min), while compression tests were at 2.5 mm/min (0.1 in/min).

Moisture content was measured after the test, as well as the relative density of

each specimen, which was used in the analysis of covariance. Analysis of

covariance was performed using SAS statistical software package. The linear

model considered for the study was shown in Equation 4.11.

7.3       Results and Discussion

7.3.1 Mechanical and Physical Properties of Bamboo parallel strip lumber

(BPSL)

The bending and compression strength of BPSL were determined and are

discussed in this section. The physical properties determined were relative density

and dimensional stability. The average moisture content of the board was 6.1%

taken immediately after pressing. Average density of the board at this moisture

level was 783.0 kg/m3. The bending and compression test specimens had a

moisture content of 11.0% and 10.7% when tested.

           Mechanical Properties

            Table 7.3 shows the analysis of variance of the comparison between the

BPSL and BPSL exposed to the accelerated aging process. Bending MOR and
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MOE were significantly reduced when exposed to the accelerated aging process,

while the bending stress at proportional limit was not significantly changed. None

of the compression strength values were significantly reduced when exposed to

the accelerated aging process. These comparisons were based on the adjusted

mean value using relative density as the covariant. Adjusted values were used in

the comparison. Strength properties of BPSL before and after the accelerated

aging process are illustrated in Table 7.4. The mean bending stress at proportional

limit of BPSL was 71.9 MPa (10423 psi), while the BPSL exposed to the

accelerated aging process was 51.1 MPa (7404 psi).

Table 7.3. Analysis of covariance of bending and compression strength
                  after the accelerated aging process of bamboo parallel strip
                  lumber.

Treatment-Accelerated
Aging Process

DF Sum of Squares F-value

Bending:
SPL
MOR
MOE

1
1
1

490.1
6043.6

49276160.1

3.05 (NS)
8.38 (HS)
36.06 (HS)

Compression
σpl

σult

E

1
1
1

5.2
0.5

726263.3

0.10 (NS)
0.01 (NS)
0.33 (NS)

      (HS) indicates significance at the 1% level of probability
      (NS) indicates not significant
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Table 7.4. Mean bending and compression strength of the initial and
                  adjusted values before and after the accelerated aging process
                  of bamboo parallel strip lumber.

Bending Strength
(N/mm2)

Compression Strength
(N/mm2)

Description SPL MOR MOE σpl σult E

Initial
Standard Deviation

Adjusted*

71.9
17.6
66.9

133.0
32.6
125.9

12309
1705
11661

47.9
7.4
47.4

66.3
8.2
65.8

7681
1644
7511

Exposed Properties
Standard Deviation

Adjusted*

51.1
7.6
58.3

85.1
21.2
95.6

7971
1114
8928

45.6
6.8
46.2

65.4
8.5
66.1

6833
1200
7055

*Relative density was used in the bending and compression strength adjustment.
Average relative density for the bending and compression tests were 0.73 and
0.75 respectively.

            The bending stress at proportional limit of BPSL, when adjusted for

relative density was 66.9 MPa (9707 psi), while the adjusted value for the BPSL

exposed to the accelerated aging process was 58.3 MPa (8457 psi). This reduction

was not statistically significant. On the other hand, the adjusted values of MOR

and MOE for the exposed specimens were found to be significantly different from

the unexposed specimens. The mean unexposed MOR was 133.0 MPa (19295

psi), while the exposed MOR value was 85.1 MPa (12343 psi), which is 64% of

its original value. The adjusted to relative density of MOR for the two values

were 125.9 MPa (18259 psi) and 95.6 MPa (13869 psi) respectively. Mean

bending MOE was 12309 MPa (1785342 psi), while the exposed bending MOE

was reduced 35% to 7971 MPa (1156194 psi). When it was adjusted using
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relative density, the values for bending MOE of the initial and the exposed

specimens were 11660 MPa (1691248 psi) and 8927 MPa (1294857 psi),

respectively, which was a 23% reduction.

             The mean compression stress at proportional limit (σpl) of BPSL was 47.9

MPa (6941 psi), while the BPSL exposed to the accelerated aging process was

45.6 MPa (6608 psi). The adjusted σpl of BPSL was 47.4 MPa (6873 psi), while

the adjusted value for the BPSL exposed to the accelerated aging process was

46.2 MPa (6696 psi). This was not a significant difference. The adjusted value of

ultimate compression stress (σult) and compression MOE for the exposed

specimens were also found to be not significantly different from the unexposed

specimens. The mean σult was 66.3 MPa (9619 psi), while the exposed σult value

was 65.4 MPa (9491 psi). The adjusted σult for the two values were 65.8 MPa

(9541 psi) and 66.1 MPa (9593 psi) respectively. Mean compression MOE was

7681 MPa (1114004 psi), while the exposed compression MOE was 6834 MPa

(991136 psi). When it was adjusted using relative density, the values for

compression MOE of the initial and the exposed specimens were 7511 MPa

(1089356 psi) and 7055 MPa (1023285 psi).

            Comparison of the strength and stiffness of BPSL are made to those of

some commercial and researched structural composite lumber (SCL) values.

Table 7.5 illustrates the derivation of the preliminary allowable properties for

BPSL produced in the laboratory. Adjustment of the allowable properties for

BPSL have been made by including the 5% exclusion limit and the general

adjustment factors for hardwood that are included in ASTM D-2915 [21]. The
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general factors include an adjustment for normal duration of load and safety

factor. The 5% exclusion limit was applied to MOR and σult. MOE was based on

the average value [21].

            Preliminary allowable properties for structural composite lumber such as

LVL tested by several researchers in Table 7.6 were also derived according to

ASTM D-2915, except that the general adjustment used was for softwood. These

values are for comparison purposes only and are not to be used in design. From

Table 7.6, the estimated allowable compression parallel to grain (σult) is 24.9

N/mm2 (3612 psi), while σult for other SCL products were lower than BPSL,

except LVL produced by Kunesh [23]. The most distinctive failure mode involved

in compression parallel to grain of the BPSL was splitting. Other minor failure

mode was shearing and end-rolling.

Table 7.5. Derivation of allowable properties for BPSL from Calcutta
                  bamboo.

Properties
Mean values

(N/mm2)
5% exclusion

limit*
(N/mm2)

Mean - 1.645(STD)

General
adjustment
factor**

Allowable
Properties
(N/mm2)

Compression
stress (σult.)
MOR
MOE(x106)

65.8 (32.6)
125.9 (8.2)

11661 (1705)

52.3
72.3

11661

1/2.1
1/2.3
1/0.94

24.9
31.4
1.7

*5% exclusion level not applied on MOE.
** General adjustment for hardwood.
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Table 7.6. BPSL preliminary allowable properties compared to other
                  structural composite lumber.

Species/product Source/
producer

σult

N/mm2

(psi)

MOR
N/mm2

(psi)

MOE
N/mm2

(x106 psi)

Calcutta bamboo BPSL 24.9
(3612)

31.4
(4557)

12405
(1.80)

Lodgepole pine LVL1

Pinus contorta
22 20.4

(2989)
21.1

(3054)
13445
(1.95)

Interior Douglas-fir LVL1

Pseudotsuga menziesii
22 21.1

(3056)
24.6

(3563)
15306
(2.22)

Douglas-fir LVL2

Pseudotsuga menziesii
23 25.5

(3692)
30.9

(4478)
17168
(2.49)

White pine LVL2

Pinus strobus L
24 - 8.69

(1260)
7033
(1.02)

Spruce LVL2

Picea glauca
24 - 10.0

(1460)
10342
(1.5)

Gang-Lam LVL3 Louisiana-
Pacific

21.9
(3180)

20.3
(2950)

13789
(2.0)

Parallam3 MacMillan
Bloedel

20.0
(2900)

20.0
(2900)

13789
(2.0)

1.8E Parallam3 Trus Joist
MacMillan

17.2
(2500)

16.5
(2400)

12410
(1.8)

2.0E Parallam3 Trus Joist
MacMillan

20.0
(2900)

20.0
(2900)

13789
(2.0)

1.3E Timberstrand LSL3 Trus Joist
MacMillan

9.7
(1400)

11.7
(1700)

8963
(1.3)

1.5E Timberstrand LSL3 Trus Joist
MacMillan

13.4
(1950)

15.5
(2250)

10342
(1.5)

1Allowable properties given by the researchers.
2Allowable properties derived for the data from the researcher.
3Allowable properties given by manufacturer.
All allowable properties are for comparison only, not for design except the
properties given by manufacturer.

            The estimated allowable MOR also showed a higher value compared to

other SCL in Table 7.6. MOR for BPSL was 31.4 N/mm2 (4557 psi), while the

closest MOR value to BPSL in Table 7.6 is 30.9 N/mm2 (4487 psi). The most

prevalent failure mode in bending was that of horizontal shear. Some tension
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failure occurred, but no other mode of failure such as compression, brash tension,

splintering tension and cross-grain tension took place.

            The estimated allowable MOE for BPSL is lower compared to most of the

values in Table 7.6, except to white pine and spruce LVL, and the LSL

manufactured by Trus Joist Macmillan. The MOE value of BPSL is

approximately the same as the 1.8E Parallam.

            In general, the properties of the bamboo parallel strip lumber made from

Calcutta bamboo compares quite favorably with the SCL given in Table 7.6,

although MOE is lower compared to the more superior SCL such as parallam and

LVL. Since the strength properties (MOR and σult) are superior, BPSL could be

effectively used as compression and bending members. However, due to its lower

MOE, as well as its high relative density (~0.78), BPSL could likely fail to meet

deflection requirements when used as long and deep structural members or the

relative cross-section would have to be larger.

Physical Properties

            The dimensional stability and the water adsorption of bamboo parallel

strip lumber are presented in Table 7.7. The specimens were conditioned at 20oC

and 65%RH before they were used in the dimensional stability test. Initial MC

was 11.00%. From Table 7.7, when the specimens were soaked for 2 hours, the

average thickness swelling (TS) and linear expansion parallel to the strand (LE)

were 1.09% and 0.13% respectively. In this condition, the specimens absorbed

4.66% water.
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Table 7.7. Dimensional stability of bamboo parallel strip lumber from
                    Calcutta bamboo.

Description Mean
(%)

BS 0.41(0.22)

LE 0.13(0.13)

TS 1.09(0.55)
2-hours
Soak

WA 4.66(0.71)

BS 0.81(0.42)

LE 0.14(0.13)

TS 2.85(0.97)

24-hours
Soak

WA 14.29(2.13)

BSR 2.91(0.37)

LSR 0.11(0.07)

TSR 1.97(1.07)

D
im

en
si

on
a

l S
ta

bi
lit

y

Wet to
Oven-Dry

WE 24.34(2.66)

Initial MC was 11.00%, condition at 20oC and 65%RH, MC after 2-hours
soaking was 13.87%, while MC after 24-hours soaking was 24.34%.
Abbreviations:BS=width expansion, LE=linear expansion, TS=thickness
swelling, WA=water absorption, BSR=width reduction, LSR=longitudinal
shrinkage, TSR=thickness reduction, WE=water desorption or moisture content.
Number in parenthesis is standard deviation.

When the specimens were soaked for an additional 22-hours, the average

thickness swelling (TS) and longitudinal expansion (LE) were 2.85% and 0.14%

respectively. Water absorption at this point was about 14%.

            The increase in width (BS) of BPSL was also determined. BS after 2-

hours soaking was about 0.41%. When the specimens were soaked for an

additional 22-hour, BS increased to 0.81%. The specimens were also dried in the

oven overnight after they were soaked in water for 24-hours. The width (BSR),

thickness (TSR) and longitudinal shrinkage (LSR) were 2.91%, 1.97% and 0.11%

respectively. The longitudinal shrinkage was the least between the three

directional shrinkages. Loss of moisture in the oven drying process was 24%.
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Generally, the BPSL produced in the laboratory was stable in dimension. This is a

desirable property of building material. A large amount of shrinkage or swelling

may cause many problems, such as large deflection in beams, deformation and

warping in floors. The shrinkage and swelling of Calcutta bamboo itself

generally, is greater than wood. However BPSL produced in the laboratory

exhibited relatively stable dimensions. The explanation for this behavior is that

the water was not getting into the strips, due to the barrier created by the resin,

thus preventing a large amount of water absorption.

7.4. Conclusion

            Composite products with good physical and mechanical properties can be

made from Calcutta bamboo. Mechanical properties of the bamboo parallel strip

lumber, or BPSL, compares favorably to SCL, although there are few exceptions.

Although only the bending and compression properties were determined, this was

a promising indication of the suitability of Calcutta bamboo as the raw material

for many structural and nonstructural composite products. This research

determined general trends and specific performance values of the BPSL produced

in the laboratory. Further effort is needed to determine more precisely the

individual composite products that could be made from Calcutta bamboo and the

application of the technology on an industrial scale. As an alternative to timber,

Calcutta bamboo surely offers a promising future.
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