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Abstract

Bamboo not only excels in regenerative power and possesses high strength but also features a
lightweight and hollow cross-section in its natural form, making it highly useful as a structural material
for spatial structures. This paper aims to promote the future use of bamboo in spatial structures and
discusses the bending failure mechanism of bamboo culms. When bamboo culms undergo bending along
the culm axis, the orthogonal cross-section flattens, leading to maximum load due to bending failure in
the direction perpendicular to the fibers in the culm wall. Therefore, evaluating the bending stress in the
perpendicular direction of fibers, which occurs in conjunction with bending along the culm axis,
becomes crucial in estimating the bending strength of bamboo culms. This study formulates the stresses
occurring in the culm wall under bending based on the Brazier effect theory and compares the results
with bending experiments conducted on Madake and Moso bamboo. The experiments confirmed that
the strains in the fiber perpendicular direction within the culm wall align well with the Brazier effect
theory in the micro-deformation region. Furthermore, the strain in the fiber perpendicular direction of
the culm wall at the point of bending failure corresponded well with that determined by the small-scale
edge bearing test.
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1. Introduction

Bamboo is considered to possess a high potential as a material for architectural structures, especially as
structural material for spatial structures, due to its rapid growth and regenerative abilities, high strength
and stiffness, and its characteristics of being hollow and lightweight. In recent years, substantial bamboo
spatial structures have been realized in South Asia and South America (e.g., The Arc at Green School
Bali [1], Vo Trong [2]). The methods of utilizing bamboo culms in these structures can be broadly
classified into three categories: (i) cutting the bamboo culms into relatively short lengths for use as
trusses or lattices (see works by Renzo Piano Building Workshop or Shoei Yoh, e.g. [3], [4]), (ii)
applying a “Rup-Rup” technique to the bamboo culms before bending them for use as arches [1], and
(ii1) introducing elastic bending to unprocessed bamboo culms for use as bending-active elements (e.g.
[2], [5]). In particular, the last method is an effective technique for achieving high stiffness with a
minimal amount of resources, and can be said to make good use of the high strength and flexibility of
bamboo culms.

However, at present, the bamboo species for which material properties are defined in design codes of
various countries are very limited, and extensive experimentation is required for the design of bamboo
structures using other bamboo species, which necessitates a significant amount of time and effort.
Specifically, because understanding the bending characteristics of bamboo culms requires elaborate
loading equipment and a large number of samples, to establish simpler testing methods is desired.
Therefore, this study theoretically examines the bending failure mechanisms and determinants of
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bending strength of bamboo culms and explores a method for simply estimating bending strength
without conducting bending tests on lengthy specimens.

2. Formulation of stress distribution in bamboo culms subject to bending

2.1. Brazier effect theory

As shown in Fig. 1(a) and (b), when a bamboo culm undergoes pure bending along the culm axis (x-
axis), the orthogonal cross-section deforms into an elliptical shape due to the Brazier effect ([6]~[7]),
resulting in bending along the circumferential direction of the culm wall. This deformation of the cross-
section can lead to local buckling or circumferential bending failure in the culm wall, ultimately causing
the bamboo culm to fail under bending. Therefore, to estimate the bending strength of bamboo culms, it
is necessary to quantitatively evaluate the deformation of the cross-section caused by the Brazier effect.
This paper presents an overview of the formulation of the Brazier effect, following previous studies
([6]~[9)). In the cross-section of a bamboo culm, the four intersection points along the y - z axis and the
s axis are designated as points N, S, E, and W (Fig. 1(c)). Furthermore, the reduction ratio of the cross-
sectional height at points N and S after deformation is expressed as the flattening ratio . E, represents
the bending Young’s modulus in the direction parallel to the fibers, while E; represents that in the
perpendicular direction to the fibers.
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Figure 1: The brazier effect on the cross-section of a cylindrical member and the definition of coordinates and
variables.

The curvature of the culm wall along the s-axis after deformation is expressed using the tangent angle y
as follows ([7], [9]).
1 r 2 D -
d—w=—+3—cos—s, rz—t @8
ds r r r 2
The second term on the right side of the above equation represents the deformation due to the Brazier
effect, where I is a constant unrelated to the coordinate s. The total potential energy is derived for a free
body extracted per unit length in the x-axis direction as shown in Fig. 1(b), subjected to bending moments
M at both ends. First, the strain energy in the x-axis direction is expressed as follows.
EI f(I) , 31, 21,
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Here, x represents the curvature along the x-axis, / is the second moment of area before deformation,
and f'(I') denotes the reduction ratio of the second moment of area due to deformation of the section.
Next, the total bending strain energy in the direction perpendicular to the fibers is obtained by integrating
the square of the second term on the right side of Eq. (1) over one complete revolution along the s-axis,
as follows.
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Consequently, the total potential energy in this free body can be expressed as follows.
H:UXJ’_US_MXK (4)

By setting the partial derivatives with respect to the deformation parameters x and I” to zero in the above
equation, the following equilibrium equations can be obtained.
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In addition, the bending moment per unit width in the s-axis direction (perpendicular to the fibers)
occurring in the culm wall is expressed by the following equation.
v _EP (d;u l)zEf 3 2s

ds r
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2.2. Elastic constitutive equations within the culm wall

The stresses that occur in the culm wall when the bamboo culm is subjected to bending consist of the
bending stress o, in the fiber parallel direction, the bending stress o, in the perpendicular direction due
to the Brazier effect, and circumferential stress resulting from other factors (for example, prestress
occurring during growth). However, since there is no direct method to determine the last component of
stress, and it is considered to be smaller than the bending stresses in both directions on the inner and
outer surfaces of the culm wall, this stress component will be ignored in the discussion here. Additionally,
given that the #D ratio (wall thickness to diameter ratio) for both Madake and Moso bamboo is
approximately 0.06 to 0.09 at most parts of the culm [10], and considering that there are no external
forces acting out of plane in this discussion, it is assumed that the culm wall is in a state of plane stress.
Furthermore, since the fibers of the bamboo are aligned parallel to the culm axis, anisotropy in the plane
is assumed for the culm wall, and the elastic constitutive equations are expressed as follows.

1 st

Ex = E_xabx _Eabs (8)
Xs 1

gs = E be +Eabx (9)

X N

Here, ¢, and ¢, represent strain in each direction, while v,; and vy, are the Poisson’s ratios corresponding
to these strains. In the formulation of this paper, pure bending is assumed, and shear deformation is
ignored. Furthermore, due to the symmetry of the constitutive equations, since Evs = Eyvy, it follows
that only three elastic constants, for instance, Ex, E, and vy, need to be determined experimentally.
Henceforth, the stresses and strains in the direction perpendicular to the fibers determined based on the
above formulation will be referred to as the Brazier effect theoretical values (BET).
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Figure 2: Diagram of strain distribution on the outer surface in the direction perpendicular to the fibers.

Fig. 2 is a conceptual diagram showing the distribution of strain & in the direction perpendicular to the
fibers on the outer skin of a bamboo culm when it is subjected to bending with compression at the upper
end. (a) represents the second term of Eq. (9) (strain due to the Brazier effect), assuming mirror-
symmetrical deformation with respect to the y-z axis, resulting in the maximum strain occurring at points
N, S, E, and W. Additionally, (b) corresponds to the first term of Eq. (9). The distribution of strain is
represented as the sum of these, as shown in (c), indicating that the maximum tensile strain occurs
slightly above points E and W.
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3. Bending and other preliminary test methods

3.1. Materials and test procedures

This study conducts experiments on Madake bamboo (Phyllostachys bambusoides) and Moso bamboo
(Phyllostachys edulis). Both were collected from a bamboo forest in Omihachiman-city, Shiga
Prefecture (35°15°N, 136°09’E), and were stored outdoors for several weeks to half a year after cutting,
protected from rain and wind. Additionally, due to the short storage period, no protective treatments
were applied.

As mentioned in the previous chapter, to evaluate the behavior of bamboo culms in the direction
perpendicular to the fibers under bending, it is necessary to identify multiple values of elastic constants.
Firstly, as a preliminary experiment, the Poisson’s ratio of the bamboo culm wall is determined through
a short column compression test, and the bending characteristics in the direction perpendicular to the
fibers are verified through a edge bearing test. Subsequently, the strain at multiple points of the bamboo
culm during the bending test is measured to verify consistency with the BET values.

3.2. Measurement of Poisson’s ratio

The measurement of Poisson’s ratio is conducted using the test method “10. Compression strength and
stiffness parallel to the fibres” from ISO 22157 [11], hereafter referred to as the “short column
compression test.” The test method is illustrated in Fig. 3. Strain gauges are affixed at two opposing
points on the outer and inner skins at the mid-height of the specimen, in both the direction parallel and
perpendicular to the fibers, measuring strain at a total of eight points. Here, it is assumed that the stress
in the direction perpendicular to the fibers is zero, and the Young’s modulus and Poisson’s ratio in the
direction parallel to the fibers are determined using the following formula.

o —0
Ex — x,60 x,20 (10)
€160 ~ €x20
€, 60 €, ,20
v, = _ 500 7sa0 (1 1)

5x,60 - 5x,20

Here, X5 and X¢ refer to the measurements at 20% and 60% of the maximum load, respectively. The
calculation of the Young’s modulus is conducted as outlined in ISO 22157, and the calculation of the
Poisson’s ratio follows a similar procedure.
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(a) Short-column compression test parallel to the fiber. (b) Cross-section plan: layout of strain guage.
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Figure 3: Method of measuring strain for calculating Poisson’s ratio in compression tests.

Table 1 presents the results for the Poisson’s ratio of each specimen. vy, is the measurement for the
inner skin, while vy is for the outer skin. There are a total of six specimens, comprising three of
Madake and three of Moso bamboo. Generally, the Young’s modulus in the direction parallel to the
fibers Ey, has a negative correlation with the culm diameter ([12], [13]), and thus, in this experiment, the
specimens with larger diameters have the smallest values of Ey. The values of vy, show considerable
variability, and no significant trends can be observed in comparisons either between bamboo species or
between the inner and outer sides of the culm walls. The statistical analysis of Poisson’s ratio remains a
topic for future study; for now, an average value of 0.26, encompassing all eight values from both
bamboo species and both the inner and outer skins, will be used for further discussion. It is worth noting,
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for example, that Ario et al. [14] have measured the Poisson’s ratio vy, of the culm wall of Moso bamboo
harvested in Japan, finding it to be around 0.3 for the outer skin. Similarly, pioneers in the study of
physical properties of bamboo, such as Janssen [15], have determined the Poisson’s ratio for Guadua
bamboo from South America to be approximately 0.3, which is close to the results obtained in this study.

Table 1: Measured Poisson’s ratio for each specimen.

Specimen D [mm] ¢ [mm] E [MPa] V x5 in V x5 out MC [%]
Madake-1 59.4 3.8 20940 0.27 0.31 9.38
Madake-2 82.4 5.0 24140 0.28 0.17 11.94
Madake-3 111.0 6.5 6770 0.33 0.25 14.86

Moso-1 63.6 5.8 12750 0.14 0.10 11.44

Moso-2 77.5 5.5 18464 0.33 0.36 10.00

Moso-3 105.6 7.5 9102 0.30 0.28 27.70
Mean value 0.28 0.24

Note: out = outer surface, in = inner surface, MC = moisture content ratio

3.3. Bending tests perpendicular to the fibers

The measurement of the bending characteristics of bamboo culm walls in the direction perpendicular to
the fibers is conducted in accordance with “15. Bending strength and stiffness perpendicular to the fibres”
of ISO 22157, hereinafter referred to as the “edge bearing test” ([16], [17]). Moreover, the edge bearing
test in ISO 22157 can result in two modes of failure, either at the NS or EW points, but predicting which
will occur is challenging. Therefore, edge bearing tests with pre-installed bending hinges on the bamboo
culm specimens are also conducted (Nagai et al. [6]).

Fig. 4 shows the method of sampling test specimens from bamboo culms and the testing method. For
each of Madake and Moso bamboo, three consecutive specimens are taken from a single bamboo culm,
designated for NS-hinged, EW-hinged, and ISO (non-hinged) testing, respectively. To measure the
maximum bending strain at the failure points in each failure mode, strain gauges are attached at four
locations on the inner and outer skins at points E and W for the NS-hinged specimens, and at four
locations on the inner and outer skins at points N and S for the EW-hinged specimens.

y y 4»
— Hinge A S 4 : Strain guage
E e e te

(a) Sampling method (b) EW-hinge test (c) NS-hinge test (d) Edge bearing test (ISO 22157)

Figure 4: Method for measuring strain to calculate properties perpendicular to the fibers in edge bearing tests.

Table 2: Measured strain at maximum load in each edge bearing test.

Maximum strain at mesured loacation

D t MmC

Species  Test method (om]  [mm] (%] N ' S ' E ' W '
out n out n out in out in Mean
EWH 93.1 5.9 163 -147 228 -124 255 2.41
Madake NSH 92.1 5.5 18.4 0.78 -0.86 0.69 -0.82 0.71
1SO 92.3 53 176  -1.02 165 -095 179 071 -0.88 0.65 -091
EWH 93.3 7.4 364 -140 171 -149 159 1.65
Moso NSH 93.0 6.9 26.0 0.68 -0.76 0.78 -0.82 0.72
ISO 92.7 7.6 170  -1.15 119 -094 1.06 068 -091 0.76 -0.92

Note: EWH = EW-hinge test, NSH = N S-hinge test.

Unit of strain = %, out = outer surface, in = inner surface. Bold = strain at failure location

Table 2 shows the specifications of the specimens and the strains measured at various locations at
maximum load. Positive values indicate tensile strain, while negative values indicate compressive strain.
The strain on the inner side of the same location is greater in all tests compared to the outer side.
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Furthermore, bold values represent the strain at locations where tensile failure occurred, and for both
types of bamboo, the strain is smaller in cases where failure occurs on the outer skin.

3.4. Bending test method

Fig. 5 shows the method for bending test of bamboo culms and the locations for measuring strain. BT1
to BT3 are for Madake, and BT4 to BT6 are for Moso bamboo. The loading method used is a three-point
bending with concentrated load applied at the center of the span. While ISO 22157 recommends a four-
point bending test method for bamboo culms, studies such as Horie [18] have compared three-point and
four-point bending and shown that there is no significant difference in bending strength. This is
considered to be because the failure of bamboo culms does not occur in the pure bending section but is
often preceded by failure at the loading point, leading to maximum load, a result also confirmed by the
authors in preliminary experiments. Therefore, due to the limitations of the maximum span and
displacement stroke possible with the experimental setup available to the authors, a three-point bending
was chosen.
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Figure 5: Left: method for bending test of bamboo culm. Right: strain measuring points in bending test
specimens.

Table 3: Dimensions of specimens for the bending test.

Species Madake Moso
Position Dimension BT1 BT2 BT3 BT4 BT5 BT6
D [mm]| 732 71.0 63.7 | 684 684 62.7
t [mm] | 5.9 4.7 44 5.4 5.6 5.1
¢ Linc [mm] | 344 394 430 454 326 314
Linc/D 4.7 5.5 6.8 6.6 4.8 5.0
D [mm]| 732 72,6 656 | 71.0 703 649
t [mm] | 5.5 4.9 4.5 5.6 5.7 54
D Linp [mm] | 344 388 430 458 314 308
Linp/D 4.7 53 6.6 6.5 4.5 4.7
I D [mm] [ 69.1 748 66.8 | 73.2 716  66.2
t [mm]| 8.3 5.4 4.7 5.7 6.0 5.7
] D [mm]| 732 675 605 | 646 652 59.8
t [mm]| 5.3 4.7 4.4 6.0 5.4 5.0
L [mm] | 2000 1800 1800 | 1500 1500 1280
Lcp [mm] | 70 391 430 464 337 322

The loading point C is positioned exactly in the middle of the internode. Furthermore, following the ISO
22157 method, the loading span was determined to ensure a shear span ratio of more than 10. The strain
measurement locations are all in the middle of an internode. For BT1, strain is measured in the fiber
parallel direction at points N and S and in the fiber perpendicular direction at points N, S, E, and W at
the loading point C, as well as at points N, S, E, and W in the fiber perpendicular direction at point D (a
position avoiding the loading fixture) within the same internode as the loading point C. For BT2 to BT6,
strain is measured in the fiber perpendicular direction at points N, S, E, and W at the loading point C, in
the fiber parallel direction at points N and S, and in the fiber perpendicular direction at points N, S, E,
and W in the middle of the internode adjacent to the internode containing the loading point (point D).
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Although it is predicted that the fiber perpendicular direction bending failure of the culm wall occurs
slightly above points E and W, as mentioned earlier, it is difficult to specify that location before the
experiment, so the strain at points E and W, considered close to the potential failure location, is measured.

Table 3 shows the dimensional values for various parts of the test specimens. The bamboo poles used
for the bending test specimens were all harvested from different bamboo culms. D and ¢ represent the
culm diameter and wall thickness at each measurement point, respectively, while Li, is the internode
length at that measurement point. The ratio of internode length to diameter (Lin/D) at the locations where
strain was measured ranges from 4.4 to 6.8. According to the method reported in Nagai ef al. [6], when
calculating the restraining effect of nodes due to the Brazier effect, it was found that at stress levels
below 100 N/mm?, the conditions do not produce a cross-sectional flattening restraint effect due to the
nodes.

Additionally, after conducting the bending tests, specimens were extracted from the bamboo culms
avoiding areas of high stress or damage, and were cross-sectioned for further mechanical tests including
short column compression, hinged-edge bearing, and shear tests, as well as for measuring the moisture
content and specific gravity of each specimen.

4. Results and discussion of bending tests

Table 4 presents the characteristic values of the specimens obtained from the tests. The photographs in
Fig. 6 show examples near the central loading point at the time of bending failure. In all specimens, the
maximum load was reached when splitting occurred slightly above points E and W along the culm axis,
followed by a rapid decrease in load and subsequent splitting at points N and S, leading to the final state.
The shear stress at the maximum load in all tests is assumed to be below 1.0 N/mm?, which is
considerably lower than the shear strength, indicating that this splitting is not due to shear failure.

Table 4: Measured mechanical and physical properties of specimens for the bending test.

Species Madake Moso
Properties BT1 BT2 BT3 Mean BT4 BT5 BT6 Mean
MC [%] 89.0 68.1 73.0 76.7 21.5 45.6 31.1 32.7
P dry 0.64 0.69 0.69 0.67 0.60 0.82 0.82 0.75
fe [N/mmz] 48.1 53.8 57.7 532 43.6 75.6 70.1 63.1
fs [N/mmz] 9.1 11.9 13.6 11.5 10.0 14.1 15.1 13.1
Sox [N/mmz] 80.3 95.5 95.3 90.4 98.7 108.2 101.3 102.7
E py [N/mmz] 17992.97 20713.88 20036.92 19581 14085.61 1335571 16776.99 14739
Sbsin [N/mmz] 23.0 25.4 28.2 25.5 26.8 43.7 48.9 39.8
Epsin [N/mmz] 1173 1238 1748 1386 1307 2634 2289 2077
Sbs out [N/mmz] 10.8 11.5 11.1 11.1 11.8 15.3 18.8 15.3
E b out [N/mmz] 1186 1319 1329 1278 2846 2846 2573 2755

Note: /. = compression strength parallel to fibre, f; = shear strength parallel to fibre,
s = bending strength parallel to fibre, £ ,, = bending Young's modulus parallel to fibre,
f»sin = bending strength perpendicular to fibre, E ,, in = bending Young's modulus perpendicular to fibre,

Fig. 7(a) shows the relationship between the bending stress o, (calculated) in the fiber parallel direction
at the upper and lower edges (points N & S) of the loading point C for each specimen and the
displacement at the loading point d.. os« is calculated by dividing the bending moment at the loading
point by the section modulus at the same location. Meanwhile, Fig. 7(b) illustrates the relationship
between oy, and the fiber parallel direction strain ¢, (measured value), with the results at point C for BT 1,
and at point D for BT2 to BT6. gy, is calculated by dividing the bending moment at the measurement
location by the section modulus for that location. The sign of the strain indicates tension as positive and
compression as negative. The measurements for BT1, possibly due to being directly beneath the loading
fixture, show a curve that significantly deviates from the others at points N (compression edge) and S
(tension edge). In other tests, the strains at points N and S are almost symmetric and linear.
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Figure 6: Photos of culm wall bending failure in the bending tests. Left: BT2; Right: BTS.
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Figure 8: Relationships between measured strain perpendicular to the fibers and calculated bending stress.

Regarding the strain in the direction perpendicular to the fibers, only the results measured at point D are
shown. This is because, at the loading point C, where the external force directly acts, the measured strain
at each point significantly diverges from the BET values. Fig. 8 illustrates the relationship between the
bending stress o, (calculated value) in the fiber parallel direction and the fiber perpendicular direction
strain &, (measured value) at point D. “EW” represents the average value of strains at points E and W.
The dotted lines are the values based on BET for each measurement location, calculated using the cross-
sectional dimensions at the measurement points and the Young’s moduli in both parallel and
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perpendicular directions to the fibers. For these calculations, the value of vy, was taken as 0.26, the
Young’s modulus in the fiber parallel direction for each specimen was taken from Ej, and the Young’s
modulus in the perpendicular direction was the average of Ejpin and Epson in Table 4. Except for BT1,
where the central loading point C and point D are closely situated, the results generally align well with
BET, with BT3 and BT4 showing good agreement across all load levels, and BT5 and BT6 aligning
very closely at lower load levels. Therefore, despite some variability among specimens, it can be said
that the formulation based on the Brazier effect theory is very effective in some cases.

Table 5 summarizes the average strain values at points E and W at the maximum load for each test.
Compared to the maximum bending strain in the direction perpendicular to the fibers (about 0.7%)
obtained from the edge bearing test mentioned in the previous chapter, BT2 and BT4 show very close
values, while the other specimens exhibit larger values. Whether this discrepancy is due to the variability
in the material properties of bamboo culms or other causes remains a topic for future investigation.

Table 5: Tensile strain at either E or W point at maximum load in each bending test.

Species Madake Moso
BTI BT2 BT3 BT4 BTS BT6
1.08%  0.73% 0.81% | 0.69% 1.35% 1.20%
Mean 0.88% 1.08%

5. Conclusion

A formulation based on the Brazier effect theory (BET) was conducted for the elastic stresses and strains
in the fiber perpendicular direction that occur when bamboo culms undergo bending along the culm axis.
The results of bending tests using specimens of Madake and Moso bamboo, compared with the BET
values, showed good agreement, especially at locations not directly subjected to external forces.
However, the strains in the fiber perpendicular direction at maximum load were often slightly higher
than the maximum strains determined in preliminary experiments. Investigating the statistical values of
these characteristics and their causes will be a subject for future research. Additionally, we aim to further
develop a systematic approach to effectively utilize bamboo as a structural material for spatial structures.
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