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ABSTRACT

This study determines analytically the critical failure mechanisms that lead to bamboo culm bending
failure, and predicts the failure moment. Specifically, the study examines four distinct failure
mechanisms: Brazier instability, longitudinal tension/compression, tension perpendicular to the fibers,
and shear parallel to the fibers. After identifying the critical failure mechanisms, the study utilizes the
derived analytical expressions to predict the failure moment for three bamboo species; i.e., Moso,
Guadua and Kao Jue. It compares the analytical predictions to experimental results, concluding that the
proposed equations are sufficiently accurate in their prediction of failure moment, although they tend
to slightly underestimate it.
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INTRODUCTION

Bamboo has been increasingly popular as a structural material in recent decades, because of its cost-
efficiency, high strength-to-weight ratio (Janssen, 1981), and sustainability (Wu et al., 2015). However,
currently there is incomplete understanding on bamboo structural member behavior, and especially on
full-culm bamboo flexural members.

Full-culm bamboo flexural members exhibit intricate behavior, because of the tubular culm shape and
bamboo morphology (Wang et al., 2012, Dixon & Gibson, 2014, Mannan et al., 2017, Akinbade et al.,
2019), which resembles a uni-directional fiber-reinforced composite (Amada et al., 1997). Hence,
bamboo culms subjected to bending can fail in various ways, such as longitudinal splitting, culm wall
buckling, or culm collapse (Trujillo et al., 2017). These are all common failure modes observed
experimentally, yet bamboo testing standards (e.g., ISO 22157:2019) dictate that they should be
avoided, while bamboo design standards (e.g., ISO 22156:2021) specify bamboo culm geometric
characteristics to prevent them.

The underlying mechanisms behind these failure modes are unclear. For example, some studies attribute
longitudinal splitting to circumferential tension (Lorenzo et al., 2021, Wegst & Ashby, 2007, Mitch et
al., 2010, Sharma et al. 2013), while others to shear, or shear-circumferential tension interaction
(Tryjillo et al., 2017, Richard et al., 2017). The uncertainty on failure mode underlying mechanisms,
combined with the fact that bamboo culm modulus of rupture (MOR) is case-specific (as it depends on
culm geometry and density, e.g., Gnanaharan et al., 1995), complicate the development of a universal
approach to determine the failure load of full-culm bamboo flexural members.

This study aims to identify the critical failure modes and provide analytical tools for the prediction of
the failure load of bamboo culms subjected to bending. Thus, the study aims to facilitate the rational
engineering design of bamboo structures.



FAILURE MECHANISMS AND CRITICAL BENDING MOMENT

This section examines four potential failure mechanisms of bamboo culms subjected to bending,
namely; Brazier instability, longitudinal tension/compression, longitudinal splitting induced by
circumferential tension, and shear-induced longitudinal splitting. The section calculates the critical
bending moment at which each of the failure modes occurs (fig. 1a), as a function of culm geometry
and material properties. Culm geometry is taken into account via the culm shape factor ¢ (Wegst &

Ashby, 2007), equal to the ratio of culm midline radius to thickness:

p=— Eq. 1

Shape factor ¢ associates with the ratio of culm external diameter D, to thickness # as:
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Figure 1: Notation of bending moments and cross-section loading.

The first failure mechanism under consideration is Brazier instability (Brazier & Southwell, 1927).
Specifically, when a circular tube is subjected to bending, its cross-section tends to ovalize, ultimately
causing local kinking of the tube. This happens at a critical value of the bending moment (Brazier
moment, Mg). That critical value for an orthotropic tube is (Wegst & Ashby, 2007):
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where ¢ is the culm shape factor (eq. 1), 4=27Rt is the tube cross-section area, E, the longitudinal

Young’s modulus and £ the transverse Young’s modulus.



Further, the critical bending moment for failure in the longitudinal direction (M;) —in tension or
compression— is (Wegst & Ashby, 2007):
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where o, is the tensile or compressive strength (whichever is lower) in the longitudinal direction.

For longitudinal splitting because of shear, consider a three-point or a four-point bending test (e.g., fig.
la), which are the most common bending test configurations for bamboo. The critical bending moment
for shear-induced splitting (M) at a load application point is (Mouka et al, 2022):
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where 7, is the shear strength parallel to the fibers and n = L/ (2R) a parameter introduced by Mouka

et al, 2022, that denotes the normalized with culm midline diameter shear span length (L denotes the
shear span length, fig. 1a).

Finally, for splitting induced by circumferential tension, we associate the bending moment in the plane
of the cross-section (i.e., the moment that causes the circumferential tension, M, fig. 1b) with culm
ovalization, and subsequently associate ovalization with the bending moment M, that is its origin
(bending moment M, causes bending in the longitudinal direction, fig. 1a). Bending moment M"
depends on the assumed loading in the plane of the cross-section. Consider the loading of fig. 1¢, which
involves a point load W resisted by a shear flow w(w) along the culm circumference (where w is the
angular coordinate along the circumference, fig. 1¢). The assumed shear flow distribution is as follows:

v(w):Wsina) Eq. 6
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The resulting bending moment M (fig. 1b) that causes bending in the cross-section plane is (Young &
Budynas, 2002):
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Subsequently, following the procedure described in Wegst & Ashby, 2007, and taking into account eq.
7, the critical bending moment at which circumferential-tension-induced splitting occurs (M,, fig. 1a)
is (Mouka et al. 2022):
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where o, is the tensile strength in the circumferential direction (perpendicular to the fibers).

Failure map
After deriving analytical expressions for the failure moment of each failure mechanism, this study
constructs “failure maps” for three bamboo species —i.e., Moso (Phyllostachys pubescens), Guadua



(Guadua angustifolia Kunth) and Kao Jue (Bambusa pervariabilis)— to determine the critical failure
mechanism of each species (fig. 2). The failure maps illustrate the critical bending moment as a function
of shape factor ¢ (eq. 1) or, alternatively, the ratio of external diameter to thickness (eq. 2). Table 1

lists the material properties adopted in the failure maps. Figure 2 shows that Brazier instability and
shear-induced longitudinal splitting are not critical failure modes for typical material property values of
the bamboo species under consideration. Regarding the remaining failure modes, Moso is more likely
to fail in circumferential tension, while Kao Jue in longitudinal compression. Guadua can fail in either
of the two mechanisms, depending on the culm shape factor. The critical shape factor that marks the
change of failure mode from longitudinal compression to circumferential tension occurs from egs. 4

and 8:
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When ¢ < ¢, failure occurs by longitudinal compression, and, when ¢ > @, , failure occurs by tension

perpendicular to the fibers.

D, %t b £
5 10 15 20 5 10 15 20
100 ‘ 100 e ‘ ; ‘
typical shapei Moso typical shape Guadua

factor range : factoI? range

a) Failure map for Moso b) Failure map for Guadua
D /t
o Legend
5 10 15 20
10 ! = ! ‘ | ‘ —©— Brazier instability
1 .
i typical shape Kao Jue —+—|ongitudinal compression
= ifaCtor range —e—circumferential tensior
% ¢ ! —¥—shear parallel to the fibers
A 1
[fo) -1t i
- 10 : @ =5.0 @=4.2 @¢=34
I ¥ .
S ' i
i
1¢p=3.4
102 — — ' ‘
2 4 6 8 10
¢

¢) Failure map for Kao Jue



Figure 2: Failure maps (normalized critical moment versus shape factor ¢ or external radius to
thickness ratio D,/t) for Moso, Guadua, and Kao Jue. The depicted curve for shear parallel to the
fibers assumes normalized shear span length n=10.

Table 1: Bamboo material properties adopted in the failure maps (property values in MPa)

Moso Guadua Kao Jue
value study value study value study
E“ 12320 | Lorenzo etal., 2021 | 17204 | Trujillo etal., 2017 | 18500 Chung & Yu, 2002

EJ_ 1355 Moran et al., 2017 864 Moran et al., 2017 429 Mouka & Dimitrakopoulos, 2021

Oy 72.2 | Lorenzoetal,2021 | 58.0 | Lorenzoetal., 2020 | 69.0 Chung & Yu, 2002
o, 3.0 Lorenzo et al., 2021 3.7 Moran et al., 2017 17.0 | Mouka & Dimitrakopoulos, 2021
T 21.8 | Lorenzoetal.,, 2021 | 12.0 | Lorenzoetal., 2020 | 19.4 Paraskeva et al., 2017

Figure 3 plots ¢, as a function of the dimensionless parameters £, /o, and o, / (EHG lu) (eq. 9)

for typical bamboo material properties. It shows that ¢ is practically independent of ratio £, /o,

except for low values of £, /o, (approximately lower than 80). Low value of £, /o, in practice

means high circumferential tensile strength compared to the circumferential Young’s modulus, as for
example is the case for Kao Jue (Table 1).
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Figure 3: Critical shape factor ¢, as a function of dimensionless parameters £, /o, and

o /(EHGM) (eq. 9).

ull

COMPARISON WITH EXPERIMENTAL RESULTS

This section verifies the predictions of the herein derived equations with pertinent experimental results
for the three bamboo species under consideration. For Moso, we consider the four-point bending
experimental results of Lorenzo et al., 2021. Figure 4b compares the prediction of eq. 8 with the
maximum experimental load Fma and a nominal experimental failure load Fu. Fu occurs from the
experimental force-displacement curves, as the force at the intersection of two lines: the first line is
defined by the experimental datapoints at 20% and 60% of the maximum load Frax (presumed elastic
region, [SO22157:2019), and the second line by the datapoints at 90% and 100% of the maximum load

Frmax (fig. 4a). The results of fig. 4b adopt actual values of E, and ¢ for each specimen (according to



the pertinent study), and show that eq. 8 predicts F, with sufficient accuracy (average absolute error
8%), but it underestimates Fmax.
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Figure 4: Comparison between experimental and predicted failure load for Moso (experimental data:
Lorenzo et al 2021).

For Guadua, fig. 5 compares the predictions of the herein derived equations with the four-point bending
experimental results of Trujillo et al., 2017. The predicted values occur utilizing actual specimen
geometrical data and average material properties (Table 1). The predicted failure moment occurs as the
minimum of egs. 4 and 8. Predicted and experimental results exhibit similar correlations between failure
moment and external diameter (fig. 5). However, the analytical prediction tends to underestimate the
experimental values (by 18% on average). A reason for this is that the predicted failure moment refers

to the bending moment of failure initiation and not to the maximum bending moment (Mmax), which
occurs after failure initiation.
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Figure 5: Comparison between experimental and predicted failure load for Guadua (experimental
trendline: Trujillo et al 2017).

Regarding Kao Jue, experimental data of bending tests are scarce. Table 2 compares the failure moment
predicted by this study (eq. 4) with average experimental values of Chung & Yu, 2002 and Paraskeva



et al, 2017. The results indicate that, adopting average material and geometrical properties, the herein
developed equations accurately predict the average experimental values, underestimating them only
slightly (by 2.5% to 3.5%).

Table 2: Evaluation of failure moment prediction for Kao Jue

E experimental failure predicted failure error
study I moment M, moment M M,-M,
(MPa) (kNm) (kNm) M,
Chung & Yu, 2002 18500 0.368 0.355 -3.5%
Paraskeva et al., 2017 12104 0.371 0.361 -2.6%
CONCLUSIONS

Full-culm bamboo flexural behavior is complex, as it depends on numerous factors (e.g., culm
geometry, material properties, various failure modes). The present study identifies the critical failure
mechanisms of bamboo culms subjected to bending, and develops analytical expressions for the
prediction of the failure load. Considering typical material and geometrical properties for three bamboo
species (Moso, Guadua, and Kao Jue), the study concludes that critical failure mode for Moso is splitting
induced by circumferential tension, while Kao Jue is most likely to fail in longitudinal compression.
Guadua can fail in either of the two, depending on culm shape factor (ratio of midline radius to
thickness). An evaluation of the proposed analytical expressions with pertinent experimental results
indicates that the analytical expressions are sufficiently accurate in their predictions, although they tend
to underestimate the failure load. Overall, the present study provides analytical tools for the rational
engineering design of full-culm bamboo flexural members, which is an important step towards a wider
adoption of bamboo in construction.
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