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ABSTRACT

This study uses numerical simulation to explore the performance of a portable bamboo
girder designed for emergency scenarios and compares it to its steel counterpart.
It underscores bamboo’s appeal, offering a lightweight, quickly deployable, and
eco-friendly alternative to steel. The research aims to assess bamboo’s viability in
emergency bridge construction, utilising SOLIDWORKS and ANSYS to create and
simulate bamboo and steel girders. A bamboo girder aimed at humanitarian assistance
and disaster relief (HADR) operations was analysed through ANSYS software under
a Toyota Hilux truck’s weight. Material properties, loads, and boundary conditions
were defined for an accurate simulation. Three individual bamboo culms were tested
in four-point flexural experiments, and the results revealed a modulus of elasticity of
14583 MPa and a local failure due to crushing and splitting with an ultimate strength of
263 MPa. Finite element analysis results indicated that the bamboo girder had a stress

of 85.56 MPa and a deflection of 84.68

mm. Although the steel girder showed
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lower deflection, it had significantly higher
stresses and weighed 180% more than the
bamboo version. The bamboo girder’s
deflection surpassed the recommended
limit under a fully loaded truck, indicating
room for improvement. However, stress
analysis revealed that the bamboo’s
structural integrity remained below its
design strength. Conversely, the steel girder
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exhibited higher stresses and considerably greater weight. Despite deflection concerns,
the bamboo girder demonstrated structural soundness and lower weight compared to
steel. This positions it as a viable solution for swift emergency deployment, warranting
further refinement for enhanced performance.

Keywords: Bamboo girder, finite element method, simulation, sustainability

INTRODUCTION

Sustainable development and green technology have become the major engineering
themes in the 21* century, specifically in civil and structural engineering. New
environmentally friendly materials such as composite polymer and bio-composite
materials are developed to partially replace conventional construction materials such as
steel and concrete (Rahman et al., 2023; Najeeb et al., 2023). On the other hand, bamboo
has been identified as one of the alternative construction materials for building and bridge
structures. Bamboo is abundant and well-known for its ability to withstand high bending
stress, tensile stress and compressive stress, according to Bahari and Krause (Bahari &
Krause, 2016). Apart from exhibiting a high strength-to-weight ratio, bamboo culms
are fast-growing, mature in three years, and reach the peak of their strength. In China,
bamboo was used to construct simple suspension bridges by splitting the bamboo to
make cables or twisting whole culms of pliable bamboo together (Akinlabi et al., 2017;
Liu et al., 2018). The utilisation of bamboo as an alternative construction material for
buildings and bridges has been widely known. Modern studies have proven the use of
bamboo in the construction of houses (Salzer et al., 2016), multistorey buildings (Yang
et al., 2020) and various types of bridges (Amede et al., 2021). Because of its unique
rhizome-dependent system, bamboo is one of the fastest-growing plants in the world,
growing three times faster than most other plant species (Liu et al., 2022).
Additionally, bamboo can be utilised as a stand-alone material. Bamboo may be a
viable substitute for steel, concrete, and masonry (Egoh et al., 2020; Auwalu & Dickson,
2019). Numerous bridges and expansive roofs with long spans have been erected in
regions where bamboo cultivation thrives. An instance from 1937 involves the United
States army, which ingeniously employed bamboo for a bridge in the Philippines (Chung
& Yu, 2002). This bamboo bridge extended to 15 meters and showcased a remarkable
capacity to endure a load of 16 kN. In contemporary times, bridge construction has
leveraged laminated bamboo techniques. In 2006, the inaugural prototype of a bamboo
bridge was introduced to experiment with laminated bamboo’s application. Yan et al.
(2010) documented the creation of girder samples composed of bamboo, subsequently
utilised in erecting a 10-meter pedestrian bridge in Daozi. The bridge’s surface was
covered with precast concrete formed from reinforced bamboo strips. In addition, two
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bamboo bridge projects in China have also shown that using nature-based solutions like
bamboo can result in significantly fewer CO, emissions compared to similar bridges
made of concrete or steel (Rong et al., 2022).

During peacetime, rapid bridging construction is needed to temporarily replace a
damaged bridge caused by natural disasters such as floods, landslides, earthquakes or
tsunamis. In this situation, a portable bridge is usually utilised while the new bridge is
constructed. Portable bridging has been identified as the fastest and the most effective
solution to open up the line of communication for Humanitarian Assistance and Disaster
Relief (HADR) operations (Musthaffa et al., 2018). In this study, a portable bridge girder
intended for small vehicles and made primarily from bamboo was modelled and analysed.
The girder has some steel parts to hold the bamboo culms together, ensure they work as
one unit, and provide a way to connect multiple segments as needed. The finite element
numerical simulation was conducted using ANSY'S software to investigate the girder’s
performance and deformation under the gross weight of a Toyota Hilux truck. This design
provides a quick deployment time and the ability to expand for longer spans while being
environmentally sustainable using a natural and lightweight material.

MATERIAL EXPERIMENT

Based on availability in Malaysia, Buluh Semantan (Gigantochloa scortechinii) bamboo
harvested from Hulu Selangor was obtained at 3 to 5 years old. These bamboo culms have
a length of around 4.58 m, an outer diameter between 95 and 120 mm with an average of
100 mm, and a thickness between 6 and 13 mm with an average of 10 mm.

In order to establish the properties of the bamboo members used in the analysis,
a set of four-point bending experimental tests was conducted to assess the structural
behaviour of the material under applied loads according to ISO 22157:2004 (ISO 22157-
2:2004, 2004). The tests were conducted on three full bamboo tubes with a length of 4
m in a four-point bending setup, as shown in Figure 1. The setup consisted of a rigid
steel frame with two fixed supports and two loading points spaced at a specific distance
along the specimens according to the distance of nodes. ISO 22157:2004 defines the
minimum free span of the culm to avoid failure by a transverse force to be 30D, where
D is the outer diameter. This minimum span is around 3054 mm for the bamboo culms
used in the experiments.

The specimens were positioned, and load was incrementally applied at a uniformly
constant speed of 0.5 mm/s to induce bending. The test results revealed that the
material failed locally due to crushing and splitting, as displayed in Figure 2. The
average modulus of elasticity was 14583 MPa, and the average ultimate strength was
263 MPa, which will be used in the numerical simulation. The flexural test results are
summarised in Table 1.
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Figure 2. Local failure of bamboo due to crushing and splitting

Table 1
Summary of four-point bending experimental results
Inner Outer . Support  Loading Modulus Ultimate
Sample ID diameter diameter Th(lr:::; s span span of elasticity  strength
(mm) (mm) (mm) (mm) (MPa) (MPa)
B1 80.5 98.3 8.9 3,260 580 13306.6 235.1
B2 78.3 104.5 13.1 3,760 855 15859.7 287.5
B3 78.8 102.4 11.8 3,450 765 14585.5 266.5
Average 79.2 101.8 11.3 - - 14583.9 263.0
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FINITE ELEMENT ANALYSIS METHODOLOGY

The 3D model of the girder is divided into two segments for ease of transportation and
deployment. Each segment contains a 12-tube bamboo bundle, a steel connection at each
end, and a steel plate on top. Figure 3 displays a flowchart for the methodology overview.

Create the 3D Define Deflne:\ Poundary Meshing
. conditions and Run FEA
CAD model materials loads parts

Figure 3. Methodology overview

Creating the 3D Model

The girder was created separately and assembled into the final girder in SOLIDWORKS.
The bamboo bundle is 4 m long and is arranged in a 3%4 formation, as shown in Figure
4 (a). The average dimensions taken from Table 1 are used in creating the bamboo cross
sections where each bamboo tube has an outer diameter of 100 mm and an inner diameter of
80 mm, giving the bundle a total width of 300 mm and a total depth of 400 mm. In addition,
there are steel connections, which can be seen in Figure 4 (b), at each end with the same
dimensions that provide a way to connect segments to create a longer-span girder. In order

Steel plate

=
® 100 mm —; - -

® 80 mm - ® 30 mm .~ Bamboo

~' 440 mm

Steel -7 7 ~
‘ 68 mm | O
bracket \ IE
“~—340mm— 68 mm < 400 mm >
(@) (b)

y < Steel plate
Steel . Steel <
connection plate
_Bamboo
Bamboo i

Steel bracket

() (d)
Figure 4. Parts dimensions: (a) cross-section of a bamboo bundle; (b) Steel connection; (c) Support pad;
and (d) Loading pad

750;;7‘
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to keep the bundle in its 3x4 arrangement and work as one unit, four steel brackets were
created at 800 mm spacing, as seen in Figure 5, each with a thickness of 20 mm. Moreover,
load and support pads were created to apply the loading and boundary conditions on the
girder, as displayed in Figures 4 (¢) and (d). The loading pads’ dimensions of 100200 mm
are the wheel patches that a car would form on the girder. At the same time, the loading
span is 3085 mm based on the Toyota Hilux truck’s dimensions and positioned on the
girder to induce the maximum bending moment.

P/2 3085 mm |P/2
v

m

4, A
| 7748 mm \ Symmetry
P/2 plane P/2

Figure 5. The full two segments girder

Generating the Numerical Model

After creating the fully assembled 3D model was transferred to ANSYS to generate the
numerical model where materials are defined, loads and boundary conditions are assigned,
and the simulation results are checked. Three materials were defined and used in the
simulation, as shown in Table 2. A bamboo material is used for all the bamboo tubes, and
structural steel is used for all the steel parts like the connections, brackets, and top plates.
As for the loading and support pads, a soft, nearly incompressible material was created
to transfer the loads while preventing stress concentrations at their locations and helping
with convergence. The average modulus of elasticity obtained from the experimental
flexural tests was used. On the other hand, design strength is used to assess the safety and
feasibility of the bamboo girder design, which was obtained by utilising a factor of safety
1.5 for the ultimate strength, which would cover the uncertainty in bamboo strength, as
shown in Equation 1.

Design strength — Ultimate strength [1]

1.5

To take advantage of the symmetry in this girder and to reduce the computation time,

only half of this girder was transferred to ANSYS, and a symmetry plane was created.
As seen in Figure 5, the loading configuration follows the spacing and loads of a Toyota
Hilux with a total gross weight of 28.5 kN. Furthermore, a dynamic amplification factor
@ that takes account of the dynamic magnification of stresses and vibration effects in the
structure should be considered in a quasi-static analysis according to EN-1991-2 (Technical
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Table 2
Material properties
Property Bamboo Structural Steel Bearing Pads

Density (Kg/m®) 740 7850 1
Modulus of Elasticity (MPa) 14583 200000 70
Poisson's Ratio 0.3 0.3 0.4999
Ultimate Strength (MPa) 263 460 -
Design/Yield Strength (MPa) 175 250 -

Committee CEN, 2003). Although the code disregards the dynamic factor for vehicles
moving at low speed (not more than 5 km/h), it requires the inclusion of a dynamic factor
for vehicles moving at normal speed (70 km/h). For the case of a vehicle moving at normal
speed, this factor is taken as illustrated in Equation 2:

L
¢=140—>1 2]

where L is the span length for a simply supported girder in meters, it is around 1.3 for this
girder, which makes the total load 37.05 kN. Since this girder is part of a bridge system
consisting of 2 girders, only half of the total load was applied on this girder, which comes to P
=18.53 kN, giving each loading pad a downward force 0f 9.26 kN. Moreover, the self-weight
of the girder was added by defining the standard earth gravity acceleration of 9.81 m/s?, and
fixed support was applied to the bottom of the support pads, as illustrated in Figures 6 and 7.

For meshing, ANSYS offers a comprehensive library of elements that covers a wide
range of engineering problems such as thermal, fluid, stress and many more. In this
simulation, higher-order 3D solid elements exhibiting quadratic displacement behaviour
were used for accuracy. Most solid elements were SOLID186, a higher-order 3D 20-node
solid element that exhibits quadratic displacement behaviour. This element is defined by
20 nodes with three degrees of freedom per node: translations in the directions of the nodal
X, Y, and z. In addition, some elements of SOLID187 were used, such as a higher order
3D, 10-node element with a quadratic displacement behaviour well suited to modelling
irregular meshes. Both elements above can be seen in Figure 8.

E Standard Earth Gravity: 9.8066 mfst
[BY Force: 9260. N
. Fixed Support

. B
===

Symmetry plane

Figure 6. Defining self-weight, applied force, fixed support, and the symmetry plane
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Downward applied
force = 9260 N

Fixed support

Figure 7. Defining boundary conditions and loads

(@) (b)

Figure 8. The geometry, node locations, and the element coordinate system for: (a) SOLID186; and (b)
SOLID187 (Ansys Inc., 2017)

Furthermore, a mesh independence check was conducted, starting with a 20 mm mesh
size while checking the maximum equivalent stress in bamboo (Table 3). Increasing the
number of elements over six times to nearly 525000 resulted in a slight decrease in the stress.

Therefore, a global size of 20 mm was chosen to balance accuracy with computational
time, as seen in Figure 9. It resulted in a total number of nodes 270572 and a total number
of solid elements 79803. ANSYS offers many types of contacts to define the behaviour
between different parts coming into contact with each other, such as bonded, frictional, and
frictionless. The contacts between the support and loading pads and the steel parts they touch
were defined as bonded, a linear contact that prevents sliding and separation. The contacts
and interactions between bamboo tubes were defined as frictional contact with a friction
coefficient of 0.1, a nonlinear contact type that allows separation and sliding with some
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Table 3

Mesh independence study
Iteration Equivalent Stress Bamboo (MPa) Change (%) Nodes Elements
1 85.564 - 270572 79803
2 83.977 -1.85 926570 526237

friction. Moreover, the contact between
bamboo tubes and surrounding steel parts
was also defined as frictional contact with a
friction coefficient of 0.1. Accordingly, the
total number of contact elements is found
to be 64090. The contact pair elements used
are CONTA174 and TARGE170. The first
element, CONTA174, represents contact  gigure 9. The meshing size is 20 mm

and sliding between 3D target surfaces and

a deformable surface defined by this element. It has the same geometric characteristics as
the solid or shell element face with which it is connected, and the contact occurs when the
element surface penetrates an associated target surface. On the other hand, TARGE170 is
used to represent various 3D “target” surfaces for the associated contact elements, such
as CONTA174, where the contact elements themselves overlay the solid, shell, or line
elements describing the boundary of a deformable body and are potentially in contact with
the target surface. As for the steel parts, they are considered to be welded together, and as
a result, a mesh continuity was provided between them.

The Governing Equations

For many structures, it is difficult to determine the distribution of deformation and stress
using conventional methods, and thus the finite element method (FEM) is necessarily used.
This method is a powerful numerical technique for solving partial differential equations
and analysing complex physical systems in engineering and science. FEM starts by
creating what is known as a mesh which divides a complex physical domain into small
elements connected at rigid points called nodes. Each element has a mathematical function,
known as the shape function, which describes and approximates the behaviour of the
physical quantities within the element based on the element’s geometry and connectivity.
Additionally, these elements are bound and behave according to the governing equations,
which are the equations that define the principles of physics and describe the behaviour of
the system under consideration. In the case of static structural analysis, they are (1) material
constitutive equations, (2) equilibrium equations, and (3) displacement-strain equations.
These equations express the relationships between the physical quantities and external
forces, ensuring that equilibrium and other physical laws are satisfied.
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Three primary methods can be used to derive the finite element equations of a physical
system. These are (1) the direct method or direct equilibrium method for structural analysis
problems, which is typically used in analytical hand calculations; (2) the variational
methods, such as the principle of minimum of potential energy and the principle of
virtual work, and (3) the weighted residual methods. While the direct method gives exact
solutions, solving complicated cases is much more difficult. Therefore, finite element
analysis programs use weak forms, such as the variational method, to describe the problem
in integral form and give an approximate numerical solution.

ANSYS uses the principle of virtual work to derive the governing equations, which
state, “If a deformable body in equilibrium is subjected to arbitrary virtual (imaginary)
displacements associated with a compatible deformation of the body, the virtual work of
external forces on the body is equal to the virtual strain energy of the internal stresses.”
The advantage of this principle over the minimum potential energy is that it applies more
generally to both materials that behave in a linear elastic, as well as those that behave in a
nonlinear fashion. Applying the principle to a finite element gives Equation 3:

sU®© = swe© [3]

Where U is the virtual strain energy due to internal stresses (the internal virtual work),
and 0W© is the virtual work of external forces on the element (the external virtual work).
Another set of equations that relate stresses to strains are called the constitutive equations,
which define the relationship between stress and strain within a material as in Equation 4:

0ij = Cijki €k [4]

where o;; is the stress components, Cy, is the components of the elastic stiffness tensor, and
€, 1s the strain components. These equations form the basis for solving three-dimensional
stress analysis problems, where the goal is to determine the stress and strain distribution
within a solid body subject to applied loads and boundary conditions. The specific form of
these equations can be modified for different material behaviours and boundary conditions.
For isotropic linear elastic materials, the relationship is as in Equation 5:

1 —v v v 0 0 0 1
o1 v 1—v v 0 0 0 &
0, v v 1-v 0 0 0 &
03 _ E 0 0 (1-2v) 0 0 &3
T3 | (1+v)(1-2v) 2 (1-20) Y23
713 0 0 0 0 0 Y13
T12 2 (1-2v) Y12
| 0 0 0 0 0 — [5]
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where E is the Young’s modulus, and v is Poisson’s ratio. All aforementioned governing
equations must satisfy the equilibrium equations, which. in the case of a 3D static stress
state, are given by Equations 6, 7 and 8:

90y | Otxy | ey =
Ot 00y T
ax+ay+az +pg9, =0 [7]
0T 4 5T_zy do, _
Gttt PI =0 [8]

where o is the normal stress, 1 is the shear stress, t,, = Ty, Ty, = T,, and 1, = 1,,, and pg
represents the body forces in three directions. Figure 10 shows the stress state of a 3D
differential element in space.

The third governing equation for 3D static structural analysis is displacement-strain
relations. It can be expressed in a matrix form by considering a vector of displacements
(d) and a vector of strains (¢); the relationship is given by Equation 9:

{e} = [B){d} %]

where B is the strain-displacement matrix and d is the nodal displacement in each degree
of freedom. Consequently, the element stiffness matrix is calculated by Equation 10:

k1 = [ wricisiav [10) :
where B is the strain-displacement matrix, .
and C is the constitutive matrix. Assembling Tox ¥ 1,
the element’s stiffness matrix [k] into a global Tyz /P_, o

y
stiffness matrix [K] and the global nodal forces dz 7l~rx3’ .
{F}, the nodal displacements {d} can be found o, ygf/’ v
from the global simple Equation 11: Ty o
X
{F} = [K]{d} [11]

Figure 10. 3D stress state in a differential
element

RESULTS AND DISCUSSION

A static structural analysis was carried out in ANSYS to evaluate the design of a bamboo
girder used as a part of an emergency bridge system. Figure 11 shows the deformation
of the girder along the Y-axis, which has a maximum downward deflection of 84.68 mm.
In the American Association of State Highway and Transportation Officials (AASHTO)
design guidelines 2020, deflection limitations are stated to be generally optional, except
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for some cases, and some limits are given for steel, aluminium, and concrete vehicular
bridges in the range of span/1000 to span/300, depending on the case. Since this girder is
intended to be used as a temporary emergency system under small vehicles, the deflection
limit is taken as span/100, which makes the limit for this girder 7748/100 = 77.48 mm. It
indicates that a fully loaded pickup truck, similar to a Toyota Hilux, might be too heavy
for the serviceability requirements of this girder.

The von-Mises stress for the bamboo tubes shows a maximum of 85 MPa, as shown in
Figure 12 (a), much lower than the design strength of 175 MPa. Moreover, this maximum
stress is concentrated at the nodes of the bottom three tubes, and more specifically, where
the bamboos coincide with the edge of the steel connection at the support side, as seen in
Figure 13 (a). Table 4 shows the utilisation ratio and demand over the capacity ratio of the
bamboo tubes based on design strength.

2.7281 Max
-6.3536
-16.685
-26407

-36.119
-45.82

-55.542
-65.254
-74.965

i i
-84.677 Min
0.00 500.00 1000.00 i) @
]
230.00 73000 7

Figure 11. Directional deformation in the Y axis (true scale)

A: Static Structural
Equivalent Stress Bamboo

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Tirme: 1

249.39 Max
221.69

193.98

166.28

13858

110,88

83.177

55.476

27.774
0.071898 Min

85.564 Max
76,061
66,558
57.055
47.552
38,040
28546
19.043
25405
0.037621 Min

1000.00

0.00 1000.00
1500.00

500.00

(a) (b)
Figure 12. Equivalent von-Mises stress: (a) bamboo tubes; and (b) steel tubes
Table 4
The utilisation ratio for the bamboo tubes based on design strength
Bamboo tubes Utilisation (Design strength)
Max Equivalent stress Bamboo (MPa) 85.564 0.49
Min Normal Stress-Z Bamboo (MPa) 102.53 0.59
Max Normal Stress-Z Bamboo (MPa) 42.342 0.24
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Equivalent Stress Barmboo
Type: Equivalent ivon-Mis
]Lrl‘»:t;r:wa Unit: MPa
Time: 1

es) Stress

85.564 Max
76.061

66,558
57.055
4755
38049
28.546
10,043
95405
0.037621 Min

221.69
193.98
166.28
13858
11088
83177
55476
27.774

A: Static Structural
Equivalent Stress Bamboo
Type: Equivalent (von-Mises) Stress

249.39 Max

0.071898 Min

(@)

(b) steel tubes

Figure 14 shows the normal stress in the
Z direction with a maximum compressive
stress of 102.5 MPa and a maximum tensile
stress of 42.3 MPa, much lower than the
design stress of 175 MPa. The maximum
compressive stress happens at the same
location as the maximum von-Mises stress.

The von-Mises stress for the steel parts
shows a maximum of 410 MPa, as shown
in Figure 15, which is much higher than
the yield strength of 250 MPa but lower
than the ultimate strength of 460 MPa. This
high stress could be explained, considering
it was achieved at a single node, indicating
a numerical singularity. In addition, this
maximum stress is concentrated at the node
connecting the top steel plate with a steel
connection, as seen in Figure 16.

An identical girder was simulated using
steel tubes to compare the performance of the
bamboo girder. The results are summarised
in Table 5, where the deformation was
70% lower using steel tubes, as expected
due to their remarkably higher stiffness.
However, the maximum equivalent stress in
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(b)

Figure 13. The Equivalent von-Mises stress at the location of stress concentration: (a) bamboo tubes; and

Az Static Structural
Mormal Stress-Z Bamboa
Type: Marmal Stress(Z Axis)
Unit: MPa

Global Coordinate System
Time: 1

42,342 Max
26,245
10149
EEI
22,044
3814
-54.237
70333
-B6419
-102.53 Min

Figure 14. The location of the stress concentration
on the bamboo tubes (normal stress Z axis)

A: Static Structural

Equivalent Stress Steel Parts

Type: Equivalent {von-Mises) Stress
Unit: MPa

Time: 1

410.5 Max
364.89

31938

17367

728.06

182.45

13684

01,234

45,623
0.015108 Min

0.00 1000.00
I 0 .

500.00

Figure 15. Equivalent von-Mises stress for the steel
parts
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the steel tubes was significantly higher, reaching the yield strength of 250 MPa, while the
bamboo tubes stayed well below their design strength of 175 MPa, as shown in Figure 12.
Nevertheless, the stress concentration was higher in the steel tubes, reaching 249.39 MPa
at the middle span, Figure 13 (b), unlike the
bamboo tubes, where the stress was much

lower and concentrated at the support side,
as seen in Figure 13 (a). Moreover, the

total mass of the steel girder is almost 2.8
times the mass of the bamboo bridge, which | Beram
makes it notably more difficult to carry and

transport. Given that the main objective of

this design is to be deployed quickly during

emergencies, the relatively low weight of the

bamboo girder gives it an advantage overits  Figure 16. The location of the stress concentration

steel counterpart. on the steel parts (Equivalent von-Mises stress)
Table 5
Results comparison between bamboo tubes and steel tubes
2 Segments 4-point bending Bamboo Tubes Steel Tubes Difference %
Load (N) -9260 -9260 0%
Max deformation (mm) 84.678 25.53 70%
Max Equivalent stress tubes (MPa) 85.564 249.4 -191%
Min Normal Stress-Z tubes (MPa) -102.53 -95.75 7%
Max Normal Stress-Z tubes (MPa) 42.342 65.41 -54%
Max Equivalent Stress Steel Parts 4105 388 58 59,
(MPa)
Volume (m?) 0.19481 0.19481 0%
Mass (kg) 536.48 1501.4 -180%
CONCLUSION

This paper conducted a detailed finite element analysis of a bamboo girder for an emergency
bridge system. The girder was made primarily from bamboo with some steel parts to hold
the bamboo tubes together ens, where they work as one unit and provide a way to connect
multiple segments as needed. The following points were concluded from this study:

*  The four-point flexural experimental tests on individual culms showed that the
material failed locally due to crushing and splitting. The average modulus of
elasticity was 14583 MPa, and the average ultimate strength was 263 MPa.

e The maximum deflection was 84.68 mm, exceeding the limit of L/100, which is
77.48 mm. It indicates that a fully loaded pickup truck might be too heavy for the
serviceability requirements of this girder.
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*  For the bamboo tubes, the maximum equivalent von-Mises stress reached 85 MPa,
much lower than the design strength of 175 MPa. Moreover, the maximum normal
compressive stress was 102.5 MPa, and the maximum normal tensile stress was
42.3 MPa along the longitudinal axis Z, lower than the design strength of 175 MPa.

» The steel parts had a stress of 410 MPa at a single node, exceeding the yield
strength of 250 MPa but lower than the ultimate strength of 460 MPa. This high
stress could be explained by numerical inaccuracy.

*  The comparison with an identical girder using steel tubes showed that the steel
girder resulted in lower deflection but significantly higher equivalent stresses.
However, its weight was 180% higher than that of the bamboo girder, making it
more difficult to transport and deploy quickly during emergencies.
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