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Abstract: This research explores the viability of bamboo as a green replacement for timber in building
practices. Bamboo’s advantages lie in its renewability, sustainability, and resilience to disasters,
despite possessing mechanical properties similar to timber. The study proposes using Finite Element
Analysis (FEA) simulations, a potent instrument for designing and analyzing intricate structures
under varying loads. The research explicitly employs FEA simulations to examine the application of
bamboo in complex rooftop systems, using two commercial 3D CAD software—Rhino?7 and Strand?.
Rhino? is responsible for 3D model creation and the member’s division into minuscule elements,
whereas Strand? is used to assign material properties, establish boundary conditions, carry out
simulations, and analyze the outcomes. This research includes case studies of bamboo grid-shell
structures and implements the suggested methodology. The study’s objective is to augment the scarce
engineering data and to analyze bamboo as a material and the impact it can have on construction.
The study’s results underscore the potential of eco-friendly, low-carbon materials, such as bamboo,
in the construction industry. It also illustrates the effectiveness of FEA simulation in analyzing
elaborate structures.

Keywords: sustainability; bamboo structures; Strand7; architectural design; low-emission materials;
finite element analysis; grid-shell construction

1. Introduction

The building and construction industry constitutes up to 78% of greenhouse gas
(GHG) emissions globally, majorly affecting the public [1]. The significant rise in GHG
emissions is due to the rapid urbanization in response to the increasing demand of building
infrastructure and population growth. In fact, 39% of global carbon dioxide emissions
are attributed to buildings, partly due to energy consumption (18%), embodied emissions
(11%), and direct or operational carbon emissions from the use of fossil fuels (10%) [2].

Embodied carbon emissions are determined by the lifecycle of construction materials
in building infrastructure from material processing, transportation, and manufacturing to
maintenance during use [3]. A plethora of studies exploring the decarbonization of build-
ings have confirmed that the consideration and analysis of material behaviors, especially
during the development stages of design, are integral to reducing embodied carbon by up
to 45% [3].

Sustainability and renewability are significant in combating carbon emissions and
understanding the material composition also helps in reducing the subsequent energy
consumption and operational carbon. Low-emission materials, including bamboo, tim-
ber, and recycled brick, among others, were identified to play a significant role in the
decarbonization of buildings.
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Bamboo is classified as a low-carbon material, since it consumes less energy to manu-
facture and is used in construction for its capabilities to absorb large quantities of carbon
dioxide (CO;) from its surrounding environment [4]. Largely recognized for its flexural
strength and rapid growth rate, the mechanical properties of bamboo are comparable to
timber when treated or engineered. In fact, it is claimed that engineered bamboo has twice
the compressive strength of engineered timber, making it a potential contender in modern
construction [5].

Yet, due to its anisotropic and non-homogenous properties, there are notable variations
in longevity, structural capacity, and quality between bamboo species, determined by the
climate and weather conditions in their harvesting locations [5]. These conditions can
affect the uniformity of the cross-sectional area and fibers, influencing the mechanical
performance between species. The nodal structure of bamboo also introduces variations
in material thickness, and therefore, stiffness [5]. This continues to pose a challenge in
standardizing the structural behavior and durability of bamboo in construction with more
than 1500 bamboo species worldwide to account for [6]. To date, no design standards
specific for bamboo structures have been published [7].

However, as a compelling subject, a plethora of studies continue to investigate the
properties of bamboo in complex architecture and structural scenarios and emphasize its
value in climate change mitigation.

This study aims to assess the structural potential of bamboo in complex grid-shell
architecture, highlighting its value as a low-emission material in construction. Two explo-
rative bamboo grid-shell roof designs will be presented and assessed using Finite Element
Analysis (FEA) in Strand?7, using a set of preliminary design guidelines proposed for the
bamboo varieties.

2. Literature Review
2.1. Low-Carbon Materials

Building materials classified as ‘low-carbon” possess material properties that lower
their embodied carbon emissions and reduce their environmental impact during manufac-
turing and building construction. Embodied carbon is governed by a material’s durability
over time and its involved manufacturing processes, whereby the use of fossil fuels is most
common, particularly in treating timber materials [8].

Recent studies have shown that the use of low-carbon materials can reduce the carbon
emissions from the manufacturing process of building materials more than 20%. This re-
duces the overall carbon footprint of building designs by lowering fossil fuel consumption
by 1.5% [9]. Particularly plant-based materials such as bamboo, can absorb carbon dioxide,
improve air quality, and reduce overheating [10]. This can lower the direct emissions
involved in heating and cooling systems during the building’s operational stage by facili-
tating thermal comfort through passive design. For example, the use of low-carbon timber
can reduce embodied carbon emissions by up to 35% during use, lowering overall carbon
emissions by 32% throughout the building’s life cycle. This can be estimated through
a product life cycle analysis (LCA), which predicts the carbon emissions due to energy
consumption and manufacturing [11].

2.2. The Value of Low-Carbon Materials in the Construction Industry

Major studies have shown the value of low-carbon materials in addressing concerns
of excessive carbon emissions in the construction industry. Excessive GHG emissions are
attributed to the magnitude of waste produced due to poor decision making, such that
10-30% of landfill is construction waste, comprising chemical and combustible material [12].
With limited applications of low-carbon materials in modern architectural and engineering
designs, the goal for decarbonization by 2050 is unlikely to be met. The 2019 Global
Status Report has verified that, due to rapid urbanization, sustainable building practices,
including considerations of low carbon emissions, are falling behind the increasing demand
of building services, population growth, and energy demands [12]. In 2022, only 1.6%
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of carbon emissions were reduced by current building practices [13], which requires a
further 49% reduction in carbon emissions by 2030 to achieve the goal of net zero carbon by
2050 [13].

These insights further highlight the value of low-carbon materials in construction to
reduce carbon emissions and to achieve the existing environmental goals of net zero carbon.
This can include improved thermal comfort, longevity, and reduced environmental impact,
as further explored in the designs proposed in this study. Yet, while research emphasizes
the beneficial contribution of low-carbon materials in construction, there are no known
specialists with knowledge on low-emission materials, and fewer resources are accessible
to the market [14].

This background review motivates the objectives of the conceptual design: to investi-
gate the limitations of bamboo in complex roof systems and encourage further complex
applications of bamboo construction in engineering and architectural design. In this way,
this study aims to contribute to the study of bamboo as an alternative material to timber
and prompt further investigation into low-carbon materials in future structural designs.

2.3. Bamboo in Structural Design and Construction

Bamboo construction is one of the oldest forms of fabrication [10]. Generally defined
as a lightweight and renewable material, the popularity of bamboo construction is due
to its versatility in building design, both in raw and processed form [15]. Natural or raw
bamboo has a circular hollow section demonstrating high rigidity under tension and a
greater resistance to torsional effects [7]. Bundles of two—five culms of bamboo are used
to increase the lateral stability in building design, whereby the perpendicular stresses are
evenly distributed between the bundled bamboo stems [15]. The length of these culms
is determined by the spacing between nodes in bamboo members. The nodal structure
of bamboo stems results in a non-uniform circular hollow section due to the increased
thickness, and therefore rigidity, at these nodes [7].

2.4. Materials Properties

Bamboo belongs to the poaceae or grass family, similar to rice, corn, and sugarcane.
The lignin in bamboo tissue is what enhances its strength, while retaining a flexible and
lightweight quality [16]. The bamboo structure consists of a hollow cylindrical culm, which
is divided into sections by nodes [17]. The structure of bamboo is considered to be more
heterogeneous than that of wood [18]. This is explained in Figure 1.
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Figure 1. Isometric of a bamboo culm (left) and isometric of timber beam (right) showing a similar
composition in the direction of the fibers/grain, though with different cross-sections.

As mentioned previously, the physical and mechanical properties of bamboo species
are determined by their harvesting location in terms of climate, topography, soil type,
altitude, age, stem, and humidity [16]. Physical variations can include the culm diameter,
ranging from 0.64 cm to 30.48 cm, and total length, ranging from 0.30 m to 37 m [19]. These
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physical differences can enable an opportunistic structural approach, sourcing multiple
species for one structure as a combined system. This is demonstrated by the precedent stud-
ies presented in Section 2.8. Mechanical variations between species determine the stiffness
of the bamboo, whereby the axial or compressive strength can vary between approximately
5 and 25 GPa, and the tensile strength can vary between 100 and 800 MPa [20-22].

The above properties are typical for raw, untreated bamboo. Recent studies show that
treated and engineered bamboo provide an opportunity to maintain the structural capacity
and durability of raw bamboo, through the combination of culm fibers to produce strengths
greater than timber, as shown in Section 2.5.

2.5. Comparison of Raw Bamboo and Bamboo Scrimber

A short comparative study of two common bamboo materials—raw bamboo and
bamboo scrimber—provides an insight into the above, as listed in Table 1.

Table 1. Comparison of raw bamboo and bamboo scrimber properties.

Raw Bamboo Bamboo Scrimber

Anisotropic and

Material Properties
non-homogeneous

Isotropic and homogeneous

Cost In-expensive Larger due to manufacturing
Curvature Harder to form curves Easier to form curves
Density p (kg/m?) 666 [9] 1010

Compression f. (Mpa) 53 [9] 134.9

Tension f; (Mpa) 153 [9] 296.2

Shear T (Mpa) 16 [9] 15

Flexural f,, (Mpa) 135 [9] 119

Elastic Young’s Modulus (GPa) 15 [9] 229

Poisson’s Ratio 0.52 [9] 0.22

Raw bamboo is the natural, untreated species more traditionally used as a construction
material for basic habitats to complex structures [16].

Bamboo scrimber, on the other hand, is a composite material that maximizes the
mechanical properties of natural bamboo by processing and treating the crushed bamboo
fibers with truncation, splitting, drying, assembly, cold-pressing, and heat-curing or hot-
pressing. These bundled fibers are laminated using resin, maintaining the longitudinal
strength in raw bamboo [23]. It is typically provided as prefabricated slats, which eliminates
the cross-sectional variability common in raw bamboo [24].

Bamboo scrimber possesses twice the compressive and tensile strength as raw bam-
boo [24], despite having similar flexural and shear capacities. While bamboo scrimber may
perform significantly stronger in design when compared to raw bamboo, it is more costly,
as it requires additional treatment and processing [23].

For the purpose of this study, the properties of raw bamboo will used. In future
studies, we recommend analyzing the mechanical performance of bamboo scrimber.

For raw bamboo, many high-quality bamboo resources have not been effectively
developed, especially for some clumping bamboo species in Southeast Asia and South
Asia. Clumping bamboo is a preferred species for construction, due to its density and
easy harvest. Thyrsostachys oliveri is one tropical example. As a moderately large clumping
bamboo with long-spanning culms, it possesses the closest properties to homogenous
materials when compared to Moso bamboo Neosinocalamus affinis, and other clumping
bamboos [25]. It is noted that no sufficient structural data have been published for this
species. The following properties in Table 2 will be used for the Stand7 analysis in Section 3.
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Table 2. Material properties.

Property Value Units
Density (p) 666 [9] kg/m?3
Elastic Modulus 15 [9] GPa
Poisson’s Ratio 0.46 [9] -
Diameter (D) 0.07 [24] m
Thickness (t) 0.012 [26] m

2.6. Connections and Joinery Techniques

As bamboo has a circular hollow section, particular joinery techniques are required to
maximize its structural capacity. The most common bamboo connections, especially those
observed in vernacular construction, include “fish mouth’ joints, lashings, plug-in joints,
and positive-fitting connections [27]. These techniques use friction between the bamboo
members to counteract the torsional stresses and reduce the splitting of the fibrous material.

A common, and more modern, articulation of the lashings or fish-mouth joint are those
using bolded connections or internal connectors between the nodes and culms of bamboo
members. These internal connections are most suited to reducing the perpendicular stresses
that may ‘crush’ the bamboo [27]. This study will consider rigid connections between
interlocking bamboo members using two joint types: bundling with bolted connections
and the mortise and tenon craft techniques, as shown in Figure 2. The base connections to
the ground will be assumed to be fixed to concrete piers using steel connections and are
defined as rigid connections.

TR

Figure 2. Cont.
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Figure 2. Bamboo connection by the mortise and tenon joint (a,c) and bundling with bolted connec-
tions (b).

2.7. Grid-Shell Design with Bamboo

Grid-shell structures are known to be more cost-effective and efficient with longer
spans using less materials than the standard structural counterparts. Especially used in
low-rise architecture, the structural performance of grid shells is attributed to their ‘woven’
aspect, allowing for a two-way span structure. This enables increased rigidity without
vertical support, establishing greater possibilities with designs across various contexts,
including housing, pavilions, and facades [28]. The two-way spans of a grid-shell structure
contribute to its rapid construction and flexural strength, as the fabrication process can
easily be achieved on site or through prefabrication. This reduces additional processing
costs in transportation and construction by reducing the complexity of assembly [29].

Bamboo grid-shell structures expand the architectural opportunities of larger spanning
projects by using lightweight and low-emission materials that would further decrease
the environmental impact of such designs [28]. When considering design strategies in
congruence to material selection and structural solutions, the reduction in embodied carbon
emissions can be significant.

2.8. Precedent Studies of Existing Bamboo Grid-Shell Structures

Grid-shell bamboo architecture has been widely used for large-spanning structures,
such as a gymnasiums and school halls. Evidently, designers utilize the flexibility and
strength of bamboo through bundling bamboo stems and the layering of individual stems
to increase the cross-sectional capacity of certain structural components of the building.
Three precedent studies have been conducted to observe the existing solutions of bamboo
grid-shell structures and to observe the structural actions and methodology which optimize
the flexural strength and adaptability of bamboo as an architectural and structural material.
As preliminary studies, the structural system and design philosophy of these buildings
were observed at a high level and will influence the conceptual designs presented in
Section 3.

2.8.1. Panyaden International School by Chiangmai Life Construction

The Panyaden International School Sports Hall in Chiang Mai, Thailand, was designed
using bamboo to be cohesive with the existing facilities of the school. Inspired by the
shape language of the lotus flower in order to align with the school’s spiritual beliefs, the
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grid-shell design maximizes the flexibility of the bamboo material to establish a large open
space with optimal ventilation and natural lighting. The exposed bamboo structure also
allows for breathability in the sports hall and further contributes to the spatial experience
from the interior to the surrounding landscape [29].

The presentation of the bamboo construction forms a major part of the design’s exam-
ple for bamboo grid-shell designs. Using prefabricated trusses of bundled bamboo culms,
the structure spans over 17 m. These bundled culms are treated and tightly bound by rope,
celebrating the handicraft of traditional bamboo structures within Thailand. Simultane-
ously, the bundling of the culms increases the lateral rigidity of the bamboo and reduces the
occurrence of splitting within the fibers of the members. This further reduces the shearing
stresses due to the curvature of the design [30].

The design assigns variable diameters of bamboo members by curvature and strength;
thicker bamboo culms are utilized as bracing or supports, while thinner bamboo culms are
utilized for harsher curves, such as the openings of the hall. This is further explained in
Figure 3.

The outward forces of the trusses are countered
by the outer bracing and cladding supported
by the upper chord of the bamboo trusses.

The bundling of the bamboo members

into a singular structural component
reduces the effects of splitting due
to lateral stresses.

The variation in the type of
bamboo species and diameter in a bundle
allows for a balance of both tensile and

. The trusses allow for a
compressive forces.

distribution of the loads reducing
any focused stresses on each bamboo
member.

Figure 3. Annotated high-level study of structural actions in design.

2.8.2. The Arc at Green School Bali by Ibuku Bamboo Architecture and Design

The Arc at the Green School in Bali by Atilier One Architects presents an alternative
perspective on bamboo grid-shell structures. The design’s primary focus on efficiency and
simplicity in structural form further emphasize the versatility of bamboo in its strength
and shape for large spanning structures. While steel connections are used to bundle the
bamboo culms, the structure is predominantly constructed with bamboo, such that the
cladding and bracing elements of the roof are fabricated from compressed bamboo sheets,
using various species to reinforce the durability of the external elements [31].

The weaving design of the structure further unifies the design as a single system,
facilitating a cohesive form that evenly distributes the loads and combined actions.

In combination with existing concrete foundations, the strength of the bamboo culms
is reinforced by the resistance of thicker bamboo stems with larger cross-sectional areas,
reducing the effects of torsional and lateral stresses due to the curvature of the roof. This
can be further observed in Figure 4.
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The balance of variation in diameters The primary structure appears to be majorly
for the primary and secondary structure

acting in compression, while the secondary
maximizes the flexibility of bamboo grid-shell acts in tension.

and evenly distributes the loading throughout

to avoid targeted stresses on bamboo memeters

The larger bamboo members with a greater
diameter distribute the forces translated from
the cladding and fine grid-shell netting.
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\ To increase the efficiency of construction,
the bamboo members are bundled using
steel connections with filling within
each member to reduce spllitting,

Figure 4. Annotated high-level study of structural actions in design.

2.8.3. Nonenco Café by VTN Architects

Located in Vinh, Central Vietnam, the Nonenco Café by VIN Architects is a prime
example of maximizing the structural and flexural properties of grid-shell bamboo struc-
tures through bundling bamboo culms. VIN Architects selected bamboo as a primary
material for their structure, due to its ease of construction, affordability, and the accessi-
bility to tropical environments. Providing a unique identity to the design, as described
by VIN Architects, bamboo, in the context of Central Vietnam, brings contrast to the
re-establishment of European architecture. Beyond exploring the structural capacity of
bamboo, Nonenco Café is a particularly great example for demonstrating the versatility
of bamboo structures in different structural formations, including dome structures and
cave-like and rectilinear configurations. As shown in Figure 5, the Roof Top Club floor
demonstrates combined actions through a series of arches and complex curvatures to
imitate a cave-like formation [32].

By increasing the sectional capacity of each contributing component of the bamboo
roof, the design maximizes the flexural rigidity of the bamboo members, minimizing the
torsional stresses at the connections through layering and through the careful arrangement
of the bundled components. This design highlights that the strength of a bamboo structure
is determined by the effectiveness of the connections. The circular cross-sectional area
poses challenges for the connections between stems without compromising the sectional
capacity of the bamboo stems. Nonenco Café evidently uses layering to mitigate these
effects. This is further detailed in Figure 5.
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Increased thickness of bamboo member
through bundling contributes to the
/ flexural strength of the structure

The weaving motion and design
consolidates the gravity loads evenly
from all parts of the roof system.

)
z\
|

Figure 5. Annotated high-level study of structural actions in design.

The consolidation of the bamboo members
over a large surface area reduces the individualized
compressive stresses on each component.

T

The reduced grid-size allows for a smaller tributary width,
in turn increasing the lateral rigidity of the structure.

3. Case Studies of Bamboo Grid-Shell Structures
3.1. Introduction

Two preliminary designs of bamboo grid-shell roof structures are presented below.
Each design presents a different architectural approach to the use of bamboo in construction.
These designs will be introduced with the opportunity to optimize their structural intentions
according to the behavior of the bamboo in each context. The designs will be assessed in
Strand?, using the three-dimensional models produced in Rhino 7 with Grasshopper. Three
iterations of each design will be produced to present these findings.

3.2. Design Case Study One—DBuddhist Lotus Shelter

The first case study considers rotational symmetry to optimize the structural capacity
of raw bamboo. The Buddhist Lotus Shelter maximizes the flexibility and resilience of
bamboo to produce a long-spanning shelter of up to 10 m that is centralized around
the users, taking inspiration from the natural sequence in floral arrangements. A visual
rendition of this design is shown in Figure 6a. The design takes interpretive elements from
Buddhism to also inform its architectural strategies, such as thermal comfort and lighting,
as summarized below:

e Natural cooling and centralized lighting through a small opening located at the apex
with reduced noise pollution via plywood cladding.
Increased structural rigidity by the intersecting of bamboo stems.
Even distribution of gravity loads by rotational symmetry. Increased lateral stabil-
ity and structural rigidity by rotational symmetry and connections, as shown in
Figure 6b,c.

e  Reduced torsional effects by the catenary action of bamboo members.

The design is heavily inspired by the significance of the lotus flower, symbolizing
beauty and tranquility [33], and the resilience of bamboo, as represented in common art
forms of traditional Chinese culture. The natural geometry of the floral patterns governs the
purpose of the architecture, establishing a harmonious space that celebrates the simplicity
of the structure and strength of the bamboo.
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Three iterations of this design are presented below, with the intention of assessing
the mechanical performance of raw bamboo based on the grid spacing of the grid-shell
structure. A structural analysis of this case study is conducted in Section 3.5.

Mortise and Tendon Joint is used Connections are made at
with bolted connections to allow the nodes to maximise the stiffness
a clean and fixed connection with little impact to the sectional capacity.

Acts as a fixed base |
connection

(b)

The wind loads are translated through
| the primary structure, redistributing to the
base connections.
A

Due to the openings of the shelter,
the wind loads will be assumed as negligble.

Concrete in-fill and embedded
bamboo members for base
connections, reducing splitting.

—_— =

TT\\\WW o

For the purpose of this study, the wind loads are
assumed to travel from the easterly direction.

(©)

Figure 6. Visualization of the architectural concept for the Buddhist Lotus Shelter (a): detailed
connections (b) and wind load considerations (c).

W
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3.2.1. Design Iteration One

The initial design is shown in Figure 7, whereby the shelter is a two-way spanning
structure of 10 m in both directions with a height of 3 m. This design utilizes a grid spacing
of 1.8 m between bamboo members. All intersecting bamboo members are assumed to be
fixed connections up to the apex. The interlocking members to the apex of the structure are
assumed to be a pinned connection.

3m

10m

< »
< >

Figure 7. Elevation and plan view of Design Iteration One.

3.2.2. Design Iteration Two

The second design iteration is shown in Figure 8b, where the grid spacing is increased
to 4.9 m, twice of the initial design.

)

Figure 8. Visualization of Design Iteration Three (c) in comparison to previous iterations (a,b).

3.2.3. Design Iteration Three

The third design iteration in shown in Figure 8c, where the grid spacing is increased
to 5.3 m.

3.3. Design Case Study Two—Community Pavilion

The second case study considers bilateral symmetry to optimize the structural capacity
of raw bamboo. The community pavilion similarly maximizes the flexibility and strength of
bamboo through catenary action and produces a spanning structure of approximately 7 m,
taking inspiration from the simplified geometry of floral arrangements. A visual rendition
of this design is shown in Figure 9a. The design takes inspiration from origami and negative
space to inform its architectural strategies with an emphasis on spatial experience and
lighting, as described below:

e Natural ventilation and cooling through a high ceiling and porous roof structure with
a fabric membrane overlay.

e Increased rigidity and lateral stability through layering and bundling bamboo stems,
as shown in Figure 9b,c.
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e  Reduced torsional effects by bilateral symmetry and fixed to the ground using concrete
infill at the base.

The design is motivated by the value of community and the adaptability of bamboo in
multiple architectural and engineering applications. The consideration of its location within
a largely populated urban setting influences the purpose of this architecture, facilitating
a synonymous space that encourages participation through communion and expression.
It celebrates the malleability of bamboo by allowing a portable design that embraces any
community function.

Bundled 4 Bamboo Secondary members are interwoven and
members to maintain rotational bolted between the primary, and will
symmetry and increase strength be modelled as fixed connections.

Concrete in-fill and embedded
bamboo members for base
connections, reducing splitting.

Acts as a fixed base
connection

The wind loads are translated through For the purpose of this study, the wind loads are
g

I the primary structure, redistributing to the assumed to travel from the easterly direction.
base connections

T é Due to the openings of the shelter,

T the wind loads will be assumed as negligble. \
’[‘ T TN
()

Figure 9. Visualization of the architectural concept for the Community Pavilion (a), detailed connec-
tions (b), and wind load considerations (c).



Appl. Sci. 2024, 14, 2041

13 of 37

3.3.1. Design Iteration One

The initial design presents a grid-shell structure with a 1.65 m tributary width, as
shown in Figures 10 and 11. It will contain two structural components: the bamboo
armature (i) and the interlocking bamboo grid-shell stems (ii). This design presents a grid
spacing of 1.5 m by 1.5 m, decreasing in size as it approaches the end supports. It is assumed
that the end supports are fixed connections, while all intersecting bamboo members are
pinned. The connections to the bamboo armature are also assumed to be fixed.

)

(ii)

(i)

(b)
Figure 10. Axonometric model of Iteration One (a) with exploded view of structure (b).

1.65m
—

6.54m
-

6.54m ' ' 9.14m
(a) (b)
Figure 11. Plan (a) and elevation (b) view of Iteration Two.

3.3.2. Design Iteration Two

The second iteration presents the developed grid-shell with a 1.23 m tributary width,
as shown in Figures 12 and 13. In contrast to the first iteration, the design has improved
continuity between the secondary structures, which almost flow with the profile of the roof
surfaces. This includes a 1.2 m by 1.2 m grid.
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Figure 13. Plan (a) and elevation (b) view of Iteration Two.

3.3.3. Design Iteration Three

The final iteration presents the initial primary grid shell with a 0.69 m tributary width,
which is further shown in Figures 14 and 15. The grid size roughly covers 0.5 m x 0.5 m,
where single members of bamboo form the secondary structure. The curvature of the struc-
ture transfers all loads and bending moments to the ground more evenly. In comparison to
previous iterations, this design presents a more seamless integration of the roof’s curvature.
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3.27m 3.0m
6.54m
4‘
Figure 14. Axonometric model of Iteration Three.
0.69m
=
§ ‘ -
v
6.54m 9 14m
(a) (b)

Figure 15. Plan (a) and elevation (b) view of Iteration Three.

3.4. Modeling for Analysis

As both designs require some form of symmetry, the curvature of the bamboo members
and building form were modeled in Rhino7, using a plug-in called Grasshopper, before
conducting a FEA analysis in Strand7. Grasshopper is a visual-based coding platform that
produces models using a series of parameters, including height, average grid size, and
curvature. This allows the iterations to be easily modeled progressively for each conducted
analysis. Both designs were modeled according to the following methodology:
1.  Massing Model (Rhino7), as shown in Figure 16a.

a. Creating a profile of the design form’s curvature.
b. Using the Blend tool to create surfaces according to the design curvature.

2. Bamboo Grid Shell surrounding Massing Model (Grasshopper), as shown in Figure 16b.
a. Divide surfaces into a series of U (horizontal) and V (vertical) points in Grasshopper.
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b. Establish the grid size and other parameters to fully map the grid-shell structure
on the existing massing model.

C. Create (or Bake) a series of curves that form the grid-shell structure.
3. FEA Model (Strand?), as shown in Figure 16¢

a. Split all imported curves into segments.

b. Set the connections to the ground and apex as fixed connections.

c. Run an analysis for the structural assessment.

(a) (0

(b)
Figure 16. Massing model (a), divided surfaces (b), and structural model (c) of Case Study One.
The resulting models for each step are presented in Figures 16 and 17 for each case

study. The detailed grasshopper code and breakdown of each design are shown in the
Appendices A and B.

(@) (b)

Figure 17. Massing model (a) and divided surfaces (b) of Case Study Two.
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3.5. Loading Parameters for Static Load Analysis

To assess the structural capability, the following load conditions are calculated for
both designs, according to the following values, as shown in Table 3. The live load was
extracted from AS1170.0 [34] and AS1170.2 [35] for typical roof structures as 0.25 kPa, while
the wind loads are assumed to be 1 kPa. Since both the bamboo designs are complicated
designs with a fluid shape and wide openings, a Computational Fluid Dynamic (CFD)
model or a wind tunnel test might be required to simulate the wind effects. The wind
load was considered only in the horizontal plane, ignoring the uplifting effects due to the
preliminary analysis scope.

Table 3. Values of gravity and wind loads for FEA Analysis.

Load Types Value Units
Dead Loads (D) [26] 0.47 kPa
Live Loads (Q) 0.25 kPa
Wind Loads (W) 1.0 kPa

These designs will be assessed according to the loading conditions listed from AS1170.0 [34],
as shown in Table 4.

Table 4. Loading Cases to be used for FEA Analysis.

Criteria Load Combination
. i .. G+Q
Serviceability Limit State G+07Q+W
135G
Ultimate Limit State 1.2G +1.5Q
12G+W+Q

It is assumed that the dead loads include the self-weight of the bamboo members and
any additional cladding, such that the density is assumed to be 550 kg/m?. The self-weight
of the bamboo members is calculated using the cross-sectional area and density of raw
bamboo, as shown below as a uniformly distributed load.

nD?  nD;,?

Apamboo = e 2 = 0.0012 m? (1)
666kg 981N
UD Lygmpoo = Tg X ig x 0.012 m? = 0.008 kN/m )

For the first case study, which uses plywood cladding, the self-weight, using the panel
thickness and density, is as calculated below. It is assumed that the typical thickness of the
plywood cladding is 19 mm. Hence, its self-weight pressure can be calculated as follows:

Geladding = 55131731“5 x 9.513;1\1 x 0.019 m = 0.10 kPa 3)

3.6. Structural Design Criteria

Each design will have a different deflection limit, due to the difference in span. The
deflection limit is calculated as a ratio of L /250, while the fiber stress limit is calculated
according to AS 3600 [36]. However, AS 3600 [36] has only been used for concrete struc-
tures. The fiber stress in this preliminary analysis is used to discover bamboo’s section
performance only when regarded as an isotropic material. Thus, the design criteria for the
first and second case study are shown in Tables 5 and 6, respectively.
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Table 5. Design Criteria for Case One—Buddhist Lotus Shelter.

Criteria Limit Units
Deflection Limit 40 mm

Axial (Compressive) Stress Limit 43.7 MPa
Axial (Tensile) Stress Limit 43.7 MPa
Fibre Stress Limit 26.1 MPa

Table 6. Design Criteria for Case Study Two—Modular Community Pavilion.

Criteria Limit Units
Deflection Limit 26.15 mm

Axial (Compressive) Stress Limit 108 MPa
Axial (Tensile) Stress Limit 115 MPa
Fibre Stress Limit 43.5 MPa

For Case Study One, the span of the design is a maximum of 10 m and the deflection
limit is calculated as follows:

~ 10000

=50 =40 mm 4)

Furthermore, based on the axial stress, the fiber stress limit is calculated as follows:
D Ypamboo = 0.6 X 43500 = 26,100 kPa (5)

For Case Study Two, the span of the design is a maximum of 6.54 m and the deflection

limit is calculated: 6540
dmax = 250 = 26.15 mm 6)

3.7. Static Load Analysis for Case Study One—Buddhist Lotus Shelter
3.7.1. Design Iteration One

The deformed shapes of the first iteration show concentrated stress at the base connec-
tions to the ground and at the highest point of each opening, as shown in Figure 18. The
loads are more evenly distributed throughout the bamboo stems, only showing the largest
deformation, similarly, at the base connections. This reduced loading on the bamboo is
attributed to the plywood plates sustaining the lateral loading. Figure 19 shows the fiber
stresses along the cross-sectional area, experiencing a maximum tensile force of 1580 kPa
and a maximum compressive force of 2073 kPa.

Beam Disp:DZ (m)

8,448523% 10 [Bm:106]
4,104337x10™

-4,534036% 10
-1.327241x 107"
-2.196078x 10
-3,064315% 10
-3.933753x 107
I -4,802590% 107
-5.671427x 107
I -6.540265% 107

-7.409102x 107 [Bm:197]

4

4

Figure 18. Cont.



Appl. Sci. 2024, 14, 2041 19 of 37

Plate Disp:DZ (m)
8.443523x10°° [Pt:81,Nd:24]
4.104387x10°

-4,583886x 10
-1.327216% 107
-2.196043% 107
-3.064870x 107
-3.933698x10™
-4,802525% 10
-5.671352x107"
-6.540180x 10~

-7.409007x10™ [Pt:6,Nd:82]

Beam Disp:DZ {m)

8.448523x10 [Bm: 106]
4,104337x 107

-4,584036x% 107
-1,327241 107
-2.196078x 107
-3.064815x 107"
-3.933753x 107"
-4,302520% 107"
-5.671427x 107"
-6.540265x 107

7,409102x 107 [Bm:187]

(©

Figure 18. Strand? analysis of Case Study One—Iteration One showing the deformed shape of the
combined structural system (a). An isolated analysis was conducted for the structural beams (b) and

plywood cladding system (c).
Pa
1.579641x 10°
1.387384x 10°
1.195128% 10°
1.002871x10°
8.106148x 107
6.183584% 107
4,261019% 107
2.338454x 10°
4,158894x 10"
-1.506675x 10°
-3.429240x 10°
-5.351805% 10
-7.274369x 10°
-9,196934x 10°
-1.111950x 10°
-1.304206x 10°
-1.496463x 107
-1.688719x10°
-1.880976x 10°
-2.073232x 107
(b)

Figure 19. Strand? analysis of Case Study One—Iteration One showing the maximum fiber stresses of

Beam Disp:DZ_(m)
8.448523x 10° [Bm: 106]
4.104337x10°

-4,584036x 107
-1.327241x 107
-2.196078x 107
-3.084915% 107
-3.933753x 107
-4.802590x 107
-5.671427x 107
6.540265x 107

-7.409102x 10~ [Bm:187]

bamboo beams of the combined structural system showing the deformed shape (a) and fiber stresses
by cross-sectional area (b).

When considering the ultimate stress capacity of bamboo, the structure is significantly
rigid, especially towards the apex of the roof. This could be due to the spacing between
bamboo members, as defined by the grid spacing, which allows the structure to sustain
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Beam Disp:DZ (m)

Beam Disp:DZ (m)
9,356123x 101 [Bm:14]

9,356123x 10 [Bm:14]
8.545708x 107

6.936378x 107
5.324048x 107
3.711219% 107
2.098389x 107
4.855593x 107
-1.127270x 107
-2.740100x 107
4.352930x 107

-5.965758x 10~ [Bm:100]

-5.965759x 10 [Bm:100]

more lateral and gravity loads. A short comparison of the design stresses with the ultimate
stress capacity is shown in Table 7.

Table 7. Tensile and compressive fiber stresses for Case Study One—Iteration One.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 1580 2073
Utilized Ratio 3.6% 4.8%

3.7.2. Analysis of Iteration Two of Lotus Shelter

The deformed shapes of the second iteration show a similar concentrated stress at the
base connections to the ground and the highest point of each opening. However, as shown
in Figure 20, due to the change in grid spacing and bamboo, the bamboo beams appear
to experience more of the loading compared to the plywood cladding. Figure 21 shows
the fiber stresses along the cross-sectional area, experiencing a maximum tensile force of
12,030 kPa and a maximum compressive force of 11,810 kPa. A summary of these forces is
shown in Table 8.

Plate Disp:DZ_(m)
9.349916x 10 [Pt:60,Nd: 136]
8.543328x 107

6.931651x 107
5.319475x 107

- 3.707299% 107
2.095122% 107
4,829459x 10
-1.129230x 107
-2.741407x 107
-4.353583x 107

-5.8557508x 107 [PH:3,Nd:71]

Figure 20. Strand? analysis of Case Study One—Iteration Two showing the deformed shape of the
combined structural system (a). An isolated analysis was conducted for the structural beams (b) and
plywood cladding system (c).
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Beam Fibre Stress (kPa)

1,203505% 10° [Bm:111]
1.077959x 10*

8.268679x 10°
5.757763% 10°
3.246847x 10°
7.359312x 10°
-1.774985x 107
-4,285900x 10°
-6.796816x 10°
-3,307732x 107

-1,181865x% 10% [Bm:111]

1.203505x 10*
1.077959x10*
9.524137x10°
8.268679x10°
7.013221x10°
5.757763x10°
4,502305x10°
3.246847x 10°
1.991389x10°
7.359312x10°
-5.195267x 10
-1.774985x 10°
I -3.030443x 10°
-4,285900x 10°
-5.541358x 10
-6.796816x 10°
-8.052274x 10°
-9.307732x10°
-1056319x 10

-1.181865x 10°

(b)

Figure 21. Strand? analysis of Case Study One—lIteration Two showing the maximum fiber stresses of
bamboo beams of the combined structural system showing the deformed shape (a) and fiber stresses
by cross-sectional area (b).

Table 8. Tensile and compressive fiber stresses for Case Study One—Iteration Two.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 12,030 11,810
Utilization Ratio 27.7% 27.1%

3.7.3. Analysis of Iteration Three of Lotus Shelter

The deflections are double those in the second design iteration; however, they are still
within the acceptable range. The deformed shapes of the final iteration show a similar
concentrated stress around the openings of the shelter. As shown in Figure 22, the bamboo
beams continue to experience more of the loading compared to the plywood cladding.
Figure 23 shows the fiber stresses along the cross-sectional area, experiencing a maximum
tensile force of 19,006 kPa and a maximum compressive force of 19,600 kPa. When similarly
compared to the ultimate stress capacity of bamboo, the utilization is significantly larger
than previous iterations. A short comparison of the design stresses with the ultimate stress
capacity is shown in Table 9. It was noted that the plate and beam displacement were the
same in the analysis for this iteration.

Table 9. Tensile and compressive fiber stresses for Case Study One—Iteration Three.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 19,006 19,600

Utilized Ratio 43.7% 45.5%
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Plate Disp:DZ (m|
1.763236x 10 [Pt:8,Nd:52]
1.566148x 10

1.171972x10”
7.777951x 10
3.836187x10™
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1.566148x 107

1.171972x 107
7.777951x10”™
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-4.047341x10™
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-1.193087x 10~
-1.587263x 107
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( (c)

Figure 22. Strand7 analysis of Case Study One—Iteration Three showing the deformed shape of the
combined structural system (a). An isolated analysis was conducted for the structural beams (b) and

plywood cladding system (c).

Beam Fibre Stress (kPa)
1.900588x107 [Bm:68] 2
1.697395x 10° a .
" 1,900588x 10
1.291010x 10’ .,
6.646252x10° 1,697395x 10‘
5 1.494203x 10
4,782402x 10 4
2 1.291010x 10
7. “5531"1"3 1.087818x10°*
-3.345296x 10° 8.846252x10°
-7.409146x 10° 6.814327x 10"
-1.147300x10* 4.782402x 10"
-1.553684x 10* 2.750478x 10°
7.185531x 10°
-1.960069x 10" [Bm:68]
[m:68) -1.313372x10°
-3.345296x 10°
-5.377221x10°
7.409146x 107
-9.441070x 107
-1.147300x 10*
-1.350492x 10°
-1.553684x 10*
-1.756877x 10"
-1.960069x 10*

(b)

Figure 23. Strand? analysis of Case Study One—lIteration Three showing the maximum fiber stresses
of bamboo beams of the combined structural system showing the deformed shape (a) and fiber

stresses by cross-sectional area (b).
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Beam Disp:DZ_(m)

0.000000x 10° [Brn:4]
-7.253341x10°°

-2.176002x 107
-3.626671x 107"
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-6.528007x 107
-7.978676x 107
-9.429344x 107
-1.088001x 107
-1,233068x 10"

-1.378135x 10" [Bm:98]

3.7.4. Additional Analysis for Case Study One

Using Design Iteration Three, an additional investigation into the role of the plywood
cladding was conducted to assess the magnitude of deflections. As previous iterations
used the plywood cladding as a finishing or outer membrane, the conducted analysis
below observes the differences when the cladding is placed between the bamboo members,
increasing their lateral stability. As shown in the above figures, the deflection is reduced by
a factor of 5.8 according to the ratio of displacement.

Ratio = (1.378 x 10*3) / (2.38 x 10*4) —58 @)

As shown in Figure 24, the plywood cladding further contribute to reducing the
load distribution throughout the structure. While the forces are distributed through the
bamboo stems, the cladding provides additional lateral resistance that controls a large
magnitude of the torsional stresses and deflections. Figure 24a shows the deformed shape
(at a 5% exaggeration mode on Strand?) without the cladding, highlighting the significant
difference. The bamboo stems experience a larger magnitude of beam stresses at the base
of the structure at a maximum of 1.378 mm, particularly at the apex (in dark blue) around
the openings. As shown in Figure 24b, the loads are redistributed to the base connections,
reducing the loading at the apex.

Beam Disp: DZ [m]
0.000000 x 10" [Bm:4]
-1.253324 x 10°
-3.755971 x 107
6.266618 x 10°
-8.773265 x 10°
-1.127991 x 10
-1.378656 x 10
-1.629321 x 10*
-1.879985 x 10*
-2.133850 x 10°
-2.301305 x 107

() (b)

Figure 24. Additional Strand7 Analysis of deflection of bamboo beams system showing the deformed
shape (a) compared to the combined cladding and beams structural system (b).

3.8. Static Load Analysis for Case Study Two—Modular Community Pavilion
3.8.1. Analysis of Iteration One of Modular Community Pavilion

Figure 25 shows the largest deflection mode of the design due to the load combination,
G +0.7Q + W. This presents a weakness around the perimeter of the apex. Furthermore,
the design is shown to exceed the Fiber Stress Limit, previously specified in Table 6, with a
maximum stress of 65.1 MPa, 49.7% larger than the limit. A short comparison of the design
stresses with the ultimate stress capacity is shown in Table 10.

Table 10. Tensile and Compressive fiber stresses for Case Study Two—Iteration One.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 42,201 65,106

Utilization Ratio 97% 150%
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Beam Disp: D(Y) (m)
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Location of minimum

deflection at 1.18mm

Location of maximum

deflection at 0.235mm

larger deflections as bamboo stems weaken over

time.

Figure 25. Strand7 analysis of Case Study Two—Iteration One showing the most critical deformed
shape of the combined structural system, under load case G + 0.7Q + W.

The location of the extreme deflections correlates with the fibre stresses, whereby, the
highest magnitudes of the stresses are concentrated at the apex and the base connections.
This can be observed to be distributed from the mid-span of the pavilion’s openings. As
indicated in Figure 26, the unsupported bamboo beams experience a larger fibre stress and
sagging bending moment, due to the grid-spacing between primary members at 1.5 m.
This is observed across all elevations of the pavilion, due to its symmetry.

Max:-7.412536 x 10> x=8.089550x 10”" e o (59

3.658643 x 102

3.021664 x 107
2.384685 x 107
1.747707 x 102
1.110728 x 102
4737489 x 10
-1.632299 x 107
-8.002088 x 107
-1.437188 x 107
-2.074166 x 102

I 2711145 x 102
-3.348124 x 107
-3.985103 x 107

4622082 x 102
-5.259061 x 102

-5.806039 x 102
Min:-1573079 x 10” x=8.089550x 10”" 6533018 x 102

7.169997 x 107

Large spacing causing greater

sagging moments to occur.

(b)

Figure 26. Strand?7 analysis of Case Study Two—Iteration One showing the maximum fiber stresses
of bamboo beams of the combined structural system showing the deformed shape under wind load
(a) and fiber stresses by cross-sectional area (b).

3.8.2. Analysis of Iteration Two of Modular Community Pavilion

Figure 27 shows the largest deflection mode of the design at 10% due to the load
combination, 1.2G +1.5Q. This demonstrates a significant improvement in the deflection
when compared to the previous iteration. Though there is a similar weakness at the
apex, the magnitude of the deflection is reduced by almost 50%. This could be due to
the improved continuity between the secondary members, which better distributes the
magnitude of the loads to the base supports.
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Beam Disp: D(Y) (m)
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Location of minimum
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Location of maximum
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Figure 27. Strand? analysis of Case Study Two—Iteration Two showing the most critical deformed
shape of the combined structural system, under load case 1.2G + 1.5Q.

This shows an even distribution of the loading conditions with no significant pressures,
when compared to the initial design. Due to the shorter grid-spacing of 1.2 m, the loads
are shown to be more evenly distributed, reducing concentrated areas of deflections. This
is similar to the fiber stresses, as shown in Figure 28. bending moment is greatly reduced.
The maximum compressive stress is 213 MPa and the maximum tensile stress is 437 MPa.
A short comparison of the design stresses with the ultimate stress capacity is shown in
Table 11.

/
N L
g
=

Beam Disp: D(XYZ) (m)
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=
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Figure 28. Strand7 analysis of Case Study Two—Iteration Two showing the maximum fiber stresses
of bamboo beams of the combined structural system showing the deformed shape under wind load
(a) and fiber stresses by cross-sectional area (b).
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Table 11. Tensile and compressive fiber stresses for Case Study Two—TIteration One.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 21,272 43,663
Utilization Ratio 49% 100%

3.8.3. Analysis of Iteration Three of Modular Community Pavilion

Figure 29 shows a similar result to the previous iteration. The most critical loading
combination being found to be 1.2G + W + Q, whereby a maximum deflection of 1.71 mm
and minimum deflection of 0.117 mm was observed. While the Strand7 Analysis demon-
strates that the deflections are distributed across the pavilion, the lower magnitude in the
deflections indicate the efficiency of structure in comparison to its previous iterations. Thus,
the increase in additional members allows for a greater balance between the tensile and
compressive forces with the 0.8 m grid spacing. This is further supported by the apparent
symmetry of the design.

Location of minimum

deflection at 1.71mm

Location of maximum

deflection at 0.117mm

Figure 29. Strand? analysis of Case Study Two—Iteration Three showing the most critical deformed
shape of the combined structural system, under load case 1.2G + W + Q.

This is also observed in the distribution of the wind pressures throughout the structures
as shown in Figure 30, whereby the displacements due to the wind loads correlate with the
deflections shown above. The maximum compressive stress is 245 MPa and the maximum
tensile stress is 211 MPa. A short comparison of the tensile and compressive stresses across
all three iterations with the ultimate stress capacity is shown in Table 12.

Table 12. Tensile and compressive fiber stresses for Case Study Two—TIteration One.

Tension Stress Compression Stress
Failure Stresses (kPa) 43,500 43,500
Design Stresses (kPa) 245 211

Utilization Ratio 0.56% 0.49%
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Figure 30. Strand7 analysis of Case Study Two—Iteration Three showing the maximum fiber stresses
of bamboo beams of the combined structural system showing the deformed shape under wind load

(a) and fiber stresses by cross-sectional area (b).

4. Results
4.1. Structural Analysis of Buddhist Lotus Shelter

A comparison between the displacements, axial stress, and fiber stresses was con-
ducted. The grid size was a significant factor in addressing the behaviors of each design.
However, the deflection and fiber stresses were still significantly lower that the limits

specified in the design criteria.

4.1.1. Displacement Analysis

As discussed in Section 3.5, the displacement of each design was significantly lower
than the deflection limit. Figure 31 presents a comparison of the deflections for each design,
whereby Iteration Three shows the largest deflections. The full results of this analysis are

detailed in Appendix A, Table A2.

Maximum Displacement Comparison
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Figure 31. Comparison of deflections (along the z-direction) between each design.
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4.1.2. Fiber Stress Analysis

Figure 32 compares the maximum fiber stresses of each design. Iteration Three is
shown to experience the largest magnitude of fiber stresses, particularly in the cases of
1.35G and 1.2G + W + Q. This could be attributed to the reduction in the number of bamboo
stems increasing the amount of load that is sustained by the stems. The full results of this
analysis are detailed in Appendix A, Table A3.

Maximum Fiber Stress Comparison
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Figure 32. Comparison of fiber stresses (along the y-direction) of each design.

4.1.3. Summative Evaluation of Key Findings—Case Study One

Based on the previous findings, all three iterations of the first case study satisfied
the design criteria stated in Section 3.2 by a significant margin. The use of the structural
form has most likely contributed to the integrity of the design, whereby the symmetry and
interlocking bamboo stems facilitated an even load distribution throughout. As the first
case study considered rotational symmetry, the design had an increased lateral stability,
which reduced the magnitude of displacement regardless of grid size. Furthermore, the
inclusion of plywood cladding further supported the structure, reducing the wind effects
even further. This can be observed between the first and the second iteration.

4.2. Structural Analysis of Modular Community Pavilion
4.2.1. Displacement Analysis

Figure 33 shows a comparison between the deflections of each design, highlighting
that the most significant is the Ultimate Limit State Combination—1.2G + 1.5Q—especially
for Iteration One. All designs were well below the deflection limit of 26.15 mm, which
validates the structural scheme in all cases. However, Iteration One shows significantly
larger displacements, which could cause prolonged damage over time due to bending
stresses. The full results of this analysis are detailed in Appendix B, Table A4.
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Figure 33. Comparison of deflections (along the z-direction) between each design.

4.2.2. Axial Stress Analysis

Figure 34 presents a comparison of the compressive axial stress along the Z axis, as
bamboo is much weaker under compression due to its composition as a fibrous material
and the sectional capacity of each stem. All designs show axial stresses well below the
tensile capacity of Natural Bamboo of 108 MPa. Iteration Two appears to experience greater
axial stress, which may be a modeling error. As the benchmark is beyond the results, it
was not included in the graph. The full results of this analysis are detailed in Appendix B,
Table A5.

Maximum Axial Stress Comparison
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Figure 34. Comparison of axial stresses (along the z-direction) between each design.

4.2.3. Fiber Stress Analysis

Figure 35 presents a comparison of fiber stresses experienced along the xx plane.
While Iteration One and Three are within the stress limit of 43.5 MPa, Iteration One greatly
exceeds this under the load combination of 1.2G + 1.5Q), which indicates that the gravity
loads are the most critical for this design. Iteration Three shows considerably low stresses
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in all cases, which may be attributed to the design connections and the repetition of the
grid shell across a smaller area. The full results of this analysis are detailed in Appendix B,

Table Aé6.
Maximum Fiber Stress Comparison
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Figure 35. Comparison of fiber stresses (along the y-direction) between each design.

4.2.4. Evaluation of Key Findings—Case Study Two

Similarly for the second case study, all three iterations mostly satisfied the design
criteria stated in Section 3.3 by a significant margin. As the initial design considered
bilateral symmetry, there was an even distribution of loads throughout the structure. The
most notable difference between each iteration is the magnitude of the fiber stresses. In
contrast to the first case study, each design did not include cladding, resulting in increased
fiber stresses. However, the results reflect that the increase in grid size does, in fact, increase
the rigidity of the design, allowing the design to sustain larger static loads throughout. The
end supports experienced the magnitude of gravity loads, particularly due to the wind
loading. However, an assessment of the dynamic loading is out of the scope of this study.

5. Conclusions

This paper presented different architectural case studies of preliminary grid-shell
structures that explore the structural capacity and adaptability of bamboo. As examples
of complex structural scenarios modeled in Rhino with Grasshopper, three iterations of
each design were assessed under static loading conditions, using finite element analysis
in Strand?, to highlight the structural behavior of natural bamboo over low-rise and long-
spanning designs. The results show that the rigidity and strength of the bamboo was
governed by the repetition and symmetry of the two typologies, which increased their
lateral stability and the distribution of static loads throughout the design. The flexibility
of bamboo in facilitating the curvature of multiple design components contributed to a
harmonious structural system that resisted large displacements and reduced individualized
stresses on each structural member.

This structural study also provides preliminary insight into the value of bamboo as a
low-carbon material and emphasizes opportunities to experiment with the variability of
mechanical properties between bamboo species through modeling. Assessing the structural
behavior of bamboo using complex architectural contexts can help in testing various
design strategies, including concrete base supports and interlocking fixed connections, to
standardize its mechanical performance. The novelty of this study is in its encouraging the
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use of architectural modeling to assess the structural behavior of complex structures and
the effect of materials on overall performance.
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Figure A3. Construction of Dome using Grasshopper and Rhino.

Table A1l. Tabulated Results of Iteration of Buddhist Lotus Shelter.

]

W

| Previe

Iteration/Load Case Design 1 Design 2

Design 3

Grid (m) 0.6 1.2

24

Table A2. Maximum displacement (mm)—critical case is bolded.

Iteration/Load Case G+0Q G+07Q0+W 135G

1.2G+15Q 12G+W+Q

Design 1 0.43 0.64 0.23
Design 2 0.7 0.77 0.25
Design 3 0.71 1.87 0.32

0.6 0.74
0.98 1.33
1 1.98
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Table A3. Maximum fiber stresses (MPa).

Iteration/Load Case G+Q G+07Q+W 135G 1.2G+15Q 12G+W+Q

Design 1 1.824 4.602 0.999 2.514 5.045

Design 2 4.982 15.172 2.024 8.101 15.85

Design 3 5.316 18.182 23.827 7.4 19.6
Appendix B

Appendix B.1. Tabulated Results of Iteration of Modular Community Shelter

Table A4. Maximum displacement (mm)—critical case is bolded.

Iteration/Load Case G+Q G+07Q+W 135G 1.2G+15Q 12G+W+Q

Design 1 6.270 14.24 5.527 8.177 15.71
Design 2 1.510 0.911 1.351 1.965 0.999
Design 3 0.095 0.006 0.085 0.125 0.064

Table A5. Maximum axial stresses (MPa).

Iteration/Load Case G+Q G+07Q+W 135G 12G+15Q0 12G+W+Q

Design 1 0.641 0.541 0.565 0.857 0.725
Design 2 1.284 0.605 1.148 1.671 0.898
Design 3 0.115 0.104 0.103 0.150 0.130

Table A6. Maximum fiber stresses (MPa)—critical case is bolded.

Iteration/Load Case G+Q G+07Q+W 135G 1.2G+15Q 12G+W+Q

Design 1 20.04 46.00 17.67 26.13 65.1
Design 2 8.693 12.25 7.776 1.131 43.1
Design 3 1.622 2.062 1.445 2.112 0.245

Appendix B.2. Summary of Applied Loads on Members (kPa) Rough Calculations

Table A7. Calculated uniformly distributed loads for G, Q, and W (Load x Tributary Width).

. Dead Live Wind
Iteration/Case Load G Load Q Load \Y
Design 1
Trib. Width = 1.7 (m) 0.47 0.8 0.25 0.43 1 1.7
Design 2
Trib. Width = 1.2 (m) 0.47 0.56 0.25 0.3 1 1.2
Design 3 0.47 0.33 0.25 0.175 1 0.7

Trib. Width = 0.7 (m)
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Appendix B.3. Showcase of Initial Grasshopper Code for Modular Community Shelter

S\

‘ ]
18

N

S

(b)

Figure A4. Grasshopper code for building form by first establishing the plane and forming the base
frame (a), then implementing the circular hollow section and material (b).
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Figure A5. Grasshopper code for lattice structure to support design form for Modular Community
Pavilions, showing full Grasshopper code (a), and broken down by span (b,c).
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