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Abstract: Bamboo is known as a sustainable alternative for green building design, and it has been
tied culturally to some regions around the world. However, bamboo’s structural strength for different
design scenarios needs more investigation before it is widely adopted. Timber and bamboo have
similar mechanical properties, but the latter is a repaid, renewable, sustainable, disaster-resilient
system and is versatile, which has more advantages for construction purposes. Natural bamboo
and its derivatives have been considered as a high-demand green and environmentally responsible
alternative construction material, and this interest is increasing globally. Because of the rapid growth
rate and large developing area, it is more useable than the limited timber resource. However,
natural bamboo has an anisotropic and nonhomogeneous material property, which varies in multiple
directions. There is limited engineering data and investigation of bamboo material and its use in and
impact on construction. In this study, three different bamboo models were analyzed by Strand7; each
of them had different features in structure and in the major construction material. A new model was
proposed by improving the three given structures and was maximized in the mechanical capacity.
Some design guidelines were proposed based on the analysis and comparison of different bamboo
structures. The model will replace natural bamboo with bamboo scrimber, which is an engineered
bamboo derivative that has more uniform material properties.

Keywords: sustainable design; green structure; curved elements; bamboo; dynamic load; grid shell; arch

1. Introduction

Bamboo is traditionally known as one of the popular materials for vernacular ar-
chitecture [1,2]. However, recent studies suggest this material to be used for modern
architecture [3]. The main purpose of this study was to present alternative design models
using a bamboo grid shell structure, which has better mechanical capacity under various
load conditions and in both static and dynamic analysis. At the same time, bamboo is
known as a relatively environmentally friendly material and is sustainable [4]. Finite ele-
ment analysis was conducted to analyze the strength and serviceability of natural bamboo
and bamboo scrimber using Strand7 [5]. Three structures constructed by natural bamboo
and variants in design were analyzed by replacing their construction material with bamboo
scrimber. Then, a new structure was proposed based on the comparison and analysis of
three given structures, and some design improvements were addressed in a new struc-
ture. Three initial models were constructed in AutoCAD and were transferred to Strand7
for finite analysis; the improved, new design was fully constructed using Strand7 alone
(See Figure 1).
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Figure 1. Preliminary model (blue) and improved model (pink).

In this study, the main innovation was to suggest an alternative material and a curved
structure design. As a rapidly growing and wild developing material, bamboo has been
used for construction purposes for a long time in many tropical areas. It is a similar material
to timber but with less weight and greater flexibility. As sustainable construction has been
proposed as a green strategy this century, the interest in using bamboo has been increasing.
However, natural bamboo not only has a nonhomogeneous and anisotropic property but
its size varies from bottom to top. Thus, it is not suitable for modern construction, which
requires uniform construction material. Natural bamboo grows straight with a circular
hollow section, and there are limited data and investigation about using natural bamboo in a
curved shape for constructing a roof. Therefore, bamboo scrimber was chosen alternatively
as a better construction material [4,6]. Bamboo scrimber can maintain the material property
of bamboo and can be made in any desired shape. Some relevant literature demonstrates
bamboo scrimber as a good alternative construction material. Thus, by using bamboo
scrimber with the desired member shape, it is easier to design and construct a suitable and
stable structure.

Although more attention has been paid to the advantage of using bamboo as a con-
struction material, there is still a lack of investigation conducted regarding its mechanical
properties and its guidelines in construction [7–12]. The goal of this study was to propose
new ideas about taking the advantages of bamboo and its derivatives and investigating
potential improvement for a bamboo structure as a major construction material. With the in-
vestigation, the aim was to assist the future study and design of bamboo structures [12–15].

2. Materials and Methods
2.1. The Material Properties

Bamboo scrimber was chosen as the major construction material, although its material
property data are limited. The first reason to choose this material is the increasing interest
in bamboo as a construction technique, which is due to its being a popular, recyclable,
and sustainable material [16–20]. Furthermore, in comparison, bamboo timber is more
suitable for construction purposes because it can be made in any desired shape and has a
uniform property, whereas natural bamboo is hard to be curved and has a circular hollow
section and an anisotropic and nonhomogeneous property. Natural bamboo needs to go
through many procedures to become a bamboo scrimber. As bamboo scrimber production
technology develops, some procedures have been cut for large scale production; the main
process is a composite of truncation and splitting, defibering, drying, dipping, assembly,
cold-pressing, and heat-curing or hot-pressing, which is highly material efficient, utilizing
approximately 80% of raw inputs [20,21]. Moreover, it maintains the longitudinal direction
of the bamboo fibers and utilizes the resin matrix to connect the fiber bundles.

The material properties of bamboo scrimber can be impacted by multiple perspectives,
such as the production procedure and the species of bamboo used to produce scrimber.
The analysis of bamboo scrimber structure will also be impacted because of the uncertainty
of the material properties. The common property range of bamboo scrimber is listed in the
table below (Table 1).
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Table 1. Bamboo scrimber’s mechanical properties.

Property Value

Elastic modulus (E) 13.5–32.3 GPa
Poisson’s ratio 0.26–0.52

Density (p) 720–1300 kg/m3

Some experiment was implemented to test the ultimate capability of bamboo scrim-
ber because of the effect of the different mechanical conditions. Because of the internal
and small fiber structure, bamboo scrimber performs differently when the load acts in a
different direction. Normally, when the load acts parallel to the grain, bamboo scrimber
can perform well. In contrast, if the loading mechanism acts perpendicular to the grain,
bamboo scrimber’s capacity will drop significantly. Local failure will happen when the
specific stress exceeds the material capacity, and all the local failure stresses of bamboo
scrimber under each loading mechanism acting parallel to the grain is shown in the table
below (Table 2).

Table 2. Ultimate stresses of bamboo scrimber.

Property Value

Tension [2] 296.2 MPa
Compression [2] 134.9 MPa

Bending [4] 119 MPa
Shear [4] 15 MPa

If any load mechanism exceeds the given value in the table above, local failures
of bamboo scrimber will occur and result in a cracking and fiber separation of bamboo
scrimber, which causes global failure. All these values were used to analyze the structure
in this study.

2.2. Comparison between Bamboo Scrimber, Natural Bamboo, and Timber

Because of the limited research and investigation, bamboo scrimber has rarely been
used for construction purposes. However, bamboo scrimber has many advantages over
other timber materials and natural bamboo, such as high dimensional stability. Its me-
chanical properties are normally influenced by the bamboo species used and by the manu-
facturing technology. In Table 3, the material properties of multiple engineered timbers
and bamboo derivatives are compared. This table shows the advantage and shortcom-
ings of each material and proves that bamboo scrimber has the capability to be used as a
construction material.

Table 3. Material properties for structural timber and bamboo comparison.

Material
Density

ρ
kg/m3

Compression
fc

(Mpa)

Tension
ft

(Mpa)

Shear
τ

(Mpa)

Flexural
fb

(Mpa)

Bamboo scrimber 1010 134.9 296.2 15 119
Raw bamboo 666 53 153 16 135
Sitka spruce 383 36 59 9 67
Douglas-fir 520 57 49 11 68

As presented in Table 3, it can be found that bamboo scrimber has a relatively high
density compared with other materials. Furthermore, the table also shows that the mechan-
ical properties of bamboo scrimber are better than all other materials, except raw bamboo,
which has a better shear and bending capacity. However, these bamboo scrimbers show
similar bending and shear capacity to natural bamboo. Overall, bamboo scrimber is more
suitable for construction.
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Although natural bamboo is cheaper and has relatively better performance than other
timber material, it still has some significant shortcomings. The first one is its anisotropic
and nonhomogeneous property, which varies along with the whole bamboo, whereas
bamboo scrimber has a uniform property, which is easier to be used and analyzed in design.
Furthermore, because of the circular shape, the stable connection between natural bamboo
is hard to be achieved all the time, which limits the structure design. This is also the main
reason to develop bamboo scrimber, which inherits all the advantages of raw bamboo and
can be designed in any expected shape. However, as the bamboo derivate, bamboo scrimber
also has some similar shortcomings as natural bamboo. The mechanical performance of
both heavily depends on the load and fiber direction; when the stress is parallel to the
grain, they have better performance. In contrast, when the load is perpendicular to the
grain, their mechanical property drops significantly.

Multiple factors can impact the material properties of bamboo scrimber. Its properties
are formed heavily and depend on the manufacturing process. Because of the highly
compacted structure and low moisture content, it has high density, compression, and
tension capacity. It also inherits almost all shear and bending capacity from natural
bamboo. The key manufacturing processes that decides bamboo scrimber’s material
properties are drying, dipping, and pressing. Most of the moisture is extracted during
the drying procedure, which controls the moisture content of bamboo scrimber below
10% and improves its Young’s modulus and internal bond strength. The dipping process
also contributes to the density and bonding performance; the resin is used to dip the
dried bamboo fiber, which bonds them together and provides some extra features, such
as waterproof capacity. Moreover, the bamboo fired will be pressed under very high
pressure; this procedure reduces its Poisson’s ratio significantly and could make it in the
desired shape.

2.3. Model
2.3.1. Three Initial Designs

The preliminary three designs are provided below. All three designs consisted of
curved bamboo elements, which were used for shaping a grid-like spatial structure. The
arch members were used in all the design scenarios, including the bracing in design 2
and crossover members in the rest of the design scenarios. In all three scenarios, a layer
of a thin glass panel was used as a roof, and the weight of the glass was supported by
curve bamboos.

During the modelling process, all the bamboo curved roofs adopted the same geometry
properties, as shown in the Figure 2 below. They were initially modelled as 0.0045 m
square sections using manufactured bamboo scrimbers, and the mechanical properties
are mentioned in the available literature. It enables the possibility of maintaining the
consistency in size and properties of the bamboo elements throughout the structure.
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The relevant property values assigned in Strand7 for performing numerical analysis
are summarized in the table below (Table 4).

Table 4. The presented mechanical properties of the bamboo scrimber.

Property Value

Elastic modulus (E) 2.29 × 1010 Pa
Poisson’s ratio 0.39

Density (p) 1010 kg/m3

Length (a) 0.045 m

2.3.2. Initial Structure: Design 1

Figure 3 demonstrates the details of the design 1 suggested frame. Design 1 took
into account the circular arches that crossover to demonstrate the lateral support of the
structure. This crossover can transfer the critical stresses to the adjusting members. This is
a novel structural technique to distribute critical stresses.
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2.3.3. Initial Structure: Design 2

Figure 4 presents the details of the design 2 suggested frame, which covered all aspects
of the stability of the structural system. A conventional arch was taken into account in the
proposed design, which can follow the design in a typical barrel vault approach. There
was no crossover of arches in this design, meaning that the transfer of lateral force is only
via the horizontal bamboo members.

2.3.4. Initial Structure: Design 3

Figure 5 presents the details of the design 3 suggested frame in the structural frame
system. Design 3 was included a combination of proposed elements, which were presented
in designs 1 and 2.
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2.3.5. Improved, New Design

Figure 6 demonstrates the details of the new suggested design for the frame system.
The new design was based on a typical barrel vault formation, with double arches for each
of the arch structures, which aimed to estimate truss structures between the upper and
lower arches. The truss system enables the distribution of the loads from the upper arch to
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the lower arch and hence eases the loads throughout the structure. It further enhanced the
reliability of initial design 2 by adding the lower arch and the truss system. The connections
at the base are mentioned in the literature review.
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The load distribution of this new design is similar to the proposed initial structure
design 2. Therefore, for the sake of simplicity, the static load conditions (the dead load, live
load, and static wind load and their corresponding load combination cases) were the same
as described in initial structure design 2.

2.3.6. Loads

Four different loading conditions or assumptions were considered in this study for
performing load analysis as listed below:

• 470 kPa for the weight of roofing material, which is glass roofing.
• 9.9 kN/m3 for the weight of the selected bamboo scrimber.
• 0.25 kPa for the proposed live load on the floor.
• The Australian standard was considered for calculation of wind pressures; an Aus-

tralian metropolitan area was chosen as the proposed location of the structure. The
standard suggestion of a 500-year recurrence interval was adopted. More specifically,
a combination of AS1170.2 [22–24] and Eurocode 1 [25,26] was used since the structure
was a curved shape.

The dead weight of bamboo scrimber was automatically calculated in Strand7. It was
achieved by simply choosing the gravity load under the dead load case and summing
the node reaction forces at the global vertical direction (in our cases, it was the global
y-direction in Strand7). The applied live load of 0.25 kPa was typical of the roofing as per
AS1170.0 and assumed that there was no access to pedestrians. Within the scope of the
analysis in this report, this was a satisfactory approximation. G presents the deal load, Q
presents live load, and W is the applied wind load.

The proposed new design used the same load cases as mentioned above, and this is
reasonable as the glass was installed on the top arches such that the lower arches would not
withstand the dead load directly from the glass. With the advent of the truss system, the
live load was also applied to the top arches only and then transferred to the lower arches,
and so was the static wind load.

Figure 7 shows the load conditions for a selected arch structure as part of design 1,
and the tributary width was constructed in a conservative manner considering the largest
value in that region. However, the upper level of the arch gave zero tributary width.
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Figure 7. General load conditions for a typical arch structure in initial design 1.

The Australian standard of AS1170 [22] was used for combination alternatives, includ-
ing both serviceability and ultimate limits. The minimum requirement for considering the
section capacity in each scenario of design modeling, the worst-case limiting state, was
computed and considered. The worst-case states were identified by computing each of the
five load combinations listed below:

• Ultimate limiting state:

• 1.35 G
• 1.2 G + 1.5 Q
• 1.2 G + W + Q

• Serviceability limiting state:

• G + Q
• G + 0.7 Q + W

In order to make the design models comparable, circular arches were considered for
modeling purposes, and the result is shown in Figure 8. The workflow was considered
based on the downward proposed loads, which were from the top into the rigid connections
at the base of the structure via the arches.
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As for the proposed new design, because of the presence of the lower arches and the
truss system, the load distribution followed a similar mode as mentioned above but was
converted to multiple paths, which further demonstrates that the new design can help ease
the load in a distributed manner (Figure 9).

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 24 
 

Sustainability 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/sustainability 

 

converted to multiple paths, which further demonstrates that the new design can help 

ease the load in a distributed manner (Figure 9). 

 

Figure 9. Load path of the new proposed design. The arches behind the front one followed the 

same distribution pattern. Because of the size of the picture, it does not appear on the figure. 

2.3.7. Numerical Analysis 

The three initial designs were modelled in AutoCAD and then imported into Strand7 

for numerical analysis as beam elements. The curved elements were subdivided into small 

pieces and connected by sufficient nodes with small and regular intervals to achieve a 

more accurate result. Distinct from the three initial designs, the new proposed design was 

fully established in Strand7. The coordinates of the nodes for forming the arch structures 

were determined based on developed functions. The functions of the upper arch and the 

lower arch were determined using the expression of circular standard equations. 

The selected material properties of bamboo scrimber were assigned in Strand7. A 

summary of the ultimate strength for the manufactured bamboo scrimber is indicated in 

Table 5. 

Table 5. Material capacity of bamboo scrimber. 

Property Ultimate Strength Capacity (MPa) 

Tensile stress 296.2 

Compressive stress 134.9 

Shear stress 15.0 

Bending stress 

Fiber stress 

119.0 

54.3 

As for the boundary conditions, the base nodes were fully fixed in all directions. It 

prevented the movement of base nodes in any direction and the rotation of the structure 

at the foundations, which followed the same base conditions in reality. For the static load 

and load combination cases of all the four models as described in the loads section of this 

study, it used the linear static solver to perform various analysis. Apart from these, it used 

the natural frequency solver to determine sufficient modes of the house and then per-

formed the spectral response solver to obtain the performance of the models under dy-

namic wind load. This was because the spectral response analysis requires a mode super-

position procedure where the natural modes are essential for determining their responses 

under dynamic loads. 

Figure 9. Load path of the new proposed design. The arches behind the front one followed the same
distribution pattern. Because of the size of the picture, it does not appear on the figure.

2.3.7. Numerical Analysis

The three initial designs were modelled in AutoCAD and then imported into Strand7
for numerical analysis as beam elements. The curved elements were subdivided into small
pieces and connected by sufficient nodes with small and regular intervals to achieve a more
accurate result. Distinct from the three initial designs, the new proposed design was fully
established in Strand7. The coordinates of the nodes for forming the arch structures were
determined based on developed functions. The functions of the upper arch and the lower
arch were determined using the expression of circular standard equations.

The selected material properties of bamboo scrimber were assigned in Strand7. A
summary of the ultimate strength for the manufactured bamboo scrimber is indicated
in Table 5.

Table 5. Material capacity of bamboo scrimber.

Property Ultimate Strength Capacity (MPa)

Tensile stress 296.2
Compressive stress 134.9

Shear stress 15.0
Bending stress 119.0

Fiber stress 54.3

As for the boundary conditions, the base nodes were fully fixed in all directions. It
prevented the movement of base nodes in any direction and the rotation of the structure at
the foundations, which followed the same base conditions in reality. For the static load and
load combination cases of all the four models as described in the loads section of this study,
it used the linear static solver to perform various analysis. Apart from these, it used the
natural frequency solver to determine sufficient modes of the house and then performed
the spectral response solver to obtain the performance of the models under dynamic wind
load. This was because the spectral response analysis requires a mode superposition
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procedure where the natural modes are essential for determining their responses under
dynamic loads.

3. Results
3.1. Buckling Evaluation in the Curved Beams

In this section, the results of buckling assessments for curved members are discussed
(Figure 10). In order to consider the safest design, the worst-case state was considered
as the largest radius arches for this assessment. Equation (1) was used for assessing the
buckling of uniformly compressed curved arches [27].

w = A sin kθ + B cos kθ (1)

qcr =
EI
R3

(
π2

α2 − 1
)

(2)
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In the case of the selected designs, the values to be used in the calculation above are
given in Table 6, which were calculated from the properties and dimensions of the designs.

Table 6. Values required for critical buckling load per curved member. The top arch of the new design had the same values
as the values in design 2. Hence, the new design column in the table only demonstrated the values of the lower arch.

Values Design 1 Design 2 Design 3 New Design (Bottom)

E 2.29× 1010 Pa 2.29× 1010 Pa 2.29× 1010 Pa 2.29× 1010 Pa
I 3.42× 10−7 m4 3.42× 10−7 m4 3.42× 10−7 m4 3.42× 10−7 m4

R 3.43 m 3.00 m 4.71 m 2.5 m
α

π

2
π

2
π

2.6202
π

2
Critical buckling Load (qcr) 0.58 kN/m 0.87 kN/m 0.44 kN/m 1.5 kN/m

As can be seen from Table 6, the critical variable was the largest curvature R. Based on
Equation 2, one can see that R is inversely proportional to the critical buckling load. This
means that a shorter radius can lead to a bigger buckling capacity. This is also proved by
the values in Table 6; the lower arch of the new design had the smallest R but the largest qcr.
Moreover, from previous studies, with a similar size scale for one certain curved bamboo
member, natural bamboo would have a larger value of I, which would result in larger
values of qcr.

However, since these calculations were indicated by respecting Timoshenko’s theory
of elastic stability [27], the computed values were overestimated, which means the buckling
capacity of each arch should be smaller in reality. This is because the uneven distribution of
stress was not considered when performing the approximation of elasticity. Furthermore,
the restraints from crossed arches in models 1 and 3 were also not considered nor were the
restraints from the glass connection points. Hence, the results are not fully accurate.
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It can be concluded that the critical values of buckling load for bamboo scrimber
are relatively smaller than natural bamboo, demonstrating that manufactured bamboo
scrimber could have a greater risk of undergoing buckling than natural bamboo.

3.2. Static Load Analysis of Three Initial Designs

For each model, two serviceability limiting state (SLS) and three ultimate limiting
state (ULS) load cases according to AS1170.0 [22], as well as the load case with wind
load only, are presented below. The critical cases (shown in Figures 11–15) for the load
cases were selected as the maximum value of the displacement and stresses, which were
considered independently. For all the cases, the results shown are from 45 mm width
square cross-section bamboo scrimber, based on the numerical analysis from Strand7.
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Figure 13. Maximum tension stress for varying load cases and models.
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Figure 14. Maximum compression stress for varying load cases and models.
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Figure 15. Maximum magnitude in fiber stress results in compression for varying load cases and models.

3.2.1. Displacement

The displacement measures the movement of structures from the original position.
These results are summarized in Figure 11, as shown below. In Figure 11, the wind is shown
giving the most deflection, but it can be countered by the dead and live load. Design 1
(model 1, similar for all models) can be seen behaving well at resisting dead and live loads
but slightly worse for winds. Besides, design 2 performed equally for all loading cases
but with the maximum dead load as a result of its heavy structure. In contrast, design 3
received a limited dead load because of its light structure but with varying deflection and
the minimum deflection for dead and live load. However, design 3 had the maximum
deflection for wind load. Figure 12 presents the deformation of the simulated frames due
to the effect of the different combined actions.

3.2.2. Axial Stress

The axial stress measures the internal force of structures that results from axial forces.
The axial stress, including tensile stress and compressive stress, was suggested by Strand7.
These results are summarized graphically in Figures 12 and 13 for the tension and com-
pression stresses, respectively. As shown in Figure 13, the tension stress for all designs
mostly resulted from the wind load and only a slightly from the dead and live loads. This
may be a result of the fact that both dead and live loads were acting downwards, hence,
they only had a noticeable effect on the base. In addition, the tensile stress for all of the
three models is the greatest in the SLS, including winds. It was found that for these down-
ward cases, design 1 had the relatively largest tensile stress. This is mainly because of the
cross-arches structure for distributing loads among the system, which causes more thrusts;
hence, the restraints at the base are essential. Thus, the magnitude of tensile stress can be
maximized because of combinations with wind loads. However, the magnitude was iden-
tified as low enough, which would not be greater than 296 MPa as the selected structure
elements capacity.

Figure 14 shows that most of the compressive stresses come from the dead load and
live load, with only little increases due to winds. Under wind loading, designs 1 and 2
had similar maximum compressive stress on the windward face, but design 1 had lower
stress when there was no wind load. Design 3 had the most compressive stress for all cases,



Sustainability 2021, 13, 2598 14 of 25

without exceeding the capacity for bamboo scrimber (134.9 MPa). Comparing the graphs
for tensile and compressive stresses, the compression was larger than the tension overall.

3.2.3. Total Fiber Stress

The stresses were determined based on the beams’ cross-sections, so they were con-
sidered as the total fiber stress. They were computed based on the bending moments in
two states of planes and axial directions. As fiber stress varies in different positions inside
structural members, these results were summarized in terms of their maximum magnitude
and are presented in Figure 14.

Figure 15 indicates that the fiber stress for model 3 was significantly higher because of
wind, and the large deflection of model 3 represents the significance even more clearly. As
shown in the figure, there was a 54.3 MPa limiting capacity of bamboo scrimber. Except for
downward cases of G+Q and 1.35 G for model 1, all the other cases of the three models
exceeded their limit and resulted in uneven load distribution throughout the members,
which could further lead to serious failures of the whole structure. Hence, a new structure
needs to be developed to address the issues.

3.2.4. Bending Stress

Figure 16 shows the results of the analysis for maximum magnitudes of bending
stresses for different case combinations. The bending stress is determined in two different
planes, including the beam element and the one that is perpendicular to it.
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Figure 16. Maximum bending stress results for varying load cases and models on plane 1.

Figure 16 indicates that model 3 will fail under some SLS and ULS limiting states, as
the stresses exceeded the capacity (a benchmark in Figure 15). As a result, the member with
the stress higher than the capacity will fail. Consequently, the whole structure may collapse.
Alternatively, stress is distributed evenly throughout the structure of designs 2 and 3.
Therefore, the failure in bamboo scrimber can be avoided.

3.3. Static Load Analysis of the Proposed New Design

Three ultimate limiting load conditions and two serviceability limiting load conditions
were considered for the new design. All the results are with the same geometry properties
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as previously stated. Since the main objective needs to address the performance under
wind loads, the wind load case is also presented in the following contents.

3.3.1. Axial Stress

Figure 17 shows two different types of axial stress covering both states of being in
tension and in compression.
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Figure 17. Summary of the maximum of two types of axial stress for different load cases of the proposed new design.

It becomes clear that both of the critical values for tension and compression occur at
the static wind load case. It is noteworthy that tensile stress is greater than compressive
stress under the static wind load case if compared with other cases. This is because wind
load is a lateral load, which results in more tensile stresses; this also explained how the
load cases involving wind load tended to have greater tension than those cases that did
not consider wind load. From the previous table, which suggests an ultimate tensile stress
of 296.2 MPa and an ultimate compressive stress of 134.9 MPa, the critical values of the
proposed new design are much smaller than the ultimate values. It can be concluded that
the performance of the new design under axial load conditions is governed.

3.3.2. Total Fiber Stress

Like axial stress, the total fiber stress of the structure can be either compression or
tension due to the effects of the applied loads and the function of the structure system.
Both types of stress are demonstrated in the figure below (Figure 18).

The figure suggests that the critical case was still the static wind load case for both
tension and compression conditions. It is worth noting that tensile stress exceeded the
compressive stress for the cases with wind loads compared with the cases under axial stress.
Consequently, it is recommended that one should pay more attention to the performance
of fiber under tensile stress when considering the wind load impacts. As can be seen from
the figure, the critical fiber stress under the static wind load case is still smaller than the
ultimate condition, hence, the proposed new solution is still under control in this case.
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Figure 18. Summary of the maximum of two types of total fiber stress for different load cases of the
proposed new design.

3.3.3. Bending Stress

The bending stress was conducted along two planes in Strand7. During the data
collection process, it was found that, for all the load cases, the maximum condition occurred
at plane 1 only. Therefore, only the bending in plane 1 was collected and summarized in
the below figure (Figure 19).
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As can be seen from the figure, the maximum load still occurred under the static wind
load case. The critical value was still significantly under the ultimate bending stress, and
thus, the new design was safe under bending stress.
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3.3.4. Summary of Static Load Analysis

In summary, under static load analysis, for all four designs, the critical case occurred
under the static wind load case. Among the three initial designs, design 1 with a cross-
arches structure had the best performance. Nonetheless, the structure of design 1 was still
not feasible using bamboo scrimber under the fiber stress test.

A new design was proposed to overcome the demonstrated failure. Notwithstanding
that the axial stress of the new design was bigger than the three initial designs, which was
mainly due to the added complex structures, in no case did the axial stress values of the new
design exceed the maximum bamboo scrimber capacity. Furthermore, the performance of
the new design prevented potential failure from total fiber stress and demonstrated better
bending stress resistance than initial design 1. Hence, it can be proved that the proposed
new curved roof was feasible under static load conditions.

3.4. Dynamic Wind Load Analysis
3.4.1. Wind Speed Calculations
Assumptions

The location of the structure was Sydney, and the terrain category was taken to be
terrain category 2. Since Sydney is in region A2, as outlined in the AS1170.2 [22] and
assuming an average recurrence interval of 500 years, VR = 45 ms−1 as shown in Table 3
of AS1170.2 [22]. Therefore, the terrain multiplier, taken from Table 4 of AS1170.2, for a
height of 3 m, was terrain/height multiplier Mz,cat = 0.91 [6] (pp. 19–20). The shielding
multiplier, Ms = 1.0, was taken from Table 4 of AS1170.2 as the most conservative case [6]
(p. 21). For a better analysis, the heights of buildings in the surrounding area needed to be
recorded and, utilizing clause 4.3 [22], a detailed analysis should return a more accurate
shielding multiplier value. However, given the lack of a specific location for the structure,
the most conservative case was taken. The topographic multiplier, Mt = 1.0, was taken
from Section 3.4, and lee regions were ignored as per clause 4.4.3 as no lee zones are in
Australia. This was not the most conservative case, as Mh > 1.0 and Mt > 1.0. However,
because of a lack of specified location, the analysis for the topography of the site could
not be analyzed. This would have been done by utilizing geospatial software to model the
topography around the site and by conducting an analysis on the maximum height of hills
in that region.

Calculating Wind Speed

Since Md was the most conservative case, vdes,θ = 45 × 1.0 × 0.91 × 1.0 × 1.0 =
40.95 ms−1. It should be noted, however, that a static wind analysis using the values found
in AS1170.2 [22] and utilized in previous years is not an accurate representation of wind
effects on a structure over a long period of time. This is because the values utilized refer to
the gust wind speed, which is a maximum wind speed event with a duration outlined in
AS1170.2 [22] as being a 0.2-s gust event. This means that structures will be over-designed
to resist this maximal value for wind speeds that are unlikely to occur. This is because
the wind recordings in Table 3 are based on historical records where the maximum wind
speed is taken without distinguishing whether it is from a synoptic wind or a thunderstorm
event. These two wind events have different profiles and, for a smaller structure, since
the standard just records the maximum event, there is the possibility that the wind speed
is based on a thunderstorm event. Hence, if this was used to define the normal response
to a structure for winds occurring regularly, then there would have been the potential
for overdesigning of the structure. Instead, it would be more advantageous to analyze a
structure’s response to a larger duration wind event.

Since a synoptic wind event is made up of two parts; a mean component and a
fluctuating component, the fluctuating component is responsible for the dynamic effects
induced by wind loads, and for roof structures on which the wind speeds have the most
effect, due to the increasing wind speed as elevation increases, the roof is going to have the
most adverse effects due to wind loading.
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Using the equation,
vgust = Gv, (3)

where:

vgust = the gust wind speed

G =
(

1 + g
(σ

v

))
(4)

σ

v
= turbulence Intensity, Iz

Turbulence intensity is found in Table 6 of AS1170.2 [22] and is a measure of the
turbulence in the wind. Wind turbulences are responsible for a phenomenon known as tur-
bulence buffeting, where the turbulence induces a dynamic response in the structure. This
can occur both in the along-with-wind and the crosswind direction—Table 7 summarizes
different extracted dynamic modes in different models.

g =
√

1.2 + 2 loge(Tna) (5)

Table 7. Natural frequencies under different modes for the four models.

Na (1st Mode) Na (2nd Mode) Na (3rd Mode) Na (4th Mode)

Model 1 6.08772 11.9478 12.9541 14.1401

Model 2 6.08232 8.37319 8.63187 13.0552

Model 3 6.37322 7.11168 8.90585 9.72662

New Model 5.91085 11.7663 11.8231 13.4578

This assumed that the peak factor is based on the hourly mean wind speed, hence, the
period was 1 h, or 3600 s, where:

na, the natural frequency of the first mode

Using the value of the peak factor in the gust factor equation and rearranging the gust

wind speed equation gives: v =
vgust

G
.

The values for the calculation are summarized in Table 8:

Table 8. Calculation of wind speed of the four models.

Natural Frequency of First Mode, na (Hz) Peak Factor Gust Factor Mean Wind Speed, vvv (ms−1)

Model 1 6.088 4.603 1.902 21.527

Model 2 6.082 4.603 1.902 21.528

Model 3 6.373 4.613 1.904 21.505

New Design 2.931 4.442 1.871 21.892

Using Davenport’s equation for the power spectrum distribution:

su(n) = 4kv2 x2

n(1 + x2)
4
3

(6)

where x =
1200n

v
n is the frequency (Hz)
v, mean wind velocity (ms−1)
k is surface roughness (taken as 0.05 for terrain category 2)
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Rearranging the Davenport equation where the pressure spectrum distribution (PSD)
value is dependent on the frequency gives:

su(n) = 4k
(1200)2n(

1 +
(

1200n
v

)2
) 4

3
(7)

This is the spectrum for the wind speed. Utilizing the fact that the velocity component
for wind speed is based on a mean and fluctuating component provides:

Fluctuating wind velocity, v(t) = v + v′(t)

where v′(t) is the fluctuating component of the velocity.

Using the fact that the drag force, FD =
Cdρ

2
A(v(t))2 where:

The drag coefficient, Cd = 1.2 (semi-cylindrical roof shape)
Density of the air, ρair = 1.2 kg/m3

The projected area, A

By squaring the value of the wind velocity, (v(t))2 = v2 + 2vv′(t) + (v′(t))2.
Since the value for (v’(t)) ≈ 0

FD =
Cdρ

2
A(v(t))2 =

Cdρ

2
A
(

v2 + 2vv′(t)
)2

Cdρ

2
A
(

v2 + 2vv′(t)
)
=

Cdρ

2
Av2 + CdρA2vv′(t) (8)

The wind force due to the mean wind speed is
Cdρ

2
Av2 and the fluctuating component

is CdρAvv′(t) [7] (p. 2).
Since the fluctuating component is responsible for the dynamic effects on the building:

S f (n) =
(F′D(t))

2

Hz
=

C2
dρ2 A2v2(v′(t))2

Hz
(9)

Since the fluctuating velocity spectrum can be written as, Su(n) =
(v′(t))2

Hz
.

Therefore, the equation for S f (n) = C2
dρ2 A2v2Su(n):

S f (n) = C2
dρ2 A2v2 4k

(1200)2n(
1 +

(
1200n

v

)2
) 4

3
(10)

Dividing the force spectrum by the square of the area, A, will result in the
pressure spectrum:

Sp(n) = C2
dρ2v2 4k

(1200)2n(
1 +

(
1200n

v

)2
) 4

3
(11)

Since each of the models have different values, the pressure spectrum for each model
are shown below.
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Pressure spectrum for model 1:

Sp(n) = 1.22 × 1.22 × 21.5272 × 4× 0.05× (1200)2n(
1 +

(
1200

21.527

)2
) 4

3
(12)

Pressure spectrum for model 2:

Sp(n) = 1.22 × 1.22 × 21.5282 × 4× 0.05× (1200)2n(
1 +

(
1200

21.528

)2
) 4

3
(13)

Pressure spectrum for model 3:

Sp(n) = 1.22 × 1.22 × 21.5052 × 4× 0.05× (1200)2n(
1 +

(
1200

21.505

)2
) 4

3
(14)

Pressure spectrum for the new model:

Sp(n) = 1.22 × 1.22 × 21.8922 × 4× 0.05× (1200)2n(
1 +

(
1200

21.892

)2
) 4

3
(15)

Tables 9–12 show the classification of the main dynamic structural responses that can
be extracted in different simulated models. The presented structural reactions were varied
from the maximum displacement in different directions as well as the critical stresses.
The presented technical values can help to provide a proper procedure in the hands of
the practical engineers when it comes to designing of the light structures to meet both
serviceability and ultimate requirements.

Table 9. Maximal displacements in roof members using bamboo scrimber based on Davenport’s
wind spectrum.

Scrimber DX (mm) DY (mm) DZ (mm)

Model 1 1.72 77.96 169.50

Model 2 0.16 58.62 113.20

Model 3 42.65 123.80 193.50

New Model 0.46 3.45 8.42

Table 10. Maximal displacements in roof members using natural bamboo based on Davenport’s
wind spectrum.

Natural Bamboo DX (mm) DY (mm) DZ (mm)

Model 1 0.71 32.13 69.95

Model 2 0.07 24.32 47.00

Model 3 17.55 51.02 79.86

New Model 0.87 1.68 4.09
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Table 11. Maximal stresses in the roof members using bamboo scrimber based on Davenport’s
wind spectrum.

σaxial (MPa) σbend (MPa) σfibre (MPa) σshear (MPa) σshear,avg (MPa)

Model 1 0.37 67.77 69.09 0.62 0.41

Model 2 0.29 55.06 55.12 0.52 0.35

Model 3 0.39 65.22 97.52 0.53 0.35

New Model 0.91 17.52 18.33 0.39 0.26

Table 12. Maximal stresses in the roof members using natural bamboo based on Davenport’s
wind spectrum.

σfibre (MPa) σaxial (MPa) σbend (MPa) σshear (MPa) σshear,avg (MPa)

Model 1 28.75 0.26 28.59 0.56 0.29

Model 2 23.35 0.21 23.31 0.47 0.25

Model 3 30.72 0.28 27.55 0.48 0.25

New Model 8.56 0.69 8.12 0.36 0.19

Figure 20 presents a possible model of the failure shape of model 2 due to the effect of
the applied dynamic wind loading. As illustrated, a combination of bending and twisting
can be found as the main failure modes in the simulated structures. The extracted modes
are significantly important when it comes to designing suggested frames because of the
effect of the dynamic wind loading. Additionally, the suggested concept might be extended
into calculating and predicting the structural responses due to the influence of the buckling
and post-buckling analysis of the simulated frames.
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The same approach is presented in Figure 21. Based on the simulated effect of the
dynamic wind loading, which was applied to frame model 3, a combination of the shear
and twisting failure modes are presented in Figure 21. The obtained failure modes were
fully dependent on the suggested shape of the frames.
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3.5. Discussion of Dynamic Wind Load

Assumptions were made in the calculation of the spectral load. For the pressure spec-
trum distribution, it was assumed that a unit pressure would be applied to the windward
face of the structure; however, as can be seen from the spectral analysis, replacing bamboo
with the engineered bamboo (scrimber) had an adverse effect on the resistance to dynamic
loading. This is most likely due to the improper selection of the geometry. It should be
noted that the factors for the spectrum wind load (Davenport’s equation) had load factors
that were higher in frequencies less than 1 Hz. Since the natural frequencies of all the
structures were of greater magnitude than 1 Hz, this meant that resonance would not have
as adverse an effect on the structure. This would change, however, if the roof was situated
on a high-rise structure. This is because the natural frequency of the structure would go
down and the frequency of the fluctuations in the wind would be closer to the natural
frequency of the structure, resulting in resonance relating to large displacements in the
structure. However, since the spectral analysis was based on the structure at the height
of 3 m it is unlikely that the effects of dynamic wind loading would be significant. Whilst
the dynamic loads are not inherently covered by past projects, it is an integral component
of understanding the wind’s effect on structures, especially when it relates to structural
dynamics. This is because dynamic movement induces fatigue effects in materials, with
bamboo also being affected. Whilst bamboo, where the loads run parallel to the culm
axis, will not result in failure induced by fatigue, fatigue failure does occur when the
load is acting perpendicular to the culm axis. This is related to the anisotropic nature of
bamboo perpendicular to the culm axis, where the load-carrying capacity of the member is
significantly reduced. This is important because dynamics in a structure are formed as a
result of cyclic loads, and fatigue effects can result in the fatigue failure of a structure well
below its capacity. Therefore, from a design perspective, structural dynamics are incredibly
important. The maximum result for the spectral wind response was taken from the spectral
load case SRSS (Spectral Response extracted from the spectral load case), in which the
maximum response of the building due to the spectrum load was recorded. These are seen
in the presented tables. This is done because 25 different modes of vibration were analyzed,
each with their own specific natural frequency; however, because most of the energy was
contained within the first few modes of vibration, the other modes were done for a more
robust analysis. As can be seen from the new model, there was a decrease in the total fiber
stress observed in the revised new model (Figure 22).
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This was mainly due to the increased load paths created by the pseudo truss that acted
as bracing for wind in the lateral direction. There were more load paths for the wind load
to go through, hence, the stresses in the material were not as large as observed from the
results. In contrast, for the case of the bamboo scrimber, increased loading was observed
when the dynamic analysis was done. This may have been due to the error in the selection
of a cross geometry 0.45 × 0.45 rectangular section. Because of the flexibility of bamboo, it
is a more useful structural element under dynamic loads, where the flexibility allows for
greater vibrational energy to be dissipated because of the inherent flexibility of the member.
The solid bamboo scrimber, because of its higher rigidity, is more affected by the wind
energy through the fluctuations due to greater stiffness. Hence, this energy cannot be easily
dissipated, and this results in higher forces in the sections.

4. Conclusions

This study proposed potential design solutions for implementing curved manufac-
tured bamboo roof structures. Three initial designs were suggested to analyze their static
load behavior and the corresponding dynamic wind load resistances using finite element
analysis through Strand7. It was found that design 1 with a cross-arches structure is the
most functional design solution among the three under static load analysis. However, it
still failed the fiber stress test, which could lead to potential fracture of the structure. Hence,
a new roof was proposed to address the issue, as shown in the figure below. With the new
solution, which consists of lower arches and a truss system, the structure can withstand the
fiber stress and bring a better performance on bending stress toughness under static wind
load. Further analyzing the four designs under the dynamic wind load case, it was found
that the proposed new design had the best function among all the models. Natural bamboo
material, in contrast, performed better than bamboo scrimber for the new design. After
conducting the buckling analysis, it was found that bamboo scrimber tends to undergo
buckling more easily than natural bamboo, which may be because of its shape and the
relatively high stiffness.

One potential improvement of the proposed design is to change the shape of bamboo
scrimber. This can be done by increasing the height of the scrimber to increase the stress
capacity or by changing the shape from a rectangular to an I-shape. However, the latter
solution is hard to achieve in reality because of the property of bamboo. Nonetheless,
the new proposed structure is still desirable because of its extraordinary performance
under various load types. If one considers further improvements to the performance of the
new design under dynamic loads and buckling, alternative bamboo material with better
shapes should be taken into account. This study focused on designing and optimizing
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the particular type of structures considering the structural and architectural engineering
research. The main novelty of the current study was to suggest a simple and reliable
finite element method to design some unique structures for which there are no practical
guidelines in practice.
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