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Abstract 

Bamboo roof trusses are promising for low-carbon housing, but their performance under strong wind is highly influenced 

by roof geometry. This study developed a coupled computational fluid dynamics (CFD) and particle swarm optimization 

(PSO) framework to optimize a bamboo Howe roof truss under extreme wind loading. The objective was to reduce the 

maximum member utilization by finding a roof-truss geometry that responds efficiently to geometry dependent wind 

effects. For each candidate geometry, ANSYS SpaceClaim and ANSYS Fluent were used to update the roof profile and 

compute the wind-induced force resultants acting on the roof surfaces. These force resultants, together with roof and ceiling 

dead loads, were then applied to a MATLAB two-dimensional frame model to calculate member forces, deflections, and 

utilization ratios. The PSO run converged after 660 objective-function evaluations over 22 iterations using 30 particles per 

iteration. The optimized truss had a ridge height of ℎr = 2.079 m, 𝑟1 = 0.324, and 𝑟2 = 0.487, giving a maximum member 

utilization of 0.116, small deflection, and a truss volume of approximately 0.05 m³. Compared with the best solution in the 

first iteration, the optimized design reduced maximum utilization by 37%. The main contribution of this study is the 

integration of CFD derived wind loading with PSO-based bamboo truss optimization, allowing both wind demand and 

structural response to be updated during the search process. 
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1. Introduction 

The global demand for housing continues to exceed supply, particularly in developing countries and tropical regions 

where rapid urbanization, population growth, and exposure to natural hazards converge [1]. At the same time, the 

construction sector remains a major contributor to global carbon emissions, largely due to the widespread reliance on 

carbon-intensive materials such as cement and steel [2]. These realities have intensified efforts to identify alternative 

structural materials that are renewable, locally available, and capable of meeting modern performance requirements for 

safety and resilience [3]. 

Bamboo has emerged as a viable candidate in this context. It is a fast-growing, renewable resource that is widely 

available in tropical countries, which offers significant environmental advantages over conventional construction 

                                                           
* Corresponding author: lessandro.garciano@dlsu.edu.ph 

 
https://doi.org/10.28991/CEJ-2026-012-05-023 

 

© 2026 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0009-0002-1102-5644
https://orcid.org/0009-0008-0867-4225
https://orcid.org/0000-0001-5967-5289
https://creativecommons.org/licenses/by/4.0/


Civil Engineering Journal         Vol. 12, No. 05, May, 2026 

2100 

 

materials [4–9]. When properly treated, bamboo exhibits favorable mechanical properties and a high strength-to-weight 

ratio, making it suitable for load-bearing applications [10–14]. In housing construction, bamboo has been used for walls, 

floors, and roof framing systems, including roof trusses that play a critical role in transferring loads to supporting 

elements [15]. 

In the Philippines, the need for resilient housing solutions is particularly pressing. According to the Philippine 

Atmospheric, Geophysical and Astronomical Services Administration (PAGASA), an average of about 20 tropical 

cyclones enter the Philippine Area of Responsibility each year, with about 8 making landfall [16]. Several of which 

reach typhoon or super-typhoon intensity [16]. Extreme wind speeds generated during these events impose severe 

demands on low-rise housing, where roof systems are consistently identified as the most vulnerable components. Wind-

induced uplift forces can lead to roof detachment, progressive structural damage, and the generation of wind-borne 

debris, posing serious risks to life safety and post-event habitability. Consequently, improving the wind resistance of 

roof systems, particularly roof trusses, is essential for enhancing the resilience of housing in typhoon-prone regions. 

Roof performance under wind loading is strongly influenced by geometry. Variations in roof slope, pitch, and overall 

configuration significantly affect air flow patterns, pressure distribution, and uplift forces acting on roof surfaces [17]. 

For bamboo roof trusses, which are lightweight and geometry-sensitive, this interaction between aerodynamic demand 

and structural response becomes even more critical. Designing bamboo trusses that can withstand extreme winds 

therefore requires a systematic approach that considers both wind flow behavior and structural efficiency. 

1.1. Computational Fluid Dynamics Simulations for Structures Under Wind Loading 

Computational fluid dynamics (CFD) is a discipline within fluid mechanics that employs numerical methods and 

modern computing capabilities to simulate fluid flow behavior. The origins of CFD can be traced to early theoretical 

developments in the 1920s, when numerical approaches were first explored for forecasting meteorology. One of the 

earliest and most enduring applications of CFD has been in weather forecasting, demonstrating its effectiveness in 

simulating wind-related phenomena relevant to the built environment [18]. 

With advances in computational power and numerical techniques, CFD has gradually expanded beyond meteorology 

into engineering applications, including wind engineering and building aerodynamics. Enhanced CFD modeling 

strategies have enabled more detailed evaluation of wind pressures acting on building envelopes and roof systems [17, 

19–22]. As a result, CFD has become an effective tool for investigating wind-induced demands on buildings or structures 

subjected to strong wind events such as typhoons and super typhoons. 

Several studies have demonstrated the application of CFD in assessing wind effects on roofs and overall building 

performance. Enteria [20] investigated various roofing designs of detached structures in the Philippines using CFD to 

evaluate their response under strong wind conditions. Singh & Roy [17] examined the influence of roof slope and wind 

direction on wind pressure distribution for a low-rise building with a pyramidal roof configuration using CFD 

simulations. Mata et al. [21] employed a coupled genetic algorithm (GA) and CFD framework to optimize building 

orientation and roof angle for a typhoon-resilient single-family house, with the objective of minimizing aerodynamic 

drag under a constant wind speed. More recently, Zhang et al. [22] conducted a CFD-based parametric study to optimize 

a Venturi-shape roof configuration in high-rise buildings for wind energy harvesting applications. Collectively, these 

studies demonstrate the growing use of CFD not only for wind load assessment but also for the optimization of building 

geometries subjected to wind loading. 

Despite the proven effectiveness of CFD for evaluating and optimizing wind-exposed building components, its 

application to bamboo-based structural systems remains limited. In particular, the integration of CFD into design and 

optimization methodologies for improving wind resistance of bamboo roof trusses has not been extensively explored. 

This gap highlights the opportunity to extend CFD-based wind analysis frameworks to bamboo structural systems, 

especially in regions where bamboo is increasingly promoted as a sustainable construction material. 

1.2. Particle Swarm Optimizations for Structures Under Wind Loading 

Structural optimization provides a systematic and rational framework for improving structural performance by 

exploring a range of feasible design alternatives under defined objectives and constraints [23–27]. In structural 

engineering applications, optimization objectives commonly include reducing material demand, improving load-

carrying efficiency, enhancing stiffness, and controlling serviceability responses such as deflection [23–27]. These 

objectives are particularly relevant for lightweight structural systems, where geometry strongly influences structural 

response [27]. 

Several studies have successfully applied optimization techniques to conventional structural systems. In the 

Philippine context, Pararuan et al. [28] employed genetic algorithm (GA) within a MATLAB-based framework to 

optimize reinforce concrete frame structures while ensuring compliance with the National Structural Code of the 

Philippines (NSCP) [29]. Although their study focused on reinforced concrete frames and cost-oriented objectives, it 
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demonstrated how optimization algorithms can be effectively coupled with structural analysis to address complex, multi-

parameter design problems.  

Recent advances in computational optimization frameworks have further enabled efficient evaluation of complex 

objectives and constraints. Lee et al. [30] introduced differentiable structural analysis using automatic differentiation to 

accelerate optimization workflows, showing how modern computational methods can improve both speed and flexibility 

of structural optimization. Complementary efforts have also produced compact implementations of optimization 

methods within MATLAB environments. Zhuang et al. [31] presented a lightweight MATLAB-based topology 

optimization approach, illustrating that practical and accessible implementations can support optimization studies 

without requiring excessive computational overhead.  

Belz & Kromoser [32] highlighted that optimization-based approaches can significantly improve structural 

efficiency and material utilization, however, practical application often remains limited due to modeling complexity and 

accessibility constraints, particularly for materials and systems that require specialized modeling considerations. These 

challenges are directly relevant to bamboo structures, which exhibit variability and anisotropy behavior and therefore 

require practical computational workflows to enable optimization-based design. 

 Metaheuristic methods are well-suited for problems involving nonlinear behavior, discrete variables, and 

computationally expensive analysis [24]. Among these methods, particle swarm optimization (PSO) has gained 

considerable attention in structural optimization studies [33, 34]. PSO is a population-based algorithm inspired by 

collective social behavior such as the flocking of birds or schooling of fish, in which candidate solutions explore the 

design space by sharing information related to individual and collective performance [33, 34]. PSO has been successfully 

applied to numerous structural optimization problems, including truss design optimization involving size, shape, and 

topology variables across various structural cases [35–38]. However, despite its demonstrated effectiveness in 

conventional structural systems, the application of PSO to bio-based structural systems, particularly bamboo structures, 

remains limited. 

1.3. Potential of Coupling CFD and PSO for Roof Truss Design Under Wind Loading 

Previous studies have demonstrated the effectiveness of computational fluid dynamics (CFD) in evaluating wind-

induced pressures on roof systems [17, 19–22, 39]. Other studies have also shown the capability of metaheuristic 

optimization techniques to improve structural performance, material efficiency, and serviceability response in different 

structural systems [21, 23, 28, 30, 31, 36, 38]. These works show that CFD and optimization can be powerful tools in 

structural design, particularly when wind demand or structural response is strongly affected by geometry. Studies on 

conventional materials, such as steel and reinforced concrete, have shown that coupling advanced analysis tools with 

optimization algorithms can lead to significant improvements in structural performance and material utilization [21]. 

In parallel, a growing body of literature has established bamboo as a viable material for load-bearing structural 

applications, including roof systems [8, 40–42]. These studies have highlighted key factors influencing bamboo 

structural performance, such as member variability, connection behavior, and geometric configuration [8, 40–42]. Most 

existing studies on bamboo structures have focused on experimental characterization [43–45] or numerical evaluation 

of structural response under prescribed loading conditions [46–48]. While these studies provide critical insights into 

bamboo material behavior and system-level performance, they generally do not extend to optimization-based design 

frameworks. 

Although CFD-based optimization has been applied to conventional building forms and materials [21], its 

application to bamboo roof-truss systems remains limited. This gap is important because bamboo roof trusses are 

lightweight and geometry-sensitive, and their performance under strong wind depends not only on member capacity but 

also on how roof shape affects pressure and suction. Therefore, an optimization framework for bamboo roof trusses 

should account for both geometry-dependent aerodynamic demand and structural response.  

To address this gap, this present study proposes a coupled CFD-PSO framework for optimizing a bamboo Howe 

roof truss subjected to extreme wind loading representative of Philippine typhoon conditions. In the proposed workflow, 

each candidate roof geometry is evaluated using ANSYS Fluent to obtain geometry-dependent wind force resultants. 

These wind force resultants are then transferred to a MATLAB two-dimensional frame model to compute member 

forces, deflections, and utilization ratios. PSO is implemented in MATLAB, which is used to search for the truss 

geometry that minimize peak member utilization while satisfying strength and serviceability constraints. The main 

contribution of this study is the integration of CFD-derived wind loading with PSO-based bamboo roof-truss 

optimization, allowing both wind demand and structural response to be updated for each candidate geometry. 

2. Materials and Methods 

This study develops a coupled computational workflow that links computational fluid dynamics (CFD) wind 

simulation, structural analysis, and particle swarm optimization (PSO) to improve the wind-resistant performance of a 
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bamboo Howe roof truss. The roof-truss geometry is parameterized by height of ridge and two dimensionless ratios that 

define the horizontal locations of the internal vertical members on one half of the span. For each candidate geometry, 

ANSYS Fluent is used to obtain wind-induced roof force resultants, and a MATLAB-based two-dimensional frame 

finite element model evaluates member forces, deformations, and utilization. MATLAB then executes PSO to identify 

the geometry that minimizes the peak member utilization while satisfying structural constraints. 

Wind loading on pitched roofs is strongly influenced by roof slope and flow phenomena such as separation and 

suction. For this reason, a CFD-based evaluation was adopted so that aerodynamic demand is updated consistently with 

each candidate roof geometry rather than prescribed using a fixed pressure pattern. As shown in Figure 1, the 

methodology operates as a closed-loop workflow. PSO generates a set of candidate designs, and for each candidate the 

roof profile is updated in ANSYS SpaceClaim and analyzed in ANSYS Workbench/Fluent to obtain the wind-induced 

force resultants acting on the left and right roof halves. These wind resultants are then transferred to the MATLAB 

structural model of the Howe truss together with roof and ceiling dead loads. The structural analysis returns member 

forces and deformations, from which utilization ratios are computed and the objective function value is evaluated. The 

objective value is fed back to PSO to guide the next set of candidate designs. This cycle repeats until the stall-based 

convergence criterion is satisfied, after which the best-performing design is reported. 

 

Figure 1. Methodology flowchart 

The theoretical approach of this study is based on the coupled relationship between aerodynamic demand, structural 

response, and optimization search. Wind pressure on a pitched roof is affected by roof geometry because changes in 

roof slope influence flow separation, pressure distribution, and suction on the roof surfaces [17, 19–22, 39]. Therefore, 

the wind load was not treated as a fixed pressure pattern. Instead, CFD was used to obtain geometry-dependent wind 

force resultants for each candidate roof profile. These wind force resultants were then transferred to a two-dimensional 

frame model, where the structural response was computed using the direct stiffness method. In general form, the 

structural equilibrium Equation is presented as Equation 1. 

𝐾𝑈 = 𝐹  (1) 

where, 𝐾 is the global stiffness matrix, 𝑈 is the global nodal displacement vector, and 𝐹 is the global load vector. After 

solving for the nodal displacements, member forces were recovered and used to compute the utilization ratios of the 

truss members. The optimization problem was formulated to minimize the maximum member utilization, expressed in 

general form in Equation 2. 

𝑚𝑖𝑛
𝑥

𝑓(𝑥)  = 𝑚𝑎𝑥
𝑖=1,…,𝑛𝑚

(𝑈𝑅𝑖)  (2) 

where, x is the design-variable vector, 𝑈𝑅𝑖 is the utilization ratio of member 𝑖, and nm is the total number of truss 

members. In this framework, CFD provides the geometry-dependent aerodynamic demand, the stiffness-based structural 

model provides the member response, and PSO provides the search mechanism for improving the truss geometry. The 

detailed geometry definition, CFD setup, structural formulation, and PSO implementation are presented in the following 

subsections. 

The two-dimensional idealization was adopted as a practical simplification for the initial development of the coupled 

CFD-PSO workflow. The CFD model represents the transverse section of a low-rise roof, while the structural model 
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represents a typical bamboo Howe roof truss in its primary load-resisting plane. This approach allowed repeated CFD 

and structural evaluations to be performed within a manageable computational cost during optimization. The truss was 

treated as an interior representative frame subjected to tributary roof loading. However, this simplification does not 

explicitly capture three-dimensional effects such as wind-direction variation, end-zone effects, longitudinal pressure 

variation, out-of-plane bracing, and connection behavior. Therefore, the results should be interpreted within the 

assumptions of the two-dimensional aerodynamic and structural models. Future work should extend the framework to 

three-dimensional CFD and structural modeling to evaluate these effects more completely. 

2.1. Structural Model and Parametric Definition of Bamboo Howe Roof Truss 

The bamboo Howe roof truss is represented using a two-dimensional node-member model with geometry symmetric 

about the midspan, as shown in Figure 2. The support-to-support span is denoted by 𝐿, and the ridge height is denoted 

by ℎ𝑟. The geometry is parameterized by the ridge height and by the panel lengths 𝐿1, 𝐿2, and 𝐿3defined on the left half-

span (0.5𝐿), which locate the interior panel points along the bottom chord; the right half is generated by mirroring about 

midspan. 

 

Figure 2. Bamboo Howe truss 

The bottom chord was discretized into seven nodes, while the top chord consisted of five nodes. The elevations of 

the top chord nodes were generated by linear interpolation along the roof slope so that the roof height increases linearly 

from the support to the ridge on each half of the span. With this parameterization, the overall roof profile is governed 

by the ridge rise above the wall top, ℎ𝑟, while the internal panel layout is governed by the segment lengths 𝐿1, 𝐿2, and 

𝐿3 defined in Equations 3 to 5. 

𝐿1 = 𝑟1(0.5𝐿)  (3) 

𝐿2 = 𝑟2(0.5𝐿)  (4) 

𝐿3 = 0.5𝐿 − 𝐿1 − 𝐿2  (5) 

The house envelope shown in Figure 3 was modelled in ANSYS Fluent. The roof overhang length on each side is 

denoted by 𝐿𝑜. The wall-to-wall width is denoted by 𝐿, which is also taken as the support-to-support span of the truss. 

The wall height measured from the ground line to the wall to truss connection is denoted by ℎ𝑤. The total height of the 

house to the ridge is denoted by 𝐻 and is expressed in Equation 6. 

𝐻 = ℎ𝑤 + ℎ𝑟  (6) 

 

Figure 3. Definition of house envelopes and roof truss geometric parameters 
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2.2. Computational Fluid Dynamics (CFD) Modeling of Wind Loads in ANSYS Fluent 

The CFD modeling was performed in the ANSYS Workbench environment. ANSYS SpaceClaim was used to 

generate the two-dimensional geometry of the house cross-section together with a surrounding wind-tunnel 

computational domain, while ANSYS Fluent was used to solve the external wind flow and produce the wind load 

resultants needed for the MATLAB structural analysis. To automate the CFD stage, two scripts were used: 

main_triangle_roof_TEMPLATE.py for geometry generation in SpaceClaim and trialscript1.wbjn for running the 

Workbench Fluent update sequence and exporting results. For every design candidate evaluated by MATLAB, a new 

main_triangle_roof_TEMPLATE.py file is written by inserting the current ridge height, ℎ𝒓  value into the script. In 

contrast, trialscript1.wbjn is not rewritten; MATLAB simply executes the same journal file for all candidates to run the 

CFD analysis and export outputs. 

The script main_triangle_roof_TEMPLATE.py defined the fixed geometry of the house and the parameterized roof 

profile. The wall-to-wall width 𝐿 is set to 6.0 m, the wall height ℎ𝑤 is set to 2.5 m, and the roof overhang 𝐿𝑜 is set to 0.6 

m on each side. After initializing a SpaceClaim document and starting a constraint sketch on the XY plane, the script 

sketches the house envelope and then constructs the wind-tunnel boundary that encloses the house geometry. Using 

height 𝐻, the upstream length is set to 5𝐻, the downstream length is set to 10𝐻, and the top clearance is set to 5𝐻. The 

horizontal extent of the roof is defined from the left overhang tip to the right overhang tip, and the wind-tunnel domain 

is extended upstream and downstream from these limits. The roof geometry is modelled as a symmetric triangular profile 

with overhang. After completing the sketch, the script switches to solid interaction mode to finalize the geometry for 

downstream CFD use, saves the updated model as FFF.scdoc, and exits SpaceClaim. 

2.2.1. Boundary Identification and Wind Loading Specification 

In ANSYS Workbench, boundary conditions in Fluent must be assigned to specific geometric entities such as edges 

in a two-dimensional model or faces in a three-dimensional model. Named Selections are user defined labels that tag 

these entities with fixed names so they can be referenced consistently during meshing, solver setup, and results 

extraction. 

To ensure consistent boundary condition assignment in Fluent, main_triangle_roof_TEMPLATE.py also creates 

Named Selections that label the relevant boundaries and regions as shown in Figure 4. These include the fluid region 

(“Air”) and edge selections for the inlet and outlet boundaries of the wind tunnel (“Inlet” and “Outlet”), the grouped top 

and ground boundaries (“Top_Bottom_Boundaries”), the left and right walls (“left_wall” and “right_wall”), and the roof 

and overhang segments on both sides (“L_roof”, “R_roof”, “L_overhang”, and “R_overhang”). These names are 

preserved in the saved FFF.scdoc file and are subsequently available in the Fluent setup, allowing the same CFD 

boundary condition definitions to be applied consistently even as the roof geometry changes between design candidates. 

The inlet wind speed was a constant 94 meters per second. This value was obtained from National Structural Code of 

the Philippines (NSCP) [29]. The wind loading was unidirectional and aligned with the global 𝑥-axis. 

 

Figure 4. Named Selections used in ANSYS Fluent 

A single wind speed was adopted to represent the extreme design wind condition considered in this study. This 

decision was also made to keep the CFD-coupled optimization computationally manageable, since each candidate 

geometry required geometry regeneration, CFD solution, extraction of roof force resultants, and structural analysis. 

Using one wind speed allowed direct comparison among candidate geometries under the same severe wind condition. 

However, this assumption limits the generalizability of the optimized geometry to other wind speeds and wind scenarios. 

Future work should extend the proposed framework to multiple wind speeds and wind directions to evaluate the 

robustness of the optimized truss configuration under a broader range of wind demands. 
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2.2.2. ANSYS Workbench and Fluent Execution and Export of Results 

The ANSYS Workbench components used for the CFD analysis are shown in Figure 5. The CFD execution is 

controlled by the Workbench journal trialscript1.wbjn. This script opens the Workbench project file 

(Main_triangle_new.wbpj), updates the Geometry component by pointing it to the most recently generated SpaceClaim 

file (FFF.scdoc). The journal then updates the CFD workflow sequentially by updating the components for Mesh, Setup, 

Solution, and Results components with dependencies enabled, ensuring that the mesh and solution are regenerated 

whenever the geometry changes. The Named Selections created in SpaceClaim as discussed in the previous subsection 

were carried into Workbench and used as fixed references for boundary condition assignment in Fluent. This made it 

possible to apply the same inlet, outlet, wall, roof, and overhang conditions consistently for every geometry update 

without manual boundary selection. After the update sequence completes, the journal exports the design-point results to 

a CSV file (results1.csv) using the Workbench parameter export function. This CSV file serves as the interface back to 

MATLAB, where the CFD-derived outputs are read and converted into wind force resultants for structural analysis and 

optimization. 

 

Figure 5. Ansys Workbench components for CFD Analysis 

2.2.3. ANSYS Workbench and Fluent Execution and Export of Results 

Several verification checks were performed to ensure consistency of the coupled CFD–structural workflow. First, 

the Named Selections created in ANSYS SpaceClaim were checked to confirm that the inlet, outlet, wall, roof, overhang, 

and fluid-domain boundaries were consistently transferred to ANSYS Workbench and Fluent for each candidate 

geometry. This step was important because the roof geometry changed during the optimization process, while the 

boundary-condition assignment had to remain consistent across all CFD evaluations. 

Second, the CFD output file exported from ANSYS Workbench was checked to confirm that the wind force 

resultants on the left and right roof surfaces were successfully extracted and read by MATLAB. These force resultants 

were then converted into equivalent line loads and applied to the corresponding roof members in the structural model. 

Third, the MATLAB structural model was checked by confirming that support reactions, applied loads, and member-

force recovery were consistent with the assembled global equilibrium system. Finally, the optimized design was checked 

against the imposed geometric feasibility constraints and member utilization criterion. 

The present study did not include direct wind-tunnel calibration or experimental validation of the CFD model 

for the specific bamboo roof configuration. Therefore, the numerical results should be interpreted within the 

assumptions of the adopted two-dimensional CFD model, boundary conditions, and structural idealization. Future 

work should validate the CFD predictions against wind-tunnel tests or benchmark data for comparable low-rise roof 

geometries. 

2.3. Structural Analysis of Bamboo Howe Roof Truss in MATLAB 

2.3.1. Material Properties 

Structural analysis was performed in MATLAB using a linear elastic two-dimensional frame element formulation. 

Each node had three degrees of freedom consisting of horizontal displacement, vertical displacement, and rotation, and 

the global stiffness matrix is assembled by summing the transformed element stiffness matrices of all members. Values 

for material properties and mechanical properties were obtained from the Philippine Guidelines on Bamboo Design and 

Construction 2025 [49]. 
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Table 1 summarized the physical and mechanical properties used in the structural model. The wall thickness 

𝑡  and outer diameter 𝐷  defined the hollow circular culm section used for all members. The modulus of elasticity 

𝐸  and the allowable stresses for compression, tension, bending, and shear are used to compute stiffness, member 

capacities, and utilization ratios. 

Table 1. Material Physical and Mechanical Properties 

Symbol Property Value Unit 

𝑡 Wall thickness 10 mm 

𝐷 Outer diameter 80 mm 

𝐸 Modulus of elasticity 13 GPa 

𝐹𝑐−𝑎𝑙𝑙𝑜𝑤 Allowable Compressive strength 19.17 MPa 

𝐹𝑡−𝑎𝑙𝑙𝑜𝑤 Allowable Tensile strength 24.86 MPa 

𝐹𝑣−𝑎𝑙𝑙𝑜𝑤 Allowable Shear Strength 13 GPa 

𝐹𝑏−𝑎𝑙𝑙𝑜𝑤 Allowable Bending Strength 21.4 MPa 

Bamboo is a naturally anisotropic and variable material; however, a linear elastic material model was adopted in this 

study to provide a consistent design-level comparison among candidate truss geometries. The material properties and 

allowable stresses were taken from the Philippine Guidelines on Bamboo Design and Construction 2025 [49], and the 

optimization focused on member utilization under the adopted allowable-stress framework. This assumption is 

appropriate for comparing relative performance among candidate geometries, but it does not explicitly capture nonlinear 

material behavior, strength variability, local crushing, splitting, or connection flexibility. These effects may influence 

the actual stiffness, member capacity, failure mode, and final optimum geometry. Therefore, the optimized configuration 

should be interpreted within the assumptions of the linear elastic structural model. Future work should incorporate 

probabilistic bamboo properties, nonlinear material behavior, and connection flexibility to evaluate the robustness of 

the optimized truss configuration. 

2.3.2. Structural Analysis 

For each element, the member length and direction cosines were computed from the nodal coordinates as given in 

Equations 7 and 8, which provided the cosine and sine terms used to define member orientation in the global coordinate 

system. respectively. The local element stiffness matrix 𝑘𝑒
(𝑙)

 in Equation 9 was then formed to include axial and bending 

contributions through the parameters, namely, modulus of elasticity, 𝐸, cross-sectional area, 𝐴, moment of inertia, 𝐼, 

and member length, 𝐿𝑚 . This local stiffness matrix was transformed into the global coordinate system using the 

transformation relation in Equation 10, where the transformation matrix 𝑇 is defined in Equation 11 and the rotation 

matrix 𝑅 is defined in Equation 12. After transformation, the global stiffness matrix 𝐾𝑈𝑒 was assembled by adding the 

global element stiffness matrices of all members into the appropriate locations based on connectivity. The unknown 

global nodal displacement vector 𝑈𝑒 was obtained by solving the global equilibrium Equations in Equation 13 after 

applying the support boundary conditions and assembling the global load vector 𝐹. 

After obtaining the global nodal displacement vector 𝑈𝑒, the internal actions of each member were recovered from 

the element end displacements. For a member connecting nodes 𝑖 and 𝑗, the element displacement vector was obtained 

using Equations 14. This vector was transformed from global coordinates to local member coordinates using Equation 

15. The member end force vector in local coordinates was then obtained from Equation 16 by multiplying the local 

stiffness matrix by the local displacement vector. The axial force 𝑁 , shear force 𝑉 , and bending moment 𝑀  were 

obtained using Equations 17. 

𝑐 =
𝑥𝑗−𝑥𝑖

𝐿𝑚
  (7) 

𝑠 =
𝑦𝑗−𝑦𝑖

𝐿𝑚
  (8) 

𝑘𝑒
(𝑙)

=
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𝑘𝑒
(𝑔)

= 𝑇𝑇𝑘𝑒
(𝑙)𝑇  (10) 

𝑇 = [
𝑅 0
0 𝑅

]   (11) 

𝑅 = [
𝑐 𝑠 0

−𝑠 𝑐 0
0 0 1

]   
(12) 

𝐾𝑈𝑒 = 𝐹  (13) 

𝑈𝑒 = [𝑢𝑖 𝑣𝑖 𝜃𝑖 𝑢𝑗 𝑣𝑗 𝜃𝑗]𝑇  (14) 

𝑢𝑒
𝑙 = 𝑇 𝑈𝑒  (15) 

𝑓𝑒
𝑙 = 𝑘𝑒

𝑙  𝑢𝑒
𝑙   (16) 

𝑓𝑒
𝑙 = [𝑁𝑖 𝑉𝑖 𝑀𝑖 𝑁𝑗 𝑉𝑗 𝑀𝑗]𝑇  (17) 

For member force recovery, the element displacement vector in global coordinates 𝑈𝑒 was assembled from the nodal 

displacement components at the element end nodes 𝑖and 𝑗 . At node 𝑖 , 𝑢𝑖  and 𝑣𝑖  were the horizontal and vertical 

translations and 𝜃𝑖 is the nodal rotation. At node 𝑗, 𝑢𝑗and 𝑣𝑗 were the horizontal and vertical translations and 𝜃𝑗is the 

nodal rotation. The corresponding local displacement vector 𝑢𝑒
𝑙  was obtained by transforming 𝑈𝑒into the element local 

coordinate system. The element end force vector in local coordinates was denoted by 𝑓𝑒
𝑙. Its components 𝑁𝑖and 𝑁𝑗 were 

the axial end forces, 𝑉𝑖and 𝑉𝑗are the shear end forces, and 𝑀𝑖and 𝑀𝑗are the bending end moments at the two element 

ends. 

2.3.3. Applied Loads 

Wind actions obtained from CFD were applied to the truss as equivalent distributed line loads along the top chord 

members of the left and right roof halves, as shown in Figure 6. Nodal displacements were obtained by solving the 

global equilibrium Equations. Member internal forces were then recovered from the element responses. From these 

results, the member axial force 𝑁, shear force 𝑉, and bending moment 𝑀 were extracted and reported for all members. 

 

Figure 6. Application of loads 

Figure 6 illustrates the loading idealization used in the MATLAB frame model. The roof truss was subjected to wind 

actions obtained from CFD and gravity actions from roof and ceiling dead loads. The CFD results provided the varying 

load to be applied on the roof. These total forces were converted into equivalent line loads along the corresponding top 

chord length so that the same resultant force was applied to the structural model. Roof dead load was applied as a uniform 

vertical downward line load along the full top chord including the overhang segments. Ceiling dead load was applied as 

a uniform vertical downward line load along the bottom chord between supports. The support conditions were modeled 

by restraining horizontal and vertical translations, while allowing rotation at both supports. This loading and support 

idealization produced the nodal load vector used in the global equilibrium solution. 

In Figure 6, the gravity loads were modeled as uniform distributed line loads. Roof dead load was applied uniformly 

along the top chord and ceiling dead load was applied uniformly along the bottom chord. The dead load intensity used 

in the structural model was 0.48 𝑘𝑁 per meter based on NSCP 2015 [29] and was kept constant for all design candidates. 

In contrast, wind loading was geometry dependent because the CFD solution changed with roof shape. In this study, the 

spatially varying roof pressure field from CFD is applied to the roof truss. 
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2.4. Particle Swarm Optimization (PSO) Implementation in MATLAB 

The roof truss geometry was optimized using a custom particle swarm optimization (PSO) algorithm implemented 

in MATLAB. The optimization was coupled directly to the geometry generation and wind load simulation workflow so 

that each candidate design produced an updated SpaceClaim model, a new CFD run in ANSYS Fluent through 

Workbench, and a corresponding structural analysis in MATLAB. This direct coupling ensured that the selected 

geometry is optimal with respect to the computed wind force resultants and the structural response model used in this 

study. Figure 1 presents the closed loop evaluation procedure used in each particle assessment, from design variable 

decoding to logging of the computed objective value. 

2.4.1. Objective Function and Fitness Function 

The optimization objective was to minimize the maximum member utilization produced by the structural analysis. 

The fitness function is defined in Equation 18, where the function value is the peak utilization among all truss members 

for the applied wind and dead loads computed for the current geometry. 

Minimize 𝑓(x) = maxUtil(x)  (18) 

The present study used a single-objective formulation because the main purpose was to develop and demonstrate the 

coupled CFD-PSO workflow for reducing the critical member demand in a bamboo roof truss. The maximum member 

utilization was selected as the objective function because it directly represents the highest demand-to-capacity ratio 

among the truss members under the combined CFD-derived wind loads and gravity loads. Although deflection and truss 

volume were monitored during the optimization, they were not included as separate objective functions in the present 

formulation. A multi-objective formulation involving utilization, deflection, material volume, cost, constructability, and 

reliability would provide a more comprehensive design assessment, but this was outside the scope of the present study. 

Future work should extend the framework to multi-objective optimization to evaluate trade-offs among safety, 

serviceability, and material efficiency. 

2.4.2. Design Variables  

Each candidate solution was represented using three design variables. These include the ridge height ℎ𝑟 and two 

dimensionless ratios 𝑟1and 𝑟2 that that govern the horizontal placement of the internal vertical members on one half 

span. The ridge height ℎ𝑟 directly controls the roof slope and truss depth, which in turn affects both the aerodynamic 

forcing and the structural stiffness and force distribution. The ratios 𝑟1and 𝑟2 are used to define the panel segment lengths 

on the left half span. Specifically, 𝑟1 scales the first segment length 𝐿1 as defined in Equation 1, and 𝑟2 scales the second 

segment length 𝐿2 as defined in Equation 2. These segment lengths locate the interior panel points along the bottom 

chord, which then define the corresponding vertical member locations used in the truss generation, while the right half 

of the truss is obtained by mirroring about midspan. Table 2 summarizes the design variables and the bounds used in the 

search. 

Table 2. Design variables and bounds used in the optimization. 

Variable Description Lower bound Upper bound 

ℎ𝑟 Ridge rise above eave level in meters 0.60 2.50 

𝑟1 Ratio for first interior vertical on left half span 0.05 0.95 

𝑟2 Ratio for second interior vertical on left half span 0.05 0.95 

2.4.3. Feasibility Constraints 

A feasibility screening step was used before running SpaceClaim and Workbench to avoid spending time on 

geometries that are not practical or that can cause unstable structural analysis. The screening was applied after the ratio 

variables 𝑟1and 𝑟2 were decoded into the half span segment lengths 𝐿1, 𝐿2, and 𝐿3 as shown in Figure 3 and defined in 

Equations 1 to 3. The corresponding vertical member locations on the left half span were then established using these 

segment lengths. 

Simple geometric rules were enforced. The first interior vertical member was kept away from the support region, 

and the second interior vertical member was kept away from the midspan region using an end clearance. A minimum 

spacing requirement was also enforced so that the two interior vertical members do not become too close. These rules 

prevent very short members and reduce the likelihood of numerical instability in the stiffness matrix. The feasibility 

conditions are given in Equations 19 to 22, where 𝑥𝐴 is the support coordinate, 𝑥𝐾  is the midspan coordinate, 𝑥𝑉1 and 

𝑥𝑉2 are the decoded vertical member locations, 𝑐𝑒 is the end clearance, and 𝑐𝑔 is the minimum spacing. 
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𝑥𝑉1 ≥ 𝑥𝐴 + 𝑐𝑒  (19) 

𝑥𝑉2 ≤ 𝑥𝐾 − 𝑐𝑒  (20) 

𝑥𝑉2 > 𝑥𝑉1  (21) 

𝑥𝑉2 − 𝑥𝑉1 ≥ 𝑐𝑔  (22) 

In this study, 𝑐𝑒 = 0.30 m and 𝑐𝑔 = 0.30 m. If any condition was violated, the evaluation was stopped and a large 

penalty value was assigned to the fitness, so the swarm moves away from infeasible designs.  

2.4.4. PSO Parameters 

The PSO parameters were selected to produce stable convergence while keeping the total number of CFD coupled 

evaluations within a practical range. In this study, each particle evaluation requires geometry regeneration, a CFD run, 

and a structural analysis, so the number of evaluations grows directly with the swarm size and the number of iterations. 

For this reason, the parameter settings were chosen as a balance between search diversity and computational cost.  

The swarm size was set to 30 particles. This provides enough variety of candidate geometries in each iteration to 

explore the three variable design space, while keeping the number of CFD evaluations manageable. The maximum 

number of iterations was set to 150 as an upper limit. In practice, the run is expected to stop earlier using the stall-based 

stopping criterion described in the next subsection, so the maximum iteration count serves mainly as a safety cap. The 

inertia weight and the acceleration coefficients control how particles move. The inertia weight controls how much of 

the previous velocity is carried into the next step, while the cognitive coefficient controls how strongly a particle is 

pulled toward its own best solution, and the social coefficient controls how strongly it is pulled toward the best solution 

found by the entire swarm. At each iteration, the velocity and position of each particle were updated using the standard 

PSO update Equations given in Equations 23 and 24. Equation 23 computes the new velocity based on the inertia term 

and the cognitive and social attraction terms. Equation 24 then updates the particle position by adding the updated 

velocity to the current position. Random numbers between zero and one were included in the cognitive and social terms 

to maintain diversity in particle movement. After each update, the design variables were clamped to their lower and 

upper bounds to keep all candidates within the defined search space. A fixed random seed was used to make the initial 

swarm generation reproducible, which supports verification and consistent comparison of repeated runs. 

V𝑖
𝑡+1 = 𝑤V𝑖

𝑡 + 𝑐1r1 ⊙ (pBest𝑖−X𝑖
𝑡) + 𝑐2r2 ⊙ (gBest−X𝑖

𝑡)  (23) 

X𝑖
𝑡+1 = X𝑖

𝑡 + V𝑖
𝑡+1  (24) 

where, 𝑋𝑖
𝑡 is the position vector of particle 𝑖at iteration 𝑡and contains the three design variables ℎ𝑟, 𝑟1, and 𝑟2. 𝑉𝑖

𝑡 is the 

velocity vector of particle 𝑖at iteration 𝑡 . 𝑤 is the inertia weight. 𝑐1 is the cognitive coefficient and 𝑐2 is the social 

coefficient. 𝑝𝐵𝑒𝑠𝑡𝑖is the best position previously found by particle 𝑖, and 𝑔𝐵𝑒𝑠𝑡 is the best position found by the entire 

swarm. 𝑢1 and 𝑢2 are vectors of random numbers uniformly distributed between zero and one and are regenerated at 

each update. The symbol ⊙ denotes element wise multiplication. Equation 22 updates the particle position by adding 

the updated velocity to the current position. 

2.4.5. Stopping Criterion 

The optimization was terminated using a stall-based stopping rule to avoid unnecessary CFD evaluations once 

improvements become negligible. Specifically, the run stopped when the improvement in the global-best objective value 

between successive iterations falls below a prescribed tolerance for a specified number of consecutive iterations as 

dictated by Equation 25. 

𝐹𝑏𝑒𝑠𝑡
𝑘 − 𝐹𝑏𝑒𝑠𝑡

𝑘−1 < 10−3  (25) 

where 𝐹best
𝑘  was the best (minimum) objective value found up to iteration 𝑘, 10−3 is the stall tolerance. 𝑆 is the stall limit 

defined as the number of consecutive iterations for which the improvement must remain below tolerance before the 

optimization is terminated. In this study, the stall limit was set to S = 10. 

3. Results and Discussion 

The optimization objective was to minimize the maximum member utilization produced by the MATLAB structural 

analysis under combined CFD derived wind loads and dead loads. The PSO run completed 22 iterations with 30 particles 

per iteration, resulting in a total of 660 objective evaluations. The run terminated using the stall-based stopping criterion 

because the global best value no longer improved beyond the tolerance for the required number of consecutive iterations. 

The final global best improved by 37 percent relative to the best solution obtained in the first iteration. 
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3.1. CFD Flow and Pressure Fields of the Optimized Roof Geometry  

Colored contour plots were extracted from the CFD model to further examine the wind-flow behavior around the 

optimized roof geometry. The contours were obtained for the best performing design with ℎr = 2.079 m, 𝑟1 = 0.324, and 

𝑟2 = 0.487. Figure 7 shows the static pressure contour, while Figure 8 shows the velocity magnitude contour around the 

optimized roof profile. 

 

Figure 7. Static pressure contour around the optimized roof geometry 

 

Figure 8. Velocity magnitude contour around the optimized roof geometry 

As shown in Figure 7, the pressure field is not uniform along the roof surface. A high-pressure region develops near 

the windward side and lower region of the house envelope, while suction occurs near the roof surface and around the 

leeward roof region. This pressure variation explains why the wind force resultants acting on the roof changed with the 

roof geometry during the optimization process. The result supports the use of geometry-dependent CFD force resultants 

instead of applying a fixed wind pressure pattern to all candidate roof shapes. 

Figure 8 shows that the wind velocity increases around the roof profile, particularly along the upper flow region and 

near the roof surface where the incoming wind is redirected by the pitched roof. The velocity distribution also shows 

the development of a lower-velocity region downstream of the roof, indicating the influence of the roof geometry on the 

surrounding flow field. These CFD contours provide a visual explanation for the pressure and suction behavior observed 

in the wind force resultants. Therefore, the contour results support the coupled CFD-PSO workflow adopted in this 

study, where aerodynamic demand and structural response are updated for each candidate geometry. 

3.2. PSO Convergence Behavior 

The PSO convergence behavior was evaluated by tracking the fitness evolution across iterations. Figure 9 presented 

the convergence history of the particle swarm optimization in terms of fitness, where fitness was defined as maximum 

member utilization and was therefore minimized. The red markers represented the global best fitness tracked across the 

run. The vertical spread represented the range of feasible solutions within each iteration and indicated whether the swarm 

was still exploring diverse solutions or had concentrated into a narrower region of the design space. 

The plot indicated that the global best decreased rapidly during the early iterations, showing that PSO quickly 

identified improved configurations relative to the initial population. After this initial improvement, the global best 

approached a plateau. This plateau activated the stall-based stopping criterion once improvements fell below the 

tolerance for the required number of consecutive iterations. Overall, the convergence pattern suggested that the search 

reached a stable region of the design space under the bounds and feasibility rules adopted in this study. 
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Figure 9. Minimum, maximum, and mean fitness scores in each generation 

The rapid reduction in the early iterations indicates that the initial swarm contained several geometries with 

inefficient load paths, and that PSO was able to quickly move toward configurations with lower peak demand-to-

capacity ratios. The later plateau does not necessarily indicate premature convergence but rather suggests that 

further changes in the design variables produced only marginal improvement within the imposed bounds and 

feasibility constraints. This behavior is expected in a CFD-coupled optimization problem because the aerodynamic 

response and structural response both change with geometry, limiting the number of highly efficient feasible regions 

in the design space. 

3.3. Influence of Design Variable on Structural Performance 

The influence of the design variables on structural performance was examined by relating the sampled values 

of the three variables to the resulting fitness. Figure 10 summarizes the relationship between the three design 

variables and the objective. The ridge height ℎ𝑟  controlled the roof apex elevation and truss depth, while 𝑟1 and 𝑟2 

were dimensionless ratios that determined the horizontal placement of the two interior vertical members on the 

left half span through Equations 1 and 2, respectively. Since the objective was to minimize the maximum member 

utilization, lower values indicated a more efficient force distribution and lower demand-to-capacity ratios across 

members. 

 

Figure 10. Design variables vs. objective 
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To highlight how the optimized region differs from poor performing regions, Table 3 compared the best and 

worst feasible solutions encountered during the run. In this implementation, fitness equals maximum member 

utilization, so only one of these should be reported in the table. The best design corresponds to ℎ𝑟 equal to 2.079 

m, 𝑟1 equal to 0.324, and 𝑟2 equal to 0.487. This design achieved maximum member utilization equal to 0.116 with 

a small ridge deflection and a truss volume of approximately 0.05 m cubed. In comparison, the worst feasible design 

had ℎ𝑟 equal to 0.674 m and 𝑟2 equal to 0.840, which resulted in maximum member utilization equal to 0.621 and 

a larger ridge deflection, even though the volume was slightly lower. These results indicated that improved structural 

performance was achieved primarily through geometry and load path changes rather than through a major increase 

in material volume. 

Table 3. Comparison between the best and worst design. 

 𝒉𝒓 (m) 𝒓𝟏 𝒓𝟐 Fitness MaxUtil Deflection (𝒎𝒎) Volume (𝒎𝟑) 

Best 2.079 0.324 0.487 0.116 0.116 0.00085 0.05 

Worst 0.674 0.203 0.840 0.621 0.621 0.004 0.04 

The comparison between the best and worst feasible designs indicates that ridge height had a strong influence 

on the structural response. A higher ridge increased the truss depth, which generally improved the efficiency of 

axial force transfer and reduced bending demand in the members. The selected web-member location ratios also 

contributed to a more favorable internal load path by positioning the vertical and diagonal members in locations 

where the applied roof loads could be transferred more efficiently to the supports. Therefore, the reduction in 

maximum utilization was not caused simply by using more material, but by improving the geometric arrangement 

of the truss. 

3.4. Evolution of Design Variables Across Iterations 

Figure 11 shows how ℎ𝑟 evolved across iterations for the mean of feasible particles and the global best solution. ℎ𝑟 

varies widely during the early iterations, indicating broad exploration of roof geometry. As the run progressed, the global 

best ℎ𝑟 converged and stabilized near 2.08 m, suggesting that a higher roof profile tends to produce more favorable 

structural performance within the explored design space. The mean ℎ𝑟 remained more scattered because the swarm 

continues to explore alternative candidates even after a stable global best region is found. 

 

Figure 11. Influence of design variables: ridge height 

Figure 12 showed the evolution of 𝑟1 and 𝑟2 across iterations. Both ratio variables exhibit higher variability in 

early iterations, reflecting exploration. Over time, the global best trajectories converged and become nearly constant 

around 𝑟1 near 0.32 and 𝑟2  near 0.49. This indicated that the best performing designs repeatedly select similar 

vertical member placement ratios, which suggests the presence of an effective internal web layout region for 

minimizing utilization. 
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Figure 12. Influence of design variables: 𝒓𝟏 and 𝒓𝟐 

3.5. Structural Response Metrics During Optimization 

Figure 13 illustrated convergence using maximum member utilization for both the mean feasible solutions and the 

global best solution. The global best utilization dropped rapidly during the first several iterations, which indicated that 

PSO quickly identified substantially improved configurations. After this early improvement, the curve became nearly 

flat, reflecting stall behavior where further improvements are marginal. The mean utilization remains above the global 

best throughout the run, indicating that many particles remain non optimal while the best solution is retained. 

 

Figure 13. Global best maxUtil vs. number of Iteration (with mean maxUtil vs. Iteration) 

Figure 14 showed the evolution of truss volume for the mean feasible solutions and the global best solution. 

Compared with maximum member utilization, the volume exhibits only small variations and stabilizes near 0.05 cubic 

meter in later iterations. This indicated that the improvement in utilization was not primarily driven by large increases 

in volume, but by finding a more favourable geometry and load path for the given truss configuration. 

The nearly constant truss volume during the later iterations further supports the interpretation that the optimization 

improved structural efficiency mainly through shape and layout refinement. If the reduction in utilization had been 

caused primarily by material increase, the optimized solution would be expected to show a noticeable increase in volume. 

Instead, the results show that the optimized design achieved lower member utilization while maintaining a similar 

material quantity, which is desirable for bamboo construction where material efficiency and constructability are 

important. 
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Figure 14. Global best Volume vs. number of Iteration (with mean maxUtil vs. Iteration) 

3.6. Wind Force Resultants and Relationship to ridge Height 

Figure 15 showed the signed resultant wind load for the global best design on the left and right roof surfaces, where 

positive values indicated pressure and negative values indicate suction. The wind response behavior supports the 

motivation for including CFD inside the optimization loop. 

 

Figure 15. Roof Force Resultant vs 𝒉𝒓 

Figure 15 relates the roof force resultants to ℎ𝑟 and shows a nonlinear dependence despite the scatter. At lower ℎ𝑟, 

both the left and right roof resultants were relatively flat and remained on the suction side, indicating that changes in 

geometry produced only minor changes in the net wind effect. As ℎ𝑟 increased into the higher range, the left-roof trend 

rose sharply and crossed the zero line, indicating a transition from suction-dominated to pressure-dominated behavior. 

In contrast, the right-roof trend remained negative, but the trend also moves to the same direction with left-roof, 

showing that suction persisted on the right roof even as the roof became steeper. This divergence suggests a sensitive 

geometry range where small increases in roof slope can reverse the direction of the resultant on one roof half while the 

other half does not undergo the same sign change. The clustering of points around specific ℎ𝑟 values further indicates 

that the optimization search concentrated in feasible and promising regions of the design space. Overall, the results 

indicate that wind demand changed with roof geometry. 

The nonlinear variation of the wind force resultants demonstrates the importance of coupling CFD with the 

optimization loop. A fixed wind-load pattern would not capture the change in pressure and suction behavior caused by 
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variations in roof geometry. The observed transition between suction-dominated and pressure-dominated behavior on 

one roof surface indicates that small changes in ridge height can significantly affect the aerodynamic demand. This 

confirms that the optimized geometry was influenced not only by structural stiffness, but also by the roof-shape-

dependent wind response. 

3.7. Best Truss Configuration 

Figure 16 shows the best-performing bamboo Howe truss from the PSO optimization, with ℎ𝑟 = 2.079 m, 𝑟1 = 0.324, 

and 𝑟2 = 0.487. The ratio variables define the interior vertical-member locations on the left half-span through Equations 

1 to 3 and are mirrored about midspan. This geometry produced the lowest peak member utilization among feasible 

candidates, indicating a more efficient load path under the combined gravity and CFD-derived wind actions, without 

requiring a major increase in material volume. 

 

Figure 16. Best Truss Configuration 

The optimized configuration represents a balance between aerodynamic demand and structural efficiency. The 

selected ridge height produced a roof slope that modified the wind force resultants while also increasing the structural 

depth of the truss. At the same time, the selected web-member ratios produced an internal layout that reduced the peak 

utilization among the members. This combined effect explains why the optimized design achieved lower maximum 

utilization without a substantial increase in truss volume. 

3.8. Comparison with Previous Studies 

The present study contributes mainly as a coupled computational framework for bamboo roof-truss optimization 

under wind loading. Previous truss optimization studies have shown that stochastic and metaheuristic algorithms can 

improve structural performance by changing member sizes, geometry, or layout [50–52]. However, most of these studies 

used prescribed external loads during the optimization process. As a result, the applied load generally remained constant 

even when the structural geometry changed. 

CFD-based roof studies, on the other hand, have shown that roof geometry affects wind pressure, suction, and flow 

behavior [17, 20, 21, 39]. However, these studies commonly focus on aerodynamic assessment or the optimization of 

conventional building forms, rather than on the structural optimization of bamboo roof trusses. The present study 

connects these two areas by using CFD to compute the wind force resultants for each candidate roof geometry and then 

transferring these forces to a MATLAB frame model for member-utilization-based PSO optimization. 

Compared with previous bamboo structural studies, which mainly focused on material characterization, connection 

behavior, and structural response under fixed loading, the proposed framework introduces geometry-dependent wind-

load evaluation into the optimization process. This allows the aerodynamic demand and structural response to be updated 

together during the search. Therefore, the 37% reduction in maximum member utilization should be interpreted not only 

as a numerical improvement, but also as evidence that the coupled CFD-PSO workflow can identify more efficient 

bamboo roof-truss configurations under wind loading. 

4. Conclusion 

This study developed a coupled CFD and PSO workflow to improve the wind-resistant performance of a bamboo 

Howe roof truss. For each candidate roof geometry, ANSYS Fluent was used to compute geometry-dependent roof force 

resultants, which were transferred to a MATLAB two-dimensional frame model together with roof and ceiling dead 

loads to compute member forces and utilization. PSO was then used to identify the truss geometry that minimizes the 

maximum member utilization. 
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The PSO run converged using the stall-based stopping criterion after 660 objective evaluations over 22 iterations 
with 30 particles per iteration. The global best solution improved by 37 percent relative to the best solution obtained in 
the first iteration. The best design corresponded to ℎ𝑟 equal to 2.079 m with 𝑟1 equal to 0.324 and 𝑟2 equal to 0.487, 

achieving maximum member utilization equal to 0.116 while maintaining small deflection and a truss volume of 
approximately 0.05 m cubed. Comparison with the worst feasible design showed that utilization and deflection can be 
reduced without a major increase in volume, indicating that improvements were driven mainly by truss depth and load 
path refinement rather than added material. 

The convergence histories show that the design variables stabilized as the swarm converged, and the utilization 
plateau aligned with the stall-based termination. The roof force resultants exhibited a nonlinear relationship with ℎ𝑟 and 

included a transition region where geometry changes affected pressure and suction behavior, supporting the need for 
geometry dependent wind demand in the optimization loop. Future work can extend the framework to multiple wind 
directions, and more detailed modeling of bamboo variability and connection behavior. The same workflow can also be 
expanded to include additional design variables and multi objective formulations that balance utilization, deflection, and 
material volume for practical design of wind resilient bamboo roof systems. 
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