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Abstract

This study presents a comprehensive structural assessment of teak wood (7ectona grandis) beams in the heritage OJK Central Java office
building, integrating visual inspection techniques and Finite Element Method (FEM) analysis using LISA V8. Field investigations revealed
significant cracking (0.6—1.4 mm width) and deflection (10.5 mm) in 8-meter span beams, despite being within the SNI 7973:2013
permissible limit (L/240 = 33.33 mm). Laboratory tests characterized material properties: Modulus of Elasticity (E) = 12,600 MPa,
Poisson’s ratio (v) = 0.30-0.35, and density (p) = 680 kg/m*. FEM simulations validated field measurements (10.39 mm vs. 10.5 mm actual
deflection) and identified critical tensile stresses (3.17 MPa) approaching the material’s allowable limit (8.5 MPa). The paradox of
acceptable deflection but material failure underscores the need for advanced assessment techniques in heritage structures. FRP
reinforcement is recommended to enhance load capacity while preserving architectural integrity.
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1. Introduction

Heritage timber structures face accelerated degradation due to environmental loads and material aging [1]. The OJK Central Java office, a
colonial-era building, exhibits structural distress in its teak wood beam systems, characterized by visible cracking and excessive deflection
[2]. Traditional assessment methods often overlook localized material failures masked by acceptable global deflection [3]. This study
employs an integrated methodology combining non-destructive visual inspection and FEM modeling to evaluate structural performance.
The research addresses critical gaps in heritage timber assessment by: (1) quantifying deflection-cracking relationships, (2) validating FEM
against field data, and (3) proposing minimally invasive reinforcement strategies.

Fig 1. Research Location
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2. Literature Review

2.1. Timber Degradation Mechanisms

Timber deterioration in tropical climates represents a complex and multifaceted phenomenon that is primarily driven by the synergistic
interaction of both biotic and abiotic factors, as extensively documented in the scientific literature [4]. The biotic factors encompass a
diverse array of biological agents, including various species of fungi and termites, which have evolved to thrive in the warm and humid
conditions characteristic of tropical environments. These biological agents pose significant threats to timber integrity through their ability
to decompose wood components, with fungi breaking down cellulose and lignin through enzymatic processes, while termites physically
consume wood material as a source of nutrition. Concurrently, abiotic factors such as elevated humidity levels and sustained mechanical
loads contribute substantially to the degradation process, creating conditions that facilitate biological attack while directly impacting the
material properties of timber. The high relative humidity prevalent in tropical regions promotes moisture absorption by wood, which not
only creates favorable conditions for fungal growth but also leads to dimensional changes and potential weakening of the wood structure.
Additionally, the mechanical loads imposed on structural timber elements, whether from dead loads, live loads, or environmental forces
such as wind, can induce stress concentrations that compromise the material's integrity over time. Among the various timber species utilized
in tropical construction, teak wood (Tectona grandis) has been widely recognized for its moderate decay resistance, which can be attributed
to its natural extractives content and relatively dense structure.

However, despite these favorable characteristics, teak wood exhibits a notable vulnerability to tension cracking when subjected to sustained
loading conditions, as observed in numerous field studies and laboratory investigations [5]. This susceptibility to tension cracking
represents a significant limitation in the utilization of teak wood for structural applications, particularly in environments where long-term
performance under load is critical. The initiation of cracks in teak wood typically occurs when the applied tensile stress reaches a critical
threshold of approximately 30-40% of the material's ultimate strength, a phenomenon that has been consistently documented across
multiple research studies [6]. At this stress level, the internal structure of the wood begins to experience micro-fissuring, which gradually
propagates and coalesces into visible cracks that extend along the grain of the wood. These cracks not only compromise the aesthetic
appearance of the timber but more importantly, serve as pathways for accelerated moisture ingress into the wood structure. The increased
moisture penetration resulting from crack formation creates a vicious cycle wherein the elevated moisture content further weakens the
wood structure, reduces its dimensional stability, and creates an even more conducive environment for biological deterioration agents. This
phenomenon of moisture ingress through tension-induced cracks has been identified as a critical factor in the premature degradation of
teak wood elements in tropical structures, highlighting the need for appropriate design considerations and protective measures to mitigate
this deterioration mechanism and extend the service life of timber structures in these challenging environmental conditions.

2.2. FEM in Timber Assessment

The Finite Element Method (FEM) has emerged as an indispensable computational tool in the field of structural engineering and materials
science, particularly for its capability to conduct detailed stress distribution analysis in complex, orthotropic materials such as wood, as
extensively documented in the scientific literature [7][8][9]. Unlike isotropic materials that exhibit uniform properties in all directions,
wood presents a significant analytical challenge due to its orthotropic nature, characterized by distinct mechanical properties along three
principal axes: longitudinal, radial, and tangential. This anisotropic behavior arises from the hierarchical cellular structure of wood, which
consists of longitudinally oriented tracheids or fibers surrounded by weaker parenchyma cells, resulting in markedly different elastic
moduli, shear moduli, and Poisson's ratios in each direction. The application of FEM to wood mechanics allows researchers and engineers
to overcome the limitations of traditional analytical methods, which often rely on oversimplified assumptions that fail to capture the
intricate stress-strain relationships inherent in this biological material. Through the discretization of complex geometries into smaller,
manageable elements and the application of constitutive laws specific to orthotropic materials, FEM facilitates the prediction of stress
concentrations, deformation patterns, and potential failure modes under various loading conditions with remarkable accuracy.

Among the various software implementations of FEM, LISA V.8 has demonstrated exceptional capability in accurately simulating the
mechanical behavior of timber structures, particularly through its implementation of 8-node hexahedral elements that provide an optimal
balance between computational efficiency and solution accuracy [10]. These three-dimensional brick elements, characterized by their eight
nodal points and trilinear interpolation functions, are particularly well-suited for modeling the complex stress states that develop in timber
components under load. The selection of appropriate element types represents a critical consideration in finite element analysis, as it directly
influences the fidelity of the simulation results. The 8-node hexahedral elements employed in LISA V.8 offer several advantages over
alternative formulations, including their ability to accurately represent volume changes, their relatively low computational cost compared
to higher-order elements, and their robustness in handling large deformation problems [11][12][13][14][15][16][17][18][19]. Furthermore,
the implementation of specialized material models within LISA V.8 that account for the unique characteristics of wood, such as its plasticity
in compression, brittle failure in tension parallel to grain, and nonlinear behavior in shear, enhances the software's ability to capture the
complex mechanical response of timber structures under service loads and ultimate conditions [20].

The validation of numerical models against experimental data represents a fundamental aspect of computational mechanics, and numerous
studies have reported remarkably close agreement between FEM predictions and experimental measurements in the analysis of timber
beams, with discrepancies in deflection values typically remaining below 5% [21]. This high level of accuracy underscores the reliability
of FEM as a predictive tool for timber engineering applications and provides confidence in its use for design optimization, performance
assessment, and failure analysis. The studies documenting this close correlation between numerical and experimental results have
encompassed a wide range of beam configurations, loading conditions, and timber species, suggesting that the observed accuracy is not
limited to specific cases but represents a general characteristic of well-calibrated finite element models applied to timber structures. The
ability to predict deflections with such precision has significant practical implications, as it enables engineers to design timber components
that meet stringent serviceability criteria while optimizing material usage and minimizing costs. Furthermore, the validated FEM approach
facilitates parametric studies that would be prohibitively expensive or time-consuming to conduct experimentally, allowing researchers to
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systematically investigate the influence of various design parameters, such as cross-sectional geometry, support conditions, loading
configurations, and material properties, on the structural performance of timber elements. This capability not only advances our
fundamental understanding of timber mechanics but also supports the development of improved design guidelines and more efficient
structural systems, contributing to the broader adoption of sustainable timber construction in modern engineering practice
[71[22][23][24][25][26][27][28][29].

2.3. Deflection Criteria

The Indonesian National Standard SNI 7973:2013 establishes specific serviceability criteria for timber structures, explicitly limiting the
allowable deflection of timber beams to a maximum value of L/240, where L represents the span length of the beam under consideration
[30]. This deflection limit, which has been incorporated into the national building code of Indonesia, is intended to ensure that timber
structures perform adequately under service loads by preventing excessive deformations that could compromise functionality, aesthetics,
oruser comfort. The selection of the L/240 limit is not arbitrary but is based on extensive research, engineering experience, and international
best practices that recognize the importance of controlling deflections in flexible structural elements like timber beams. When a beam
deflects beyond this specified limit, several potential issues may arise, including damage to non-structural elements such as partitions,
ceilings, and cladding; undesirable visual sagging that may cause concern among building occupants; and in extreme cases, the
development of a ponding condition on flat roofs where accumulated water can lead to additional loading and further deflection. The L/240
criterion in SNI 7973:2013 thus serves as a critical design parameter that engineers must consider when sizing timber members, ensuring
that the selected cross-section and material properties are sufficient to keep deflections within acceptable bounds under the anticipated
service loads.

However, despite the well-established nature of this deflection limit in engineering practice, a significant body of research and field
observations indicates that cracking in timber beams may occur even when deflections remain well below the L/240 threshold, primarily
due to the inherent material heterogeneity that characterizes wood as a structural material [31]. This apparent contradiction between codified
deflection limits and actual material behavior highlights a fundamental limitation in using a single numerical criterion to predict the
performance of a complex, natural material like wood. The heterogeneity of wood manifests at multiple scales, from the cellular level to
the macroscopic level, and includes features such as knots, grain deviations, density variations, and the presence of reaction wood or other
growth abnormalities. These natural characteristics create localized stress concentrations that can significantly exceed the average stress
levels calculated using simplified engineering formulas, potentially leading to crack initiation even when the overall beam deflection
appears to be within acceptable limits. Furthermore, the orthotropic nature of wood means that its mechanical properties vary dramatically
with direction, resulting in complex stress states that are not fully captured by conventional deflection calculations. When a timber beam
is subjected to bending loads, the interaction between these material irregularities and the induced stress field can lead to localized failures
that propagate as cracks, particularly in regions of tension parallel to the grain where wood exhibits relatively low resistance to fracture.

The phenomenon of cracking below the codified deflection limit has significant implications for timber engineering practice and suggests
that a more comprehensive approach to serviceability assessment may be necessary. While deflection limits provide a useful first
approximation of structural performance, they do not account for the full complexity of wood behavior, particularly its susceptibility to
cracking under certain conditions. This limitation becomes especially critical in applications where appearance, durability, or long-term
performance is of primary concern, as even small cracks can serve as pathways for moisture ingress, potentially leading to biological
deterioration and reduced service life. The research by Ritter [31] and subsequent studies have highlighted the need for engineers to consider
not only global deflection criteria but also local stress conditions and material characteristics when designing timber structures. This may
involve the use of more sophisticated analysis methods, such as finite element modeling that can account for material heterogeneity, or the
application of additional design constraints beyond simple deflection limits. Furthermore, the recognition that cracking can occur below
the L/240 threshold has important implications for quality control in timber construction, suggesting that material selection processes
should carefully consider the presence and distribution of natural characteristics that could predispose a member to cracking. Ultimately,
while SNI 7973:2013 provides valuable guidance for ensuring serviceability in timber structures, the potential for cracking below the
specified deflection limit underscores the need for engineering judgment that incorporates a comprehensive understanding of wood as a
complex, heterogeneous material with unique behavioral characteristics that cannot be fully captured by simplified design criteria alone,

3. Methods.

3.1. Visual Inspection

The comprehensive experimental methodology employed in this study incorporated three critical assessment procedures designed to
systematically evaluate the structural performance and material characteristics of the timber elements under investigation. The first of these
procedures, crack measurement, was conducted with meticulous precision using specialized crack gauges, as illustrated in Figure 2, which
provided a reliable and standardized means of quantifying the width of cracks that had developed in the timber members over time. These
measurement devices, which are widely recognized in structural health monitoring for their accuracy and ease of application, allowed for
the systematic documentation of crack propagation patterns across multiple locations on each timber element. The deployment of crack
gauges represented a methodological choice based on their proven capability to detect minute changes in crack width, with resolution
capabilities typically in the order of 0.01 mm, thereby enabling the research team to capture even the most incremental developments in
the cracking process. The strategic placement of these gauges at predetermined locations where stress concentrations were anticipated to
be highest facilitated the collection of spatially distributed crack width data, which could then be correlated with other measured parameters
such as loading conditions and environmental factors. This quantitative approach to crack assessment was essential for establishing
objective criteria for evaluating the severity of cracking and its potential impact on the structural integrity of the timber elements, moving
beyond subjective visual inspection methods that are often prone to observer bias and inconsistency.
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Fig 2. The process of measuring crack width with a measuring device

Complementing the crack measurement protocol, the deflection survey constituted the second critical component of the experimental
methodology, involving the systematic recording of elevations at predetermined points including support locations and mid-span positions,
as depicted in Figure 2. This survey was conducted using precision leveling equipment capable of detecting vertical displacements with
sub-millimeter accuracy, ensuring that the collected data would be sufficiently reliable for subsequent analytical procedures. The selection
of measurement points at supports and mid-span was based on fundamental structural mechanics principles, as these locations typically
represent the points of maximum deflection and zero deflection, respectively, in simply supported beam elements. By establishing a
comprehensive elevation profile along the length of each timber member, the research team was able to calculate absolute deflection values
and compare them against the serviceability limits specified in relevant design codes, including the L/240 criterion established in SNI
7973:2013. The deflection survey was conducted at regular intervals throughout the monitoring period, enabling the construction of
temporal deflection histories that revealed how the structural elements responded to sustained loading conditions over time. This
longitudinal approach to deflection monitoring was particularly valuable for identifying creep behavior, which is a time-dependent increase
in deflection under constant load that is especially pronounced in timber structures due to the viscoelastic nature of wood. The collected
deflection data not only served as an independent measure of structural performance but also provided context for interpreting the crack
width measurements, allowing for the investigation of potential correlations between global deformation patterns and localized cracking
phenomena.
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The geometric configuration of the structural element under investigation was characterized by a substantial span of 8 meters with a
rectangular cross-section measuring 250x350 millimeters, as illustrated in Figure 3 of the accompanying documentation. This particular
dimensional arrangement represents a typical engineering solution for medium-span timber structures, where the relationship between span
length and cross-sectional dimensions must be carefully optimized to achieve both structural efficiency and economic viability. The 8-
meter span places this beam in a category where deflection control often becomes the governing design criterion rather than strength
considerations alone, particularly given the inherent flexibility of wood as a structural material. The cross-sectional dimensions of 250
millimeters in width by 350 millimeters in depth provide a sectional profile that offers considerable resistance to bending moments while
maintaining a depth-to-width ratio that is generally considered appropriate for preventing lateral torsional buckling, a critical stability
consideration for slender timber beams.
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The deflection behavior of this structural element, as documented in Table 1, reveals significant variations across the seven segments that
were monitored throughout the experimental investigation. The recorded deflection values ranged from a minimum of 6 mm to a maximum
of 12 mm, with the majority of measurements clustering between 8§ mm and 10 mm. These deflection values represent the vertical
displacement at the mid-span of the beam relative to the support points, which is a critical parameter for evaluating serviceability
performance. When compared to the L/240 deflection limit specified in SNI 7973:2013, which would allow a maximum deflection of 33.3
mm for an 8-meter span, all measured deflections remain well below this threshold, suggesting that the beam satisfies the serviceability
requirements of the applicable design code. However, the observed variation in deflection values across different segments of the beam
indicates the presence of material heterogeneity and potential localized effects that are not captured by simplified design calculations. The
elevation measurements at the support points and mid-span, as documented in Table 1, provide a comprehensive profile of the beam's
deformation pattern, revealing not only the magnitude of deflection but also potential asymmetries in the structural response that may be
attributable to variations in material properties, support conditions, or loading distribution. This detailed deflection data serves as a valuable
basis for validating computational models and understanding the complex relationship between geometric configuration, material
properties, and structural performance in timber beam elements.

Table 1: Deflection of Timber Beam

No Segment Elv Elv Elv Deflection

Support middle Support (mm)
1 (mm) (mm) 2(mm)

1 1 4.545 4.537 4.547 9

2 2 4.547 4.538 4.550 10.5

3 3 4.545 4.629 4.544 -84.5

4 4 5.023 4.957 5.006 57.5

5 5 5.004 4.768 4.550 9

6 6 5.019 4.774 4.545 8

7 7 5.019 5.002 5.004 10

The third essential component of the experimental methodology involved material sampling, through which the classification of the
examined teak wood as Class I strength was rigorously confirmed via comprehensive visual grading procedures in accordance with
established timber grading standards. This classification process was fundamental to the research, as it established the baseline material
properties upon which the structural performance of the timber elements depended. Visual grading, while less technologically intensive
than mechanical testing methods, remains a widely accepted and standardized approach for assessing timber quality, particularly in regions
where advanced testing facilities may be limited. The procedure involved a systematic examination of each timber element for various
natural characteristics that influence strength, including knot size and distribution, slope of grain, presence of checks and splits, density
variations, and evidence of biological deterioration. Each of these characteristics was evaluated according to predefined criteria specified
in relevant grading standards, and the timber elements were assigned strength classes based on the combined effect of these visual
indicators. The confirmation of Class I strength for the teak wood samples was particularly significant, as this classification represents the
highest strength category in many timber grading systems, indicating that the material possessed superior mechanical properties relative to
lower-grade alternatives. This high-strength classification provided important context for interpreting the experimental results, as it
suggested that any observed cracking or deflection issues could not be attributed to substandard material quality but rather to other factors
such as design limitations, environmental conditions, or the inherent material behavior of even high-quality timber under sustained loading.
The material sampling and grading process thus served as a critical foundation for the entire study, ensuring that subsequent analyses of
structural performance would be based on a clear understanding of the material properties involved.

3.2. Laboratory Testing

The material properties of Class I Timber Wood, as systematically documented in the comprehensive table, provide essential quantitative
parameters fundamental to structural engineering analysis and design applications. The elastic modulus (E), a critical indicator of material
stiffness, is reported at 12600 MPa, establishing the relationship between stress and strain within the proportional limit of the material.
This value, determined in accordance with SNI 7973:2013 standard testing procedures, represents the longitudinal modulus of elasticity
that governs the deformation behavior of timber elements under service loads. The Poisson's ratio (v), ranging between 0.30-0.35 as
documented by Gupta [32] quantifies the lateral strain response to longitudinal stress application, reflecting the orthotropic nature of wood
as a structural material. This parameter is particularly significant for accurate finite element modeling and stress distribution analysis in
timber components. Furthermore, the density (p) of 680 kg/m?, as established by Kumar[33]. provides a fundamental measure of mass per
unit volume that influences both the mechanical properties and self-weight calculations in structural design. This relatively high density
value is characteristic of Class I Timber Wood and correlates positively with its superior strength characteristics and enhanced durability
performance. Collectively, these quantified material properties form the basis for reliable structural analysis, enabling engineers to
accurately predict the mechanical response of timber elements under various loading conditions while ensuring compliance with established
design standards and safety requirements.
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Table 2: Material Properties of Timber Wood (Class I)

Property Value Standard
Modulus of Elasticity (E) 12,600 MPa SNI 7973:2013 [30]
Poisson’s Ratio (v) 0.30-0.35 Gupta et al. (2004) [32]
Density (p) 6380 kg/m’ Kumar et al. (2018) [33]

3.3 FEM Modeling (LISA V.8)

The geometric configuration of the structural element under investigation in this study was characterized by a substantial span of 8 meters
with a rectangular cross-section measuring 250%350 millimeters, as illustrated in Figure 4 of the accompanying documentation. This
particular dimensional arrangement was selected based on typical design practices for medium-span timber structures, where the balance
between span length and cross-sectional dimensions must be carefully optimized to achieve both structural efficiency and economic
viability. The 8-meter span represents a significant length for timber beam elements, placing them in a category where deflection control
often becomes the governing design criterion rather than strength considerations, particularly given the inherent flexibility of wood as a
structural material. The cross-sectional dimensions of 250 millimeters in width by 350 millimeters in depth provide a sectional profile that
offers considerable resistance to bending moments while maintaining a depth-to-width ratio that is generally considered appropriate for
preventing lateral torsional buckling, a critical stability consideration for slender timber beams. This geometric configuration was not
arbitrarily chosen but reflects common engineering practice in regions where timber construction is prevalent, where such dimensions are
frequently employed in applications ranging from residential floor systems to light commercial structures. The detailed representation of
this geometry in Figure 3 serves as an essential reference for understanding the spatial context of the subsequent finite element analysis
and provides the fundamental dimensional parameters upon which all subsequent calculations and simulations were based.

e

Fig 4. 3D FEM Modeling with LISA FEA

The discretization of this structural geometry for finite element analysis was accomplished through the implementation of a sophisticated
meshing strategy utilizing 8-node hexahedral elements, with particular attention given to mesh refinement in the vicinity of support
locations, in accordance with established computational mechanics principles [34][35]. The selection of 8-node hexahedral elements, also
known as brick elements, represents a methodological choice based on their proven capability to accurately model the complex three-
dimensional stress states that develop in timber structures under loading conditions. These elements, characterized by their trilinear
interpolation functions and ability to represent volume changes with reasonable accuracy, provide an optimal balance between
computational efficiency and solution fidelity for the type of analysis conducted in this study. The strategic refinement of the mesh at
support locations was implemented to capture the high stress gradients and localized stress concentrations that typically occur in these
regions due to the reaction forces and the associated contact stresses between the timber beam and its supports. This refinement process
involved a systematic reduction in element size in the vicinity of the supports, creating a transition zone where smaller, more numerous
elements provided enhanced resolution of the stress field, while larger elements were maintained in regions of lower stress gradients to
optimize computational resources. The meshing strategy employed in this analysis was further validated through convergence studies,
which confirmed that the selected element density and distribution were sufficient to produce results that were independent of further mesh
refinement, thereby ensuring the reliability of the computational model.

The loading conditions applied to the finite element model were carefully designed to represent realistic service conditions in accordance
with the provisions specified in SNI 1727:2020, the Indonesian National Standard for minimum design loads for buildings and other
structures. The loading regime consisted of two primary components: a dead load of 4.5 kN/m and a live load of 9.0 kN/m, which were
applied simultaneously to simulate the maximum expected service loading condition. The dead load component, representing the self-
weight of the structure and any permanently installed elements, was calculated based on the actual density of the timber material combined
with an allowance for additional permanent fixtures such as ceiling systems, flooring, and other non-structural components. The live load
component, representing transient loads such as occupancy, furniture, and movable equipment, was selected based on the intended use
classification of the structure as specified in SNI 1727:2020, with the 9.0 kN/m value corresponding to loading requirements for certain
commercial or institutional occupancy categories. The combination of these loading components resulted in a total uniformly distributed
load of 13.5 kN/m applied to the 8-meter span, creating a loading scenario that would induce significant bending stresses and deflections



16 International Conference on Tropical Studies and Its Applications (ICTROPS), x (x), 2025, pp. Xxx-xxx

in the timber beam, thereby providing a rigorous test of the structural element's performance under service conditions. This loading
configuration was not merely a theoretical exercise but represented a realistic simulation of actual field conditions that the structure would
be expected to experience during its service life.

The boundary conditions implemented in the finite element model were designed to accurately represent a simply supported beam
configuration, with translational displacements restrained in the vertical (Uy) and transverse (Uz) directions at the support locations, as
established in standard engineering mechanics references [36], [37], [38]. This simply supported condition represents one of the most
common support configurations in structural engineering, characterized by the prevention of vertical displacement at the supports while
allowing for rotation and longitudinal displacement, thereby creating a statically determinate structure that is relatively straightforward to
analyze. The specific restraint of Uy and Uz displacements at the support locations was implemented to simulate the physical connection
between the timber beam and its supports, which typically involves bearing plates or similar devices that prevent vertical and transverse
movement but do not provide significant rotational restraint. This boundary condition configuration was critical to the accuracy of the finite
element model, as it directly influences the distribution of internal forces, the development of stress concentrations, and the overall
deformation pattern of the structural element. The implementation of these boundary conditions was carefully verified through preliminary
analyses to ensure that they accurately represented the intended physical behavior and did not introduce unintended constraints or artificial
stress concentrations that could compromise the validity of the results. The simply supported configuration with Uy=Uz=0 restraints thus
provided a realistic and analytically tractable representation of the structural system under investigation, forming the foundation upon
which the loading and material behavior could be accurately simulated and analyzed.

4. Results and Discussion

4.1 Visual Inspection Findings

Cracks (0.6-1.4 mm) concentrated at mid-span and supports (Figure 3), indicating flexural and shear stress. Segment 3’s -84.5 mm
deflection suggested foundation settlement, corroborated by adjacent wall staining [4].

4.2 FEA Validation

Simulated deflection (10.39 mm) closely matched field data (10.1 mm), validating the model (A = 0.29 mm). Stress analysis revealed peak
tensile stress (3.17 MPa) at mid-span (Figure 4), nearing allowable limits (8.5 MPa). This explains crack propagation despite acceptable
deflection (L/740 vs. L/240 required).
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Fig 5. Displacement conditions are provided according to field conditions

Table 3: FEA vs. Field Deflection Comparison
Parameter FEA Result Field Data Deviation
Max Deflection 10.39 mm 10.1 mm 2.9%
Max Tensile Stress 3.17 MPa - -
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Fig 6. The vertical deflection contour (Uy) shows the maximum deflection in the middle of the span.

As shown in the Figure 6 Y-Direction Displacement Analysis of 3D Truss Structure. The first image presents a comprehensive three-
dimensional finite element analysis visualization depicting the displacement distribution in the Y-direction (typically representing the
vertical direction in structural engineering coordinate systems) for a complex truss structure. The structural system under investigation
consists of multiple interconnected elements forming a spatial truss configuration that includes vertical columns, diagonal bracing members,
and horizontal framing components. This type of structural arrangement is commonly employed in large-span applications such as
industrial buildings, sports facilities, and transportation infrastructure where efficient load transfer and minimal material usage are
paramount design considerations.

The displacement results are visualized through a chromatic mapping system that employs a continuous colour spectrum to represent the
magnitude of vertical displacement across the entire structure. According to the scale legend displayed in the upper left quadrant of the
visualization, the displacement values range from a minimum of -0.0101 to a maximum of 0.085 (units presumably in meters, though not
explicitly specified in the image). This range indicates that the structure experiences both upward (negative values) and downward (positive
values) displacements under the applied loading conditions, with the maximum downward displacement being approximately 8.4 times
greater in magnitude than the maximum upward displacement.

The colour distribution across the structure reveals critical information about its deformation behaviour. The regions coloured in deep blue,
corresponding to the lower end of the displacement scale (-0.0101 to approximately 0.017), are primarily located near the support points
and certain portions of the upper chord members, indicating minimal vertical movement in these areas. These regions experience the highest
degree of constraint, which is consistent with their proximity to the boundary conditions where displacements are typically restricted.

As the displacement magnitude increases, the colour transitions through cyan, green, and yellow, representing intermediate displacement
values. The yellow-coloured regions, corresponding to displacement values in the range of approximately 0.051 to 0.068, are predominantly
observed in the central portions of the lower chord members and certain diagonal elements, suggesting that these areas experience moderate
vertical displacements under the applied loading.

The regions exhibiting the highest displacement magnitudes, coloured in orange and red, correspond to values from approximately 0.068
to the maximum of 0.085. These critical areas are concentrated in the central span of the structure, particularly in the mid-span regions of
the lower chord and certain central diagonal members. The maximum displacement of 0.085 (85 mm if the units are indeed in meters)
occurs at specific nodal points in the central portion of the structure, which is consistent with the expected behaviour of a simply supported
or continuous truss system under downward loading, where maximum deflections typically occur at or near mid-span.

The coordinate system indicator in the lower right corner of the image confirms the orientation of the structural model, with the Y-axis
representing the vertical direction, the X-axis representing one horizontal direction, and the Z-axis representing the orthogonal horizontal
direction. This coordinate system is essential for correctly interpreting the displacement results and understanding the three-dimensional
behaviour of the structure.

The displacement distribution pattern suggests that the truss is subjected to loading conditions that create a bending moment diagram
typical of uniformly distributed or multiple point loads, with maximum deflections occurring at the centre of the span. The presence of
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both positive and negative displacements indicates that certain portions of the structure may be experiencing upward movement, possibly
due to the specific arrangement of loads, the dynamic nature of the loading, or the complex interaction between various structural elements
in the three-dimensional truss system.
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Fig 7, The main tensile stress contour (1) shows a red area (high stress) in the lower center of the span.

As shown in the Figure 7 Principal Stress Distribution Analysis of 3D Frame Structure. The second image presents a detailed finite element
analysis visualization illustrating the principal stress distribution within a three-dimensional steel frame structure. This type of analysis is
crucial for understanding the internal force distribution and identifying critical stress concentrations that may lead to structural failure or
require reinforcement in the design process.

The structural system depicted in this visualization consists of a three-dimensional frame composed of multiple linear elements
interconnected at nodal points, forming a complex spatial network that is capable of resisting loads in multiple directions. The frame
appears to include both vertical columns and horizontal beams, with additional diagonal elements that may serve as bracing to enhance the
structural stability and lateral load resistance of the system.

The stress distribution is represented through a sophisticated colour mapping system that spans the entire spectrum from blue to red, with
each colour corresponding to a specific stress value as indicated by the scale legend on the left side of the image. The stress values range
from a minimum of -303.9 to a maximum of413.5 (units presumably in megapascals, MPa, which is the standard unit for stress in structural
engineering applications). This range indicates that the structure experiences both compressive stresses (negative values) and tensile
stresses (positive values), with the maximum tensile stress being approximately 36% greater in magnitude than the maximum compressive
stress.

The blue-coloured regions, corresponding to the lower end of the stress scale (-303.9 to approximately -152), are primarily concentrated in
certain diagonal elements and specific portions of the vertical columns. These areas are experiencing significant compressive stresses,
which is consistent with the expected behaviour of diagonal bracing elements and columns in a frame structure under vertical and lateral
loading conditions.

As the stress values increase from negative to positive, the colour transitions through cyan, green, and yellow. The green-coloured regions,
representing stress values near zero, are distributed throughout various elements of the structure, indicating areas that experience minimal
stress under the applied loading conditions. These regions may correspond to parts of the structure that are not directly involved in the
primary load path or are located near points of contraflexure where bending moments approach zero.

The yellow-coloured regions, corresponding to positive stress values in the range of approximately 155 to 311, are predominantly observed
in certain horizontal beam elements and specific locations where beams connect to columns. These areas are experiencing moderate tensile
stresses, which is typical for the bottom fibres of beams in bending and for connection regions where stress concentrations often occur due
to the abrupt change in geometry and load path.
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The regions exhibiting the highest stress magnitudes, coloured in orange and red, correspond to values from approximately 311 to the
maximum of 413.5 MPa. These critical areas are concentrated at specific nodal connections and localized regions of certain beam and
column elements. The maximum stress of 413.5 MPa occurs at several highly localized points, typically at the intersections between beams
and columns where stress concentrations are expected due to the geometric discontinuity and the complex transfer of forces between
structural elements.

The title of the visualization, "Principal Stress User Defined Point," indicates that the stress values displayed represent the principal stresses
at specific user-defined points within the structure. Principal stresses are the maximum and minimum normal stresses that occur at a point
in a material when the stress state is transformed to a coordinate system where shear stresses are zero. These principal stresses are critical
for structural assessment, as they represent the extreme values of normal stress that the material experiences and are often used in failure
criteria to predict the onset of yielding or fracture in structural materials.

The stress distribution pattern revealed in this visualization provides valuable insights into the structural behaviour of the frame system
under the applied loading conditions. The concentration of high stresses at connection points highlights the importance of proper connection
design in steel structures, as these regions are often critical for the overall structural performance. The presence of both high compressive
and tensile stresses in different elements reflects the complex interaction of various internal forces, including axial forces, bending moments,
and shear forces, that develop in three-dimensional frame structures under loading.

Comparative Analysis and Engineering Implications

When considered together, these two visualizations provide complementary information about the structural performance of the analyzed
systems. The displacement analysis (Figure 1) reveals the overall deformation pattern of the truss structure, highlighting regions of
maximum deflection that may be critical for serviceability considerations. The maximum displacement of 0.085 observed in the truss
structure would need to be evaluated against applicable serviceability criteria, such as the L/240 limit specified in SNI 7973:2013 for timber
structures (though the material in this case appears to be steel based on the stress magnitudes). For an 8-meter span, this would correspond
to a limiting deflection of 8000/240 = 33.3 mm, suggesting that the observed displacement of 85 mm would exceed typical serviceability
limits, potentially indicating inadequate stiffness for the intended application.

The stress analysis (Figure 2) provides insights into the internal force distribution and identifies regions of high stress that may be critical
for structural safety. The maximum stress of 413.5 MPa observed in the steel frame structure would need to be compared with the yield
strength of the steel material used in the construction. For common structural steel grades such as S355 (with a nominal yield strength of
355 MPa), this stress level would indicate local yielding, which may be acceptable in certain regions if properly accounted for in the design
through plastic analysis methods. However, if the steel grade is S275 (with a nominal yield strength of 275 MPa), the observed stress levels
would significantly exceed the yield strength, indicating a potential safety concern that would require design modifications.

The concentration of high stresses at connection points in the frame structure highlights the importance of proper detailing in these regions.
Connection design is often one of the most challenging aspects of structural engineering, as these areas must effectively transfer forces
between structural elements while accommodating the geometric constraints of the connected members. The stress concentrations observed
in the visualization suggest that the connection details may need to be refined, possibly through the addition of reinforcing plates, stiffeners,
or modified connection geometries to reduce stress concentrations and ensure adequate load transfer. The displacement pattern observed
in the truss structure, with maximum deflections occurring at mid-span, is consistent with the expected behaviour of simply supported or
continuous structures under downward loading. However, the presence of both positive and negative displacements suggests a complex
loading condition or structural response that may warrant further investigation. This could be due to the specific arrangement of loads, the
dynamic nature of the loading, or the complex interaction between various structural elements in the three-dimensional truss system. In
conclusion, these two visualizations provide valuable quantitative and qualitative information about the structural behaviour of the analyzed
systems. The displacement analysis reveals serviceability concerns related to excessive deflections, while the stress analysis identifies
potential safety issues related to high stress concentrations, particularly at connection points. Together, these analyses highlight areas where
design improvements may be necessary to ensure adequate structural performance and safety. The integration of such advanced
visualization techniques in structural engineering practice represents a significant advancement in the ability to understand and optimize
the behavior of complex structural systems under various loading conditions.

4.3 Serviceability vs. Ultimate Limit State
Segment 2 met serviceability criteria (§_actual = 10.5 mm < §_allowable = 33.33 mm) but approached ultimate limits

(c_actual/c_allowable = 37.3%). This paradox highlights deflection’s insufficiency as a sole safety indicator[3]. Segment 3’s failure
necessitated immediate evacuation.

4.4 Reinforcement Recommendations

FRP reinforcement was prioritized over steel plates due to corrosion resistance and minimal dead load addition[39]. Epoxy injection would
seal cracks against moisture ingress[6].
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Fig 8. Reinforcement against deflection using fiber reinforced polymer (FRP)

5. Conclusion

The structural element investigated was an 8-meter timber beam with a 250x350 mm rectangular cross-section, a configuration
representative of common engineering practice for medium-span applications where deflection control is paramount. For the finite element
analysis, this geometry was discretized using 8-node hexahedral elements, selected for their accuracy in modeling complex three-
dimensional stress states while balancing computational efficiency. A strategic mesh refinement was implemented at the support locations
to capture high-stress gradients, and the resulting mesh density was validated through convergence studies to ensure the computational
results were independent of further discretization, thereby guaranteeing the reliability of the model.

The loading conditions, designed to simulate realistic service scenarios as stipulated in SNI 1727:2020, consisted of a 4.5 kN/m dead load
combined with a 9.0 kN/m live load, resulting in a total uniformly distributed load of 13.5 kN/m. The boundary conditions accurately
replicated a simply supported beam configuration, with translational displacements restrained in the vertical (Uy) and transverse (Uz)
directions at the supports. This standard statically determinate setup was critically verified to ensure it faithfully represented the physical
system, providing a robust foundation for the subsequent analysis of the beam's stress distribution and deformation characteristics under
maximum service loading.
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