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ABSTRACT

In large-scale structural finite element analyses (FEA), extreme stress peaks
frequently occur at geometric discontinuities, boundary conditions, and
perfectly bonded interfaces. These values are often directly compared with
the material yield strength, which may lead to overly conservative or
misleading safety assessments. However, such stress peaks may originate
from mathematical singularities inherent to linear elastic formulations rather
than physically admissible stress states. This study investigates the distinction
between physical stress concentration and numerical singularity in an
industrial-scale structural steel model subjected to end loading. A three-
dimensional finite element model containing approximately one million
elements was analyzed under service loading conditions. The simulation
results indicated that the maximum von Mises stresses reached nearly three
times the yield strength of S355JR steel. Through theoretical evaluation of
asymptotic stress behavior, plastic deformation theory, mesh characteristics,
and contact modeling effects, it is demonstrated that these stress peaks
represent numerical artifacts rather than actual structural failure conditions.
A systematic engineering interpretation framework is proposed to prevent
the misclassification of singular stresses in industrial FEM applications.
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Dénerkaya & Biiken

1. Introduction

Finite element analysis (FEA) has become the dominant validation tool in modern structural
engineering applications. In large-scale industrial systems such as crane structures, welded steel
assemblies, heavy machinery components, and load-bearing frames, numerical simulations
frequently involve millions of degrees of freedom and are expected to provide direct quantitative
indicators of structural safety. In common industrial practice, the maximum equivalent (von
Mises) stress is directly compared with the material yield strength, and structural adequacy is
evaluated according to this comparison. Although this approach is simple and practical, it
implicitly assumes that the calculated stress field is physically meaningful throughout the entire
computational domain.

However, this assumption is not valid in all situations. Linear elastic finite element formulations
naturally admit stress fields that exhibit asymptotic behaviour near geometric discontinuities,
boundary conditions, bonded interfaces, and idealized contact transitions. In such regions,
stresses may theoretically increase without bound as the distance to the discontinuity approaches
zero. Nevertheless, real materials cannot sustain infinite stresses, and therefore such behaviour
cannot correspond to a physically admissible stress state.

The fundamental distinction between physical stress concentration and mathematical stress
singularity is often not sufficiently addressed in routine industrial FEM applications. Physical stress
concentrations arise from the redistribution of loads around geometric features such as holes,
chamfers, notches, or weld toes. These stress increases are finite and exhibit convergent
behaviour under mesh refinement. In contrast, singular stresses are theoretically unbounded and
do not converge as the element size decreases. These stresses are numerical artefacts resulting
from idealized boundary conditions, perfectly sharp geometries, and linear material modelling
assumptions.

Misinterpreting singular stresses as actual structural overstress in large-scale industrial models
may lead to serious engineering consequences. Such misinterpretations may result in
unnecessary structural reinforcements, over-conservative design decisions, increased production
costs, or incorrect failure predictions. Conversely, ignoring stress peaks without proper
classification may lead to unsafe conclusions. Therefore, it is essential to establish a systematic
framework capable of distinguishing physically meaningful stress concentrations from numerical
singularities.
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Example of singularities in sharp cormers

Figure 1: Typical sources of stress singularities in finite element simulations, including sharp re-entrant
corners and point loads.
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As illustrated in Figure 1, stress singularities may arise from several modelling idealizations
frequently encountered in finite element simulations. Sharp geometric discontinuities, point load
applications, and abrupt stiffness transitions introduced by boundary conditions may generate
highly localized stress amplification. These modelling situations are particularly common in large
industrial assemblies where complex connection regions and simplified boundary conditions are
unavoidable. Therefore, distinguishing between physical stress concentration and mathematical
stress singularity becomes a critical task in engineering interpretation.

Singularity problem becomes particularly critical in welded and contact-intensive steel assemblies.
Perfectly bonded interfaces and idealized fixed supports introduce abrupt stiffness transitions
that significantly amplify stress gradients. When combined with linear elastic material modelling,
these conditions may produce calculated stress values that exceed the material yield strength
even under service-level loading. Such results often raise serious concerns during industrial
validation procedures; however, their physical relevance is not always critically examined.

Although stress singularities are well established in fracture mechanics and asymptotic elasticity
theory, their interpretation within the context of large-scale industrial FEM analyses remains
fragmented in the literature. Classical singularity theory is typically discussed in relation to crack
tips and concave corners. In contrast, industrial analysts frequently encounter singular stress
growth in crack-free structures, particularly near support edges and bonded contact interfaces.
Bridging this gap between theoretical singularity concepts and practical large-scale simulation
practice constitutes the primary motivation of this study.

In this work, a large-scale structural steel assembly subjected to end loading under linear elastic
modelling is investigated. The numerical results show that the calculated von Mises stresses reach
approximately three times the yield strength of S355JR steel. Instead of directly interpreting these
stress peaks as indicators of structural failure, their numerical origin is analysed in terms of
asymptotic stress behaviour, mesh dependency, material modelling limitations, and boundary
condition idealizations. The objective of this study is not only to demonstrate the existence of
singular stresses but also to develop a systematic engineering framework capable of
distinguishing between finite physical stress concentration, mesh-dependent numerical stress
growth, and actual structural overstress conditions. By clarifying this distinction, the reliability of
structural interpretation in large-scale industrial FEM applications can be improved, thereby
preventing both overly conservative and insufficient design decisions.

2. Literature Review

Stress singularities have been rigorously established within the framework of linear elasticity
theory, particularly in the context of fracture mechanics and interface problems. The classical
formulation developed by Rice (1968) demonstrated that the fields near crack tips in notched and
cracked bodies can be characterized by path-independent integrals and asymptotically singular
strain fields, thereby providing a physically meaningful measure of local stress concentration [1].
Subsequent asymptotic analyses expressed stress and displacement fields in terms of power-
series expansions of the form rAA, showing that the eigenvalues governing the order of singularity
depend only on local geometry, boundary conditions, and material properties. In composite
laminates and bimaterial interfaces, the order of the stress singularity is determined by the real
part of the eigenvalue, and the interval 0 < Re(A) < 1 represents physically admissible singular
fields [2]. However, it must be emphasized that such singular solutions arise from the idealized
assumptions of continuum elasticity. Real materials cannot sustain infinite stresses; therefore,
singular behaviour must be interpreted as a mathematical consequence of the local boundary
value problem. Nevertheless, asymptotically singular fields remain of central importance in
fracture mechanics because they govern the fundamental quantities controlling crack initiation
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and propagation criteria. In this context, the characterization of singularity is physically
meaningful and directly related to stress intensity factors.

P o=P/A
AsA=0,c0=>x

¥ -v

Figure 2: lllustration of a stress singularity where the stress theoretically approaches infinity as the load
application area tends toward zero.

The mathematical origin of stress singularities can be understood through the relation between
applied load and the effective load transfer area. As shown in Figure 2, when a force is applied
over an infinitesimally small area, the theoretical stress tends to increase without bound as the
area approaches zero. This behaviour represents a mathematical property of continuum
mechanics formulations rather than a physically attainable stress state in real materials. Although
singular solutions are analytically well understood, their numerical representation within classical
finite element formulations involves significant challenges. It has long been recognized that quasi-
uniform finite element meshes cannot accurately reproduce the stress field in the vicinity of a
singular point [3]. To overcome this limitation, two principal approaches have been developed:
local mesh refinement and basis function enrichment. Classical singular elements, such as
quarter-point elements, enable accurate representation of stress fields of the form rA\ by
embedding known asymptotic forms into the element interpolation. More recent developments
combine the finite element method with the scaled boundary finite element method (SBFEM)
through semi-analytical enrichment techniques, allowing the automatic treatment of singular
behaviour without prior specification of asymptotic exponents [3-6]. These developments show
that singularity handling is an active research area within computational mechanics. However, the
majority of these studies focus on physically meaningful singular fields such as those found at
crack tips. Comparatively few investigations have addressed singular stresses that arise
unintentionally in large-scale industrial models because of geometric idealizations, discontinuous
boundary conditions, or bonded interfaces.

In practical engineering applications, particularly in welded and large-scale steel assemblies, the
interpretation of stress peaks is directly related to fatigue and strength assessment
methodologies. Traditional finite element analyses generally use the maximum equivalent (von
Mises) stress as a direct indicator of structural safety. However, such peak stresses are frequently
mesh-dependent and may not represent a physically meaningful structural demand. Dong (2001)
proposed a structural stress definition that separates stresses into membrane and bending
components and remains insensitive to mesh size in the fatigue assessment of welded joints [7].
This approach clearly reveals the critical distinction between local stress concentrations and
structural stress measures associated with damage mechanisms. In this context, it becomes
evident that raw peak stresses extracted directly from finite element nodes near geometric
discontinuities may be misleading. Similarly, stress singularities associated with traction
discontinuities or line-supported stress distributions have been investigated using Airy stress
function formulations [8]. These studies emphasize that stress intensifications observed along an
interface or edge may be the consequence of idealized boundary conditions rather than actual
structural overstress. More recent numerical studies involving singular source terms in elastic
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wave equations have likewise shown that the existence of mathematical singularities in the
governing equations does not necessarily imply instability or physical collapse, provided that the
global solution remains well defined and energetically bounded [9]. Classical fracture mechanics
primarily focuses on square-root singularities of the form rA(-1/2). However, not all singular
behaviour in elasticity takes the form of a pure power law. Under certain interface and boundary
formulations, logarithmic stress singularities may arise. Sinclair and Epps (2002) showed that the
use of displacement shape functions in submodelling boundary conditions can generate artificial
logarithmic stress singularities because of derivative discontinuities in the prescribed
displacement field [10]. Their analysis demonstrates that piecewise polynomial interpolation may
produce spurious stress growth near boundary nodes even in otherwise regular elastic problems.
This finding is particularly important for large-scale industrial finite element workflows in which
global-local modelling or submodelling strategies are commonly employed. More recently,
enriched crack-tip elements have been developed to explicitly represent logarithmic singular
behaviour in interface fracture problems. Herrera-Garrido et al. (2026) proposed a special
enriched element capable of reproducing logarithmic stress terms associated with spring-type
interface models [11]. Their study confirms that logarithmic singularities can severely disrupt
convergence behaviour in classical finite element formulations and that solution accuracy is
significantly reduced if enrichment is not introduced. These studies clearly demonstrate that not
all stress intensifications conform to classical crack-tip asymptotics. In industrial assemblies
containing bonded interfaces, high-stiffness supports, or Robin-type boundary conditions,
logarithmic-type stress growth may arise numerically even in the absence of a physical fracture
process. Stress singularities are therefore not limited to cracks and V-notches.

AN
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Figure 3: Example of a classical stress singularity occurring at a crack tip predicted by linear elastic
fracture mechanics.

Contact mechanics problems also frequently exhibit singular stress behaviour, especially in stick-
slip transition regions and at contact edges. Yue and Abdel Wahab (2014) investigated stress
singularities arising in fretting contact under partial slip and gross sliding conditions [12]. Their
finite element-based studies showed that singular stress signatures depend strongly on the
fretting regime and the coefficient of friction. In particular, singular behaviour appears in high-
friction partial-slip regimes, whereas it disappears under gross sliding conditions. This
observation is of critical importance for industrial finite element applications. In large-scale steel
assemblies, stress growth near bonded or frictional interfaces may represent regime-dependent
singular fields rather than actual structural overstress. The eigenfunction expansion method has
been widely used to determine the order of singular stresses in V-notched structures. Ping et al.
(2008) developed a super-singular wedge-tip element containing numerical eigensolutions for
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anisotropic multi-material wedge tips [13]. This approach enabled rapid convergence in
reproducing singular stress fields based on eigenvalue-eigenvector pairs. Similarly, Pageau et al.
(1995) formulated a finite element approach for anisotropic materials exhibiting singular in-plane
stress fields [14]. Their work extended eigenvalue analysis techniques to complex multimaterial
junction regions and confirmed the dependence of singularity order on geometry and material
properties. More recently, Pan et al. (2023) emphasized that the full stress field near a V-notch
consists of both singular and higher-order non-singular terms [15]. These higher-order non-
singular contributions were shown to have a significant influence on fracture prediction and stress
intensity evaluation. The distinction between singular and non-singular contributions is therefore
fundamental for interpreting peak stresses observed in numerical models. Collectively, these
studies show that the order of singularity depends on local geometry and material mismatch, that
higher-order non-singular terms influence practical stress assessment, and that accurate
numerical extraction requires asymptotic consistency. However, these investigations mainly focus
on the accurate solution of physically meaningful singular fields and do not provide a general
framework for distinguishing numerical artefacts from physical stress concentrations in large-
scale industrial assemblies.

A classical example of such behaviour is observed in the vicinity of crack tips, where the stress
field follows an asymptotic power-law distribution. As illustrated in Figure 3, the stress
theoretically increases as the distance to the crack tip decreases. While this formulation provides
a physically meaningful framework in fracture mechanics, similar singular stress growth may also
appear unintentionally in numerical simulations of crack-free structures due to modelling
idealizations. Fatigue assessment methods for welded and large steel structures have sought to
reduce the influence of mesh-dependent peak stresses. The structural hot-spot stress method
(Poutiainen et al., 2004) provides extrapolation-based procedures for obtaining mesh-
independent structural stress parameters [16]. Likewise, the Peak Stress Method (Visentini et al.,
2022) accounts for singular peak behaviour while estimating notch stress intensity factors from
coarse meshes [17]. These approaches acknowledge a critical fact: raw peak stresses obtained
directly from finite element nodes near sharp weld toes or rigid supports are not always physically
meaningful. Instead, fatigue-relevant structural stresses are obtained through extrapolation,
energy-based averaging, or decomposition into membrane and bending components. Thus, the
literature implicitly recognizes the risk of misinterpreting singular stress peaks; however, it still
lacks a general framework capable of systematically distinguishing asymptotic physical stress
concentration, numerical singular growth, and modelling-induced artificial stress amplification in
large-scale linear elastic industrial models. Singularity theory has also been explored outside
structural mechanics. Lei and Sornette (2025) proposed log-periodic power-law finite-time
singularities in the prediction of rockbursts [18]. Although developed in a geomechanical context,
this study reinforces an important conceptual point: mathematical singular behaviour does not
automatically imply physical collapse; its interpretation must be made within the framework of
energy admissibility and constitutive constraints. In classical elasticity, stress singularities have
been systematically characterized through asymptotic eigenfunction analysis. Williams (1952)
showed that stress behaviour at angular corners depends critically on the combination of
boundary conditions and that certain corner angles subjected to mixed boundary conditions, such
as clamped-free edges, may produce unbounded stresses [19]. This fundamental study
established the eigenvalue-based characterization of singularity strength in angular regions.
Building on Williams' formulation, Sinclair's comprehensive studies clarified the necessity of
recognizing singular behaviour as well as strategies for its removal, interpretation, and asymptotic
identification [20,21]. These works classified singularities into power-law, logarithmic, log-
squared, and oscillatory forms, and emphasized that singular stresses are not physically realizable
stress states but mathematical consequences of boundary value problems. Sinclair also noted that
the onset of plasticity does not eliminate the singularity in the mathematical sense, because an
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elastic response must first develop prior to yielding [21]. This distinction is particularly important
for large-scale industrial finite element models in which linear elastic formulations are widely used
even when local peak stresses exceed the yield strength. Subsequent analytical studies extended
singularity characterization to various notch geometries and loading modes. Semi-analytical
boundary element approaches developed for V-notches demonstrated that stress intensity
factors and higher-order asymptotic coefficients can be extracted directly from expansion
amplitudes [22]. These approaches confirm that the order of singularity is governed by eigenvalue
solutions dependent on notch opening angle and material properties. Finite element analyses of
more general configurations have shown that singular behaviour also persists under partial slip
and high-friction contact conditions [12]. The strong dependence of singular stress signatures on
stick-slip transitions in fretting regimes indicates that contact constraints may give rise to
singular-like numerical growth even in the absence of a crack tip. Error-assessment strategies for
singular elements have also been developed. Meshii and Watanabe proposed a stress intensity
factor error index based on known analytical displacement fields [23]. Their findings showed that
singular field extraction is highly sensitive to mesh size and loading configuration, and that
convergence analysis is essential for the interpretation of peak stresses. In practical fatigue
assessment, several local stress and energy concepts have been developed to reduce mesh
dependency and singular amplification. The local strain energy density (SED) approach,
comprehensively reviewed by Radaj [24], is based on the average energy density within a finite
control volume around the notch tip rather than on pointwise peak stress evaluation. This
approach explicitly acknowledges that even if stresses are asymptotically singular, the averaged
energy density may remain finite and physically meaningful. Similarly, the Peak Stress Method
(PSM) provides a practical engineering solution by relating coarse-mesh peak stresses in welded
joints to notch stress intensity factors [25]. This method accepts the existence of singular peak
behaviour but transforms it into fatigue-relevant equivalent stress measures. In this way, an
important conceptual shift occurs: the focus moves from interpreting absolute peak stress values
to extracting physically interpretable parameters such as SIF, NSIF, SED, and structural stress.

In the present study, the persistent industrial gap between computed peak stresses and physically
admissible stress states is addressed, and a structured interpretation workflow is developed and
demonstrated for singular stress growth arising in large-scale structural finite element models.
This workflow is based on the comparative evaluation of an industrial-scale structural assembly
made of S355JR steel, analysed under service loading with gravity and consisting of approximately
2,027,936 nodes and 990,617 elements, and two representative simulations in which the model
predicts highly localized von Mises peaks (680.952 MPa and 825.487 MPa), while the global
displacements remain within the service range (for example, 6.60265 mm under end loading).
Building upon established singularity-management approaches, the study explicitly tests and
documents the influence of modelling idealizations, including point loads, fixed supports, and
bonded/contact transitions, and applies corrective strategies such as replacing point forces with
equivalent pressure loads, adding radii to re-entrant corners, and substituting fixed supports with
contact-based boundary representations. To ensure that the observed stress growth is not
incorrectly attributed to discretization artefacts, the work also includes mesh-quality assessments
using standard metrics such as aspect ratio, skewness, Jacobian ratio, and related mesh diagnostic
measures. Finally, in order to relate numerical peaks to physical admissibility, the interpretation
is framed in terms of the fundamental principles of rate-independent plasticity, including the yield
criterion, flow rule, and hardening rule, which are regarded as the natural regularization
mechanisms for unbounded elastic stresses. Taken together, these steps provide a repeatable
engineering methodology for distinguishing among (a) finite physical stress concentration, (b)
mesh-dependent numerical singularity, and (c) actual structural overstress in large-scale
industrial finite element applications.

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zenodo.21356417



Dénerkaya & Biiken

3. Methodology

3.1. Numerical Model Description

The structural model analyzed in this study corresponds to an industrially designed crane girder
assembly. The geometry was obtained in CAD format and subsequently prepared for finite
element analysis in the ANSYS Mechanical 2025 R1 environment. The model represents the typical
geometric and connection characteristics of large-scale steel structural systems. Prior to the
analysis, a geometry preparation stage was conducted in which the solid model was converted
into a surface model in order to reduce solution time and improve mesh quality.

Figure 4: Industrial crane girder assembly representing a typical welded structural system used in large-
scale FEM simulations.

The industrial crane girder assembly illustrated in Figure 4 was selected as the benchmark model
for the present investigation. This structure contains several geometric discontinuities,
connection interfaces, and load transfer regions typical of welded steel assemblies. Such
characteristics make it a representative industrial case for examining the occurrence of stress
singularities in large-scale finite element analyses. The selected crane girder assembly represents
a realistic industrial-scale welded steel structure containing multiple geometric discontinuities,
support interfaces and load transfer regions. Such configurations are known to produce strong
stress gradients in finite element simulations and therefore constitute an appropriate benchmark
for investigating numerical stress singularities. This transformation was performed in the ANSYS
SpaceClaim environment using the midsurface command. Through the midsurface approach,
thin-walled structural components were reduced to shell representations, allowing the generation
of a more regular mesh structure while significantly reducing computational cost. This method
increases solution efficiency while accurately representing the global stiffness behavior,
particularly in long and thin-walled steel girder systems. During the model preparation phase,
small geometric features that do not significantly influence the structural behavior, such as small
radius, chamfers, and secondary holes, were removed from the geometry. This simplification
process reduces unnecessary local mesh refinement, minimizes element distortion, and improves
numerical stability. This step is particularly important for preventing artificial stress
concentrations that may arise from sharp corners or small geometric details. In welded joint
regions, a shared topology approach was applied in order to reduce the number of contact
definitions and optimize computational performance. With this method, instead of defining
separate contact interactions on adjacent surfaces, shared nodes are created between connected
parts, thereby minimizing the need for bonded contact definitions. The use of shared topology
improves the conditioning of the global stiffness matrix and significantly reduces solution time by
eliminating unnecessary contact iterations. Across the model, eight fixed (clamped) boundary
conditions were defined, and surface-based bonded contact interactions were used where
necessary.

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zenodo.21356417
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Figure 5: Boundary conditions applied to the proposed CAD model.

The boundary conditions applied to the model are shown in Figure 5. Although these constraints
represent typical structural mounting conditions in industrial systems, they also introduce abrupt
stiffness transitions within the numerical model. Under linear elastic assumptions, such
transitions may significantly amplify local stress gradients, particularly near constrained edges
and connection regions. These idealized boundary conditions were selected to represent the
global load-bearing behavior of the structure. However, it is well known that fully clamped
supports and bonded contact definitions may introduce abrupt stiffness transitions, which can
lead to localized stress amplification under linear elastic analysis. Therefore, the modeling
assumptions were selected deliberately with consideration for both computational efficiency and
the interpretability of the resulting stress distribution. Consequently, the developed finite element
model represents an industrial-scale steel assembly with a large number of degrees of freedom
while preserving the global stiffness behavior of the system. This modelling framework provides
a suitable basis for systematically investigating whether the stress peaks observed under linear
elastic analysis originate from physically meaningful stress concentrations or from numerical
singularities.

3.2. Material Model

In the analysis model, S355JR structural steel defined in the ANSYS material library was assigned
to all structural components. The analyses performed within the scope of this study were
conducted within the framework of a static linear structural solution, and the material behaviour
was initially modelled as isotropic, homogeneous, and linear elastic.

Table 1: Material card properties of S355JR steel.
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In the linear elastic formulation, the material behavior is governed by Hooke's law:
o=E (1)

where ¢ denotes the normal stress, E represents the Young's modulus of the material, and € is
the normal strain. Within this approach, the stress-strain relationship is linear, and the
deformation remains fully recoverable as long as the stress level stays below the yield strength.
Although the elastic solution is sufficient for examining the global stiffness behaviour of the
structure, it does not physically limit local stress growths. S355JR steel is a ductile material, and
once the yield strength is exceeded, plastic deformation begins. Plastic deformation occurs due
to atomic slip along crystallographic planes caused by deviatoric stresses (dislocation motion),
resulting in permanent strains. This behaviour is characterized by the inability of the material to
return to its original configuration after the removal of the load.

3.3. Boundary Conditions and Loading

The boundary conditions and loading definitions applied in the numerical model were established
in order to represent realistic industrial operating conditions of the crane girder assembly. In
large-scale structural finite element analyses, the definition of appropriate boundary conditions
plays a critical role in ensuring that the numerical model accurately reflects the physical load
transfer mechanisms of the system. For this reason, boundary conditions and loading scenarios
were carefully selected to represent the structural constraints and operational loading
environment of the assembly. All analyses were performed within the framework of a static linear
structural solution in ANSYS Mechanical. In this formulation, loads were applied in a single load
step under the assumption of small deformations and linear material behaviour. This approach
allows the global structural response to be evaluated efficiently while maintaining numerical
stability and reducing computational cost. The loading configuration was defined in a manner
consistent with typical service-level loading conditions encountered in industrial crane structures.

3.3.1. Support Conditions

In order to represent the mechanical connection between the crane girder assembly and the
supporting chassis structure, fixed support (clamp) boundary conditions were assigned to eight
hole regions located on the mounting interfaces of the model.
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Figure 7: Fixed support boundary conditions assigned to the hole regions of the CAD model.

The fixed support locations illustrated in Figure 6 correspond to the mounting holes through
which the structural assembly is attached to the supporting frame. While such boundary
conditions are commonly used in structural simulations, they represent an idealization of the
actual support stiffness and may therefore generate localized stress amplification in their vicinity.
These hole regions correspond to the physical mounting points through which the structural
assembly is connected to the supporting frame in the actual industrial system. By applying fixed
support conditions at these locations, the structural constraints introduced by bolted or rigid
mounting connections are represented in an idealized manner.

The fixed support definition constrains all translational displacement components at the
associated nodes, such that

UX=UY=Uz=0 (2)

where UX, UY and UZ denote the translational displacement components in the global x, y and z
directions, respectively. In other words, the nodes located on the support regions are prevented
from undergoing any translational motion, effectively representing a rigid connection between
the structure and its supporting base. This type of idealization is widely used in structural finite
element modelling when the supporting structure is assumed to possess significantly higher
stiffness than the analyzed component. Under such assumptions, the support structure can be
considered rigid relative to the deformable structural assembly. However, it is also well
established in the literature and in ANSYS technical documentation that fully fixed boundary
conditions may introduce abrupt stiffness transitions within the numerical model. These
transitions can result in steep stress gradients and local stress amplification, particularly in
regions where constrained nodes interact with unconstrained structural domains. Such effects
are especially pronounced in linear elastic analyses, where the absence of plastic deformation
mechanisms prevents the redistribution of localized stresses. Consequently, high stress gradients
and localized stress peaks are often observed near fixed support regions, particularly at geometric
discontinuities or near support edges. For this reason, the interpretation of stress results in the
vicinity of fixed supports must be performed with caution. In the context of the present study,
these modelling assumptions were intentionally retained in order to allow the investigation of
stress amplification behaviour and to distinguish between physically meaningful stress
concentrations and numerical singularities arising from boundary condition idealizations.

3.3.2. Contact Definitions

In the numerical model, surface-based contact definitions were used for all interacting surfaces,
and the contact type was assigned as bonded. Bonded contact prevents any relative displacement
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between contacting surfaces and enforces full displacement continuity at the corresponding
nodes. This approach is commonly used for representing welded or rigid connections and
provides a computationally efficient modelling strategy. However, bonded contact definitions may
introduce abrupt deformation transitions, particularly between components with significantly
different stiffness values. Under linear elastic analysis, such transitions may lead to localized stress
amplification in the vicinity of the contact interfaces. In addition, through the application of the
shared topology approach, common nodes were generated across many contact regions, thereby
minimizing the number of explicit contact definitions required in the model. This modelling
strategy reduces the number of contact solution iterations and improves computational
efficiency. At the same time, it results in a mathematically fully connected structural system within
the finite element model.

3.3.3. Loading Scenarios

In addition to the boundary conditions and contact idealizations described above, load definitions
also represent important modelling parameters that may lead to stress singularities in linear
elastic finite element models. In particular, point force applications or load definitions applied over
vanishingly small areas may theoretically produce stress singularities under the continuum
mechanics assumption. Two primary loading cases were considered in the numerical model. First,
gravitational loading was applied to represent the self-weight of the structure. A gravitational
acceleration of -9.81 m/s?2 was imposed, and the load was introduced into the model as a
distributed body force acting throughout the entire structural volume. Secondly, a service load
was applied in the form of a concentrated force in order to represent operational loading
conditions. A point force with a magnitude of 1.93 x 106 N was applied in the Z direction on the
designated surface of the girder. The force components were defined as

FX=0,FY=0,FZ=193x106N (3)

Point force applications are known to represent boundary conditions that may theoretically
generate singular behaviour within the framework of continuum mechanics. When a force is
applied over an infinitesimally small area, the stress value tends to increase according to the
relation o = P/A as the effective area approaches zero. For this reason, the interpretation of stress
peaks obtained near the load application region requires careful physical evaluation.

3.3.4. Linear Static Solution Assumptions

All simulations performed within the scope of this study were conducted under a linear static
structural analysis framework. Within this formulation, the geometry was assumed to remain
unchanged during deformation and the material behaviour was defined as linear elastic.
Accordingly, geometric nonlinearities such as large deflection effects were neglected, plastic
material behaviour and yielding were not activated in the material model, and contact
nonlinearities were simplified through the use of bonded contact definitions. Consequently, the
structural response of the system was evaluated entirely within the framework of linear elasticity
theory. While this modelling approach provides an efficient method for evaluating the global
stiffness behaviour and load transfer characteristics of the structure, it does not impose any
physical limitation on the growth of local stresses. In linear elastic finite element formulations,
stress values may increase significantly in regions where abrupt stiffness transitions, geometric
discontinuities, or highly concentrated loads are present. Such modelling assumptions may
therefore lead to the appearance of numerical stress singularities, particularly near constrained
boundaries, sharp geometric transitions, or point load applications. In these regions, stresses may
theoretically approach very large values due to the absence of plastic deformation or geometric
redistribution mechanisms that would otherwise limit stress growth. For this reason, the stress
peaks observed in the analysis must be interpreted carefully. Rather than representing a
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physically meaningful stress state, these peaks may reflect mathematical singular behaviour
introduced by the modelling assumptions. Therefore, the interpretation of the results focuses
primarily on the overall stress distribution patterns and the stress values in neighbouring
elements, where the numerical solution is less affected by singularity behaviour.

3.4. Singularity Identification and Classification Framework

Distinguishing whether high stress peaks obtained in large-scale linear elastic finite element
analyses correspond to physical stress concentrations or numerical singularities constitutes the
primary objective of this study. In order to address this issue, a systematic identification and
classification strategy was developed to bridge the gap between the asymptotic singularity
definitions reported in the literature and the practical interpretation challenges encountered in
industrial finite element modelling applications.

3.4.1. Definition of Singularity and Numerical Indicators

According to ANSYS technical documentation, a stress singularity is characterized by the absence
of stress convergence under mesh refinement, where the calculated stress values continue to
increase as the mesh becomes progressively finer. From a mathematical perspective, this
behaviour can be described through an asymptotic stress field expressed as

a(r) ~r’(-A)  (4)

where r represents the distance from the singularity point and A > 0 denotes the singularity order.
As the distance approaches zero (r - 0), the stress theoretically tends toward infinity.

However, such behaviour cannot occur in real engineering materials. In physical structures,
mechanisms such as plastic deformation, microstructural damage, or geometric rounding limit
the magnitude of stresses and prevent the formation of infinite stress values. For this reason, the
identification of singularities cannot rely solely on the maximum stress magnitude obtained from
numerical analysis. Instead, the characteristic behaviour of the stress field must be carefully
examined in order to determine whether the observed stress amplification represents a physically
meaningful stress concentration or a numerical artefact associated with singularity behaviour.

3.4.2. Identification Criteria

In this study, four evaluation criteria were used to classify the observed stress peaks. First, a mesh
dependency analysis was conducted. The behaviour of the maximum stress values was examined
as the mesh density increased in the suspected singularity regions. If the maximum stress
continues to increase with mesh refinement without convergence, it indicates a high probability
of numerical singularity; whereas converging stress values suggest a physical stress
concentration. The mesh refinement results in this study showed that the stress peaks increased
as the element size decreased, indicating non-convergent behaviour.

Secondly, a location analysis was performed by comparing the spatial positions of the suspected
singularity regions with typical singularity sources reported in the literature, such as point loads,
sharp re-entrant corners, fully fixed boundaries, and bonded contact transitions. In the analysed
model, the highest stresses were concentrated around the clamped hole regions, bonded contact
interfaces, and load application surfaces, indicating that the stress peaks are largely related to
modelling idealizations.

Thirdly, the results were evaluated in terms of global structural behaviour. In a real overstress
condition, global stiffness reduction, excessive displacement, or local instability would be
expected. However, the analysis results showed maximum displacements of approximately 6.60
mm and 16.24 mm, and the structure behaved consistently with an elastic beam response.
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Finally, a plastic admissibility assessment was performed. In linear elastic analysis, stresses may
exceed the yield strength because yielding is not considered in the material model. In reality,
S355JR steel begins to plastically deform once the yield strength is reached, and the stress state
becomes limited by the yield surface. Therefore, the calculated elastic stress peaks in the range of
680-825 MPa cannot represent the real structural stress state and are expected to be physically
limited by plastic yielding.

3.4.3. Classification Framework

Based on the criteria described above, the observed stress peaks were classified into three
categories according to their numerical behaviour and physical interpretation. The classification
was performed by analysing mesh dependency, spatial correspondence with typical singularity
sources, compatibility with the global structural response, and the plastic admissibility of the
calculated stresses. This framework enabled a systematic distinction between numerical
singularities, physically meaningful stress concentrations, and elastically overestimated stresses
that would be constrained by material yielding under real structural conditions.

According to this classification framework, the stress peaks observed in the analysed model were
identified as Type 2, corresponding to mesh-dependent numerical singularities.

Table 2: Stress classification framework.

Category Definition Characteristic
Type 1 Physical stress concentration Converges with mesh
refinement
Type 2 Mesh-dependent numerical = Increases with mesh
singularity refinement
Type 3 Actual structural overstress Accompanied by deterioration

in global structural behaviour

3.4.4. Engineering Mitigation Strategies

According to ANSYS technical documentation, if a stress singularity occurs within the region of
interest of the analysis, several corrective modelling actions can be applied. Typical approaches
include replacing point loads with equivalent pressure distributions, introducing fillets at sharp
geometric corners, replacing fully fixed boundary conditions with more realistic contact
interfaces, and evaluating averaged stress measures over finite control volumes rather than
single-node peak values. These strategies are consistent with the singularity-management
practices proposed by Sinclair [20,21] and with the mesh-independent structural stress and Peak
Stress Method approaches developed for welded joints [7,16,25]. In the present study, mitigation
was applied by combining geometric regularization at re-entrant corners with the substitution of
fixed supports by contact-based boundary representations, thereby allowing the interpretation to
focus on physically admissible stress fields rather than on isolated numerical extrema.

4. Results and Discussion

4.1. Asymptotic Stress Field Behaviour

Within the framework of linear elasticity theory, the stress field in the vicinity of geometric
discontinuities and stiffness transition regions is commonly described by an asymptotic
expression of the form:

a(r)=KrN=A) (5)

where r represents the distance from the singularity point and A denotes the singularity order.
When A > 0, the stress theoretically tends toward infinity as r — 0. This behaviour is not physical
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but arises from modelling assumptions and from the mathematical nature of the linear elastic
solution.

No fillet: \ | N
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Figure 7: Effect of geometric regularization on stress fields. Introducing a finite radius eliminates the
stress singularity and produces convergent stresses.

As demonstrated in Figure 7, geometric regularization plays a crucial role in the numerical
behaviour of stress fields. Introducing a finite radius at sharp geometric transitions eliminates the
mathematical singularity and results in convergent stress values. This observation highlights the
fundamental difference between numerical singularities and physically meaningful stress
concentrations. In the analyzed crane model, the maximum stress values were observed to
concentrate in the hole regions where clamped boundary conditions were applied, at bonded
contact transitions, and on the load application surfaces. All of these regions correspond to
idealized modelling locations where abrupt stiffness variations occur. When mesh refinement was
performed, the stress peaks did not converge and instead showed an increasing trend. This
behaviour is consistent with the asymptotic growth predicted by classical singularity theory.

4.2. Energy-Based Interpretation

From a physical interpretation standpoint, the decisive factor in evaluating singularities is not only
the magnitude of the stress but also the energy behaviour of the system. The elastic strain energy
density is defined as

W="%oaoje (6)

When the asymptotic stress expression is substituted into this formulation, the energy density
varies approximately as W(r) ~ rA(-2A). The total elastic energy of the system can be expressed as
the volume integral:

Uu=[vwav (7)
In cylindrical coordinates, this integral can be reduced to:

U~ [ rorN(1-20) dr  (8)
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Figure 8: Example of non-converging stress distributions near a singular region in finite element analysis.

The stress distributions presented in Figure 8 clearly illustrate the non-converging behaviour
typical of singular stress fields. As the evaluation point approaches the singular location, the stress
magnitude increases rapidly rather than stabilizing at a finite value. Such behaviour indicates that
the observed stress peak originates from asymptotic mathematical growth rather than from a
physically distributed load transfer mechanism. For this integral to converge, the condition A < 1
must be satisfied. In most structural singularities caused by boundary conditions, this condition
is fulfilled. Under such circumstances, although the stress theoretically approaches infinity, the
total strain energy remains finite. In the present analysis, the maximum displacement values were
limited to 6.60 mm and 16.24 mm, indicating that the global energy balance of the system is
preserved and that no loss of structural stiffness has occurred. This observation supports the
mathematical nature of the singularity. While the stress field grows locally, the global structural
response remains within physically acceptable limits.

4.3. Limits of the Elastic Solution and Plastic Regularization

In a linear elastic solution, the stress-strain relationship is defined by o = E€ (Eq. 1) and therefore
does not include any yield limitation. As a result, the numerical model is mathematically capable
of producing stress values exceeding the yield strength of the material. In real ductile steels,
however, once the equivalent stress reaches the yield strength, plastic deformation begins and
the stress field becomes limited by the yield surface. Plastic deformation acts as a natural
regularization mechanism that prevents stresses from increasing indefinitely. For this reason, the
stress peaks calculated in the linear elastic analysis, which lie in the range of 680-825 MPa, do not
represent physically attainable stress states. These values arise from the mathematical growth
permitted by the elastic formulation when plasticity is not included in the constitutive model.

4.4. Separation of Local and Global Structural Behaviour

In a real structural overstress condition, a reduction in global stiffness, uncontrolled growth in
displacement, or a loss of structural stability would typically be expected. However, in the present
study the global deformation behaviour of the system remained within serviceable limits. The
energy integral remained finite and the overall load-carrying mechanism of the structure was
preserved. Therefore, the observed stress peaks do not indicate actual structural failure but rather
correspond to local asymptotic stress growth caused by modelling idealizations. The analyzed
stress distribution can therefore be classified as a boundary-condition-induced numerical
singularity rather than a physical stress concentration.

4.5. Implications for Industrial FEM Interpretation

These findings demonstrate that the maximum stress value alone cannot be used as a reliable
safety indicator in large-scale linear elastic finite element analyses. In order to properly interpret
stress peaks, the asymptotic behaviour of the stress field, the convergence characteristics of the
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energy response, and the plastic admissibility of the material must be evaluated together.
Otherwise, purely mathematical singularities may be misinterpreted as structural failure,
potentially leading to unnecessary design modifications and overly conservative engineering
decisions.

5. Conclusions

5.1. Model Scale and Numerical Characteristics

The structure analyzed in this study corresponds to a large-scale industrial finite element model
consisting of approximately one million elements. The model contains a total of 2,027,936 nodes
and 990,617 second-order tetrahedral (TE10) elements. This numerical scale indicates that the
solution possesses sufficient spatial resolution to represent the global structural behaviour rather
than local numerical fluctuations. An evaluation of the mesh quality criteria shows that the
majority of the elements fall within acceptable limits. Approximately 87.49% of the elements
satisfy the aspect ratio criterion within the "good" quality range, with an average aspect ratio
value of 3.056. The distributions of maximum and minimum element angles fall within acceptable
limits for 96.68% and 95.18% of the elements, respectively. The average skewness value is 0.371,
and 95.34% of the elements belong to the good-quality category. These mesh quality indicators
demonstrate that the observed stress peaks are not caused by element distortion, excessive
element deformation, or numerical instability. Therefore, the high stress values obtained in the
analysis can be attributed to the nature of the boundary conditions and geometric discontinuities
defined in the model rather than to poor mesh quality or numerical errors. Considering both the
scale of the model and the adequacy of the mesh quality, the analysis results represent the
behaviour of a realistic industrial structural system rather than that of simplified academic
examples. This allows the stress singularity discussion presented in this study to be evaluated
within a structural interpretation framework rather than as a consequence of numerical
inadequacy.

5.2. Maximum Displacement and Global Structural Behaviour

As aresult of the linear elastic analysis performed under service loading conditions, the maximum
displacement of the structure was calculated as 6.60265 mm. The minimum displacement value is
zero, which corresponds to the expected physical behaviour at the fixed support regions.
Examination of the displacement distribution shows that the deformation exhibits a smooth and
continuous bending profile along the girder. The maximum displacement occurs near the mid-
span region, while the displacement magnitude gradually decreases toward the support regions.
This distribution is consistent with classical bending theory for a beam subjected to end loading
and indicates that the global stiffness behaviour of the structure is physically consistent.

Displacement (mm)

o
Deformation scale: 1

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zenodo.21356417

19



Dénerkaya & Biiken

Figure 12: Displacement result of the crane beam under service loading conditions.

Despite the presence of extremely high localized stress values, the global displacement field
shown in Figure 9 exhibits a smooth and continuous deformation pattern. This behaviour is
consistent with classical beam bending theory and indicates that the structural system retains its
global stiffness under the applied loading conditions. This result plays a critical role in supporting
the central argument of the present study. Although the maximum von Mises stress obtained in
the same analysis reaches approximately three times the nominal yield strength of the material,
the global deformation response of the structure remains limited and physically reasonable under
service-level loading conditions. If the calculated high stress values represented a true structural
overload condition, a significant loss of stiffness or a deviation from the linear elastic response
would be expected in the global displacement behaviour of the system. However, no such
anomaly is observed in the displacement field.

The continuity and smooth gradient of the displacement distribution also indicate that the
numerical solution is stable. Despite the presence of very high stress values in the singularity
regions, no discontinuities or irregular oscillations are observed in the displacement field. This
suggests that the extreme stress values are concentrated within a very limited local region and
do not control the global structural behaviour. In this context, the maximum displacement result
serves as an important global performance indicator supporting the conclusion that the excessive
stress values obtained in the analysis cannot be directly interpreted as indicators of structural
failure. Since the deformation behaviour remains physically consistent, stable, and compatible
with the expected bending mechanics under service loading, the local extreme stress values in
the stress field should be evaluated within the framework of mathematical stress singularities.

5.3. Maximum von Mises Stress and Comparison with Yield Strength

The maximum equivalent (Von Mises) stress obtained from the analysis was calculated as 825.487
MPa. The material used in the model is S355JR structural steel, which has a 0.2% yield strength of
275 MPa. Accordingly, the calculated maximum stress value corresponds to approximately three
times the yield strength:

omax/ay=825/275=3 (9)

At first glance, this ratio may suggest that the structure is subjected to a severe overstress
condition if the results of the linear elastic analysis are interpreted directly in terms of structural
safety. However, a detailed examination of the stress distribution shows that this high value is
concentrated within an extremely localized region. The majority of the global stress field remains
within the range of 80-250 MPa, which lies within the yield strength limits of the material. The
maximum stress values occur primarily in regions where rigid connections are modeled using
bonded contact definitions and in areas containing sharp geometric discontinuities. In these
regions, the stress field exhibits a very steep gradient, and the peak stress value is concentrated
within a very small volume. Stress contour plots clearly indicate that the red high-stress region
remains limited to the scale of individual elements, while the stress magnitude decreases rapidly
in the surrounding elements. This behavior is consistent with the mathematical singularity
characteristics described in classical elasticity theory. In the presence of sharp geometric corners
or perfectly rigid boundary conditions, the stress field may increase asymptotically as the distance
approaches zero. In contrast, if a real yielding condition were present, the stress increase would
be expected to spread over a finite region through plastic deformation and would produce a
measurable effect on the global stiffness of the structure. However, no such stiffness reduction is
observed in the displacement field. Furthermore, since a linear elastic material model is used in
the present analysis, the stress redistribution mechanism that occurs after yielding is not
activated. In real material behavior, once plastic deformation begins, the stress field becomes
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limited and cannot increase indefinitely. Therefore, the 825 MPa value obtained in the elastic
analysis does not represent a physically sustainable stress state but rather a numerical
amplification resulting from the boundary conditions and geometric idealizations defined in the
model. Consequently, the maximum von Mises stress value alone should not be interpreted as an
indicator of structural inadequacy. When the localization of the stress field is evaluated together
with the global deformation response, it becomes evident that the extreme stress values
correspond to a mathematical singularity rather than to a physically meaningful overstress
condition.

Figure 13: Von Mises stress distribution of the crane beam.

5.4. Mesh Quality and Numerical Reliability Assessment

The von Mises stress distribution illustrated in Figure 10 reveals that the extreme stress values are
confined to a very limited region near geometric discontinuities and boundary interfaces. Outside
these localized zones, the majority of the structure experiences stress levels well within the elastic
range of the material. In order to technically support the singularity interpretation, it must first be
demonstrated that the high stress values obtained in the analysis are not caused by poor mesh
quality. For this reason, the mesh characteristics of the model were evaluated in detail. The finite
element model used in the analysis consists of a total of 990,617 second-order tetrahedral (TE10)
elements, and the element quality statistics were comprehensively examined. An evaluation of
the mesh quality criteria shows that the majority of the elements fall within acceptable
engineering limits. Approximately 87.49% of the elements satisfy the aspect ratio criterion within
the "good" quality range, with an average aspect ratio value of 3.056. The maximum angle
criterion falls within the acceptable range for 96.68% of the elements, with an average value of
105.802°. The minimum angle criterion is acceptable for 95.18% of the elements, with an average
value of 29.439°. The average skewness value is 0.371, and 95.34% of the elements belong to the
good-quality category. In terms of the stretch criterion, 87.81% of the elements also satisfy the
good-quality range. These indicators demonstrate that the model does not contain element
distortion, excessive element stretching, deteriorated angle distributions, or numerical instability
related to element shape quality. In particular, the high percentage of elements classified as
"good" in terms of skewness and minimum angle distribution indicates that the stress
calculations are not significantly influenced by geometric discretization errors. An examination of
the mesh structure in the regions where the stress peaks occur shows that the elements are not
distorted or excessively elongated; instead, a homogeneous and numerically stable discretization
is achieved. Therefore, the stress peaks reaching 825 MPa cannot be attributed to deficiencies in
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mesh quality but must instead be interpreted as physical stress concentrations or mathematical
singular behaviour caused by boundary condition idealizations.

5.5. Overall Interpretation

Taken together, the model scale, mesh quality, global displacement behaviour, and localized peak
stress magnitude collectively demonstrate that the high stress values observed in the analysis do
not represent a real structural overstress condition but instead exhibit the characteristics of
mathematical singularities. The study demonstrates, through a large-scale industrial model, the
distinction between physical stress concentrations and numerical singularities, highlighting the
importance of careful interpretation of finite element results in engineering practice. The
proposed evaluation approach reduces the risk of unnecessary overdesign while also preventing
incorrect safety assessments. In large-scale structural analyses, not only the magnitude of the
stress field but also its behavioural characteristics and physical plausibility must be considered.
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ABSTRACT

In the modern agricultural landscape, digital transformation has evolved into
a high-precision engineering discipline. This study analyzes advanced
automated guidance systems as a decisive bridge between conventional
mechanics and the era of autonomous farming. By integrating high-torque
actuation with intelligent positioning logic, these systems utilize multi-
constellation satellite networks and real-time correction streams to achieve
a precision level where operational deviations are confined to the centimeter
scale. This technological framework, synchronized via high-speed CAN-Bus
communication and real-time data fusion, optimizes complex field
trajectories for critical tasks such as seeding and precision fertilization. The
synergy between advanced control units and intuitive human-machine
interfaces minimizes the margin of human-induced error, leading to a
significant reduction in fuel consumption and mechanical fatigue. Beyond
basic navigation, features such as dynamic terrain compensation and
automated headland path planning ensure consistent accuracy across
diverse topographies. This research posits that the true "harvest" of these
algorithms lies in the transition from manual control to data-driven
operational intelligence. As a critical milestone toward fully unmanned
agricultural ecosystems, these advanced positioning solutions provide a
robust foundation for economic optimization and environmental
stewardship, defining the next frontier of smart mechanization.
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Automated Guidance, Data-Driven Agriculture, High-Precision Positioning,
Operational Efficiency, Smart Mechanization
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OZET

Modern tarim ekosisteminde dijital dontsim, artik basit bir otomasyon
surecinin 6tesine gecerek yuksek hassasiyetli bir muhendislik disiplini
haline gelmistir. Bu calisma, gelismis otomatik yonlendirme sistemlerini,
geleneksel mekanik yaklasimlar ile otonom tarim ¢agi arasinda belirleyici
bir kopru olarak ele almakta ve analiz etmektedir. Yuksek torklu
aktiasyon yapilart ile akilli  konumlandirma algoritmalarinin
entegrasyonu sayesinde bu sistemler; ¢oklu uydu takimyildizlari ve
gercek zamanl dizeltme sinyallerinden faydalanarak, operasyonel
sapmalarin santimetre mertebesinde sinirlandigi bir hassasiyet dizeyine
ulagsmaktadir. YUksek hizli CAN-Bus iletisimi ve gercek zamanh veri
fizyonu ile senkronize edilen bu teknolojik altyapi, ekim ve hassas
gubreleme gibi kritik tarla operasyonlari icin karmasik hareket yollarini
optimize etmektedir. Gelismis kontrol Uniteleri ile sezgisel insan-makine
arayuzleri arasindaki sinerji, operator kaynakl hata payini minimuma
indirirken; yakit tiketimi ve mekanik yorgunlukta kayda deger bir azalma
saglamaktadir. Temel yénlendirme islevlerinin 6tesinde, dinamik arazi
telafisi ve otomatik basak (headland) dénus planlamasi gibi 6zellikler,
farkl topografik kosullar altinda dahi tutarh konumsal hassasiyet
sunmaktadir. Bu arastirma, algoritmalarin gercek "hasadinin®; manuel
kontrolden veriye dayall operasyonel zekaya geciste ortaya ciktigini ileri
surmektedir. Tam otonom tarimsal ekosistemlere gecis yolunda kritik bir
kilometre tasi niteligi tasiyan bu gelismis konumlandirma ¢ézimleri,
ekonomik optimizasyon ve cevresel sirdurulebilirlik icin saglam bir temel
sunarak akilli mekanizasyonun bir sonraki sinirini tanimlamaktadir.

Anahtar Kelimeler: Akilli Mekanizasyon, Operasyonel Verimlilik, Otomatik
Yonlendirme, Veriye Dayali Tarim, Yiksek Hassasiyetli Konumlandirma
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Creative Commons Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0 Deed)
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1. GiRiS

Artan Uretim gereksinimleri ve surdurudlebilirlik beklentileri dogrultusunda tarim sektori
dijitallesmeyi hizla benimsemektedir. Geleneksel manuel direksiyon ¢ézimleri; operator kaynakli
hatalara, yakit israfina ve dusuk dogruluk seviyelerine yol agarken, teknoloji odakli ¢ézimler bu
zorluklari 6nemli 6lciide ortadan kaldirmaktadir. Bu yenilikler arasinda otomatik dimenleme
sistemleri, modern tarimin en kritik bilesenlerinden biri olarak 6ne ¢ikmaktadir. Traktorlerdeki
konumlandirma ve yénlendirme sureclerini dijitallestiren bu sistemler; GNSS (Kuresel Navigasyon
Uydu Sistemi) tabanli konumlama ve RTK (Gercek Zamanli Kinematik) diizeltme sinyallerinden
faydalanarak yaklasik 2.5 cm hassasiyet seviyesine ulasmakta ve ekim, gibreleme ve ilaglama
gibi operasyonlarda yiiksek dogruluk saglamaktadir (Sekil 1).

Sekil 1: Sinyalin Calisma Prensibi

Otomatik dimenleme sistemleri; bir elektrik motoru, elektronik kontrol Gnitesi (ECU), GNSS alicisi
ve sezgisel bir tablet arayzinden olusmaktadir. Bu bilesenler, CAN-Bus (Controller Area Network)
protokolleri Uzerinden haberleserek gercek zamanli veri alisverisi ve sistemler arasi sorunsuz
entegrasyon saglamaktadir. Direksiyon kolonuna monte edilen elektrik motoru, operator
mudahalesine gerek kalmadan otomatik yonlendirme gorevini yerine getirirken; kullanici, tablet
araylzu tzerinden yol planlama, basak (headland) dénls otomasyonu ve arazi telafisi gibi islevleri
kolaylikla ydnetebilmektedir.

Bu teknoloji, yalnizca ydnlendirme hassasiyetini artirmakla kalmayip; ayni zamanda is gucu
verimliligini yUkseltmekte, yakit tlketimini optimize etmekte ve tarimsal operasyonlarda
surekliligi guvence altina almaktadir. Bununla birlikte, veriye dayali yénetim anlayisi ve baglantili
sistemler ile buttinlesmis bir yapi sunarak, yakin gelecekte tam otonom tarim makinelerinin temel
altyapisini olusturmasi beklenmektedir. Ozetle, otomatik dimenleme sistemleri; modern tarimda
dijitallesme ve surdurulebilirlik hedeflerine ulasiilmasinda stratejik bir rol Ustlenmektedir.

Elektrik motoru tahrikli otomatik dimenleme sistemleri; mekanik olarak entegre edilmis
direksiyon kolonu yapilari ve optimize edilmis tork iletimi sayesinde tarim araglarinda yutksek
hassasiyetli yonlendirme performansi sunmaktadir [5] (Sekil 2).
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Sekil 2: Direksiyon Mekanizmasinin Montaji

CAN-Bus tabanli haberlesme mimarileri Gzerinde ¢alisan gelismis kontrol algoritmalari; degisken
yuk kosullari altinda dahi gercek zamanli tepki kabiliyeti ve sistem kararliligi saglamaktadir [5].

GNSS aglarinin RTK duzeltme sinyalleri ile desteklenmesi, farkh tarla kosullari altinda santimetre
seviyesinde konumlandirma hassasiyetinin korunmasini saglarken; otomatik yonlendirme
sistemlerinde sinyal sapmasini azaltmakta ve gecisten gecise tekrarlanabilirligi 6nemli élcide
iyilestirmektedir [6].

Tarim makinelerinde kullanilan CAN-Bus aglarinin guvenilirligi ve siber guvenligi, otomatik
dimenleme sistemlerinin kesintisiz ve kararli bir sekilde ¢calismasinin saglanmasinda kritik bir rol
oynamaktadir. Makine 6grenmesi tabanl anomali tespit yaklasimlari, olagandisi haberlesme
desenlerini belirleyerek operasyonel guvenligi artirmakta ve sistem kaynakli durus surelerinin
azaltilmasina katki saglamaktadir [4] (Sekil 3).

Common ECUs
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Engine Control Unit
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Sekil 3: Modern Tanm Makinelerinde CAN Uygulamasi ve Ornek Saldin Vektérleri

Otomatik dimenleme sistemleri, otonom tarim teknolojilerine gegis sirecinde temel bir yapi tasi
olarak degerlendiriimektedir. IoT platformlari ve sensér fizyonu yaklasimlari ile entegrasyonun;
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insansiz tarla operasyonlarinin yaygin bicimde benimsenmesi acisindan dnemli bir potansiyel
sundugu 6ngorulmektedir [2] (Sekil 4).

Sekil 4: insansiz Saha Operasyonlar igin loT Platform Entegrasyonlar

GNSS tabanh konumlandirma sistemlerinin RTK duzeltme sinyalleri ile entegrasyonu, otomatik
dumenleme uygulamalarinda santimetre seviyesinde konumsal hassasiyetin korunmasini
mumkadn kilmaktadir. Bu yaklasim; sinyal sapmasini azaltmakta, gegisten gecise tekrarlanabilirligi
artirmakta ve 6zellikle hassas tarim uygulamalarinda yénlendirme performansini 6nemli él¢tide
iyilestirmektedir [3], [1].

2. Materyal ve Yontem

2.1. Materyal

Bu calismada, traktérlerde kullanilan otomatik dimenleme sistemlerinin yapisi, temel bilesenleri
ve performans parametreleri incelenmistir. Sistem, GNSS (Kuresel Navigasyon Uydu Sistemi)
tabanl konumlandirmanin RTK (Gercek Zamanli Kinematik) diizeltme sinyalleri ile entegrasyonu
sayesinde hassas tarim uygulamalarinda ytksek dogruluk saglayacak sekilde tasarlanmistir. GNSS
alicisi traktéran gercek zamanl konumunu belirlerken, RTK modulld santimetre seviyesinde
konumsal duzeltmeler sunmaktadir. Gelistirilen otomatik dumenleme sistemi, saha
degerlendirmeleri kapsaminda Erkunt Nimet 75Lux Deutz-V traktér modeli Uzerine basariyla
uygulanmistir (Sekil 5).

Sekil 5: Otomatik Direksiyon Sistemi

Saha testleri slresince, navigasyon kontrolcisu tarafindan olusturulan operasyonel komutlar
otomatik aktUasyon mekanizmalarina iletilmistir. Direksiyon kolonuna entegre edilen elektrik
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motoru, elektronik kontrol Gnitesi (ECU) tarafindan tretilen komutlar dogrultusunda yénlendirme
hareketlerini gerceklestirmistir. Operator ise yol planlama, basak (headland) donis otomasyonu
ve arazi telafisi gibi fonksiyonlari tablet tabanh bir kullanici araytzu Gzerinden yonetmistir.

Konum Belirleme ve Hassasiyet (R70 GNSS Alicisi)

Traktorin konumunun yiksek hassasiyetle belirlenebilmesi amaciyla sistem, GNSS (Kuresel
Navigasyon Uydu Sistemi) alicilari aracih@iyla uydu sinyallerini toplamaktadir (Sekil 6). Elde edilen
bu sinyaller, RTK (Ger¢ek Zamanl Kinematik) diizeltme teknolojisi kullanilarak islenmekte ve +2.5
c¢m dogruluk seviyesine ulasilmaktadir. RTK duzeltmeleri, GNSS sinyallerini bir referans
istasyonundan alinan verilerle senkronize ederek, hatasiz yol planlamasi ve sira takibini glivence
altina almaktadir.

Sekil 6: R70 GNSS Alicisinin Traktér Uzerindeki Konumu

Veri i;leme ve Kontrol (Direksiyon ECU)

Konumlandirma verilerinin islenmesi ve yonlendirme komutlarinin retilmesi amaciyla Elektronik
Kontrol Unitesi (ECU), GNSS ve RTK verilerini almakta; gelismis algoritmalar kullanarak traktérin
mevcut konumunu ve hedef guzergahini hesaplamakta ve buna bagl olarak direksiyon agi
komutlarini olusturmaktadir (Sekil 7). Sistem bilesenleri arasindaki haberlesme ise CAN-Bus
(Controller Area Network) protokoli Gzerinden yonetilmektedir.

CANH
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Sekil 7: Elektronik Kontrol Unitesi (ECU) Blok Semasi

Direksiyon Otomasyonu (EMS2 Motoru)

Operatér mudahalesi olmaksizin yénlendirme islemini gerceklestirmek amaciyla, direksiyon
kolonuna entegre edilen ylksek torklu bir elektrik motoru, ECU tarafindan uretilen komutlara
bagl olarak direksiyon acisini ayarlamakta ve bu sayede traktérin onceden tanimlanmis
glzergahlari otomatik takip etmesini saglamaktadir (Sekil 8).
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Sekil 8: Direksiyon Mekanizmasinin Montaji

Kullanici Arayiizii ve I'§Iev Yonetimi (T100 Monitor)

Operatore sezgisel kontrol ve izleme imkani saglamak amaciyla, tablet tabanl arayliz Gizerinden
yol planlama, basak (headland) dénus otomasyonu, arazi telafisi ve hiz ayar gibi fonksiyonlar
yonetilmektedir (Sekil 9). Kullanici araytzi; ger¢ek zamanli konum bilgilerini, sistem durumunu
ve performans metriklerini gorsel olarak sunmaktadir.
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Sekil 9: Sezgisel Kontrol Mekanizmasi (T100 Monitér Araylizi)

2.2. YOntem

Bu asamada, otomatik dimenleme sisteminin performansi ISO 12188-2 standartlarina uygun
olarak saha kosullari altinda degerlendirilmistir. Deney siresince, lastik dlculeri ve lastik basing
degerleri, ETRTO 2018 standartlari dogrultusunda sabit tutulmus ve test kosullarinin
tekrarlanabilirligi saglanmistir (Tablo 1).
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Tablo 1: Lastik Bilgileri

Lastik Boyutu Lastik Basinci (bar)
On Lastikler 280/85R24 1.6
Arka Lastikler 420/85R30 1.6

Deneyler, sert asfalt zemin Uzerinde gerceklestirilmis ve Ug farkli zaman araliginda tekrarlanmistir.
ilk test, sistemin montaiji ve kalibrasyonunun hemen ardindan uygulanmistir. ikinci test, ilk testten
bir saat sonra, Gclncu test ise yirmi dort saat sonra gerceklestirilmistir. Her bir test oturumu
sirasinda ¢evresel kosullar izlenmis ve kayit altina alinmistir (Tablo 2).

Tablo 2: Deney Esnasinda Hava Kogullari

Deneyler Hava Sicaklig: °C Nem (%) Hava Durumu

l. Baglangi¢ 30°C 31% Acik

Il. 1 Saat 28°C 40% Pargali Bulutlu
lll. 24 Saat 20°C 65% Siddetli Yagmur

Testlere baslamadan o6nce, tim yazilim ayarlari ve kullanici tarafindan yapilandirilabilen
parametreler varsayilan degerlerine sifirlanmistir. Ara¢ parametreleri hassas sekilde olculerek
sisteme girilmis ve secilen calisma moduna uygun olarak kalibrasyon prosedurleri uygulanmistir.
Kalibrasyonun ardindan, A-B referans hatti boyunca yapilan gidis ve donus gegisleri arasindaki
mesafe farki oOlclilerek ince ayarlamalar gerceklestirilmis ve bu fark ofset degeri olarak
tanimlanmistir. S6z konusu ayarlar, tim test streci boyunca degistirilmeden korunmustur (Sekil
10).

Sekil 10: Arag Ayarlari Ekrani

Veri bosluklarinin, test sonuglarinin gecerliligini etkilemeyecek duzeyde (<%25) oldugu
belirlenmistir. Konum Hassasiyeti Zayiflama Faktori (Position Dilution of Precision - PDOP)
degerlendirmesi kapsaminda, aktif uydu sayisi 31, potansiyel uydu sayisi ise 32 olarak
kaydedilmistir. Saha calismalarinda kullanilan uydu konumlandirma cihazi tarafindan
g6zlemlenebilen maksimum uydu sayisi 34 olarak belirlenmistir. TUm deneyler stresince seyir hizi
ve motor devri sabit tutulmustur. Traktor, tim test senaryolarinda 2.5 m/s seyir hizi ve 1400 d/d
(rpm) motor devrinde cahstiriimistir (Tablo 3).

Tablo 3: Test Parametreleri

Deneyler Seyir Hizi (m/s) Motor Devri (dev/dk)
I. Baglangig 2.5m/s 1400 rpm
Il. 1 Saat 2.5m/s 1400 rpm
lll. 24 Saat 2.5m/s 1400 rpm

3. Bulgular

Bu kapsamda, otomatik dumenleme sistemi (ODS) testleri 2.5 m/s sabit seyir hizi altinda ve tium
operasyon suresince operatdr midahalesi olmaksizin gercgeklestirilmistir. Secilen hiz ayari igin her
bir test, farkli GNSS (Kuresel Navigasyon Uydu Sistemi) uydu takimyildizi konfigrasyonlari altinda,
iki ardisik giin boyunca ve Ucer tekrar seklinde uygulanmistir (Sekil 11).
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Sekil 11: Test Rotasi

Bu yaklasim, farkli uydu geometrileri altinda sistem performansinin degerlendirilmesine olanak
saglamistir.

3.1. ilk Test Sonuglari

Birinci test kapsaminda, otomatik dimenleme sisteminin (ODS) ileri ve geri gegisler sirasinda elde
edilen GNSS istatistikleri kaydedilmistir. Elde edilen veriler, her bir gecis i¢cin ayri ayri
degerlendirilmis ve grafiksel olarak sunulmustur (Sekil 12 ve Sekil 13).
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Sekil 12: Birinci Test Gidig Yonii GNSS Degerleri
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Sekil 13: Birinci Test Dénlis Yoni GNSS Degerleri

Birinci deney kapsaminda, A-B referans hattina gére yanal gecis hata dagilimlari analiz edilmistir.
fleri ve geri gecisler sirasinda elde edilen sapma degerlerinin zamansal degisimi, cizgi grafikleri
kullanilarak sunulmustur (Sekil 14 ve Sekil 15).
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Sekil 14: Gidis Yoni - "A-B" Referans Hattindan Sapma
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Sekil 15: Doniis Yoni — "A-B" Referans Hattindan Sapma

3.2. ilk Deneyden Bir Saat Sonra Gerceklestirilen: ikinci Test Sonuglari

ikinci test kapsaminda, ilk deneyden bir saat sonra otomatik diimenleme sisteminin (ODS) ileri ve
gerigegisler sirasinda elde edilen GNSS istatistikleri kaydedilmistir. Elde edilen veriler, her bir gecis
icin ayri ayri degerlendirilmis ve grafiksel olarak sunulmustur (Sekil 16 ve Sekil 17).
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Sekil 16: [kinci Test Gidig Yénii GNSS Degerleri (1 Saat)
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Sekil 17: Ikinci Test Déniig Y6nii GNSS Degerleri (1 Saat)

ikinci deney kapsaminda, ilk testten bir saat sonra A-B referans hattina gére yanal gecis hata
dagilimlari analiz edilmistir. ileri ve geri gecisler sirasinda elde edilen sapma degerlerinin
zamansal degisimi, ¢izgi grafikleri kullanilarak sunulmustur (Sekil 18 ve Sekil 19).
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Sekil 18: Gidis Yéni - "A-B" Referans Hattindan Sapma (1 Saat)
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Sekil 19: Déniis Yoni — "A-B" Referans Hattindan Sapma (1 Saat)

3.3. ilk Deneyden 24 Saat Sonra Gergeklestirilen: Ugiincii Test Sonuglari

Uclinci test kapsaminda, ilk deneyden yirmi dért saat sonra otomatik diimenleme sisteminin
(ODS) ileri ve geri gegisler sirasinda elde edilen GNSS istatistikleri kaydedilmistir. Elde edilen
veriler, her bir gecis icin ayri ayri degerlendirilmis ve grafiksel olarak sunulmustur (Sekil 20 ve Sekil
21).
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Sekil 20: Ugiincii Test Gidis Yénii GNSS Degerleri (24 Saat)
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Sekil 21: Ugiincii Test Déniis Yénii GNSS Dederleri (24 Saat)

Uclincii deney kapsaminda, ilk testten yirmi dért saat sonra A-B referans hattina gére yanal gecis
hata dagilimlari analiz edilmistir. Ileri ve geri gecisler sirasinda elde edilen sapma degerlerinin
zamansal degisimi, ¢izgi grafikleri kullanilarak sunulmustur (Sekil 22 ve Sekil 23).

2cm
Ocm
-2 cm
-4 cm
-6 cm

-8cm

-10cm

Sekil 22: Gidis Yonii — "A-B" Referans Hattindan Sapma (24 Saat)
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Sekil 23: Dondis Yéni — "A-B" Referans Hattindan Sapma (24 Saat)

4. Tartisma

Tarimda yoénlendirme ve konumlandirma suregleri, geleneksel olarak operatdér deneyimine ve
mekanik sistemlerin sinirli hassasiyetine dayanmaktadir. Bu yaklasim, uzun sureli operasyonlar
sirasinda dogrulukta azalmaya, tekrarlanabilirlik sorunlarina ve insan faktérinden kaynaklanan
performans degiskenligine yol agmaktadir. Dijitallesmenin gelismesiyle birlikte, bu sinirlamalari
azaltmayi hedefleyen otomatik dimenleme sistemleri, tarimda dnemli bir dénidsim unsuru olarak
ortaya ¢ikmistir.

Otomatik dimenleme sistemlerinin gelisimi, yalnizca bir aracin 6nceden tanimlanmis bir
gluzergah Gzerinde tutulmasiyla sinirli degildir. Bu tir sistemlerin, zamana bagli kararhlik, gegisten
gecise tutarhhk ve degisken cevresel kosullar altinda surdurulebilir performans gibi kriterler
acisindan da degerlendirilmesi gerekmektedir. GNSS tabanli konumlandirma teknolojilerindeki
ilerlemeler sayesinde, tarimsal operasyonlardaki hassasiyet ginimuzde hi¢ olmadigi kadar
Olculebilir ve karsilastirilabilir hale gelmistir.

Bu baglamda, elektrikli yonlendirme aktlasyon mekanizmalari ve sayisal kontrol mimarileri;
geleneksel hidrolik ve manuel ¢6ztimlere kiyasla daha 6ngérulebilir ve tekrarlanabilir yénlendirme
davranisi sunma potansiyeline sahiptir. Bu sistemlerin gelisimiyle birlikte etki alani yalnizca
operasyonel dogrulukla sinirli kalmamakta; ayni zamanda operator is yukinun azaltilmasi,
operasyonel surekliligin artirilmasi ve kullanict bagimhhginin minimize edilmesi gibi énemli
kazanimlar da beraberinde getirmektedir.

Bu nedenle, otomatik dumenleme sistemleri yalnizca mevcut tarimsal uygulamalarin
iyilestiriimesine yonelik araglar olarak degil, ayni zamanda veri odakli karar alma sirecleri ve
gelecegin otonom tarim teknolojileri icin temel bilesenler olarak degerlendirilmelidir. Bu
cercevede sunulan bulgular, sistemin mevcut durumunu yansitmakla birlikte, ilerideki gelistirme
potansiyelini ve tarimsal uygulamalar Gzerindeki daha genis etkisini de ortaya koymaktadir.

5. Sonuglar

Yapilan testler, Otomatik Dimenleme Sisteminin, ISO 12188-2 standartlarina uygun olarak Erkunt
Nimet 75Lux Deutz-V traktér modeli Gzerinde basariyla calistigini ortaya koymustur. Sistem, GNSS
(Kuresel Navigasyon Uydu Sistemi) ve RTK (Gercek Zamanli Kinematik) duzeltme sinyallerinin
entegrasyonu sayesinde hedeflenen +2.5 cm konumlandirma hassasiyetini saglamistir.

Her bir test dizisi, ayni noktadan gecen RVP konum ciftlerinin zamansal olarak dengeli bir
dagihmini saglayacak sekilde kurgulanmis olup, bu yapi hata degerlerinin dogru bir bigcimde
hesaplanabilmesi agisindan kritik &neme sahiptir. Testler kapsaminda, A-B referans hatti boyunca
gidis ve donus yonunde 7.5 dakika olmak Uzere belirlenen zaman sinirlarina uyulmustur. Gidis ve
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donus hareketleri sirasinda kaydedilen RVP konumlari arasindaki yatay mesafe farki, test hattinin
goreceli enine iz hatasi (Cross-Track Error - XTE) olarak tanimlanmistir. Degerlendirmeye yalnizca,
her iki yonde ayni noktadan gegisler arasindaki zaman farki 15 dakikayr agsmayan veriler dahil

edilmistir (Tablo 4) (Sekil 24 ve Sekil 25).

Tablo 4: Deneylerin Genel Sonuclan

Test Ortalama %50 %95 Maksimum RMS
Sapma Sapma Sapma Sapma Hatasi
(cm) (cm) (cm) (cm) (cm)
I 1.57 0.71 1.63 5.07 1.86
Baslangi¢
Il.1Saat 1.66 1.29 1.89 5.48 2.01
M. 24 237 1.54 2.27 8.49 2.92
Saat
Ortalama 1.87 1.18 1.93 6.34 2.26
RMS 1.90 1.23 1.95 6.53 2.31
Standart  0.441 0.426 0.322 1.869 0.571
Sapma

* TUm test sUresince seyir hizi 2,5 m/s olarak uygulanmistir.

Konumsal Dogruluk Metrikleri
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Sekil 24: Konumsal Dogruluk Metrikleri

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026
38

T
1ll. 24 Saat

Veri
Sayisi

881

948
730

853
858
112

DOI: 10.5281/zen0do.21356125



Mermer

Konumsal Dogruluk Metrikleri
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Sekil 25: Sapma Dagilimi Gostergeleri

Test edilen otomatik diimenleme sisteminin (ODS) performansini temsil eden %95 kumdulatif
sapma degeri 1,93 cm olarak belirlenmistir.
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ABSTRACT

Exterior vehicle noise regulations, particularly ECE R51, impose increasingly stringent
limits on pass-by noise emissions, making acoustic insulation materials a critical
design parameter in commercial vehicle development. In addition to acoustic
performance, engine compartment insulation materials must also comply with fire
safety requirements specified by ECE R107. This study presents a comparative
investigation of two insulation materials commonly used in commercial vehicle
engine compartments: closed-cell polyurethane foam and polyester nonwoven felt.
A comprehensive review of commercially available insulation materials was initially
conducted considering both acoustic performance and regulatory requirements.
Based on this evaluation, two representative insulation solutions were selected for
full-scale experimental validation. Two equivalent M3 category city buses equipped
with identical 220 kW rear-mounted Mercedes diesel powertrains were tested under
standardized ECE R51 pass-by noise conditions. Both insulation systems utilized a
thickness of 30 mm and an aluminum-faced protective covering. The first
configuration employed closed-cell polyurethane foam, while the second utilized
polyester nonwoven felt. Noise measurements were performed according to ECE R51
requirements under homologation-level test conditions. A simplified acoustic
prediction model based on frequency-dependent sound absorption coefficients was
developed and validated through experimental testing. The results demonstrated
that the polyester nonwoven insulation achieved a lower average pass-by noise level
of 74.9 dB(A) compared to 79.5 dB(A) for the polyurethane foam configuration,
corresponding to an overall improvement of approximately 4.6 dB. The improved
performance was attributed to the superior sound absorption characteristics of the
porous fibrous structure, particularly within the dominant engine noise frequency
range of 1500—2000 Hz. The study provides practical guidance for acoustic insulation
material selection in commercial vehicle applications and demonstrates the
importance of considering both acoustic performance and regulatory compliance
during engine compartment insulation design.
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1. Introduction

Vehicle exterior noise has become an increasingly important environmental issue due to its impact
on urban acoustic comfort, public health, and environmental sustainability. Road traffic noise
generated by heavy commercial vehicles is one of the major contributors to environmental noise
pollution, particularly in densely populated urban areas. Consequently, international regulations
such as UN/ECE Regulation No. 51 impose progressively stricter limits on vehicle pass-by noise
emissions in order to reduce the environmental impact of road transportation systems [1-3].

For heavy-duty M3 category buses, compliance with ECE R51 Phase 3 requirements represents a
significant engineering challenge. During pass-by noise testing, vehicle exterior noise is
influenced by several factors including engine power output, combustion characteristics, cooling
system operation, exhaust noise, and engine compartment acoustic insulation performance [4,5].
In rear-engine diesel buses, the engine compartment is one of the dominant noise sources
contributing to measured pass-by noise levels, particularly within the frequency range associated
with combustion and mechanical excitation.

In addition to acoustic performance requirements, insulation materials installed within the engine
compartment must satisfy fire safety requirements. According to ECE R107, flammable sound-
proofing materials or materials liable to become impregnated with fuel, lubricant, or other
combustible substances shall not be used in the engine compartment unless adequately
protected by an impermeable covering [6]. Consequently, material selection for engine
compartment applications requires a balance between acoustic absorption performance,
durability, and regulatory compliance.

Various acoustic insulation materials are currently used in commercial vehicle engine
compartments, including polyurethane foams, polyester nonwoven felts, melamine foams, glass
fiber mats, mineral wool-based insulation systems, and recycled PET acoustic felts. These
materials exhibit different sound absorption characteristics depending on their internal
morphology, airflow resistivity, density, and frequency-dependent behavior [7-11].

Table 1: Comparison of common engine compartment acoustic insulation materials used in commercial
vehicles

Material Structure Typical Sound Effective Fire ECE R107
Absorption Frequency Performance  Suitability
Coefficient Range (Hz)
@1000 Hz
Closed-cell Closed-cell 0.20-0.35 1000-4000 Moderate Requires
Polyurethane protective
Foam covering
Open-cell Open-cell 0.60-0.90 500-4000 Moderate Requires
Polyurethane protective
Foam covering
Polyester Open fibrous 0.75-0.95 500-3000 Good Suitable when
Nonwoven protected
Felt
Melamine Open-cell 0.80-1.00 500-5000 Excellent Suitable
Foam
Glass  Fiber Fibrous 0.85-1.00 250-4000 Excellent Suitable
Mat
Mineral Wool  Fibrous 0.85-1.00 250-4000 Excellent Suitable
Recycled PET Open fibrous 0.70-0.95 500-3000 Good Suitable when
Acoustic Felt protected

Among these materials, polyester nonwoven structures and melamine foams generally exhibit
superior acoustic absorption performance due to their open porous morphology, while closed-
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cell polyurethane foams provide comparatively lower acoustic absorption but offer advantages in
thermal insulation and mechanical durability [8-12].

However, despite the availability of acoustic characterization data under laboratory conditions,
limited studies have investigated the influence of these materials on full-scale vehicle pass-by
noise performance under homologation-level ECE R51 testing conditions.

Therefore, this study focuses on two insulation solutions widely used in commercial vehicle
applications and capable of meeting engine compartment installation requirements: closed-cell
polyurethane foam and polyester nonwoven felt. The objective is to investigate the relationship
between material acoustic properties and measured vehicle exterior noise emissions and to
provide practical guidance for insulation material selection in future commercial vehicle
developments targeting compliance with ECE R51 Phase 3 requirements.

2. Materials and Methods

Test Vehicle Specifications

The experimental study was conducted using two equivalent M3 category city buses developed
on the same vehicle platform.

Table 2: Vehicle Specifications

Parameter Value

Vehicle Category M3 City Bus
Engine Type Mercedes Diesel
Maximum Engine Power 220 kW

Engine Speed at Maximum Power 1800 rpm
Transmission Automatic
Engine Compartment Volume 4 m?3

Insulation Area 8 m?

According to ECE R51 requirements, pass-by noise measurements were performed while the
engine operated within 85-89% of the engine speed at maximum power, corresponding to
approximately 1530-1600 rpm during acceleration tests. Simultaneously, vehicle speed at the BB’
line was maintained within 35 £ 5 km/h.

Under these operating conditions, dominant combustion, mechanical, cooling fan, and
powertrain-related noise components were concentrated primarily within the 1500-2000 Hz
frequency range.

Insulation Configurations

Two insulation configurations were comparatively evaluated.

Table 3: Insulation Configurations

Configuration Insulation Material Structure Thickness

A Polyurethane Foam Closed-cell 30 mm

B Polyester Nonwoven Open fibrous 30 mm
Felt

Both insulation systems employed identical aluminum-faced protective coverings in order to
satisfy engine compartment durability and contamination protection requirements. Therefore,
the observed acoustic performance differences can primarily be attributed to the acoustic
behavior of the underlying insulation materials.

Acoustic Material Properties
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The frequency-dependent sound absorption coefficients of both materials were evaluated
according to representative literature and manufacturer data.

Table 4: Frequency-Dependent Sound Absorption Coefficients

Frequency (Hz) Polyurethane Foam Polyester Nonwoven Felt
500 0.15 0.57
1000 0.25 0.84
1200 0.30 0.82
1500 0.35 0.93
2000 0.40 0.84

The polyester nonwoven felt exhibits significantly higher absorption performance within the
frequency range associated with dominant diesel engine noise.

ECE R51 Pass-By Noise Test Procedure

Exterior vehicle noise measurements were conducted in accordance with UN/ECE Regulation No.
51 Revision 3 under ISO 10844 compliant test track conditions. Microphones were positioned 7.5
m from the vehicle centerline and 1.2 m above ground level. Measurements were obtained
separately from both sides of the vehicle and repeated four times for each configuration.
Environmental conditions satisfied all ECE R51 requirements regarding wind speed, ambient
temperature, and background noise levels.

Prior to the pass-by noise evaluation, reference engine noise measurements were conducted
under stationary operating conditions. The engine was operated at 1800 rpm, corresponding to
the engine speed at maximum power, while the engine compartment cover was kept open. The
microphone position was maintained consistent with the ECE R51 measurement geometry. Under
these conditions, the measured reference engine noise level was approximately 81.0 dB(A), while
the direct engine noise level was measured as 81.5 dB(A). These measurements were
subsequently used as reference inputs for the acoustic prediction model.

Acoustic Evaluation Approach

The acoustic performance of the investigated insulation materials was evaluated using a
simplified absorption-based prediction model combined with experimental ECE R51 pass-by noise
measurements. The sound absorption coefficient is defined as [8]:

a=1-Ir/Ii (1)

where Ii represents the incident sound intensity and Ir represents the reflected sound intensity.
The equivalent acoustic absorption area is expressed as [13]:

A=aS (2)

where A is the equivalent absorption area, a is the sound absorption coefficient, and S is the
insulation surface area. Noise reduction was evaluated using [14]:

NR=L1-12 (3)

where L1 and L2 represent sound pressure levels before and after insulation application. A
simplified absorption-based prediction model was employed using the measured reference
engine noise level of 81.0 dB(A) as the baseline condition. The dominant operating frequency
observed during the ECE R51 tests was approximately 2000 Hz. Therefore, the absorption
coefficients at 2000 Hz were used for the theoretical comparison. The predicted sound pressure
levels were calculated according to:

L2=L11+101log10((1-a2)/(1-al)) (4)
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where L1 = reference sound pressure level, L2 = predicted sound pressure level after insulation,
al = absorption coefficient of the reference condition, a2 = absorption coefficient of the
investigated insulation material. For the reference condition without insulation:

al=0 (5)

The measured reference engine noise level was L1 = 81.0 dB(A). Using the sound absorption
coefficients at 2000 Hz from Table 4, the predicted sound pressure levels were calculated as
follows.

Polyurethane Foam:
L PU=81+101og10((1-0.40)/(1-0)) (6)
L_PU=81+1010g10(0.60) (7)
L PU=788dBA) (8)
Polyester Nonwoven Felt:
L PET=81+1010og10((1-0.84)/(1-0)) (9)
L_PET=81+101/0g10(0.16) (10)
L PET=73.0dB(A) (11)

Table 5: Predicted acoustic performance based on absorption coefficients

Configuration Absorption Coefficient at 2000 Predicted SPL (dB(A))
Hz

Reference (No Insulation) 0.00 81.0

Polyurethane Foam 0.40 78.8

Polyester Nonwoven Felt 0.84 73.0

The calculated results indicate that polyester nonwoven felt is expected to provide significantly
greater acoustic attenuation due to its higher absorption coefficient at the dominant operating
frequency. These predicted values were subsequently validated through full-scale ECE R51 pass-
by noise measurements presented in the following section.

Figure 1: ECE R51 pass-by noise test setup showing the microphone position at the test track during
vehicle noise measurements.
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3. Results

Pass-by noise measurements were performed under identical ECE R51 test conditions for both
insulation configurations. During all measurements, the vehicle was operated in third gear with a
vehicle speed of approximately 24 km/h at the AA' line and 32 km/h at the BB' line. The engine
speed at the BB' line was maintained at approximately 1550 rpm for all test runs, ensuring
consistent operating conditions throughout the experiments.

The results obtained for the polyurethane foam insulation configuration are presented below.
Four consecutive measurements were conducted from both the left and right sides of the vehicle.
The average sound pressure levels were determined as 76.3 dB(A) on the right side and 82.7 dB(A)
on the left side, resulting in an overall average pass-by noise level of 79.5 dB(A).

Table 6: Experimental ECE R51 Pass-By Noise Results — Polyurethane Foam + Aluminum Facing
Insulation

Run Lmax right Lmax left side Vaa'(km/h) Vbb' (km/h) Nbb' (min-7)
side (dB(A)) (dB(A))

1 76.3 82.6 24 32 1550

2 76.2 83.0 24 32 1550

3 76.2 82.7 24 32 1550

4 76.3 82.6 24 32 1550

Average 76.3 82.7

Total Average 79.5
Table 7: Experimental ECE R51 Pass-By Noise Results — Polyester Nonwoven Felt + Aluminum Facing
Insulation

Run Lmax right Lmax left side Vaa'(km/h) Vbb' (km/h) Nbb' (min-7)
side (dB(A)) (dB(A))

1 73.7 76.5 24 32 1550

2 73.5 75.7 24 32 1550

3 73.9 76.0 24 32 1550

4 73.8 75.8 24 32 1550

Average 73.7 76.0

Total Average 74.9
The results obtained for the polyester nonwoven felt insulation configuration show that the
average sound pressure levels were measured as 73.7 dB(A) on the right side and 76.0 dB(A) on
the left side, resulting in an overall average pass-by noise level of 74.9 dB(A).

A comparison of the two insulation systems indicates that the polyester nonwoven felt
configuration achieved the lowest overall exterior noise level. Relative to the polyurethane foam
configuration, the measured pass-by noise level decreased from 79.5 dB(A) to 74.9 dB(A).

Table 8: Predicted and Measured Pass-By Noise Levels

Configuration Predicted SPL (dB(A)) Measured SPL (dB(A)) Deviation (dB)
Polyurethane Foam 78.8 79.5 0.7

Polyester Nonwoven 73.0 74.9 1.9

Felt

The simplified absorption-based prediction model showed good agreement with the
experimental measurements. The maximum deviation between predicted and measured pass-by
noise levels remained below 2 dB, indicating that frequency-dependent sound absorption
coefficients can provide a useful first-order indicator for evaluating engine compartment acoustic
insulation performance.

An additional observation was the difference between the left and right side measurements. The
polyurethane foam configuration exhibited a side-to-side difference of approximately 6.4 dB,
whereas the polyester nonwoven felt configuration reduced this difference to approximately 2.3
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dB. This behavior suggests a more homogeneous acoustic energy dissipation mechanism within
the engine compartment when porous fibrous insulation materials are utilized.

4. Discussion and Conclusion

The results clearly demonstrate that insulation material selection significantly affects exterior
vehicle noise performance under ECE R51 pass-by testing conditions.

Although both configurations employed identical aluminum-faced protective coverings, the
polyester nonwoven insulation provided substantially improved acoustic performance compared
with the closed-cell polyurethane foam. This improvement is attributed to the porous fibrous
morphology of polyester nonwoven materials, which enables enhanced viscous and thermal
dissipation of acoustic energy.

The higher sound absorption coefficients observed within the 1500-2000 Hz frequency range
correspond closely with the dominant noise frequencies generated by diesel engine combustion,
mechanical operation, and cooling systems during ECE R51 acceleration tests. Consequently, the
superior absorption behavior of polyester nonwoven felt translated directly into reduced exterior
noise emissions.

From a regulatory perspective, the investigated materials must satisfy both acoustic performance
requirements specified by ECE R51 and engine compartment safety requirements specified by ECE
R107. The use of aluminum-faced coverings provides protection against contamination by fuel,
lubricant, and other combustible substances while maintaining acoustic functionality.

Relative to the reference engine noise level of 81.0 dB(A), the polyurethane foam configuration
achieved a reduction of approximately 1.5 dB, whereas the polyester nonwoven felt configuration
achieved a reduction of approximately 6.1 dB. The measured improvement is consistent with the
significantly higher absorption coefficient of polyester felt at the dominant operating frequency
of approximately 2000 Hz.

The measured reduction of approximately 4.6 dB between the two insulation configurations
represents a significant improvement in pass-by noise performance and may contribute
substantially toward compliance with future ECE R51 Phase 3 limits.

In conclusion, polyester nonwoven felt demonstrated superior acoustic performance compared
with closed-cell polyurethane foam under homologation-level ECE R51 testing conditions. The
measured pass-by noise level was reduced from 79.5 dB(A) to 74.9 dB(A), corresponding to an
improvement of approximately 4.6 dB. Furthermore, the simplified prediction model showed
good agreement with experimental measurements, with deviations remaining below 2 dB. The
findings highlight the importance of porous acoustic material selection in commercial vehicle
development and provide practical guidance for future engine compartment insulation
optimization targeting compliance with both ECE R51 and ECE R107 requirements.
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ABSTRACT

In the commercial vehicle segment, particularly in panel vans used for school
and personnel transportation, the interior volume of approximately 15 m3
makes the design of interior trim components critical in terms of in-cabin
comfort, interior climate control, and airflow rate. In this context, with the
introduction of a new design, the development of lightweight and functional
interior trim components has emerged as an important engineering
challenge in order to both reduce vehicle weight and improve climate control
performance. In this study, the design optimization of ventilation
components integrated into the interior trim system of 15 m3 panel vans and
minibus are investigated. During the analysis process, computer-aided
engineering (CAE) methods were employed, and the effects of different
design parameters on airflow performance were numerically examined. In
order to improve in-cabin air circulation, ventilation duct diameters and vent
geometries were evaluated. Accordingly, duct diameters were defined as 50
mm and 70 mm, while vent geometries were modeled as circular and
rectangular cross-sections. The results of the flow analyses indicated that the
design with a 70 mm duct diameter and a circular vent with a diameter of 68
mm provided the best performance in terms of airflow distribution, pressure
loss, and flow uniformity. The findings demonstrate the direct impact of
geometric parameters in interior trim design on air quality and passenger
comfort. The optimized design approach offers significant contributions in
terms of more efficient ventilation, improved passenger comfort, and
potential energy savings in service vehicles. It is expected that this study will
guide future optimization efforts and interior trim design processes in
commercial vehicles.

KEYWORDS
Flow optimization, Cabin comfort, CAE (Computer-Aided Engineering),
Airflow analysis, Interior trim design
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OZET

Ticari ara¢ segmentinde yer alan ve ozellikle okul ile personel servis
tasimaciliginda kullanilan panelvan tipi araclarda, ic hacmin yaklasik 15
m3 seviyesinde olmasi, arac ici konfor i¢c ortam iklimlendirme hava debisi
acisindan i¢ trim komponentlerinin tasarimini kritik hale getirmektedir.
Bu kapsamda yeni dizayn ile beraber, hem arag agirliginin azaltilmasi hem
de iklimlendirme performansin artirilmasi amaciyla hafifletilmis ve
fonksiyonel i¢ trim parcalarinin gelistiriimesi 6nemli bir muhendislik
problemi olarak 6ne ¢ikmaktadir. Bu calismada, 15 m3 panelvan ve
minibus araglar icin i¢ trim sistemine entegre edilen havalandirma
bilesenlerinin tasarim optimizasyonu ele alinmistir. Analiz surecinde
bilgisayar destekli muhendislik (CAE) yontemleri kullanilmis ve farkh
tasarim parametrelerinin hava akis performansina etkisi sayisal olarak
incelenmistir. Arac ici hava sirkilasyonunun iyilestirilmesi amaciyla,
havalandirma boru ¢aplari ve menfez geometrileri degerlendirilmistir. Bu
dogrultuda, boru capi parametresi 50 mm ve 70 mm olarak belirlenmis;
menfez geometrileri ise dairesel ve dikdortgen kesitli olacak sekilde
modellenmistir. Gergeklestirilen akis analizleri sonucunda, 70 mm boru
cap! ve 68 mm capinda dairesel menfez kullanilan tasarimin, hava akis
dagilimi, basing kaybi ve homojenlik acisindan en iyi performansi
sagladigi tespit edilmistir. Elde edilen bulgular, i¢ trim tasariminda
geometrik parametrelerin hava kalitesi ve yolcu konforu Uzerindeki
dogrudan etkisini ortaya koymaktadir. Optimize edilen bu tasarim
yaklasimi, servis araclarinda daha verimli havalandirma, artirilmis yolcu
konforu ve potansiyel eneriji tasarrufu saglama acisindan énemli katkilar
sunmaktadir. Calismanin, ticari arag i¢c trim tasarim sureglerine ve
gelecekte yapilacak optimizasyon c¢alismalarina rehberlik etmesi
beklenmektedir.

Anahtar Kelimeler: Akis Optimizasyonu, Arag ici Konfor, CAE (Bilgisayar
Destekli Miihendislik), Hava akisi analizi, i¢ trim tasarimi
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(Bilimsel Arastirmalar ve Uygulamalar Dernegi / BAUDER Press), under the terms of the
Creative Commons Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0 Deed)
https://creativecommons.org/licenses/by-nc/4.0/
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1. GIRIS

Ticari arag sektoriinde, 6zellikle okul ve personel tasimaciliginda kullanilan panelvan tipi araglarda
yolcu konforu ve i¢ ortam hava kalitesi, tasarim sureglerinin temel belirleyicilerinden biri haline
gelmistir. Ara¢ i¢ hacminin yaklasik 15 m3 seviyesinde olmasi, iklimlendirme sistemlerinin
etkinligini dogrudan etkileyerek homojen hava dagilimi ve yeterli hava sirkilasyonunun
saglanmasini zorlastirmaktadir. Ara¢ kabinlerinin yeterli havalandiriilmamasi durumunda
karbondioksit (CO,) konsantrasyonunun hizla artabildigi ve bunun surtct dikkatinde azalma ve
reaksiyon suresinde gecikme gibi glvenlik risklerine yol acabilecegi agikga ortaya konmustur [1].
Arag icerisinde kullanilan koltuk sayisi g6z 6énune alindiginda, bu durum, yalnizca termal konfor
acisindan degil, ayni zamanda yolcu saghgr ve guvenligi acisindan da kritik bir muhendislik
problemi olarak degerlendirilmektedir [2,3]. Yetersiz havalandirma durumunda CO,
konsantrasyonunun hizla artarak surici dikkatini ve yolcu konforunu olumsuz etkiledigi
gosterilmistir [4].

LiteratUrde, arag ici hava kalitesinin ve termal konforun; hava akis dagilimi, hiz profilleri ve sicaklik
homojenligi gibi parametrelerle dogrudan iliskili oldugu gibi arac ici malzemelerden kaynaklanan
emisyonlar ve dis ortamdan gelen kirleticiler de kabin hava kalitesini dogrudan etkilemektedir [5].
Ozellikle kapali alanlarda yetersiz hava sirkilasyonu, CO, birikimi ve kirletici yogunlugunun
artmasina neden olmakta, bu durum da yolcu konforunu ve bilissel performansi olumsuz
etkileyebilmektedir [6]. Bu baglamda, havalandirma sistemlerinin tasariminda menfez yerlesimi,
kanal geometrisi ve kesit 6zellikleri kritik rol oynamaktadir.

Son yillarda, bilgisayar destekli muhendislik (CAE) ve 6zellikle Hesaplamali Akiskanlar Dinamigi
(CFD) yontemleri, otomotiv i¢ ortam hava akisinin analizinde yaygin olarak kullaniimaktadir. Bir
CFD calismasinda, 6zellikle resirkilasyon modunda calisilan sistemlerde CO, seviyesinin hizli
sekilde yukseldigi, buna karsilik taze hava modunun ise dis ortamdan partikdl girisini artirdigi
gosterilmistir [7]. Diger bir calismada, menfez sayisi, konumu ve geometrisinin hava dagihmini
dogrudan etkiledigi ve bu parametrelerin tasarim sirecinde kritik rol oynadigi da deneysel ve
sayisal calismalarla ortaya konmustur [8]. Ara¢ HVAC sistemlerinin tasariminda kanal geometrisi,
menfez yerlesimi ve hava debisinin hem yolcu konforu hem de enerji tiketimi Gzerinde belirleyici
oldugu vurgulanmaktadir. CFD tabanh analizlerin kullanildigi c¢alismalar, havalandirma
sistemlerinin optimize edilmesiyle kabin icerisindeki hava degisim oraninin artirilabildigini ve
boylece daha glivenli ve konforlu bir i¢ ortam saglanabildigini gostermektedir [9].

Bu dogrultuda, panelvan tipi ticari araglarda i¢ trim sistemine entegre edilen havalandirma
bilesenlerinin tasarimi, yalnizca mekanik bir gereklilik degil, ayni zamanda ¢ok parametreli bir
optimizasyon problemi olarak ele ahnmaktadir. Bu calismada, farkli geometrik tasarim
parametrelerinin hava akis performansi Uzerindeki etkileri literatir bulgulari isiginda incelenerek,
optimum tasarim yaklasiminin belirlenmesi amaclanmistir.
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2. MATERYAL VE YONTEM

Bilgisayar destekli analiz ydntemi, numerik bir ¢6zimleme metodu olup ideal durumlar dahilinde
islem yapmaktadir. Bu sebeple sistemlerin kiyaslanmasi agisindan énemli bir yere sahiptir.

Sekil 1: Klima menfez sistemi

Klima menfez sistemi tizerinden (Sekil 1) sag ve sol menfez hatlarindan ¢ikan agikliklardan g¢ikan
hava hizlar 3 farkli model i¢in analiz edilecektir. Tablo 1'de belirlenen modeller icin analizler
gerceklestirilmistir.

Tablo 1: Analiz edilecek menfez sistemi modelleri

Model 1 Model 2 Model 3
Boru Capi: 50 mm Boru Capi: 70 mm Boru Capi: 70 mm
Menfez: Dikdortgen Menfez: Dikdortgen Menfez: Daire (68 mm)
Klima i¢ Ayrim (Hava ayirma Klima i¢ Aynim (Hava ayirma Klima i¢ Ayrim (Hava ayirma
perdesi): Yok perdesi): Var perdesi): Var

Sayisal analizlerin dogrulugunu ve guvenilirligini saglamak amaciyla, ¢alisma kapsaminda
olusturulan ¢ boyutlu model Gzerinde detayli bir ag (mesh) yapisi olusturulmustur. Ag olusturma
sUrecinde, ¢6zuim hassasiyeti ile hesaplama maliyeti arasinda optimum dengeyi saglamak
hedeflenmistir. Bu dogrultuda, model geometrisinin karmasikhdi, akis bdlgelerindeki hiz
gradyentleri ve sinir tabaka etkileri dikkate alinarak hibrit bir ag yapisi tercih edilmistir.

Ag modeli toplam 1.218.433 elemandan olusmakta olup, ¢6zim dogrulugunu artirmak amaciyla
kritik bolgelerde yerel ag inceltme (local refinement) uygulanmistir. Ozellikle havalandirma
kanallari, menfez cikislar ve akisin yon degistirdigi bolgelerde daha kiguk eleman boyutlari
kullanilarak akis karakteristiginin daha hassas yakalanmasi saglanmistir. Bu kapsamda, ag
yapisinda maksimum eleman boyutu 10 mm, minimum eleman boyutu ise 0,1 mm olarak
tanimlanmuistir.

Minimum eleman boyutunun, 6zellikle sinir tabaka bdlgelerinde ve ylksek hiz gradyentinin
bulundugu alanlarda kullanilmasiyla, viskoz etkilerin ve turbilans yapisinin daha dogru
modellenmesi amaclanmistir. Buna karsilik, akisin daha homojen oldugu hacimsel bdlgelerde
daha buyuk elemanlar kullanilarak toplam ¢6ztm siresi optimize edilmistir.

Tablo 2: Ag modelinin olusturulmasi

Parametre Deger
Toplam Eleman 1.218.433

Maksimum Eleman Boyutu 10 mm

Minimum Eleman Boyutu 0,1 mm
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Sinir sartlari olarak, akiskan ortam olarak hava tanimlanmis olup, sistemde hava hareketi blower
fan aracihgiyla saglanmistir. Blower fan devri 3000 rpm olarak belirlenmis ve bu deger analizlerde
sabit sinir sarti olarak uygulanmistir. Calisma, arag kabini icerisindeki hava akis karakteristigini
incelemek amaciyla dis akis (external flow) analizi kapsaminda ele alinmistir. Analizlerde zamana
bagli degisimlerin incelenebilmesi icin ¢6zim yontemi gegici rejim olarak secilmistir. Tarbulans
etkilerinin modellenmesinde ise mihendislik uygulamalarinda yaygin olarak tercih edilen k- (k-
epsilon) ttrbdlans modeli kullanilmistir [10]. Zamana bagh ¢6zum sirecinde toplam analiz siresi
5 saniye olarak tanimlanmis olup, ¢6ziim hassasiyetini artirmak amaciyla zaman adimi 0,01 saniye
olarak belirlenmistir. Her bir zaman adimi icin 10 iterasyon gerceklestirilmis ve bu dogrultuda
toplam iterasyon sayisi 5000 olarak hesaplanmistir. Belirlenen bu sinir sartlari ve ¢6zim
parametreleriile, sistemdeki hava akisinin zamana bagli davranisi, hiz dagilimi ve akis homojenligi
guvenilir bir sekilde analiz edilmistir.

3. SONUGLAR

Sag, sol ve orta menfez hattindaki agikliklardan ¢ikan hava hizlari Model 1, Model 2 ve Model 3
olarak incelenmistir. Model 1'de, menfez geometrisi dikdértgen ve capi 50 mm olan hortum
kullanilarak tasarlanmistir ve klima cikis bélimunde hava ayirma perdesi bulunmamaktadir.
Model 2'de, menfez geometrisi dikdortgen ve ¢api 70 mm olan hortum kullanilacak sekilde
tasarlanmistir. Model 3'de menfez geometrisi daire ve ¢api 70 mm olan hortum olacak sekilde
hava ¢ikis menfezlerinin ¢apr 68 mm olarak tasarlanmistir. Model 2 ve Model 3 i¢in klima ¢ikis
boliminde hava ayirma perdesi bulunmaktadir. Sekil 2'de bulunan sag menfez hatti analiz
sonuglarina bakildiginda, Model 2 ve Model 3 i¢in klimaya yakin olan hava ¢ikis noktalarinda akis
hizlarinin yaklasik 4500 m/s ulastigi ve Model 2'de dengesiz bir dagihm gorinurken, Model 3'te
bu hava ¢ikis noktalarindaki dagihmin daha dengeli oldugu gértlmektedir.

1

0 1000 2000 3000 4.000 5000

He [misn]

Sekil 2: Sag menfez hattindaki (a) Menfez ¢api 50mm, dikdortgen, (b) Menfez ¢api 70mm, dikdortgen,
(c) Menfez capi 70mm, daire (68mm) menfez acikliklarindan gikan hava hizlari analizi

Sol menfez hatti analiz sonuclarina goére, Sekil 3-a ve Sekil 3-b'ye bakildiginda boru capinin
artirilmasiyla birlikte hava jetinin daha ytksek hiz ve momentumla kabin icerisine iletildigi
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gorulmektedir. Ancak, menfez boyutlarinin biylik olmasi nedeniyle akis belirli bir yonde
yogunlasarak ilerlemekte ve jet etkisi olusturmakta, bu da lokal yliksek hiz bélgelerine karsilik
kabin genelinde dengesiz bir dagihma neden olmaktadir. Menfezlerin dairesel formda ve uygun
capta (68 mm) tasarlanmasiyla birlikte (Sekil 3-c) hava akisinin daha kontrolli ve dengeli bir
sekilde dagildigi gézlemlenmistir. Yuksek hiz bélgelerinin lokal olarak sinirli kaldigi, akisin daha
genis bir alana yayildigi ve hiz gradyentlerinin azaldigi gérilmektedir. Bu durum, kabin icerisinde
daha homojen bir hava sirkilasyonu saglandigini gostermektedir.

m - ;

0 1.000 2000 3000 4000 5000

Hez [misn]

Sekil 3: Sol menfez hattindaki (a) Menfez ¢api 50mm, dikdértgen, (b) Menfez ¢capi 70mm, dikdértgen,
(c) Menfez gap1 70mm, daire (68mm) menfez agikliklarindan gikan hava hizlari analizi

Klima orta menfez hattinda gerceklestirilen analizde 3 model icin de hava ¢ikis noktalarinda, akis
hizlarinin en hizli olan bélgeler oldugu Model 1'de hiz seviyelerinin yaklasik 4750 m/s hizlarinda,
akis boyunca ve keskin bir sekilde devam ettigi gérilmektedir. Model 3'te digerlerine gére daha
homojen hiz akisi gézlenmektedir.
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Sekil 4: Orta menfez hattindaki (a) Menfez ¢api 50mm, dikdortgen, (b) Menfez ¢apt 70mm, dikdortgen,
(c) Menfez gap1 70mm, daire (68mm) menfez agikliklarindan gikan hava hizlari analizi

4. TARTISMA

Gergeklestirilen sayisal analizler sonucunda, farkh tasarim parametrelerinin arag i¢i hava dagilimi
Uzerinde belirleyici etkileri oldugu ortaya konmustur. Ug farkli tasarim senaryosunun (Model 1,
Model 2 ve Model 3) karsilastirilmasiyla, havalandirma performansi agisindan en uygun
konfiglrasyon belirlenmistir.

1. modelde, kullanilan boru capinin yetersiz oldugu ve buna karsiik menfez boyutlarinin
geredinden buyuk tasarlandigi tespit edilmistir. Bu durum, hava akisinin menfezler arasinda
dengesiz dagiimasina ve bazi bolgelerde dusuk hiz degerlerinin olusmasina neden olmustur. 2.
modelde ise boru capi artirilarak akis kapasitesi iyilestiriimis; ancak menfez boyutlarinin hala
blyUk olmasi nedeniyle hava hiz dagiliminda istenilen homojenlik saglanamamistir.

3. model tasariminda, boru ¢apinin artiriimasi ile birlikte menfez geometrisi dairesel formda ve 68
mm ¢apinda olacak sekilde optimize edilmistir. Bu konfiglirasyon sonucunda, menfezlerden ¢ikan
hava hizlarinin daha dengeli ve homojen bir sekilde dagildigi gézlemlenmistir. Ayrica, akisin sistem
genelinde daha kararli ilerledigi ve hiz farkliliklarinin minimize edildigi belirlenmistir.

Elde edilen bulgular, havalandirma sistemlerinde boru capi ve menfez geometrisinin birlikte
optimize edilmesinin, hava dagilim performansi Uzerinde dogrudan etkili oldugunu
gostermektedir. Bu dogrultuda, menfez geometrisinin dairesel olmasi, énceki konfigrasyonlara
kiyasla daha etkin bir hava sirkilasyonu saglayarak arag i¢i konforun artirilmasi agisindan en
uygun ¢6zim olarak degerlendirilmistir.

STATEMENTS AND DECLARATIONS
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All supplementary or supporting information provided by the authors will be published online
alongside the main article. When such material is available, it will also be indicated here along with
a link to the pdf for downloading.

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zen0d0.21339283
55



Ayyildiz et al

Acknowledgements

Projede bizlerden desteklerini esirgemeyen OTM Plastik Otomotiv Yan Sanayi ve Ticaret Ltd. Sti.
yoneticilerimiz ve calisma arkadaslarimiza, ortak calisma imkani buldugumuz Yilkar Klima
yetkililerine tesekkurlerimizi borg biliriz.

Author Contributions
Provide a detailed account of each author’s contributions to the research and writing of the paper,
following the CRediT (Contributor Roles Taxonomy) format. https://credit.niso.org/

Conflicts of Interest
Disclose any actual or potential conflicts of interest that could influence the research. If there are
no conflicts, state this explicitly.

Data, Code & Protocol Availability

Provide information on the availability of data, code, and protocols. Specify where these materials
can be accessed, such as public repositories or upon request. Assigned DOI or other identification
numbers, links and any conditions that may be present in order to obtain access should be
included. This information should also be included in the references and cited in the text.

Funding Received
List all sources of funding or financial support received for the research. Include grant numbers
and the names of funding organizations.

ORCID IDs

Ummet Ayyildiz https://orcid.org/0000-0001-9340-0115
Songul Kiling https://orcid.org/0000-0003-1035-477X
Kadir Glyen https://orcid.org/0009-0005-2674-6200

REFERENCES

1. T.B.Chang,J.]. Sheu, J. W. Huang, Y. S. Lin, and C. C. Chang, "Development of a CFD model for
simulating vehicle cabin indoor air quality,” Transp. Res. Part D Transp. Environ., vol. 62, pp. 433-440,
2018.

2. P. 0. Fanger, Thermal Comfort: Analysis and Applications in Environmental Engineering.
Copenhagen, Denmark: Danish Technical Press, 1970.

3. M. Vaughn, "ASHRAE research report: 2020-2021," ASHRAE J., vol. 63, no. 10, pp. 73—-87, 2021.

4, T.B.Chang, J.J.Sheu, J. W. Huang, Y. S. Lin, and C. C. Chang, "Development of a CFD model for
simulating vehicle cabin indoor air quality," Transp. Res. Part D Transp. Environ., vol. 62, pp. 433—
440, 2018.

5. X.B. Xu, X. K. Chen, and J. Y. Xiong, "Air quality inside motor vehicles' cabins: A review," 2018.

6. O.A.Seppanen and W. Fisk, "Some quantitative relations between indoor environmental quality
and work performance or health," HVAC&R Res., vol. 12, no. 4, pp. 957-973, 2006.

7. T.B.Chang,Y.S.Lin,andY.T. Hsu, "CFD simulations of effects of recirculation mode and fresh air
mode on vehicle cabin indoor air quality," Atmos. Environ., vol. 293, art. 119473, 2023.

8. S. Pawar, U. R. Gade, A. Dixit, S. B. Tadigadapa, and S. Jaybhay, "Evaluation of cabin comfort in air
conditioned buses using CFD," in Proc. SAE 2014 World Congress & Exhibition, Apr. 2014.

9. B. Pirouz, D. Mazzeo, S. A. Palermo, S. N. Naghib, M. Turco, and P. Piro, "CFD investigation of
vehicle's ventilation systems and analysis of ACH in typical airplanes, cars, and buses,"
Sustainability, vol. 13, no. 12, art. 6799, 2021.

10. W. P. Jones and B. E. Launder, "The prediction of laminarization with a two-equation model of
turbulence," Int. J. Heat Mass Transf., vol. 15, no. 2, pp. 301-314, 1972.

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zen0d0.21339283
56


https://credit.niso.org/

Aintelia Science Notes

ASNJ « BAUDER PRESS

Muhammed Sara®”*

Research Article

-rom Unstructured Documents to
ntelligent Insights: An End-to-End Al
Pipeline for Global Tax Compliance

, Ahmet Ak*“", Ayhan Boyacioglu3'"/, Yunus Tastutan®

1, 2, 3, 4 Sovos/F.I.T. R&D Center, istanbul, Tiirkiye

Correspondence to:

Muhammed Sara —

muhammed.sara@sovos.com

+90 539 714 6546

How to Cite:
Actual Citation as taken

from website

RECEIVED: 28/04/2026
ACCEPTED: 08/05/2026
PUBLISHED: 30/06/2026

ABSTRACT

Over 60 countries now mandate electronic invoicing, and this number has since
exceeded 100 countries. Turkey is among the earliest adopters, with the Turkish
Revenue Administration (GiB) generating more than 2 billion documents annually.
For enterprises operating across multiple jurisdictions, meeting these obligations
creates serious operational and legal challenges that become increasingly difficult to
manage as transaction volumes increase. Traditional rule-based approaches were
not built for this scale; they struggle with heterogeneous input formats and cannot
easily absorb changes in jurisdiction-specific tax rules. This study presents an end-to-
end artificial intelligence pipeline that addresses these challenges by transforming
unstructured invoice documents (PDFs, images, and CSV files) into actionable
compliance insights within a single, unified architecture. The pipeline integrates
three tightly coupled components. The Smart Input Module uses a competitive
ensemble of large multimodal models: Google Gemini Flash, Amazon Nova Lite, and
OpenAl GPT-4.1 to extract tax-relevant fields from diverse document formats,
achieving 92% overall extraction accuracy and 98% accuracy on legally critical fields,
such as tax identification numbers and monetary amounts. The Cloud Processing
Layer introduces a domain-specific XSLT deduplication technique that exploits a
structural regularity unique to Turkish e-invoices: embedded rendering stylesheets
that are nearly identical across documents from the same taxpayer. By replacing
duplicate stylesheets with compact SHA-256 hash references while reinserting exact
original bytes during reconstruction to preserve digital signature integrity, the
system achieves 90% compression on document content, contributing to a 63%
reduction in total storage footprint and extending the infrastructure runway from 18
months to over five years. An event-driven architecture built on RabbitMQ and
Kubernetes autoscaling raises the peak throughput from 32 to 200 transactions per
second, a 6.25x improvement. Redis caching further reduced the taxpayer lookup
latency from 10 ms to 0.9 us. The Sovi Intelligence Engine completes the pipeline by
enabling natural language querying of processed tax data in Turkish, English,
German, French, and Spanish. Based on an agentic architecture, Sovi decomposes
each query into sub-steps: intent interpretation, schema mapping, and SQL
generation, guided by a retrieval-augmented generation workflow that maps domain
terminology to database columns. In the evaluation, the system achieved a 94% valid
SQL generation rate and 82% semantic accuracy, with a mean response latency of
3.2 s and a user satisfaction score of 4.1 out of 5. Running in production today, the
pipeline demonstrates that fully automated, Al-driven tax compliance is not a future
aspiration but a current reality in Turkey.

KEYWORDS

Document Al, Tax Compliance, Large Language Models, Natural Language
Processing, Electronic Invoicing
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1. Introduction

Over 60 countries now mandate electronic invoicing, and this number has since exceeded 100
countries [1]. Turkey is among the earliest adopters; the Turkish Revenue Administration (GIB)
requires all businesses above certain revenue thresholds to issue invoices electronically through
its platform, generating more than 2 billion documents annually. For enterprises operating across
multiple jurisdictions, meeting these obligations creates serious operational and legal challenges
that become increasingly difficult to manage as transaction volumes increase.

Traditional approaches, such as manual data entry combined with rule-based validation, were not
built for this scale. They struggle with the range of input formats encountered in practice, from
scanned paper invoices to structured XML, and cannot easily absorb changes in jurisdiction-
specific tax rules. Recent developments in document Al and large language models (LLMs)
suggest a different path, where the extraction, validation, and analysis of tax documents can be
handled with far less human intervention [2,3,4,5].

This paper addresses this fragmentation by presenting a unified pipeline, deployed in production
at Sovos, that spans the full compliance lifecycle—from raw document ingestion to natural
language querying of processed tax records—integrating extraction, storage, and analytics within
a single architecture.

2. Materials and Methods

The system consists of three modules: Smart Input, Cloud Processing, and Sovi Intelligence
Engine, connected through a RabbitMQ event bus (see Figure 1). The evaluation uses a production
dataset of 5,000 invoices drawn from approximately 1,000 unique recipient taxpayers and 50-100
distinct issuing companies, with the ground truth established through manual verification
followed by automated validation tools.
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Unstructured documents
PDF - Image - CSV

Input layer
Pre-processing X Al extraction \ Validate & transform
OCR - deskew - layout Gemini - Nova - GPT-4.1 GIB UBL 2.1 XML

Processing layer

Event pipeline XSLT dedup Object storage
RabbitMQ - AMQP SHA-256 hashing S3 fcol

GiB Tax Authority
UBL-XML e-Fatura

Intelligence layer

Redis cache
Ta okup

Sovi engine Multi-language LLM observability Tax analysts

Agentic NL2SQL 5 languages - RAG Langfuse tracing 5 languages

Security & identity
Sovos ldentity - OAut 2.0 / OIDC - MFA - RBAC - KVKK compliance

Figure 1: End-to-end Al pipeline for tax compliance: Input Layer (orange), Processing Layer (blue),
Intelligence Layer (purple), and Security Layer (gray).

Smart Input Module

The Smart Input module transforms unstructured documents (PDF, JPEG/PNG, CSV) into GIB-
compliant UBL 2.1 XML format. A format detection layer directs each document to the
corresponding processing path based on the format and quality metrics. For image-based inputs,
a three-stage pre-processing sequence applies deskewing, noise reduction, and contrast
normalization before the layout analysis segments the document into header, line-item, and
summary regions.

We evaluated three model providers on 5,000 production invoices: Google Gemini Flash, Amazon
Nova Lite, and OpenAl GPT-4.1. Each extracted JSON output is then validated through check-digit
verification of tax IDs (VKN/TCKN), cross-reference against the GIB taxpayer registry, and
semantic consistency checks against Turkish VAT rules.

Cloud Processing Layer

The processing layer was built around an event-driven architecture using RabbitMQ (AMQP).
Because the stages are decoupled, each stage can be scaled independently, which is a critical
property during month-end demand spikes when transaction volumes rise sharply and
unpredictably. Kubernetes Horizontal Pod Autoscaling adjusts the worker count from 4 to 24
replicas in response to the queue depth and CPU utilization metrics.

A significant optimization opportunity arose from the XSLT stylesheets embedded in Turkish e-
invoices. These stylesheets allow recipients to view invoices in a browser without specialized
software, but they are nearly identical across documents from the same taxpayer, a structural
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regularity that is invisible to general-purpose compression algorithms. Our content-addressable
storage strategy computes the SHA-256 hash of each stylesheet and replaces the duplicates with
a compact reference pointer, storing the unique stylesheets separately for reconstruction.
Reconstruction reinserts the exact original bytes, preserving the byte-level digital signature
integrity, which was validated using the official GIB e-Fatura Goérlntileyici tool. Document
metadata is persisted to PostgreSQL via the Outbox Pattern and replicated asynchronously to S3-
compatible object storage with hot/warm/cold tiering (0-30, 30-365, 365-3,650 days).

Sovi Intelligence Engine

The Sovi Intelligence Engine provides natural language analytics for processed tax data. Rather
than a single-step translation from query to SQL, Sovi decomposes each request into sub-steps:
first interpreting the user's intent, then mapping it to the relevant schema elements, and finally
generating and executing the SQL, following an established query decomposition approach [6, 7].
A Retrieval-Augmented Generation (RAG) workflow guides this categorization step, supplying a
domain vocabulary that maps Turkish tax terminology - KDV (VAT), mukellef (taxpayer), stopaj
(withholding) - to the corresponding database columns [8]. The system accepts queries in Turkish,
English, German, French, and Spanish, and all LLM interactions are monitored via Langfuse for
trace logging, cost-tracking, and quality metrics [9].

3. Result

Smart Input Evaluation

As Table 1 shows, all three providers hit 98% accuracy on critical fields - the ones that determine
legal validity - although their overall scores and costs diverge considerably. Gemini Flash leads on
overall accuracy at 92%, while Nova Lite offers the lowest cost at $0.02 per document, compared
to $0.055 for GPT-4.1. Line-item extraction was the most challenging task, reaching only 89.3%
because of merged cells and inconsistent column ordering across templates. Interestingly, errors
showed no preference for any particular industry; they clustered around documents with unusual
layouts regardless of the sector.

Table 1: Al Model Comparison for Invoice Extraction

Metric Gemini Flash Nova Lite GPT-4.1
Overall Accuracy 92% 90% 89%
Critical Field Accuracy 98% 98% 98%
Avg. Processing Time 4.5s 52s 42s
Cost per 1,000 docs $40 $20 $55
(API)

Processing Layer Evaluation

Migrating from batch processing to the event-driven architecture increased peak throughput
from 32 to 200 TPS, a 6.25x improvement. Scaling is near-linear up to 16 workers, with diminishing
returns beyond 20 workers attributable to HTTP server and CPU resource boundaries rather than
database lock contention, indicating that the bottleneck is computational rather than state-
dependent, and is addressable through standard horizontal scaling.

Table 2: Storage Optimisation Results

Metric Before After

Total data volume 150 TB 55TB
Monthly growth rate 3 TB/month 650 GB/month
Full backup duration 4 days 1.5 days
Query latency (taxpayer 10 ms 0.9 us

lookup)

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zenodo.21358569
60



Sara et al

XSLT deduplication alone achieves a 90% size reduction in document content, outperforming
general-purpose XML compression, which yielded only a 4x ratio on the same corpus. Combined
with tiered storage and metadata optimization, the total volume decreased from 150 to 55 TB.
Monthly growth dropped by 78%, extending the infrastructure runway from 18 months to over
five years. Redis caching reduced taxpayer lookup latency by more than four orders of magnitude,
from 10 ms to 0.9 ps.

Figure 2 illustrates the scaling behavior of the optimized system relative to the static baseline.

200 | | —&— After Optimization
-e-  Before (Static)

150

100

50

Transactions Per Second (TPS)

4 8 12 16 20 24
Worker Count

Figure 2: System throughput scaling with the worker count. The optimised system shows near-linear
scaling up to 16 workers.

Sovi Intelligence Evaluation

Table 3 reports the Sovi performance metrics based on the model generation time as the primary
latency measure, with user satisfaction derived from the Net Promoter Score responses
normalized to a 5-point scale.

Table 3: Natural Language Query Evaluation

Metric Value
Valid SQL syntax generation rate 94%
SQL semantic accuracy 82%
Avg. response latency (model generation) 3.2s
User satisfaction (1-5, NPS-derived) 41

The 82% semantic accuracy is comparable with the performance of leading NL2SQL systems on
domain-specific benchmarks [10]. The 12-point gap between syntactic validity (94%) and semantic
accuracy (82%) reflects ambiguous GROUP BY selections in aggregation queries and off-by-one
boundary errors in temporal comparisons. English queries (80% of the volume) achieved the
highest success rate at 88%, followed by Turkish (15%) at 81%, while German/French/Other (5%)
reached 61% likely reflecting the smaller test set for those languages rather than an inherent
capability gap, though further evaluation is needed to confirm this.

4. Discussion and Conclusion

The most notable finding is that model selection has little bearing on legally critical fields: all three
providers achieved 98% accuracy on tax IDs and monetary amounts. Differences emerge on less
structured content such as line items, where cost-accuracy trade-offs become operationally
significant. The second finding concerns storage: domain-specific XSLT deduplication achieved
10x compression on the same data that general-purpose algorithms compressed by only 4x,
demonstrating that domain-specific requlatory knowledge can unlock optimisations that general-
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purpose compression tools cannot achieve. Finally, the move to an event-driven architecture was
not a marginal improvement; it transformed a system that topped out at 32 TPS regardless of
added resources into one that scaled linearly with worker count up to 200 TPS.

An earlier project, the Indirect Tax Analytics (ITA) Framework, spent 18 months attempting to map
data from over 30 global tax systems into a single canonical schema before the effort was
discontinued. The maintenance burden grew faster than the value delivered: each new country or
document type added not only new mappings but also new conflicts with existing ones. The Sovi
engine takes the opposite approach, providing natural language abstraction over heterogeneous
data stores at query time, rather than forcing schema homogeneity upfront. The result was a
system that reached production in eight months and has remained stable since.

This production deployment demonstrates that end-to-end Al-driven tax compliance is technically
feasible and operationally viable at enterprise scale. Priority directions for future work include
proactive anomaly detection to shift the system from reactive audit support toward pre-emptive
risk management, and multi-jurisdictional expansion as the EU VAT in the Digital Age (ViDA)
initiative extends comparable mandates to European markets.
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systems on hair fibers and the resulting performance outcomes were
comprehensively evaluated. The negatively charged surface characteristics of hair

::tv:aﬁocft:fi;)n a6 el fibers, particularly after washing, facilitate the adsorption of cationic agents onto the
from website hair surface via electrostatic attraction. As a result of this adsorption mechanism, a

low-friction film layer is formed on the hair surface, reducing inter-fiber interaction
RECEIVED: 30/04/206 forces and improving combability performance. Within the scope of the study,
ACCEPTED: 03/05/2026 formulations containing cationic conditioning systems were comparatively evaluated

PUBLISHED: 30/06/2026 against reference systems, and all formulations were standardized based on an

equivalent active matter concentration of 2%. Wet and dry combing performance
was assessed using a texture analyzer by measuring combing force values. Sensory
evaluations were conducted by trained panelists under a blind test protocol and
scored using a multi-parameter approach. The findings demonstrated that cationic
systems form a homogeneous and stable film layer on the hair surface, significantly
reducing the coefficient of friction and markedly improving both wet and dry
combability. Furthermore, a strong correlation was observed between sensory
evaluation results and instrumental measurements. In conclusion, cationic
surfactant-based conditioning systems provide high-performance and sensorially
optimized solutions in modern hair care formulations.
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OZET

Bu calismada, katyonik ylzey aktif maddelere dayali kondisyoner sistemlerin sag
lifi Gzerindeki ytizey etkilesimleri ve buna bagli performans ciktilari kapsamli
olarak degerlendirilmistir. Sag lifinin 6zellikle yikama sonrasinda negatif yuklu bir
yuzey karakteri gostermesi, katyonik ajanlarin elektrostatik ¢ekim yoluyla sac
yuzeyine adsorbe olmasini mimkin kilmaktadir. Bu adsorpsiyon mekanizmasi
sonucunda sa¢ ylUzeyinde dusik surtinmeli bir film tabakasi olusmakta, lifler
arasi etkilesim kuvvetleri azalmakta ve taranabilirlik performansi iyilesmektedir.
Calisma kapsaminda, katyonik kondisyoner sistemler iceren formulasyonlar
referans sistemler ile karsilastirmali olarak incelenmis; tim sistemler esdeger
aktif madde konsantrasyonu (%2) esas alinarak standardize edilmistir. Islak ve
kuru tarama performansi, tekstir analiz cihazi kullanilarak tarama kuvveti

ASNTJ - ISSN 2822-4450 - Vol. 5, Issue 1, 2026 DOI: 10.5281/zenodo.21358782
64



Eren Ytiksel

(combing force) oOl¢timleri Gzerinden degerlendirilmistir. Duyusal analizler,
egitimli panelistler tarafindan koér test protokolu cercevesinde gergeklestirilmis ve
cok parametreli bir yaklasim ile skorlanmistir. Elde edilen bulgular, katyonik
sistemlerin sa¢ yuzeyinde homojen ve stabil bir film tabakasi olusturarak
surtinme katsayisini anlamli dizeyde azalttigini ve hem islak hem kuru
taranabilirligi belirgin sekilde iyilestirdigini ortaya koymustur. Ayrica duyusal
degerlendirmeler ile enstrimantal 6lcimler arasinda yuksek diuzeyde korelasyon
saptanmistir. Sonug olarak, katyonik yizey aktif maddelere dayal kondisyoner
sistemlerin, sa¢ bakim formulasyonlarinda yiksek performansli ve duyusal acidan
optimize edilmis ¢6zimler sundugu ortaya konmustur.

Anahtar Kelimeler: sac, kondisyoner, sa¢ kremi, sac lifi, sa¢ tarama testi
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1. Girig

Sag, kil folikili tarafindan sentezlenen; proteinler, lipitler, su ve pigmentler gibi minor
bilesenlerden olusan lifsi yapida bir kompozit biyomateryaldir. Sa¢in yapisal butinligu ve
mekanik dayanimi blyuk 6l¢ide protein icerigine bagh olup, proteinler toplam sac kutlesinin
yaklasik %65-95'ini olusturmaktadir.

Sa¢ bakim dridnleri, sac lifinin mekanik butinligund korumak, yizey hasarini minimize etmek ve
taranabilirligi iyilestirmek amaciyla gelistiriimektedir. Bu kapsamda, islak ve kuru taranabilirlik
parametreleri, Grin performansinin degerlendiriimesinde temel gostergeler arasinda yer
almaktadir.

Kondisyoner ajanlar, sac lif yizeyine adsorbe olarak lifler arasi surtiinmeyi ve elektrostatik yuk
birikimini azaltmakta; bu sayede sa¢in daha kolay taranabilir olmasina katki saglamaktadir.

2. Materyal ve Yontem
Tablo 1: Kullanilan Malzeme

Malzeme Adi Firma Adi
Cetearyl Alcohol SASOL
Behentrimonium Methosulfate SYENSQO

Sac¢in taranabilirlik performansi, tekstlr analiz cihazi kullanilarak 6l¢tlen tarama kuvveti degerleri
Uzerinden degerlendirilmistir. Standartlastiriimis sa¢ tutamlari yikanmis, kondisyoner uygulanmis
ve durulanmistir. Sa¢ tutami cihazin tutucu sistemine sabitlenmis ve standart bir tarak ile sabit
hizda taranmistir. Tarama sirasinda olusan direng kuvveti 6l¢iimustir. Testler hem islak hem kuru
sag Uzerinde gergeklestirilmis ve elde edilen kuvvet degerleri karsilastirilarak analiz edilmistir.

3. Sonuglar

Elde edilen bulgular, katyonik ylzey aktif maddelerin sac yapisi Uzerinde yUksek etkinlige sahip
bir kondisyoner ajan olarak davrandigini ve sa¢ yuzeyinde homojen ve stabil bir film tabakasi
olusturarak surtiunmeyi anlaml dizeyde azalttigini agikca ortaya koymaktadir.

Bilesenin katyonik karakteri sayesinde, sac¢in negatif yukli boélgelerine guclu elektrostatik
etkilesimlerle baglandigi; bu adsorpsiyon mekanizmasinin  kutikil yapisinin  yeniden
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duzenlenmesine katki saglayarak hem islak hem de kuru taranabilirligi belirgin sekilde iyilestirdigi
degerlendirilmektedir.

Duyusal analiz bulgulari ile enstrumantal o6lcimler arasinda yuksek dizeyde korelasyon
g6zlenmis olup, katyonik ylUzey aktif maddelerin sag tzerinde dengeli bir yumusaklik ve belirgin
kayganlik saglarken, agirlasma hissi olusturmadan optimum kondisyoner performans sundugu
dogrulanmistir.

Sonug olarak, katyonik ylizey aktif maddelerin modern sa¢ bakim formulasyonlarinda yalnizca
etkili bir kondisyoner ajan olarak degil, ayni zamanda Ustin duyusal profil saglayan, yiksek
performansli ve formulasyon agisindan rekabetgi bir bilesen olarak konumlandirilabilecegi ortaya
konmustur.
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ABSTRACT

Skin aging is characterized by moisture loss, a decrease in collagen, and a slowing of
cellular renewal. During this process, structural and functional changes occur in the
epidermis, dermis, and hypodermis layers. In this study, a multifunctional active
complex containing hyaluronic acid, niacinamide, and hydrolyzed collagen was
developed and incorporated into a facial serum at a 5% concentration. The
formulation's efficacy was evaluated over a 4-week period on 20 female volunteers
aged 25-39. Following the application of the serum twice daily, an increase in skin
hydration and smoothness, as well as a reduction in dryness and the appearance of
fine lines, was observed. The findings indicate that the developed active complex
provides skin brightening and is effective in reducing signs of aging.

Keywords: Niacinamide, Sodium Hyaluronate, Collagen, Anti-Aging

OZET

Cilt yaslanmasi; nem kaybi, kolajen azalmasi ve hiicresel yenilenmenin
yavaslamasi ile karakterizedir. Bu surecte epidermis, dermis ve
hipodermis katmanlarinda yapisal ve fonksiyonel degisimler meydana
gelir. Bu calismada, hiyalUronik asit, niasinamid ve hidrolize kolajen iceren
cok fonksiyonlu bir aktif kompleks gelistirilmis ve %5 oraninda yuz
serumuna entegre edilmistir. Formulasyonun etkinligi, 25-39 yas
arahgindaki 20 kadin gondllid  Uzerinde 4 hafta boyunca
degerlendirilmistir. Gunde iki kez uygulanan serumun kullanim
sonucunda, cilt neminde ve purluzsuzligunde artis, kuruluk ve ince
kirisiklik gérinumaunde ise azalma goézlemlenmistir. Bulgular, gelistirilen
aktif kompleksin cilt yizeyinde aydinlanma sagladigini ve yaslanma
belirtilerinin azaltilmasinda etkili oldugunu géstermektedir.

Anahtar Kelimeler Niasinamid, Sodyum Hiyaliironat, Kolajen, Yaslanma Karsiti
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1. Girig

Cilt dokusu, yaslanma sureci ve cevresel faktorlerin etkisiyle zaman icerisinde yenilenme
kapasitesinde ve elastikiyetinde azalma g6stermektedir. Bu surecin temelinde, hiicresel anabolik
aktivitenin yavaslamasi ile ultraviyole radyasyon, hava kirliligi ve uygunsuz cilt bakim aliskanhklari
gibi dis etkenlerin cilt Gzerinde olusturdugu kumdalatif hasar yer almaktadir. S6z konusu
degisimlerin dnlenmesi veya etkilerinin azaltilmasi amaciyla ¢esitli kozmetik aktif bilesenlerden
yararlaniilmaktadir. Bu ¢calismada, farkl etki mekanizmalarina sahip hiyaltronik asit, niasinamid ve
hidrolize kolajen bir araya getirilerek cok fonksiyonlu bir aktif kompleks gelistirilmis ve bu
kompleksin kisisel bakim drtnlerinde cilt dokusu Uzerindeki performansi degerlendirilmistir.

2. Materyal ve Yontem
Tablo 1: Deneme Data

Bilesen Tedarikgi
Niacinamide JUBILANT INGREVIA
Sodium Hyaluronate 10 KDa AMHWA BIOPHARM
Sodium Hyaluronate 300 KDa AMHWA BIOPHARM
Sodium Hyaluronate 1000 KDa AMHWA BIOPHARM
Hydrolyzed Collagen VISCOFAN

Bu calismada, hiyaluronik asit, niasinamid ve hidrolize kolajen iceren ¢ok fonksiyonlu bir aktif
kompleks gelistirilmistir. Formulasyon tasariminda, s6z konusu aktif bilesenlerin nemlendirme,
cilt bariyerini destekleme ve yaslanma karsiti etkileri dikkate alinmistir. Gelistirilen aktif kompleks,
yUz serumu formulasyonuna %5 (w/w) oraninda dahil edilmistir.

Formulasyonun etkinligi, 25-39 yas araliginda yer alan 20 saghkl kadin génulli Uzerinde
degerlendirilmistir. Calisma kapsaminda gonullilerden, serumu dort hafta boyunca gunde iki kez
(sabah ve aksam), temizlenmis ylUz bolgesine uygulamalari istenmistir. Her uygulamada yaklasik
2 mL Urun kullanilmis; serum, parmak uglari yardimiyla nazik ve dairesel hareketlerle cilt ylzeyine
homojen sekilde uygulanmistir.

UrGnan  cilt Gzerindeki etkileri, calisma siresince goénullilerden elde edilen 6znel
degerlendirmeler dogrultusunda analiz edilmistir. Degerlendirme kriterleri arasinda cilt nem
duzeyi, purlzsiuzlik, dolgunluk, kuruluk seviyesi ve kirisikhk goérinimundeki degisimler yer
almistir. Elde edilen veriler, gelistirilen formulasyonun cilt gérinimu ve cilt hissi Uzerindeki
etkilerini kapsamli bir sekilde ortaya koymak amaciyla degerlendirilmistir.

3. Sonuglar

Uc aktifin kombinasyonu cilt Gizerinde sinerjik etki saglar.
Nemlendirme + bariyer + yaslanma karsiti 6zellikler birlikte optimize edilir.
Yuksek katma degerli kozmetik Grtn gelistirme imkani sunar.

Girdilerin kombine halde kullanimi operasyonel anlamda is yukunu azaltirken, proses suresinin
kisaltilmasina destek olur.
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