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The article presents a new approach to studying the stress-strain state (SSS) of metal plates based on
the results of geodetic monitoring. A methodology has been proposed that enables the interpretation of
geodetic marker displacement data under unknown external loads, which sets it apart from the classical
finite element method (FEM). The modeling is based on a conditionally deformed mesh, in which
relative deformations — both longitudinal and transverse — are assigned to individual grid cells. This
approach, in which the lengths of the cell sides are proportional to the deformations in the given
direction, makes it possible to work with tensor parameters that characterize the stress-strain state. The
proposed methodology was implemented in the Surfer software environment, which enabled the
construction of corresponding deformation fields using established spatial interpolation methods. The
results of a simulation experiment with a rectangular metal plate model demonstrated the accuracy and
efficiency of the proposed approach: the calculated isolines of relative deformations closely matched
analytical estimates. The proposed methodology makes it possible to use traditional grid models in
analyzing the stress—strain state of metal plates in structural components of buildings, enhancing the
informativeness of geodetic monitoring and its practical value in ensuring safe operation.
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Introduction

Modern geodetic monitoring technologies show a trend toward transitioning from discrete observation
of monitored objects to dynamic integration with digital data processing technologies and the
implementation of deformation process models (Chubin, 2025). Modeling elements are present both in
the presentation of results as graphs of time-differentiated data on deformations of engineering
infrastructure objects (Daliga et al., 2019) and in the construction of three-dimensional models with
spatially distributed deformation indicators (Kravets, 2020). These conditions make it possible not only
to record influential factors, but also to visualize deformation processes, transforming monitoring into
a tool for both control and comprehensive analysis of the condition of structures, in particular their safe
operation.

One of the common load-bearing elements of engineering structures are rectangular plates, which in the
process of operation are subjected to tensile-compression deformations (Fig. 1). These effects are most
evident at plate corners, where geodetic markers are typically placed. Displacements of several
millimeters can be precisely recorded by modern instruments (Trevoho et al., 2024). Such
displacements signal internal stresses and the plate’s transition into a stress-strain state (SSS)
(Roknuzzaman et al., 2015). Marker movement is calculated using geodetic monitoring data as discrete
coordinates. However, this alone is insufficient for a full assessment of structural condition. A reliable
evaluation also requires understanding the magnitude and spatial distribution of internal stresses
(Ripetskyi et al., 2024), which is achievable only through modeling methods.

Method and Theory

The proposed methodology for determining the SSS of metal plates uses geodetic monitoring data
presented as discrete coordinates of marker displacements. A key feature is that it does not rely on
external loads causing the deformations, but instead uses interpolation methods to process the data. This
fundamentally distinguishes it from the finite element method (FEM), where deformations result from
the action of known external forces (Roknuzzaman et al., 2015).

The SSS of the metal plate was studied using grid models, which involve covering the surface with a
regular grid. This approach allows effective comparison of monitoring results over time, enabling
algorithmic analysis and paving the way for automation. Notably, grid and FEM models share
similarities: both determine SSS using mesh structures composed of cells with numerical values
(Kravets, 2020; Roknuzzaman et al., 2015). In both approaches, the problems of determining the SSS
are implemented within a mesh structure composed of individual cells containing numerical values.

In FEM, the mesh consists of deformed finite elements (FE) whose dimensions change under external
loading. The longitudinal and transverse deformations of each FE are expressed as relative strains linked
to elongation or compression. This enables the construction of a system of equations describing
interactions between FE nodes, considering the material's elastic properties. Solving this system yields
SSS indicators, defined by relative displacements (g) and corresponding stresses (o). The strain-stress
relationship is based on established constitutive equations (Vasko M. et al., 2019):

o=EF-¢ ey

=& +€, (2)

In these expressions E — modulus of elasticity plate material, MPa; €, & — the relative strains
(longitudinal and transverse, respectively).

Unlike in FEM, the mesh in grid models is non-deformable. Still, this does not hinder their use in
modeling surface deformations under landslide conditions, especially for digital terrain models
(Kravets, 2020). However, this approach is ineffective for analyzing deformations in metal plates, as it
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uses absolute displacements without considering relative strains — key indicators in SSS analysis of
metallic elements (Roknuzzaman et al., 2015). Additionally, the non-deformable mesh of grid models
poses a major limitation for SSS modeling of metal plates, as it cannot reflect relationships (1-2).

Therefore, it is necessary to adapt FEM principles to geodetic monitoring tasks at the stage of
visualizing deformed metal plate surfaces within grid models. To do so, several key challenges must be
addressed. First, relative strain and stress are tensor parameters, having both magnitude and direction.
Second, calculating tensor components along coordinate axes requires separate consideration of
longitudinal and transverse deformations. A solution involves creating an imaginary mesh, based on the
undeformed grid, with cells that change shape according to deformation. Each cell should contain two
parameters — longitudinal and transverse relative strain — with sides proportional to these deformations.
An important feature of the proposed method is that, unlike FEM, internal deformations are not
calculated from material physical and mechanical properties but determined by interpolating data
obtained during geodetic monitoring. This allows using traditional grid models, including those in the
Surfer software, for modeling the SSS of metal plates.

Relative deformations are calculated from displacement data of markers at the rectangular plate’s
vertices (Fig. 1). Knowing the initial side lengths and their absolute deformations allows determining
the corresponding relative values. The initial relative deformations in both the longitudinal and
transverse directions along the sides of the plate take values according to Table 1. This is considered
when forming the initial dataset and introducing framework lines (Fig. 2a, b), which serve as a reference
for constructing the conditionally deformed mesh.

Example

The effectiveness of using grid models to study the SSS of metal plates based on geodetic monitoring
data was evaluated through a simulation experiment. The object of study was a rectangular metal plate
with dimensions of 2.4 m x 3.6 m x 0.025 m. Four markers were placed at the vertices of the rectangle,
designated as ¢1, 12, 3 and #4. The simulation of the plate’s transition to a deformed state was carried
out by displacing its nodes, with their new positions determined based on the marker coordinates.

According to the geodetic monitoring method, the plate was positioned within a 2D coordinate system
XOY (Fig. 1), ensuring consistency between the simulation process and actual geodetic monitoring. It
was assumed that out of the four nodes, one (t1) remains fixed, while the other three are displaced and
take new positions denoted as #2', £3' Ta r4'. The process of modeling the SSS of the plate involved the
transition from the initial state t1-#2-¢3-#4 to the deformed state 71—2'—¢3'—t4’ by changing the
coordinates of the markers (Fig. 1). Moreover, the external forces that caused this state are not
considered in the methodology, and the problem is solved exclusively by interpolating the strain values.
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Figure 1. Metal plate in initial Figure 2. Schemes of framework line placement with initial
and deformed states. data on the grid model for longitudinal (a) and transverse (b)

deformations.
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Results

Based on the discrete displacement coordinates of the markers, the absolute deformations of the sides
of the rectangle were first determined, followed by their relative values calculated separately for the
longitudinal & and transverse & deformations (Table 1).

Table 1. Filling of framework lines

Side Absolute Relative Deformation
Side Lengths, | Deformation
m A, m Ex E
tl-12 2.4 Ay=0.029 0.0121
2-13 3.6 Ax=0.043 0.0119
13—1t4 2.4 Ay=0.021 0.00833
tl —t4 3.6 Ax=0.020 0.00556

The interpolation process involved the preliminary input of initial relative deformation values and their
correct placement within the cells of the framework lines. Using interpolation methods, the spatial
distribution of relative deformations in the longitudinal and transverse directions was obtained (Fig. 3a,
b). The resulting deformation distribution data made it possible to construct a conditionally deformed
mesh with side lengths corresponding to & and €,. Given the approximate rectangular shape of the cells
in this conditionally deformed grid, the stresses were calculated using expressions (1 — 2), the
distribution of which is shown in Fig. 3d.

. . . .
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Figure 3. Results of the SSS analysis of the metal plate based on grid models:
longitudinal &, (a), transverse € (b), total €(c) relative deformations and stresses o, MPa (d)

The resulting cartograms of relative deformations (Fig. 3a, b) represents the deformation fields of the
metal plate. These fields are components of a tensor quantity, which allows determining not only the
magnitude but also the direction of the deformations. In particular, it was established that the stress
tensor along the diagonal 11-£3 changes its orientation from 65.46° to 35.39° relative to the X-axis.

Analyzing the total relative strain distribution (Fig. 3c), one detail highlights the accuracy of SSS
modeling. Two opposite rectangle vertices, ¢1 and ¢3, lie within the 0.013-0.014 isoline. Calculating the
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deformation of the ¢t1-£3 diagonal at the macro level yields a relative strain of 0.0136. This average
value falls within the range, confirming the effectiveness of grid models for studying the SSS of metal
plates.

Conclusions

The effectiveness of grid models for studying the stress-strain state of metal plates based on geodetic
monitoring data has been confirmed. A deformed surface model was built from marker displacements,
and FEM principles allowed determining the internal stress tensor. This was achieved by constructing
a conditionally deformed grid through interpolation of initial geodetic data. Tensor stress characteristics
were obtained by interpolating relative deformations along the X and Y axes. The use of framework
lines as geometric references was effective. The results confirm the accuracy and reliability of grid
models for analyzing structural stress-strain states.
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