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ABSTRACT
Simulation and data analysis methods were applied to detect and evaluate deformations in thin-walled structures with a periodic 
configuration, particularly in welded multilayer panels. The use of the finite element method made it possible to determine 
characteristic spatial deformation profiles and their relationship to defect localization. Fourier analysis and differentiation tech-
niques were used to develop an algorithm for the automated detection of defective areas in thin-walled structures. It is shown 
that the use of the displacement derivative ∂w/∂y provides more precise localization of defects compared to an analysis of dis-
placements alone. This justifies the feasibility of applying the shearography method as one of the most informative approaches 
to the non-destructive testing of such structures. The obtained results are confirmed by both numerical and experimental data, 
indicating the suitability of the methodology for diagnosing a wide class of thin-walled structures.

KEYWORDS: thin-walled structures, stress-strain state, finite element method, Fourier analysis, non-destructive testing, laser 
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INTRODUCTION
Metal multilayer thin-walled panel-type structures 
(welded panels) are widely used in aircraft manufactur-
ing, automotive manufacturing, shipbuilding, and other 
sectors of mechanical engineering. Such structures are 
characterized by high specific strength and stiffness at 
a low mass, which is achieved through the rational dis-
tribution of material among the layers and elements of 
the panel. In addition, the panel structure ensures the 
manufacturability of large-sized elements with complex 
shapes and enables the localized reinforcement of the 
most heavily loaded areas without a significant increase 
in the total mass of the product [1, 2].

One of the most common methods for joining the 
components of such structures is spot welding, which 
is distinguished by high efficiency and ease of auto-
mation. The use of spot welding allows for the pro-
duction of metal structures with high strength and 
minimal residual distortion compared to structures 
made with continuous welds [3].

Because of the specific nature of spot welding (a 
brief process, localized heating, and rapid cooling), 
this type of joint is highly prone to hidden defects. In 
particular, defects such as lack of fusion, weld nugget 
failure, and delamination may form; they significantly 
reduce the operational reliability of the structure.

Since such defects cannot be detected during visu-
al inspection, and their presence directly affects the op-
erational reliability of the structure, the use of various 
non-destructive testing methods for the timely detection 
of defects becomes particularly important [4–7].

Among the conventional approaches to inspecting 
spot welds, ultrasonic, eddy current, X-ray, and oth-
er non-destructive testing methods are used [8–10]. 
However, their use in inspecting large-scale panel 
structures with a large number of spot welds has lim-
ited efficiency, due to the need to inspect individual 
welded joints sequentially.

Among the existing methods of non-destructive 
testing, some of the most effective are laser interfer-
ometry methods, in particular holographic interferom-
etry, speckle interferometry, and shearography [11–14]. 
These methods are based on recording and subsequent 
analysis of data on the deformation of areas of the sur-
face of the object under study, which occurs under the 
action of an external load. Due to their high sensitivity 
to local changes in the stress-strain state, these methods 
enable the detection of hidden defects that are difficult 
to detect using conventional (contact) inspection meth-
ods. The non-contact nature and high spatial resolution 
of these methods make it possible to obtain full-field 
maps of surface deformations and enable automated 
inspection of thin-walled structures.

Despite the high informativeness and sensitivity 
of laser interferometry methods, the analysis of the 
obtained results is, in most cases, performed manu-
ally by an operator. This reduces the efficiency of the 
inspection and increases the dependence of diagnostic 
results on the specialist’s skills and subjective experi-
ence [11–14]. This is particularly true for the inspec-
tion of complex-shaped structures or structures with 
a periodic configuration, where local changes in the 
strain field may be poorly noticeable against the back-
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ground of the overall distribution of displacements, 
making it difficult to reliably determine the location 
of a defective area based on the results of a visual 
analysis of the object’s surface strain field.

In this regard, it is important to develop a method 
for the automatic detection and localization of defects 
in thin-walled structures during non-destructive testing 
using optical methods. Implementing such an approach 
will reduce the subjective influence of the operator and 
improve the accuracy of defect localization. Existing 
approaches to automated defect detection in regular 
three-dimensional structures are based on mathematical 
simulation and the solution of optimization problems in-
volving structural parameters [15]. In contrast to these 
methods, this paper proposes an algorithm for the au-
tomated detection of defective areas in structures with 
a periodic configuration based the Fourier analysis of 
the surface deformation profile obtained from shearog-
raphy testing, the generation of a reference defect-free 
segment, and the calculation of a quantitative assessment 
of the deviation of the deformation profile.

NUMERICAL SIMULATION 
OF THE STRESS-STRAIN STATE 
OF A WELDED PANEL 
USING THE FINITE ELEMENT METHOD
The finite element method was used to model the 
stress-strain state (SSS) that arises during non-de-
structive testing under various types of loading. A 
two-layer welded structure consisting of a face sheet 
and a corrugated core of trapezoidal profile joined 
by spot welding was selected as the object of study. 
The core has a periodic shape: its rectilinear seg-
ments alternately contact the upper face sheet and a 
hypothetical plane of the lower face sheet. The panel, 
measuring 800×600×50 mm, is made of 2 mm thick 
St3 steel; the diameter of the weld spots is ~6 mm. A 
three-dimensional model was constructed, and used 
for numerical simulation of the SSS by the finite ele-
ment method (Figure 1).

The problem was solved in a three-dimensional 
formulation within the framework of weakly cou-
pled linear thermoelasticity, without taking plastic 
deformations into account and without considering 

the temperature dependence of material properties. 
In the first stage, the temperature distribution T(x, y, 
z, t) was determined from the heat conduction equa-
tion ρc∙∂T/∂t = div(λ∙gradT) with a heat flux applied 
to one side of the panel (a second-kind (Neumann) 
boundary condition) and an initial temperature corre-
sponding to room temperature (T0 ≈ 293 K). The re-
sulting temperature field was used as the thermal load 
in the elastic equilibrium problem div(σ) = 0, where 
σ is the stress tensor. Stresses were determined using 
Hooke’s law for a linearly elastic isotropic material, 
taking into account thermal strain (in the simplified 
uniaxial form): σ = E(ε − αΔT), where ε is the total 
strain, α is the coefficient of linear thermal expansion, 
and ΔT = T − T0 is the change in temperature relative 
to the initial state.

The panel material (St3 steel) was modeled as a 
linearly elastic isotropic material with the following 
properties: modulus of elasticity E = 200 GPa, Pois-
son’s ratio ν = 0.3, coefficient of linear thermal expansion 
α = 12∙10–6 1/°C, thermal conductivity λ = 50 W/(m·K), 
specific heat capacity c = 470 J/(kg·K), and density 
ρ = 7850 kg/m3. The coefficients E and ν determine 
the elastic properties of the material in the three-di-
mensional formulation of the problem.

The boundary conditions were specified separate-
ly for the mechanical and thermal parts of the prob-
lem. In the areas of the core that, in the complete 
structure, are in contact with the lower face sheet 
(to simplify the model, the latter was excluded from 
the computational domain), the following conditions 
were imposed: a mechanical condition of full fixation 
(u = v = w = 0), which models the support provided 
by the lower face sheet; a first-order (Dirichlet) ther-
mal boundary condition with a constant temperature 
T = T0 (room temperature), which models the lower 
lining as a heat sink. Additionally, the side faces were 
fixed in the direction of the OY axis. A thermal load in 
the form of a heat flux was applied to the outer surface 
of the upper face sheet; the remaining surfaces of the 
structure were considered thermally insulated.

The SALOME software [16] was used to generate 
the finite element mesh, and the thermal and stress-strain 
analyses were performed using the Code_Aster software 

Figure 1. Geometric model of a welded structure: a — front view; b — view from the corrugated core side
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package [17]. The structure was divided into elements 
to form a three-dimensional tetrahedral mesh (Figure 2). 
The size of the mesh elements varied across the volume 
of the structure: the base discretization step was 0.5 mm, 
while in the areas of weld spots, where changes in sur-
face curvature and joint geometry occur, the algorithm 
automatically generated a denser mesh with smaller ele-
ments compared to the rest of the structure.

The thermal load was simulated by heating the up-
per surface of the welded structure with a heat flux 
of Q0 = 8000 W/m2 for t0 = 10 s. The distribution of 
temperature changes developing in the structure as a 
result of this thermal load is shown in Figure 3, where 
a local minimum in temperature changes is observed 
in the vicinity of the weld spots. This is explained by 
the presence of weld nuggets, which have higher ther-
mal conductivity compared to the adjacent areas of 
the structure and ensure more intensive heat removal. 
Such unevenness in the temperature field leads to un-
even deformation of the welded panel surface.

A simulation was performed to determine the 
distribution of w values (the normal displacement at 
points on the structure surface). Along cross-section 
1, no significant local maxima are observed that could 
be used to assess the presence and diameter of weld 
spot nuggets (Figure 4).

The profile of the w(y) component, plotted from 
displacement data along cross-section 1, makes it pos-
sible to determine the locations of weld spots; howev-
er, the amplitude of deformation disturbances around 

them varies, which makes it impossible to estimate 
the diameter of the nugget of an individual weld spot.

Figure 5 shows the distribution of ∂w/∂y (the deriv-
ative of w displacement with respect to the y coordinate 
along the cross-section of the structure under study), 
in which the coordinates of the weld spots are more 
clearly visible compared to Figure 4. Thus, for this 
type of structure, the use of the shearography method, 
which performs optical differentiation of the displace-
ment field, is more appropriate than methods such as 
speckle correlation, speckle interferometry, and ho-
lographic interferometry. Analysis of this distribution 
makes it possible to assess the influence of each weld 
spot on the overall strain field of the outer surface of 
the structure. However, this configuration allows only 
a qualitative assessment of the defectiveness of a par-
ticular weld spot.

More informative is the curve showing the varia-
tion of the derivative ∂w/∂y plotted along cross-sec-
tion 1, which passes through the centers of the weld 
spots. Analysis of this dependence makes it possible 
to determine their locations. However, the amplitude 
of local deformation disturbances in the vicinity of 
individual spots varies, which complicates the esti-
mation of the nugget diameter of an individual weld 
spot. Figure 6 shows the distribution of the displace-
ment component w and its derivative ∂w/∂y along this 
cross-section. Analysis of the obtained dependencies 
shows that the centers of the weld spot nuggets appear 
as local minima. The diagram consists of repeating 
segments that correspond to the geometric parts of the 
structure. Unlike the displacement component w, for 
which a significant edge effect is observed, the distri-

Figure 2. Finite element mesh of a simplified model of a welded 
panel

Figure 3. Distribution of temperature changes in the structure resulting from thermal loading: a — front view; b — view from the 
corrugated core side

Figure 4. Distribution of displacements in a panel without weld-
ing defects
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bution of the derivative ∂w/∂y is more uniform. The 
edge effect changes the deformation pattern in the ar-
eas near the beginning and end of the structure.

A simulation was conducted to investigate the effect 
of the weld spot nugget diameter on the displacement 
w and its derivative in a welded panel along a selected 
direction y under thermal loading. To this end, defective 

weld spots lacking a high-quality joint were introduced, 
and their effect on the deformation of the object’s surface 
was investigated (Figure 7).

Simulations have shown that, as a result of the ther-
mal load on the structure, which was applied in a way 
similar to the experiments conducted during shearog-
raphy testing, a complex deformation pattern emerges. 
Moreover, the amplitudes of w and ∂w/∂y at defective 
spots do not exceed those at neighboring spots. This 
fact complicates the process of defect detection and 
also necessitates the involvement of a highly qualified 
operator during non-destructive testing.

METHODOLOGY FOR THE AUTOMATED 
DETERMINATION OF DEFECT LOCATIONS 
BASED ON SURFACE DEFORMATION DATA 
UNDER STRUCTURE LOADING
The main objective of the developed algorithm is the 
automated determination of the locations of structure 
segments where the deformation differs significantly 
from the average deformation of areas in the profile. 

Figure 5. Distribution of the displacement derivative at surface 
points on a welded panel under thermal loading

Figure 6. Distribution of displacements w (a) and its derivative ∂w/∂y along cross-section 1 under thermal loading of a two-layer panel

Figure 7. Dependences of the displacement w and its derivative ∂w/∂y in a welded panel with one (a, b) and two defective weld spots 
(c, d). The positions of the weld spots are marked in blue
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Since the deformation P of the surface of the object 
under study of the object under study has a periodic 
configuration, it is rational to use the Discrete Fouri-
er Transform (DFT) to determine its period. This is 
one of the fundamental methods widely used in digital 
signal processing algorithms [18], as well as in other 
fields related to the analysis of frequencies in discrete 
signals.

As a result of the Fourier transform, data can be 
obtained on the number of repeating segments N (the 
number of periodic segments included in the profile). 
Knowing the total length of the profile l under study 
and the total number of discrete points N0 of the pro-
file, the period T of the structural inhomogeneities and 
the number of points N1 per one period T can be de-
termined.

After dividing the profile into segments of length 
T, a reference defect-free segment of the profile Pref is 
determined using averaging or a median filtering algo-
rithm. The values of the components of the displace-
ment vector along Pref are calculated based on the as-
sumption that the number of defective weld spots in the 
structure is small compared to their total number.

When averaging, all points i = 1 ‒ N1 in each segment 
of the profile (Figure 8) are taken into account, and the 
average value of the function at these points is calculat-
ed. This value corresponds to the value of the function at 
the i-th point of the reference defect-free segment.

A second method that can be used to obtain a ref-
erence defect-free segment is median filtering. Median 
filters are often used in practice as a means of prepro-
cessing digital data [19]. A specific feature of the filter 
is its pronounced selectivity toward array elements that 
stand out sharply against the background of neighbor-
ing readings. At the same time, the median filter has no 
effect on the monotonic component of the sequence, 
leaving it unchanged. Due to this property, medi-
an filters with an optimally selected aperture can, for 
example, preserve the sharp edges of objects without 
distortion while effectively suppressing uncorrelated or 
weakly correlated noise and fine details. This property 
allows median filtering to be used to remove anoma-
lous values in data arrays and reduce impulse noise.

For odd n, the median of a numerical sequence x1, 
x2, … , xn and, for an odd n, is the value in the middle 
of the sequence sorted in ascending (or descending) 

order. For even n, the median is usually determined as 
the arithmetic mean of the two middle values of the 
ordered sequence.

A median filter is a window filter that sequentially 
slides across a data array and, at each step, the median 
of the elements within that window. The output signal 
yk of a median filter with an aperture 2n + 1 for the 
current sample k is formed from the input time series 
according to the formula:

yk = med(xk-n, xk-n+1, … , xk-1, 
	 xk, xk+1 , … , xk+n-1, xk+n), 	

(1)

where med(x1, … , xm, … , x2n+1) = x(n+1), xm are ele-
ments of the variational series, i.e., ordered in ascend-
ing order of the values xm: x(1) = min(x1, x2, … , x2n+1) ≤ 
≤ x(2) ≤  x(3) ≤ … ≤ x(2n+1) = max(x1, x2, … , x2n+1).

A median filter was used as follows: for each seg-
ment of the profile, the points i = 1 … N1 with defor-
mation data were selected; the function values at these 
points were sorted in ascending order; from N1 values, 
the value at position (N1+1)/2 was selected for odd N1, or 
the average of the values at positions N1/2 and N1/2+1 for 
even N1. In this way, abnormally small and large func-
tion values were filtered out.

Determining a reference defect-free segment from 
real data can be somewhat complex. To obtain this seg-
ment during simulation, it is sufficient to construct a de-
fect-free structure and average all profiles of the desired 
type. When processing real data, it is impossible to guar-
antee in advance that a structure will be defect-free or 
to select a direction, whose profile will be defect-free. 
Therefore, to obtain a reference defect-free segment, the 
data from all suitable profiles should be averaged.

After obtaining a reference defect-free deformation 
profile Pref, it is necessary to compare it with all segments 
of the selected cross-section and determine the maximum 
deviations of the measured deformation values from the 
reference profile data. To determine the extent to which 
the deformation profile P differs from the displacement 
values of the reference segments, a function was intro-
duced to calculate the deviation of the deformation of the 
segments Pn from the reference area Pref:
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Figure 8. Periodic structure of the deformation profile with an example of point selection for averaging
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where n is the segments number, N1 is the total num-
ber of points in the selected segments with displacement 
data, Pi

ref is the displacement value at the point with in-
dex i of the reference profile, and i

nP  is the displacement 
value at the point with index i of the selected segments 
of the profile P.

The following algorithm was developed to detect 
areas of the structure with defects:

1. The period T of structural inhomogeneities in the 
object under study is determined based on data from the 
deformation profile P of its surface along the length l, as 
well as the number of points N1 of the discrete function 
describing the displacement or the displacement deriva-
tive within one period.

2. The deformation profile P is divided into seg-
ments Pn, each of length T.

3. The profile of the reference defect-free segment Pref 
is calculated based on deformation data for individual 
segments Pn (average or median values are calculated).

4. A diagram D(n) is plotted showing the deviation 
of the deformation in the segment Pn from the refer-
ence defect-free segment Pref.

5. Based on the analysis, the locations of the defec-
tive areas are determined by the maximum values of 
the function D(n).

The proposed algorithm was tested on characteris-
tic deformation profiles of the surface of a two-layer 
welded panel.

Unlike the conventional approach, in which the op-
erator concludes that a defect is present based on a visu-
al analysis of the deformation pattern, the function D(n) 
makes it possible to establish a quantitative criterion for 
the presence of a defect. An segment Pn is considered 
defective if the condition D(n) > Dthr is satisfied, where 
the threshold value Dthr is determined based on the sta-
tistical characteristics of the distribution of D(n), for ex-
ample, Dthr = Dm + kσD, where Dm and σD are the mean 
and standard deviation of the function D(n) throughout 
all segments of the profile, and k is a coefficient that de-

termines the sensitivity of the inspection. The use of this 
criterion reduces the subjective influence of the operator 
on the results of non-destructive testing.

ANALYSIS OF THE DEFORMATION 
PROFILE OF THE SURFACE 
OF A WELDED PANEL WITH DEFECTS
To determine the location of defects in a welded panel, 
the distributions of the displacement w and its derivative 
∂w/∂y along cross-section 1 under thermal loading of a 
two-layer panel were analyzed. The deformation profiles 
under study are characterized by a significant number 
of local maxima and minima; however, the amplitude 
of deformation in the vicinity of defective areas does 
not exceed the amplitude of deformation in defect-free 
areas. This complicates the direct detection of defects 
based on the analysis of deformation profiles.

To determine the principal period, a Fourier trans-
form was performed on the profile ∂w/∂y along the 
selected cross-section (Figure 9). The obtained spatial 
spectrum is characterized by sharp maxima, the ab-
scissa axis shows the spatial harmonic number (fre-
quency), and the ordinate axis shows the amplitude.

The obtained diagram shows sharp peaks maxi-
ma, the distance between which corresponds to the 
number of segments N in the structure. In this weld-
ed panel, N = 12. Since the total number of points 
is N0  =  480, there are 40 points per segment. If it 
is impossible to determine the period from the first 
harmonic because it is obscured by low-frequency 
noise, the second or subsequent harmonics are used, 
and the distance between them is determined. The 
reference profile ∂w/∂y of a defect-free segment was 
generated using three different methods (Figure 10), 
but they do not differ significantly.

Figure 11 shows the distribution of deviations 
D(n), where the x-axis is labeled with the segment 
number n. Analysis of the distribution shows that in 

Figure 9. Fourier spectrum of the profile ∂w/∂y along a selected 
cross-section: the step between peaks (equal to N) determines the 
number of points N1 per profile period, N1 = N0/N

Figure 10. Reference profile ∂w/∂y for a defect-free segment, 
obtained by averaging the defect-free profile (1), averaging the 
defective profile (2), and applying median filtering (3), where i 
is the ordinal number of a discrete point within a single period of 
the structure profile
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the first case, the defect is localized in the 4th segment 
(Figure 11, a), and in the second case, in the 4th and 8th 
segments (Figure 11, b).

The data obtained using simple averaging and me-
dian filtering do not differ significantly. However, the 
D(n) functions calculated using median filtering have 
lower values in defect-free segments. Therefore, median 
filtering provides more accurate results. The developed 
algorithm demonstrated high efficiency in determining 
the location of a defect in a welded panel.

DETECTION OF DEFECTS 
IN A THREE-LAYER WELDED PANEL 
DURING ITS NON-DESTRUCTIVE TESTING 
USING THE SHEAROGRAPHY METHOD
The developed algorithms were tested on a three-lay-
er welded panel. The experimental specimen differs 
from the model problem discussed above in geometry, 
materials, and type of loading, which makes it possi-
ble to assess the versatility of the proposed approach 
for structures with a periodic configuration. The study 
utilized non-destructive testing data obtained us-
ing the shearography method on a panel measuring 
190×110×5 mm; the load-carrying layers were made 
of 03Kh11N10M2T steel with a thickness of 0.6 mm, 
while the joining material was made of 0.3 mm thick 
12Kh18N10T steel.

The mechanical load was performed by introducing 
a volume of air V = 5 cm3 into the center of the pan-
el through a side opening. As a result of shearography 
testing, an image of the distribution of the displacement 
derivative ∂w/∂y (Figure 12) was obtained as a grayscale 
image: the darkest areas correspond to the smallest val-
ues, and the lightest areas to the largest.

For further investigation, profiles 1 and 2 (de-
fect-free) and profile 3 (passing through the zone of 
influence of a defect) were selected from the struc-
ture. The defect in the structure is a fractured spot 
weld between the face sheet and the core. To reduce 
speckle noise, the deformation image was processed 
using Gaussian filtering. This filter does not change 
the period of the characteristic deformation features 
and, therefore, does not affect the results of the auto-
matic determination of the period T.

To determine the location of a defect in a weld spot 
(lack of fusion), the experimental data on the deriva-
tive of the displacement component ∂w/∂y were pro-
cessed using the same algorithm as the model data. 
During data processing, a diagram of the derivative 
distribution (Figure 13, a) was plotted along pro-
file 1; the influence of a defect on this profile is not 
evident. The dimensionless quantity I, determined by 
the shearography method and representing a charac-
teristic of the object deformation, is plotted on the 
y-axis. The Fourier spectrum (Figure 13, b) shows a 
distinct maximum corresponding to the number of pe-
riodic segments of the structure included in the profile 
(N = 9); there are N1 = 51 points per a typical panel 

Figure 11. Dependence of D(n) on the segment number n: 1 — based on averaging data; 2 — based on median filtering data

Figure 12. Graphical representation of the deformation of a panel 
surface with an internal defect under internal pressure loading

Figure 14. Graphical representation of the results of applying the 
algorithm for automatic defect localization
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area. A reference defect-free area was obtained by cal-
culating the average values (Figure 13, c). A compar-
ison was made between the reference defect-free area 
and the data along profiles 1 and 3, and the value of 
the function D(n) was calculated (Figure 13, d), where 
n is the segment number. For the defect-free profile 
(curve 1), the amplitude of the function values is sig-
nificantly smaller than for the defective one (curve 2).

A comparison of the experimentally obtained de-
formation pattern of the panel (Figure 14) with the al-
gorithm results showed that the function D(n), which 
indicates the deviation of the deformation in the stud-
ied segments from the reference defect-free segment, 
ensures reliable defect localization.

The obtained results confirm the correctness of the 
proposed algorithm for processing shearography data 
and its effectiveness for the automated localization of 
defects in three-layer welded panels.

Conclusions
Mathematical simulation of the stress-strain state of 
a two-layer welded panel under thermal loading was 
performed using the finite element method. This made 
it possible to investigate the effect of defects on the 
deformation of structure surfaces. It was shown that 
using the displacement derivative ∂w/∂y makes it 
possible to detect defects more clearly than to ana-
lyzing displacements alone. This justifies the use of 

the shearography method for non-destructive testing 
of such structures.

Based on statistical data analysis and the application 
of Fourier analysis and differentiation techniques, an al-
gorithm for the automated detection of defective areas 
during non-destructive testing using laser interferometry 
methods has been developed for the first time.

Studies have shown that the effectiveness of the 
method for locating defects is based on identifying 
the period of characteristic features, determining a 
reference segment, and calculating the function D(n), 
which reflects the degree of deviation in the deforma-
tion of the studied segment from the defect-free refer-
ence segment. It has been established that median fil-
tering when used to form the reference profile yields 
more accurate results compared to simple averaging, 
resulting in lower values of the function D(n) in de-
fect-free segments.

The proposed method for determining the location 
of defects has demonstrated high efficiency in ana-
lyzing data obtained from model and experimental 
studies of welded panels. The effectiveness of the al-
gorithm for the automated detection of defective areas 
in metal multilayer thin-walled structures has been 
confirmed both on model data obtained under thermal 
loading and on experimental data from shearography 
testing of a panel of a different design under mechan-
ical loading, which demonstrates the versatility of the 

Figure 13. Determination of the location of a defective area based on shearography data: a — surface profile in cross-section 1; b — 
Fourier spectrum of data along the profile; c — diagram of the dimensionless quantity I for the reference segment; d — diagrams of 
the function D(n)
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approach for a broad class of thin-walled structures 
with a periodic configuration.
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