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Abstract. The article proposes a method for assessing the state of the surface structure of
shell limestone. Shell limestone taken from the wall of a destroyed one-story building in Odessa
was used as the test material for analyzing the surface characteristics of the structure. The structural
characteristics of shell limestone vary significantly even within a single layer, so to ensure reliable
adhesion of restoration materials, it is necessary to take into account the individual characteristics of
the surfaces. The material was studied using modern methods of fractal analysis, which make it
possible to determine the key parameters of the surface structure. For the study, photographs of the
shell limestone surfaces were obtained using electronic macrophotography, which were then
processed in the Guiddion software environment, designed for research in the field of scanning
probe microscopy. Modern analysis algorithms were used, including image filtering, calculation of
fractal dimension and construction of autocorrelation functions. This made it possible to estimate
surface parameters such as roughness, texture and fractal properties. Several methods have been
selected to determine the fractal dimension, which is an important task in analyzing structures such
as reliefs, textures, and functional surfaces. Fractal analysis of shell limestone images was
performed using several measurement algorithms — cube counting methods, triangular prisms,
power spectrum, and separation (variational). The used method for assessing the state of the shell
limestone surface structure allows for the selection of restoration materials with the required
physical, chemical, rheological, and strength properties. The proposed approach can be used to
adapt restoration compositions to porous substrates in various architectural and historical
monuments.

Keywords: fractal analysis, shell limestone, restoration compositions, adaptation, structure,
surface, porous materials, substrate.

Introduction. One of the important tasks of construction materials science, especially
relevant in cities — centers of historical, cultural and architectural heritage, is to obtain restoration
compositions with an optimal set of performance characteristics: adhesive strength, the ability to set
and form a composite layer of sufficient strength with low shrinkage, high vapor permeability,
preventing moisture accumulation and freezing in winter. In addition, such composite materials are
required to have maximum compatibility in terms of basic chemical properties and physical
parameters — the material must be maximally adapted to the surface of the base. A common
building material that was used in architectural monuments — historical buildings in Italy, France,
Greece, Ukraine, etc. is a local material — shell limestone. This porous sedimentary rock is widely
used in architecture, especially in regions with abundant marine sediments. Despite its aesthetic
appeal and environmental benefits, the low mechanical strength of shell limestone and its high
susceptibility to weathering pose significant challenges in ensuring the durability of buildings and
structures made from this stone. Therefore, over time, historical buildings need restoration,
reconstruction and preservation, and the choice of composite materials used is a pressing issue in
these processes.

Careful selection of compositions of restoration composite materials for shell limestone
buildings requires special approaches. The main task of such composites is to strengthen structural
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elements while preserving their authenticity and historical value. At the same time, restoration
compositions should have good adhesion to the base material (substrate) while maintaining physical
and aesthetic integrity over time, that is, ensure sufficient adhesion of the composite and the
substrate — shell limestone. The development of methods for selecting optimal compositions of such
composite materials to ensure the main performance characteristics is an important and urgent task.
A rational approach to the selection of such compositions is a multifaceted and multi-criteria task,
in the solution of which an important aspect is related to the study of the surface structure of the
substrate to ensure maximum adaptation of restoration composites to the base material.

Analysis of recent research and publications. The main requirement for restoration
materials when restoring stone surfaces is to ensure maximum compliance and authenticity both in
appearance and in chemical composition, physical and operational properties [1, 2]. Therefore, it is
necessary to conduct a thorough chemical and physicochemical analysis of the material being
restored, in particular, its surface, for an informed decision when determining the restoration
composition.

It should be noted that when restoring the surfaces of stone materials, it is necessary to form a thin
intermediate layer, which ensures maximum adaptation of the main volume of the composite material to
the restored surface [3]. In this case, conditions are created for even greater adaptation of the main
volume of the restoration composite. Therefore, it is important to ensure contact of high adhesive
strength between the intermediate restoration layer and the stone, for example, shell limestone, taking
into account the high degree of structural heterogeneity of its surface.

A prerequisite for the manifestation of high adhesive characteristics is the ability of the
adhesive to fill the main elements of the surface structure — pores of all types, irregularities, surface
roughness, cracks and fissures [4]. At the same time, to obtain high adhesive strength of the
"adhesive-substrate” contact, it is necessary to ensure the maximum contact area of the base
material and the restoration composite. It should be noted that it is necessary to take into account
the individuality of the structure of each specific restored area of shell limestone [5] when solving
such problems.

The study of the surface structure of restored products, in particular shell limestone, is of
interest for the targeted selection of a primer intermediate composition, as well as a restoration
composite, in order to ensure chemical, physical and structural compatibility with the porous
irregular surface of the shell limestone and adaptation to it.

Fractal geometry as one of the approaches to the description of complex surfaces has been
widely used in the study of natural and artificial materials [6-8]. Shell limestone, which is a porous
sedimentary rock, exhibits a multi-level structure that is well described by fractal models [9].

It should be noted that there are several types of display and study of fractal-like objects [10].
Often, a boundary or edge fractal is studied, determined by the nature of the boundary surface of the
structure being studied. Another option for studying self-similar structures is their representation by
a mass fractal associated with the distribution of particles with a certain mass index in space. The
micrographs of materials studied in this case are fractal surfaces, the third coordinate of which
corresponds to the intensity of the corresponding pixels in the electronic image. Determining the
fractal dimensions of surfaces, where intensity acts as the third coordinate, is an important task in
the analysis of structures such as reliefs, textures and functional surfaces.

Let us consider some methods for determining fractal dimension in image analysis.

The Box-counting method [11] is designed to estimate the fractal dimension of images
considered as three-dimensional surfaces, where the brightness of each pixel is interpreted as
height. This approach is useful for analyzing structural properties of complex surfaces, such as
roughness or porosity, and relates them to scaling characteristics.

The method is represented by the following algorithm. A two-dimensional image of size
M xM converted to three-dimensional space (X, Yy, z), where (X, y) — pixel coordinates, z — pixel
brightness level. The image base is divided into a uniform grid with a step s, where is the cell size
SxS is selected so that M / 2 > s > 1. Above each cell, a column is constructed consisting of
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parallelepipeds with a height calculated from the ratio C_ M, where C — number of gradations of
s, S

z

image brightness.
For each cell the parameter is calculated n.(i, j)=z,, —2,, +Lwhere z _ and z . -

maximum and minimum brightness in the current cell. Next, summing up the values n.(i, j) for all

grid cells, get the number of filled cells for the current size s. For different values of s, calculate N,
which allow you to build a dependency log (Ns) from log(s). The slope of the regression curve is
used to determine the fractal dimension D =—tan(«), where « — slope angle of a linear section on a

graph log (Ns) from log(s). The fractal dimension is determined by the formula (1):
D = —lim 129N (1)
—0 logt

The triangulation (triangular prism) method [12] is used to calculate the fractal dimension of
complex surfaces by analyzing the dependence of the surface area on the grid step size. It starts with
representing the surface as an image, where the brightness of each pixel is interpreted as the height
at the corresponding point. The image is covered with a grid with a step size s, each cell of which
includes four points forming a base. For each cell, two diagonals are drawn, the intersection of
which defines the central point. The height of this point is calculated as the arithmetic mean of the
heights of all four nodes of the cell. Next, four triangles are formed from the cell points, which form
the upper part of a polyhedron approximately corresponding to the real topography of the surface.
For each triangle, the area is calculated using the standard vector formula through two of its edges.
The total area of all triangles gives an estimate of the surface area for a given cell. This process is
repeated for all cells of the grid, and the final sum of the areas serves as an estimate of the surface
area of the image for a given step size. To calculate the fractal dimension, the method is repeated
with different values of s, and the dependence of the surface area on the step is recorded. A
logarithmic dependence of the area on the step, known as the Richardson curve, is constructed
based on the data obtained. The slope of this dependence on the linear section corresponds to the
parameter B, from which the fractal dimension is calculated using the formula D = 2 — B. Thus, the
triangular prism method allows for an accurate assessment of the fractal characteristics of complex
surfaces, for example, to analyze the porosity or roughness of materials.

The idea of the variational method [13] for determining the fractal dimension is to estimate
the degree of change of the surface depending on the sample scale by calculating the variational
measure V(r). For this purpose, the surface is divided into cells with a linear size r. For each cell,
the deviation of the intensity values z = f(x, y) from the average value in the cell is calculated (2):

V(= |f(xy)-f| (2)

cell

Change the scale r and repeat the calculations, then plot the dependence graph log V(r) from
log r. The fractal dimension is calculated using the formula (3):
D=Iim{3—|09v(r)j. 3)
r—0 |og r
The Power Spectrum Method [14] is based on the analysis of the power spectral density S(k)

of the surface at spatial frequency k. To do this, the following successive steps are carried out:
1. Calculate the two-dimensional Fourier transform of a surface f(x, y) (4):

F(kek,) =[] £ y)e " dxay. (4)
2. Determine the power spectral density (5):
S(k) 4 F(k,.k,) I, (%)

from k = /k; +k; .

3. Build a dependency log S(k) from log k.
4. Calculate the fractal dimension using the formula (6):
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_1-F
D=—", (6)

where S — slope of the linear section of the graph log S(k) from log k.

The methods discussed above allow us to evaluate the fractal properties of shell limestone
surfaces, which are the basis for the next stage of rational selection of the composition of restoration
materials. Their use in the study provides a comprehensive approach to the analysis of the cellular
structure, taking into account the multi-level nature and uniqueness of each sample. Thus, Box
counting and Power Spectrum are effective for integral assessment, while Triangulation and
Partitioning are better suited for local analysis. This allows us to combine average characteristics
with local features, which meets the challenges of developing optimal compositions of composite
materials for restoration.

The purpose of the work is to develop a non-destructive method for assessing the state of the
surface structure of shell limestone.

Materials and methods of research. A sample of shell limestone taken from the wall of a
one-story building being destroyed in Odessa was used as the source material. The surface of its
natural chip and cut was examined.

The research methods were based on obtaining photographs by electronic macrophotography
and their subsequent processing in the software environment of the Guiddion system, designed for
research in the field of scanning probe microscopy. In particular, filtration modules, fractal
dimension calculation and autocorrelation function were used.

Various methods of fractal analysis were used in the work: Box counting (cube counting
method), Triangulation (triangular prism method), Power Spectrum (power spectrum method),
Partitioning (variational).

Research results. The study is the primary stage of the materials science analysis of historical
materials with a porous structure for the further application of restoration methods to products made
from them, for example, structural elements of buildings of the cultural heritage of Odessa and
other cities. The main property of primers and restoration compositions is effective adhesive
interaction with the substrate, which requires an individual selection of the compositions of the
corresponding composites for each architectural restoration project. The compositions under
consideration should be distributed over the surface of the shell limestone in such a way as to
ensure the maximum contact area of the "adhesive-substrate”. Therefore, certain requirements are
imposed on the physicochemical, rheological characteristics, the nature of the distribution of
particles in the adhesive composition and its ability to effectively harden within a specified time.
The considered set of properties can be characterized as the ability to geometrically and physic
mechanically adapt the adhesive to the substrate.

An intermediate stage in the sequence of each restoration project is the assessment of the
condition and structure of the surface being restored. Such an assessment can be carried out using
several methods, one of which (fractal analysis) has an obvious physical meaning and is associated
with the characteristic self-similar properties of the porous materials being restored. In terms
familiar to restoration specialists, the determined fractal dimension Df describes the degree of
structural heterogeneity (relief, jaggedness and roughness) of the surface: the greater the value of Df
— 2, the more pronounced are the corresponding geometric properties. Fractal analysis allows for a
quantitative assessment and differentiation of the considered structural characteristics of samples of
visually similar surfaces. In the future, the obtained values of fractal characteristics will allow for an
indirect characterization of the requirements for primers and restoration compounds.

The effectiveness of intermediate primers can be studied from a geometric point of view,
namely, by assessing how effectively the surfaces under study are “smoothed” when they are used.
Thus, for effective primers, the difference in fractal dimensions of the initial and processed

surfaces, D™ — D/, should be maximum with the necessary consideration of additional conditions

and restrictions, which can be a criterion for choosing a composition from several. It is also
necessary to note the adaptive nature of the interaction during the formation of the considered types
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of adhesive contacts.

Thus, the adhesive composition of the required properties can be approximately selected
based on knowledge of the fractal dimension of the substrate, which, together with the Richardson
curves, which also characterize multifractal properties [7, 15], can be determined based on the
results of processing the images of the material.

In our work, the calculation of fractal characteristics was implemented using the Guiddion
program, designed for processing images obtained on nano-technological instruments — scanning
probe microscopes. However, the internal functionality is also well suited for analyzing images of a
conventional nature.

For the analysis, images of shell limestone chips from different areas of the same sample
stone were selected (Fig. 1).

f* M ff ' :

,"v"" “§ £ 100 i
Fig. 1. Photo of the surface of shell limestone: a — section 1; b — section 2

The image was converted to grayscale and subjected to median filtering. After that, the above-
described algorithms and methods of fractal analysis were applied. As a result of stepwise change of
the cell scale or similar steps, mappings equivalent to Richardson curves were obtained. A linear
approximation was constructed for the corresponding methods.

The results of the study and the corresponding values of fractal dimensions are given in Table 1.

The obtained data allow us to approximately characterize the degree of structural
heterogeneity of the studied samples. Each of the values obtained as a result of fractal analysis
(fractal dimension 2.69 and 2.55) indicate a significant difference between the shell limestone
surface and classical mathematical surfaces, which allows us to draw a conclusion about the three-
dimensional structure of the studied surfaces. Differences in fractal dimensions indicate different
degrees and nature of structural heterogeneities of the surface of the analyzed material even within
the same sample. Shell limestone, being a sedimentary rock, was formed and transformed under
different physical conditions — significant gradients of flows and concentrations of mineral
components, which could be the reason for the differentiated nature of the structural organization.

The requirement for the primer and main restoration composition to ensure maximum contact

with the restored surface can be represented by the following geometric condition. Let's consider
the "excess" fractal dimension AD:***" equal to the fractional part of the corresponding number

(for example, 0.69 for a fractal dimension of 2.69). Then the corresponding composition will
geometrically adapt to the surface, filling pores and voids until its "excess" fractal dimension

complements the "excess" fractal dimension of the material. AD:*"*" up to 1, which corresponds to
the expression (7):
b dhesi
AD:U strat+AD?. eSIVz 1 (7)
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Table 1 — Results of fractal analysis of shell limestone images
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Power spectrum: 2,58 Power spectrum: 2,25
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Strict equality in this case corresponds to the formation of an ideal adhesive contact, which
forms a three-dimensional structure together with the substrate and the adhesive. In this case, the
structural heterogeneity on the surface of the primer layer decreases. Approaching the ratio (7) is an
example of the adaptation of the adhesive to the geometric structure of the surface of the porous
material.

Conclusions. Thus, in the work, a non-destructive method for assessing the state of the
surface structure of shell limestone was substantiated and applied based on the fractal
characteristics obtained by appropriate processing of images of this surface. The obtained values of
the fractal dimension for different areas of the surface indicate its significant structural
heterogeneity. Quantitative results of the fractal analysis can be used to select the composition of
the primer layer, and subsequently the main restoration composite, with the required structural
parameters, as well as physicochemical and rheological properties.
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AHoOTamiA. Y CTaTTi 3aIpONOHOBAHO METOJI OI[IHKM CTaHy CTPYKTYpPH IMOBEPXHI KaMEHIO-
yepenamHuka. Sk JochiKyBaHUN MaTepial JIsl aHali3y OBEPXHEBUX XapaKTEPUCTUK CTPYKTYpHU
BUKOPUCTAaHO YEpEeNalIHuK, B3ATHHA 31 CTIHM OJHOIOBEPXOBOI OYaiBIi, IO PYHHYETHCS, B MICTI
Opeca. CTpyKTYpHI XapakTEpUCTUKU YEpEeIaliHUKa CYTTEBO BApIIOIOTHCS HABITh Yy MEXaX OJIHOTO
mapy, TOMy s 3a0e3nedeHHs HaAiiHOi anresii pecraBpaliiHUX MaTepiamiB HEOOXiTHO
BpaxoOBYBaTH 1HJMBIAyallbHI OCOOJMBOCTI MOBEpXOHb. Marepiana IOCTIKEHO 3 BHKOPUCTAHHIM
CYy4acCHHUX METOJIB (ppakTaJbHOTO aHaNli3y, IIO0 JO3BOJIIOTH BHU3HAYMTH KIIOYOBI MapaMeTpu
CTPYKTypH moBepxHi. Jlns mocnimxkenHas Oyau orpumani GoTtorpadii moBepxoHb YepemnanrHuka 3a
JOTIOMOTOI0 €JIEKTPOHHOT MakKpO3HOMKH, sKi MOTIM OOpOOJIsUIHCS B TMPOTPAaMHOMY CEpEIOBHIII
cucremu Guiddion, mpu3HA4YEHOTO ISl JOCTIIKEHb B 00JACTI 30HJ0BOI CKaHYIOUOi MIKPOCKOMII.
Bynu 3acTocoBaHi Cy4acHi alrOpUTMH aHAJi3y, BKIIOYAIOUX (igbTpaliio 300pakeHb, pO3paxyHOK
dbpakTaibHOT PO3MIPHOCTI Ta MOOYIOBY aBTOKopensumiHux Qyukuii. lle go3BonmMiIo ouwiHUTH
napaMeTpH MOBEPXHI, TaKi SIK HIOPCTKICTh, TEKCTypa Ta (PpakTaybHi BIACTHBOCTI. J{J1s1 BU3HAYEHHS
(bpakTalbHOI PO3MIPHOCTI, 110 € BaXJIMBUM 3aBJaHHAM IPH aHATi31 CTPYKTYp, TAKUX 5K penbedu,
TEeKCTYypH Ta (YHKIIOHATBHI TOBEpXHi, MigiOpaHo aekiTbka MeroaiB. DpakTaabHHI aHaIi3
300pakeHb YeperanHiKa POBOIUBCS 3 BUKOPUCTAHHSAM KiJIbKOX aJITOPUTMIB BUMIPIB — METO/IIB
paxyHKy KyOiB, TPHUKYTHHX TpH3M, CHEKTpa TMOTY)XHOCTi, TMOAUTY (BapiamiifHOTO).
BukopuctoByBaHa MeTOAMKAa OIIHKK CTaHy IMOBEPXHI KaMEHIO-YeperalniHhKa J03BOJIAE€ HaJami
3a0e3MeunTH MOXKIIUBICTD MMiI00PY MaTepialliB Uit pecTaBpailii 3 HeoOXiTHUMH (Pi3UKO-XIMIYHUMH,
PEOJIOTIYHUMH Ta BIACTUBOCTSIMH MillHOCTI. [IpononoBanuii miaxigq Moxke OyTH BUKOPUCTAHUM AJis
ajanranii pectaBpallifHUX CKJIaJiB A0 MOPUCTUX OCHOB Y PI3HHUX apXITEKTYpHHUX Ta ICTOPUYHHX
nam'saTKax.

KurouoBi cioBa: ¢paxktanbHu aHami3, depenaniHuK, pecTaBpalliiHi CKJIaJH, aJarTailis,
CTPYKTYpa, OBEPXHsl, MOPUCTI MaTepiayu, cyOcTpar.
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