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Abstract. Building structures undergo physical and moral deterioration over time, developing destructive processes that cause
visible and hidden defects, such as cracks, deformations, sagging, corrosion and oxidation of metal elements. Hidden defects are
particularly dangerous as they can cause sudden structural collapses if left undetected. While existing monitoring systems use
sensors for detection of hidden defects, processing incoming noisy signals, which consist of a useful component and noise, they
cannot effectively separate the noise from the useful signal component, even though analyzing these components individually
yields the most informative data. To address this, this paper introduces algorithms and technologies that separately calculate and
analyze the characteristics of the noise and useful signal components to detect hidden defects at their earliest stages. While
deviations in the useful component's estimates (such as variance, standard deviation, high-order moments, and distribution
functions) indicate benign structural changes caused by external environmental factors, variations in the noise characteristics
specifically signal the formation of physical defects. Integrating these algorithms into monitoring systems enables early damage
detection, prevents catastrophic emergencies. The study directly supports Sustainable Development Goals (SDG 9: Industry,
Innovation and Infrastructure, and SDG 11: Sustainable Cities and Communities).
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1. Introduction

During operation, building structures are exposed to various external factors, including mechanical, technogenic, climatic, and
seismic loads. Over time, these factors cause deformations, corrosion, and damage, which decrease structural and operational
quality. To avoid catastrophic failures and accidents, systematic control is required to assess the technical condition of these
buildings [1]. Consequently, monitoring systems are created [2] to prevent defects, detect damage at an early stage, increase safety
levels, and minimize accident risks. These monitoring systems typically integrate hardware and software tools designed to collect,
process, and analyze structural condition data [3].

To develop the monitoring system hardware, the required number and types of sensors must first be determined [4]. Each sensor
is strategically installed in informative locations to evaluate specific aspects of the building structure. For example, accelerometers
measure inclination and vibration; strain gauges monitor the deformation of structural elements; inclinometers track sagging and
tilt; and piezometers determine water pressure and groundwater levels [4]. The software of the monitoring system includes
algorithms and programs to process signals from the installed sensors. Typically, to control structural condition, the system
determines the average values, variances, standard deviations, high-order moments, and distribution laws for each incoming signal.
It also calculates the probabilities of signals falling within permissible intervals and determines other characteristics to compare
against regulatory reference values. This process allows the system to control tilt, sagging, crack opening widths, building
foundation yields, reinforcement stress, vibrations, humidity, and temperature [5].

However, sensor signals contain inseparable mixtures of useful data and noise, with early-stage structural deformations like
cracks and corrosion characterized by distinct, separate attributes for each component. Consequently, proposed algorithms
calculate these individual components to assess the technical condition of building structures.

2. Problem Statement

Traditionally, structural health monitoring systems analyze sensor signals to control the technical condition of building
structures by calculating for each signal G(t) the mean value m,, variance D, standard deviation o;, moments g, of order g
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are calculated, as well as constructing the normal distribution function N(g) [5]:
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The normal distribution function N(g) is characterized by inflection points:
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which indicate the curvature change of the probability density function and lie one standard deviation o, from the mathematical
expectation m.. These points define the probability P(mG —0, <G(t)<mg + (TG) of the noisy signal falling within the most probable
interval m; — o, <G(t) <m; + o;, which serves as a metric to monitor structural health.

In addition, to determine the probability of the noisy signal G(t) taking the mean value m;, we calculate the maximum of the
normal distribution density function N(g) of the noisy signal G(t), which is located at the point m, :

1
o2 (8)

The mean m,_,;, variance D, ,, standard deviation o, ,, moments y,, , of order g, distribution function N(g),, inflection
points Al; ,, A2, maximum N(g=m;), of the normal distribution density function calculated at each time instant t; are
compared against their reference values m; ., Dg 10 0c 100 Hogtor N(9)o» Alcior A2 100 N(g=mg),. If the differences exceed
certain threshold values:
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it indicates tangible changes in the structural condition. However, these changes can occur for two reasons: (1) variations in
external influences, or (2) the development of defects and faults.

Existing monitoring algorithms and software cannot distinguish between these two causes. Furthermore, traditional algorithms
only detect explicit defects once conditions (9) to (13) are met, whereas the primary function of a monitoring system is early defect
detection during the latent period.

The studies [6, 7] show that effective, continuous structural monitoring requires calculating the characteristics of the noise
E(t), the noisy signal G(t)=X(t)+ E(t) itself:
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and the useful component X(t):
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Thus, G(t), X(t), E(t) are stationary ergodic signals and have normal distribution law [8, 9] and m; =0.
Below, we present a method for calculating the characteristics of the useful component X(t) and the noise E(t) from an
inseparable signal G(t), demonstrating their application for early-stage structural health monitoring.

3. Algorithms for Calculating the Noise Characteristics

It is shown in [10-12] that the variance and standard deviation of the noise E(t) can be calculated using the expression for the
autocorrelation function Ry (u):
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D =R (O) — 2Ry (At} +Rge (ZAt)’ (24)

\/RGG 2RGG At)4»RGG (ZAt)
_1.
5 26 (At )G((i + ) At) (25)
1:1
G(iAt) = G(iAt) —

The normal distribution density function of the noise E(t) and its inflection points can then be determined using the following
formula [13, 14]:

1 (26)

(27)
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These inflection points determine whether the noise in the interval m; —o; <E(t)<m; + o, takes values unacceptable for the
normal functioning of building structures with a high probability P(mE —op <E(t)<m, +gg) [15]. This assessment reveals the
severity of the defect and the intensity of its development.

The maximum of the normal distribution density function N*(e) of the noise E(t) of the noisy signal G(t), which is located at
the point m, =0, is calculated by the expression:

og \]/-Z (28)

and allows determining the probability of the noise taking the average value m, =0.

Alow probability indicates a high likelihood the noise mean deviates from the baseline condition m, =0, suggesting a potential
shift from a normal distribution due to structural faults.

Higher-order moments of the noise E(t) are calculated as follows:

N'(s=0)=

ig= [ (E=m )N (e)de,
- (29)
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3.1. Algorithms for calculating the characteristics of the useful component
To calculate the characteristics of the useful component, let us take into account [8, 9]:
my =mg, (30)

since mg =my +m,, m; =0,

Dy =D, —2r;, —Dj,

(31)
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where the correlation coefficient between X(t) and E(t):
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where R{;(u) is the relay correlation function of G(t):
R (1) ngnG 1At)G((i +p)At),
(33)

+1if G(iat) > 0
sgnG(iAt) =1 0if G(iAt) =0,
~1if G(iAt) <0
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which allow determining the probability P(mX —oy <X(t)<my + a;) of the useful signal taking the regulatory values; the value of
this probability determines the extent of the external impact changing the values of the parameters of normal operation without
causing structural harm.

The maximum of the normal distribution density function N*(x) of the useful signal X(t) of the noisy signal G(t), which is
located at the point m,, is calculated using the expression:

1
oxN2m

and allows determining the probability of the useful signal X(t) taking the average value m,. A low probability implies that the
external influence has changed the course of the normal process.
Formula for calculating high-order moments of the useful signal X(t) is:

N'(x=my)=

+00

g = [ (x=my ) N (x)dx (35)
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or,
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4. Experimental Validation

Analytical expressions (24) to (29) and (31) to (35) were verified via MATLAB numerical simulations and tested on various
technical objects [8-11, 16-20]. The results were validated and published in several papers, including [16].

For the numerical simulations, useful signals X(t) were generated as a sum of harmonic oscillations with random coefficients
a,, b, and phases ¢, ¢..., ¢ [9, 11, 17]:
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A normally distributed noise E(t) with varying distribution parameters m; ~0, o, Was generated using a random number
generator. This generated noise E(t) was treated as the true noise. The noisy signals G(iAt) = X(iAt) + E(iAt) were then generated.

Next, noise and useful signal characteristics were calculated using traditional formulas (14) to (18), (19) to (23) and the methods
proposed in (24) to (29), (30) to (35). A comparative analysis was then performed by calculating the relative errors [9, 11, 17]:

- For noise characteristics:
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- For useful signal characteristics:

ADy =Dy — Dy
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AN(x:mx):‘N(x:mx)fN*(x: mx)‘/‘N(x:mx)‘-loo%,
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- For the correlation coefficient:
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Computational experiments yielded sufficiently small relative errors (1% - 6%), which is attributed to the following approximate
equalities [9, 11, 17]:
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Thus, the proposed algorithmic solutions were validated via computational experiments and via practical deployment of these
mathematical formulations into the operation of real-world technical systems, proving their validity and efficiency [8, 16, 18-20].

5. Technologies for Assessing the Technical Condition of Building Structures based on the
Characteristics of the Noise and the Useful Component

As noted above, structural condition changes result from either external influences or internal defects and malfunctions. When
external influences change, the characteristics of the useful component shift, while the noise E(t) remains uncorrelated with the
useful signal. Consequently, correlation coefficient (32) becomes zero:

Txe = 0. (36)

Therefore, to identify the nature of the structural condition change, the correlation coefficient ry, should be first calculated
using formula (32). If condition (36) is met, the characteristics of the useful signal X(t) are calculated using formulas (30) to (35).
The variance Dy ,;, standard deviation oy ;, moments uy, ; of order g, distribution function N*(x)., inflection points A1} ,,
A2 ,, maximum N*(x=my), of the N*(x) normal distribution density function calculated at each time instant t, are compared
against the reference values D .o, 0% 10, fixg 100 N'(X),5» Alx 100 A2y 1, N (x=my), obtained during training. If the differences

t0?
exceed some threshold values:

et — Di to| = Dx (37)
‘U;{—ti - U;(—to‘ 2 0% p (38)
Hig- — Hia 0] = Mg p» (39)

N (x)n‘ =N’ (x>t0’
Al;(—ti = Alﬁuo:

(40)
A2}, . = A2,

X-t0?

N (X = mX)ti =N (X = mX)tO’

it means that the characteristics of the useful signal have changed as a result of external influence. If these new characteristics of
the useful signal X(t), i.e., variance Dy ,, standard deviation oy ,, moments .y, , of the order g, distribution function N'(x),,

inflection points A1y ,, A2y ;, maximum N*(x=my), of the function N*(x) of the normal distribution density calculated at each

ti
time instant t; fall within regulatory limits, they are stored in the knowledge base as updated reference values.

5.1. Technologies for assessing the technical condition of building structures by the characteristics of the noise

Alternatively, structural condition changes can stem from internal defects and malfunctions, causing the correlation coefficient
Iy between the useful signal X(t) and the noise E(t) to become non-zero:

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-8 A\V'A



Using Technologies for Calculating the Noise Characteristics to Assess the Technical Condition of Building Structures 7

Ty =0 (41)

i.e., condition (36) is not met.

Then, noise characteristics (24) to (29) are calculated. The variance Dj ,, standard deviation o}, ;, moments gy, ,; of order g,
distribution function N*(e),, inflection points Al; ,, A2; ,, maximum N°(¢) of normal distribution density function
N*(e=my),, calculated at each time instant t;,, are compared against the reference values Dj .o, 0 10, tig 100 N (€),0 Al 100
A2} ., N*(e =m,),, obtained during training. If the differences exceed defined thresholds:

D}, — D | >D; (42)
o — b o] = by (43)

> g s (44)

. .
‘.“‘qun' — Hgg-to

N'(e)y = N'(€)yo> (45)

this indicates that the technical condition of the building structure has changed as a result of external factors and there are no
defects or malfunctions.

In this case, the information is transmitted to the control station to analyze the specific section of the building structure where
the signal originated.

Thus, based on relations (30) to (35) and (41) to (45), the technical condition of the building structures is classified as follows:
good - no damage or deformations, only minor, reparable defects exist; satisfactory — structural elements are generally operational
but require major repairs; unsatisfactory — operation is permitted only after significant major repairs are performed; dilapidated —
load-bearing structural elements are in a state of emergency.

6. Conclusion

The primary purpose of structural health monitoring is to detect defects, damages, and faults by collecting, analyzing, and
processing noisy sensor signals. The proposed algorithms and technologies successfully provide maintenance personnel with
critical data on the initiation and dynamics of malfunctions during the latent period of deformations, stresses, and defects.
Ultimately, implementing these methods enables operators to prevent catastrophic emergencies and structural failures.
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