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Abstract. The issue of developing the model-based tools for monitoring, assessing, and forecasting safe natural and techno-
logical states of hydraulic structures, including slope structures of tailings dams, is one of the topical problems. The models repre-
sented in regulatory documents that establish requirements for the design, construction, and operation of hydraulic structures are
primarily based on semi-empirical limit state models for calculating permissible stability parameters of dams. At the same time, mod-
ern international practice shows that in the design and operation of hydraulic structures, models based on the theory of deformable
solid bodies combined with the finite element method are most commonly used.

The purpose of this work is to develop a multiplicative mathematical model for determining the sensitivity of the dam’s stability
function to variations in its structural parameters and the physical-mechanical properties of its components using the method of
successive iterative approximation.

In the course of the study, during model development, the approximation of the stability coefficient was carried out in a multipli-
cative form, where the components of the product are power functions, each depending only on a single parameter. The sensitivity to
parameter variation was determined by the exponent indicators of these functions. The approximation coefficient, or multiplier,
served as a free parameter that regulated the adequacy of the model parameters at the forecast point during the extrapolation pro-
cedure. The input data for obtaining the approximation model of the stability factor of slope structures were generated through a
series of numerical experiments based on the geomechanical characteristics of a real object — the internal dam of a tailings storage
facility.

The scientific results of the study are as follows: the construction of a model for the stability safety factor based on the method
of successive approximation (SAM), which made it possible not only to obtain an analytical form of the criterion in the neighbourhood
of a point but also to extend the solution to the entire domain of the function, with errors not exceeding values acceptable for applied
geomechanics problems; and the formulation of a hypothesis regarding the availability of a representation of functions in the form of
a product of functions, each depending on a single parameter. It has been established that through the synthesis of the SAM and
computer-based experimental studies, it is possible to obtain families of deterministic multiplicative mathematical models of various
types of objects.

The practical results of the study include a derived formula for determining a stability safety factor of slope systems in tailings
dam structures, which allows for an approximate assessment of the risks of stability loss due to variations in parameter values.

Keywords: numerical experiment, sensitivity theory, variation of the parameters, approximation of a function, approximate
evaluation, low error, tailings storage facility, geomechanical stability of the dam.

1. Introduction

Storage facilities for wet enrichment or production waste (tailings, slag, ash, and
sludge storage facilities) are hazardous, high-risk hydraulic structures. The main
structural elements ensuring the safe operation of a tailings storage facility are the
protective external and internal dams. The external dams ensure technogenic safety
for the environment, while the internal dams primarily perform technological func-
tions [1]. The safety of a dam during its exploitation period is determined by the ge-
omechanical stability of the structure’s slope systems. Currently, within the opera-
tional and on-site monitoring systems of tailings storage facilities, there are practical-
ly no universally accepted methods for assessing and forecasting the stability condi-
tion of slope systems. Despite numerous recommendations in regulatory documents
concerning the monitoring and operation of dams, there is no standard document that
defines methods for calculating permissible loads and deformations in hydraulic
structures. At the same time, the performance of technological, comprehensive moni-
toring activities and preliminary scientific and engineering assessments requires fast-
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acting, compact models for the real-time assessment of the condition of slope struc-
tures, which underlines the relevance and importance of this research direction.

A milestone in conducting experimental research is choosing an appropriate
mathematical model to describe the study process. There are relatively few types of
analytical models: additive or multiplicative. The multiplicative form of the model is
the most widely used. This form is the most convenient because the components of
the product can be functions of various types. However, when selecting a multiplica-
tive model, there is one significant difficulty, i.e., the uncertainty of the approxima-
tion coefficient, or multiplier. Due to the unclear nature of its determination, this co-
efficient is sometimes referred to as the “coefficient of ignorance”. The adequacy of
the model in representing the real process; and even more importantly, the adequacy
of the parameters at the forecast point during extrapolation depends on its correct se-
lection. To determine the optimal operating modes of technical systems and to assess
the risks of exceeding permissible performance limits, it is necessary to evaluate the
influence of individual parameters on the quality function of their operation.

Thus, for deterministic mathematical models (MM), the influence of parameters
can be determined using the methods of sensitivity theory (ST). However, due to the
considerable complexity of such analyses, sensitivity theory has not yet found wide
application in engineering practice. We propose to apply the approximation of the
quality criterion (instead of using ST directly) to determine sensitivity in technical
applications. If the approximation of the selected criterion is performed in multiplica-
tive form, where the components of the product are power functions, each depending
on a single parameter, then the exponents can be used to approximately determine the
sensitivity of the criterion to the parameter variations. The greater the exponent, the
stronger the influence of that parameter on the criterion. Thus, it becomes possible
not only to obtain an approximate assessment of the parameters’ influence on the cri-
terion itself but also to make conclusions about the risk of the system exceeding its
permissible limits. The successful experience of applying the successive approxima-
tion method (SAM) in the problems of applied mechanics makes it possible not only
to obtain the analytical form of a criterion in the neighbourhood of a point but also to
extend the solution across the entire domain of the function. The errors associated
with such an extension generally do not exceed 5—7%, which is sufficient for most
applied geomechanical problems. The accuracy of the criterion determination can be
increased to the required level by narrowing the range of parameter variation, i.e., by
limiting the intervals of parameter changes.

2. Methods

As a base method for calculating the geomechanical stability of slope systems in
hydraulic structures, one of the classical limit equilibrium methods can be proposed,
such as those developed by Fellenius, Janbu, Bishop, Fisenko, and others [2,3], or
more precise methods based on the theory of deformable solid bodies [4-6]. Current-
ly, with the advancement of computational tools, classical limit equilibrium methods
are increasingly being replaced by or combined with higher-accuracy methods.
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In this study, we selected a base method of higher accuracy, combined with the
finite element method (FEM). The effectiveness of such methods for dam stability
calculations has been confirmed by numerous recent studies [7-10].

The mathematical model for the study should ensure a certain level of accuracy
while approximating of the detailed large-scale models of complex systems. There-
fore, the idea emerged to construct a simplified multiplicative model for determining
the safety factor of a slope system in a hydraulic structure. This model combines the
theory of deformable solid bodies, solved using FEM, with the SAM and sensitivity
theory.

The goal of the work is to develop an analytical formula to determine the sensitiv-
ity of the dam’s stability function to the variations in its structural parameters and the
physical-mechanical properties of its components, using SAM.

3. Theoretical part
One of the major challenges in studying complex systems is to obtain reliable
models of parameters {xl, Xosen xq}‘ that describe the surface of performance char-

acteristics {yl, Vaser Vg } An active experiment implies the ability to actively influ-

ence the process being studied according to a pre-established plan. Active experi-
ments can be conducted on both physical and mathematical models. Most often, such
models are represented as a black box [11] (see Fig. 1).

g% Model L.y

Figurel - Diagram of the black box operation

To study the influence of the parameters of multifactor processes on the perfor-
mance indicators, multiplicative models of type (1) have been widely used

where Y 1s the outcome variable; fl (xl-) are some functions; x; are process variables;

n is dimension of the outcome variable space; and « is “ignorance coefficient”.

The advantages of such a model representation include a significant reduction in
the number of experiments required for its development. Indeed, instead of conduct-
ing experiments on a mesh of parameters, experiments must be performed only along
the lines formed by the intersection of the performance function surface with coordi-
nate planes parallel to the axes, passing through a certain point within the domain.
Moreover, multifactorial models allow for the accumulation of information as the
number of factors increases. This accumulation is achieved by changing and intro-
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ducing additional functions of the required factors. The previously collected infor-
mation in the form of single-factor dependencies remains in the process model. De-
spite these advantages, three significant drawbacks limit the widespread use of such
model representations:

1. The class of product functions must be defined based on the information avail-
able before conducting the experiment.

2. The procedure for determining coefficient «, often referred to as the “coeffi-
cient of ignorance,” remains undefined. It is most commonly found experimentally,
based on the equality of the resulting characteristic with a known value.

3. The error evaluation of the presented model is performed only by comparing it
with the experimental data and cannot be predicted in advance. This, in turn, leads to
uncertainty regarding the step sizes for the parameter variations, and thus the number
of experiments required.

Attempts to determine the “coefficient of ignorance” using the proposed formulas
have been unsuccessful [12-15]. It became clear that, for the correct determination of
this coefficient, it is necessary not to assign the form of the formula in advance, but to
derive its expression through the application of mathematical methods.

The importance of such representations of experimental data arises from the fact
that experiments can also include computational experiments. For example, the avail-
ability of software packages with advanced user interfaces based on the FEM and
boundary element methods (BEM) has significantly expanded the range of practical
problems that can be modelled and analysed. The results of studies on the processes
using numerical methods often provide functions of the required parameters, present-
ed in a tabular form. Based on these tables, graphical dependencies of the function on
any parameter are constructed. However, the problem of assessing the impact of pa-
rameters on the characteristics of the stress-strain state cannot be solved within the
scope of these software packages and remains a separate and complex problem.

For deterministic MM that are described by systems of differential equations
(DEs) and have analytical solutions, the influence of parameters can be determined
using sensitivity theory (ST) methods [12]. The part of ST related to studying the ef-
fect of parameter changes on the system’s characteristics is commonly called para-
metric sensitivity theory. In the sequel, the term sensitivity will refer to parametric
sensitivity [12].

Let's consider the process described by a system of differential equations. The
search for a complex control function proceeded according to the following scheme:

1) solve the system of differential equations and select the necessary solutions us-
ing a specific criterion;

2) investigate the continuity and stability of the solutions with respect to the pa-
rameter variations;

3) obtain the sensitivity equations (a generalized derivative of the selected solu-
tion to the initial system of differential equations generates the system of sensitivity
equations);

4) find the solutions (the sensitivity functions) of the sensitivity equations;
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5) study the stability of the sensitivity functions with respect to the parameter var-
iations; and

6) select from the set of sensitivity functions the ones that ensure the correct con-
trol of the system.

The represented scheme for selecting a control system for the process is not sim-
ple and requires significant effort, qualifications, and time to implement. Given the
significant advantages of the identified control systems, incremental application of
ST has expanded in the field of technical applications, including tasks related to the
mechanics of continuous media.

SAM allows for the approximate determination not only of the analytical form of
the model but also for assessing the response speed of the selected criterion to the
parameter variations. This enables an approximate evaluation of the influence of pro-
cess parameters [18,19].

For example, a comparison of the results from solving a classical problem of de-
termining the stress-strain state near a circular cross-section tunnel reinforced with
anchors using FEM in a mass of rock showed promising results [20].

The use of SAM for various problems of geotechnical mechanics has demonstrat-
ed its effectiveness in obtaining an approximate representation of functions in the
neighbourhood of a fixed point within the domain [6]. However, as practical experi-
ence with applying SAM to mechanical problems shows, the required functions ex-
hibit sufficient accuracy for engineering calculations across the entire parameter do-
main. The relative error increases as the solution approaches the boundary of the pa-
rameter definition range, but for most problems, it did not exceed 10%, which is en-
tirely acceptable for geotechnical engineering calculations. Solutions of the problems
of geotechnical mechanics using FEM methods are smooth, as well as the functions
that describe the stress state of the object.

Thus, the need arose to expand the application of SAM and attempt to use it for
modelling the stress-strain state in FEM-based problems of geotechnical mechanics.

The object of study is the tailings dam of heterogeneous construction (comprising
five horizontal layers of rock with different physical-mechanical properties), asym-
metric shape (with dam slopes varying from gentle to steep), and subjected to hydro-
static loading [21] (see Figure 2).

The task is solved in the context of plane strain formulation [4, 5].

Successful use of SAM in the problems of applied mechanics [22-24] demon-
strates that, although the function is determined around a fixed point, solutions to
practical problems can be extended across the entire domain of the function. The er-
rors in such a representation increase as the solution approaches the boundary of the
domain, but they do not exceed 5-7%. This level of accuracy is satisfactory for engi-
neering calculations in geotechnical mechanics, as the input data for these calcula-
tions are determined with the same level of precision. The accuracy can be increased
to the necessary level by narrowing the domain of parameter variation. Successful
application of SAM in practical applications has allowed for the generalization of the
research results and the formulation of a hypothesis about the availability of such a
representation for a wider range of problems.
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a, 1s slope angle, degree; a is crest width, m; b is base width, m; % is dam height, m;
H,=7 is water level on the left, m; H,,= 4 is water level on the right, m

Figure 2 - Scheme of the object model and its parameters

HYPOTHESIS: Let there exist scalar function F(X)= F(x;,x,,....x,) that 1s

bounded, well-defined, and continugls in a closed region D of scalar field P. Then,
for VM eD;Ve203U, (M ) cD in the neighbourhood of  point

M, (x{) ,xg ,xg ,...x,? ), function F(X)can be represented in the form:

|F(X)-¢(X)|<e,YMy eU, (M), (1)
Where U,(M,) is neighbourhood of the function;

¢(X):aé¢i(xi):§aigi(xi)a (2)

where a is coefficient of approximation; g, (x,) is functions of approximation for func-
tions @ (xl),(oz (xz),(03 (x3 )...qﬁn (xn) ; and ¢; 1s coefficients of approximation for
functions g; (xl-). Functions ¢, are defined as follows:
0.0 0).
o (xl) = F(xl,xz,x3 yeees X ),
0 0 0).
) (.X2) = F(xl 3 X0 5 X3 5eees Xy ),

0.0 0).
?3 (x3) :F(xl ,xz,x3,...xn), 3)

o, (xn) =F(x{),x(2),x§),...xn).

and a is coefficient of approximation determined according to the formula:



44  ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. No.175

s Ap

o= : 4

ﬁ%‘gi (x?)
i

F(x?,xg,xg,.. xo)

As evidenced by the experience of using the indicated approach of representing
function F(X)= F(x,x,,x,,..x,) in the neighbourhood of pointas, (x,x?,x?,..x?), for a
significant number of problems in geotechnical mechanics, it provides sufficient ac-
curacy for engineering calculations over the entire domain of D,

The algorithm for applying SAM can be presented as a sequence of the following
steps [13] (see Fig. 2):

0 0
X2 .o X,
Xy on —>0; =>{ X1 01}=> g
% Stud
X1, X3 ...X _ _
P EELSEEULIN y ——> 02 =>{ X 02} => g
.............................. object
0 0
B o A
x,,l-I—"Jb —>Pni :>{xm’; wni}:> &n

Figure 3 - Explanation of the algorithm application

Step 1. Select a point from the domain of the function
M: M()QO,XS,X_%),---: Xg) ME E)MO :M(x{),xgaxga"'ax}(’l))a (5)

where 7 i1s number of variables under consideration.

The selection depends on the qualifications of the researcher, or, in case of diffi-
culties with its selection, it is chosen using a simplified procedure at the centre of the
definition intervals.

Step 2. Define functions ¢, (xl),(oz (xz),...gﬂn (xn): 0} (xl) = F(xl,xg,...,x,?), and

9 (xy)= F(x?,x2,x§),...x2) 0 (X)) = F(x{),xg,...xn).

In other words, for function ¢, (xl) =F (xl,x(z),xg ,...,x,(l) ), only parameter x; is

variable, and all other coordinated or parameters remain constant, i.e., fixed at point
M, =M(x1 ,xg,xg,...,xg). It is similar for all functions (p,-(xl,...,xn), where n is
number of variables under consideration.

Step 3. Determine the form of functions g, (xl ), 2> (xz ), 23 (x3 ),...gn (xn ), which
are approximations for functions ¢; (xi ) .

Functions gl(xl),gz (xz),g3 (x3),...gn (xn) belong to the class of elementary
functions.



ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. No.175 45

Step 4. Determine ¢,(x,) according to the hypothesis, namely:

¢(X)=0(Hgl(xl), (6)
1.e., according to the formula (6):

¢1(X1):051g1(x1);

¢ (x1.x2) = 81 (1) 82 (x2); (7)

B, (x1,0,3) = .81 (1) 2 (%2)---& (%)

where p,a3,...a,, are coefficients of approximations.
Step 5. Define the function in the neighbourhood of point M, from the equality

F(x1,%0,X3,..%, ) = ¢( 51, X3, %3,..%,, ). (8)
Thus, we obtain the required representation of the function

F(Xla X5 X35000s Xn) ~ <P(X1a XD 5 X35000s Xn) = Osz<é’1(/‘f1)é»’2(X2 )"-gn(Xn)' )

The location of pointMy = M (xlo ,x(z) ,...,x?l ), M e Din the domain significantly
depends on its topology and therefore affects the way it is represented. The selection
of the point in the domain depends on prior knowledge of its characteristics and qual-
ifications of the researcher. In case of complex functions and no prior knowledge
about the behaviour of the response function, it is suggested to select the point in the
centre of the domain, i.e., to determine the coordinates using the formula:

x; =——, (10)

where a; and b; represent the start and end of the interval of the parameter x; variation.
Thus, we find the average value within the interval.

For our case, the intervals of variation are given in the Table 1.

The problem of calculating the stability coefficients of a dam subjected to hydro-
static pressure on its slopes is an important task in the field of land reclamation and
water storage. To solve such problems, there are specialized software products, most
of which are based on FEM. Without such mathematical tools, it is almost impossible
to calculate the stability coefficients. To perform operational analysis of the dam’s



46

ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. No.175

state, it would be ideal to estimate the risks of stability loss due to parameter varia-
tions and determine their effect on the stability coefficient K.

Table 1 - Intervals of value variations

Variables | Slope | Crest | Base | Dam Unit Angle of in- | Cohesion of | Modulus of
Xi angle | width | width | height | weight of | ternal layer the layer elasticity
Ols, a, b, h, a layer vy, friction 0, material c, E,
degree | m m m kN/m? degree kPa kPa
Minimum |y 5550 | g 15 11.4 5.4 7800
value a;
Maximum [ 6,50 | 140 | 46 21.3 27.6 51.2 25400
value b;
My 37.5 | 275 95 28 18.15 19.15 28.3 16600

This problem can be solved using the SAM described earlier. For convenience,
we will use the following algorithm.

The first step in the algorithm is to select a base point around which, as a result of
successive actions in the algorithm, the analytical formula will be derived. This for-
mula relates the stability coefficient as a function of the parameters, which character-
ize both the geometry of the dam and the other parameters needed to calculate its val-
ue. Figure 2 shows the main structural elements and parameters of the model describ-
ing the dam.

The parameters that define the magnitude of the stability coefficient as a function
of other parameters and characterize the base point are represented as follows:

Ky =K (o, 0%00,1°,6°,c", E°). (11)

Values of the output data are shown in Table 2.

Table 2 - Values of the output data of the base point
(XSO CZO bO hO ,YO eO CO
37.5 27.5 95 28 18.15 19.5 28.3

E°
16600

Parameters
Values

Taking into account that the model under study consists of 5 layers of rocks with
different properties, the values of 7/, 6°, ¢’, and E° were determined as the arithmetic
mean of the corresponding physicomechanical properties of the lithological compo-
nents of the rock mass (see Fig. 2):

+6, +0;+0,+05

b

0_Nntntrtrtys. o0 _6
5 ’ 5

Q_q+c2+%+c4+%.E0_lﬁ+E§+E§+E@+E5
5 T 5

/4
(12)

c
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The stability coefficient of the dam was calculated using specialized software
packages based on the finite element method. By conducting a series of calculations
of the stability reserve coefficients of the dam slopes with variations in all parame-
ters, a set of results was obtained, which subsequently served as input for the process
of successive approximation. Tables 3 and 4 show the most representative examples
of calculation results K, from the variation of the geometric parameter of dam height
h and the geomechanical parameter of cohesion c. The influence of variations in other
parameters of the object under study has a similar structure.

Table 3 Results of calculating the change in the safety factor of the dam slopes depending on the
variation of the dam height

Nv 1 2 3 4 5 6 7 8 9 10
h, m 10 14 18 22 26 30 34 38 42 46
K 224 1.57 1.25 1.11 0.97 0.81 0.67 | 0.61 0.6 0.58
K 3.89 2.49 1.41 1.12 0.98 0.79 0.63 | 0.54 0.43 0.36

Table 4. Results of calculating the change in the safety factor of the dam slopes depending on the
variation of the material cohesion of the dam layers c, kPa.

Nv c1 c2 C3 c4 Cs c? Ky
1 5 5 10 5 2 54 1.21
2 8.3333 8.8888 15.5555 15.5555 4.1111 10.4888 1.47
3 11.6666 12.7776 21.111 26.1111 6.2222 15.5777 1.72
4 14.9999 16.6664 26.6665 36.6667 8.3333 20.6666 1.97
5 18.3332 20.5552 32.222 472223 10.4444 25.7554 2.23
6 21.6665 24.444 37.7775 57.7779 12.5555 30.8443 2.46
7 24.9998 28.3328 43.333 68.3335 14.6666 35.9331 2.71
8 28.3331 32.2216 48.8885 78.8891 16.7777 41.022 2.95
9 31.6664 36.1104 54.444 89.4447 18.8888 46.1109 3.21
10 34.9997 39.9992 59.9995 100.0003 20.9999 51.1997 3.46

The symbols used in Tables 3 and 4 are as follows: Nv is the variant number;
K,; and K, are safety factors for the left and right slopes, respectively; and

c1,-..,C5 are the cohesion values for the respective layers of the rock mass.

4. Results and discussion

Perform the MM procedure using the selected parameters and following the hy-
pothesis procedure.
Obtain a set of function values using the set of formulas (3)

D (xl)a§02 (x2)°°"(pn (xn)'

Step 1.

In other words, for function ¢ (x;)=F (xl,xz ,X3

0.0

geee

,x,? ), the only variable is pa-

rameter x;, while all other coordinates or parameters remain constant, i.e., they are at

point

Mo =M (

0.0

0
X1 5 X2 3 X3 5000 Xy

).

1S

similar

for

all

functions
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) (xz),(p3 (x3 )...(pn (xn ), where n 1s the number of parameters being considered. The

mentioned data set is obtained using FEM with the step 2 recommendations of the
hypothesis.

ol (xl) = F(xl,xg,xg,...,x,?);

0 0 0}).
1) (Xz) = F(Xl s X0, X3 ,...,Xn),

(13)

o, (xn) = F(xlo,xg,xg,...,xn).

Step 2. This step is considered completed since we already have functions
?; (xi)-

Functions ¢;(ay),p2(a),03(b),04(h),0s5(7),0s(0),0:(c), and @s(E) were determined
from the variations of the dependent parameters as approximation formulas to calcu-
late the safety factor K,

wl(aS) :K(as’a0,b09h0370a90a00980);

(
(
(
7)=K(a).a’ 6% 1,7,6°,c° E°) (14)
(
(

Step 3. Set functions gl(xl), 2> (xz), 23 (x3),...gn (xn), being the approxima-
tions for function ¢; (xi ) , as power functions.

It should be noted that representing the approximating function as a power func-
tion can be justified by the small range of the original function, the use of the root-

mean-square deviation procedure, and the small errors in the absolute values of the
original function.
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16.7
gl (OCS)=K(as,a0>b09h0’7/0”90960’80) :W,
N

2.159

g (a)=K (ay,a,by,hy.70,60,¢0.€)) = 10,0054 ;

g3(b) K(aSOsaOabs%aﬂ/O’QO’cO’eO):1'07779b0‘120867;
18.4654

84(h):K(O‘so,aoaboah»VOﬁOaCO’eO): h0.92166;

15.15
g5 (7/) :K(“SOsaO:boah()a}/’g’cO’eO):W;

26(0) =K (050, a0,b0. 119, 70,0,¢0,€ ) = 0.58030%%;
87 (C) = K(as09a09b0=h097/09(90,0,€0) = 0.409600'5328;
88 (e) = K(as09a0»b09h0>70,490,6'0,€) = 1.99E0'0074,

49

(15)

For the representative parameter of dam height 4, an example of a combined
graph of K, approximation using one-dimensional functions ¢y (x4) and g4 (x4) is

shown in Fig. 4.

Kst \
0

1.5

‘\\

| f\._-...____'
10 13 20 23 30 35 40 43

h(s)

Fig.4 Combined graph of approximation K, by one-dimensional functions

P4 ( X4 ) and g4 (x4 ) for variable 4

Step 4. Define (X )according to step 1:

¢(xi):aégi(xi)
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or

#(a.a,b,h,7,0,c.e) = agy () g2 (a) g3 (b)gs (7)gs(7) g6 (0)g7(c)gs (E)

or
bO' 1208790.4800.5328E0.0074

#(as.a.b,h,y,0,c.e)=a 0.61557 _0.0054,0.92166_0.6685 ° (16)
o, a h 14

where & is coefficient of approximation.
Step 5. Determine the function in the neighbourhood of base point M, from the
approximate equation:

Ky (ag,a,b,h,y,0,c,E)~ ¢(ag,a,b,h,y,0,c,E) =
bO. 1208790.4800.5328E0.0074

. 347

=
ag.61 557610'0054/’10'921667/0'6685

Finally, obtain the required representation of K in in the following form:

b0'1208790'48 0.5328E0.0074
Ky = $(a,a,b,h,7,0,¢,E) <

a : (18)
001557 ;0.0054,0.92166 0,665

where & is coefficient of approximation, determined according to the formula:
K(ag,ao,bo,ho,70,HO,CO,EO)
g1(a°)22(a®) s (6 )2a (1 )25 (7 )26 (6° )27 (¢ ) s (£°)

for the selected base point & =30.7622.

It should be noted that the complexity of the problem under consideration re-
quired a slight correction in the determination of the approximation coefficient (19).
This allowed for improving the accuracy in obtaining the values of the stability coef-
ficient of dam faces.

A check for relative errors of the obtained formulas (19) in comparison with the
corresponding formulas presented in (15) showed that their magnitude does not ex-
ceed 5%.

Summary.

1. The studies conducted in determining the approximation coefficient o demon-
strated that the proposed formula for its determination (4) does not always provide
values that ensure minimal relative errors in the function determination.

o=

(19)
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2. Specifically difficulties in its determination arise when considering multi-
parameter problems. The task of determining the safety factor of the dam is exactly
this type of problem. It can be assumed that the topology of the functional surface has
a folded nature, i.e., it is far from smooth. Likely, this circumstance caused the diffi-
culties in determining the approximation coefficient value.

5. Conclusions

1. The results demonstrate the effectiveness of the proposed approach SAM to de-
termining MM in the form of analytical formulas.

2. The obtained formula for determining the stability coefficient using power
functions allows for a visual and approximate evaluation of the impact of variations
in specific parameters on its value.

3. The proposed formula for the stability coefficient of the dam slopes allows for
approximate assessment of the risks of the structure’s instability due to certain
changes in the parameter values.

4. It has been established that mathematical models can be obtained from a uni-
fied perspective through experimental research. Experimental research is understood
as both physical modelling and numerical modelling.

5. Any study that can be represented as a “black box” can use the proposed hy-
pothesis to obtain mathematical models in analytical form.
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NnoeYOOBA MYNbTUMNIKATUBHOI MATEMATUYHOI MOAESI TEOMEXAHIYHOI CTIMKOCTI AMB
XBOCTOCXOBWULLA METOAOM NMOCNIAOBHOI ANPOKCUMALII
Gabit K., IlapioHos I"., Psibko A., loeopyxa O., XKensizos T.

AHoTauisi. UTaHHS CTBOPEHHsI MOLENbHUX IHCTPYMEHTIB MOHITOPUHTY, OLiHKW Ta nporHo3y 6e3neyHoro npupoaHo-
TEXHOTEHHOrO CTaHy MiAPOTEXHIMHMX CMOPYA A0 AKMX HanexaTb YKICHi Copyau XBOCTOCXOBMLY, (fambu) € OfHiet 3 aKTyamnbHWX
npobnem. MNpefcTaBneHi y HOPMATMBHIX JOKYMEHTaX, WO BCTAHOBIIOWTL BUMOTM 4O NPOEKTyBaHHsI, OyaiBHULTBA Ta ekcnnyatauii
MoPOTEXHIYHMX CMIOPYA, MOMENi po3paxyHKy AONYCTUMMX MapamMeTpiB CTikocTi aamb 6asyloTbes Hacamnepen Ha HaniBeMMipUYHNX
MOZENSX FPaHUYHOrO CTaHy. Y TOW e Yac CyvacHWI CBITOBMIA JOCBIA NOKa3ye, WO Y NpakTULi NPOeKTyBaHHA Ta ekcnnyatauii rigpo-
TEXHIYHWX CMOPYA HanyacTille BUKOPUCTOBYIOTb MoZeni Teopii TBepaoro AecopMOBaHOro Tina y NOEAHaHHI 3 METOAOM CKIHYEHNX
€IIEMEHTIB.
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MeToto po6oTu € nobyfoBa MynbTUNMIKaTUBHOI MaTeMaTUYHOI MOZENi AN BU3HAYEHHS YyTNMBOCTI (OyHKLT CTiKoCTi Jambu
anpokcumaLlii.

Y npoueci pocnigxeHb npu po3pobui Moaeni anpokcMaLis KoedillieHTy CTINKOCTi 3AiMCHIOBaNach y MynbTUNIKaTUBHOMY BU-
rnsagi fe cknagosi 4oOyTKy € cTeneHeBi YHKLi, KOXHa 3 SIKUX 3aneXuTb NULWE Bif OOHOMO NapameTpy, YyTMBICTb 1Oro Ao Bapiauji
napameTpiB BCTaHOBNIOBaNach 3a NOKa3HUKaMK CTENEHI0 (hyHKLA, koedilieHT anpokcumalii abo MynbTUNNIKaTop BUKOHYBAB POSb
BINbHOTO NapameTpy, LU0 perynioBaB afekBaTHICTb NapameTpiB TOYKM MPOrHO3Yy 3a BUKOHAHHS Npouesypu ekcTpanonswii. BxigHi
JaHi 4ns oTpUMaHHs Mogeni anpokcumalii koediLlieHTy 3anacy CTINKOCTi YKICHWUX Cnopya CTBOPHOBASIUCH CEPIED YNCENbHUX eKcne-
PVYMEHTIB Ha OCHOBI FeOMEXaHiYHNX XapaKTepPUCTUK peanbHOro 00’eKTY - BHYTPILHLOI JamMOK XBOCTOCXOBMLLA.

HaykoBuMM pesynbTaTamu JOCTiIKEHHS €: nobyaoBa Mogeni koedilieHTy 3anacy CTiikocTi Ha 6asi MeTogdy NocnigoBHOI anpo-
keumavyii (MMA), wo Jo3BONMMO He TiNbKvM OTPUMATK aHaniTUYHUIA BUMMAA, KPUTEPIO Y OKOMi TOUKW, ane i NPOLOBXMTY PILLEHHS Ha
BCIO 00nacTb BU3HAYEHHS (OyHKLi, 3 NOXWUOKaMK, L0 He NepeBULLYIOTb BENWUYMH JOCTATHIX ANS NpUKNagHUX 3agay reoMexaHiky;
ChopMOBaHy rinoTe3y NpO iCHyBaHHS NPeACTaBNEHHs (yHKUM y BUrNA4i 4OBYTKY (YHKLiNA, KOXHA 3 SKWX 3aneXuTb Big OQHOrO
napameTpa. BctaHoBneHo, Lo 3a gonoMoroto cuHTedy MINA Ta KOMM'OTEPHNX eKCnepUMeHTanbHUX JOCTIZXEeHb MOXHa OTPUMYBATK
ciMeincTBa AETEPMIHOBAHUX MyNbTUNMIKATUBHUX MaTEMaTUYHUX MOAENEN 06’ eKTIB pisHUX TUNIB.

[o npakTU4HMX pesynbTaTiB AOCHIMKEHHS HANeXuTb OTpUMaHa opmyna Ans BU3Ha4YeHHs KoediLieHTy 3anacy CTiNKOCTi ykic-
HWX CUCTEM Jamb XBOCTOCXOBMLL, Sika A03BOMSE HABNMKEHO OLHIOBATW PU3NKKM BTPATW CTIMKOCTI CNOPYAM Big 3MiHM 3Ha4eHb napa-
MeTpiB.

KntoyoBi cnoBa: uncenbHNUi eKCNepUMeHT, TEOpIs YYTAMBOCTI, BapiaLlis napameTpiB, anpokcuMais dyHKLji, HabnukeHa oui-
HKa, HU3bka Moxnbka, XBOCTOCXOBMLLE, FreOMEXaHIYHA CTilKiCTb Aamou.
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