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Abstract—It is noted that at the moment of initiation of
malfunctions in the structures of the tunnel, the noise of the noisy
signal coming from the corresponding sensor takes on critical
values that correlate with the useful signal. The authors develop
the algorithms for calculating the probability of admissible and
critical values of the noise of the noisy signal, the relay cross-
correlation function and the correlation coefficient between the
useful signal and the noise. Technologies are proposed for early
monitoring of the technical condition of tunnels by critical values
of the noise and for determining the dynamics of the development
of defects by the value of the correlation coefficient between the
useful signal and the noise of the noisy signal.
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I. INTRODUCTION

Tunnels are known to be an important part of modern
transport communication networks with heavy traffic. Tunnels
are typically built through both soft clay and hard rocks.
Therefore, they are subject to rock pressure, groundwater,
vibration shocks due to moving vehicles, etc. As a result,
deformations, cracks, corrosion, wear, breakdowns and other
malfunctions occur in the structures of the tunnels, which can
lead to an emergency state. To avoid this, it is necessary to
ensure its stability during construction of the tunnel and to
adequately manage the risks of accidents during operation.

Geodetic monitoring systems are created for uninterrupted
and safe operation of the tunnel. For this purpose, a system of
sensors gauging pressure, displacement, load on reinforcement
and anchors, crack opening sensors, inclinometers, etc. is
installed to measure, collect and process initial information.
Based on the results obtained, a conclusion is made on the
technical condition of the tunnel, the presence of defects and
the degree of their danger for the operation of vehicles, as well
as recommendations are given on how to eliminate the
malfunctions. [1-3].

However, the existing monitoring and control systems do
not allow detecting the early period of malfunctions in the
tunnels. This is especially important for countries of seismically
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active regions, when, after frequent weak earthquakes or minor
repeated landslides, microscopic changes in the technical
condition of the tunnel appear, which can subsequently lead to
serious damage. [1-4].

It is shown in [5-10] that in the normal technical condition
of the tunnel, the noisy signal that comes from the
corresponding sensor contains only the noise caused by the
influence of external factors. At the moment of formation of
even the smallest damage, additional noise appears, which
correlates with the useful component of the noisy signal.

Therefore, the problem arises of determining the early stage
of the initiation of a defect in the tunnels and the dynamics of
its development by calculating the probability of the values of
the noise getting into a certain critical interval, as well as the
characteristics of the correlation between the useful signal and
the noise.

II. PROBLEM STATEMENT

It is known that in practice, real signals are the sum of useful
signals X (t) and noises E (t) ,1.e.,

G(1)=X(t)+E(z). (1)
Because useful signals X (t) are contaminated with noise

E(t), tangible errors emerge in determining the estimates of

their correlation functions R, (p) .

Here, as shown in [1, 5-10], the sum noise E(l) is made
up of the noise E, (l‘) caused by external factors and the noise

E, (t) caused by the initiation of a defect during the operation

of objects, i.e.,

E(¢)=E, (¢)+ E,(¢). 2)
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Suppose that G(t ) is sampled stationary random signal
with a normal distribution law, consisting of the useful signal
X (t) and the noise E(l‘) with a zero mathematical

expectation 71 . Here, the formula for calculating the estimate

DG of the variance of the noisy signal G (t) is written as [1,5-
10]:

1 &
Dy =Ry (0)=—> G*(iAr)=
N3

=R, (0)+2RXE (0)+REE (0) 3)

Therefore, the error of the obtained result is equal to

Moo (L=0)=2R,; (0)+ Ry, (0)=Dy,

N

where R, (O) = %ZX(iAt)E(iAt) is the cross-
correlation function bet\l;é:en the useful signal and the noise;

Ry (0) = ﬁE(iAt)E(iAt) is the variance of the noise
i=1

E(t).

The formula for calculating the estimate of the correlation
function R (u) at i # 0 can also be written as [1,5-10]:

RGG(p)—%ic(im)(;((iw)m)—

=Ry (“)"'REX (M)"'RXE (“)+REE (“) @

Since Ryp ( ;,L) =0 at p # 0, the sum noise will be equal to

600 = {5 when i % 0- ©)
Hence the obvious inequality
R, (u);tRGG (u) (6)

For this reason, in practice, it is often impossible to ensure
the adequacy of the results of the problem being solved using

the estimate of R, (},L) , since in this case part of the valuable

information contained in the noise E(t) of the signal G(t)

is lost. In this regard, it is obvious that it is necessary to create
algorithms and technologies for determining the estimate of the

noise variance DE and the cross-correlation function

R, ( },l) between the useful signal and the noise.

At the same time, it is obvious [1,5-10] that the correlation
between X (t ) and E (t ) arises when the values of the noise

are a certain critical interval. It is known that the probability
P(O,SE(t)SB) of the noise E(t) being in a certain

interval [OL, ﬁ] can be calculated from the expression:

<IEEE

P(aSE(t)SB)z.?f(s)dS, (M

o

where [ (8) is the density distribution function of the noise

E(7).
Since in most cases the stationary ergodic noise obeys the

normal distribution law N (8, mg,Of ), and its mathematical

expectation 1 =0:

1 7(5717125)2
N(g)=——e 7 , (8)

CINGY

then the probability P (OL < E(t ) < B) can be calculated as
follows:

P(aSE(t)SB):j.N(a)dS. ©)

o

Below, we propose algorithms and technologies for
determining the early stage of the initiation of a defect in a
tunnel and the dynamics of its development as a result of
calculating the probability of the noise being in a certain critical

interval [oc, B] , as well as relay cross-correlation function and
correlation coefficient between the useful signal and the noise.
III. DEVELOPING ALGORITHMS FOR CALCULATING THE

PROBABILITY OF ADMISSIBLE AND CRITICAL VALUES OF THE
NOISE

From formula (7) it follows that to calculate the probability
of the noise being in a given interval, it is necessary to

determine the distribution density function N (8) . Obviously,
this requires calculating first of all the mean square deviation
Gy =+/D; of the noise E(¢). In works [1,15-10] it is
shown that the estimate of the mean square deviation G; of
the noise E(t) of the noisy signal G(t) for real technical

facilities can be calculated from the expression:

o} =y/R; (0)—2R, (A)+ R, (241).  (10)
In addition, in [1, 15-10], a formula is derived for

calculating the mean square deviation of the noise for the
special case when the noise is white noise:

o} =R (0)— R, (7). (11)

Then the density distribution function of the noise E(t),

taking into account the fact that the mathematical expectation

of the noise is m1 =0, will be determined from the
expression:

257 Baku, Azerbaijan



1 2(0':: )2

oi\2n
E

Obviously, the probability of the noise E(t ) being in

N'(e)= (12).

some interval [OL,B] can be determined from the expression:

B
P(a<E(t)<B)=[N'(ede. (3

o
Thus, knowing the probability with which the noise E (t)

takes admissible and critical values at different time instants, it
is possible to determine the early latent period of the initiation
of defects in a tunnel. The detection of the dynamics of
malfunction development also requires calculating the value of
the correlation coefficient between the critical values of the
noise and the useful signal. This will allow determining the
intensity of the emergency situation and prevent the occurrence
of accidents in a timely manner.

IV. ALGORITHMS AND TECHNOLOGIES FOR CALCULATING THE
RELAY CROSS-CORRELATION FUNCTION AND THE COEFFICIENT
OF CORRELATION BETWEEN THE USEFUL SIGNAL AND THE
NOISE

As shown above, during normal operation of the object, the
noise B (t) =E, (t) emerges due to random external factors,

which does not correlate with the useful signal X (t) .

However, at the beginning of the latent period of changes in the
technical condition of the object as a result of the initiation of

various defects, the noise E2 (l‘) emerges arises, whose

critical values correlate with the useful signal. Therefore, from
this moment on, the correlation between the useful signal

X (t) and the sum noise X (l‘) is different from zero. Here,

the initiation and development of malfunctions is essentially
manifested in the estimates of the cross-correlation functions

R, (;,t) between X(t) and E(t) [1, 5-10]. Therefore, to

control the beginning and dynamics of changes in the technical
condition of tunnels, it is advisable to use the estimate of

Ry (H)

It is known that the estimates of the relay correlation
functions can be calculated from the formula [1]:

Ry (p)= %lﬁ:san(iAt)E((i+ M)AZ) .

Obviously, to use this formula, it is necessary to determine
the samples of the noise E (iAl‘) and the useful signal
X (iAt) , which cannot be measured directly or isolated from

the noisy signal G(t) [1].

In this regard, we will consider one of the possible options
for the approximate calculation of estimates of the relay cross-

correlation function R;*E (p) between the useful signal

<IEEE

X (l‘) and the noise E (t ) as a result of calculating the relay
correlation function RéG (;,L) of the noisy signal G (l‘) .

For this, we first adopt the following notation and
conditions [1]:

+1 when G(iAt) >
SgnG(iAt) =40 when G(iAt) =0.
-1 when G(iAt)<0

Then the relay correlation function RgG (p) of the noisy

signal G (l‘) will be calculated from the formula [1]:

RgG(p)z%isgnG(iAt)G((H w)Ar).

i=1

Considering that [1]
sgnG(z'At) =sgnX (iAt)

14
sgnG (iat) G (ir) = sgnX (i) G (inr)

the expression for calculating the relay correlation function
RéG (},L) for L =0 of the noisy signal G (t) can be written

as:

R(’;*G(uzO)z%isgnG(iAt)G(iAt)—

i=1

%isan(iAt)X(iAt)+%§san(iAt)E(iAt)
i=1

i=1
=R (0)+ Ry (0), (15)

where Ry, (1), Ry; (1) are the relay correlation function

of the useful signal and the cross-correlation function between
the useful signal and the noise.

In the literature [1] it is shown that the estimates of the relay
K
cross-correlation function R;(E (0) can be calculated from the

expression
Ry (O) =R (O)_ 2R (1)+ Rs6 (2):

_%isgnG(iAt)G(iAt)_

i=1

_%§2sgnG(iAf)G((i+l)At)

i=1
+%ﬁ:sgnG(iAt)G((i+2)At). (16)
i=1

In this case, if the conditions of stationarity and normality
of the distribution law of noisy signals are satisfied, then the
following equalities will be valid for the controlled objects [1]
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O isan lAt (lAt);tO
i=1

2|~

Ry (0)+ Ry (280)~2R3 (A1) 0

R (A1) = —ngn)((z‘Az)E((i+1)Az) ~0
i=1
Ry (2A1) ~ ngnX lAt)E((i+2)At) ~0

i=1
(17)

and due to this, the right-hand side of expression (16) takes the

R, (n=0)=Rjy (1 =0).

Thus, we can assume that the estimate obtained by formula
(16) is an estimate of the relay cross-correlation function

Rr (MAZ ) between the useful signal X (7 ( ) and the noise

E(7).

The relationship between relay and normalized cross-
correlation functions for normally distributed random processes

X (t ), E (t ) here is expressed by the relationship [1]:

Ryp (H)_\/%pXE (M)GE’

where  P,g (},l) is the normalized cross-correlation

(18)

function between the useful signal X (l‘ ) and the noise E (l‘ )

, O is the mean square deviation of the noise E (t ) .

Hence the normalized cross-correlation function p (},L)

can be calculated from the expression [1]:

R)r(E (M)

e
7.GE
T

It follows from this formula that to calculate the normalized

Pxe(B)= (19)

cross-correlation function P, (},L) between the useful signal
X (t ) and the noise E (t ), we need to know the relay cross-
correlation function R (;,l) and the mean square deviation
O of the noise. Obviously, using formula (16), it is possible
to calculate the relay cross-correlation function R’y (]J) . At

the same time, the mean square deviation G, of the noise can
be calculated from expression (10).

Therefore, the calculation of the normalized cross-
correlation function can be reduced to the form:

<IEEE

Pye (M (20)

TU
It is known here that the value of the normalized cross-
correlation function P, (0) at p=0 is the correlation

coefficient:

Ry (0)

\/5—.
7.GE
T

Therefore, it is possible to calculate the value of the
between the useful signal X (l‘ )

=p (0)= 1)

correlation coefficient 7,

and the noise E (t ) :

R (0
(=220 e
= E

Thus, using formulas (10), (11), (16), (18)-(22) , we can
calculate the correlation coefficient between the useful signal

X(l‘) and the noise E(l‘)

V. TECHNOLOGIES FOR MONITORING THE TECHNICAL
CONDITION OF TUNNELS BY CRITICAL VALUES OF THE NOISE
AND ITS CORRELATION WITH THE USEFUL SIGNAL OF THE
NOISY SIGNAL

It is known that to prevent the risk of transport accidents in
tunnels, it is necessary to carry out control of random signals
that come from sensors gauging pressure, displacement, load
on reinforcement and anchors, crack opening sensors,
inclinometers, etc. in real time. Below we propose an algorithm
for calculating the probability of development of tunnel defects,
which makes it possible to significantly reduce the risk of
transport accidents.

At the initial time period #,, when the tunnel is in fully

operational condition, the variance DE .o Of the noise E(l‘ )

is calculated from the expressions:

lAt)—

EtO

ZG iAt)G
—Z%iG(iAt)G((Hl)At)Jr

i=1

+%iG(z‘At)G((i+2)At).

i=1
Then we calculate the probabilities of the admissible values
ofthe noise E (l‘ ) , 1.e. the values of the noise, within the range

of which the damage is considered inexistent, based on the
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condition my —koy,, <E(1)<my +koy,,, , where k is
the selected coefficient. After that:

— taking into account the condition m, =0, we calculate
the minimum and maximum values of the noise E(Z ) :

€,in = KO 05 €

min

.
= kGE,tO;

max

— at a certain step A€ we set the values of the noise E (l‘ )

in ascending order from €, to €,
e(l)=¢,,. e(i+1)=
e(i+2)=¢(i+1)+Ae, ... e(n)=¢,,. (23)

and form a sequence of admissible values of the noise 8(1),

£(2). £(3). ...

€ (i ) is satisfied.

e(i)+Ae,

€ ( n) , for which the condition € (i — 1) <

The density function of the normal distribution is
calculated:

G;,mm

After that, for the time instant 7, , we calculate the
probabilities of the values of the noise E(#) with the mean
square deviation G;to
e(1)<E(r)<e(2) ,
e(n—-1)<E(t)<e(n):

being in the admissible intervals

e(2)<E(r)<e(3) .

(24)

The values of these probabilities are entered in the database
of informative attributes as reference values corresponding to
the fully operational condition of tunnels.

After a certain period of time at the instant 7, at the points

e(1). £(2). £(3). ...

distribution function N~ (8)[1 for the noise E(l‘ ) with the

8(n), we re-calculate the density

. . *
mean square deviation Gy, :

<IEEE

1 e 2(6;,1) .

N*(S(i))xl - G:: 1\/%

Then, for the time instant #, , we calculate the probabilities

of the values of the noise E (l‘ ) with the mean square deviation

G:i.fl being in the admissible intervals € (1) <E (l‘ ) < 8(2) ,

£(2)<E(f)<&(3). ... e(n—1)<E(f)<e(n):
#(2)
Ra(s()S B0 <s(2))= | " (s) g2
&(3)
P, (e(2)<E(r)<e(3))= | N'(e),de

(25)
After that, we calculate the difference of the probabilities
of the E (l‘) being in  the

e(1)<E(r)<e(2) . &(2)<E()<e(3) .

( ) ( ) S(n) at the time instants 7, and £ :
(

R ((1) <E(r) <5(2))=
E(1)<e(2))- R (e(1) <E(1) <5(2))
P (8(2) <E(1) <5(3))=
Pa(s(2)<E(1) <2(3))- P (2(2) <E(1) <£(3))

noise intervals

:Pl,tl( ( )

. (26)
P(nfl),tl—tO (8(n _1) < E(t) < (l’l)):
Ry (8(n=1)<E(t) <&(n))-
Bl (8(”_1) <E(f)< 8(”)) :
The differences of the probabilities
Ryo(e()<E(r)<(2))
P, (e(2)<E(r)<g(3))
P(H),tHO (8(71 —1) < E(t) < S(n)) the  informative

attributes of the initiation of defects in tunnels.

Then work is performed to detect the defect, and the values
of probabilities (25) and difference of probabilities (26) are
saved as reference sets for the occurrence of this type of defect.
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After the values of the probabilities have also been obtained
at the time instants f;, #,, ..., f,, the database of informative

attributes takes the form:

_G;,tO N’ (8(i)),0 Ro B P(,H),zo_
G::,tl N’ (8 (i))zl Pl il P2,t1 P(n—l),tl
IS=\oy, N (S(i)),z R, B, (n-1)12
_G;zk N’ (8 (i)),k Bu Py - })(n—l),tk ]
@27

After the appropriate training, one of the possible technical
states of the tunnel is assigned to each line. In this case, a new
column with one of the possible states is added to matrix (27):

_G]*-Z,tO N° (8 (i))to Pl,tO Pz,zo c FZn—l),tO 0 |
G=|I;,zl N’ (S(i))tl Pl,rl P2,t1 P(n—l),tl 1
IS = GE,:Z N* (8 (i))zz Pl,t2 P2,t2 te P(n—l),tz 2
_G;,tk N* (8 (i))tk Pl,tk P2,tk tee P(n—l),tk k ]
: (28)

where 0 is fully operational; 1 — operational without damage; 2
— partially operational with minor damage; 3 — limited
operational, but the resulting minor damage develops
intensively; 4 — non—operational; 5 — pre—emergency; 6 —
emergency, etc. depending on the values of probabilities at a
given time instant.

In addition to matrix of the technical condition (28), a
matrix of the dynamics of damage development is also built,

which consists of estimates of the correlation coefficients F;E
between the useful signal X (l‘ ) and the noise E(t ) at the

time instants £, ,, t,, f;, ..., {, . After training, each value
XE-10> "XxE-11> XE-tk 1S
associated with a certain degree of the dynamics of the failure
development: no defect; defect exists but does not develop;
defect develops insignificantly; defect develops; defect
develops rapidly; defect quickly leads to a catastrophic
situation, etc. As a result, we get the following matrix of the
dynamics of damage development:

of the coefficient of correlation 7, I T

_ i _
Pl,tl—tO PZ,tl—tO tee P(n—l),tl—to rXE,tl—IO
*
DR = E,tz—zl PZ,IZ—tl (n-1),12-11 rXE,tZ—tl
*
_})l,tk—t(kl) B i By xmmdi) ]

(29)

<IEEE

Thus, using matrices (28), (29), it is possible to determine
the probability of the initiation of defects in tunnels, as well as
to determine the dynamics of the development of these defects
over time, which is a prerequisite for determining the
probability of transport accidents in tunnels.

VI. CONCLUSION

Studies have shown that one of the possibilities for
identifying the initial latent period of the initiation of damage
and defects in tunnels and determining the dynamics of their
development is the calculation and analysis of the probabilities
with which the nose takes admissible and critical values, as
well as the values of the correlation coefficient between the
useful signal and the noise. The algorithms and technologies
proposed in the paper allow solving both of these problems.
The use of the proposed technologies in monitoring and
control systems will make it possible to identify damaged
sections of tunnels at an early stage, which allows determining
the probability of transport accidents.
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