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Abstract. At present, a large number of extended pipeline systems are operated
in our country, which are designed for pumping energy resources. Improving the
reliability of these pipelines is one of the most important tasks during the operation
period. Operational regimes of oil pumping, both through main and field pipelines,
provide for a change in pumping capacity, emergency shutdowns of pumping
equipment, unauthorized blocking of the flow as a result of closing valves. Such
events lead to the occurrence of hydraulic shock in the pipeline and its influence on
the strength characteristics of pipes, which can have different material designs.

In this regard, the consideration of issues related to the influence of hydraulic
shock on the strength characteristics of the pipeline is very relevant in our time.

This article is devoted to the study of the stress-strain state of an element of an
underground oil pipeline, taking into account the occurrence of an overpressure wave.
The paper presents calculation methods that make it possible to evaluate the effect
of an overpressure wave on the structural elements of a pipeline in an underground
environment. The factors influencing the dynamics of deformations and stresses in
pipeline materials under various operating conditions are considered.

The analysis of the results of numerical calculations is presented, demonstrating
the influence of the parameters of the overpressure wave on the reliability and
safety of underground oil pipelines. The findings can be used to optimize the
design and operation of pipeline systems under variable loads, thus helping to
increase the resilience of the infrastructure and reduce the risk of accidents.
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Calculation of the stress-strain state of an element of an underground oil pipeline, taking into account
the appearance of an overpressure wave

Introduction

One of the most dangerous modes during the operation of any pipeline, not without reason,
is the phenomenon of hydraulic shock. Hydraulic shock can occur in liquid pipelines, as well as
in gas pipelines and pipelines for transporting multiphase systems.

Hydraulic shock is a shock wave that propagates along the longitudinal axis of the pipeline,
and also affects all elements installed on it: fittings, pipeline parts and branches from this
pipeline.

The pressure wave is caused by a sharp change in pressure along the length of the pipeline,
which occurs due to a change in the flow rate of the pumped product.

The speed of pressure wave propagation along the pipeline for oil pipelines can be 335...1372
m/s [1].

As aresult, a pressure increase occurs, due to the properties of the fluid, which is practically
incompressible and experiences a strong deceleration of the flow core at the moment of valve
closing.

Experience in the operation of oil pipelines made it possible to establish the following main
causes of hydraulic shock. These include [2, 3]:

- sharp shutoff of the flow when closing the shut-off valves installed along the route of the
oil pipeline;

- switching on or off of oil pumps at oil pumping stations due to the operation of emergency
protection provided by the project;

- sharp drops in the pipeline sections along the route (contamination of the pipeline section
in some sections with deposits of resins, paraffins, asphaltenes);

- the occurrence of unexpected obstacles in the way of moving the fluid flow in the pipeline
(possible in the plug mode and the formation of air or liquid plugs);

- opposite direction of flow (typical for branched pipeline systems);

- operation of the check valve installed on the discharge pipeline of the main pump;

- change in the amount of oil withdrawn from the main pipeline;

- enabling/disabling of individual technological units as part of the main oil pipeline;

- difference in oil consumption over a short period of time;

- increase in the flow rate of the product with a diameter of the pipeline that does not
correspond to this flow rate;

- high difference in geodetic marks along the pipeline route.

The main consequences of a pressure wave that can occur in an oil pipeline as a result of
hydraulic shock are:

- damage to main pumps at PS;

- formation of longitudinal cracks in the pipe body;

- separation of flange connections along their axis;

- damage to the supporting structures of pipelines in above-ground sections;

- destruction of aggregate and cut-off fittings;

- misalignment of pumping equipment with pipeline parts.

Hydraulic shock is inherent in pipelines through which fluid is pumped. This is due to the fact
that the speed with which the shock wave propagates through the pipeline directly depends on
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the compressibility of the liquid. In addition, the speed is affected by the deformation of the pipe
walls and its diameter.

At the same time, the criticality of the properties of a liquid is obvious, which is practically
incompressible, unlike a gas. Therefore, the most critical phenomenon of hydraulic shock is for
oil pipelines and oil product pipelines, which are widespread and of considerable length in our
country.

A diagram of the occurrence of hydraulic shock is shown in Figure 1.

soft close stop

faucet closed abruptly =
hydraulic shock

Figure 1. Scheme of the occurrence of hydraulic shock in the pipeline when shutoff valves are closed

The main purpose of the work carried out is to develop an algorithm for calculating the effect
of hydraulic shock on the SSS, strength and bearing capacity of an underground pipeline.

The main requirement for the algorithm is the simplicity of calculation and practicality in
use, which is necessary for engineers when designing oil pipelines.

The developed algorithm is most relevant in the conditions of commissioning of an oil
pipeline when it is put into operation, testing the operation of pumping equipment, debugging
software designed to operate linear shut-off valves and shut them off in various emergency
situations and events that go beyond the design values.

The methodology

When the flow is shut off with the use of shut-off valves, its sharp deceleration occurs, which
leads to an increase in fluid pressure by several times.
The pressure increase during hydraulic shock is determined by the well-known Zhukovsky
formula:
AP =p-Av-c (D

imp

64 N21(150)/ 2025 JLH. ['ymunes amoindarel Eypaszus yammuoik yHueepcumeminiy XABAPILBICHI.
TexHUKAIbIK FbLALIMOAD JHCaHE MEXHOA02USIAAP CePUsIChl
ISSN: 2616-7263. elSSN: 2663-1261



Calculation of the stress-strain state of an element of an underground oil pipeline, taking into account
the appearance of an overpressure wave

where p is the density of the pumped liquid; Av is the change in the flow rate. When the flow
stops, it will be equal to the liquid flow rate before the pumping stop; c is the velocity of shock
wave propagation, which is determined by formula (2):

E; (2)

(14 2in EL
pr(1+— Ep)

CcC =

where E| is the modulus of elasticity of the liquid; D, - inner diameter of the pipe; § - pipe
wall thickness; E. - the modulus of elasticity of the pipe material (Young's modulus).

Regulatory documentation [4] establishes the requirements for calculating the thickness of
the pipeline wall according to the following relationship:

np-D,

= Z(Rinp) (3

where n is the reliability factor for the load - the internal working pressure in the pipeline,
taken according to table 14 [4]; p is the working pressure in the pipeline; D - outer diameter of
the pipeline; R, - calculated tensile (compression) resistance.

From this formula we express the working pressure in the pipeline:

2'R1 5
=2 4
p n-D,—n-6 (4)

Obviously, in order for the selected wall thickness to be able to withstand the operating
pressure in the pipeline and the pressure resulting from hydraulic shock, the following condition
must be met
2'R1 6

P+ APy S 55 (5)

Substituting in formula (5) the value for c from formula (2), we obtain:

E; 2R, S (6)

Din El< = o .p .
p-(1+%-$) n-Do—n-8

p+p-Av:

Comparing the left and right parts of the equation, it is necessary to strive for their equality.
Table 1.1 shows the initial data for calculating the hydraulic shock in an oil pipeline and studying
the effect of hydraulic shock on the strength of a pipeline made of steel 17G1SU.

Table 1. Initial data for calculation

Parameter Meaning
Outer diameter of the pipeline, mm 720
JLH. T'ymusnes amwindarsl Eypaszus yammoik yHueepcumeminiy XABAPILBICHI N21(150)/ 2025 65

TexHUKAIbIK FbIALIMOAD HCIHE MEXHO102UANAP CepUsIChl
ISSN: 2616-7263. elSSN: 2663-1261



K. Zabiyeva, K. Shetiyeva

Pipeline wall thickness, mm 10,0
Load safety factor 1,15
Design tensile strength, MPa 510

0Oil density, kg/m? 835,0
Pipe inner radius, mm 350
Fluid elasticity modulus, MPa 1300
Modulus of elasticity of the pipe material (Young's modulus), MPa 206000
Change in flow rate (when the flow stops, it will be equal to the liquid flow 1,0

rate before the pumping stop), m/s

Working pressure in the pipeline 6,0

Substituting numerical values into formula (6), we obtain:

1300-10° 2-271,8-10

6,0 <
835-(1+700- 1300 )+ 1,15-720-1,15-10
10 206000

6,43 Mlla < 6,65 Mna

The condition is met. Consequently, the hydraulic shock that occurs in the pipeline under
consideration does not reduce the strength characteristics of the pipeline with a diameter of
720x10 mm when the flow is decelerated as a result of hydraulic shock from 0.75 m/s to 0.

In addition to the above calculations, studies were also carried out on the effect of hydraulic shock
on the strength of the pipeline with an increase in pumping speed from 0.1 m/sto 1.0 m/s.

Other sizes of pipelines and pipeline steel with strength characteristics were also considered,
below those given in Table 1.

The calculation results are presented in the graphs (see Figure 2).

835-0,5-

69

P+AP, MPa
6,8
6,7

6,6
68,5
6,4
6,3
6,2
6,1
Vv, mfs

6
1} 0,2 0.4 0.6 08 1 12 |

Figure 2. Graph of the dependence of the pressure increase due to hydraulic shock
on the product velocity in the pipeline (7J720x10 (steel 17G1SU)
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It can be seen from Figure 2 that at only a product velocity of more than 0.75 m/s, the
phenomenon of hydraulic shock becomes dangerous for the strength characteristics of the
pipeline. If the product speed exceeds 0.75 m/s and the flow slows down to its complete stop,
the pipe wall may be destroyed due to the occurrence of hydraulic shock.

For main pipelines, the speed of the pumped product in the range from 0.3 to 0.75 m/s is
acceptable. By maintaining it, it is possible to prevent the negative impact of hydraulic shock
with the destruction of the pipeline wall.

Table 2 shows the characteristics of the considered pipelines, the diameters of which are
most often used for the construction of trunk and field oil pipelines. The working pressure in
the pipelines is assumed to be no more than 6.0 MPa.

Table 2. Piping sizes and material design

Pipeline diameter, mm | Pipeline wall thickness, Pipe material Design tensile strength,
mm MPa
325 5,0 Steel 20 218,55
426 7,0 Steel 20 218,55
530 9,0 Steel 20 218,55
610 10,0 Steel 20 218,55
720 12,0 Steel 20 218,55

Using formula (6), we check the strength retention of pipelines of various diameters at a
product operating pressure of 6.0 MPa and a pumped oil velocity of 0.5 m/s.

The diagram shown in Figure 3 shows the excess of the impact of hydraulic shock over the
allowable (in terms of pipe strength) values.

It can be seen from Figure 3 that steel 20 with lower strength characteristics used for
pipelines reduces the strength of the pipeline, which cannot withstand hydraulic shock even at
low speeds of the pumped product.

6s . mmmees P,=6,56 MPa

Po=6,44 MP
6,45 A

6,4
6,35 - Pg=6,35 MPa_
6,3
6,25
6,2
6,15
6,1
6,05
6
325 426

Po=6,1 MPa

Figure 3. Diagram of pressure growth due to hydraulic shock in pipelines of various diameters
at a product velocity of 0.5 m/s (the dotted line shows the allowable pressure in the pipeline)

P,=6,33 MPa

530 610 720
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[t can be seen from the diagram in Figure 3 that only for pipeline diameters of 530x9 mm and
720x10, the pressure arising in the pipeline due to hydraulic shock does not exceed the strength
characteristics of the pipe material. Therefore, this product pumping speed (equal to 0.5 m/s)
can be recommended as safe for pipeline operation.

However, in accordance with the recommendations [4], it is necessary to check the strength
and stability of the underground pipeline from the condition that plastic deformations are not
allowed according to the following design dependencies:

S m S
o < : "R
|07 < 1 g RS )
m
o < ‘R (8)
0,9'ks
where als - the maximum total longitudinal stresses that occur in pipelines under the action

of standard loads on it; o'if - hoop stresses from the standard (working) pressure, which are
determined by formula (9); Y, - coefficient that takes into account the biaxial stress state of the
pipeline material from which it is made (steel).

S _ bDin 9
o, s (9)

As can be seen from formula (9), hoop stresses depend on the operating pressure in the
pipeline.

Under the action of hydraulic shock in the pipeline, it is proposed to switch in formulas (7)
and (8) from standard longitudinal and hoop stresses to extreme longitudinal and hoop stresses
that occur in the pipeline under the action of hydraulic shock. Then formulas (7) and (8) will
take the following form:

E ) m S
o, < . .
l 2} 0.9ks 2 (10)
E m  pS
Op < 0,9-ks R (11)

Consequently, with its growth, due to hydraulic shock, this parameter will also increase. Let
us determine the hoop stresses for the boundary value of the oil velocity in the pipeline, which
is 0.75 m/s.

According to formula (9) for a 720x10 mm pipeline, we obtain:

(p + AP) ) DAinA
2°6
(6,0 +0,65)-720

oy = 510 = 239,4 MPa

of =
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In accordance with the requirements of [2], we check condition (11):

2394 < 0,825 353
" 70,9-1,155
0,825
2394 <

09-1,155 353
2394 MPa < 280,15 MPa

Condition (11) is satisfied even if the boundary value of the oil velocity in the pipeline is 0.75
m/s.

It is also necessary to check condition (10). The maximum total longitudinal stresses in the
pipeline from standard loads are determined by the formula given in [4]:

E-D
af:u-af—a-E-Atiz_p" (12)
where «a - coefficient of linear expansion of the pipe metal; At - calculated temperature
difference (positive when heated); p is the minimum radius of elastic bending of the pipeline
axis, cm; u is the Poisson's ratio.
Substituting numerical values into formula (12), we obtain:

E'=03-2394—-12,12-10%-206000 - 76,2 + 206000720 __ 175,3 MII
on T REeEE TS “E 270000 0

Using formula (10), we check the condition according to which the extreme total longitudinal
stresses in the pipeline will not exceed the standard ones:

175,3 < 0,94 0825 353
=77 0,9-1,155

175,3 MPa < 263,3 MPa

Thus, a test for extreme total longitudinal stresses in the pipeline showed that they would
be less than the allowable values. Therefore, a product velocity of 0.75 m/s is the maximum
possible, based on the strength characteristics of the pipeline.

When choosing a product pumping speed, it is also necessary to check the overall stability of
the pipeline in the longitudinal direction according to the condition set out in [4]:

S<=m-Ng (13)

where S is the equivalent longitudinal axial force in the pipeline section. It is determined by
the formula [4]:

S=100-[(05—u) -0, +a-E-At]-F (14)
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where F is the cross-sectional area of the pipe, cm?* N_ - critical longitudinal force. Under
its influence, there is a loss of longitudinal stability of the pipeline. Determined by the formula:

2-mE-§?
V3:(1-p?)
Based on the results of the analysis of formulas (14) and (15), it can be concluded that only
the value of S is affected by the value of hydraulic shock in the pipeline.

Thus, by analogy with the above calculated dependences, we obtain the value of the extreme
equivalent longitudinal axial force S__ :

Sextr = 100-[(0,5 — ) "o +a-E-At]-F (16)

N, = (15)

Making successive calculations according to formulas (16), (15) and (13), we obtain:

S,.tr = 100-[(0,5 = 0,3) - 239,4 + 12,12-10~¢ - 206000 - 76,2] - 54,95
= 5,33MN
_2-3,14-206000 - 102

cr —
J3:(1-0,32)
Under the action of hydraulic shock, it becomes extreme. Then:

533<0,825-78,3
5,33 MN < 64,6 MN

Thus, when exposed to extreme pressure in the pipeline caused by water hammer, the overall
stability of the pipeline in the longitudinal direction is maintained.

Therefore, calculations confirm that the value of extreme pressure increase due to water
hammer will be safe for a 720x10 mm pipeline at a product pumping speed of 0.75 m/s.

The article presents mathematical models for estimating pressure increase in an oil pipeline
due to hydraulic shock. In particular, formulas are given for calculating the pressure change and
the velocity of propagation of the shock wave.

The study shows that with certain parameters of the oil pipeline and the flow rate of the
product, the strength characteristics of the pipe can remain within safe values.

The analysis of the conditions necessary to ensure the strength and stability of the oil pipeline
in the conditions of hydraulic shock is made.

Thus, the study provides important data for engineers and specialists in the oil industry to
ensure the safety and efficiency of pipeline operations.

= 78,3 MN

Findings/Discussion

As a result of the study of the effect of hydraulic shock on the strength characteristics of an
underground oil pipeline, it is shown that for an oil pipeline with parameters 720x10 mm, at a
product velocity of up to 0.75 m/s, hydraulic shock does not lead to a violation of strength.

If the product velocity exceeds 0.75 m/s, there is a threat of destruction of the pipe walls due
to exceeding the permissible stresses.
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The safe product speed range for the main pipelines has been determined: from 0.3 to 0.75
m/s. Within this range, the negative effects of hydraulic shock are prevented.

Steel with low strength characteristics (for example, steel 20) has shown an inability to
withstand the pressure of hydraulic shock at low product speeds.

High-strength steels, such as 17G1SU, exhibit the best performance to prevent accidents.

Graphs of pressure versus flow velocity have confirmed that an increase in velocity of more
than 0.75 m/s in pipes of smaller diameter leads to dangerous loads.

A hydraulic shock occurs when the product speed changes abruptly, which requires strict
control of operating modes.

The main causes of hydraulic shock include emergency closure of shut-off valves, starting/
stopping of pumps and sudden changes in geodetic markings of the pipeline.

The research results are useful for designing new pipeline systems and upgrading existing ones.

Automatic protection systems, such as alarm devices and software that monitors speed
limits, are needed to prevent damage.

Technical limitations, such as the immutability of pipe diameter and thickness, require a
detailed calculation of the permissible product velocity.

The use of high-strength materials is recommended to minimize the effects of accidental
hydraulic shocks.

Additional research needs to be conducted to study the effects of material heterogeneities
and prolonged cyclic loads.

The introduction of dynamic monitoring systems in real time can further enhance operational
safety.

Conclusion

According to the results of the calculations, it can be concluded that during the operation of
pipelines, it is of practical importance to determine the mode of oil pumping with the calculation
of the allowable flow rate.

Such regimes can occur during commissioning, during which there is an uncontrolled change
in the speed of the product in the pipeline. In addition, at this time there is a debugging of
software designed to control the shut-off valves installed along the pipeline route. During the
debugging period, its unauthorized closing is possible, which can cause a hydraulic shock.

In this regard, it is proposed to implement the following compensatory measures [5, 6, 7]:

- installation of such modes of operation of pumping equipment at the pumping station, in
which the pump will not exceed the calculated pumping capacity, which determines the extreme
speed of the product in the pipeline;

- signaling the extreme speed of the product in the pipeline by the equipment of the
operational (or commercial oil metering unit) located at the outlet of the pumping station.

The described automatic protections and alarms make it possible to prevent the occurrence
of hydraulic shock during the period of unstable operation of the pipeline.

Ceteris paribus, when the diameter of the pipeline, the thickness of the pipe wall and its
material design cannot be changed due to technical and economic reasons, the most rational
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way to prevent hydraulic shock is to calculate the allowable fluid flow rate in the pipeline and
prevent the causes that can lead to it achievement.

However, it should be noted that in order to absorb hydraulic shock, which cannot be prevented
during the entire period of operation of the pipeline, since it is random, it is recommended to use
steel with high strength characteristics. These steels include 17G1SU, 13KhFA, 05KhGB and others.
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K.3a6ueBa, K.llleTueBa*
L2KaHcyzipos ambindarsl Xemicy yHusepcumemi, TaadvikopraH, Kazakcmau

Kep acTbl MyHail KyObIpbI 3/IEMEHTIHIH »KOFapbl KbICBIM TOJIKbIHBIHBIH, IIai/1a 60/JIybIH €CKepe
OThIPBIN KepHey/i-aedopMauUsa/bIK KYHiH ecenTey

Angatna. Kazipri yakbiTTa 6i3/jiH ejjle 3Heprus pecypcTapblH aWjayfa apHa/iFaH KeIlTereH
KeHeUTiJireH KyOblp xyiesepi )KymbIc icTelai. By Ky6blpsiap/iblH CeHIMAIIIriH apTThIpY Naijatany
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Ke3eHiH/leri eH MaHbI3/1bl MiHJIeTTEP/(iH 6ipi 60J/BIN TA0bLIaAbl. MarucTpaab/blIK }KoHEe HapyallblIbIK
KyObIpJsiap apKbLIbl MYHAH aliayAbIH )KYMbIC PEXKUM/Iepi aii/lay KyaTbIHbIH 63TepyiH, COPFbI KaOabIK-
TapblHbIH, aNaTTbIK TOKTATbLIYbIH, BEHTUJbAEPAiH >Kabblaybl HITUXKECIHAE aFbIHHbIH PYKCaTChI3
6iTenyiH KapacTbipajbl. KybbipiaFbl aFbIHHBIH, TOKTATbLIYbIMEH CUNIATTAJAThIH MYH/JIAll OKUFaJap
KyObIp/la THAPABJUKAJIBIK COKKBbIHBIH Taija OoJiyblHA JKeJsie[li JKoHe Jie OJ KyObIpAbIH OepiKTik
KacueTTepiHe acep eTesi.

Cou1 ceberrTi, rMZIpaBINKaJIbIK COKKbIHBIH KYObIp/IbIH O€PIiKTiK CHUIIaTTaMaJapblHa 9cepiHe KAaThICThI
MacesiesiepAi KapacThIpy Kasipri yakbITTa 6Te 63eKTi 601N TaObLIa/bI.

Bys1 Makasa apThIK KbICBIM TOJIKbIHBIHBIH, MaiJla 60JyblH eCKepe OTBIPBIN, Xep acTbl MyHai
KyObIpbI 3JIeMEHTiHIH KepHeyJi JedopMalusiiaHFaH KyHiH 3epTTeyre apHasraH. ;KymbicTa xep
acThbl OpPTaChIHAAFbl KYOBIP/bIH KYPbUIbIM/IBIK 3JIeMEHTTEPiIHE APTHIK, KbICHIM TOJIKbIHBIHBIH, dCepiH
OafasiayFa MYMKIHZiK 6epeTiH ecenTtey aaicTepi KeaTipiireH. Op TypJii *KYMBbIC KaFAalblHAA KYObIp
MaTepuaAapbIHJarbl AedopMalysaiap MeH KepHeyJaep/iH AWHaMHUKacblHA 9cep eTeTiH dakTopJap
KapacTbIpblIaJbl.

ApTBIK KbICBIM TOJIKbIHBI MapaMeTpJiepiHiH Kep acTbl MyHal KyObIpJIapbIHbIH, GepikTiri MeH
Kayinci3zirine acepiH KepceTe OTbIPbII, CAHABIK ECENTeyJIep HOTUXKeJIePiHiH Tanjay/iapbl KeJTipiireH.
ANBIHFaH KOPBITBIHABLIAP JKep acThl KYObIPbIHBIH, OepiKTiriH apTThIpyFa KoHE aBapHUSJIbIK
KaF[ailslap/blH TYbIH/JAay KayIliH a3alTyFa bIKIaJ eTe OThIPbII, aybICHaJbl }KYKTeMeJlep KaFqallbIHAa
KyObIp KyleJiepiH xo6asay MeH NalgasaHy bl OHTalJIaHABIPY YILiH NaiajaHblaybl MYMKiH.

Ty#iH ce3aep: riupaBinKalblK COKKbI, KyObIp, TEMIEPATypa, KbICbIM, KepHeYJli-edOopMalUAIbIK
KYH, KyObIp KabbIpFasaphbl, KbICbIM TOJKbIHAAPHI

K. 3a6ueBa, K. llleTueBa*
Kemuicyckuii 2ocydapcmeenHulil yHusepcumem umeHu H. Xancyeypoea, TaadvikopzaH, Kazaxcmax

PacueT HanpsKeHHO-AePOPMUPOBAHHOTO COCTOSTHUS 3/IEMEHTA N0J3eMHOro HedTenposoja
C Y4€TOM NOSIBJIEHHS BOJIHBI IOBBIIIEHHOTO AaBJI€HUS

AHHOTanusA. B HacTodllee BpeMs B Hallledl CTpaHe 3KCIJyaTUpyeTcda 60Jibllioe KOJINYeCTBO
IPOTS)KEHHBIX TPyOONPOBOAHBIX CUCTEM, KOTOPBIE MpeAHa3HauY€eHbl A1 IepeKauKU IHEPTOPECYPCOB.
[loBbilIeHMEe HaZEXHOCTH 3TUX TPyOONPOBOJOB ABJAETCS OLHOW W3 BaKHEMIIMX 3aZa4 B NepHO[,
3KCIIyaTalMU. JKCIJIyaTalMOHHbIE PEeXXHUMbl NepeKadyKu HedTH, KaK 10 MaruCTpaabHbIM, TaK U IO
IIPOMBICJIOBBIM TpPyOOINpOBOJAM IpeAyCcMaTPUBAIOT M3MeHeHHe NPOU3BOAUTEJbHOCTH IepeKayKH,
aBapuiiHble OTKJIIOYEHHUSI HACOCHOIO O06OpYyAOBaHMsl, HECAHKLHUOHUPOBAHHOE NepeKphITHEe MOTOKa
B pe3y/bTaTe 3aKpbITHA 3alopHOW apMaTtypbl. [lofgo6Hble cOOGBITHMA BeAyT K BO3HUKHOBEHHIO
U paBJMYeCcKOro yJapa B Tpy6GonpoBoJie U BJHUSIHME €ro Ha NMPOYHOCTHbIE XapaKTEPUCTUKHU TPYyO,
KOTOpble MOT'YT UMeTb pa3/IMyYHOe MaTepHaJlbHOe UCIIOJIHEHHE.

B cBAI3u Cc 3TUM, pacCMOTpeHHE BOIMPOCOB, CBA3aHHBIX C BAUSHUEM THApPOYAapa Ha MPOYHOCTHBIE
XapaKTepPUCTHUKU TPyOONPOBO/ia, SIBJISIETCS B Hallle BpeMs BeCbMa aKTYyaJIbHbIM.

JlaHHas cTaTbsl MOCBSLEHA HCCAeJ0BAaHUI0 HANpsKeHHO-Ae)OpPMUPOBAHHOTO COCTOSIHUS 3Je-
MeHTa I0J3eMHOro HedTelnpoBoJa C Y4eTOM BO3HUKHOBEHHS BOJIHbI U30BITOYHOTO JAaBjeHHd. B
paboTe npejcTaB/ieHbl METO/bl pacyeTa, 103BOJISIOLME OLLeHUTb BO3J4eNCTBUE BOJHbI U30BITOYHOTO
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K. Zabiyeva, K. Shetiyeva

JlaBJIEHUs Ha CTPYKTYpHbIEe 3JIeMeHThI TPY6OIMPOBO/ia B 10/13eMHOU cpeie. PaccMaTpuBawTcsa GaKTophl,
BJMSIIOIINE HA JUHAMUKY AedopMalil U HANPSXKEHUH B MaTepHuasiax TPyOONpoBoia MPU pPa3IuIHbIX
YCJIOBUSX IKCIIyaTal[UH.

[IpuBeseHbl aHA/IN3bl PE3Y/bTATOB YHUCJIEHHBIX PACUETOB, IEMOHCTPUPYS BJIMSHUE MApaMeETPOB
BOJIHbI HM30BITOYHOTO JIaBJIEHHSI HA HAJIEXKHOCTb U 6e30MacHOCTh MO/3eMHbIX He(dTenpoBOOB.
[Tosry4yeHHBIE BBIBO/IbI MOTYT GbITH UCIOJIb30BaHbI /11 OMTUMU3AI[UH POEKTUPOBAHUS U IKCILIyaTalluy
TPyGONPOBOAHBIX CUCTEM B YCJIOBHUSIX IEPEMEHHBIX HAarpy30K, CIOCOGCTBYS MOBBIIIEHUIO CTOMKOCTH
UHPPACTPYKTYPhI U CHUKEHUIO PUCKA BOSHUKHOBEHUS aBapUUHBIX CUTYaIUH.

KiioueBble c10Ba: rupoyAap, TpyOGonpoBo/, TEMIIEPATYPA, AaBJIeHHE, HAPKEHHO-1epOPMUPO-
BaHHOE COCTOSIHUE, CTEHKA TPYObl, BOJIHA /IaBJIeHUS.
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