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Abstract

In this article, we study the strength of undergwpipelines, which are operated in difficult migiand geological
conditions in area full of tectonic faults. In suskismically active areas, in addition to the puesdoad of the transported
product, the pipe is subjected to additional effdobm the movements of the damaged foundation.nNthe movements are
transient,a dynamic analysis of the behavior afcstmes must be carried out. The aim of the stgdipidevelop a model to
describe the non-stationary process of deformatiothe pipeline on the damaged foundation, causethé sudden mutual
reversal of several fragments of the base arouadtis of the pipe. The dynamics of the pipeline wevestigated in a linear
setting, modeling it with an infinite tubular rodl/e consider blocks of a basis to be absolutelgritiie behavior of a thin layer
of soil backfill is described with the help of Wieks hypothesis. The kinematics of mutual rotatiof the base fragments is
given by discontinuous functions from the axial boate. The strength of the pipeline is assesgexitnming the standard and
non-standard stresses, while the pipe is considetedque-free shell. This approach makes it ptssthassess the strength of
the underground pipeline not by the external loathfthe soil, which is usually unknown, but by Rieematic parameters of the
movements of the fault banks. An initial-boundaglue problem for the differential equation of torsiwith a discontinuous
right-hand side has been formulated. Based on talytaral solution of the problem, the influencetbé interference of torsion
waves excited by sudden reversals of the found&tmments around the axis of the pipe on the ss&se of the pipeline under
pressure has been studied. It has been estabtishethe dynamic effects significantly depend loa structure of the breaking
movements of the foundation and on the distanogd®et the faults.

Keywords:strength; sudden rotation of foundation fragmemassion wave interference; underground pipeline.

Introduction by design organizations while forecasting the life
The modern approach to the -calculations obipeline systems.
underground pipelines is as follows [1-4]. Internal Operation of underground pipelines in areas of
pressure, temperature difference and elastic bgnafin abnormal behavior of the base belongs to non-stdnda
the pipe during profiling and turns of the routee aroperating conditions and requires additional thécmk
considered to be standard loads that are taken irdoalysis and related engineering and geological
account in the design. The stress state of thdipgps  monitoring. Usually the mechanical load on the [iise
usually studied on the basis of geometrically Imea in abnormal areas is difficult to predict. Therefor
linearized theory of rods taking into account theesearchers often limit the establishment of alldea
interaction with the soil, and its calculation &irength loads on the pipe crossing the landslide or fauging
is carried out within the momentless theory of Ehat analytical models [5, 6] or numerical calculation
allowable stresses or limit state. In particulachtical methods [7—10]. To predict the safety of oil and ga
cases, estimates are being defined, using 2D or 3ipelines in landslide hazard mountains, an alterea
models of the deformable body. This approach in omaodel of pipeline deformation in places of local
form or another is reflected in the regulations asd destruction of the rock base has been developed [11
implemented in application packages that are opdrat1?], which operates with kinematic parameters of
damage - discontinuities of displacements and argfle
rotation. An example of the application of this rabtb
* Corresponding author: the calculation of the behavior of a pipeline with
ipshatsky@gmail.com additional elms in the fault zone is the publicat[@3].
In [14, 15], this approach is extended to the probbf
modal analysis of stationary vibration of pipeliras a
block basis. As far as we know, the effects of sudd
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movements of the damaged foundation on the dynamics The initial-boundary value problem of the dynamic

of underground pipelines have not yet been consitler torsion of an infinite rod is formulated on the isasf
The purpose of this article is to develop a model tthese assumptions [16]. It includes the equation of

describe the non-stationary process of pipelinmotion of the rod taking into account the conjugati

deformation on a damaged foundation caused by tlarough the elastic layer:

sudden mutual reversal of several fragments obtse %6 19 ¢

around the pipe axis. The rest of the article ot$lehe —L-2%(p,~93) =

2
implementation of research objectives and is omgahi 0z (‘22
as follows. First, we present the key hypothesethef —0<z<o, t>0, (1)
model and formulate the corresponding initial-bcanyd initial conditions:
value problem of dynamic torsion of the pipelinden __a¢ _
we construct an analytical solution of the probierthe ¢.(2z0)=0, atz (0= 0 -o<z<e, (2)

case of symmetrical and antisymmetrical perturlpatio
and analyze the effect of torsion wave interfereane 34
the stress state of the pipe. Brief conclusionspleta —Z(10) =0, t>0. (3)
the publication. 0z

and boundary conditions at infinity:

The following designations are accepted here:

Initial boundary value problem formuating z, t — axial coordinate and time;

Let's consider a rectilinear pipeline, which is end ¢,(z,t) —the angle of torsion of the pipeline;
normal internal pressure of the transported produck 3
interacts with the block dense base through a layer - /”D \/: — earth restraint coefficient:
backfill (Fig. 1). At the initial moment of time ¢h 4GJ,
system is at rest, the pipe is loaded only witleriml
pressure. Later the fragments of the damaged fdiomda — shear wave propagation velocity;

on both sides of the faults make movements that are GJp - r|g|d|ty of the pipe relative to torsion;
considered given. In this article, in particulare w
investigate the wave processes in the pipeline rgés

by the sudden rotations of the base blocks arohad tsection;

P, — the kinetic moment of inertia of the cross-

axis of the pipe. G,p - shear modulus and density of pipe
4 material;
D, h — outer diameter and wall thickness of the
2 pipe;
k, — shear stiffness coefficient of the soil bed:;
> #2(z, 0 ={93(-) + O, H(z+ 9+
+0,H(z- @} H(Y) 4)
/ \ predetermined base reversal function;

i ¢2(—oo) — the angle of rotation of the extreme left

1 — pipe, 2 — soil layer, 3 — base blocks, block of the base;

4 — damage (fractures) ©,, ©, — jumps of the angle of sudden rotation of
Figure 1 — Layout of the underground pipeline on a  the base blocks when crossing the fauits -a and
damaged foundation z= a correspondingly;
H (I} — the Heaviside step function,
Let's align the axiz with the axis of the pipe. Let 2a — distance between damages.
the base be divided into three blocks by damages
(fractures) localized at points=+a . Analytical solution

Let us extend the main hypotheses of the model  First, let us consider the auxiliary problem of the
described in [11, 12] to the case of dynamic tarsiba propagation of waves of torsion from a single mutua

pipeline on a damaged basis. This means: the anadys reversal of blocks at the origin= 0. Assume that
performed in a geometrically and physically linear

setting; the pipeline is modeled by an infinitetilewar #2(z, 1) =lsgnz H (t). (5)
tubular rod; we consider blocks of a basis absblute 2
rigid; the behavior of a thin layer of backfill described
by the traditional Winkler's hypothesis; the kindicg
of mutual rotations of the foundation fragmentgiigen

by discontinuous functions from the axial coordima
the presence of the pipeline does not affect teeifpd

kinematics of the base; the strength of the pipelm
assessed by summing the standard and non-standard
stresses, while the pipe is considered a torquedhell.

Applying the method of the Laplace integral
transform over time [17], we found an analytical
solution of problem (1) - (3) for the perturbation
t postulated by expression (5):
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Antisymmetrical torsion

1
D -_— —
#.(2.9=2{1-cosdot)- Let in the formula(4) ¢0(-=)=-0, ©,=0,

et e 0,=0.Th
22| '[JO(A(T—U))JO(A«/nz—zz)d]dx 2 en o
izl Izl #2(z, ) =—(sgn(z+ a)+ sgn(z a) H(t.
xH (c,t-| 2|} sgnz, ©) 2

. . _ . This means that the two semi-infinite fragments of
where J,(t) is Bessel function of the first kind of zerothe base rotate in different directions at an an@le

order [18]. relative to the fixed middle block (Fig. 3).
The angular velocity of rotation of the sectiond an
the torsional deformation caused by a single oM O pr—

perturbation were found by differentiating expressi
(5) according to time and coordinate, respectively.

O
Wz 1) =%(z. t)=%{A sin@l ¢ t)-
Figure 3 — Angle of rotation of the base blocks
(/1 /72 _ 22) arx at t >0 (antisymmetrical problem)

cot

—Azj Jo (A=) 3

I The solution of the antisymmetric problem will be

xH (cpt- | z |} sgnz, (7) superposition
— O O
oz =D, 4.2 0=0(¢(zra hrhi(z a ). (12)
2 0z In its turn
cot _
_bA° JaW(WE=Z)a Heg-12). @ @2 9=0(w(zr a Yrar(z a)). (3)
e V(2 0)=0(Va(z+ 3 9+ V(2 ad). (19)

We now turn to the effects of interference of . .
waves generated by two discontinuities of the base, Thus, expressions (9) — (11) and (12) - (14) give a

Let's investigate symmetrical and antisymmetricatO'm)let.e lellcture.of the klnematflcs and de{qrmlambn d
problems separately. e pipeline in cases of symmetrical an

antisymmetrical problems. Due to the limited voluafe
publication, we will not analyze these fields, tatl
proceed immediately to a detailed study of thesstre
state of the pipe.

Symmetrical torsion
Suppose in the formula (440(-) =0, ©,=0,
©, =-0. Since,H(z) =(1+sgn(z)/ z then
o Analysis of dynamic stresses
#2(z, t):E(sgn(z+ ay- sgn(z- a) H(t. The components of the stress tensor in the pipe

) ) wall are found from the relations:
This means that the middle fragment of the base

. ; " D D
rotates at an angl® relative to the fixed extremities g, :Vp%, Og = p%, T, =Gy . (15)
Fig. 2).
(Fig. 2) Here p is internal pressure in the pipeling; is
®° Poisson's ratio of pipe material.
: 0] In formula (15), the first two expressions specify

the normal stresses caused by the standard internal
pressure p, and the third expression is the off-line

tangential stress from the dynamic torsion. To wate
Figure 2 — The angle of rotation of the base blocks it. we use deformations (11) and (14).

-a a z

at t >0 (symmetric problem) The ultimate equilibrium of the pipe is estimated
by the energy theory of strength [16]:
In this case, the solution of the problem is the Oeq<ld],
superposition of the angles of rotation from twarses \yhere o is equivalent Mises stress
of perturbation: ed
4,(20=0(p(z+ 3 9-¢%(= a)). (9) Oeq SN0 =0 T 405 +30y (16)
Similarly for angular velocity and angular [0] is allowable stress for pipe material.
deformation Numerical calculations were performed for the

w,(z, t)=®(a)f(z+ a t)—aE(z— a D), (10) underg.rourld main plpeITe with the_followmg pjara—
meters: D =1420 mm, h=18 mm, G =81000 MP¢,

(2 0=0(Va(z+a d-Vp(z a)). (1) ,_.03 ,=7800kg/nf. For backfiling used
k, =2 MPa/m. The internal pressure was considered to
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Figure 4 — Equivalent stresses in the pipe due thé sudden rotation of the middle fragment of the fondation
for different distances between faults (symmetricaproblem)

create a tangential stress, =300 MPz in the pipe. z=z*a. Given this in Figs.6,7 dependences of
The angle of rotation of the foundation fragmemtumd ~ €quivalent stresses in cross sections+a on time
the axis of the pipe =0.1rad The values of the half- Were additionally constructed. For comparison, ache

distance between the faults of the base varieg.raph’ a_dashed line shows a similar curve for an
a=100m: 50 m: 25n. Isolated single fault, constructed by formulas (18F)
Using formulas (11), (15), (16) and (14), (15)’by deformation yZ(O,t)=@y59(O,t) (or the same as
(16), the graphs of unsteady fields of equivalémtss in @ — o in formulas (11) and (14)).
the pipe wall for symmetrical (Fig.4) and The presented graphic material shows that the
antisymmetrical (Fig. 5) problems were constructecdffects of wave interference for symmetrical and
Striving for greater clarity, all drawings were neaih antisymmetrical circles are fundamentally differeint
spatial and flat versions. Already the first cugsorthe case of rotation of the middle block of theehabe
analysis of these graphs shows that cross-seatfoiie ~ convergence of faults generally leads to a decrease
pipe at the location of fractures are the mostris¢e Stresses in the pipe (see Fig. 4). At the same, tivith
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Figure 5 — Equivalent stresses in the pipe due thé sudden rotation of the extreme fragments of the
foundation in the opposite direction for differentdistances between faults (antisymmetrical problem)

an asymmetrical reversal of the extreme blocks, tHeom an adjacent defect of the base does not chidrege
decrease in the distance between faults is accaethanvalue of the maximum stressnaxde, = 380 MP¢); for
by a significant increase in equivalent stresses (s
Fig. 5). We explain such regularities by the fdwttin
the first case the interfered waves, emitted bgnay be even decreased (see Fig. 6). At the sanee itim
discontinuities of turns, dampen each other, anthén the case of an antisymmetrical problem, the intevac
second case on the contrary — mutually amplify. of torsion waves increases the maximum valagg,
Details of the change in stresses in the cros
sections of the pipe at the fault location are njea
visible on one-dimensional graphs (see Figs. 6,
Before the arrival of the wave from the adjacenhdge
to the foundation, the pipe oscillates as in theeoaf a
single rupture of the angle of rotation of the bdesehe
case of a symmetrical problem, the arrival of a evav

short distances, for example, far= 25m max o it

a'specially since the distance between the faults is
ﬁmaller (see Fig. 7).
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Figure 6 — Dependences of equivalent stress at the

fracture location on time for different distances
between faults (symmetrical problem)

0 0.05 0.1

Conclusions

3.1 f.,S

Figure 7 — Dependences of equivalent stress at the

fracture location on time for different distances
between faults (antisymmetrical problem)
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IHTepdepeHLia XBUNb CKPYYEHHA Yy Nia3eMHOMY TpybonpoBoai,
30ypeHnX pyxomM noLKOKeHOI OCHOBM

.. Hlaubkui, M. 1. Bacwvroecokuii, 'B. B. Ilepeniuka

Yeano-®dpanxiscvruii 6i0din Incmumymy npuxiaduux npobnem mexanixu i mamemamuxu in. 4. C. Iliocmpueaya
HAH Vkpainu,
eyi. Muxumuneywvka, 3,m. Isano-@Ppanxiecvx, 76002 Vrpaina

2AT“ HAK “ Hagpmozas Vipainu”;
eyn. b. Xmenvnuywvkoeo, 6,m. Kuig, 01601,Vkpaina

VY cTarTi BHBYEHO MUTAHHS MIIHOCTI MMI3eMHHUX TPYOONPOBOMIB, SKi EKCIUTyaTYIOThCS B CKJIQJIHUX
TIpHAYOTEOJIOTIYHUX YMOBaX Ha TEPUTOPIAX i3 TEKTOHIYHUMH pO3JIOMaMH. Y TaKuX YMOBax Tpyba, OKpim
HAaBaHTAXKCHHSI THCKOM TPAHCIOPTOBAHOIO MIPOAYKTY, 3a3HA€ [10JATKOBHUX BILIUBIB BiJl MEPEMillEHb MOLIKOIKEHOT
OCHOBH, L0 NOTpeOye NUHAMIYHOTO aHalli3y IOBEOIHKM KOHCTPYKLiH. MeTa po0oTH mojsrae y po3podui Moaesi
JUISL OTIMCAaHHS HECTallloHapHOro mporecy AeopMyBaHHS TpyOOIIpOBOAY Ha MOMIKOKEHIH OCHOBI, CIPUYNHEHOTO
pPanTOBUM B3a€EMHHUM PO3BOPOTOM JACKUIBKOX (PPAarMEHTIB OCHOBHU JOBKOJA OcCi TpyOu. JIMHaMiKy TpyOOmpOBOIY
JOCIIJKYBAJIM B JIHIMHIM NOCTaHOBLI, MOAENIOIOYH HOTr0 HECKIHYCHHUM TpyOUacTUM cCTep)kHeM. bioku ocHOBM
BB)KAEMO a0COJIIOTHO JKOPCTKUMH; TIOBEJIHKY TOHKOTO IIapy IPyHTOBOI 3aCHIIKM ONHMCYEMO rinore3or0 BiHkiepa.
KinemaTnky B3a€MHHUX HOBOPOTIB ()parMeHTIB OCHOBM 33JaHO PO3PUBHUMH (PYHKUISMHU BiJl OCbOBOI KOOPIUHATH.
MinHicTs TpyOOIIPOBOAY OIIHEHO CYMOIO INTATHHWX BiJl BHYTPIIIHBOTO THUCKY Ta IMO3alITATHUX HAMPY>KEHb Bil
CKpydYyBaHHS, TPH IBOMY TpyOy BBaKA€ThCA OE3MOMEHTHOIO IWIIHAPUIHOIO 000JI0OHKOIO. Takui migXim mae
MOJKITUBICTh OIIHIOBATH MIITHICTh IMiJI3€MHOTO TPyOOTPOBONY HE 3a 30BHIIIHIM HaBAaHTKECHHSM BiJl IPYHTY, sKeE
3a3BUYail € HEBIIOMHM, a 32 KIHEMaTHIHUMHM IapaMeTpaMu pyXiB OeperiB po3ioMiB. CHopMyTOoBaHO OYATKOBO-
KpaloBy 3amady Juis IudepeHIialbHOTO PIBHSAHHS CKPYYYBaHHS 3 PO3PUBHOIO TPaBO0 yacTWHOIO. Ha mizctaBi
AHAITHYHOTO PO3B’ 3Ky 3a7avi BUBUCHO BIUIMB iHTEP(EPEHIlii XBIWIb CKpYIyBaHHs, 30ypEHUX PANITOBUMHU PO3BO-
poramu (parMeHTiB OCHOBH JIOBKOJIA OCi TPYOM Ha HampyXXeHHWH cTaH TpyOompoBoxy Iia THCKoM. BcranoieHo,
1110 JUHAMiYHi e)eKTH ICTOTHO 3aJIeKaTh B/l CTPYKTYPH PO3PHBHUX PYXiB OCHOBU Ta JHMCTAaHLIl MIX PO3JIOMaMH.

KnrouoBi ciioBa: inmepgepenyisn xeunb ckpyuys8ants, MiyHicmy; niozeMHuil mpybonposio; panmoguti no8opom
@pazmenmie 0CHOSU.
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