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With the running fracture of the main gas pipeline, a longitudinal crack can stop propagating in one of two ways. The first
way is arresting the crack without changing its direction due to the energy transferred from the expansion of the gas becomes
less than the energy required to continue opening the crack. The second way is more common, when the crack changes the
direction of its propagation from longitudinal to circumferential and forms a loopback. The known mathematical models
describe and can predict only the first way to arrest the crack propagation, but so far they cannot simulate the second way.
This paper shows that the reason for the realization of the second way is a change in the configuration (“flattening”) of the
cross-section of the pipe when a crack approaches. This leads to the appearance of radial normal stresses in the pipe wall.
If the radial normal stresses exceed longitudinal ones, the planes of maximum tangential stresses change their positions
from longitudinal to placing at an angle of 45° to the axis of the pipe. Since the metal is ductile, and the fracture results from
tangential stresses, the crack changes its direction and is looped back. This situation takes place when the radius of curvature
of flattening becomes less than the pipe diameter.
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JIBa TUIIA OCTAaHOBKYU NPOTAKEHHOIO Pa3pyLIeHNA
IpY MOTHOMACIITAOHBIX THEBMATNYeCKNX VICTIBITAHWAX
MarucTpanbHbIX Fa30IIPOBOJOB
KanyTkun JI. E.M', Apabeit A.B.?

"MOCKOBCKUIT TOCYIapCTBEHHbIIT TEXHUYECKIIT YHUBEPCUTET TPAKJAHCKOI aBuauum, MockBa, 125493, Poccust
ynap y P p
Tasmpom BHUMMTA3, moc. Passunka, MockoBckas 067., 142717, Poccus

ITpy IpOTAKEHHOM paspyLIeHUN Mar¥CTPaJbHOTO ra30IPOBOJA MIPOJOIbHAA TPEIIMHA MOXKET PEKPATUTh PaCIPOCTPAHATHCA
OIHUM U3 JIBYX cr1oco60B. ITepBblil c10co6 — OCTaHOBKA TPeLVHbI 6e3 M3MEHEHNA ee HAIpaBlIeHUA. ITO BBI3BIBACTCA
TeM, YTO S9HepIVs, IepefjaBaeMas OT pacllVpeHNA ra3a, CTaHOBIUTCS MEHbIIIe, YeM SHepriis, HeoOX0oaMas /I IPOO/DKEHIA
pacKpbITUA TpeluHbl. Yale BCTpeyaeTcs BTOPOIL CII0CO0, KOTZIa TpelljiHa MeHsAeT HallpaBjIeHIe CBOer0 pacpOCTpaHeHNA
C IPOJO/IBHOTO Ha OKPY>KHOE U 3aKOJIbIIOBBIBAeTCA. V3BeCTHbIE MaTeMaTUYeCKe MO/ ONMCBIBAIOT M MOTYT IPeficKa3aTh
TOJIBKO IIEPBBIil CIIOCOO OCTAHOBKY PacIpOCTpaHeHMs TPEeLMHbI, HO II0Ka He MOI'yT IMUTUPOBATb BTOPOII cr1oco6. B maHHOI
CTaTbe IOKa3aHO, YTO IPUYMHON pealusalyyi BTOPOTro CIlocoba sABIAeTCsA U3MeHeHMe KOHpuUrypauny («CIUIIOBaHMe»)
IIOIIEPEYHOr0 CeYeHNA TPYOBI Py IPUOIVDKEHUN TPeIUHbL. DTO IPUBOSUT K NOABICHUIO B CTeHKe TPYOBI pajyiaIbHbIX
HOpMafbHBIX HampsDKeHMil. Ecnm pajuanbHble HOPMajbHble HANpsD KEHMA IPEBBINIAIOT IPOJONbHbIE, ITOCKOCTH
MaKCUMaJ/IbHbIX KacaTe/bHbIX HANPsIKEHMI MEHAIOT CBOe IONOXKEeHMe C IPOJOIBHOTO Ha JIeXallee IOof yIToM 45° K ocn
TpyOBbl. IIOCKONBKY MeTa/Ul IUIACTVYEH, a paspylleHMe BbI3bIBAETCA KacaTe/IbHBIMU HAIPSDKEHVAMM, TpellMHa MeHseT
HaIIpaB/IeH)e VM 3aKOJIbIJOBbIBAETCA. TaKad CUTyalusA MMeeT MeCTO, KOIJja pafiiyC KPUBYU3HBI CIUTIOIVBAHNA CTAHOBUTCS
MeHblIle [YIaMeTpa TPYOBL

KrnroueBbie cToBa: pa3pylieHne ra3ornpoBoja, HpOTH)KéHHOC paspylienne, OCTaHOBKa TpeIMHbI, [IO/THOMACIITaOHbIe ITHEBMOVCIIBITAHMA.
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1. Introduction

The so-called running ductile fracture, in which a
longitudinal crack can spread over tens, hundreds and
even thousands of meters [1], is the most dangerous in
the exploitation of gas pipelines. Such fracture occurs very
quickly, the crack moves at a speed of more than 100 m/s.
Therefore, it is impossible to affect such fracture after its
beginning; it should be prevented at the pre-design stage,
when the choice of metal for pipes and the technology of its
processing is carried out.

At present, the main criteria for the quality of pipe steel are its
properties [2], determined by quasi-static tensile tests (strength
and ductility) and dynamic bending (impact strength [3] and
DWTT [4,5] data) [6-9]. Each of the measured characteristics
is important, but not a single parameter has yet been established
that unambiguously determines the resistance of a metal to the
running fracture [10].

For a reasonable determination of the criteria for the
quality of metal for pipes, it is necessary to investigate the
reasons why the development of a longitudinal crack arrests
and the running fracture stops. Determination of mechanisms
for the crack arrest during the running fracture of a pipeline
is the purpose of this work.

2. Experiments

Special full-scale pneumatic tests of pipelines are carried out
to define the criteria for the satisfactory quality of the steel
used. Such tests of pipes for main gas pipelines are carried
out by GAZPROM at a specially equipped test site in the
Chelyabinsk Region, Russia. The order of these testes is the
following [11]:

1. An experimental pipeline of 21 pipes is welded: an
initiator-pipe 5 m long is placed in the center, three test pipes
10 m long on each side of the initiator pipe, then 7 buffer
pipes of unregulated strength are welded. All pipes have the
same diameter and the same wall thickness.

2. The longitudinal seams of all pipes are located
alternately on the right and left surfaces of the test pipeline.
The sensors to be placed on the inner surface of the pipes,
should be installed prior to butt-welding.

3. The entire test pipeline is placed either on the surface
of the ground, or in a 2.6 m deep trench. In the second case,
the backfilled soil is not tamped.

4. On the upper surface of the initiator-pipe, a
longitudinal notch is made with a depth of 20+25% of the
pipe wall thickness. This notch is prolonged on 100 +150 mm
onto both nearest tested pipes.

5. On the outer surface of pipes, the necessary sensors
are installed.

6. The pipe material is naturally cooled to the ambient
temperature, which must be within the specified limits
(typically < -10°C).

7. The pipes are filled with air to the required pressure.

8. The explosive charge is placed in the notch in the
initiator-pipe.

9. A detonation of the explosive charge is made.

10. The length of the longitudinal crack in the tested pipes
and other parameters are measured.

11. The pipes are considered to have passed the test
if the crack length does not exceed 30 m, that is, the crack
propagation within the tested pipes has stopped.

The air pressure in the experimental pipeline P is selected
depending on the wall thickness ¢ and the inner D diameter
of the pipe so that in accordance with Peter Barlow’s formula,

s=2D (1)
2-t

the tensile stresses o are less than the minimum of the yield
strength of the pipe material divided by the safety factor equal
to 1.15, and the ultimate strength divided by the safety factor
equal to 1.34 +1.47, depending on the production technology
of the pipe material [12]. For example, for pipes made of
steel grade X80 (Russian strength category K65) (yield stress
0,,=555+580 MPa) of 1420 mm in diameter for the wall
thickness of 23.0 mm P=13 MPa=130 bar and 6=370 MPa;
for the wall thickness of 27.7 mm P=15 MPa=150 bar and
0=385 MPa. Thus, the tensile circumferential stresses in
the pipe wall are equal to 64+70% of the yield stress, and
plastic deformation does not occur before testing even in the
initiator pipe near the notch.

3. Discussion

The stress state of a metal without a crack is biaxial tension.
The maximal main normal stress o, is circumferential (o).
It is twice larger than the longitudinal (meridional) main
normal stress 0,=0,. The third main normal stress is radial
(0),and 0,=0 =0 [13].

The pattern changes significantly after the detonation of
the charge and the beginning of crack propagation. The crack
movement results in the stress state near the crack tip ceases
to be biaxial. The conserved gas (air) pressure continues
to tense the pipe in the circumferential and longitudinal
directions, but an additional radial component of stress
occurs. This leads to a radial flattening of the upper zone of
the pipe ahead of the crack front (Fig. 1). Flattening was first
noted in [14,15].

Fig. 1. Scheme of a pipe during crack propagation.
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There are several reasons for this flattening. Firstly, the
crack propagation is preceded by plastic deformation, in
which the lateral parts of the pipe wall move apart, and the
upper part descends; the pipe becomes oval. The second
reason is that the gas pressure is inhomogeneous in the
pipe cross-section, where the crack tip is located. In the
upper zone (near the crack), the pressure is significantly less
than in lower zone, which is diametrically distant from the
crack [11]. This follows from Bernoulli’s law: the pressure
difference is proportional to the square of the gas velocity,
and the gas escapes upward through the crack. In this case,
the rapid expansion of the gas occurs almost adiabatically,
thus the temperature decreases, which further lowers the
pressure. As a result, the upper part of the pipe near the crack
tip moves downward, as shown in Fig. 1, section B-B. As it is
shown in [14,15], the magnitude of this flattening is 2 + 5% of
the pipe diameter.

In addition, flattening leads to longitudinal tension of the
metal, which results in the formation of flaps during crack
opening (Fig. 2). As a result, firstly, the stress state becomes
triaxle, that is, from the point of view of technical mechanics,
it becomes more rigid. Secondly, flattening results in a local
increase in the radius of curvature of the pipe and leads to
an increase in tensile stresses in accordance with Barlow»s
formula. When these stresses exceed the yield strength of
pipe steel, plastic deformation occurs, and when ones exceed
the ultimate strength, fracture and crack propagation occur.
Thus, crack propagation requires deformation; and the
greater is the required deformation, the slower the crack will
move.

The indicated model of the processes preceding and
accompanying the movement of the main crack is confirmed
by the shape of the lateral edges of the templates cut from the
pipes after pneumatic testing (Fig. 3). The figure demonstrates
the plastic flow of metal to the neck in the outer surface of
the pipe walls.

The crack propagation process is accompanied by the
release of gas (air) from the pipe and, accordingly, a decrease
in pressure. The pressure reduction is controlled by the gas
flow rate. This means that the factor determining whether
the fracture will continue or the crack will stop (Fig. 4) is the
ratio of the rates of crack propagation and the decrease in gas
pressure.

Crack stopping is not the only case where a pipe is
considered to have passed the pneumatic test. Another
variant of the behavior of a crack is its looping, when the

Fig. 2. (Color online) Photo of a pneumatically tested pipe in which
crack propagation was arrested by a loopback.

crack changes its direction of propagation from longitudinal
to circumferential and closes in a ring or semi-ring (see
Fig. 2). With proper welding of butt-joints of pipes and
homogeneous properties along the pipeline, the reason for
the formation of a loopback is as follows.

If the ductility and toughness of the metal are high enough,
macro-tough fracture is caused by tangential stresses. The
maximum value of tangential stresses Tmax occurs in a plane
located at an angle of 45° to the directions of maximum and
minimum normal stresses.

“5179% ()

max 2

where o, and o, mean the maximal and minimal main
normal stresses, correspondingly. When the flattening is
absent or slow (Fig. 5), the direction of the maximal main
normal stresses is circumferential (6,=0,), and the direction
of the minimal main normal stresses is radial (o,=0 =0).
Longitudinal (meridional) main normal stresses are equal to
a half of the maximal (0,=0_/2).

Therefore, the planes S, where the tangential stresses are
maximum, are located as shown in Fig. 5: along the pipe at an
angle of 45° to the direction of the pipe diameter. In this case,
the crack moves in the longitudinal direction, and “shear lips”
are formed during the fracture (see Fig. 3).

Al b
1

a b
Fig. 3. (Color online) Cross-sectional profiles of pipe templates that
passed (a) and failed (b) pneumatic tests. The outside of the template
is on the left, the inside is on the right. Areas of the plastic flow of
metal are highlighted in gray.

Fig. 4. (Color online) Stopped crack.
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The flattening leads to the fact that in the zone in front
of the crack a nonzero curvature of the surface in the
longitudinal direction appears (see Fig. 1, the zone near the
section B-B). If the radius of curvature becomes less than
the pipe diameter, the radial normal tensile stresses exceed
longitudinal ones according to Laplace’s formula [13].

In this case, the minimum value of normal stresses are not
in the radial, but in the longitudinal direction, and the plane S of
the maximum tangential stresses is located at an angle of 45°
to the longitudinal and circumferential directions (Fig. 6).
This leads to a change in the direction of crack propagation.
The change in the direction of crack propagation quickly
causes a violation of the longitudinal symmetry of the stress
distribution, the appearance of moments of forces that cause
torsional deformation, and, as a consequence, looping and
stopping of the crack.

Since in the described situation the plane of maximum
tangential stresses at the beginning of the crack looping
process turns out to be perpendicular to the pipe wall, shear
lips should not be formed. In fact, this occurs in the zone
where the crack changes its direction of propagation from
longitudinal to circumferential, which is clearly seen in the
left part of Fig. 7.

The flattening curvature depends on the dynamic decrease
in the pressure of the gas leaving the pipe. As shown in [14,16],
the decompression, averaged in the section where the crack is
located, almost linearly depends on the velocity of the crack.
The residual pressure is about 30% of the initial pressure for
immobile crack and is almost equal to the initial pressure at
the crack velocity equal to the sound velocity of the gas. It is
clear that the lower the crack propagation velocity, the smaller
the distance from the non-flattened zone to the crack tip,
where the above-mentioned flattening of 2+ 5% of the pipe
diameter is achieved. A simple geometrical calculation shows
that the radius of curvature in the longitudinal direction
ceases to exceed the pipe diameter when the length of the
flattened part of the pipe becomes no more than 20-30% of
the pipe diameter.

4. Generalization

Thus, the arrest of crack propagation occurs when one of the
two conditions is met. Firstly, the rate of crack propagation
must be low enough to provide the necessary reduction in
gas pressure. Secondly, the metal must be sufficiently ductile
so that fracture is caused by tangential rather than normal
stresses. That is, both of these conditions are reduced to
the fact that the metal at loading rates corresponding to
those that occur during crack propagation during full-scale
pneumatic tests must have sufficient ductility (toughness).
Existing methods of computer modeling assume stopping
the crack propagation according to only the first of the
described mechanisms — longitudinal arrest [17]. In this
case, the stopping criterion is the achievement of the critical
value of the crack tip opening displacement (CTOD) [15,18]
or the excess of the energy required for crack propagation
over the amount of energy transferred to the deforming and
fracturing metal by the expanding gas [19]. The second way
to arrest the crack propagation, the so-called loopback, is not
considered in the existing theoretical and computer models.
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Fig. 5. Pattern (three projections of cross-sections) for the
distribution of normal stresses o in the pipe wall without flattering.
S are planes of maximal tangential stresses.
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Fig. 6. Pattern (three projections of cross-sections) of the distribution
of normal stresses o in the pipe wall in the vicinity of the crack and
overcritical flattering of the pipe. S are planes of maximal tangential
stresses.

Fig. 7. (Color online) The surface of pipe destruction after the full-
scale pneumatic testing at the place of completion of longitudinal
propagation (right side of the photo) and transition to the loopback
(left side of the photo).
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5. Conclusions

1. Stopping of the propagation of a longitudinal crack
in the event of ductile fracture of the pipeline under high
pressure is possible in two ways: longitudinal arrest of the
crack and its loopback.

2. Unlike the longitudinal arrest of the crack caused
by energy reasons, the loopback is determined by a “force”
reason: the appearance of radial normal stresses in the pipe
wall during the crack propagation and their exceeding the
longitudinal normal stress.

3. Radial normal stresses exceed longitudinal normal
stresses when the radius of curvature of local flattening
of that part of the pipe along which the longitudinal crack
propagates becomes less than the critical value equal to the
pipe diameter.

The radius of curvature of local flattening, all other things
being equal, is the smaller, the lower is the propagation rate
of the longitudinal crack.
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