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During operation, defects may appear on the surface of local sections of steel pipelines due to corrosion or adhesive wear,
reducing their strength, and sometimes, unfortunately, leading to an accident of the entire pipeline. The use of repair bands
made of innovative composite materials is one of the promising areas for maintaining the working pressure of steel pipelines.
The task of this work is the development of the method for determining the destructive hydrostatic pressure of repair bands
made of composite innovative materials. The obtained theoretical results and experimental studies made it possible to choose
the strength criterion and determine the values of the ultimate stresses at the junction points of the bands' composite tire and
the steel pipe.
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MinHicTh cTaieBUX TPYOONPOBO/IB HA KOPOAOBAHMX IIISIHKAX
3 PEMOHTHMM KOMIIO3UTHUM 0aH/Ia:KeM

Bepemaka C.M."", Mykocees B.M.%, Porosuii C.L.°, uranenxo I'.M.*

1:2.3,4 CyMchKuii HAlIOHANIEHUI arpapHUi YHIBEPCUTET

*Anpeca st nuctyBanHs: E-mail: vereshaka.sm@gmail.com

B mpoiteci excrutyaTariii Ha MOBEpXHi JIOKaIbHHUX AUITHOK CTAJIEBUX TPYOOIIPOBO/IiB BHACIIJOK KOPO3ii a0 aare3iiHoro 3HoCy
MOXYTh 3'SBISTHCS NE(PEKTH, IO 3HWKYIOTh IX MILlHICTb, a 1HO/I, Ha JKallb, 1 MPU3BOJATE JI0 aBapil BChOrO TPYOOIPOBOY.
I mpoGnema myske akTyaabHa IIPH eKCILTyaTarlii if peMOHTI TpyOOIPOBOIiB. 3aCTOCYBaHHSI PEMOHTHUX OaH/IaKIB 3 KOMITO3H-
HIHHUX IHHOBANIHHIX MaTepialiB € OJHUM 3 MIEPCICKTUBHIX HANPSMKIB 30€peKeHHs poO0YOro THCKY CTAIIEBUX TPYOOIPOBO-
B Yy 3B'I3KY 3 THM, LII0 PEMOHTHI pOOOTH MOXYTb IIPOBOJUTHCS €3 3yIHHKH IIPOLIECY TPAHCIIOPTYBAHHS €HEProHociiB. Po3-
poOKa METOJMKY BU3HAYCHHS PYHHIBHOTO TiIpOCTATUYHOTO TUCKY PEMOHTHHX OaHIaXiB 3 KOMIIO3HULITHUX IHHOBAL[IHHUX Ma-
TepiaiB CKJIQJA0Th 3aBIaHHs AaHOT poOOTH. 3 MPUYMHH CYTTEBOI Pi3HULI (i3UKO-MEXaHIYHUX XapaKTepPUCTHUK MaTepiaiiB
TpyOH i KOMIO3UTY, TOTPiIOHO OiNbII rMMOOKE BUBUEHHS X CHINBHOT pOOOTH SIK B PYXKHIi, Tak i B IitacTu4Hii obnacti aedo-
pMyBaHHs. J[J OTpHMMaHHS YMCIOBUX PE3y/IbTaTiB BUKOPHCTOBYBABCSA METO/I KiHLIEBUX €JICMEHTIB, @ TAKOXK OYJIO OCTAaBJICHO
i mpoBesieHO (i3nuHMIT eKcrepuMeHT. Y poGOTi IMPONOHYETHCS CKCIEPUMEHTAIBHO-TEOPETHYHA METOMKA PO3PAXyHKY Ha
MIIHICTH KOHCTPYKTHUBHOI CHCTEMH — CTaJleBa TpyOa i peMOHTHHII OaHnax. B pe3ynbrari mpoBeeHNX eKCIepUMEHTAIBHUX 1
TEOPETHYHHX JOCIIIKEHB, OYJIM TOCATHYTI MEBHI pe3yJbTaTH: po3poblieHa METO/IMKa BU3HAYCHHS PYHHIBHOTO IiJpocTaTHy-
HOT'0 THCKY PEMOHTHHMX KOMIIO3UTHHX GaH/aXiB; BCTAHOBJICHO, 110 YCYHEHHs Ne(eKTiB TpyOOImpoBOIy 3a OMOMOIOK KOM-
HO3UTHOTO OaHaaXa IIPU3BOAUTS 10 IEPEPO3INOALTY KilbLEBOr0 HaBaHTaXXEHHS; 0COOJIMBO BXKIUBUM (AKTOPOM € CTBOPEHHS
HaJliHOT0 3YETUICHHS KOMIIO3UTHOTO OaHaaxa 3 MeTaloM TpyOH, 1o 3abe3neuye X crinbHe AeGopMyBaHHS; IPEACTABIISETHCS
MEPCIIEKTUBHAM HANPSIMKOM po0OTa MO MiJBUIIECHHIO e()EeKTUBHOCTI (i3HKO-MEXaHIUHUX XapaKTEPUCTHK KOMIO3UTHHX OaH-
J@XiB 1 CTBOPEHHST KOHCTPYKILiH, 110 320€3MeuyIoTh OLIbIIY )KOPCTKICTb.

KorouoBi c10Ba: KOMIIO3MIIiHI MaTepiany, JJOKaNbHI qe(eKTH, peMOHTHHN OaHaaX, CTaJIeBUH TPYOOIPOBI.
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Introduction

Transportation of oil and gas in the modern world is
carried out using trunk pipelines. The reliability of the
linear part of pipeline systems [1] is becoming one of
the most important competitive advantages and the
main component of energy and environmental state se-
curity.

On local sections of pipelines due to corrosion, in-
cluding stress corrosion, appear defects that reduce
their strength and can lead to accidents with a length of
destroyed pipeline sections from 10 to 40 m [2, p.9]. In
general, corrosion processes account for 15 to 20 per-
cent of all reports of serious accidents [3, p.116].

The consequences of the gas explosion of the Uren-
goy-Pomary-Uzhgorod pipeline in 2007 are illustrated
in the article [4, p.26].

In accordance with the development plan of the
Ukraine gas transportation system until 2030, it is
planned to overhaul 791 km of gas pipelines [5, p.99].

It should be noted that the repair of corrosive sections
of pipelines using welding technologies leads to a halt
in the transportation of energy carriers and entails sig-
nificant losses. The development of effective repair
structures in the form of multilayer bands composite
tires will make it possible to carry out repairs without
interrupting the process of transporting products. This
emphasizes task relevance.

As arule, while the repair is used composite bandages
based on glass and carbon fibers, as well as Kevlar-49
fibers (Aramid Kevlar 49) [6-12], a regulatory frame-
work has been created for the repair of pipelines with
composite systems [13-17], the range of used compo-
site materials is expanding [11]. For example, the
American company ClockSpring [18] has developed a
unique technology for repairing of steel pipes defective
sections using special ClockSpring cuffs (clock spring).
The ClockSpring cuff is special glass fiber, unidirec-
tional composite material with a memory matrix.
The authors of this development note that the cuff
"takes on" 1/6 of the total load, therefore, the limits of
the pipe "primary" elastic deformations zone increases
by 18%.

In Ukraine, for local pipelines’ repair, the composite
bandages of the company «Polypromsintez" are used,
made based on fiberglass and polyester resin. It has de-
veloped a technology for the manufacture of composite
bandages by multilayer winding of fiberglass fabric on
a pipe.

In publications [19-20], a brief review of the scientific
literature dedicated to the problem of defects detection,
monitoring, and restoring of the steel pipelines cor-
roded sections is given. The main directions for the use
of repair composite bandages in a world practice are
outlined. It is noted that fiber-reinforced composites are
an ideal choice of material for steel pipe rebuilding due
to their lightness, high strength and stiffness, good cor-
rosion, and fatigue resistance.

Review of the research sources and publications

A significant difference in the physical and mechani-
cal characteristics of the pipe and composite materials
requires a deeper study of their joint work in both elas-
tic and plastic deformation regions. Investigation of the
pipeline-bandage system, in order to study the mechan-
ical properties of the bandage and create structural and
technological schemes for strengthening defective ar-
eas during pipeline repair, as well as the methods for
calculating them, are given in publications [19, 21-27].

Here it should be noted that the norms for the permis-
sible defects’ sizes of the power engineering facilities
impose rather strict restrictions on their sizes. The fol-
lowing classification of defects has been adopted:

— non-thorough: corrosive, erosional, and metallurgi-
cal type;

— through (holes, fistulas) and linear (cracks).

Table 1 — Basic requirements for permissible de-
fects according to the most common standards

Types of Permissible Notes
Ores , Yo | defect area,
defects 5
mm
through 0 <150 Distance
defect between
adjacent
non- > 90 < 300000 defects
through 80— 90 < 200000 > 1000 mm
defect 70 —80 < 150000 YTI<0.5m3
60-70 | < 100000
50-60 | < 50000
<50 The repair
technology
is the same
as for the
through
defect

Note: dres = (0aci/0) 100 — relative pipe wall thickness
in the area with a defect, d../0 — actual and nominal
pipe wall thickness; >I1 is the total area of sites with
defects.

In publications [14, 16-17, 19-20], the joint work and
strength of a repair band and a pipe with a blind flaw
are studied. For example, Showman A. and Taheri F.
[21] give the values of the deformation limits of re-
paired pipelines under combined loading conditions,
Keller M. W. and others [22] evaluate the effect of
moisture on the thermoelastic properties and creep
characteristics of a carbon fiber-reinforced bandage.

The authors [24-25] have carried out experimental
and theoretical studies on full-scale fragments of pipes
with non-through local defects to determine their joint
work with a repair composite bandage. The results of
testing pipes with composite-polymer bandages in ar-
eas with defects that simulate local corrosion damage
are presented. The joint operation of the shroud and the
pipe under static and cyclic loads caused by internal
pressure was shown.
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The reinforcement efficiency of the pipelines' defec-
tive sections with composite-polymer bandages is es-
tablished and the destruction features of the pipe rein-
forced by the bandage are noted.

Much less theoretical works are devoted to the prob-
lem of corroded pipeline sections through defects re-
pair. The ultimate internal pressure of the through-
thickness defects pipes with the use of the composite
band was determined in publication [24] based on the
approaches to solve the fracture mechanics problems of
composite materials. Kopple M. W. and others [23]
solve the strength issues of the repaired pipelines
through defects using analytical and numerical models
compiled in accordance with ISO / TS24817.

Definition of unsolved aspects of the problem

Unfortunately, the lack of refined methods for as-
sessing the effect of defects on the structures’ strength
leads to an unreasonable increase in the volume of re-
pair work to eliminate defective areas without special
need. A refined method for assessing the effect of de-
tected defects on the strength of the pipeline-composite
bandage system will make it possible to have a more
accurate prediction of the feasibility of pipeline corro-
sive section repairing.

In this regard, special attention should be paid to both
theoretical and experimental study of the stress state at
the points of the mating surface of the steel pipe and the
band. This is necessary for the determination of the
most effective strength criteria and assessment with
sufficient accuracy of the limiting state of repair sys-
tems during their operation.

Problem statement

Purpose of work. Based on the discrete-structural the-
ory of multilayer shells and the finite element method,
static stresses and the peculiarities of deformation of
the steel pipe material and a repair composite bandage
along their mating surfaces were determined in this ar-
ticle. This, in its turn, has made it possible to find the
bandage design parameters depending on the damagea-
bility of the pipe material and the defects’ geometric
parameters. The obtained theoretical results, confirmed
by the experimental data, have made it possible to find
the values limiting stresses, to select the strength crite-
rion, and to determine the value of the breaking internal
pressure.

Object of the Study. Fragment of the seamless hot-
rolled steel pipe (GOST 8731-74, GOST 8732-78)
made of 09G2S steel. The specified non-through and
through defects were applied on the outer surface of the
pipe.

Subject of the Study. The strength of the steel pipes
reinforced with a repair composite bandage on the local
areas with the corrosive defects under the action of the
internal hydrostatic pressure.

Research methods. To obtain the numerical results,
the finite element method was used, which was imple-
mented in the ANSY'S software package, as well as the
laboratory research program was developed and a phys-
ical experiment was carried out.

Research results. It is proposed an experimental-the-
oretical method for calculating of a structural system
strength - a "steel pipe and a repair bandage". The band-
age is made of a composite material with one plane of
elastic symmetry, which allows to apply the tensor-pol-
ynomial strength criterion. This strength criterion
makes it possible to take into account the limiting me-
chanical characteristics of the bandage under the trans-
verse shear deformations and transverse separation or
compression at the points of the mating surfaces of the
layered structure elements. The comparison of the de-
structive internal pressure values according to the pro-
posed method with experimental data proves its effec-
tiveness.

Basic material and results

The experiment presented in this article was carried
out on the basis of JSC "Fiberglass pipes" in Kharkiv.
As it has already been noted, the object of the research
was a fragment of a seamless hot-deformed steel pipe
(GOST 8731-74, GOST 8732-78) made of 09G2S
steel. The main characteristics of the pipe are shown in
Table 2. The flanges were welded to a 1-meter long
pipe. The artificial defects were applied to the pipe's
outer surface using a cutter. The internal working pres-
sure of the pipe is assumed to be 20 MPa.

Table 2 — Geometrical and mechanical
parameters of the investigated pipe

Mechanical
R ! < properties
o 5 E g &
.| B |22 || oon
S E Sg | 8| &g |MPa| MPa
SE|BE|=z8| &8
2.243-107 | 169 5,8-6,2| 1000 | 490 |340

The pipe in question satisfies the requirements for a
long shell. Therefore, the edge effects that occur in the
area of flange joints, quickly decay and do not affect
the stress state in the area of applied defects.

On the surface of the pipe, there are six segments of
30 mm wide undercuts and an annular 50 mm wide un-
dercut. Residual pipe thickness in the area of the seg-
mented and annular recesses varies from 1.6 to 3.1 mm.

The stress-strain state of the pipe was investigated in
order to establish the joint operation of the pipe and the
bandage at all stages of loading. To measure the relative
deformations, wire strain gauges of the KF4P1-3-200
type with a base of 3mm, Smm, and 10mm were used.
The sockets consisted of two strain gauges. The aver-
age value of the tensosensitivity coefficients is
K =2-10. All strain gauges are included in the electri-
cal measuring circuit according to the documentation
for the SIIT-3 device. Deformations at the points of the
pipe wall and on the surface of the repair bandage were
measured in the longitudinal and annular directions.
The sensor layout is shown in Fig. 1.
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Figure 1- Layout of load cells on a steel pipe

Since the pipe wall is weakened by surface defects,
during the experiment the created hydrostatic pressure
was lower than the working pressure. Loading parame-
ters were monitored with a high-precision pressure
gauge.

The experiment has consisted of three stages. At the
first stage, the stress-strain state of the pipe in the zones
of applied defects was studied. The step of the hydro-
static pressure increase was 0.2 MPa. At the pressure
of 14.6 MPa at point 33, a crack appeared in the longi-
tudinal direction with a length of 3 mm and an opening
width of 0.5 mm. With the appearance of the crack, the
leak and the drop in hydrostatic pressure began. It
should be noted that plastic deformations of steel in
point 33 began at a pressure of 4.8 MPa, i.e. long before
the onset of the destructive load.

Defective areas reinforcement at the second stage of
the experiment was carried out by applying the multi-
layer bandage. After preparing the pipe surface by
sandblasting, as well as manually grinding the surface,
a fiberglass bandage was applied.

Fiberglass matrix. In this work, the fiberglass matrix
is represented by an epoxy polymer 5-211B with
the following elastic parameters: E, = 3500 MPa,
v = 0.35.

The ultimate strength of the above composition was:

o, =30 MPa; v,, = 0.35 — for tensile;

o,,= 70 MPa; v, = 0.35 — for compression.

Reinforcing material. The reinforcing element of the
composition is a fabric of satin structure T-10-80.
The fabric is obtained by the weaving of the alumino-
borosilicate threads BC6-26x1x1 (E glass). The elastic-
ity modulus of aluminoborosilicate threads Ep and
Poisson's ratio vgis: Ez = 72000MPa; vz =0.2.

In each reinforced layer, the volume occupied by the
threads is vz = 0.4 of the total volume.

The ultimate strength of the interweaving of alumi-
num-borosilicate threads BC6-26x1x1 (E - glass) while

stretching is assumed to be — o3 = 1500 MPa.

The ultimate strength of the interweaving of alumi-
num-borosilicate threads BC6-26x1x1 (E - glass under

compression is assumed to be oz = 600 MPa.

The physical and mechanical properties of the fiber-
glass bandage were determined according to the
method described in the work [26], and are given
in Table 3.

Table 3 — Physical and mechanical characteristics
of the fiberglass bandage

Reinforce- Ey, Gij, . Vi
ment MPa MPa v !
scheme

[ o ]SEZ:17900 G4=2980v.4~0.06 | v5.=0.06
(07790%)6 05 £,~16800| G,.=2689 | v-,=0.38 | 1,-=0.19
E,=8700 | G,4=2654|v6=0.38| v,,—0.2

Note: E., Ey, E, — elastic modulus of the 1st kind in
the longitudinal, circumferential, and radial directions;
Gy, Gz, Grg — shift modules;

V26=Vo: , V2=Vz , Vo~—=Vy9 — pOisson's ratios.

Thus, fiberglass is a transversely isotropic material
and consists of 25 unidirectionally reinforced layers of
0.25 mm thick. The composite bandage was fitted along
the entire length of the pipe and the bandage thickness
was approximately 6 mm.

After polymerization of the bandage, strain gauges
were glued to the outer surface of the band at the loca-
tions of pipe defects.
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At the second stage, the stress-strain state of the pipe
in the zones of the applied defects was investigated.
The step of the hydrostatic pressure increasing was
0.2 MPa. The device of the repair bandage has allowed
increasing the hydrostatic pressure to the working
value, i.e. up to 20 MPa. The stress-strain state of the
sample was investigated in order to establish the joint
operation of the pipe and the bandage at all loading
stages corresponding to the operation of the pipeline.
The data obtained by the tensometric method indicate
that the deformation of the bandage occurs together
with the pipe.

The subject of the third stage of the experiment was a
through the defect in a round tube with a diameter of
30 mm. The defect area was 730 mm?. A repair band-
age of 10 mm thick and 400 mm wide was applied to
the section of the pipe with the defect. After polymeri-
zation of the band with a step load of 0.2 MPa, the
strength of the pipeline - composite band system was
studied in the presence of a through the defect. Already
at a hydrostatic pressure of 3.5 MPa, water appeared in
the contact zone of the composite bandage and the pipe
and the hydrostatic pressure began to drop.

For a hydrostatic pressure of 3 MPa using the ANSY'S
software package for the model in Fig. 2, the isofields
of the stressed state of the "pipeline - composite band-
age" system were obtained.

b)

Figure 2 — Numerical model of the sample;
a - general view; b - a fragment with a defect and a repair bandage

a)

b)

Figure 3 — Distribution of normal axial stresses o;:
a - on the surface of the pipe defect; b - in a bandage near the defect

b)

Figure 4 — Distribution of normal circumferential stresses co:
a - on the surface of the pipe defect; b - in a bandage near the defect
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Figure 5 — Distribution of normal radial stresses o;:
a - on the surface of the pipe defect; b - in a bandage near the defect

Figure 6 — Distribution of shear stresses 7 (:
a - over the surface of the pipe defect; b - in a bandage near the defect

Figure 7 — Distribution of shear stresses 7:
a - over the surface of the pipe defect; b - in a bandage near the defect

Figure 8 — Distribution of shear stresses 7(:
a - over the surface of the pipe defect; b - in a bandage near the defect
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The results analysis (Fig. 3-8) of the numerical exper-
iment have shown that the maximum stresses in the
composite band arise at the points of the glass-rein-
forced plastic-metal contact surface (adhesive layer) at
the border of the through defect:

0:=22.0 MPa, oce=75.0MPa, o,=10.0MPa,

7.=-1.0 MPa, 70.=-12.0 MPa, 7 .=-9.0 MPa.

To assess the bearing capacity of the fiberglass shell
under consideration, a modified strength criterion can
be used [27], that includes transverse stresses and takes
into account the effect of weakened interphase contact
of layers:

2
Ry 1011 + Ryy095 + Ry3033 + Ryy 07 +

2 2 2
+ Ry2yp09) + Ry333033 + 4R 51,07, + )

2 2
+4R 313013 +4R)33093 + 2R 12,010 +

+ 2R, 133011033 + 2Ry330 0,033 = 1.

The coefficients of equation (1) are determined using
7%
(i, j = 1,2). Index "+" means ultimate stretching stress,
index "-" in compression. For the components of tensors
of the strength surface (1), in the publication [21] the fol-
lowing relations were proposed:

the established ultimate strength characteristics o

- + - +
R . =%u"%u.p _%270%n,.
11— - 4 22— _ 4
0110711 022072
- + - +
R _ 033 - 033, R _01p =01,
3= - 5 s E
033033 0120712
1 1
Ry =——F: Rppp=—"F )
011011 0220
1 1
ARypp3 =——; Ryz33 =— >
023073 033033
1 1
ARy =—— 4R35 =— T
012012 0130713
R,,—R 1
_ Ity =Ry .
2Ryyy3 ==+ Ry + Ryy3 + 77—
023 (023)2
R,—-R 1
_ g — Ry .
2Ry =+ Ry + Rypyp + 77—
012 (012)2
R, —R 1
_ Iy T g
2Ry 33 =——+ R + R+ 77—

2
o3 (01} )

The theoretical values of the ultimate strength of the
repair band are determined on the basis of the method
proposed in the work [28]. The obtained results are
given in the table. 4.

Table 4 - Theoretical values of the tensile
strength of the repair band

Reinforce- ol ok, o =
ment code Y J ij
MPa MPa MPa MPa
O-;r z-(Sz O-; T(;z
— +| _ + | - _
07 190y q0)s [734790 | =257 |= 2090 | =60z,
=3250, | =231,y |= 2020, | =547,
=75 =23 =135 =53

It should be noted that while passing to a cylindrical
coordinate system, the following identities are fulfilled

G“=O'Z§ 022200; 0-33201”;
T =T T21=Tg> T30 =19

For a hydrostatic pressure of 3 MPa, the strength cri-
terion (1) takes the form

KR=0931<1.

Thus, the theoretical results indicate that the breaking
hydrostatic pressure may be even lower than the exper-

imentally obtained result ¢, =3.5 MPa.

Conclusions

Thus, as a result of the experimental and theoretical
studies, the following results were obtained:

— the method for determining the destructive hydro-
static pressure of repair composite tires, created by the
multilayer winding of fiberglass onto a pipe with its
simultaneous impregnation at the site of the defect has
been developed;

— it was determined that the elimination of pipeline
defects using a composite band leads to a redistribution
of the annular (circumferential) load between the pipe
and the composite bandage under the further loading of
the pipeline with the internal pressure;

— a particularly important factor for ensuring the pos-
sibility of loads redistribution between the pipe and the
composite bandage when the pipeline is loaded with in-
ternal pressure is the creation of the reliable adhesion
of the composite bandage to the pipe metal and thereby
ensuring their joint deformation due to the adhesive
properties of the adhesive layer;

— it seems to be a promising direction to work on the
efficiency improvement of the physical and mechanical
characteristics of composite bandages by using new
materials and creating structures that provide greater ri-
gidity;

— due to the effective implementation of composite
bandages, the determination of real physical and me-
chanical characteristics, it is possible to achieve partial
or complete restoration of the bearing capacity of the
corrosive section of the pipeline, and, although the steel
is still subjected to plastic deformation, its degree is
limited by an external bandage made of composite ma-
terial, which ensures the safety of the pipeline at the
maximum permissible operating pressure.
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