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DETERMINATION OF CORROSION RATE IN PLACES OF INSULATION
DAMAGE OF UNDERGROUND PIPELINES
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The electromagnetic method of non-contact current measurements makes it possible to quickly
monitor the state of passive (insulating coatings) and active (cathodic polarization) corrosion
protection of underground pipelines (UP); detect places of unsatisfactory insulation, determine
the transient resistance and its components (resistances of soil, insulating layer, polarization) in
different sections, the area of insulation damage, the current distribution of cathodic protection
of UP. In combination with contact measurements of direct and alternating voltages, ohmic and
polarization potentials, it is possible to determine the polarization resistance and estimate the
corrosion rate.

Keywords: electric currents, potentials, underground pipelines, damage insulation, transition
resistance, cathodic protection, corrosion, measuring, diagnostics.

BU3HAYEHHS HIBUJIKOCTI KOPO3Ii B MICISAX OIKO)KEHb
I30JIALII NIJIBEMHUX TPYBOIIPOBO/IIB

P. M. [Ixxana, b. 5S1. BepGeneun, B. P. [Ixaua, B. II. JIozoBan, O. I. Cenok
®iznko-mMexaniynuii iHcTuTyT im. I'. B. Kapnenka HAH Ykpainn, JIbBiB

Kopo3sis mpu3BoauTh 10 NOMIKOMKEHB CIOPY. 1 € MPUYWHOK CKOPOYCHHS TEPMiHIB iX mpuaat-
HOCTI J10 eKcruTyaTarii. EnektpomaraitHIA MeTo 00cTekeHb mig3eMHnx Tpyoomnposonis (I1T),
o 0a3yeTbesl HA TPUENMHIA MaTeMaTHYHIN Mozeni enektpomaraetHoro moist [T ta Bumipro-
BaHHAX XapaKTEPHCTUK IPOCTOPOBOTO PO3IMOIITY 30BHIIIHBEOTO €IEKTPOMArHETHOTO OIS, Ja€
HOBI MO>KJIMBOCTI ONEPaTUBHOI'O BH3HAUCHHS KiJIbKICHMX IMOKAa3HUKIB CTaHY MacHBHOTO (i30J1s1-
LIAHUX MOKPHUTTIB) 1 AKTUBHOTO (EIEKTPOXIMIYHOIO KATOAHOKO MOJISPU3AINIEI0) 3aXUCTY BiJl KO-
po3ii. PO3BUTOK METO/IB i CTBOPEHHS HOBHX 3ac00iB OE3KOHTAaKTHHX BUMiproBaHb cTpyMiB (BBC)
JIAl0Th MOJJIMBOCTI BU3HAYATH PO3IMOJIIH MEPEXiTHOTr0 Onopy “Tpyba—3emis”, BUSBISATH Mic-
51 He3aI0BUTBHOT 130111 32 KPUTEPiEM KPUTHYHOTO 3aHUKAHHS CHTHANY 1 OIIHIOBATH ILIOIILY
HACKPI3HUX IMOIIKO/HKEHbD 130JIA1Ii1, BU3HAYATH PO3IMOIN CTPyMYy YCTaHOBKH KaTOJHOTO 3aXHC-
Ty Ha pi3HUX rinkax i gingakax [1T.

AHAJITHYHI JOCTIHKEHHS MaTeMAaTHIHIX MOJIEIeH, YUCTIOBE MOJICTIFOBAaHHS 1 eKCTIepUMEHTAIbHI
JOCIIJDKEHHST Ha Tpacax MariCTpajJbHUX TPYOOIPOBOIB AIOTh HOBI CIIBBITHOIIEHHS MDX Ia-
pameTpamu KOpO3iHOTO CTaHy TpyOOompoBoay. 30KpeMa, KOpo3iliHi MpoIecH Ha MOBEPXHI Me-
Tary TpyOONpPOBOLY XapaKTepU3yIOTh MOJIPU3ALIHHII MOTeHNial, NoJIpH3aliifHui Omip, aHO.-
HUH CTPYM BHUTIKaHHS Ta 3aXHCHHH CTPYM KaTOIHOI IMOJISIPH3aLLii.

PO3rJIsiHyTO MOXKJIMBOCTI BU3HAUSHH IUX nmapaMeTpiB Ha ocHOBi BBC Ta KOHTaKTHUX BUMipIo-
BaHb MOCTIMHUX 1 3MIHHUX €JIEKTPHYHAX HANPYT Ta OMIYHOTO 1 TOJIAPHU3AIiiTHOTO TOTEHIIiaiB
Juist oriHky mBUaKocTi kopo3sii IIT. Onucano mpouexypu iHTerpaiabHHX, JU(EpeHIIHHNIX Ta
JoKanpHUX 00cTexeHs MeToqoM bBC 3 BU3HaueHHSIM mapaMeTpiB 130J141ii Ha PI3HUX TUITHKAX
[T y xomIiekci 3 KOHTAaKTHUMH BAMIPIOBaHHSMH €JICKTPHYHHUX HANPYT 1 MOTCHIIANB Ta BH-
3HAUSHHSIM PO3MOALTY TYCTHHH CTpyMy KatoaHoro 3axucty IIT, mepexigHoro omopy Tpy6o-
HpOBOIY i HOro i30JALiHOrO MOKPUBY Ta Mosipu3aliiiHoro onopy. IToka3zaHo MOXXIHBOCTI
OLIIHIOBAaHHS CTPYMY KOpPO3ii Ta 3MEHIICHHs MBHAKOCTI KOPO3ii Bif /ii 3aXUCHOTO CTPyMy IIO-
nsipu3aLii, TYyCTUHY SKOTO BH3HAYEHO 332 OC3KOHTAaKTHHUMH BHUMipaMH 3MiHHOT KOMIIOHEHTH
CTPYMYy YCTAaHOBKM KaTOJHOTO 3aXHCTy 1 KOe(illieHTa TapMOHIKH, BCTaHOBJICHOTO 3a BiJHO-
[ICHHSAM MOCTIHHOT 1 3MIHHOT HAIPYT y TPYHTI MOTEPEK TPACH.

KuwuoBi cioBa: erexmpuuni cmpymu, nomenyianu, nio3emui mpybonpoeoou, ROUKOONCEHH s
i301ayii, nepexionull onip, KaMoOHUL 3aXUCT, KOPO3is, BUMIPIOBAHHS, OIASHOCMYBAHHS.
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Introduction. Corrosion causes damage of structures and reduces their service
life [1]. The electromagnetic method of survey of underground pipelines (UP), based
on the traditions of the mathematical model of the electromagnetic field of the UP and
measurements of the characteristics of the spatial distribution of the external electro-
magnetic (EM) field [2—4], provides new opportunities for operational control of corro-
sion protection (CP) of the UP [2, 5]. The development of methods and the creation of
means of non-contact current measurements (NCM) make it possible to determine the
distribution of the transient resistance “pipe-ground” and its components, to identify
places and estimate the area of through insulation damage, to determine the distribution
of cathodic protection current in different sections of the UP [2, 3, 5-8].

Analytical studies of the mathematical models of the UP, numerical modeling, and
experimental studies on the routes of main pipelines [2-8] allowed to establish new re-
lationships between the parameters of the corrosion state of the pipeline. In particular,
corrosion processes on the metal surface of the pipeline characterize the polarization
resistance and the leakage anode current.

This paper considers the possibility of determining these parameters using non-
contact current measurements and contact potential measurements to assess the corro-
sion rate in the UP.

Non-contact operational observation of the UP. The non-contact method using
equipment such as non-contact current meter BIT or NCM [2, 3] determines the location
and direction of the UP. As a source of probing current, we use a cathodic protection
installation (CPI), which supplies a time-stable rectified pulsating current to the pipe-
line [1-5]. In the absence of such CPI, it is possible to use the alternator.

For integrated surveys of the zone of CPI action, we measure the currents in all
lines and arms of the UP connection to the CPI and in the anode (drainage) wire.
According to the largest values of current, we find those UP arms in which the lowest
resistance is the “pipe-ground”, which is the worst insulation [1-5].

For differential surveys along the route, we measure the depth h, of the UP
occurrence and the amplitude of the alternating current component J, at the points of
the route n =0, 1, 2, ... . We record the time of measurements and geographical GPS
coordinates of points n. We also determine the distances between them — the intervals
of the pipeline length Al

We determine the current consumption at each interval Al, of the length of the
pipeline, located in one arm of the zone of the source of probing current action

Ay =J,-Jpq A 1)

The relative current consumption per unit length of the pipeline (relative linear
current leakage density) is determined by the formula:

A
83, =—20 100, 9%6/m, @)

nc * Al
where J.. =(J,, +J,1)/2 is the average current in the pipeline on the » interval.

The relative linear current flow density 8J, with sufficient accuracy for practice is
equal to the signal attenuation o, = (Al,) *In(J./J, 1) along the UP. It is proportional to
the electrical conductivity of insulating coatings and is an indicator of the UP insula-
tion damage: the largest values 8J, indicate the places of the highest conductivity of the
“pipe-ground” resistance, which is the lowest of the protective coatings.

To detect unsatisfactory insulation of the UP we use critical attenuation [2, 3],
which is determined by the electromagnetic wave attenuation in the soil and calculated
by the formula

8 =0,2,[FIpy , %/m, 3)
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where f is current frequency, Hz; py is specific electrical resistance of the soil, (€2-m).

If the relative flow rate (attenuation) of the current in the pipeline on some
interval exceeds the critical value 8J, > 8Jy, it can be argued, that the insulation on this
n interval of this UP section is unsatisfactory.

The area of the through insulation damage in the UP can be determined by
comparing the current loss coefficients a4 in this area and outside it, ay is in the area
without damage [2, 7, 8]. The total area of damage on the UP site is estimated by the
equivalent area of a circle with a radius a :

_m?(p? -1l 47,
aq —T 1+ l+m , (4)

o o
where m:é; p:a—i; ag = [fueoy i Z=2N@A-m?)(1-p°m®); N=6-

—In(r, /fcg ); Iy = D/2 is pipe radius; t; — insulation thickness; oy =1/py — specific
electrical conductivity of the soil. Thus, we have a1>a, and <o .

Use of NCM for quantitative estimation of parameters of the converter of cathodic
protection of the UP is reasonable if the array of data of current measurements is correct.
It is obvious that the current in the UP J(I) with a distance from CPI in the zone of its
action decreases and increases with the approach to CPI. These changes in J(I) are in
fact monotonic. However, in homogeneities of the route or errors of the operator cause
NCM errors. These errors lead to a violation of monotony and must be corrected. To
correct the data set, we detect and remove gross errors of NCM, apply them to smooth
and averaging methods [2, 3].

Contact measurements of direct and alternating voltages and polarization
potential. We use the PPM equipment. Then we connect PPM to the UP metal and the
copper sulfate reference electrode (RE) installed on the soil surface above the UP, as
well as to the auxiliary electrode (AE) installed at a distance x = (5...8) h from the UP.
Such connections of voltmeters are traditional for contact electrometric UP inspections
[1, 2. 5].

Next we measure constant U,, and variable V4 pipe-ground voltages between the
metal of the pipe and RE and constant Uy, and variable Vg voltages at the same resistance
between RE and the AE. The polarization potential (PP) is determined [2, 5] by the
formula

Upol = Upg — Vg Ugg / Vg ®)
where the second term is the ohmic component of the potential and relation
k= Vgq/ Ugg (6)

is the measured harmonic coefficient, which is the ratio of the variable to the constant
component of the rectified pulsating current that flows at the UP is the measurement
site.

Polarization potential Uy, (with the removal of the ohmic component) is considered
to be the main indicator (criterion) of UP electrochemical corrosion protection [1, 2].

Resistance of the insulating coating (insulation layer with possible pores, defects)
in the UP area in low-frequency alternating current can be considered active (its reactive
component can be neglected) [2, 5]. Then in operating conditions:

Rin =Vin / jn 'Q.mz_ (7
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The alternating voltage on the insulating layer Vi, is found by measuring the
alternating voltage V,, between the pipe metal and RE, placed on the soil surface above
the UP, and the voltage drop in the soil above V,

Vin = Vpg — V. (8)
V, can be determined by measuring the voltage Vyq = V, on the ground between the RE
and AE electrodes, spaced apart x. To do this, use the previously obtained [2, 4]

dependence:
4h X2

Hence, it is useful to note that the voltage Vj in the soil above the UP will be equal
to the voltage Vqq = V, between the RE and AE electrodes on the soil surface Vg = Vy if
the distance x between these electrodes is chosen according to

x=h 2(%—1}. Then  Vy=V, =V, (10)

Then instead of (8) we have
Vin = Vpg — Vgg- (11)
Determination of the current distribution of the UP cathodic protection. Ac-
cording to the measurements of the variable current component of CPI and the
harmonic coefficient k, we determine the costs of the direct component Al, of the
cathodic protection current in the n-area of the UP [2, 5]:
Al, =AJ, /K, . (12)
Having the diameter D, determine the flow density of the variable j and direct i
components of the cathodic protection current in the UP area:
Ih=AJ,/s, and i, =Al,/s,, (13)

where s, = tD-Al, is the surface area of the controlled UP section; i, = j, / k .
For the current density of cathodic polarization in places of insulation damage in
the n-area UP we have:

ion = Ay /1 a6 Ky . (14)
The transient resistance of the “pipe-ground” in direct current in the UP site is
determined by measuring the displacement of the potential difference “pipe-ground”
AU, with respect to the current density of the cathodic protection at the site i,, which
caused this displacement:
AU
Ringn = ——>, Q. (15)
'n
Displacements AU, are found by the difference of measurements U,, without
polarizing current (natural potential) and in the presence of polarizing current [1].
The transient resistance of the interfacial and insulating layers in direct current in
the UP area, similarly to (7)—(11), is determined by the ratio

Rpgin =Uin /iy , Qm?, (16)

where, in contrast to (8), we must take into account one more component — the polari-
zation potential Uy :

Uin = Upg - Ugg - Upol , (17)
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while the density of direct current i, is determined using the results of the NCM device
and the harmonic coefficient according to formulas (6), (13).

The obtained value (16) of the transient resistance of the protective coating
“metal—soil” in direct current includes both the resistance of the insulating coating R,
and the polarization resistance Ry in the studied area. It can be used when calculating
the cathodic polarization of the underground pipelines.

The polarization resistance of a unit of the surface for the given UP area on the
obtained components of the transition resistance “metal-soil” and the resistance of the
insulating layer [2, 5] can be defined as:

RpoI = Rpgin —Rin . (18)

Taking into account equality (9) and the area of insulation damage (4), we obtain
the polarization resistance at the points of contact of the UP metal with the ground.

The obtained values of polarization resistance of the UP can be used to estimate
the rate of residual corrosion [1, 2, 9-19] in places of insulation damage in real condi-
tions of the pipelines and associated underground metal structures.

Note that the method described here for determining the polarization resistance
(18) can be used in the practice for the UP diagnostics. This method differs from the
method of Ry, definition proposed in previous works [6, 8] by measuring the attenua-
tions of DC and AC currents in different UP sections. Method (18) has a significant
advantage over other methods because it is based on measurements of currents and
potentials from the soil surface [5, 18] without UP excavation or probes penetration
into its surface.

Corrosion current. The corrosion rate, as is known [8-16], can be estimated by
the density of the flowing anode current i, in places of damaged pipeline insulation. In
corrosimetry, the method of polarization resistance is used to determine the corrosion
rate, and the correlative Stern—Giri ratio is used

b, -b,

jp=—2 ¢ | 19
® 23Ry (by +h¢) 19)

where b,, b, are Tafel constants for anodic and cathodic reactions; Ry are polarization
resistance of charge transfer through the double electric layer at the site of the insula-
tion defect.

The polarization resistance can be used to determine the corrosion current density
[9-13]

icor = K/Rpop (20)

where the coefficient of proportionality K is called the constant of the method of pola-
rization resistance. It is determined by the Tafel constantsf,,p, ; for activation and
diffusion control, respectively, we have [10]

_ BaBk ta K, = Ba (21)

KA_z3ma+m) 2,3

This correlation is the basis of the electrochemical method for determining the
corrosion rate — the method of polarization resistance [9].

To determine the coefficient K, the Tafel constants can be calculated theoretically
depending on the parameters of the pipeline material and soil electrolyte, potential,
operating time, selected from the literature or determined in laboratory experiments [9—
12]. In the works by S. Polyakov [13-14] it is proposed to determine a stable method of
polarization resistance based on computer analysis of the equations of polarization
curves, which are obtained experimentally. A significant advantage of this method is to
determine the polarization resistance directly for the conditions of the pipeline.
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Corrosion current is a constant value for a certain “metal-environment” system.
Under conditions of hydrogen depolarization, we can take B, =2p, [11, 15], from
formulas (20) and (21) we have

icor =Bal4.6-Rpyg . (22)

A review of the results of studies by different authors [6, 8, 11, 15] shows that the
corrosion rates of different cast irons and steels in the same soil differ little. However,
the corrosion rates of steel in different soils differ significantly (may differ 10 fold or
more) and according to published data they take the values in the range from ig, =
0.01 A/m* t0 icr= 0.5 A/m?.

In the laboratory, the value i, is determined by weight [4, 10, 11]. The advantage
of the method of polarization resistance is that it makes it possible to determine ig, in
real operating conditions of the UP [2, 6, 8].

Determination of residual corrosion current. With electrochemical cathodic
protection of the underground pipeline, the corrosion current in the sections with
damaged insulation is reduced and can be evaluated [12] by the formula

2,3AE,
e Ba

Rpol , (23)
where if . is corrosion current density when applying cathodic polarization, it is called
residual corrosion [13, 14]; AE, is displacement of the stationary potential of the UP,
the values of which are measured by contact methods.

The given value if, corresponds to the anode current density i, when a polari-
zation current i, is applied to the pipeline, which causes a potential shift; that is

i, =ia. Anode current density is known to be a major indicator of corrosion [10, 11].

In previous studies [6, 8, 16. 17], using the known equations of electrochemical
corrosion, valid under conditions when the metal dissolved from the active state in the
absence of concentration polarization, it was shown how the reduction of corrosion
current i, depended on the value of superimposed polarizing current. In this case a
relation that shows the dependence of the corrosion inhibition coefficient y =i, /i,
on the value of the polarization current is obtained. In this case, the anode current
density i, in cathodic polarization decreases i, <is, . The obtained dependence is
expressed by the ratio

1y
27 i

I3
cor

i
y:( —i—p] , Where B = 1+ (24)

3B igor

From this solution, for a given ratio A=, /ic,, the minimum value of the braking

coefficient is calculated [6, 8, 17]. As can be seen from the calculations [6] performed
by formulas (24) (Fig. curve A), if values i, is commensurate with i, , the decrease

in corrosion rate i, under these conditions is insignificant. But for values i, with the
greater order of magnitude, corrosion can be reduced by two orders of magnitude [6,
16]. The obtained formulas also make it possible to calculate the value of the maximum
required density of the protective current of the pipeline polarization depending on the
soil, if the value iy, is known (the range of it changes and the possibilities of
determining for specific conditions is shown above).
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Reduction of corrosion rate i, from polarizing current i, of the UP during diffusion (D)
and activation (A) control.

Note, that in cases where the corrosion rate is determined by the limiting current
of oxygen reduction (i.e. in diffusion control) between the degree of protection
P =1-1/y and current density, there is a direct proportionality [8, 16].

To determine the residual corrosion current i, it is necessary to know the density

of the polarization current i, at the places of insulation damage of the UP. Non-

p
contact methods for measuring the distribution of the external magnetic field over the
route of the pipeline determine the leakage (inflow) of alternating current AJ in the
section of the pipeline. The consumption of the direct component of the current Al

(which is the polarizing current) in this area is found using the harmonic coefficients k,
in this case Al = AJ/k. The polarization resistance Ry is determined by formula (18).

CONCLUSIONS

The obtained researche results give the chance to formulate the order of estima-
tion of the parameters of the underground pipeline corrosion.

Non-contact measurements of the characteristics of the magnetic field on the UP
rout and determination of current distribution give information about the condition of
insulating coatings of the UP, places of insulation damage, the current distribution of
cathodic protection, and the most probable places of corrosion.

Investigation of the dependences of the spatial and temporal characteristics of the
electromagnetic field on the UP parameters makes it possible to determine the para-
meters of corrosion protection and corrosion condition. By distribution along the UP
the time-varying and direct current components of the cathodic protection installation,
it is possible to determine the components of the pipe-ground transition resistance, po-
larization resistance, estimate the area of insulation damage in the pipeline section and
reduce corrosion rate between the known corrosion current and defined polarization
potential, polarization resistance, and polarizing current density.
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