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Abstract

The knowledge of the firgtear corrosion losses of metal§ ) in various regions of the world is of great importance in
engineering applications. TH& values are used to determine the categories of atmospheric corrosivity; andiso

the main parameter in models for the prediction of {targn corrosion losseof metals. In the absence of experimental
values ofK,, their values can be predicted on the basis of meteorological and aerochemical parameters of the atmosphere
using the doseesponse functions (DRF). Currently, the DRFs presented in ISO 9223:2012¢Fndard are used for
predictingK, in any region of the world, along with the unified DRFs /2/ and the new DRFs /3/. The predicted values of
corrosion losseskg™) of carbon steel, zinc, copper and aluminum obtained by various DRFs for vesiatisental

regions of the world are presented. In this work we used the atmosphere corrosivity parameters and experimental data on
the corrosion losses of metals for the first year of expod(@PY for the locations of the tests performed under the
international UN/ECE program, the MICAT project, and the Russian program. For the first time, a comparative
assessment of the reliability of various DRFs is given by comparing the valig$" ahd K,** using graphical and
statistical methods. The statisti¢gadicators of reliability of predicting the corrosion losses of metals are calculated for
various categories of atmosphere corrosivity. It is shown that the newelgrmse functions offer the highest reliability

for all categories of atmosphere coivity .
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1. Introduction

The corrosion losses of mK)t admse fwsed hteo fdatsder miema tolfe
corrosivity tlwamd daoamlmpeamtgali cff i ons of corrosion mass
including the-]l ppowar fndcpowes. The vacrailabatlmdsyp hoefr ec lp a
over the yearsKivehdss ton dedEbkr ¢ rsytealroccactriroos.i oRie pteeast tesc
required tKovalbuweasi nc arhree s ponditnegr nt op atrhaemed ea s a gaen dl ot nhge |
poultli on at a given ntdsnmponslo fawwmdtdi dhd s( DRbs)xe Khhatweabygen
l ocation. The yt earrne abvaesreadg eo na nlnounagl at mosphere corrosivi:t

The fact that metal corrosion depends on numeroustiirand aerochemical factors of the environment creates
great difficulties for the quantitative estimation of the coefficiemtie parameters used in DRFs. The coefficients for
the main parameters can be obtained from the regularities found bycsthastlysis of outdoor or laboratory tests.
However, the use of the coefficients obtained for all dependences in dRBsot ensurdhe prediction reliability.
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This is because it is impossible to take the combination of real, continuously changinglnmdactors into
account in DRFsTherefore, when DRFs are developed, the coefficients determined for at least one or two main
parameters can be usdthe coefficients for the remaining parameters will not match the pair correlation coefficients.

DRFs @n include different atmosphere corrosivity parameters and can have different mathematical forms.
Currently, none of the models is perfect. This is, at least, due to the following: a) the mathematical form of DRFs is
not quite adequaté) not all atmosphee corrosivity parameters that affect corrosion are taken into account; c) the
values of the coefficients included in the DRFs are inaccurate, etc. In view of this, none of thethandelse been
developed can give reliable predictions Kf" for territories with awide range of atmosphere corrosivity which
corresponds to categories -CX according tol S ®2 2 3 : [2]0ltig possible that each DRF can give reliakilé’
values only for certain categories of atmosphere corrosivity.

The application of any previously developed DRF for a given territory first requires estimating the reliability of the
K;”" values they provide. The most reliable DRFs can be chosen in two ways:

Comparison oK;” with K;*® values obtained in a large nuetbof locations or in priority locations of a given
territory, which requires a lot of time and is expensive;

Use of those DRFs which give the most reliabl¥ for a given category. This requires preliminary information
on the DRFs which are the mostdtworthy for territories with a certain corrosivity category.

The DRFs presented in the Standard [1], unified DRFs [2] and nhew DRFs [3, 4] have been developed for territories
with a wide variation range of atmosphere corrosivity parametersKhealueswere calculated using various DRFs
in previous studies [3, 4]. However, those studies gave no quantitative estimates of the reliakilftyvafues
obtained by different DRFs. This does not allow one to decide which DRF is the best. A quantitatiattoestf the
reliability of K, is required to make the right choice of the evaluation criterion. The standard determination
coefficientR? is used to determine the reliability of predicting the corrosion losses by a DRF. It is calculated from a
data aray presented in the= K", x = K, coordinates [5]. However, it was shown that tie? coefficient is not
recommended for determining the DRF reliability [8]. A number of statistical methods were suggested both for
developing DRFs and for estimating the reliabilitygf' [8-10].

Based on the above considerations, this work includes:
Analysisof statistical indicators that are used to estimate the properties of DRFs;

Selectionof a statistical indicator for estimating the reliability of ti¢" which would be most applicable in
engineering practice;

Calculationof K, values for stratural metals by all DRFs;

Assessmenof the reliability ofK,” values of metals by the selected indicator for each category of atmosphere
corrosivity;

Selectionof the most reliable DRFs that provide the more reliabl€ for each category of atmosphere
corrosivity.

The purpose of this work is to estimate the reliabilitykgt' values of thee standardmetalsas calculated by
different DRFdfor each category of atmosphere corrosivity.

2. Procedure

This study was performed using the climate parameters of atmosphere corrosivity and the results ogehe first
corrosion losses of metals in continental test locatiofi® reported previously [34]. Data forCS, Zn and Cu were
taken from the UN/ECEnternational program [11,2], data for Cu and Al only were taken from the MICAT project
[13, 14], and data for all the metals were taken from the Russian Federation program (RF) [1G]’ Vakies were
calculated for all the metals using the new DREs4| 8] (hereinafter DRF) and the DRF presented in the standard
[1] (hereinafter DRB). Calculations by the unified DRFs [2] (hereinafter DREre given only for carbon steel$)
and Zn due to the lack of required atmosphere corrosivity parameteris tisedquations.

Errors madén the previous study [34] should be noted

In K;" calculations by DRF(exceptCS for locations under the RF), the recalculation S@g/(n? day) =
[0.67-SQ] ug/m*was used in accordance with studyMf k h a i h o & s (@Y% [16] instead of [SP
mg/(nf day) = [0.8-S@| pg/m® according to 1ISO 9223:2012(E).

For steel in the locations covered by the RF program, by mistake, no recalculation was performed>fandRF
the assumption [SPmg/(n? day) = [SQ] pg/m*was used.
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This led to an increase K" values for steel in the locations covered by the RF program and to a slight decrease
in K;” in all the other cases. In this work, the recalculation of,J%Ccording to ISO 9223:2012(E) standard was used
for dl locations for consistency.

It should also be reminded that tKg” values obtained by DRFfor steel were increased 7@d like in the
previous study [3]It was based on the assumption that the 'DRF steel were developed for corrosion losseg im
rather than in g/faccording to the assumption mamleTidblad et al[2].

It should also be noted that DRHeveloped for carbon steel and zinc [3] and for copper [4] were improved using
statistical methods of analysis for zinc [8], and in the devety of coastal atmospheres DRF for carbon steel and
copper [17]. The improvement was achieved by changing the coefficients at T>10 °C (carbon steel, zinc, copper) and
Prec (carbon steel, zinc). These changes are justified by the fact that the conpileeetmlaccording to the UN/ECE
and RF programs and the MICAT project used for the development of thé' BRRfost never feature high
temperatures (T> 10 °C) and have a large amount of precipitation, as was observed in coastal places under the MICAT
project.DRF" remained unchanged for aluminum.

The DRF" for all the metalsare presented Hyquationsl to 4:
For carbon steel
K=77- [ S0 x . 2R H0.0 9-F-1 9 6:0 0 00BAE ¢ T4 0C°

(1)
K=7.7- [ §"O%e x p.g 2R H0.0 6- 51 D 6:0 0 0-BSE ¢ T 0C°

For zinc
K=0.45.[SO;]**.exp{0.023 RH+0.025 (T-10)+000035Pred¢ T <10 ° C o
K=0.45.[S0O,]**.exp{0.023 RH-0.055 (T-10))+000035Pre¢ T >10° C

For copper
K=0.50-[SO,]**.exp{0.025 RH+0.085 (T-10)+00003Pre¢ T <10 ° C 5
K=0.50-[SO;]**.exp{0.025 RH-0.055 (T-10))+00003Pre¢ T >10° C

For aluminum
K=0.010[SO,]**"-exp{0.03% RH+0.032(7-10)-0.0001Pre¢ T <10 ° C W

K=0.010[SO,]**"-exp{0.039 RH-0.065 (T-10)}-0.0001Pre¢ T >10° C

3. Results and Discussion
3.1 Statistical Methods for Estimating the DRF Reliability and the K;*" Accuracy

State standards or international standards exist for any corrosion studies. The use of standards allows the testing,
acquisition of meteorological and aerochemidata, processing of samples, and comparison of the results to be
performed consistently. There are no established standards for processing large amounts of data with application of
statistical tests and for graphical demonstration of results. This leatifitulties in comparing the results obtained
for different experimental data sets or within a single dataln view of this, it is necessary to consider the statistical
methods used by different authors for estimating the DRF reliabilitykaticdiacuracy and select at least one of them
which is most suitable for practical use.

The experimental firsyear corrosion losseK{”"), the atmosphere corrosivity parameters andKifé values
obtained from DRFs for test locations form a ladgea arrayThe choice of atmosphere corrosivity parameters and
the estimation of their effects on corrosion are performed using statistical methods. Statistical methods are also used
to assess the accuracykf”.

The standard coefficient of determination R So far, the linear correlation coefficierRy of K" and K,
variables areonsidered to be the main indicator of DiRfability [18]:

()ﬂ 'T'av)( iy av)Z i X yav avn m z
[ (6 A% (y B2 10 2 xR (9l

Where x; andy; are the observed values,, andy,, are their average arithmetic values, ands the number of
observations. To prevent negatﬁl@values,l?st2 is used as the standardefficient of determination. It is believed that
the closer the value %7 to 1, the moreeliable thek,” values.

R,

)
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This indicator ofK," reliability was primarily used in the Standard [1], in the ISOCORRAG report [19] and in
number of other studies, e.ffL1, 2027], and also for estimating the reliability of corrosion losses over long periods
of time [2830].

It was shown [8] thaabsolute accuracy df,”" was reached if th&,*® values equaled thi,” values. Absolute
accuracy oK for all test locations is graphically represented byKite= K;*"line, i.e., they = x line. Therefore, it
is necessary to consider the scattepaihts (x; y;) with respect to thg = x line witha = 1, b = 0 (hereinafter, the
bisectrix of the angle between the axes iftlamdy axes are plotted using the same scale) [8, 10].

Taking his into account, various DRFs were estimated notRyy but by the generalized coefficient of
determinationR., indicating the deviation of pointsq( y;) from the bisectriq8]. The generalized coefficient of
determination is calculated by &ation6:

_n v, gﬁ? %
Rew 1 — a (6)
(%)

il

n )(iz.

i1

1 n
Where (9., = o ).,

1

S5k

Hence, thestandard coefficient of determinatidt?® cannot be recommended for the comparative estimation of
DRF reliability [8, 10].

Other statistical indicators were also suggested in ASTM-G51/a.8]:

a) TheMean AbsolutePercentage Erromwas used only in a few studies [8, 1BYjuation?:

1%

MAPE(%) = “——= 100 =38, (7)
i1 ‘)ﬂ‘
b) TheSymmetric Mean Absolute Percentage Erréquation8, wasused [8]:
n . .
svape@s) 2" X 40 ®
Nii |X|| |y||
¢) Theroot-meansquare error (RMSE [10], Equation9:
1N ?
RMSE . |— Yo Ya )
N ;2

This indicator is used to estimate the mean error expressed o g/m farall test locations. This error should
not be large for locations with weakly corrosive atmospheres, but it can be substantially larger for locations with a
corrosive environment.

Furthermore,the o n f i d e n ¢ ¢ a n g karresponding to thalngle ok deviation ef pointsq(;y;) from
the bisectrix whose EgUatiopl®[8li s =n/ 4 was considered,

arctani—_‘ /4{ a1y

In the study by Surnam and Oleti (2012), not oRlf, but also themaximum Mahalanobigistance wasised to
choose the DRF for lontgrm predictions [28]. The smaller the latter parameter is, the more reliable the model. The
model that had both a larg? value and a smathaximum Mahalanobis distance was selected.

It is desirable to use all the indimrs presented above, except forstandard coefficient of determinati®?, in
the development of DRF. Theswlicatorsallow one to estimate the proximity of point&,{'; K, to theK,” = K,
line, excludeghe pointswith significant deviations, and estimate the absolute and relative erri§ icalculations.
In DRF developmentanalysis of the statistical indicators obtained will make it possible to estimate the need to
improve them by using various mathematical funtdiand/or atmosphere corrosivity parameters and by changing the
values of DRF coefficients.
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The distribution of point¢K,*® K,”) along the straight lin&,; = K;*" is unimportant for practical purposes. It is
important that the error in the calculatiohK,” values should not exceed certain MAPE relative measurement errors,
t h a t,, Bquation7dTaking into account that a logarithmic distribution is characteristic of corrosion losses [1], it is
advisable to calculate the mean relative errorsifoxy( +6 ) aaxd(-6f)or y

o imv‘ and [j ;n mu
Ty nmy (1
whe (%) [y %)/%]L00. (11

Where m is the nwthber of points with §

The valgptds adaifdcan be used to est i maotte deteimine theacioice of ma r |
protective means.

ISO 9223:2012(E) standard gives the uncertainty intervals (Table 1). For engineering applications, these
uncertainty intervals can be taken as the intervals of permissible relative deviatkfisfiifm the actual corrosion
lossesK;" . The presented intervals are rather -dwi dleh,e whoitla
uncertainty consists of two components: theertainty due to the imperfection oD&RF and the uncertainty in the
measurements of environmental parameters Kgd® values. The uncertainty due to DRF imperfectisn
predominantThe SMAPE indicator takes the possible eriarthe K,* valuesinto account. However, assuming in
the first approximation that th&,;**a r ¢ t r ue v ag indicator,Equation? talmel & he al ues
Equationl1, were used to analyze the reliabilitykaf".

Table 1. Uncertainty range ofK; prediction according to 1ISO 9223:2012

Metal Ks"" error, (calculation by DRF)
CS From-33% to +50%
Zn From-33% to +50%
Cu From-33% to +50%
Al From-50% to +100%

3.2 Selection ofx and y Variables

Statistical indicators have been developed and are now used in various cases to identify the relationship between
random variables that characterize some real processes observed in n&yjris. lised to estimate the reliability of
DRF and theaccuracyof the K;”" values obtained, thehoice ofK," andK,”® like x andy variables does not matter.
This is due to the fact tha characterizes only the proximity of the location (&f y;) points. Therefore, for
example, in some publications [11, 2B, 27]K;" andK,*?are taken as theandy variables, respectively, which is
quite acceptable.

I f 4 hetdddanddicators are used, 1t i s X andy vaeiablesa Rorythist o p r
purpose, let us compake” andK;* depending on the choice gfandy variables, using an abstract example. Let
K, andK,” in test locations A, B, C and D have the values listed in Table 2.

Table 2. Values ofK,**®, K;"" a n d fordest locations

K, K", 3 ,% at
Location
g/m? x=K® y=K x =Ky =K
A 30 80 166.7 -62.5
B 150 45 -70.0 233.3
S 260 500 92.3 -48.0
D 550 200 -63.6 175.0

The comparison oK;” with K" is graphically represented for two casa&s= K, y = K, and x = K",
y =K*

If x = K andy = K;”, the points K;*" K;”) corresponding to the test locations are arranged in the order of
increasingK,*® values (Figure la). The bisectrix corresponds toKkfé = K, line. The absolute error can be
estimated by the length of the vertisgigment from a point to the bisectrix. One can seekffiahave overestimated
values in comparison witk;®® at locations A and C and underestimated values at locations B and D. The relative
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errors calculated b¥quation11 range from-63.6% to 166.7%, Table 2. The thin lines in W¥igla indicate the
predi ct i;carresponding 833% &nd + 50% in Table 1, as calculated by the equakghs= 0.67K,*®
andK;"" = 1.50K,*®, respectively.

600 - 600 - /
oD
500 1 . c/ /. 500 - %

7 - : /

= i v ~e 400 - o
§ 400 S S S
.~ 300 - . o - 300 - ;S e
e // . aj ./// C
@ 200 - //// oD = 2001 'B/
i 3 100 -
100 Q;////.g B @ 0 (b)
O T T T T T | [ I T |
0 100 200 300 400 500 600 0 100 200 300 400 500 60C

s P gin? s 17, ginf

Figure 1. Comparison of K;"" valueswith K,**® for the variables: x =K*®,y =K ( a ) x = K"dy =K®® (b). The thin lines
designate the preliction errors of -33% and +50%

If x =K,y =K the points(K;"; K;*") are arranged ithe order ofincreasingk,” values (Figire 1b), which is
different from their order ifrigure 1a. In this case, the lengths of the vertical segments of point deviations from the
K,#"= K" line correspond to the absolute error&f rather tharkK,” , i.e. theK®® - K,*" differences. The vertical
segments for each location are the samboth figures, that is, like ifrigure 1a, K;" have overestimated values at
locations A and C and underestimated values at locations B and D. Henkg”' tedues are overestimated for the
points located below the bisectrix and underestimated for the points above the bisectix. To draw the lines with relative
errors of-33% and + 50%, one has to make recalculations by the equ&titfis 1.49K," andK,*® = 0.67K,",
respectively. The relative errors calculated by Eq. (12xferK”, y =K®™di f fer si gni fivauesnt 1y
calculated fox = K¥®, y = K;”", both in magnitude and in sign (Table 2). This is due to the fact that in Eq. (12), whil
the numerators are equal in absolute value, the denominators change=fitifi to x = K,"".

The results obtained indicate that the choice ahdy variables significantly affects the calculation of the
relative error obtained from Eation12. In addition, if x = K;"" is used, the graphical images of the results become
inconvenient for the visual assessment of the relative errors.

3.3. Calculation of K;*" using Different DRF*®

The firstyear corrosion losses of metdg”™ were calculated using DRFDRF’ and DRE for the test locations
under the UN/ECE, RF programs and the MICAT pro[8¢#4, 8]. TheK," results obtained were presented only in
graphical form. Tables-8 show the numerical values kif"'. Thesedata allow one to estimate the relativeoemsing
MAPE,)(® and +6 indicators.

Table 3.Carbon steelFirst-year corrosion losses of metals, gfmexperimental K;°® and K;* values predicted by different
DRFs for test locations under UN/ECE and RF programs

Designation Ko, Kq"" (g/n?) by Designation | i ew K:"" (g/n) by

RF UN/ECE g/m’ DRFM DRF® DRFY UN/ECE g/m’ DRFM DRFS DRFY
RF1 5.4 11.5 3.9 42.9 FING 162.2 112.7 74.8 128.7
RF2 8.1 6.0 1.7 27.3 SPA31 162.2 88.6 111.2 118.7
RF3 12.4 13.4 4.9 39.8 GER7 166.1 122.8 116.9 161.7
RF4 15.2 10.2 34 36.7 NL20 172.4 154.5 148.9 171.9
RF5 17.0 15.2 5.2 39.0 us3s 176.0 116.4 123.6 124.8
RF6 21.2 23.1 10.1 54.6 NL19 180.2 144.2 134.6 170.9
RF7 23.4 32.6 23.8 76.4 RUS34 181.0 177.8 125.3 133.9
RF8 24.6 24.0 10.5 55.4 uSs38 184.9 104.6 109.3 110.0

SPA33 25.7 39.8 45.7 88.7 EST35 185.0 51.3 31.2 109.8
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SPA33 35.9 48.7 62.6 87.5 NOR23 194.0 107.5 41.3 115.1
RF9 36.5 35.9 19.8 78.0 FING 195.8 114.5 81.9 128.9
RF10 40.6 42.3 28.7 82.7 NL18 204.4 187.3 166.4 179.2
SPA33 45.0 63.6 66.3 100.4 NL20 205.1 193.3 197.0 185.7
FIN5 48.4 47.1 21.9 93.2 GER9 209.8 204.3 201.3 181.4
RF11 49.0 43.2 31.8 83.5 GERS8 213.0 232.0 262.6 178.9
FIN5 59.3 48.9 23.1 98.4 US39 214.0 288.7 342.8 164.6
RF12 63.2 60.7 37.4 90.5 SPA31 222.0 129.9 167.7 130.2
SWE26 74.9 59.9 39.1 114.0 CS2 224.0 233.3 172.2 158.9
SWE26 81.1 60.0 41.2 119.3 NOR21 229.0 185.9 139.2 137.4
GER12 85.0 128.2 69.0 139.6 GER7 230.9 171.2 157.3 171.9
GER12 89.7 150.9 78.2 145.2 GER9 230.9 225.9 245.3 187.9
SWE25 95.2 86.4 68.7 120.3 NL18 232.0 228.6 212.0 195.0
NOR21 100.6 75.4 58.4 108.7 NL19 238.7 193.6 190.4 187.4
SWE?24 103.0 95.4 76.7 123.6 Cs1 241.0 303.0 337.9 199.8
SWE25 103.0 914 711 114.7 GER11 241.0 238.6 237.1 182.7
CAN37 103.7 106.1 55.1 120.3 NL20 259.0 238.9 238.4 193.9
NOR23 109.2 56.4 27.2 97.5 SWE25 263.0 219.1 191.8 167.9
CAN37 110.0 84.0 38.1 107.6 GER7 264.0 217.1 213.8 184.4
GERS8 116.2 130.8 153.1 131.2 SWE24 264.0 203.8 177.0 164.6
SWE24 120.1 100.1 78.6 117.6 Cs1 270.7 311.0 319.7 182.8
FIN4 120.9 87.7 54.9 122.3 FIN4 271.0 195.1 138.9 144.9
RUS34 120.9 163.2 112.6 126.7 FING 273.0 222.8 162.3 156.6
FIN4 130.3 81.0 47.6 115.2 NL19 283.0 236.7 231.9 192.6
NOR23 131.8 49.6 24.7 92.7 US39 290.2 246.7 289.7 154.9
FINS 132.0 1154 54.1 1111 GER9 293.0 274.3 289.8 189.6
GER12 133.0 243.3 150.5 169.3 GER11 293.3 281.9 302.4 200.6
NOR21 134.9 96.1 86.1 118.6 GER10 294.1 319.0 325.0 199.6
GERS8 141.2 125.6 1341 128.3 GER11 342.0 316.5 342.3 205.1
RUS34 141.2 247.0 162.3 145.6 GER10 347.1 362.6 399.9 211.0
NL18 144.3 161.8 142.2 175.6 CS3 350.2 291.7 326.3 1775
SWE26 147.0 99.9 66.0 133.9 CS3 351.8 343.1 399.3 201.7
CSs2 148.2 180.6 130.3 142.3 GER10 373.0 369.8 397.3 197.4
CAN37 149.0 93.3 52.2 110.8 Cs1 438.0 484.4 531.7 229.1
SPA31 151.3 77.2 102.4 114.4 CS3 557.0 404.6 497.0 206.3
CSs2 152.9 204.0 1425 1415

Table 4. Zinc. First-year corrosion losses of metals, gfmexperimental K;*? and K, values predicted by different DRF for
test locatins under UN/ECE and RF programs

Designation Ko K" (g/m?) by Designation | g e K" (g/m?) by

RF UN/ECE g/m’ DRF" DRFS DRFY UN/ECE g/m’ DRF" DRF® DRFY
RF1 1.64 2.61 2.33 1,83* NOR21 6.70 451 3.87 6.10

SPA33 1.66 241 1.55 4.67 SWE26 6.70 3.60 3.60 5.84
RF4 1.69 2.30 1.62 1,61* Cs2 6.77 8.64 7.56 12.80
RF2 1.81 1.87 1.30 1,19* cs1 6.98 11.97 14.81 12.66
RF7 2.03 2.88 2.35 3,49* GER11 7.06 9.58 9.72 10.59

SPA31 2.30 3.56 3.17 6.40 EST35 7.18 3.05 3.08 4,45%
RF3 2.91 2.66 1.93 1,84* GER12 7.20 7.56 5.99 6.69
RF5 3.07 3.26 2.52 1,91* GER12 7.27 8.04 7.32 8.02
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SPA33 3.37 3.18 2.03 5,11* US39 7.34 9.09 7.72 11.58

CS2 3.46 7.87 6.84 8.45 GER9 7.63 8.57 9.12 10.24

NOR21 3.53 3.85 2.92 5.33 FIN5 7.70 3.80 3.43 4.97

SWE25 3.53 4.46 3.71 6.27 SPA31 7.74 5.37 4.72 7,71*

SWE25 3.53 4.31 3.77 6.02 Cs1 7.78 11.43 12.00 12.18

SPA31 3.53 4.01 341 6.55 GER7 7.85 7.91 9.45 10.13

GER12 3.74 6.60 5.10 6,21* GER10 7.85 12.04 13.15 12.49

SPA33 3.89 4.27 2.96 6.40 NL18 7.92 8.17 8.66 8.99

SPA33 3.89 2.14 1.38 4.25 CS2 7.99 9.95 10.47 10.13

GERS8 4.10 5.45 4.04 6,92* NL18 8.14 7.29 7.67 8.89

GER7 4.25 5.76 6.24 8.04 SWE26 8.31 5.10 5.56 6,10*

SWE24 4.25 4.65 4.13 6.29 GER12 8.35 10.65 9.09 8,54*

RF9 4.30 3.69 3.12 3,50* FIN4 8.42 8.40 9.26 8.88
RF11 4.32 3.27 2.33 3,96* NOR23 8.50 4.42 251 6.64
SWE24 4.54 4.78 4.04 6.51 RUS34 8.64 10.77 10.65 8.65

FINS 4.61 3.05 2.75 441 FIN5 8.92 5.85 5.26 5,37*

RUS34 4.61 7.13 6.39 6.84 CS2 8.95 9.66 9.63 8,63*

RF10 4.64 3.45 2.57 3,81* GER7 9.07 7.48 8.46 9.23
FIN4 4.68 4.62 4.36 6.16 GER9 9.07 9.04 10.35 10.71

GERS8 4.68 6.09 5.04 8.50 NL19 9.07 7.64 8.92 9.49

NL18 4.75 7.36 7.41 9.45 FING 9.29 8.81 9.81 9.58

uUS38 4.75 5.01 3.40 8.09 EST35 9.43 2.68 2.46 4.57

SPA31 4.82 3.67 2.54 6.11 GER11 9.72 9.80 10.88 11.46

SWE26 4.90 3.40 3.37 5.38 us38 9.72 4.70 2.99 7.32

NOR23 5.04 3.41 2.07 5.26 SWE25 9.76 8.96 10.29 9,11*

FIN4 5.18 4.36 3.89 5.62 CAN37 9.88 4.85 3.78 5,12*

GERS8 5.18 5.50 4.41 7.54 NL18 9.93 9.55 10.56 9,94*

CAN37 5.26 4.68 3.72 6.22 NL20 10.22 7.13 7.50 9.00

US39 5.26 9.65 8.80 11.71 RUS34 10.32 7.64 7.48 7,28*

RF6 5.30 3.78 2.50 2,53* SWE24 10.36 8.47 9.61 8,81*
RF8 5.47 3.83 2.53 2,57* NOR23 10.58 3.04 1.94 5.02
FING 5.62 5.95 5.17 6.51 GER10 10.66 11.95 13.29 12.45

SWE25 5.62 5.50 5.59 7.84 US38 10.72 5.19 3.93 6,98*

Cs1 5.69 11.24 13.27 12.01 US39 11.02 10.18 7.47 11.89

FING 5.69 5.53 5.25 6.58 NL19 11.09 8.26 9.28 9.45

NOR21 5.69 5.53 5.00 7.46 NL20 11.38 8.16 9.25 9.68

SWE26 6.05 3.41 3.38 5.37 GER11 11.45 10.80 12.55 11.62

SWE24 6.12 5.53 5.11 7.51 CS3 11.59 13.08 15.68 13.09

CAN37 6.19 5.52 4.70 6.87 CS3 11.74 10.58 11.72 11.38

CAN37 6.26 5.34 4.27 6.57 CS3 12.17 12.19 14.55 12.89

NL20 6.34 6.93 7.33 8.58 US38 12.46 4.75 2.98 7.47
RF12 6.35 5.39 5.09 4,53* US39 13.61 10.33 9.31 10,50*
RUS34 6.48 10.10 9.42 8.22 CSs1 14.89 16.37 21.20 14,13*

FINS 6.62 2.93 2.60 4.12 GER10 15.34 13.05 15.36 12.83

GER9 6.62 9.74 11.12 11.40 CS3 16.41 13.62 16.67 12.96

DRFY* - calculation ofK,” without theRair{H"] parameter
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Table 5. Copper. Firstyear corrosion losses of metals, gfmexperimental K, and K,"" values predicted by different DR
for test locations under UN/ECE and RFprograms and the MICAT project

Designation Ko, Ki™ (g/mP) by Designation Ko, K" (g/m?) by
MICAT UN/ECE RF g/m? DRFN DRFS MICAT UN/ECE RF g/m® DRFN DRFS
RF2 0.76 0.49 0.14 RF9 6.69 247 1.42
PES5 0.80 2.86 1.95 EC1 6.79 2.27 1.38
RF1 0.84 0.91 0.41 E4 6.79 4.29 1.87
RF3 0.92 0.98 0.30 GER9 6.93 1399 9.04

RF4 0.98 0.79 0.26 NOR21 6.93 8.79 4.1
RF5 1.37 1.07 0.29 Ul 7.05 312 2.04
A4 1.43 1.02 0.36 A2 7.23 9.09 3.97
A4 1.52 1.17 0.47 E4 7.41 3.72 1.65
RF6 1.62 1.61 0.60 FIN4 7.42 8.64 5.04
PE4 1.70 0.89 0.24 M1 7.5 6.97 2.68
A4 1.70 1.16 0.48 E4 7.59 2.26 1.15
RF8 1.78 1.66 0.62 Ul 7.59 342 2.31
PE4 1.79 0.78 0.18 Ul 7.59 321 1.95
M2 2.05 3.42 0.83 El 7.95 3.03 2.06
RF12 2.45 3.75 1.88 CO2 8.13 754 8.08
M2 2.50 4.44 0.91 A2 8.3 7.63 3.55
RF11 2.79 2.81 1.39 GER11 9.03 15.87 11.01
RF7 2.82 2.21 1.18 CO2 9.56 9.61 13.77
SPA31 3.11 7.08 3.37 El 9.73 325 2.33
EC2 3.21 2.62 1.74 CO2 10.36 5.36 4.01
SPA33 3.53 3.96 1.93 SWE26 10.67 5.25 492
M2 3.57 3.52 0.84 CS1 10.83 2185 13.73
M3 3.84 4.47 1.63 NOR23 10.93 5.77 3.45
RF10 4.06 2.79 1.44 GER12 11.38 1201 7.84

El 4.11 2.68 1.76 EST35 11.43 298 3.3
RUS34 4.13 7.73 4.05 GER10 11.67 17.62 9.39
M3 4.29 4.21 1.70 A6 11.79 6.82 4.09
M1 4.29 3.57 1.63 FINS 11.83 5.00 3.01
EC2 4.38 3.32 2.46 U3 11.97 3.69 2.55
SWE25 4.39 10.41 7.13 B6 12.59 11.49 4.75
E8 4.73 3.90 1.15 NL18 13.33 1247 10.77
PE6 5.00 2.76 1.85 NL20 13.87 1281 10.24
SWE24 5.31 9.82 6.85 B6 14.29 16.84 551
M1 5.36 6.36 2.47 A6 14.56 7.35 4.22
E8 5.54 4.78 1.47 CAN37 14.63 4.67 2.88
A2 5.63 6.59 3.22 CS2 14.99 10.64 6.24
B8 5.72 3.82 2.21 uUs38 15.43 6.63 3.26
FIN6 5.87 9.93 6.14 A6 15.63 7.71 4.24
EC1 5.89 2.54 1.18 GER7 15.73 11.37 9.05
M3 5.98 4.76 1.17 NL19 16.73 1272 10.1
GER8 6.03 12.14 7.95 B6 18.31 14.44 5.12
E8 6.25 4.30 1.29 US39 18.9 1372 5.56
EC1 6.43 2.71 1.89 CS3 27.5 1829 9.95
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Table 6. Aluminum. First-year corrosion losses of metals, gfmexperimental K, and K,* values predicted by different
DRFsfor test locations under the MCAT project and the RF program

Designation Ko, Ki™ (g/mP) by Designation Ko, K:" (g/m?) by

MICAT RF g/m? DRFN DRFS MICAT RF g/m? DRFN DRFS
PE4 0.027 0.028 0.018 RF6 0.280 0.273 0.131
PE4 0.027 0.023 0.016 RF12 0.285 0.612 0.195
PES 0.027 0.111 0.047 RF9 0.285 0.279 0.148
PE6 0.027 0.081 0.039 El 0.297 0.129 0.054
Ul 0.027 0.102 0.046 E4 0.297 0.291 0.162
Ul 0.027 0.098 0.045 M2 0.297 0.170 0.130
Ul 0.054 0.110 0.048 RF7 0.310 0.228 0.143
PES 0.081 0.111 0.047 A6 0.324 0.404 0.193
EC1 0.081 0.137 0.081 E8 0.324 0.288 0.172
EC1 0.081 0.150 0.075 A6 0.351 0.402 0.190
PE6 0.108 0.084 0.041 El 0.378 0.136 0.056
A4 0.108 0.042 0.024 E1l 0.378 0.117 0.050
U3 0.108 0.114 0.050 M2 0.378 0.136 0.098
E4 0.135 0.226 0.123 E8 0.378 0.298 0.175
A4 0.162 0.043 0.024 A2 0.378 0.474 0.253
RF4 0.164 0.165 0.098 A4 0.405 0.035 0.021

RF1 0.177 0.227 0.109 A2 0.405 0.430 0.225

RF2 0.189 0.140 0.084 CO2 0.432 0.377 0.111

RF8 0.205 0.275 0.133 M1 0.432 0.475 0.269

E4 0.216 0.104 0.053 RF5 0.474 0.345 0.123
E8 0.216 0.280 0.170 A6 0.54 0.471 0.230
A2 0.216 0.443 0.231 CcO2 0.648 0.255 0.086
M1 0.216 0.549 0.310 M2 1.242 0.141 0.102
RF3 0.242 0.223 0.111 B6 1.242 1.218 0.710

RF11 0.258 0.219 0.149 B6 1.458 1.455 0.919

RF10 0.259 0.236 0.150 B6 1.836 1.444 0.893

3.4. Estimating the reliability of K, for all test locations

The rel aty-d eand rid& sc abbtions ¥ andlebasedon thg®f andK," data, Tables-B, are
presented in Table 7.

Table 7. The average relativeK; prediction errors( &, -6 , +d, %"j, DRFS, and DREYfor all test locations

DRFN DRF® DRFY
Metal
dav -5 + 6 Sav -5 + 8 dav -5 +9
St3 23.7 -20.6 31.2 33.6 -35.9 25.2 54.0 -26.2 103.5
Zn 27.7 -25.6 28.9 31.7 -33.0 29.9 39.0 -21.7 443
Cu 46.8 -35.7 58.0 58.9 -61.4 40.0 - - -
Al 56.4 -33.2 85.7 51.1 -52.3 434 - - -

DRFY* - for zinc, the test locations where tRair{H*] parameter was unavailable were not taken into account.

The mean abs oylfon K% caleutateduby all the DRFS are in the ranges of -83.0%, 27.739.0%,
46.858.9% and 51:156.4% for steel Zn, Cu and Al, respectively. It should be reminded that Kk values
calculated by DREf or Cu and Al were not consi dgofkfpredidions made s ul t s
using different DRFs have rather close values, except for $teelefore, we can assume that all DRFs can be used to
calculateK,"". Ho we v gJjrvalues dbtained dannot indicate whether i€ values are under/overestimated.
Therefore, it is advisable to consider the relative prediction errors separatkly' fealues which are underestimated
() and overestimat e dKf Tabe 7.iComparisom pfatheiresutq éhwi tth & wi t h
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uncertainty intervals £8 accor di ndg atnod t+hde vSatlaafletha rodb t aTi
DRFs are within the wuncertainty i'h(108.5%), dof Gu,(580%)ardpt f or
(85.7%) based on DRFas well asé f o 161.4%) baged on DRFIt can be assumed that DRRF and DRF

can be used foK; predctions, except for the exceptions indicated above. No rejection of test locations was carried

out, so significant outliersk(®® K,™) for certain test locations due to various reasons can significantly affe& the

and +86 values.

3.5. Estimation of K, Reliability for Test Locationswith Different Categoriesof Atmosphere Corrosivity

Itis stated iNnSO 9223:2012(E) standard that the uncertainti{,gfredictionsis the smallest in the medium range
of K, values corresponding tatmosphere corrosivitgategory C3 but it is much higher for territories with
atmosphereorrosivity of categories C1 and Chor category CX, thaincertainties oK, predictionare the highest,
therefore, predictionsf K; using the developed DRFs may be unreliable for aredisthis category of atmosphere
corrosivity.

The C2 category is divided into three additional subcategories in Russig: @22 and C23 (Table § [31]. In
view of this, let us consider the valuestob-§ a g fbr edch categonjncluding theadditional C2 subcategories
(Table 9).

Table 8. Additional C2 subcategories of atmosphere corrosivity suggestéat the territory of Russia

Corrosivity First-year corrosion losses of metalsk;
category Units Carbon steel Zinc Copper Aluminum
g/n? 10<K;< 50 074 1. 5 09« <1. 5 Ki<s 0.2
€ um 13K, 6. 4 0.1<K;< 0. 2 01<K;< 0.1
g/n? 50K;< 100 15K, < 3. 15«K;< 3. 02<K;< 0. 12
Cc2 Cc22
um 6.4<K;< 12. 024K, 0. 4 017Ky 0. 3
g/m? 100K;< 2 0( 30K 5 30K 5 035«K;< 0.
€ pm 128415 25 042«K;< 0. 034 K< 0.

Comparisons oK," values calculated by all DRR®rsus K> are presented in Figurest@5. To compare the
reliability of K;"" values for locations with different corrosivity, the coordinate field is divided into categories of
atmosphere corrosivity determined from & values. One can see that for all the metals, the eqifafity K;*®is
observed only in a small numbef test locations for each DRF. In most casesKifievalues are over/underestimated
relative toK;®®, which corresponds to the location of points above/below the line of absolute Kgfch, K,
Some of the points fall outside the limit lines esponding to the relative errors-88% and +50% for steel, zinc and
copper, as well a$0% and +100% for aluminum.
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N =
= € 400-
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Figure 2. Carbon steel.UN/ECE and RF programs. Comparison ofK;"" and K;*® for test locations with corrosivity
categories C1C4 determined from the K,°* values. The K,"" valueswere calculatedby DRF" (a), DRF® (b) and DRF’ (c).

The thick line is theK;"" = K,*® line; the thin lines are the lines oK, relative error

s of +50% and -33%
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Figure 3. Zinc. UN/ECE and RF programs. Comparison ofK " with K,*® for test

locations with corrosivity categories C2

2-C4 determined from theK;*® values.The K,*" valueswere calculatedby DRF (a), DRFS (b) and DRF’ ( ¢ )- results on
K.™" for test locations where noRain[H*] parameter is available, only for DRP’. The thick line is the K" = K,** line; the

thin lines are the lines ofK," relative errors of +50% and-33%
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Figure 4. Copper. UN/ECE, RF programs and MICAT project. Comparison of K" with K,**® for test locations with
corrosivity categories C1C5 determined from K, values.The K;*" valueswere calculatedby DRF" (a) and DRF® (b). The
thick line corresponds toK;”" = K;*®; the thin lines are the lines oK, relative errors of +50% and-33%
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Figure 5. Aluminum. MICAT project and RF program. Comparison of K;*" with K,*® for test locations with corrosivity
categories C21-C3 determined from K, values.The K;*" valueswere calculatedby DRF" (a) and DRF® (b). The thick line
corresponds toK,"" = K,*®; the thin lines are the lines oK, relative errors of +100% and-50%

Table 9 gives an estimate of the relative errors + & 4 of KyPhvdlues for each corrosivity category.

Table 9. Average relative errors ofK;”" ( +.#-8.v a2 n d,|, Popfor n test locations in each category of atmosphere

corrosivity
| Categories Cl1 Cc21 C22 Cc23 C3 C4 Cs5
Meta £ £ x x £ £ £
il LN i S L - B IS e S L0 B B LB e S LN s S LN s
1 -25.6 -10.3 4 -15.4 24 -28.4 12 -12.8 1 -27.4 - -
DRFY 1 +1135 | 4 +27.5 3 +59.5 | 10 | +345 | 19 | +145 1 +10.6 - -
2 69.6 13 19.5 7 28.0 34 31.6 31 13.2 2 19.0 - -
2 -53.4 9 -53.6 7 -36.9 31 -41.1 20 -18.9 1 -10.7 - -
St3 DRF - - 4 +50.3 - - 3 +20.0 11 +17.9 1 +21.4 - -
2 53.4 13 52.6 7 36.9 34 39.3 31 18.6 2 16.1 - -
- - - - - - 24| -179 | 31| -30.8 2 -55.3 - -
DRPY 2 +462.7 | 13 | +1456 | 7 +51.6 10 +12.7 - - - - - -
462.7 | 13 145.6 51.6 34 16.4 31 30.8 2 55.3 - -
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1 -8.6 9 | 230 | 45| 269 | 2 | -159
DRF' 6 | +40.1 | 16 | +325 | 27 | +265 | - -
7 356 | 25| 291 | 72| 267 | 2 15.9
4 | -181 | 17 | -26.7 | 43 | -3438
Zn DRF® 3 | +31.7 | 8 | +36.9 | 30 | +308 | 2 +0.9
7 239 | 25| 300 |72| 331 | 2 0.9
1 -43 | 16| 222 | 1 | -186
DRF” 2 | +180.0| 17 | +61.9 | 40 | +30.0 | - -
2 | 180.0 | 18 | 587 | 56 | 28.1 1 18.6
1 353 | 3| 233 | 7| 268 | 9 | 212 | 26| -465 | 12 | -314 1 -33.5
DRF' 2 | 129 | 1| +65 4 | +496 | 5 | +761 | 14 | +498 | 1 178
3 | 1004 | 4 191 | 11| 350 | 14| 408 | 40| 476 | 13| 304 1 335
cu 2 664 | 4 | -736 | 11| -63.7 | 12| -545 | 33| -626 | 13 | -58.1 1 -63.8
DRF® 1 | +1438 | - - - - 2 | 4350 | 7 | +266 | - -
3 922 4 736 | 11| 637 | 14| 518 | 40| 56.3 | 13| 581 1 63.8
5| -399 | 11| 207 | 8 | 453 | 5 | -346 | - -
DRF' - - 13 | +111.8| 6 | +77.0 | 4 | +14.0 | - - - -
18| 91.8 | 17| 405 | 12| 346 | 5 34.6 - -
A 13| -426 | 15| -486 | 12| 634 | 5 | -61.9 | - -
DRF® - - 5 | 4507 | 2 | +251 | - - - - - -
18| 449 | 17| 458 | 12| 634 | 5 61.9 - -

DRF* - for zinc, the test locations where tRair{H'] parameter was unavailable were not taken into account.

Carbon steelThe atmosphere corrosivity toward carbon steel at test locations as determinéd®ifdails within
categories CIC4. For theK,” values calculated by DRFthe values of8 and +6& fall within the
all categories except for catmges C1 and G2 : +6 = 124.1% and + 63.2% for one
ForSRF the-s values fall beyond the lower limit of the rang
the-s and +8 values doifiechrange, ds orie kan bleayy sad-igure2h. Thek;"pvalues based
on DRF are more unreliable: they are extremely overestimated for categories@1ar@?C22 (t he +8 val ue
from 51.6 to 462.7%) but underestimated for category G4 (-55.3%). The most reliable&k,”" values are only
provided for subcategory €2, Figure2c.

For zinc the atmosphere corrosivity at the test location ranges fro t02-4. For all the DRFs, the deviation of
points from theK,"" = K,;*® line is observed for a large number of locatidfigure3. Some of the points fall outside
the relative error range from33% to +50%. Outside this range, the points for BRFe located symmetrically
relative to theK,”" = K, line, mostly below theihe for the DRE and mostly above it for DR taking into account
that for certain test locations, the hydrogen ion concentration in precipit®ainiH ], was not taken into account in
the K, calculations. However, despite the scatter of pointsptban valuesof§ and +8 correspond
error range from33% to +50% in all the corrosivity categories for DRfad DRF, and for DRE only in categories
C3 and C4.

The corrosion testing ofopper under the UN/ECE program and the MICAT projeeas carried out in a
significantly smaller number of locations than that of steel and zinc. Considering that the corrosivity categories range
from C1 to C5, the number of test locations in each of them is small. Therefore, considerable deviatiovisladlindi
points can significantly affect thé  a n \hlues,Jor example, in category C1 for DR&d DRF, Table 5. In the
other categories, the values-6f a n d + & aref within tHe Relative error interval frof3%to +50%, except for
categories €-3, wherethe+ ds +76.13%. In contrast to DRRwhere the scatter of poinis symmetrical with respect
to theK," = K;*®line, for DRF® the points are mainly located below this lifégure4. As aresult, thed val ues ar
well below the-33% limit for all the categories.

The corrosion tests afluminumwere carried out only under the MICAT project in a small number of locations
and under the RF program, therefore the total number of ¢oxsais as small as 52. For certain test locations under the
MICAT project, theK,*? values were only 0.027, 0.054 and 0.081%/fable 6. Due to the absence of the upper limit
for category C1 in the Standard [1], categoryC®as assigned for those pdscas the smallest one wh&rg®< 0 . 2
g/n? in accordance with the Standard. Accordind<i§*®, the corrosivity category for all the locations was only C2
with additional subcategories (Table 8) or C3. For DRRe arrangement of points relative to #&" = K,**line is
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rather symmetrical, but for DRFthe values oK;” generally have underestimated values in comparison Kyft

Figure5. It can also be seen froRigure5 that the point with the(®® = 1.24 g/m; K;" = 0.10 g/m) coordinatess

apparently an outlier. Despite the scatter of points-dhe a nd + & v 4 towespond ftoothe rel®/& error

range from-50% to +100% in all the categories, even taking into account the assumed outlier point, except for
category C2Il  wh e r EL1.8%dthatss not much higher than the upper relative error value. The overestafated

values are primarily due to the complexity of accurate simulation of extremely Kifiéllv a 1 ues for whi c
+111.8% is not so significant. Unlike DRFthe K, values based on DRFor category C2l and C22 are quite

reliable, which is, in general, due to the underestimatiok,Ufvalues for all the categoriefigure5); -5 and + 39§
correspond to the relative error range®% to +100%, respectively. However, for categories3Ghd C3 there are

only underestimatel,” values compared 6, with -5 -63.4 and-61.9%, respectively.

The value of the relative errar,, for each category of atmosphere corrosivity (Table 5) provides incomplete
information on how much thi;” values differ fromK,*® whetherK,;” values are overestimated or underestimated,
and what measures should be taken to protect structuresdroosion in practice based on DRF results.

The results obtained from comparing te¢”" values calculated by different DRFs wikh®® indicate that an
absolute equality oK;” and K;*® is unlikely for any test site. The relative errebs a n d +Ib catégory aree a c
averages of scattered points, and the smaller their values, the greater the probaiify that be obtained for any
test site within the relative errors provided. The and +8 val ues i n dK;’ccantbeobtaitita t t he

For carbon steel, using DRFfor locations with all corrosivity categories; using DRF for places with
corrosivity categories G3, C3 and C4; and using DRF only for categories G3 and C3;

For zinc, using DRE and DRF for test locations with coosivity C22, C23, C3 and C4, and using DRF
only for categories C3 and C4;

For copper, only using DRFfor test locations with corrosivity from C1 to C5, although this model can give
overestimatedK,” values for C2 and C23 categories, whereas DRRill mostly give significantly
underestimate#," values for all categories;

For aluminum, only using DRFfor test sites with corrosivity G2, C22, C23 and C3, and using DRF only
for categories CA and C22.
4. Conclusiors

Various statistical indidars characterizing the properties of dossponse functions and the need to use these
indicators to estimate the reliability of predicting the corrosion losses of metals have been considered. It has
been shown that to estimate the reliabilitykgf" values calculated by DRFs, it is advisable to use the MAPE
indicator to find the average relative errors andthe and +8 values that charact
overestimated,” values in each category of atmosphere corrosivity, taking into accaiontertainty range

of corrosion loss predictions in accordance with ISO 9223:2012(E).

The values of firsiyear corrosion losses of standard metals were first calculated by three typesasposse
functions (DRE, DRF’ and DRF) for variouscontinental regions of the world. Based on the large data array
of K1pr and experimental K1lexp values thus obtained, the MAPE irglard +3 values were calculated.

It has been found that reliatig™ can be obtained with higher probability:

o For carbonsteel: using DRY¥ for all corrosivity categories, using DRF for locations with corrosivity
categories C8, C3 and C4, and using DRFonly for categories G3 and C3;

o For zinc: using DRE and DRE for all the atmosphere corrosivity categories lisidtbre tests were carried
out, i.e., C22, C23, C3 and C4, and using DRFonly for categories C3 and C4;

o Forcopper: only using DRE
o For aluminum: using DR¥ for test sites with corrosivity G2, C22, C23 and C3, and using DRFonly
for categories CA4 and C22.
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