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ABSTRACT

The soil-corrosion investigation which was started in 1922 was originally
planned to cover 12 years, plus the time required to write the final report. In
1934 the last of the original specimens were removed from 23 soils, but additions
to the original test have so altered the plans that there now remain in the ground
7,500 specimens buried by the National Bureau of Standards and approximately
2,000 specimens of protective coatings prepared by research associates.

In general, the results of the examination of the specimens removed in 1934
confirm earlier conclusions. The additional data permit the calculation of the
standard errors for certain classes of data.

The average maximum penetrations for the wrought-iron, Bessemer, and
open-hearth specimens do not differ by more than a few percent. The specimens
of open-hearth iron and of open-hearth steel containing 0.2 percent of copper
appear to pit slightly more deeply than the other wrought specimens. In some
soils cast iron corrodes somewhat more rapidly than steel.

Soils differ so greatly in corrosiveness that the average rates of corrosion or the
average life of a pipe have little practical value.

The addition of chromium to steel reduces the loss of weight by corrosion and
the number of pits, but even a large percentage of chromium will not prevent
serious pitting. This is especially true with respect to soils containing chlorides.
Tfhfhadq%tion of nickel, with or without chromium, tends to reduce the depth
of the pits.

?ertain materials seem to be especially suited or unsuited to certain types of
soils.
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I. INTRODUCTION

In 1922 the National Bureau of Standards undertook to determine
the corrosiveness of 46 soils selected for the most part by the U. S.
Department of Agriculture as representative of the soils in various
parts of the country which contained extensive installations of pipes.
This determination was to be accomplished through the examination
at 2-year intervals of 1 of 6 sets of the commonly used ferrous pipe
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F1cure 1.—Status of the soil-corrosion itnvestigation.

materials. From time to time progress reports on this work have
been issued. It was expected that at the close of the investigation
all of the essential data and conclusions would be assembled in a
single final report.

In 1934 the sixth and last set of the original specimens was removed
from 23 soils, and this report presents the data on these specimens
as well as on specimens from 39 other test sites. These sites include
all the 12-year-old specimens. It is not advisable, however, to issue
a final comprehensive report on the soil-corrosion investigation at
this time because the investigation has been extended from time to
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time by the burial of specimens of other materials and because speci-
mens of the original materials bave been left in the less corrosive
soils. The status of the field investigation as of January 1, 1936,
is shown in figure 1.

This report like previous ones on this investigation is a progress
report, although an attempt is made to state more definitely the
significance of that part of the investigation which has been com-
pleted. Since only 1934 data are tabulated, and only such parts of
preceding papers are reproduced as are essential to the correlation of
the 1934 data with earlier data, the reader must refer to some of the
earlier reports for detailed information regarding the investigation.
In Technologic Paper T368' the nature of the investigation, the
soils, and the materials buried in 1922 and 1924 are described. In
Research Papers 329, 359,® and 638 * the data obtained up to 1932,
inclusive, are summarized. A study of these papers is essential to a
correct interpretation of the data presented in this report, since the
results of any experiment depend largely on the conditions under
which it is conducted.

Since the beginning of the soil-corrosion investigation in 1922 a
considerable number of new varieties of pipe for underground use
have been developed. These developments have been based largely
on the behavior of the new materials when exposed to water or to the
atmosphere, and at present there is no laboratory test which will indi-
cate the resistance of a new material to soil action. Since few pipe
makers have the facilities for testing their products underground,
except through trial installations which do not provide an opportunity
for comparing the results with the performance of more than one or
two other materials, it seemed desirable that a series of field tests
similar to the earlier tests should be arranged for the purpose of trying
out the new materials under known conditions. It was hoped that
a correlation of the characteristics of the materials with the results
of the tests would furnish suggestions for further improvements. A
test of some of these materials was therefore started in 1932, in which
10 specimens of each material were buried in each of 15 soils.

The soils, their locations, and the utilities cooperating in the 1932
tests are shown in table 1. The following manufacturers furnished
one or more of the materials used.

Allegheny Steel Co. International Nickel Co.
American Brass Co. Irvington Varnish and Insulator Co.
American Machine and Foundry Co. Johns-Manville Co.

American Radiator Co. McWane Cast Iron Pipe Co.
American Sheet and Tin Plate Co. Mueller Brass Co.

Ball Chemical Co. National Tube Co.
Bridgeport Brass Co. Reading Iron Co.

Cast Iron Pipe Research Association. Republic Steel Corporation.
Chadeloid Chemical Co. Revere Copper and Brass Inc.
Chase Brass and Copper Co. Ross-Meehan Foundries.
Electro Metallurgical Co. Scovill Manufacturing Co.
Ferro Enamel Corporation. Sharon Steel Hoop Co.

P. D. George Co. Thiokol Corporation.
Goodyear Tire and Rubber Co. Walworth Alabama Co.

Harpoon Paint Products, Inec.

1 K. H. Logan, S. P. Ewing, and C. D. Yeomans, Bureau of Standards soil-corrosion studies: I. Soils,
materials, and results of early observations. Tech. Pap. BS 22, 447 (1928). T'368, 50¢.
2 K. H. Logan and V. A. Grodsky, Soil-corrosion studies, 1930. Rates of corrosion and pitting of bare ferrous
cpeczmcm BS J. Research 7, 1 (1931) RP329, 10¢.
3 K. H. Logan, Soil corrosion studies: Non[errou,a metals and alloys, metaltzc coatings and specially prepared
ferrom pipes removed in 1950. BS J. Research 7, 585 (1931). RP359,
4« K.H. Logan and R. H. Taylor, Soil-corrosion studies, 1932. Rates of loss of weight and pitting of ferrousand
nomferrous specimens removed in 1932 and metallic protective coatings. BS J. Research 12,119 (1934) RP638, 5¢.
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TaBLE 1.—Soils, test sites, and cooperating ulilities tn the 1932 tests

Soil Name of soil Approximate location Cooperator

5155 Kkoadis cl8Y. .- il iiioao Spindleto}J, L1y PR Sinclair-Prairie Pipe Line Co. of Texas.

S2ar IATEal T nal =, oos s sl League City, Tex. ...co.-.-- Humble Pipe Line Co.

53 | Cecilclay loam__.____. AUIRNERS Gariis Ll il i Atlanta Water Department.

54a | Fairmount silt loam... -| Cincinnati, Ohio.._.__._.___ Union Gas and Electric Co.

55 | Hagerstown loam.__.___...... Baltimore, Md.-....._...._._. Baltimore Water Department.

56 | Lake Charlesclay._.._.._._.. 1A RATA T Vil b SR Rl Gulf Pipe Line Co.

57 | Merced clay adobe_....__.___ Tranquillity, Calif._________ Standard Oil Co. of California.

70 ] O P SR AT Wi 5 SN New Orleans, La._.__.______ Se(x)velrage and Water Board of New
rleans.

SObiliPeatr Sy o w aeiies Kal , Mich. . Department of Public Utilities.

60 A= [ RS e SR b Elymouthy:@Rio="":____ = Ohio Fuel Gas Co.

61| Sharkeyelay--coi . -._..-. New Orleans, La.........._. New Orleans Public Service Co.

62 | Susquehannaclay__.._.._._._ Meridian Vs, . = X Water Department.

63 AiPIdalmarsh_ - =- -t o ooao. Charleston, 8y Co.o = oxo o Do.

64 | Salinas loamy sand.-........_ Cholame Flats, Calif_____.__ Union Oil Co.

B0\ AR SO A 2ol ST E L Wilmington, Calif_ . _____.___ Shell 0Oil Co.

66 | Mohavesandy loam___.____| Phoenix, Ariz._________.____ Phoenix Water Department.

075 vEinderseal it st 0 Milwaukee, Wis__..________ Milwaukee Gas Light Co.

ORAU TR CIBY Y s Fesaal TRl G o PhOCRIX AR o s oo i Phoenix Water Department.

R IR el Wilmington, Calif_.__.._____ Shell 0il Co.

a Incomplete sets, mostly ferrous materials.
b No specimens removed in 1934.

In order to get some of the tables into compact form it has been
necessary to refer to the materials by symbols. These are given in
table 2. It will be noticed that more than one material has been

assigned the same letter.

To determine the significance of a letter

it is, therefore, necessary to know the size or class of material involved.

TABLE 2.—Identificalion of specimens

1%4-INCH PIPE, 5 INCHES LONG

Identification : Nominal
letters Material thickness
Inch
Onen-Hearii iran-Iatewaldadi e of - S Lol o o e s b sl 0.145
Hand-puddled wrought iron, butt-welded-.___ . 145
Bessemer steel, butt-welded.._ ... ______________ . 145
Treated Bessemer steel, scale-free, butt-welded . 145
3-INCH PIPE, 5 INCHES LONG
DA B R R O o e . L e s o it e o B B 0.216
Hand-puddled wroughtiron.___________ .216
Open-hearth steel .216
Bessemergteel - o _cioioo oo ool .216
Bessemer steel, scale-free, butt-welded.- - .216
Open-hearth steel, 0.2 percent of copper- - .- ... . 216
6-INCH CAST-IRON PIPE, 5 INCHES LONG
Sonthernicast IonE S spubsismdec T o - C S 0. 480
deLavaud centrifugal process . 450
deLavaud centrifugal process, outside only exposed t .450
Monocast centrifugal process- ... . 450
Pit cast, northern ore_ ____________ /480
Pit cast iron, machined surfaces, (4 inc! . 250
deLavaud cast iron, machined surfaces. .225
Pit-cast iron, southern ore..._.._..___._ . 480
Pit-cast iron, southern ore, rough surfaces. .450
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TABLE 2.—Identification of specimens—Continued

MISCELLANEOUS FERROUS CASTINGS

Identification : Nominal
letters Material thickness

(@F T £ A LTS A 51T i et s &S O I R IR B o BT L
Malleable-iron elbow, 2-inch..__._______
High-tensile cast-iron nipple, 2}4¢-inch O.
High silicon cast-iron, 3 by 6 inch_ __.________________

MISCELLANEOUS WROUGHT MATERIALS

26% Cr alloy pipe, 1 by 6 inch 9. 250
1.5% Cu steel pipe, 2 by 17inch. ... _._.____ 185
‘Wrought-iron pipe, ground surface, 2 by 17 in . 185
Wrought-iron pipe, mill-scale surface, 2 by 17 inch . 185
Bessemer steel pipe, ground surface, 2 by 17 inch_ 140
Bessemer steel pipe, mill-scale surface, 2 by 17 inc . 185
FERROUS MATERIALS BURIED IN 1932 (14 by 12 inches long, except as noted)
[See table 16 for analyses of materials]
Puddled wrought-iron pipe 0. 145
Puddled wrought-iron pipe. .. . 145
Cu-Ni steel pipe......_.._ = . 145
HighalloyacaREIDIDa o4 St e B O SN e, S e . 250
Sand-coated pipe, horizontally cast in green-sand ... ____________________ . 250
Rattled pipe, horizontally cast in green-sand.-........____._______________ . 260
Cu-Mo open-hearth iron pipe........._.__._ 5 e o 2 B A s . 145
<h L oW, alloy-CAst DIDe, BEOBeRE A s o e e Y e s . 350
R OW Al IO CHRL D DROUOBETE - & o L 285 Ui 5 awe o w0 i b S M g . 350
Pl EL T AR e E I E TV TERE e TR liA Seti S i (s SR TR e . 025
LOW: Carbon-tube 2 hysthinehes. oo - s ool oo e sl Lo it 154
0% Ot Bt0al tNbB,:2 DY T ANONOR. ~ i i vu sale —mensmustnsnsavacreanshtrmeos . 154
L0 R LA G I T v SRR RS R et SR SRR Y S ISR . 145
17% M SHOY SHeaty S DR 10000068, . o i e cmanictene e esne =+. 063
17% Mn alloy sheet, 6 by 10 inches. - - - - - oo oo =+. 063
12% Cr alloy. sheet & by B ineHes. oo i i ascmaae e =+. 063
17% Ot alloy SHORE A DY OHHCHO8 & .. 2o it o s it s st e sasns sasnmsunmbennds =+. 063
18% Cr, 8% Ni sheet, 4 by 6 inches. - e R ol s D Sl ah . 063
B LA 0T 1S 7 R R i R T N L SR T . 145
22% Or, 12% N1 alloy-sheet, 4 by 6inches. . oocoooocomaoacoomaaaae . 063

34-INCH BOLTS, 4 INCHES LONG, WITHOUT NUTS

Decsshnrizediron;(malléable)t - . a8 SRl o 0 8 S i
Malleable iron........__._.____
High-strength malleable iron..
Steel

In order to get the data for all of the materials in one soil into
compact form 1t has been necessary to refer to the soils by number
rather than by name. The names of all the soils and their approxi-
mate locations are given in table 3. In using this table it should be
remembered that that part of the name which indicates the texture
of the soil refers to the texture of the first 6 to 8 inches, i. e., to the
A1 hoalzon and not to the texture of the soil in which the plpes were
place
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It should also be remembered that usually several quite different
soils are to be found within the boundaries of a city. For example,
there is very little Susquehanna clay in Meridian, Miss., near which
the test of Susquehanna clay is conducted. The rates of corrosion
should not be associated with the cities named but only with soil types.

TaABLE 3.—Soils and locations

» o2}

O Gna o o i b )
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=

ok et
B
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Soil name Location Soil Soil Name Location
Cleveland, Ohio. 36 | Ruston sandy loam..._| Meridian, Miss.
Dallas, Tex. 37 | St. Johns fine sand__.... Jacksonville, Fla.
Atlanta, Ga. 38 | Sassafras gravelly | Camden, N.J.
Chester loam____ | Jenkintown, Pa. sandy loam. ?
Dublin clay adobe..._. Oakland, Calif. 39 | Sassafras silt loam...... Wilmington, Del.
40 | Sharkey clay-eccccoaee- New Orleans, La.
Everett gravelly sandy | Seattle, Wash. g
loam. 41 | Summit silt loam...... Kansas City, Mo.
Fairmount silt loam._._| Cincinnati, Ohio. 42 | Susquehanna clay...... Meridian, Miss.
Fargo clay loam________ Fargo, N. 2 43 | Tidal marsh..._......._| Elizabeth, N. J.
Genesee silt lJoam______ Sidney, Ohio. 44 | Wabash silt loam._.._.. Omaha, Nebr.
Gloucester sandy loam.| Middleboro, Mass. 45 | Unidentified alkali soil.| Casper, Wyo.
Hagerstown loam.__.___ Baltimore, Md. 46 | Unidentified sandy.| Denver, Colo.
Hanford fine sandy | Los Angeles, Calif. loam.
loam. 47 | Unidentified siltloam._| Salt Lake City,
Hanford very finesandy | Bakersfield, Calif. Utah.
loam. 51 | Acadiaclay--ccacae-o. Spindletop, Tex.
Hempstead silt loam.__| St. Paul, Minn. 52 | Alkali knoll... -| League City, Tex.
Houston black clay....| San Antonio, Tex. 53 | Cecil clay loam________. Atlanta, Ga.
Kalmia fine sandy | Mobile, Ala. 54 | Fairmountsiltloam Cincinnati, Ohio.
loam. 55 | Hagerstown loam. Baltimore, Md.
Keyport loam_ Alexandria, Va. 56 | Lake Charles clay El Vista, Tex.
Knox silt lJoam_ _ Omaha, Nebr. 57 | Merced clay adobi Tranquillity, Calif.
Lindley silt loam Des Moines, Iowa. 58 | Muckoooooo__ New Orleans, La.
Mahoning silt loam Cleveland, Ohio.
59 | Peat.... Kalamazoo, Mich.
Marshall silt loam_ .. _. Kansas City, Mo. 601 Peal_~ = = Plymouth, Ohio.
Memphis silt loam...__| Memphis, Tenn. 61 | Sharkey clay_.__- New Orleans, La.
Merced silt loam.____.__ Buttonwillow, 62 | Susquehanna clay......| Meridian, Miss.
Calif. 63 | Tidal marsh._..__..____ Charleston, 8. C.
Merrimac gravelly | Norwood, Mass.
sandy loam. [ S i V| e e Cholame Flats,
Miami clay loam_______ Milwaukee, Wis. alif.
L T T ] et e ‘Wilmington, Calif.
Miami silt loam...__.__ Springfield, Ohio. 66 | Mohave sandy loam...| Phoenix, Ariz.
Miller clay. ... Bunkie, La 67 ECInders: tit e D Con s Milwaukee, Wis.
Montezuma clay adobe.| San Diego, Calif. 68 Phoenix, Ariz.
o o o R R New Orleans, La.
Muscatine silt loam....| Davenport, Iowa. 69 Wilmington, Calif.
112 Niland, Calif.
Jacksonville, Fla. 113 Niland, Calif.
Rochester, N. Y. 118 Niland, Calif.
Milwaukee, Wis.
Norristown, Pa.
Los Angeles, Calif.

» The correct classification of the soil at this location is in doubt.

II. PRESENTATION AND DISCUSSION OF THE DATA ON
12-YEAR-OLD SPECIMENS

1. RATES OF LOSS OF WEIGHT

The rates of loss of weight of the 12-year-old specimens, in ounces
per square foot per year, are given in table 4. Rates of loss of weight
furnish a fairly satisfactory basis for the comparison of materials
exposed for the same period to the same soils and for the comparison
of the corrosivities of different soils at the close of a given test period.
For different periods of test the relative corrosivities of two soils may
not be the same since in one soil the initial rate of loss may be main-
tained, while in another soil the rate may decrease because of the effect
of the corrosion products or the settling of the soil in the trench.
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TABLE 4.—Average rates of loss of weight of 12-year-old specimens of ferrous pipe®

[In ounces per square foot per year]

134-inch wrought 3-inch wrought 6-inch cast-iron
specimens b specimens ® specimens
Soil Duration
of test
a b e y B 1T M X5 C L Z
Years

11. 67 .34 30 25| .24 31 28 24 31| .30 .28
11. 52 31 37 31 30| .35] .32 33 30 31 39 43
12. 02 59 71 73| .63 ] .69 68 67 [1.07 55 68

12 i 25| .24 .22 o3| 2| o9 ead] 19 .81
1.66 | .27 | .30 52| 81| ‘81| 38| 28| .38} .85 | .55
1.67 (121|120 | 128 | 1.22 | 1.23 | 1.00 | .10 | 1.20 | 1.36 [ 1.39 | 1.70
12.00 | .32 | 40| .34 . 49 | .36 40| .63| 58| .63

Avg forall soils. .| ... <BO . o0 BT T 85T 50 < 58 T 68| . BOT| 820 78 .84

= See tables 2 and 3 for identification of specimens and soils.

: rIic gl S e Sroately 10 1d. Only the outer surf d to the soil

° These specimens are approximately 10 years old. Only the outer surface was exposed to the soil.

d No specimens.

° S;l)]ecimen destroyed; no weight-loss data.

t The average for the é specimens is not comparable with that for the other because of the shorter periods
ol exposure.

The same line of reasoning applies also to the rates of pitting, which
will be presented in another section of this report. Because of this
progressive change in the rates of loss of weight and the rates of pene-
tration, the reader should take into account the data recorded in the
reports previously referred to before attempting to estimate the life
of a pipe material or the corrosiveness of a soil. It should be remem-
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bered also that the recorded rates are for mechanically cleaned speci-
mens and take no account of the value of the corrosion products as
pipe materials, which value is known to be appreciable under some
conditions. The conditions of the test under discussion do not permit
a numerical expression of this value of corrosion products.

This may account for some of the cases in which the results of the
test do not agree with reported field experience. The values given in
table 4 are computed from the losses of 2 specimens of each mate-
rial, except in the cases of the specimens L and Z. In most cases the
losses of the two similar specimens agree quite closely, but occasionally
they differ considerably, and in rare instances a specimen may show
twice the loss shown by its mate. On this account small differences
in the computed rates of loss have no real significance. It will be
noted that in many of the soils the rates for the wrought materials (iron
and steel) are nearly the same and somewhat smaller than for the cast
materials. In different soils the rates differ widely.

From the standpoint of the service which a pipe is expected to
render as a carrier of a fluid, the rates of loss of weight are, for most
soils, unsatisfactory, since they take no account of the uneven distri-
bution of the loss. Comparison of rates of loss of weight and rates of
penetration for different soils will show that there is no close relation
between the two, though, of course, pitting involves some loss of
weight.

& 2. RATES OF PENETRATION BY PITTING

Table 5 shows the 12-year average maximum rates at which corro-
sion penetrated the pipe. The values are adjusted to make the rates
for specimens of different sizes comparable. This adjustment has
been discussed in Research Paper 329, page 8.

TaBLE 5.—Weighted average rates of maximum pitting of 12-year-old specimens
of ferrous pipe®

[In mils per year]

11%-inch wrought 3-inch wrought 6-inch cast-iron
r specimens specimens » specimens
Soil Duration
of test
a b e y B K M Y C L V/
7.9 1-6:2 |-7.1 1. 58] 8.8 7.8] 82]10.3| 9.9|10.5| 19.2
47| 40| 46| 67| 45| 43| 3.8| 4.8 |c4.2| 4.8 73
741 6.6] 51| 456] 6.3 50) 57| 6.4]c45]| 9.9 12.1
125| 6.5| 65| 68| 6.2| 86| 59| 12.2 |10.7 7.5 7.5
27| 41| 3.5] 31| 33| 38| 3.6/ 3.7}|¢6.0| 3.3 7.4
b TR R g S el s 60 8 . o B 150 T 1 R IR RO B O .8 .8
44| 3.5| 43| 25| 40| 3.8| 40| 3.7| 7.1| 7.6 6.3
841 65| 63| 49| 68| 74| 58| 9.3|13.3|18.5| 19.4
3.7 S.6°[ 28 405178.27 400 43| .51 "l 580 5.4
41) 43| 33| 32| 33| 3.8| 40| 44| 3.6 57 5.3
83| 63| 59| 49| 69| 55| 6.4| 62| 3.5]. 8.6 5.1
50| 48| 45| 49| 59| 39| 52| 67| (9 4.0 5.4
86103 1674 71 110,01 6.8l 7.7 9.8 4.3 43 4.5
65| 41) 46| 44| 48| 57| 55| 49]¢3.9| 9.2 7.6
6.8| 61| 48| 52| 46] 63| 57} 64] (9 |123 14.2
3.56| 31| 385) 33| 84| 39| 38| 85] 63| 46 5.2
44| 3.5| 34| 3.2| 34| 52| 3.6| 37| 59| 7.8 1.5
48} 63| 61| 56| 53| 67| 49| 50| 52161 14.7
5.8 ] &t g 28 - BBl 8Ril 6.2 AT 491 77170 9.4
6.2] 66| 59| 6.6 48| 46| 54| 56| 84|13.4| (9

See footnotes at end of table.
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TABLE 5.—Weighted average rates of maximum pitting of 12-year-old specimens of
ferrous pipe »—Continued

134-inch wrought 3-inch wrought 6-inch cast-iron

2 specimens b specimens b specimens

Soil Duration
of test
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» See tables 2 and 3 for identification of specimens and soils.

b Includes wrought iron and steel.

© These specimens are approximately 10 years old.

d No specimens.

¢ Punctured, 1932 data.

t The average for the C specimens is not comparable with that for the other specimens because of the short-
er period of exposure.

The discussion of rates in the preceding section is equally applicable
to the data in table 5.

Tables 4 and 5 are presented primarily to enable those who care to
do so to interpret the results of the soil-corrosion data as they think
best, and to enable them to confirm or contradict the conclusions
which the author has drawn. They occupy a position midway
between extensive and complicated tables of original observations
on the one hand, and tables of computed data involving more or less
questionable assumptions on the other. To be of use they must be
interpreted. It will be noted that soils differ greatly in corrosiveness
and that the relative resistance to corrosion of different materials is
not the same for all soils.

3. PITTING FACTORS

Under some conditions the unevenness of a corroded surface is of
interest. This unevenness is expressed mathematically by the pitting
factor, which is the ratio of the depth of the deepest pit to the average
thickness of the metal removed by corrosion. The value of this ratio
is not a measure of the seriousness of corrosion since the ratio is 1,
both for cases of no corrosion and complete destruction of the
material tested. If corrosion were the result of segregations or impuri-
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ties in the metal, the pitting factor would indicate, in a general way,
the nonuniform character of the material. In underground corrosion,
however, soil characteristics control both the extent and the distribu-
tion of the corrosion, and the pitting factor is affected by the character
of the soil, and the duration of the exposure, as well as by the character
of the material.

A comparison of the average values of the pitting factors in table 6
indicates that the corrosion of the wrought iron is slightly more
uniform than that of the other materials, and that the distribution of
the corrosion is less uniform on the larger specimens. However, the
standard errors indicate the possibility that the differences in the
average pitting factors are accidental except, perhaps, in the case of
the open-hearth iron. The relation of soil characteristics to pitting
factor has been discussed by Denison and Hobbs.® -

TABLE 6.—Piiting factor for 12-year-old specimens of ferrous pipe ®

[Ratio of the depth of the deepest pit to the average penetration as determined from loss of weight]

6-inch cast-iron

1%-inch wrought specimens ® | 3-inch wrought specimens » specimens

Dura-
Soil tion
of test

a b e v B K M D4 (o] L 1

520 7.39| 4.84| 520 6.59 | 5.71) 9.15( 587 ( 6.64 | 13.56
4.32| 6.18| 8.98| 5.65| 6.52 | 4.86| 7.39 | 4.42 | 5.40 | 10.89
10.76 | 8.86 | 7.00 | 10.69 | 10.68 | 10.86 | 12.04 | 11.09 | 20.18 | 24.75
7.67| 7.73| 8.64| 7.85| 10.18 | 7.89 | 13. 38.85 | 5.19 | 6.00
4.27| 4.02| 442| 4.36| 4.23| 4.02) 4.48| 836 3.18 | 6.17
10.66 | 8.65 | 12.78 | 16.77 | 9.42 | 10.79 { 16.78 | 16.51 | 6.21 | 5.05
4.98| 6.65| 4.40| 6.25| b5.85 | 5.37| 562 | 7.56 | 15.44 | 5.65
6.82| 6.36 | 5.8 | 6.68| 7.51 | 874| 9.38| 6.26 | 6.96 | 4.55
5.58 | 4.07| 6.74 | 5.18| 6.25 | 6.99| 13.47 | 551 | 7.10 | 6.44
6.07| 528 | 5.77| 598 7.52| 7.05| 835| 519 7.66 | 878
17.48 | 22.41 | 20.11 | 27.11 | 23.35 | 30.09 | 26.43 | 17.00 | 19.35 | 17.62
8.40 | 8.83| 9.82|11.86 | 9.58 | 11.84 | 16.85 | (°) 6.12 | 11.57
16.21 | 9.96 | 12.01 | 17.00 | 12.71 | 14.07 | 15.49 | 10.05 | 7.84 [ 573
3.67| 472 | 4.47| 501 | 6.61 | 577 | 4.42| 3.38 ( 9.17 | 9.74
4.76 | 4.89| 5.57| 4.71| 7.40| 6.18| 7.23| (o) 8.94 | 12.15
2.79 | 3.25| 2.8 | 2.55| 3.01| 3.25| 2.76 | 4.55 | 3.56 | 4.22
10.21 | 8.74 | 9.55 | 12.98 | 16.83 | 11.88 | 8.43 | 19.20 | 22.73 | 17.83
11.68 | 12.27 | 12.52 | 14.14 | 16.09 | 12.44 | 11.86 | 12.91 | 22.23 | 33.30
4.75| 7.70 ( 7.03| 518 | 8.68| 6.12| 7.18| 9.21 | 7.80 | 6.97
549 | 599 | 7.16 | 4.88| 5.32| 5.50| 6.58 | 6.95| 12.37 | (°)
440 | 4.78 | 4.68| 4.59| 4.99| 6.60| 4.75| 504 | 4.78 | (9)
10.95 | 8.82 | 12.05 | 14.70 | 12.87 | 14.00 | 16.45 | 2.50 | 2.86 | 1.80
6.94( 9.10| 7.10 | 11.25| 8.32 | 11.22 | 12.27 | 8.03 | 18.10 | 19.65
7.09| 818 | 6.60 | 7.12| 816 | 6.54 | 816 | 12.74 | 18.69 | 20.57
3.56| 4.90| 517 4.28| 7.68| 6.61| 6.00 | 5.56 | 15.80 | 13.30
547 | 550 | 569 | 6.35| 7.41| 6.41| 7.99 | 3.49 | 5.66 | 3.00
3.63| 4.61| 4.8 | 554 | 808 | 5.26| 843 | 119 | 3.47 | 524
58| 7.95| 6.31| 539 | 6.07| 7.30| 839 | 847 | 6.71 | 6.98
6.23| 7.89 | 7.43| 9.50| 9.42| 9.61| 6.92| 6.98| 528 | 11.86
7.72| 9.21| 9.00| 10.39 | 15.39 | 9.70 | 17.90 | 10.21 | 15.06 | 13.11
448 | 4.01 | 478 | 4.63 | 595| 4.92| 3.8 | 4.62| 7.29 | 571
474 | 6.71 | 6.72| 593 | 545| 6.32| 10.45| 7.68 | 6.58 | 4.69
476 | 4.91 | 2,90 | 12,23 | 8.38 | 19.17 | 9.75 | 21.72 | 9.68 | 4.77
9.08 | 10.15 | 10.81 | 12.88 | 13.75 | 12.50 | 11.68 | 11.19 | 18.83 | 10.39
4531 6.721 6.37| 6.28 | 4.92| 6,931 811 | 4.8 | 4.57 | 3.34

See footnotes at end of table

51, A. Denison and R. B. Hobbs. The corrosion of ferrous metals in acid soils. BS J. Research 13,
125 (1934) RP 696.
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TaBLE 6.—Pitting factor for 12-year-old specimens of ferrous pipe *—Continued
[Ratio of the depth of the deepest pit to the average penetration as determined from loss of weight]

ik 134-inch wrought specimens » | 3-inch wrought specimens » &Igslécgr;fg;;on
Boil tion
of test

a b [} y B K M b4 C L Z
6. 00 7.64 7.73 5.58 | 13.14 6. 47 8.756 2. 67 2.67
5.41 7.61 7.03 8.41 9.60 | 13. 54 7.03 3. 80 5. 14
6. 27 7.99 5.16 6.97 7.29 5.97 2.20 3.81 4,46
8.43 | 11.11 8. 61 7.52 834 | 877 6.33 6. 81 7.22
5.78 5.11 6. 38 7.3 6.00 | 5.77 6.71 7.59 6.01
3.34 | 4.28 6. 12 6. 48 3.67 2.98 4.90 9. 47 5.79
8.83 | 13.02 | 12,12 | 13.73 | 15.87 | 15.30 | 11.35 | 11.67 | 10.19
5. 67 5.78 5. 27 6. 50 7.37| 7.4 6.49 () 8.30
9.41 | 15.50 | 10. 56 9.38 | 16.42 | 11.10 9.70 7.08 7.42
5.71 6.90 6.76 5. 26 6.43 5.47 | 10.43 2.88 4.53
7.:18 7.68 8.37 8. 63 9.04 | 9.58 8. 86 9.16 | 9.24
Standard error|......_ 0.92 | 0.47 | 0.46 0.52 0.68 0. 57 0.72 | 0.61 0.98 0.87 0.98

s See tables 2 and 3 for identification of specimens and soils.
b Includes wrought iron and steel.

° No specimens.

d Specimen destroyed; no weight loss data.

¢ Punctured, 1932 data.

III. SIGNIFICANCE OF THE DATA
1. APPLICATION OF THE DATA TO PIPE LINES

Having examined the data presented in the preceding pages the
reader may inquire as to their applicability to the corrosion of under-
ground pipe systems. In the beginning, it should be stated that the
tests deal directly with rates of corrosion and only indirectly with
pipe life. Nevertheless, when properly interpreted, the data should
be of value in the estimation of the service to be expected from pipe
materials under various soil conditions.

It was pointed out in an earlier section of this paper that, other
things being equal, the observed value of the deepest pit will depend
somewhat upon the size of the area from which the maximum pit is
chosen. This question has been discussed at length by Scott.®

While there remains some doubt as to the amount by which the pit
depths on the unit area used in this report (the area of 1%-inch pipe,
5 inches long) should be increased to equal the pit depths on a length
of pipe line exposed to similar conditions, there can be no doubt that
some increase 1s required. The question is being investigated.

It was pointed out in an earlier report on the soil-corrosion investi-
gation 7 that, at least for the earlier periods of exposure, the rate of
corrosion decreases with time. Scott® expressed this relation by
means of a formula. The problem is too complex for full discussion
in this paper. The relation between the average maximum pit depth

6 G. N. Scott. Adjustment of soil corrosion pit depth measurements for size of sample. Proc. API 14, IV,
November 1933, p. 204.

7K. H. Logan, S. P. Ewing, and C. D. Yeomans. Bureau of Standards soil-corrosion studies. Tech.
Pas.p. BS 22, 447 (1928), T368. E

1933(}. N.ﬁgott. A preliminary study of the rates of corrosion of iron in soils. Proc. API 14, IV, November
. p.212, :
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and the length of the exposure of steel specimens to certain soils is
shown in figure 2. It will be noted that the shapes of the curves are
different for different types of soil. The curves also show the im-
portance of considering the kind of soil to which the pipe is exposed.

In the determination of the rates of penetration the Bureau of
Standards specimens were cleaned before they were placed in the soil,
and after the specimens were removed from the soil the corrosion
products were removed. The data, therefore, represent rates of
penetration of the pipe wall by corrosion and not necessarily the rate
i)f 1(i_ecrease in the ability of the material to resist pressure without
eaking.

It is probable that working lines are subjected to other influences
in addition to those affecting the corrosion of the National Bureau of
Standards specimens. Some of these influences may accelerate cor-
rosion, while others may retard it. If these influences are of impor-
tance it is to be expected that the corrosion of working lines will be
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Ficure 2.—Relation of pit depth to length of exposure; wrought iron and steel

even more erratic than the corrosion of the specimens under con-
sideration and, as a consequence, that the determination of the aver-
age rate of corrosion of working lines will be more difficult. It follows
that isolated cases of long or short life of working lines have little
significance and that experiments or field observations involving large
numbers of observations must be largely depended on for answers to
questions regarding corrosion. In any case some means of indicating
the dispersion and the reproducibility of the data should be provided.

Doubtless what has just been said regarding the relation of the soil-
corrosion data to pipe-line corrosion leaves the reader uncertain as to
how he can use the data. This is not because the data are not usable
but because, as was said in the introduction to the report, the work is
incomplete. So many facts regarding underground corrosion have
been collected that it seems probable that a little additional work
will yield positive answers to many corrosion problems.
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2. RELATIVE MERITS OF MATERIALS

Although the purpose of the original soil-corrosion investigation
was to determine the extent to which soils were responsible for cor-
rosion underground, the question as to whether one material is more
resistant to soil action than another is of such importance that the
soil-corrosion data have been examined with respect to the relative
corrosion-resistant properties of the materials tested.

A procedure has been adopted which involves a minimum of assump-
tions as to similarity of materials, areas, and rates of corrosion. The
first step was to plot all of the pit depths for each material in each
soil and to draw smooth curves for the data representing the trend
of the data with respect to the duration of the exposure. If no speci-
mens were missing, 12 points, 2 for each period of exposure, were
plotted.

Points on this curve corresponding to the 6 periods of exposure
were taken off, and the ratios of the last point to each of the others
were computed. Then each plotted point or pit depth was multi-
plied by the ratio for the corresponding time of exposure, thus reduc-
ing all pit depths to corresponding pit depth for 12 years of exposure.
The average pit depth, the standard deviation, and standard error
were then computed for these 12 adjusted observations, i. e., for
each material in each soil.

The magnitudes of the average pit depth and of the standard error
depend of course on the way in which the curve referred to was
drawn, and it is probable that in some cases at least more representa-
tive curves could have been drawn. This would have resulted in
smaller standard errors and more accurate average values. Never-
theless, the worst result of an improperly drawn curve is an inaccu-
rate average and a large standard error. The two taken together are
true for any curve, although they may not be sufficiently precise to
be of value. Since the purpose of the study was to determine whether
or not the differences between the average rates of penetration could
be accounted for by the dispersion of the data as indicated by the
standard error, there was nothing to be gained by calculating the
average rates of penetration for cases where the dispersion was obvi-
ously so great that a very large standard error would be obtained.
In certain cases an average with a satisfactory standard error could
be made by neglecting one or two points on the assumption that
such points were the results of abnormal conditions with respect to
soil or material. This, however, is a somewhat questionable pro-
cedure. Table 7 gives the average maximum pit depths for each
material in each soil for which a satisfactory standard error could be
computed by the method just outlined.
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TaBLE 7.—Estimated average maximum pit depth at 12 years for each material
13- INCH WROUGHT IRON AND STEEL (n=12)

Treated Bessemer

Open-hearth iron Puddled iron Bessemer steel steel
Soile
| Yo|omd|oz2| 8| X |Om |0z | 8| X |om|[0c| 0| X | Om| 0z
FRME S () of 74.3 4.4 14.4] o 852 59 197 o 7.6 58165 o 79.5 4.9 16.1
i 43 630 6.8 10.3 =2 449 17| 5.0/ +3 544 26 7.4 3 66.1 65 184
o e o 95.6| 7.6/252 0 77.5 3.2 1070 0 744 3.4 113 o 732 29 9.6
DERET x| 137.3) 18.7) s6.0[{ 1} 747 6.0 16.9 x2| 700 4.8 13.4 22 7.7 7.3 219
+1
PR +3 38.4) 3.3 9.4 x2 539 4.5 135{—;}49.3 2.1| 5.6 +2 38.3 16 4.9
-

T6.1|16.0| 0| 37.9| 2.0| 5.2\ 4| 42.6| 3.5 0.4 6| 28.1 0.8 17
33 10.0| o 70.4] 41 135 o 730/ 3.2 10.5 o0 8.8 1.6 54
3.8 10.2| =3 48.9| 2.9 7.6| =2 35.2| 3.8 14| 3| 371 3.6 103
4.1) 1.5 +1| 74.1| 3.6/ 113 o 751 29| 9.8 o 69.6] 4.0 13.4
41| 115 +3) 534 7.5 22 +3| 50.1) 7.2| 20.5| +4| 5.3 5.1 13.5
T870|726.5| 0| 1115 7.8| 25.7| 0| 143.0| 12.7| 42.1| " 0| 140.3 9.0| 20.8
30| 11.8] ¢ @ | @ | =2 619 37| 110 +2| 53.8 44| 131
5.9/ 19.7 o 683 56| 185 o 701 55 182 o 755 9.4 311
13 34| x| 381 T4 37| x4 418 14| 36 x4 415 26 68
38 12.7] "o 5.2 51| 16.9| o 524 42 139 "o 515 49| 16.0
32 10,6 o 547 27| s.9| of 635 24 7.9 of 509 26 85
4.9] 16.3 5.0 5.1 16.9{ﬂ}643 9.4/ 28.3] o 5.1 3.1 10.3
41| 9.1| 6| 482 2.8 61| 6 631 20| 4.4 x6 66.4 4.9 110
38 127 "0 642 14| 48 "o 662 18 58 o 67.4 30 10.1
x2 72301 18| 5.3
T2 381 19 58
+9 48.5 4.5 13.5
+4) 146.9| 9.8 17.5
0| 121.5| 5.7 18.9
+2| 555 3.9 116

=1
1)} w08 53150
of 49.5 2.3 7.5
}978 +2 108.5 9.3 27.8

+2

+2 53.3| 3.3 6.6
o| 7.4 6.3 16.3
"o T49.7| 6.8 2.5 8. 104
o 86.7 67 3.7 12. 16.1
+9{ 112.4] 12,9 0| 4.0] 12, 10.1
95.2| 4.7 4| 6.5 21. 20,1
o 6.9 9.3 10| 12,6 41, 38,4
+2| 56.4| 2.3 6.8 +2| 66.3 2.0/ 6. 10.7
+3| 510| 3.3 10.6| +2| so.8 8.4] 2.1 10.2
T s e gsley SulPe o 1 o v B Sl 2 s il e S ) S
i 13| 77100 28| 6.8 2| 27,0\ 39| 1l6| 2| 20.7 16| 49 2| 10.8 3.0 8.9
Average®.___| ___| 83.6 2.4 37.3.__| 69.1] 2.2 342 | 750 2.2 361 | 724 21| 324

See footnotes at end of table.
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TaBLE 7.—Estimated average maximum pit depth at 12 years for each
material—Continued

3-INCH WROUGHT IRON AND STEEL (n=12)

Puddled iron Open-hearth steel Bessemer steel Open-hearth steel

2% Cu
Soil

8 54 om | @2 8 } Om | O ) X om | Oz 3 ')_( om | 02

42| 75.9| 19| 5.6 0f 96.7| 4.9({16.3] x1| 93.7| 3.7 11.6 0| 103.0| 10.8f 35.8

+2| 56.6| 3.2| 9.7| 2| 55.2| 2.0 6.0 3| 53.8/ 2.2| 6.1| 42| 66.4] 3.4/ 1.3

0| 73.4 3.2|10.6 0| 74.5| 4.5|14.8 0| 82.0| 3.6/ 12.1 +O 85.8| 6.4 21.2

1
Al dry +3| 89.4| 4.0| 11.2| 3| 113.2| 10.2( 28.7[ £2| 90.0| 11.2| 33.7|J —2|¢ 157.3| 17.2| 42.1

+1{ 126.4] 5.6( 17.6 of 91.7[ 3.7| 12.2 0| 117.3| 6.1] 21.8 0| 147.6| 11.8] 39.2

+2| 63.4| 6.2| 18.7| 2| 82.2| 5.5 16.4| +£2| 68.5| 4.5/ 13.6| 2| 60.6] 1.5 4.5

0f 83.5 6.1f 20.2 0| 86.0[ 2.9/ 9.6 0| 75.0| 4.6| 15.3 0| 8L9| 3.6{11.8

+4| 44.3 0.8 2.2( 4 47.1 1.0[ 2.7 4| 48.8( 2.8 7.3| 4 44.6/ 2.9 7.7

65.5) 5.3 17.4) . 0f 69.5| 2.6/ 8.8 0| 49.8| 3.0/ 10.0 56.7| 5.5 18.4

0 63.4] 3.2| 10.5 0| 80.2| 2.0 6.7 0| 64.3| 2.0|] 6.8 0] 66.7[ 22| 7.4

0f 44.8] 3.0[ 9.9 x 0| 50.5| 4.9] 16.2 0| 53.3] 3.1f 10.4 0| 59.2| 6.2]20.5

) P +6| 60.3| 7.5/ 16.8| 6| 543 25| 55 =6 64.0] 3.3 7.4/ 46 552/ 2.0 4.6

o BHRCR 0] 64.2[ 2.2( 7.1 0f 63.5 17| 5.6 0| 65.00 1.7 57 0] 70.8f 2.4 7.9
+3

23 oo 0f 156. 0| 10.0{ 33. 0 0} 167.1| 6.7]| 22.2 0 163.7| 5.4 17.9{ -—1} 176.6( 10.1]| 26.5

48.00 12| 3.5| +2| 50.9 2.3| 8.6 +2| 5.9| L4 41| 42 47.9] 19[ 58
72.1| 4.4/ 14.6| ~ 0| 67.5| 3.0(10.7] "o 97.5| 6.1) 20.1f 0| 116.9 8.3| 27.5
o4 2| 41| 1377|770\ 7474|870 "2076 0| 60.3| 4.4/ 14.71 Tof 100.0| 4.3| 14.2
70.2| 3.2|10.6| 0| 105.4| 7.9 26.3| 0| 82.6| 5.4|17.7] o 82.5| 4.5(14.8
86.8| 2.8| 8.4| 2| 73.6| 3.9| 1.7 2| 76.8| 2.9| 9.0 2| 78.7| 6.0 18.0
92.2| 25.6| 84.8| ~ 0f 124.6| 3.9| 13.0| 0 108.2| 4.0/ 13.2| "o 1156 4.1[13.5
138.4| 6.6 2.8 0| 130.7| 9.6| 3.9  0f 102.7| 9.1| 30.0 101.5( 13.1| 43.4
63.8] 1.5 4.6/ =2 62.0| 3.5| 10.6| ==2| 82.9| 3.6/ 10.8| 2| 89.4| 4.0[ 1.9
86.2| 5.3| 15.8| +2| 111.3| 5.8 17.3| +2| 97.9| 7.7| 22.2| +3| 80.5| 2.2/ 6.9

See footnotes at end of table.
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TaABLE 7.—Estimated average mawimum pit depth at 12 years for each
material—Continued

6-INCH CAST IRON

deLavaud (n=12) Northern (n=6) Southern (n=6)

Soil

L) z om oz L) Z Tm 0z )

Ll

Tm Oz

= See table 3 for identification of soils.

® § denotes the number of specimens omitted in averaging because of unsatisfactory data. Thesign of &
denotes whether the pitting of the omitted specimens was more or less than the average.

o Z denotes the average maximum pit depth.

d o denotes the standard error of Z.

e o, denotes the standard deviation.

t Data unsatisfactory for determining the pit depth-time curves.

& Specimens lost; average pit depths at the close of 6 years.

b 114-inch specimens punctured in less than 8 years.

i Specimens buried late; average pit depths at 10 years.

i Punctured in 8 years.

k Average of the 23 soils with no deletions because of erratic data.
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If all specimens were removed and data from them used, the number
of observations or, in statistical terms, the size of the sample was 12.
In some mildly corrosive soils two specimens were left in the ground
so that they could be examined after a longer period of exposure. A
few specimens were lost or destroyed, and a few pit measurements
have been neglected for reasons stated above. The table includes
a column showing the number of specimens which were omitted from
the computations and the reason for the omission. A -+ sign fol-
lowed by a number indicates the number of specimens for which no
data were available; a + sign and a number indicate that one or
more pit measurements were neglected because the values were so
much greater than the estimated values for the period that an ex-
tremely large standard error would result if the data were included,

Average maximurm it deprth 1h mils
W

o i - gt i KA Sdica soitik TN Mo RO
T T T T T T T T T T T T T T T T T T T
Open hearth i1ron=/2% /n. l '
Hand puddled wrought 1ron <15 n. I H %
XS
S +
Bessemer steel <« 1% i1n, l | I RN
3
Treated Besseémer steel <« /4i1n. lﬂ
Hand puddled wrought 1ron=3n. “I
Open hearrh steel < 3in. [H
Bessemer steel — 3 1n UJ

Open hearth steel contamning 0.2%Cu < 3 in. IH
bt b S ot b b L Il o' . G et Y SO LTSS ol i) B O T

Frcure 3.—Average mazimum pit depth for twelve years of exposure; twenty-three
soils.

while a — sign indicates that the pit depth was much less than the
estimated value. It is possible, therefore, for anyone to revise the
table by eliminating the soils from which data were deleted without
completely recalculating the table.

At the bottom of the table the average rates of corrosion for most
of the soils are given. The differences in the soils are so great that
average rates for all soils have little value, except that they permit a
comparison of different materials exposed to the same conditions.
These averages have been shown graphically in figure 3. Since the
pit depths were not adjusted to take account of the areas of the speci-
mens only materials of the same size are strictly comparable.

60348—36——5
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The figure indicates that there may be a real difference between
open-hearth iron specimens and the other 1%-inch wrought specimens,
since the difference between the average pit depth of the iron and
that of the other 1%-inch specimens is approximately twice the sum
of the standard errors of the materials. Similarly, the 3-inch open-
hearth steel containing 0.2 percent of copper may corrode at a differ-
ent rate from that of the steel to which copper was not added. In
both cases the reason for the differences may be the character of the
surfaces of the specimens employed, and the conclusions might not
apply to materials having similar compositions but different surface
finishes. In the case of the open-hearth iron the surfaces of the
specimens were covered by an almost continuous thin oxide film which
broke down in a relatively few places, thus concentrating the galvanic
action. A basis for this suggestion is the low losses of weight of the
specimens of this material.

The copper-bearing steel specimens, on the other hand, carried
unusually heavy patches of mill scale at certain points on their sur-
faces. It is possible that galvanic action between this mill scale and
the remainder of the surface of the pipe accelerated the corrosion, or
that after a period of exposure the mill scale became loosened and
galvanic action between the unprotected spots and the oxidized areas
caused additional corrosion. Care should be exercised in generalizing
from the tests of the material from a single source.

The average penetration is smallest for the wrought-iron specimens,
but the difference between the average maximum rates of penetration
for wrought iron and Bessemer steel is not sufficient to show posi-
tively a difference in the rates of corrosion of these materials for either
the 1%-inch or the 3-inch specimens. While it cannot be said that
the materials do not differ, the ficure indicates that on the average
the rates of penetration do not differ greatly.

It will be noted that the average rates of maximum penetration
have not been computed for the cast specimens. This is because
there were so many soils in which the data were erratic that averages
could not be obtamed which would be satisfactory for comparisons.
This unsatisfactory condition is due, in part, to fewer specimens of
the cast materials and, in part, to the greater dispersion of the data.
In some cases the dispersion is the result of extra-deep pits, while
in others the cause of the dispersion is the absence of pits of the
expected depth. The fact that the cast-iron specimens were larger
than the others may to some extent account for the greater dispersion
of their data as well as for the greater maximum pit depths that
sometimes appear.

Figure 3 indicates also that the maximum pits are generally deeper
on the 3-inch than on the 1%-inch specimens, but table 7 shows that
this is not always the case.

3. CORROSIVENESS OF SOILS

Table 7 indicates that so far as the Bureau of Standards data are
concerned all of the 1%-inch materials, with the exception of the
open-hearth iron, belong to the same family statistically and that
all of the 3-inch specimens, except the steel containing copper, are
likewise similar. The data for all similar materials for each soil
have been combined for the purpose of showing the relative corrosive-
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ness of some of the soils which have been used, although some of the
soils may not be typical of the soil types indicated.

Table 8 is the result and may be regarded as showing the most
dependable values of pit depths to be expected on specimens of the
sizes used after 12 years of exposure to the soils listed. The stand-
ard deviation, which is also given for each soil, indicates how much
a single observation may depart from the average value. According
to the theory of probability, 95 percent of a series of observations
should not differ from the average by more than twice the standard
deviation. s

TABLE 8.—Estimated average maximum pit depths for specimens of wrought iron
and steel in certain soils at 12 years

1}4-inch specimens 3-inch specimens
Soil »
Sramper | pit  |Stendard|gtandara | Number | py | Standard|giangarg
mens depth tion error mens depth Hon error

54.7 14.6 2.8 29 56.3 7.5 1.4

75.0 10.7 1.8 36 76.6 13.1 2.2

74.5 18.0 LA RS 97.3 28.9 5.6

37.0 8.8 L9 24 45.4 8.0 LT

70.4 13.5 2.3 36 90.9 19.9 3.4

72.9 1.9 2.0 36 79.8 16.9 2.9

135.4 30.0 5.0 36 108. 2 29,2 4.9

72.8 23.5 4.0 36 8L.5 16.3 2.8

40.5 5.1 4 24 46.7 5.0 1.0

517 15.7 2.6 36 61.6 25.3 4.3

59.3 9.2 L5 36 69.3 11.3 1.9

65.9 7.4 L2 36 64.3 6.2 L1

44.0 7.8 L5 30 53.4 9.9 L9

149.9 22.8 4.8 24 175.3 32.4 6.9

53.8 9.2 57 30 64.4 17.8 5.4

50.1 10.1 j B 36 63.9 i L 2.2

47.9 8.6 1.6 30 53. 2 5.0 1.3

81.0 24.9 4.2 36 79.0 20.3 3.4

51.1 48.5 8.3 36 69.3 66. 6 1.3

84.4 1% 3.0 36 86. 1 24.2 4.1

92.9 29.5 5.5 30 79.1 11.3 2.1

103.3 22.4 3.8 36 108. 4 17.8 3.0

103.3 36.3 6.1 36 123.9 32.1 5.4

63.0 9.3 £ 30 69. 6 13.2 2.5

a See table 3 for identification of soils.
b Specimens exposed for 10 years only.

The number of soils for which data are given in table 8 is very
small when compared with the several thousand soil series which have
been identified. Nevertheless, a considerable variety of soils is repre-
sented and some relation between many other soils and those studied
can be found. Itis expected that a study of the characteristics of the
soils tested will result in a knowledge of why they are or are not corro-
sive, which knowledge will be applicable to soils in general.

To make the data in table 8 of practical use they should be reduced
to some standard area and supplemented by additional information
by means of which the time required for the puncture of a pipe wall
of some assumed thickness could be computed. Since such an adjust-
ment of the data cannot be made at this time the investigation cannot
be regarded as completed.
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IV. SPECIAL MATERIALS AND TESTS

1. SUPPLEMENTARY TESTS OF PIPES IN CORROSIVE SOILS

A few soils are of special interest because of their known corrosive-
ness with respect to some one material, and it seemed desirable to
some of those cooperating in the soil-corrosion investigation that
several materials be tried out in these corrosive locations primarily
for the purpose of finding an inexpensive material suitable for these
conditions.

Had the characteristics of underground corrosion been better
understood, either more or no specimens would have been placed at
these locations, since the number of specimens of one kind exposed
to one soil condition is insufficient to permit the estimation of the
standard error of the data. However, the results of the tests are
recorded in table 9. As in the tables for older materials the wrought
specimens appear to corrode at approximately the same rates. In the
soils in table 9 high in soluble salts (all soils in the table, except
Fairmount silt loam) the cast irons seem to corrode more rapidly
than the wrought materials. Fortunately, high concentrations of
alkali are confined to relatively small areas, although alkali soils are
widely distributed throughout the western half of the country.

TABLE 9.—Rales of corrosion of wrought and cast pipe buried less than 7 years
[Average of two specimens]
RATES OF LOSS OF WEIGHT

[In ounces per square foot per year]

A B
" N I Aand L
Soil & Exposure Open- ‘Wrought :
hemsthiron Gh Steel Monocast | Pit cast

Years

1.56 1.75 1.40 3.79 3.68
1.92 54 .53 38 80 57
1.72 1.85 2.09 1T [0 S s 2.72
1.83 7.82 7.82 I L IS St e S e
5.93 3.34 2.84 3.17 () 4.70
5.93 4.34 3.67 3.98 Q (e)
5.93 2.69 2. 59 2.51 3.19 4.13

WEIGHTED AVERAGE MAXIMUM RATE OF PENETRATION

[In mils per year]

1.96 29.1 29.6 20.9 35.7 25.3
1.92 6.3 7.3 2.1 16.7 =g
1.72 22.7 26.5 1850 ]t 1y s T8 30.8
1.83 58.4 66.7 i B AR R R e N
5.93 (f) 26.5 37.5 ) 44.3
5.93 (f) 29.2 SIS R R
5.93 ) 25.0 25.0 40.1 40.6

» See table 3 for identification of soils.

b Six specimens of each material were removed from this soil.

¢ So corroded that a piece of each specimen was broken out when cleaning.
d Same soil as number 112 but with more alkali.

e So corroded that a piece was broken out of one specimen when cleaning.
t Punctured.
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Closely related to the data just presented are observations on a
few cast materials buried in corrosive soils in 1924. The data are
presented in table 10. They are not sufficient to be more than
suggestive, but their presentation is believed to be justified by the
scarcity of other data on these commonly used materials. Since the
elbows (specimens V and S) had no plane surfaces pit-depth measure-
ments were impracticable. The specimens of Monocast iron, I,
were coated with the cement which at that time was used to coat
the molds. Since the cement came off when the specimens were
cleaned the loss due to corrosion could not be determined.

TaBLE 10.—Corrosion of special casi-iron pipe and fiitings

RATES OF LOSS OF WEIGHT
[In ounces per square foot per year]

Specimens b
il & Duration
Sail of test
Ie v E S
Years
10. 16 1.07 1.95 1.32
10. 63 10 .38 bl
(B Il R S Seiete SRR . et 1. 67 1.40
10. 08 1.18 1.16 1.05
10. 05 .57 .74 Pl
10. 73 1.09 .81 1.99
i 51 | o 2.09 1.89 1.67

WEIGHTED MAXIMUM RATE OF PITTING
|In mils per year]

)L R e B ¢ SR T e R VI N 5, 10. 16 6.2
s 10. 63 2.7

9. 60 14.4

10. 08 5.2

10. 05 8.0

10.73 17.6

10. 55 14.7

= See table 3 for identification of soils.
* See table 2 for identification of materials.
o These specimens were partially coated with cement in the manufacturing process.

2. BOLTS

Since certain types of joints are bolted, requests have been made
from time to time for information as to the best types of bolts for
underground use, and as a result a few bolts have been included
in the tests at a few sites. Table 11 presents the available data on
the corrosion of these bolts. Unfortunately, it has not been practi-
cable to measure pit depth or to test the bolts under the stresses to
which they would be subjected in service. Since the data cannot
be compared with any other, they are presented in the form of aver-
age total losses for each set of bolts rather than as rates of loss of
weight. It will be seen from the first part of the table that either
sherardizing or coating with lead adds materially to the life of bolts
in all soils to which they were exposed. Although no measurements
of pits were made, inspection indicated that the corrosion was more
nearly uniform on the sherardized bolts. The specimens reported
on in the first part of the table have not been exposed to soil action
long enough to develop positive differences between the materials.
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TasLE 11.—Corrosion 3/;-inch coated bolts
MALLEABLE IRON BOLTS

Total loss of weight, in grams
Number of
Soil & sp:)efc;g:}ehns Buried A B c
kind ¢ Decarbur- | Not decar- High Stg,gl b
ized burized strength
2.80 3.86 3.11 3.02
3.59 3.65 2.58 2.15
3.20 3.69 4.24 4.02
7.96 8.98 10.15 9. 58
2.97 2.86 2.93 3.14
4.43 5.13 5.67 3.92
6.72 6. 64 5.17 4.18
4.52 4.97 4.84 4.29

COATED STEEL BOLTS AND NUTS

Total loss of weight, in grams

1\Iiumb¢§r

: of speci- : Db a ¥

Sl m:ggh()f Buried Steel Sheradized steel | Lead-coated steel
kind ¢

Bolt Nut Bolt Nut Bolt Nut

Years
4 10. 16 24. 99 8.43 3.20 1.23 6. 50 2.02
4 10. 63 3.04 1.29 2.37 .90 1.43 78
1 9. 60 29.11 | 13.60 19. 32 (57 i R YRS e A e
4 10. 08 23.63 9.45 13.45 4,60 18.93 7.92
3 10. 05 15. 30 5.41 4,47 1.80 6. 52 2. 62
4 10.73 37. 52 5. 47 24. 32 8.05 13.05 7.54
4 10. 55 16. 71 5.60 15.19 8.09 42.23 14. 40
____________________ 21. 47 7.04 11.76 4.76 14.78 5.88

= See table 3 for identification of soils.
b Included for comparison.
¢ See table 2 for identification of materials.

3. HIGH-SILICON CAST IRON

Among the materials offered for the original investigation was a
cast iron containing approximately 14 percent of silicon. This
material is very resistant to many acids. It is not machinable and
is easily chipped if not handled with care. Because of this character-
istic a number of specimens submitted have been injured and it has
been impossible to determine the loss resulting from -corrosion.
The surfaces of many of the specimens originally contained numerous
dimples or pits formed when the specimens were cast. When the
specimens were removed it was in many cases impossible to deter-
mine whether or not the observed depressions were the result of
corrosion, although the general condition of nearly all of the speci-
mens indicates that pitting was improbable. In only one soil,
Montezuma clay adobe, soil 28, were the specimens seriously damaged
by corrosion. These specimens were split and definitely corroded
along the breaks. Corrosion of the specimens of this material in
this soil has been observed each time the specimens were removed.
Slight rusting or etching has been observed in a few other locations,
but in no other soil has the corrosion appeared to be of any practical
importance. Table 12 gives the rates of loss of weight for the high-
silicon cast iron.
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TABLE 12.—Average rate of loss of weight of specimens of high-silicon cast iron

: Rate of : Rate of : Rate of
Soil » Dufr;l;:;gn loss of Soil » Du{rgtlgn loss of Soil » D(x)lfrilé,;gn loss of
o weight L weight weight
oz/ft? oz/ft? oz/ft?
Years per year Years per year Years | per year
11. 65 0.016 12.09 0. 009 11.99 0
9.92 . 006 11.95 005 10. 05 . 003
12.00 .011 11. 52 003 12. 02 .210
10.17 . 0437 10. 08 235 11. 61 . 004
10.16 . 004 9. 60 (%) 12. 00 . 002
12. 08 074
11. 52 023 11. 62 .145
11.76 003 10. 04 . 004
11. 51 008 11. 66 . 011
11.95 005 11. 67 .084
11.92 019 10.16 . 0736
11.76 . 002 10. 05 004
10. 06 .018 10. 04 003
11. 63 . 001 12.01 0
11. 65 . 015 12. 00 019
11. 65 . 004 10. 08 0077

a See table 3 for identification of soils.
b Both specimens cracked by corrosion.

4. INFLUENCE OF MILL AND FOUNDRY SCALE

In order to study the influence of the condition of the surface of
the material on the rate and distribution of corrosion, specimens
of normal material were buried in the same trench with specimens of
the same materials from which the original surfaces were removed by
a lathe or a grinder which left the surfaces bright. Here, again,
the need for economy made it impracticable to use a sufliciently
large number of specimens to obtain a very definite result.

Table 13 shows the result of the experiment. Results from copper
steel and lead-coated steel are included because it is desirable to
compare the data on these specimens with data on specimens belong-
ing to the test without reproducing the latter data.

TaBLe 13.—Effect of mill and foundry scale on corrosion
(Period of exposure was approximately 8 years)
RATES OF LOSS OF WEIGHT

[In ounces per square foot per year]

Cast iron Steel ‘Wrought iron

it Pit deLavaud
oil &

P M | Lead | X

C

' D
+1.5% | Nor- | Pol- Nor-

1\‘%;,_ MMS— N(gr- MI I?- copper | mal | ished | 08ted| ‘mg |Ground

mal |chined| mal |chined

110 L13| L70| L51| 0.18 | 1.12 1.01

16 77 B B el S 83 no e .78 .22 .18
_____________________________ O e
127 141 | 1.21| 1.06 .61 1.18 1.22
47 81 89 .94 44 88 80
1.20 90 86 | 114 77 67 67
2.59 3.24 | 2.64| 226 1.27| 2.51 2.17
56 O i R 3-5 e R 4-6

= See table 3 for identification of soils.
» See table 2 for identification of materials.
o Ratio of cases of superiority to total number of cases of comparison.
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TasLr 13.—Effect of mill and foundry scale on corrossion—Continued

RATES OF PENETRATION
[In mils per year]

Cast iron Steel Wrought iron
Sads Pit deLavaud
ol C B M g
Lead ¥ D
A MC C MD | +1.5% | Nor- | Pol- Nor- |~
Nor- | Ma- | Nor- | Ma- |copper | mal | ished coated mal Ground
mal |chined| mal |chined

6.5 11.9 11 e
3.3 4.7 3.8
B 5 (e Ll R Sl
7.8 6.3 7.3
7.4 10.3 9.4
19.4 15.3 Q2%
10.1 12.9 18.2
CH ) PR 4:6
16.8 6.8 7.0
28.0 13.7 13.7
BEhr|CUSH e s
8.6 3.4 3.8
13.1 7.5 7.5
15.6 | 16.2 9.5
5.3 3.3 5.3
05| e 1-6

© Ratio of cases of superiority to total number of cases of comparison.

In the beginning of the discussion of this table it should be pointed
out that the data are too few to justify positive conclusions as to the
relative merits of the two types of pipe surfaces. Nevertheless,
they are of considerable interest because they throw a little light
on a question often discussed with no more than opinions as bases
for discussion. Since the results in some soils show trends opposite
to those in other soils and since the losses in some soils are so much
greater than in others that averages would be meaningless, an attempt
to show the trend of the data has been made by giving the ratio of
the cases in which a material is superior to the total number of
possible comparisons. Several comparisons can be made. Turning
first to the data on machined and unmachined pit-cast iron, it appears
that removing the outer skin or surface of this material tends to
reduce both the loss of weight and the pit depths as well as to make
the corrosion more uniform. This is a little surprising since the
suggestion has been frequently advanced that the surface of cast-iron
pipe has a siliceous scale which retards corrosion. However, since
the sand mold in which the pipe was cast was coated with blacking,
the metal absorbed little or no silica from the mold. Chemical
analyses of cast surfaces showing high silicon content may be ex-
pla}ned by the occasional imbedding of a particle of sand in the pipe
surface.

A comparison of the unmachined and machined del.avaud cast
iron shows the same tendency toward less corrosion of the machined
specimens, though to a less marked extent. The semipolished steel
appeared better with respect to loss of weight, pit depths, and pitting
factor in three of the five soils. This result might be attributed to
chance if it were not in accord with the results for other materials.
The rough-ground wrought iron was superior to the ordinary material
with respect to loss of weight in 5 out of 6 soils, though the differences
were in all cases rather small. The ground wrought-iron specimens
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showed shallower maximum pits than the ordinary wrought iron in
4 of the 6 soils. The differences are small in 4 soils but large in 2 soils.

Considering the table as a whole, the character of the surface of
the pipe with respect to the presence or absence of mill or foundry
scale appears to have had an effect on the corrosion of the metals
tested. This effect is small in comparison with the effects of soil
characteristics on underground corrosion.

Table 13 indicates also that the addition of 1.5 percent of copper
to steel did not increase its resistance to corrosion.

The specimens which were coated with lead lost less weight than
did the uncoated steel specimens in all soils, and in 5 of the 6 soils
the pit depths were less on the lead-coated pipes. In soil 43, a tidal
marsh, the lead-coated specimens showed much deeper pits than the
uncoated specimens. This is in agreement with other tests of the
lead-coated specimens in this soil.

5. EFFECT OF AREA AND DIAMETER OF SPECIMENS ON THE
RATE OF PENETRATION

Karly in this soil-corrosion investigation ° it was observed that the
average maximum pit for the 1%-inch specimens was less than the
corresponding average maximum pit on the 3-inch specimens of the
same material, and to partially compensate for this the pit depths
were weighted by averaging the deepest pits on the 2 specimens of
1%-inch material, the 2 deepest pits on each 2- and 3-inch specimen,
and the 4 deepest pits on each 6-inch specimen. Since for one 6-inch
material (deLiavaud cast iron) there were 2 specimens, the reported
maximum pit depth for this material was actually the average of
8 pit depths, while the reported maximum pit depth for each material
represented by 1%-inch specimens was the average of 2 pit depths.
This procedure brought the results of observations on different
sizes of the same material into closer agreement and has been fol-
lowed in all subsequent reports.

In order to obtain additional data on the relation between the
area of the specimens from which the maximum pit was chosen and
the magnitude of the result obtained, specimens of each of two
materials differing in size were buried in 13 soils in 1932. The
dimensions and numbers of the specimens were so chosen that the
total areas of each of the groups of specimens were approximately
the same. Thus, in each soil there were 2 specimens of steel 2 inches
in diameter and 10 inches long; 2 specimens each of steel and cast
iron 3 inches in diameter and 6 inches long; 2 specimens of cast
iron 1% inches nominal inside diameter and 13 inches long; and 1
specimen of 6-inch cast iron, 6 inches long. The 4 deepest pits on
each of the 6-inch specimens and the 2 deepest pits on each of the
other specimens were measured. In table 14 the rates of penetration
have been computed in three ways: (1) from the single deepest pit
on the combined area for each material in a given soil; (2) from the
average of the single deepest pits for each specimen of each material
except the 6-inch cast iron for which there was only 1 specimen;
and (3) the weighted average pit depth computed from the 4 deepest
pits on the 6-inch specimens and the 2 deepest pits on each of the
other sizes, i. e., the average of 4 pits in each case. This is the
method used in reporting weighted maximum pit depths in this and
earlier reports.

9 Logan and Grodsky. Soil corrosion studies 1930. BS J. Research 7, 5 (19 ) RP379, 10c.
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TaBLe 14.—Effect of the method of determining the value of the deepest pit

[Total pit depths on specimens buried for the purpose of studying the relation of pit depth to the area
exposed. The total area is approximately the same for each diameter of specimen. There were two
specimens of each size, except the 6-inch cast iron]

Steel pipe Cast-iron pipe

o Duras  9inch (N)» | 3inch (M) | 134 inch (G) |3inch(M)| 6 inch (L)
o1l 8

[
test

Sin- | avg| Wid) 8] Ave | weal S| Ave | wta) STt | Ave | wia S| Wi
max max max max | max max max |max max max | max max max

135 | 123 | 121 | 215 | 211 | 208 | 265 | 225

. 5 A A - 1.9| 63.2| 56.8| 52.8| 72.5| 64.2| 60.8| 83.6| 68.6
9.9 9.2| 9.0] 8.8 9.0 8.9/ 9.7| 84| 8.0 14.2| 13.9| 13.9| 17.8| 14.9

Standard error___.

a See table 3 for identification of soils.
b See table 2 for identification of materials.

The corrosivities of the soils differ so greatly that the averages
and standard errors recorded at the bottom of the table have little
significance with respect to corrosion, but since all materials were
exposed to the same soils the averages are of interest even though
the size of the standard error indicates, from a statistical standpoint,
that the relative magnitudes of the averages may be accidental. It
will be noted, first, that for each type of specimen the single maxi-
mum pit depth is usually considerably greater than the average
values. This is, of course, the result of unequal corrosion at differ-
ent points on the pipe surfaces and at once raises a question as to
how much greater the maximum pit would be if a length or a mile
of pipe were taken as the unit for observation. At present this
question cannot be answered, but there are definite indications that
as the area under observation is increased the depth of the deepest
pit also increases. This means that the values given for pit depths
in the reports on underground corrosion by the Bureau of Standards
should be increased if the maximum pit depth on an area greater
than that of the unit used in the Bureau of Standards reports, i. e.,
that of a 1%-inch pipe, 5 inches long, is desired. This problem is
being investigated further.

Turning to the question of the effect of using a number of pit
depths proportional to the areas of the specimens for the purpose of
comparing pit depths on specimens of different sizes, table 14 affords
three opportunities for comparison. It will be seen that if either the
average maximum or the weighted average maximum pit depths on
the 2-inch specimens, N, are compared with the corresponding pit
depths on the 3-inch specimens, M’, the average values for the
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specimens having the larger diameter are greater, although the areas
of the two kinds of materials are approximately the same. Similarly,
the averages for the 3-inch cast iron are greater than for the 1%-inch
cast iron, and the weighted maxima for the 3-inch and 6-inch cast-
iron specimens show the same trend. The averages for the several
materials are shown in figure 4.

While, as previously stated, the standard errors indicate that no
positive differences between the averages have been demonstrated,

| ey R e P i ] s T e e e I R B e el
STEEL

2 /hech N
X

XKD XKL .
00009, XD XK
0’0’0.00 J Q"“:’:.%% M

CAST IRON

XX XX
1% ineh S
X

2% SRR
K QRERRKEIES
CRXXNG, 10X KRRRIIRRILAAAA L

Je e e s ke o | R B ) e ) SRR ] e (R B
O 407 20 30: 40 50" 60 70 80 590" /00
Average maximum pit depth after two years

Ficure 4.—Effect of pipe diameter on depth of mazimum pit.

the fact that the trends in all cases are in the same direction carries
at least a suggestion that the shape of the individual pipe sections,
as well as the total area for which the maximum pit depth is com-
puted, should be considered. The relation of the value of the
maximum pit depth to the area and dimensions of the unit is impor-
tant not only in the study of the Bureau of Standards data, but in the
interpretation of inspection data which may be obtained for the
purpose of determining the condition of operating pipe lines.
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V. TESTS OF MATERIALS IN CORROSIVE SOILS
1. TUBES CONTAINING 26 PERCENT OF CHROMIUM

The resistance of the alloys of iron and chromium to atmospheric
corrosion has raised questions as to the desirability of adding small
amounts of chromium to iron or steel in the manufacture of pipes for
underground use. The first attempt by the Bureau of Standards
to study this question was the burial of a few specimens of tubing
made by the Mannesmann process, and which contained 26 percent
of chromium. The specimens were 6 inches long and cut from 1-inch
tubes with extra-heavy walls. The surface of the pipe was covered
by a thin brown oxide film.

The specimens were placed in the ground in 1926. Table 15 gives
the results obtained from the specimens removed in 1934. The
condition of these specimens differed from those removed on former
occasions in that the pitting was not confined to areas near the ends
which were originally covered with asphalt to prevent possible
galvanic action between the cut and oxidized surfaces.

TABLE 15.—Rates of corrosion of an alloy of iron containing 26 percent of chromium

Rate of penetration
e Nfumber Age of llkoastseo%f e
oil & of spec- speci- weight Single Ave, pitting
imens mens per year | maxi- maxi- factor
mum mum
Years oz/ft?

3 7.96 0. 0054 0.0 0.0 i
3 7.96 . 0208 6.6 5.9 182
3 7.94 . 0067 0 0 1
6 7.96 . 0163 2.7 14.0 552
3 7.97 . 0352 10.2 8.2 149
6 7.97 . 0203 6.8 4.8 151
6 7.95 . 6747 30.0 24.5 23
6 7.95 L0117 3.0 1.2 68

& See table 3 for identification of soils.

A very large percentage of the area of each specimen showed no
corrosion, but several of the specimens have sustained severe local
pitting, as is indicated by the extremely large pitting factors. In
two soils the maximum pits were deeper than on the Bessemer steel,
although the rates of loss of weight were less for the alloy in all soils.

2. PIPE BURIED IN 1932

Table 16 shows the analyses of the ferrous materials buried in
1932, as furnished by their producers. The dimensions of the spec-
imens are given in table 2.
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TaBLE 16.—Analyses® of ferrous materials (in percent)

[See table 2 for dimensions of specimens|

Iden-
son: Material ar [c.c|T.cl si [Mn| 8 | P | or| Ni| cu
letter
A Puddled wrought iron b________
Hosiasee (10 03 pEtie d s ad
C Low alloy cast iron
D Cu-Ni steel pipe..__.
E | Highalloy cast iron..__..._.___
F | Sand-coated cast iron }
G | Rattled cast-iron pipef®V&-----
H | Cu-Mo open-hearth iron pipe 4.
I Special cast-iron pipe-__....___
e P 0 e R b
K | Cr-Nialloysheet-_..._....._._.
L | 6-in. cast-iron pipe} o
M | 3-in. cast-iron pipe s
N | Low-carbon tube..__
iy 5% Crtubes. st oo il
R | Cr-Nialloytube.___._._._.__.__
S Cr-Mn alloy sheet -
i bk dost st s
U Cr-alloy sheet-.._
NaeEney Aodesay ot et s LI
W | Cr-Nialloy sheet 5 ¥ " A . 008 % 5
X Cr alloy tube____ vl L2717 .42 .017] .016] 17.72| .287|. ...
2% Cr-Ni alloy sheet .144f .59 | 1.80 .011] .015| 22.68(12.94 .021

a These analyses were furnished by the manufacturers of the materials. In some cases they may repre-
sent the average analyses of the materials represented rather than of the specimens submitted for test.

k Oxide and slag, 2.560%.

o Oxide and slag, 2.681 %.

d Molybdenum, 0.15%.

Included in the test are several sets of specimens placed there to
serve as reference specimens or to answer some question not dealing
directly with the corrosion-resisting properties of the material. The
test differs from the earlier ones in that it was confined to corrosive
soils. 'The results will, therefore, not be indicative of the performance
of the materials under average soil conditions. The test differs from
the earlier ones also in that the pipe specimens were laid on their sides,
had the ends closed to prevent internal corrosion, and were so chosen
that on each specimen approximately the same area was exposed to
the soil.

The specimens of stainless-steel sheet metal were placed on edge in
order that both surfaces should be exposed to the same condition.

Two specimens of each kind of pipe, except two, were removed from
each of 14 soils in 1934. The average rates of loss of weight for these
specimens are recorded in table 17. While in a large majority of cases
the two specimens of the same material in the same soil agree quite
closely with respect to loss of weight, there are a few cases in which
one specimen lost approximately twice that of its mate.
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TaBLE 17.—Rates of loss of weight of ferrous pipe buried tn 1932

[Ounces per square foot per year]
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5.93| 4. 14| 3. 75 3.12| 5.60f 7.62| 7.50| 7.43| 2.31
1.77( 1.75| 1.37 1.41| 2.40f 1.97| 1.55( 1.57| .61
1.51| 1.52| 1.28 1.04] 1.42] 1.81] 1.48| 2.07| .40
1.76{ 2. 22| 2.03 1.17| 4.75] 3.61| 2.58| 2.56| 1.67
1.82( 1.65] 2.33 2.72| 1.74] 2.25| 2.75| 2.96] .18
1.76| 1.60| 1.85 1.45) 2.92| 4.54| 2.32| 1.85 .42
2.96| 2. 62| 3.24 2.54| 5.50| 4.69| 5.12| 4.07[ 2.17
1.38| 1.29| .86 .98 1.12] 1.29] .99 107 .28
1. 56| 2.09| 2.12 1.92| 3.48| 3.30{ 3.39| 3.51] .86
1.48| 1. 30| 1.88 1.22 1.87| 1.52| 1.38| 2.25 28
5.96 6.94| 6. 62, 8.44] 6.59| 7.52| 8.09| 8.34| 2.32
4.16| 3.22| 3.87 3.92| 5.40| 6.76| 6.24| 5.76| .80
4.47| 4.06| 4.02 4.57| 3.13| 4.31| 2.64| 3.14] 1.60
4. 28| 5. 67/10. 65 3.84(13.25| 10.63| 15.00| 12.18| 8.74
AN o mad 2.91| 2.86| 3.27 2.74| 4.23| 4.42| 4.36] 4.20| 1.62
Avg 67 omitted._|.____ 2.77| 2.65| 2.71 2.65) 3.53| 3.94) 3.54| 3.58 1.07

» See table 3 for names of soils.

So many figures are presented in the table that it is difficult for a
reader to grasp the significance of the individual rates. For this
reason the average rate has been computed for each material in all
soils, although it is recognized that the dispersion of the values going
to make up the average is so great that the average rate has little
practical significance, and that the relative merits of the materials
might be changed if the tests were extended to other soils. Thus for
most of the materials the average rate of loss of weight is markedly
affected by the specimens that were removed from soil 67. For
example, if the data for this soil were omitted the average rate of loss
for Bessemer steel would be reduced from 3.3 oz/ft?/yr to 2.7 oz/ft*/yr,
while for copper-molybdenum-iron alloy the change is much less, i. e.,
from 2.74 oz/ft*/yr to 2.65 oz/{t*/yr. It should be remembered also
that when the specimens have been exposed for a longer time their
rates of corrosion may be relatively different.

Table 18 shows the rates of maximum penetration for the ferrous
pipe materials buried in 1932. The average maximum rates of pene-
tration are shown graphically in figures 5 and 6. In the latter figure
the rates are for only the soils to which all the materials in the figure
were exposed.

The standard error which is given for the averages of all specimens
removed from each soil is so large that small differences in the aver-
ages for 10 materials are not significant. Thus, the table indicates
that the 2 sets of wrought-iron specimens are so nearly alike that any
differences between the two materials cannot be determined from the
data. Likewise, the addition of 5 percent of chromium to low-carbon
steel did not produce a positive difference between the two materials.
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TaBLE 18.—Rales of mazimum penelration of ferrous pipe buried in 1932

[Average maximum rate of penetration, in mils per year]
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25.2| 30.0[ 41.4| 34.8 1| 39.7| 59.3| 45.4| 56.9| 51.5| 53.3| 15.4
17.3| 15.3| 18.9| 23. .7| 27.8| 21.4| 24.2| 19.9| 15.6| 27.6| 15.1
21.4| 22.5| 21.7| 22.5 .2 31.7| 25.1| 25.1| 13.8| 15.1| 19.0| 15.9
11.1| 12.3| 9.8| 20.1 .1| 10.3] 18.3| 20.6| 16.3| 10.8| 14.8| 21.4
9.2| 10.5| 16.8| 13.6 .2| 26.2| 27.2| 25.4| 42.7| 21.7| 25.7| 13.6
10.1] 8.8/ 9.0 17.8| 5.0| 6.3| 11.6] 10.6] 13.3| 17.3| 22.4| 20.6| 14.1| 25.1
12.8| 12:9) 193] 172 |- 14.3| 14.1] 27.3| 25.5| 18,0 19.5| 19.5| 12.5
17.9| 10.5| 11.1| 10.5(-____|-222" 12.1| 15.3| 45.3| 25.8| 15.8| 31.6| 27.9| 37.9
25.4| 36.0( 32.1| 26.7| 6.2 6.0 21.8| 37.0| 33.4| 36.0| 41.7| 52.1| 35.2| 22.3
13.7| 8.1| 7.4| 21.1| 62.0[ 20.8| 11.8| 14.5| 11.5| 18.4| 4.7| 10.0| 25.0| 11.0
53.1| 61.5| 68.3| 65.2| 80.6 4.2| 51.0| 80.1| 64.7| 63.6| 74.6| 70.9| 62. 6| 14.4
28.3| 34.3] 20.7 35.6(.____|.____ 21. 5 48.9| 26.2| 24.3| 30.6| 29.3| 30.1| 13.4
45.6| 42.4| 34.4| 44.5/"_ 7|77 29.9| 57.8| 31.2| 29.2| 35.2| 29.7| 27.9| 13.8
49.7| 48.8| 76.2| 31.9| 8.9| 3.2| 50.0| 32.2| 79.0| 63.9| 58.9| 63.6| 53.2| 46.3
Average__________|._____ 24.3| 25.2| 27.7| 28.1|.___.|.___. 22.4| 31.9| 34.5| 32.1| 32.3| 31.6| 31.1| 19.9
Standard error___|_.____ 40| 4.6/ 57 a8l 3.7| 5.4| 54| 4.3 5.5 53 4.0 2.8

s See table 3 for names of soils.

Desire for economy prevented the burial of the two materials contain-
ing 18 percent of chromium in all of the soils and for this reason the
averages for these materials cannot be compared with those for other
materials. Comparing the low-carbon steel without chromium with a
material which is similar except for the addition of 18 percent of
chromium, it appears that the latter material is probably somewhat
better in two of the soils, much better in one, and much worse in the
fifth. It is not possible to determine whether or not these differences
are significant. The addition of 8 percent of nickel to the iron-
chromium alloy seems to result in a definite improvement in the
material with respect to loss of weight and rate of maximum pene-
tration. The beneficial effect of the nickel is also indicated by the
data for copper-nickel steel and high alloy cast iron.

With the exception of the last-named material all of the cast ma-
terials seem to corrode at approximately the same rates. While the
data in the table taken at their face values indicate that some mate-
rials are relatively more suitable for some soils than for others the
number of observations is too small and the time of exposure is too
short to justify more than very tentative deductions as to the relative
merits of the materials.

3. SHEET METAL CONTAINING CHROMIUM

Several varieties of this class of alloys have been included at 7 of
the sites for testing corrosion-resistant materials. If the chemical
constituents of the materials were the only factors affecting their cor-
rosion a correlation of the analyses of the materials with their rates of
corrosion might lead to the development of a more corrosion-resistant
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material. 1t is possible, however, that the heat treatment of the
material and the roughness of its surface have important effects.
Unfortunately, the surface finish of the specimens differed considerably
and since the materials came from three sources the heat treatments
may have differed also.

Table 19 records the corrosion data for the sheet specimens re-
moved in 1934. The number in parentheses immediately under the

T T T T T T T
Hand puddled iron~A [-an |+ on|

Machine puddied 1ron~B) | |

Cu-Mo open hearth 1ron~H | | |

Low carbon stee/ ~ N | | |

Low carbon sree] 55 Cr~F| | |

Cu=N: _stee/ ~ D| | |

Cleaned cast 1ron ~ G | |

Uneleaned cast iron ~ [f | | |

N/=-Cr casr 1ron et ] | |

Special process cast 1ron~I| | |

Special process cast won~J| | |

CuNiCr casriron~F | | ]

] ! ] | ] ] |
4 /0 Sk R 20 220 9% g0
Mils per year

Ficure 5.—Rates of penetration of several ferrous materials exposed for two years
to fourteen corrosive soils.

letter designating the material indicates the number of specimens
removed from any one soil. The specimens were so thin that in 3
soils most of them were punctured. For this reason the data on rates
of penetration are not as useful as similar data on pipes. Table 20
repeats part of the data in table 19 and gives the standard error for
the repeated data. From the standard error the dependability of the
data may be judged. Where the losses are very small it is more diffi-
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cult to determine the average loss with precision but this only ac-
counts, in part, for the standard error which, in one case, is nearly as
large as the rate of loss of weight. An examination of the specimens
would show that while in most cases most of the specimens of any
material in one soil behaved similarly, occasionally an exceptionally
good or bad specimen is to be found. While the pitting factor has not
been computed it can safely be said to be very large in all cases.

The rates of loss are so different for the same material in different
soils that in most cases the rate for one of the soils would almost
determine the average for all of the soils, and on this account the rates
of loss have not been averaged.

T Y RN R O SR e T T
Low carbon sree!/ (N)\<— -o'm *Om

Minimum 7.4 i1n sorl 6J; maximum 78.2 1n sod 67

Low carbon stee/ (P)
containing 5 % Cr

Minimum 126 1n soil 57; maximum 852 117 soil 64

Low carbon containing
stee/ (X) 18X Cr

Minimum 5.0 1hsoil 58; maximum 80.6 1n soil 64

Low carbon steel (R)
contaming 18 % Cr anad & X Ni
Minimum 0.0 1n sorl 57; maximum 20.8 1n soil 6

T
Mils per year

7
<
o7~
57

Ficure 6.—Rales of penelration of alloy steels exposed for two years to six soils.

For all soils concerned except two, the specimens containing the
least chromium corroded the most. Soil 64 was the most destructive
with respect to the materials containing very little nickel, while soil
65 was more corrosive than soil 64 with respect to all but one class
of the specimens containing considerable amounts of nickel. This
relation 1s not supported by the data for specimen K (table 19), but
since the 2 specimens of this material in either of the above soils
differed very greatly in their losses the data for material K are not very
helpful. It is rather surprising that the material containing the most
chromium and nickel corroded distinctly more than one of the other
materials in every soil to which it was exposed.

60348—36——6
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TABLE 19.— Average rates of loss of weight and mazimum penelration
of wron-chromium alloy sheets

RATES OF LOSS OF WEIGHT
[Ounces per square foot per year]

Kb S 4 U v W A'd
(2) ° (2) (1) (5) (5) (5) (5)
Soil = Exposure | 179, Cr, | 18% Cr, | 18% Cr, | 129 Cr, | 17% Cr, | 19% Cr, | 23% Cr,
9% Ni, | 0% Ni, | 4% Ni, |0.5% Ni, | 0.1% Ni, | 9% Ni, | 13% Ni,
0.4% Mn | 9% Mn | 6% Mn |0.4% Mn | 0.4% Mn | 0.4% Mn | 1.8%, Mn

RATES OF PENETRATION

[Mils per year]
1.98 dH
1.96 0
s B0 o [ e SN
1.99 0
1.91 0
1. 90 0
1.92 0
.95 0
1.93 0
2.04 H
1.91 9
1.91 H
1.92 0
2.02 0

a See table 3 for identification of soils.

b See table 16 for name and complete analysis of materials.

¢ The figure in parentheses indicates the number of specimens removed from each test site.

d H indicates that one or more specimens were punctured, rendering the computation of the rates of pene-
tration impossible. See table 2 for thicknesses and areas of the specimens.

TABLE 20.—Rates of loss of weight for four varieties of iron-chromium alloy sheets
(in ounees per square foot per year)

[Age approximately 2 years]

Us A\ w )
Cr 12%, Ni §%, Cr 17%, Ni 1%, Cr 19%, Ni 9%, Cr 23%, Ni 13%,
Mn 49, Mn 4% Mn 49, Mn 1.8%
Soil &

Average |Standard | Average |Standard | Average |Standard | Average | Standard
loss error loss error loss error loss error

0.0004 | 0. 00018 0.0018 0. 0010 0.0002 { 0.0001 0.0011 0. 0001

. 052 .027 . 0060 . 0003 . 0001 . 0017 . 0004
. 0006 0()009 . 0004 . 0002 . 0003 . 0001 . 0015 . 0002
.35 . 03012 .28 . 029 . 0010 . 6004 . 0015 . 0007
. 068 . 00065 . 065 . 0053 . 0060 . 0o4€ 019 L0119
. 039 . 0089 .028 011 . 0002 . 00003 . 0015 . 0003

a See table 3 for identification of soils.
b See table 16 for complete analyses of materials.



Logan] Soil-Corrosion Studies, 1934 465
IV. SUMMARY

Since, in certain localities at least, the field work of the original
soil-corrosion investigation has been completed, it may be well to
include in the summary of the work on the 1934 specimens presented
in this report, a statement of all of the more important facts which
the entire investigation has brought out. Some of these statements
can only be confirmed by references to the earlier soil-corrosion re-
ports referred to in this paper.

1. Serious corrosion of underground pipes frequently occurs in
the absence of stray currents from electrical generating stations.
Electrical currents which did not originate in power houses have been
observed on many pipe lines.

2. Soil conditions have a greater effect than the type of pipe ma-
terial in determining the rate of corrosion of ferrous pipes in the
absence of stray electric currents.

3. There is a relation between the average rate of corrosion of
iron in soil and the soil type, but the dispersion of the data which
make up the average rate 1s very large. This is because conditions
within a soil type are not always the same. It follows that while a
soil type may be designated as noncorrosive, a pipe in that soil may
develop a single leak within a few years, but many leaks are not to
be expected.

4. Generally speaking, the larger the area from which the deepest
pit is chosen the deeper the pit. This fact has an important bearing
on the determination of the condition of a pipe line by means of local
inspections. In order to make pit-depth measurements comparable,
similar methods of inspecting pipes must be used.

5. The relation of the pit depth to the duration of the exposure
depends on soil conditions. In some types of soil the penetration is
nearly proportional to the time of exposure, but in other soils pit
depths deepen very slowly after soil conditions have become stable
and corrosion products have formed on the surface of the pipe. This
fact has an important bearing on the estimation of pipe life. In
general, the life of a pipe should not be estimated solely from its
age and the depth of the deepest pit because in most soils the rate of
corrosion decreases with the time of exposure.

6. The distribution of corrosion usually tends to become more
uniform as the age of the pipe increases.

7. Under similar soil conditions the wrought iron and steel speci-
mens corroded at approximately the same rates during the first 12
years of exposure. In many of the soils under tests, especially those
in the arid regions containing large amounts of soluble salts, the rate
of corrosion of cast iron is somewhat greater than that of steel.
From a practical standpoint the thickness of the material and the
nature of the corrosion products should also be taken into account in
determining the material most suitable for some soil condition.

8. The addition of copper alone to steel does not increase its resist-
ance to the action of most soils.

9. The rate of corrosion of pipe underground is not greatly affected
by the removal of mill or foundry scale, but the available data seem to
indicate a slight reduction in loss and penetration when the scale is
removed.
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10. No material has been found which will withstand corrosion
under all soil conditions.

The following tentative deductions are based on a relatively few
specimens exposed to 14 corrosive soils for approximately 2 years.

1. The addition of chromium to steel reduces the rate of loss of

weight but does not prevent serious localized pitting in all soils.
The pitting seems to be worst in soils containing chlorides.

2. The addition of nickel to iron-chromium alloys seems to improve
their resistance to underground corrosion.

3. An alloy containing 18 percent of chromium and 8 percent of
nickel corroded less than an alloy containing more of these elements.

The work of cleaning the specimens upon which this report is
based was undertaken at a time when the number of men available
for the work was less than half that formerly available, although the
number of specimens to be handled had been approximately doubled.
Moreover, with the exception of the author, no one was left who was
entirely familiar with the specimens or the processes involved in
cleaning them. The work was undertaken by Robert Hobbs with
the assistance of one laborer. A little later a group of pipe manufac-
turers contributed funds for the employment of labor for cleaning
the specimens. This was supplemented by the part-time assistance
of a man from Federal relief rolls. A large part of the computations
have been made and checked by relief workers.

Near the close of the work, after all of the above-named assistance
had been lost, the work was finished through the efforts of A. L.
Lewis and L. M. Martin. To all of those mentioned the author is
indebted for the assistance they rendered.

WasHINGTON, February 27, 1936.
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