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ABSTRÀCT

Results of 3o-year ffeld tests in 14 states.
conducted by À.rnco on Àlu¡ninized SteeLTfiTyp€ 2 and galvanized Etee1 culvert plpe,
have revealed a consistent and pronounced
superiority of aluninlzed steel. Tùe resultsnere labulated from 5¡l teEt sites where the
naterlals rrere usuelly exposed ÈogeÈher
under clinaÈlc condttlons ranglng fron very
ret to very dry. CoÍTÞerisôn of the fle!.dperfornance of the teo rnaterials revealed
congiderable differences in the. baglc coat_tng corrosion-control mechanis¡n. The alutnf_
nized eteel coaÈing inparted signiflcantly
betÈer resistance to general coriosion andIocallzed perforatfon. Analyses of pipe
conditlon and envirorunental factors at everyslte resulted in usage guidelines for bothmeterlãls. The results for aluninlzed steel
lndlcâted tolerance for substantially moresevere environmental condftlons. The tech_nigue by whlch the guidellnes were rierlved
hae proalse for predictlng service life forthe teo naterlals as sell.

steel arises frò¡¡ differences in the manner by which
1on9 life is achieved.

Zinc vergus ÀÌurninum

Zinc coaÈingsr are inherently híghly corrodible in
waÈer and rretter soiLs. Fortunately, in most ofthese environments, galvanized steei perforns well
because corroslon is greatly retarded by the forrna_tion of protective-barrier scales, which are pro_
duced nainLy by deposits of calciun end magnesium¡rqru¡¡ess satEs (;!rpp.9E_I00,3,pp.100_llg;j,pp.4_
132). Zinc corroslon products õntribute ro scaleformation. Durability problens that occasionallyarlge are all associated with conditions that frindeibarrier-scale deveJ.opment. Among Èhe rnore siqnlfi_cant of these are

I. Softer, nonscaling waters, which also contafncorrosive-free acidiÈy (CO2 and organic acids);
2. Water or soil with-excessive arnountE ot cor_

rosfon-acceleratlng salts (CI-, soã2, r¡oì), rrhlch tn_terfere with scale forrnation,
3. TurbulenÈ, aerated waters that erode barrler

scales and provide plentiful dissolved oZ, which
accelerateg corrosion; and

4. l¡loving, abrasive bedload that weärs away
scale and uncoEroded metal.

Aluminun coatings are more durable thân zinc.
fhis ls because of the fornation of a thln, passive
alu¡ninu¡r oxide fllm thât i9 rDore protectiee then Èhescåle on zlnc (f,pp.,l-9;1,pp.197-198,200-201). Theflln forng in both hardf and soft eater and ls resis_tant to corrosion by so;¿, Nof, Co2¡ o2t and organlcaclds. rhe fllm also ls iesistãnt tï erïsion by tur-
bulent water. In addition, if the filn is darnaged or
removed by internittent harsh abrasive or chemlcallnfluences, it is irmedfately repaired or refornedâfter the dÍsappearance of these infl.uences.

Behavior of Alurninized Stccl Coatlnq

The aluninized steel coatlng ls a tero-Iayer, netal_lurgicaJ.Iy bonded corîposit,e with advantág"ou" .*-posite corrogion behavior. The coatlng consists of aprotective layer of alu¡ninu¡o and an underlylng laverof alu¡ninun/iron alloy (plgure I). The aluninun

Aluinlzed SteelTt Tvp€ 2 ls a recently lntroducedr¡tcrial for drainage pipe applicattons, but tt has
¡_ lonS hfstory of fteld tésttng, unfcn begån In1952. There sere tuo separâte test prograrnlr. one wes¡.lInited research pro{trarn ln whlch shárt lengths ofplpc rere Joined in long strlngs and expo¡red incartafn types of envlronnents. The other program wasI corprehenslve one ln chich full_length -pljes 

werelnltrÌled at nurûerous EÍtes by staie and county
hlghvay depârtnents ln 20 states. In all field test_lDg Èhe prlnary goal ras the conpårlEon of perfor_rancê b€tpeen aluninlzed and galvanlzed steel, whtchl! the standard accepted ¡netalllc pipe rnaterlal.Alt¡¡lnlzed steel displâyed a pronouncla superforttyovcr galvanized steel ln a serieg of inspections
ænducted at varioua tirn€s.
--In 1982 a com¡rrehenslve evaluatfon vas begun ofall 3o-year-old plpes ln the hfghray departnent

Plqtr¿tn. The results hâve revealed Èhe slgniflcantlong-tern superiorlty of aluninfzed stee1, ïhlch heE
Daan consistent in a uide varlety of ex¡nsure condl_
-tlon¡. Thfg eveluåtion iE the 

"ol1".t oi lni" paper.Studleg on baaic corrogion behavlor, pipe rnaterlalpQrfornance, and plpe naterlal environ¡nental linita_Elorì! âre dfscussed herein.

eqlPARATTvE Blsrc coRRosrox BEEÀvroR oF
ATI!{INIZED AXD GÀLVAIIIZED STEEL

lhc reagons for the superiorlty of alurnlnized steel
I.ll:ld teqrs became evidenr during srudles on pipeocìâYtor and environmental conditions, as well as
l:or Pubfished literåture on basle alurnlnun and zlncc¡rroalon behavior. The superiority of .i;;i^l;;;

.;-ç-t-Dl.rr ¡\
aluminm

¡l]ov l¡ver
(rlum./iren)

d¿cl zubstrate

FIGURE I Modern aluminized gteel microstructure (125X).
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layer exhibits all of the alu¡ninun corrosion-resis-
cance characteristics noted previously.

Although the aluminum layer is subject to slow
pitting corrosion, PiÈting iE retarded by the alloy
layer, where it, tends !o gron laterally (Figure 2) '
The alloy possesneE hlgh corroslon resistance and

actE aE a second liqe of defense agalnst general
corrosion in additlon to acting aE a pit arrestor'

FIGURE 2 A-ffest of pitting at alloy layet on pipe in service for 30

yearr.

on initíal exposure at an aluminun lãyer Pitt Èhe

alloy layer generaÈes a Protective, rusÈ-colored
scalè that can stain the surrounding alunlnun sur-
face and give a false negatlve lmpression of coating
condition (Figure 3). The alloy is extrenely hartl
and irnparCs enhanced abrasion resistance under

mildtly or moderately abrasive conditlons. Fabrica-

nounced atloy cracking during corrugaÈing, êÈ
cially in corrugation valleys where lateraf 

".."i1occurred (Figure 5). The superiority of tne ìiJ
material over galvanlzed steel was achieved ¿".piü
such cracking. A residual skln of alloy
fu1ly bonded to the substraÈe, even if t"."."i::::î
ing caused spalling of the upPer alloy porti;;
(Figure 6).

üodern alumlnlzed steel has improved coattm
ductility, and there ie less cracking overaff. iì
tines there ts no cracklng tendency at all in 

"o.-rugation valleys.

Transportat ion Re3earch

The alulinized Eteel coating affords more effeetivr
protection for exposed steel substrate than galvà-
nized steel does, judginq by the behåvior of un-
coâted edges in 3o-year flelil Èests. Under condt-
ciong in which galvanlzed steel plPe edges and zinc-
^^âÞôrt {ñoô?}q hâuô lÞêh .ìêstrôvcd - LhêrÞ h¡a r--______ -._, ¡<n
littte- corroElon damåge to alumintzed steel s¿gq.
afÈer 30 years of -service. Furthert0orer on Íþdetn
welded sean HEL-CORÃ, tlìe neld Eeama on aluroinlzed
Eteel have demonatrated suPerior performance to thàt
of galvanized steel weld seams 1n more corroslvc
waters of lorrer scaling tendency (Flgure 7).

The basic ltnitatlon on perfornance of sacrifl-
cial zlnc coatingE Is that in envlrorunents ol lor
scallng tendency there is llttle restraint of coat-
ing corroElon. Galvanlc Protectlon is hlgh, but
coâtlng ltfe ls Ehortened, Eo that exPosed baec

rnetal 1E soon ileprlved of all Protectlon. eorting
losa occurE firgt âround bare areas because coâÈIng

corroalon there ig accelerated by galvanic protec-
tion (Figure 7). Bowever, ln reco¡mended envlron-
rûentg for galvanlzed sÈeelr coatlng corrosion I¡
EuppresEed by fornatlon of protectlve bårrier scales
(1,Pp.63?-639tgrP.204). rn such eneiron¡0entE gel-
vanlc protectlon of the steel substrate ls achlevÊd

at extrenely tot, coating corrosion rateg.

F IELIÞTESÎ PERFOR¡¡IAT¡CE

Proqran Bàckqround

¡n 1952 Àrrûco sultttlled rtveted pipe for Installatldl
at 137 culverÈ sltes on secontlary roads in 20 Etatcr
for the hlghway departnent Progr¿rD. In nosÈ clsct
galvanlzed and ahmlnized steel plP€ lengths rerc
installed together ln serles. In 1982 Àrnco Inl-
Èlåted â thorough Progr¡¡n of locatlng and eeâIuating
pipes froru all Èhose eites that eere stlll functlon'
ing. By Novenber 1983 â total of 58 sites had bccn

tocate¿ ln Callfornia, colorado' Idâho' IIlinols,
Iorâ, KânaåEr Mlchlgan, li¡lgslsstgpi, NeY l¡lexico'
ohio, oklahma, Texas, tttåh, ând wåshlngton. ThÊ

othêr sitea eere lost becâuse of urtl¡nlzatlonr
abandonnênt, or neY constructlon. Of the 58 locâtcd
sltesr { havc not been fully evaluated b€cause of
acceaElbllltY Problens.

A wide varlety of enYlronnentâl condltlons ralìft-

ing frø very ret (>50 ln. of raln Per yeâr) to
vely ary (<tS tn. Per yeâr) nere rePresented' AÈ

Bev;ral sites PIP€B rerC contlnuously or generally
wet. A fee sfÈes Yere characterizcd by searPyt nucky

condltlons, lncludlng perslstent stagnant vater' and

rnany rere characterfzed by contlnuous or neâr-con-
tlnuoua uåter flon. sooe sere rct only iluring eåÖb

râinfàlÌ or for a dây or so aftersard' sone Pipel
were subJect to Pronounced siltingr and others íere

Eubject io llttle or none. Therc nere sidely varyirg

FIGURE 3 Aluminücd rtecl coating int¡ct beneath rust'stained

invert eurface.

tion cracks that occur ln thc alloy låYer åre
plugged and 9eâ1ed by an inltlal reactlon sfth Èhê

àtt"liont"tt, so that substråte corroslon ât crack
bases ls greaÈly retarded (Flgure ¡l). Eventuallv the
altoy till be undernfned and deterlorâted åt coatlng
pft sites' but the tfune requlred is considerâbly
!t".t"r than thât reguired for totâI losE of galva-
nfzed steel coatings.

Altoy cracklng has only a ¡ninor effect on coâtlnq
performance, judqing by flelil-test results' In the
3O-year-old fleldl-tested mateElal . there nås PrÈ
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Thirty.yerrold mterid at a site whre the alminm laver
h¡¡ bæn moved, exposing the alloy layer. Ahhough
qaclrs ae mcovered. there is rc steel substrate comsio¿
(200x)

Ste€l s¡bstr¿te protætion is tÀe r6ult of cnck plugging
with ¡lloy-raction prcducts The cndt on the right md
the æntnl cndr are sled ud still domüt, wheræ the
cnct on the left h¡¡ begun to pemit dow zubstnte
æm¡ion (1,500X)

gGURE 4 hotection of the steel zubstrate by the cracked alloy layer on 3O-ye¡r-old ñeld+xpoeed material

ü, I rlq+ I*

3Gyæold ¡hmi¡iz¡d ¡tccl Modc¡¡ ¡lumi¡izc'd ct C

Alloy Cncli4 on Corn¡ttirn Crc*r

3{IycrroH ¡luminizcd dccl ltlodcra dUEEE¿d st¿'l

AlloY Cndrin¡ on fünrgrtion VelhYe

FIGURE 5 Comparative alloy condition rt conugatio.ns on old and modern aluminized ste€l (192X).
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:ff ;:i;"îi;u"lli.i'ilîL:."'".'"T'::Jå",'#"^,:"
ends. ÀÈ three sices plpes were excavated U.""u"f'|
speclal cfrcu¡ûstances and a coÍùplete eu"foation ifsoil-side behavlor uas poasible.

Evaluatlon Results

FIGURE 6 hotection of the eteel eubstrate by alloy layer with
lateral cracking, Thirty-year-old materi¡l at a eite where the
aluminum layer has been renroved locally ir ilh¡strated.
Although cracks are uncove¡ed over a substanti¡l a¡ea, there i¡ no
alloy laver epalling and no cteel mbgtrate conosio¡u

plpe and terraln slopes. Site Eoils lneludcd nany
loany, cleyey, and sandy Èypes.

The evaluatlon included an asnesErnent of envtron-
nental conditions through analysis of sater and soll
speclnens. Environnents were classiflefl as 9ê9êRê¡
noderaÈe, or rnild in accorilance nith their effect on
galvanized steel and their sater chenlstry' soll pE,
and reslstlvlty. A list of water and Eoll pB ând
reslstivlty values obtained i3 glven ln Table 1.

Pipe evaluâtion also included cleaning, vlsual
inspectlon, and photogrâPhing of lnverta. t¡lêtal
trepân specinens of 1.5 to 2 ln. ln dlancter sere
täken fron the lnvert at or neår the slr orclock
posltion, neãr the Pip€ ends ln both alunlnlzed and
galvanized steel plpca. llhere poaalble, plpe ende
erere uncovered at the croun, anô thên cleancd and
photogrâphed to per!ült evâluatlon of soll-8ide per-
fornâncê. Addltlonål lnfornatfon about sol1-Eldc
perfornance rraa obtalned by acqulrlng trêPâna fron

AlLminized sÈeel rea consiclerably superfor to g¡I.
vani2ed sÈeel ln resistance Èo both overatJ, ati¡s¡

3lÎt' iåå 
t 

""?u ;ïî1'"î J"i 
" 
!"'.1. i 

nin 
å 

nve r 1 a na t ti
conditions exlEted. All reEults .r. 

"ur*"1ìr:iï*erally In the following sections.

Invert Behrvlor

"", 
l;",1:"il:".",'i:ü: l:ï lå" ï' :ìi"' i :1",".ïîl:

destroyed or thlnned to the polnt of extensiec p.r-
forâtion. By contraEt, ât these slÈes there r.r8 onle
mtl¿l åttack to thc alu¡nfnlzed steel, which ra¡ 1¡
the forrû of snâll coatlng pltE (Figure 8). In 8qr
cases plts extended into Èhe stêel substrate to r
nlnor degreê.Îhere rere sdìetlnea general rurt-
colored stålns on thê alunintzed steel lnvêEt!,
Hhich night âppêâr to be lndlcâtlve of general coat-
lng loaa. Eosever, lnvert cleanlng and nlcroscoptc
exa[lnåtlon inillcrted thåt the coåtlng sas intact
overallr ås shosn ln Flgure 3. A totâl of 18 ¡t¡¡¡
were deslgned seeere. Thlrteên of these had al'Èl-
nized and gålvånized €teel PlPes. Flve had g¡ry
alu¡ninlzed stecl, and rater cherûlstry was cc4rrabh
to that ât other sitea eherê galvanized Eteel cor-
roslon uâg gevcrê.

2. Moderate or úlld envlron¡¡ents: At sites rlth
noderåtêIy or ntldly corroglve râters, eherê rr!
tlplcally overâll loss of coâting and ninor pen.trÞ

Alq¡iÂit d dcd dv¡¡i¡cd ¡ræl

FIGURE ? fümperetivc weld-sêrn condition in thc invcrt¡ of ¡h¡miniz¿d üd Cvrnizd rtccl Pipc ex¡roacd !o:atr= in Mrinc-._ fr" pt-
are connccted in ¡erica lnvert¡ con¡t¡ntly are expotcd to rcvcrcly corro¡ivc nonrc.ting wrter. Thc dr¡miniz¡d ¡tecl ¡hos¡ no diærrnibh
deterio¡¡tion of the weld or of the co¡tcd ¡u¡facc, The galvenizcd rteel pipc ehows lo¡¡ of thc zinc corting th¡oughout the invert ¡nd

sc¡tter€d pitting in the substr¡te. The extrr¡ded weld mãt¡l on plvrnizcd rtecl ir ¡tt¡eked and thc ¡r¡b¡tretc att¡ck a¡ound the wcH i¡ duc

to e¡rlier coetirq loæ.
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TABLE Minimum Resistiyitv and pH Data

Soil water

State Counrv
Orrgrnal Reslstivrty
Site )lo. (ohm-ûm) pHpH

Resrstrvity
lohm-cm)

lllino$ Morga n
Sangamon
Vorgan
Creene
Adams

Deetur
Dick inson
hart

Marshall

Carter

Livingston

kfayctte

Nodaway

1,500
t.:00
:.500
3,600
?,600

:,550
l.500
3,600

2.300
?.800
2.300
1.800
?,800
2,300
2,900
2.400
2.3 50

? IOn
1,t50
l .050

I,600
18.000
2 7.000

3,300
1,600

I,1 06

I,250

I,800

4,700
5,600
't,700

6,000

4,700
4,ó00

.4,600
I I,400
4,500

2,900
4,400
I,900
I,750
I,700
2,1 50
2,1 00
1 ,100
2,000
2,400
I,500
I,500

17,000
r ,850

I,¿100
700

I,ó00

3,200

I

l
3

4
6

1

l0
ll

1.94
1.04
8.r0
7.90
7 .?4

6.i5 1.700
6.95 6.570
1 .)7 I .540
7.39 160
7. I 0 3.300

7.56
6.9 5

5.34

Kanss

lowa

Colo¡:dc

Califor nia

1.88s ] ' 
t

t.4,o 1'tt
t.370 7. I 5
t.450 1.02
1,020 7.70

).45 1.30

Jefferso n

Mes
Weld

Napa
El Dorado
Pla ce¡
San Benito
Mari¡

Piute

Van Buren

Delaware

Tate
Ben ton
De Soto

Montgomery

Oklåhoma

l3
t4
t5
l6
l7
t8
l9
:0

13
24
26

34
37
45
46
48

57

63

70

8l
82
93

96

103
104
105
106
107

7.)4
'7.29
't,32

7.l l
7.1?
1.t7
7,56
7.48

,1 .4 tl

7.06
7.: I

Utah

Michi8nn

Ohio

Mississippi

Texas

Oklahoma

Missouri

5.90 3,030
5.60
4.85 r sÁo
5.:0 2,440
6.70 2,t'15

7.90

7.52 2,000

1.46 2.270

5.15 I r,r l0
4.25
4.65

4.90 3,450

7.39
't.3t
6.96
7.34
8.29

7.62 ?,ó30
6.54
7.42 830
7.34 2,000"t.26 2,4q
6.52 3,075
7 .49 1,850
6.95 4,25s
7.48 2,040
7.36 2,630
7.t2 2,060
7.04 1,5¡10

4.70 43,500
4.00 I I,l l0
6.0
5.7 I ,600
6.0 1,300
6.2 I,750

108
t09
il0
llt
nz
il3
lt4
ll5
I l6
ll7
I t8
l19

6.91

6,25
7 .27
6- 50

7.38

7.40

:"
7.1 8

:

7.01
1.09
7.38
7.1 I

6.72
6.55
6.82
7.t0
6.70
6.80

4.60
6.60

7.t
7.0
6.7

Wrrhintton Clsl¡um
Snohomish
S¡n Juan¡

Ncw Mcxico

tlon of thc BteêI substrâtc of thc aâlv¡nlzêd ltcGl
Invcrt¡. Penetratlon rangêd fro¡ å fêr ú11! ln
[ildêr ênvlronEcnta to 10 to 30 ntI¡ ln nodcEâtê
envlrorìnênta. By contraat' for the alr¡ûtnizd útcal
after 30 yèârs of gerr'lcc' therê Írr tyÞlcally only
ptttlng of the ålu¡llnln laycr¡ thc Plttlng llt !r-
rê8têd ¿¡t thc alloy laycr. Invcrt rurÈ strlning æ-

A
B
c
D

29 7.65

rD¡a¡ úc for w|ldroñ l¡bnd, ttkotr ftoE ì'V¡t¡inloî Sl¡lc Droúaocñt olTrrqpoñ¡rbñ Rqpqt ¡73,
S.pt.obd I 9t¡.

currcd ln ¡cc cracE, but lcvêral lnvcrts rGrê cr-
sGntlâlly frcc of strlnlng.

3. Abra¡lvc cnelronrêntrt scvêral !ltê! had
obvlou! abralleG condltlon! ln Èhât lnvGrt attack
occurrèd Prinrrlly on colrug¡tion creata and uÍF
strêlr sldca. Abrârlon ra! llld at lrcrt of thc!ê'
but 9¡r Eodêrrtr at onc sltê ând rGvGrG at ona othêr.
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Alminized stæl type 2 G¡lrrniz¿d *eet

FIGURE I Comparative invert performance of aluminized and galvanized eteel pip€ expor€d together for 30 yearr in a geve¡e envhonment

in Misrcuri (æline 830 ohm-cm reeirtivity water).

rn all but the one case lnvolving Eevere condl-
tlons, alumlnlzed steel e:rhibfted superlor invert
abraslon reglstance rrhen corqrared elth galvanized
steet. Aluninized Eteel suP€rlority wae alrays as-
Eoclated slth the hârd atloy layer. At nlld eiÈeg
the soft aluninun layer waa prefcrentially retmved
over large areaa on the upatreân sldes of corruga-
tion crestE, rhereas the unilerlylng hartl elloy layer
l'ag lnt¡ct ând unâffected. Por the gâlvanlzed ateêl
there saa total coâtlng 1oa8 and elgnlflcant sub-
strâte penetratlon at corrugatlon crerta.

At the one úoderâte siee the 9â1Yânlzed stecl
invert raE alestroyed in one sectlon ånd thêrÊ eere
severe overall thfnning ând locrllzcd P€rforatlons
on Èhe up6treâ¡ gide of corrugation creats else-
nhere. For alr¡¡lnlzêd steêl at thls slte there wâ!
loes of the alr.u_lntn and åIloy coatlng layers on the
upstrean 3ide3 o! crê4t8, but only EllghÈ substrate
Penetratlon (Flgurc 9).

At the one aeverê sleê the corrugâtlon creEts ln
the lneerts rere ¿lestroyed for both galvanizcd and
alr¡¡lnized steel.

soll-slde Behävior

No Elte8 had severe goll-eldc tnfluencea on galva-
nlzed or aluninized Eteel, but alunlnlzed ateel
behavior ras euperlor ln every cåEe nhQre there t'a6
súe goil-eide corroalon of the galvanlzed ste€l.
Tlplcally' in goll-side areâs abovc the saterllne
tñère sag only loaa of the galvanlzed steel coaÈlng;
there l.as no suba!ântlâl penetratlon of the ateel

aubBtråte. Belor the waterllne there ïas â tendency
toeâril ßore severe sofl-gi¿le corroslon of galvantzcd
steel, ând subgtantlalr though not ùæortantr r¡ub-
stråte penetration ofÈen occurEed there (Flgure l0).

Àt teo locrtlona where thêrê s€rc no galvanircd
Eteel pipes for comparlaon, there rúâ8 nore slgnifl-
cånt EubstEate penêtration of Èhe alulinized stccl
at snrll coåtlng Plt site8. These Plts sere about 10

nlls deep ln one case and 18 rnile deep in thê othêr.

sites wlth fnterference cotÛPllcatlons

Thcre eere four Eltes sherc thc perfornance ol
alrmlnized steel nas not tlPlcal becauae of coçlÍ-
catlng lnterference conditlon!. At on€ of thêt.
Eltea poor coâtùìg quallty' ln thê for¡ of scvcrc
laterâl â1loy crackf¡rg, cauccd utdesPreâd 8PallIng
of ÈhG coåtlng. At tuo E1tes evittcncc lndlcâtGd
set'ere interEitÈent chcnlcal contarlnâtlon. At tha
fourth slte there eaa acvere abr¡¡lon.

E9FÉT ór n¡rrrnoroæ¡¡nr, PåRAl{EtgRs or¡ lÉE
DI'RÀBILIE OF ALI'I,IINIZBD ÀI{D
GÀI.VAIIIZED TEEL

Fleld-Èest resulta led to a deteralnatton of plpr
tuaterlal perforEânee aa a functlon of controlllng
envlron¡ental Prrâ¡cters. Th18 ts hlghty ¿lêslrablr
frot! the EtåndPolnt of cøgarlng the envlron¡lent¡l
1i¡¡ltatlons of dlfferent ûaterlal8 and Predlctl¡t9
nâterlal perfor¡¡ncc. Thê Problêû 18 the ldentlfica'
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Aluinized steel type 2 Galv¡nized stæl

FICURE 9 Invert specimenr from a moderately abrasive site in Plecer County, Ca[fornie.
.Aluminized steel hae lost all coating on uprtream sidee of corrugatiom, but ehows little substrate
p€netretion. Galvanized eteel shows lose of all coating and about 75 p€rcent Penetration of the

subdrate generally, plur some localized small perforatione. There waa one section in which
galvanized steel shows invert destruction. Galvenized steel ie about 7 yeare younger than
aluminized steel at this site (late addition).

tion of conÈrolling envlronnental paraneters and

rheir interrelationships. Arrnco simpllfied the mat-
¿er by ustng primary Pärarneters only. Àrrnco investi-
qaÈors then deternined nhether a realistlc, hlghly
áonsistent result could be atÈained.

The prinary sinPlificat.ion i3 Èhe assumPtion Èhat
âny corrosion problerns will result mainlY from
raEer-side conditions in the invert. StudleE by
Arnco and various highway dePartrîents, arKrng otherE'
indicate that thls is generally the câae for galva-
nized steel (1-13). The results indlcate Èhåt cor-
rogion that affects galvanized steel structural
Ínregrity is likely Èo occur sooner on the lnvert
lhan on the water slde. lhere are certaln exceP-
tions, Èhe rnost slgntficant belng cases involvlng
high-Eelinity sofls ln dry cIimateE. Eorever' notf
earlier corrostlon Problens that occasionally occur
on galvanized steel are ehe result of t âter-side

corrosion, and Àrnco concentrated on defining the
condiÈions Èhat give rise t.o such Problens.

Of course, soÍl para¡neters do control rrater
parameÈers, but it is best to concentrate on water
because soilE are highly heÈerogeneous. L,ocaI soll
chenistry is often vastly different fron rrater
chenistry because the ïater traverses a variety of
soll conditions over a watershed of any Elgnlficant
size.

corrosion of zlnc and steel in water is usually
dependent on dlssolved oxygen, and orygen tends to
accelerate corrosion in dlrect Proportion to its
concentratlon, uP to a Point. A cerÈain nlnlnqnt
amoqnt of Inhiblttng sâIt ions ( lncluding c^*2 ,
l,lg+2, Rco!, and to . ie"""t extent sloãz) iE needed
to forlû þroeecttve barrier scalegr or corroE¡lon at
hfgher 02 levels nill be Eevere . (¡,3). Thus soft
high-resl-sttvity surface wâter ii usually qufte

Alr¡minizcd rtæl typc 2 G¡lvr¡iz¿d dcd

FIGURE l0 Comparative eoil.ri.le behavior below the weterline level in Snohomirh füunty, Yarhington. Galv¡nized st€€l

ehowe lose of 
"o"ting 

and moderate n¡bsbate penetatiorL wheress aluminized steel dlolvg mild øpotty attack with no

dgnifirxnt a¡bstrate p€net¡ation.
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corrosive to galvanized sCeel. Dissolved CO2 andother gources of F+ (above cestain levelsi ac_
celeraÈe corrosion by retarding scale forrnation and
?y_ l?r:5ing rhe pH. Cerrain sålÈ tons, inctudlng
CI-, SOi¿, and NOjr are inherently corrosive, andthese ions al.ong with Na+ and K+ all interfere wiÈhprotective scale fornåtion. At higher levels of in_hibicors, increased leveIs of all accelerators canbe tolerated. Loï-reEistivlty water also íill be lowin corrosivity wh€n inhlbitors are predoninant, and
h igh in corrosivity when accelerators are pre_
dorninan t.

It is necessary to knor the prevalent waterchemistry at a pipe siÈe In order to classify sitecorrosivity. ChenisÈry changes somewhet throughoutthe year, but a degree of stability exlsts as aresult of stable prevalenÈ climatic condltiona andsoil strata cornposiÈion. TheEe two predcmfnånt fac_fors determine \rhether surface water WIII be hard orsoft, saline or nonsaline, and alkaline or aclilic.
.The tine of sarnpling ls irnportant wlth regard Èorainfall. Dilution of groundwater discharge rrithsofter surface runoff occurs durlng and Ehortlyaiter rainfali periods. The prevalent wåter chen_istry aÈ normally rdeÈ sites can be obtained only bysanpling at leasÈ a fer days after the last rainfall.
Sotne galvanlzed lnverta are e:(posed to more

severe condftions near the high waternark because of
contact with well-aerated and diluted softer mlxtures
of runoff rdith groundrrater. Thln is true, even thoughthe tlne of water contact above the lotf rraterllne lsusually nuch less thån that belæ. Tlme of contâctis usually of legEer in¡rortance in the lot,est lnvertareâs, whlch are subject Èo contfnuous or prolonged
contact rrith undfluÈed groundwâter thåt Is usuailyscale forning. protectlve scale in this areå t,ends
t.o persist through perlods of rainfall dilution.

_OccaEionally, in ïeÈ clirnates, plpes thât are wetonly during and Ehortly after ralifãIl perlods areseverely corroded, desplte linfted contact tine.
This fs becauEe of the relatlvely lrevere condltlons
produced by eeraÈed, softer runoff that ls extrenely
Iow ln scaling salt ions becâuae of llttle ground_
wâter lnput.

Once a sultable ïåter sp€clnen ie obtained, con-centrations of the necesaâry ions can be deternined
reasonably uell by a few sinple qulck tltrâtlon andneter tests. À total hardneea titratlon glvcs Ca+2 +M9'-, and a total alkallnlty titråtlon gives HCOï ând
:@1 of Èhe sfq2. A pH nêâaurrncnt gtoå" 

"* 
;;;Ë,-i;coqunctlon rlth total alkâllnlty, glvct exceaa orfree Co2r rhlch ls usually þrê ulaful. À conduc-tivity Ecaaurcn€nt gtver aì approrhat-'ûeraurG ofthe totrl dl¡solvcd sålt contGnt thrt, in conJunc-tlon pith Èh€ total lnhlbitor contênt (totâl ¡lkå-llnlty + totâl hardncac), glvcr rn ldcr of thc totãlaccelerator 8â1t contGnt.

The totrl scallng têndcncy of ä våtcr ls êståb-
IfEhed reâsonåbly rctl b1 a det.rElnatlon of âlkâ-Iinity, hardnc¡¡r ¡nd E+ (!.pp.29-31). By addttngalkallnity ânô hrrdnêrs valuca and aubtraãtlng Rí
( ln the for¡ of lrcc Ce, uhlch ia urually th.prinary Bourcc o! f+), ltrc rcrllng tendêncy l¡guantlffcd ln a rêlrt,leê acns.. plotttng thc relu1Èon onê åxfs of a grâph ¡nd conductlvlty (or rêri!-tlvtÈy) on thc other arla pcrllt! gr.pt lng of ptpêpcrfornancc as a functlon of Èhc trtnary ratêr
Paraneters. f.hu! zonêa of sâtisfactory and un!åtl._factory porfornåncê can be dcternlncd.

By using thlr åpfrroach on alter ln thc Èro alurl_
nized and gålvanlzed steel field-têst progra¡¡ andsfter frou other gãlvanlzed-stcel-only ficla-inspcc-
tlon progrânr Àrrco constructd Flgurc 1l for pcr-
fornance guitlelinee. One-Èùûê erter sarplingr, taken
at least 2 dâys âfter the last ralnfall ât norEâlly
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wet sices, were used, and samples included gl o..-from 16 stateg. -- -qcê!¡

. SatiEfactory performance was designated a< r^thån 30 m11s penetraÈion over slzabtå i.r.,l'--.e8!after exposure for 30 years. ThiE would b"-;^:::àr
i:jil:t iå 

a rnininun service lire or s0 ve;ri"rto1

Line AB in Figure 11 marks the llnit- of increas-ingly severe condlrions rhar 9åtvanizea steef-iii]mally can Èolerate while providino satiqr:^.^perfornance. Increaslng severity is encounterü-;::top to bottorn and frorn lefÈ Èo right, and 
"rÀ."i_Tline AB in either dlrection results in 

"n.";;;::::Sproblenatic conditions. Traversing the S."o;--i,:Ieft Èo righr shorrs Èhe effecr õf ."n"i"iiìr'il:creasing corrosion-accelerator EaIt cc
tci=,--'do¡ã, 

";i-';" 
rorÈh) âr " ri.::""i:'"ilt"l:total inhibitors and f:ee CO2; line AB mark;'t;:linir of acceleraÈor salt r,olãrance ar rhis int,fii]tot/COZ- level for galvanized steel. Traverginq rr-graph fron top Èo bottorr shows Èhe eff"ct oË aïcreaainE inhibitor 

"ld increaslnE free eO2 at afixed accelerator salt level; tine AB må,ko !Llirnir of inhibiror decraase or co2 in.r"""ã"lorlilable at thls accelerator level for ialvaniz"d ";;;i:-consfEtent resulÈs wfth . raihe, weff_¿eiiie¿boundãry between satlsfactory and unsatisfacÞ^,,,perforrnance for galvanized steel "ere eoun¿- 
-ii]ll

wâs srorne overlap at the boundary, rnost rirerv cauJelby soneehat nonrepreEentative water ctrenfstìy Ç=ifee cäaes, but t,he results are generally consistentånd reålistic in deflnlng the 
"uft"OttiËy of galva-nlzed steel.

The antlclpated detrfnental effects of rratersoftnees, âcldlty, and corrosfon acceleratore ongalvanlzed sÈeel are evident. The Euperlor tolerancâof aluminized steel for nore 
".rr"rã conditlone isalso evident. Superior tolerânce for soft acldiiwater ls eeident and nell deflned. Superior eoter-ance for hlgher corrogion-accelerator salt concen-tråtions- ls euggested, as rould be anticipated, butthe nunb€r of pertfnent data polnts !s small âtpresent and addftional s.ites with hlgh-conductivtiyHater nuat be gtudled to help eEtabllsh thl8.

the posltlon of the linltlng llne for satisfrc-tory alu¡lfnlzed perfornance (CD) ie only tentatlqcåt preaent, but it is evldent thât thê lfntt fsconsiderably beyond line AB In the dlrectfons oflncreaalng severity. The deterioretlon of alu¡ninlzedsteel waa only nlnor ât all siÈe8 slth colüpounatalu¡fntzcd and galvanized steêl plpe lengthe, vhcrcgalvanlzed ltacl pelfortcd poorly. Thus conaliterâblyrÉre aêvêrc condltlon¡ thân thêle could bG nrcelraeryto produca tha sanê dcgEee of deterloration on alu-
¡ninfzcd stGcl ln the srEG erlroaurc tlD., and llne cDfîuat be located rcll beyond Ilnê AB. Eorêver, ltslocâtion cånnot be knorrn accuratcly untll thê natê-
rial exhlbfts conslderable detcrioråtion.

Àt one aêvere alte ln the reaerrch têlt prograr
thêrê taa subatântlal locallzed åttack on rlu[inizêilstecl, ylth ¡ fer tlny plt pcrforaÈlon!, but eecnthêre thG ovoråll detêrforåtlon st8 mdeat. At on.other sftc thêr€ tað aeeêre overall dctcrloratlon of
alnlnlzed aÈccl bccausc of extEêñcly hlgh sâIinlty,but ¡ccclGrrtor sâlt content thêre raa Éar too hlgh
Èo bc uscful ln locrtlng lfnc CD.

Four tc8È altês, ïherc Èhê Þêrfornåncc of alu¡l-nlzed steel rrs not typlcal bccauaê of unusurl ccE-pllcatlng condltlona, cånnot bG u8ed to hclp locrt.llnc CD. Onê of theac caaêa lnvolvec aegere abr!-Elonr ânoÈhêr poo! coâtlng quâllty, rhile the oÈh.r
ÈTo a¡4rårently lnvolve sevêre interElttent cherûIcal
condlÈlons far bcyond llne CD.

obvioualy, thê deaignatlon of zoncg of såtlsfrc-
tory ând unsâtlsfactory pfpc dturabllity, based on
sater chenl,Etry, afforita the proapect of predlctlng
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plpe life. rn its preEent forn, Èhe graph provides a

rrgeful guideline for PiPe Perfornance' although it
is expecÈed to be conservatlve. It lE extrenely
congervat,ive for drier cll¡nates becãuse the graph iE
based on data frorn wetter cllmates. It iE also con-
servative in that the norst portlon of a pipe length
lras used to deslgnâte the plpe condition. In addl-
Èlon, it ig conservative for !¡tagnant-rrater slteE
because lofler dissolved oxygen contents in such
rater produce lower overall corrosion loss (when
acldlty is not extEene) i moat oÉ the wet sltes in
thls study had floring water. The graph le very
conservatlve for nåterlâl thicker thân 16 gauge and
for situâtlons Èhat do not regulre 50 years of naln-
lenance-free life for l6-gauge naterlal.

Discussion

T. J. Summe rson'

Thlg digcusglon hae three nâin pointa!

1. Type 2 alu¡nlntzed steel (ÀLlFe) culvêrt per-
forned better than galvanlzcd sÈeel, aa deternlned
by an evaluatlon of expoacd 3o-year-old rlveted plpe
frdr sltes in 20 Etates.

2. Alloy cracking haa only a ninor effect on
coâting perfornance. The rþdêrn WPc 2 aluninlzed
steel product ls superlor ln coatirrg aluctlliÈy ånd
erhibitg lesa crackfng thân the 3o-year-old coâtlrig.

3. Nes envlronrnental guldellnec are proposed to
deflne uEage of boÈh galvanlzed and aluninlzed
steel. (Thesc are baged on the Ecaling tendencles of
the water effluent.)

I have sotrte reservationa ând concerna âbout the
practical signlflcance of these points.

tce-;øæ'-echnology, Kaiser Alunlnum and chenlcål
CorporaÈion, P.O. Bor 87?, Pleasånton, Calif..9{566

. t2970

POI¡¡:T I

As many knoe, ln 198I KaiEer Al.uninun nade an ln-
dependent survey of aE nany of the original 137 test
siÈes as It could. Although lt eaE concluded In the
Kalser report thât lype 2 alu¡nlnlzed steel had per-
forned better Èhan galvanlzed steel culvert ln these
testni lÈ was believed that Èhe generally good per-
fornance of Èhe galvanlzedl steel. as well as thåt of
the alunlnized steel, nas because of the nonaggres-
sive nature of the test sltes. For exanpler lt sag
found that water and soll pE sere ln the neuÈral 6
to 9 range and resistlvltleg were relatively hlgh
(1.e., >2r000 ohn-crn) . These are the ranges in
whlch galvanized steel fs nornâlly used (see PHWA

Technlcal Àdvlsory T 50,10.12, October 22. L9791.
To fully deflne Èhe perfornânce paraneters for

lype 2 alunlnlzed steel, addftlonal testfng in a
broâder range of environnental condltions is needed.
Such tests should lnclude asphalt-coated corrugåted
steel pipc (CSP), polylnerfc-coâted CSP, and aluninum
so that the relative p€rfornances of these varlous
¡netal Plpe Products can be asgeeged.

It ls my understanding Èhat Arrûco agrees thåt
Type 2 alunlnized steel plpe shouldl not be used over
the entlre rânge of soll and sater conditlons ln
which alunlnun plpê ig uscd. Ronever, lÈ ls irnpor-
tânt to the end user to knon hon the perfornânce of
Tlpe 2 aIu¡nlnized sÈeel conpareg elth thåt of as-
phalt-coâted CsP and polylrerlc-coated csP, as rrell
as that of aluninum. In some states this issue ls
clouded because the Euldlellnes for varlous naterlals
recorunended by these st¿¡tes dlffer frotu Èhose recom-
¡nended by naterial producers or other governrnent
agencles.

POINT 2

Alloy cr¡cking had only å rnfnor effect on perfor-
nance, ând the nodern li¡I)e 2 alunlnized steel pro-
duct hâs superlor coatlng cluetillty and erhibits
Iess crâcklng than thÊ 3o-year-old coatlng.

In the 3o-yerr test the significance of coatlng
cracking was not fulIy evaluâÈed because thê test
Etteg eere nonaggresalve. The nodern Ðæe 2 alu¡ni-
nlzed steel product has a lock-sean JolnÈ, whereas
the coating, although nore ¿luctlle than the 30-yeâr-
o1d coaÈing, is heavlly fracÈured iluring thc tnânu-
fåcture of the lock-Eean ând the base steel ls ex-

'caLV. sarrSFAcroRY -/. GALV. uNsAtrSFAcroRy ,// ALUM. T2 ¿ a+tsoo
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FIGURE ll Effect of water chemidry on performance of aluminized and
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posed. Àlthough Èhe authors showed cross sections of
the corrugations, they did not show the more severely
formed lock-seam in crosg secÈion, where fracturing
of Èhe coaÈing does occur.

wiÈh t,he welded-sea¡n product, Èhe aluninun coaÈ-
ing is desÈroyed at the weld.

Àgain, Èo Eupport che authorsr contention that
the modern lYpe 2 aluninized steel is a superior
product to che old riveted Type 2, considerably more
field-test data are- needed, in Èerrns of longer ex-
posure tines and in a broader range of envirorunental
cond it ions .

POINT 3

fn thiE section nen environ¡nental guldellnes for
galvanized and Type 2 aluminlzed steel are dis-
cussed. The 'scaling tendencyr systen proposed ap-
pears similar to nhat the ceorgla DeparÈnenÈ of
tlighways used some years ago, based on a cumulaÈlve
poinÈ-count rating of hardnesa, aciëllÈy (CaCO3),
conductance plus chlorides, sulfates, and tndustrfal
a'ââ5aÃ -¡ Ã-^L d¡r^ t1¡ -- ôÊ.ô¿rÈ¡çq \¡-ryH.zr-2er.

AtÈhough the auùãrs should be comnended for
considering this approach, much more data are needed
Èo confirm Èhe effectivenegs of the concept for
predicting service conditionE for galvanized steel,
let alone for lype 2 alunlnized Eteel. t¡loreover, the
possibility of soil-side corrosion ls not taken into
consideration. (This nay be more inr¡rcrtant for alu-
ninized steel than galvanlzed steel, particularly
ln rrestern and gouÈhern states, where gome soil-glde
corroslon has been observed.)

In 1981 Kaiser Aluminum neasured water pE and
resistivity ât 24 sites nhere riveted alu¡ûinized
steel pipe had been ln test for 30 years. À11 but
one water registered a pH beteeen 6 and 8. Horeover,
the resiEÈlvity of the irater ras greâter Ehân 21500
to 31000 oh¡rpcm at nore than half of the sltes.

If Èhe data ln Flgure ll on scaling versus relrlE-
tlvity are tabulated, it is clearly evident thât
there are not enough data pointg provided for alu¡¡l-
nized steel to put confidence on the validlÈy of
line CD, which purportE Èo clain that. aluninized
steel is satisfactory, rrhereag galvanlzed steel ls
not. For exarnple, nore Èhan 50 percent of the íaters
åt the 28 aluninized steel sltes shorn have resis-
tlvities greater than 2r500 ohfn-gln and â scaling
Èendency of 200 or less. ÀIthough thls adeguately
covers Èhe lorer end (C) of the line, the upper end
tosard D ls wide oÍren and undefinable. For exarnple,
there are only five of Èhe alunlnfzed steel sltea
where the sater resistivlty is 11667 ohn-c[ or lesa
and lhe scåling tendency is 200 or greâter.

For scientffic reasons I would have llked to have
seen the authorr¡ lncludc â Èâble contalnlng all of
the raï clata froû whlch Flgure 11 sas derived. Thls
table nould have glven Èhe pE and reaistivlty values,
as well as Èotal hardnese, total alkallniÈy, ând Èhe
CO2 content for thè sater at each site. In addi-
tion, it would have been appropriate to have Ehorn a
second graph ln which nater pH (lnsteâd of scallng
tendency) and reslstlvlÈy--the current conventional
par¿r¡neterr¡ used by nost agencles for guideltnes--
were related to the perfornance of aluninlzed and
galvanized stee1.

Finally, I have reservatlon!¡ on the reprducibil-
ity and accuracy of CO2 valueg in rater anålyEes.
Unless Èhe Cq concenÈratlon ia taken irmedlately
on site, the results clo not truly reflece actual
conditions. Correspondlngly, becauEe ÈotaI alka-
linity is baEed in part on carbonic acid, there rrill
be an error in this value as erell. The authors point
out that hardness, alkallnity, ånd carbon dioxldle
were detertnined fron all sites 2 days after Eärûples
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were taken. This should nake such result¡
tive, within Ehernselves, but the u"lu""t i*t.*
different from those taken at each siÈe. ;;:.\this is of no major concern in routine analv"rì"F
a given location. nowever, when atÈeftpri.g-aÀ-pl[
vide a data baEe for a new system, this
critlcal, particulår1y in those insrances ,ìlil'.1
sater is corrogive because of dissolved qasâo ^rQ
as carbon dioxide. - --- vttch

Authors' Closure

POINT 1

Kaiser Alunlnurn has not made any signiflcant gy¿1r*
tlon of corrosivlty at the test sltes. the Raim-.report of lts investigatlon of the sites (2cn_;;:
35-1JS, r¡tay 29, 1982) lndlcates tha! of rhe SA sfii¡
still ln existence, it found only 23. tn the repo¡¡
KaiEer reported pH and reslstlvity values eo. se"_
eral other sltes shere no alu¡nlnlzed steel y¡¡
found. Obviously, Kalser waE at the wrong sites tiseveral cases because the alurninized steel pipe ilpresent at the âctuaI sltea. In several other cage¡
pH and resistfvity values rrere reported for sttes ¡qlonger in existence. Kaiser did not inspect any o!the 12 exlsting sites In MlEsourl or the 6 ln ïash-
ington, and lt nissed å11 three still existing infiflssisglppi. Àlso nunerous pipes ln several othc¡
statea were nissed. Ànong the 23 verlfied gitc¡
Kâiser visited, there nere 17 at ehich no patê!
testing nâE done and only Eofl pE and resistlvlty
meaEure¡nenÈs were taken. The statenent that thr
Arnco tegt Eites are nonaggreeslve ls based on juat
soil pE and reslEtlvity neasuretnents at 17 verlflcd
sites and soll and water pB and reslstlvlty ßeaEure-
rnents at 6 others.

ArEco deternined slte severlty on the bagis of
the effect of the envLronment on galvanlzed Etecl
and also on the basls of couprehenalve wãter chêi-
lstry as well ae soll pH and resistlvlty neaaurc-
ments. The severe slteE ïe found lncluded 13 rherc
there was Eevere ïater-Eidle corroaion of the galya-
nfzed steel for the 3o-year expoaure tln€.Îhela
sltes âlso included five nongalvanlzed steel sitrt
where ¡ràÈer cheBlstry was corqrrrable slth thlt of
slÈea rhere there eâa Eevere rater-sicle corrogton of
the galvanlzed steel. the Arnco finding thât ratê¡-
slde corroalon ls the naJor concern with galvanlzed
steel is in accord rlth the flndlnga of Beveral hlgh-
nây departnentE and other invesÈIgators, as noted ln
our pâfr€r. KalEer'E eracer pH and resistlvlÈy neasurc-
nentE for six verifl.ed sites dlo not con8Èitute anY

slgniflcant basis for evâluating the prlEary uater-
slde corroslon factor.

Any reader who rlshes to see the pH and reeistlv'
lty valuês Àrrnco obtained for all sites has only to
refer to rable I. A sizable proportlon of solls ând

naterg had valueE outslde the rangee nornålly reccú-
nended for galvanlzed steel (pE 6 to 9 and reslstir-
ity lor€r lt¡rlt of 2,000 ohn-cn). Actuatly, even lf
a11 values had been slthln the galvânlzed Eteel
ranges, it sould still be eeldent frm the coßPara-
tive condition of the tïo rlrtellåls thrt aggresslvc
conditions ouÈslde theae rangee sould be necesa¡¡y
to induce in alur¡lnlzed Eteel the degree of tlet¿rlo'
ration exhlblted by galvanlzed Eteel.

cc'F¡raratlee teslJ on various naterlals suggested
by Surúrerson soulit be IntereEtlng' but obvloualy
they reEe not pårt of the scope of ÀrncorE degirel
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--k-sêêÍt coating cracking can Ue more severe than
li' inai""t"d by Ehe 3o-year-old test material ac

ltli]roations. The Point we were making is that coat-
ilj-ciacring in the old material at corrugations was

lil,.rr uecause of loc coating ductility, and the
l.l-riot perfornance of aluninized over galvanized
lit"ãf """ 

achieved desPice severe cracking. We dÍd
l^r st.ate that modern aluninized sÈeel is superior
lli-¿uraoility to the o1¿l material because this is
lånr"rninS ÈhaÈ cannot be known until Èhe modern

irteri"f has been in service for 30 years. we simPly

state¿l Èhat lesser corrugation cracking in the new

laeerial indicates that iÈ has superior coaÈing
¿uccilicy. This property should prove useful for
iock-searn perfornance, judging by the satisfactory
oerforrnance of old material with severe coaÈing

cracfing. At any raÈer the good galvanic Protection
fo, un"o"t"d weld seams noted in our PaPer should

certainly apply also !o steel substraÈe at coating
cfacks on lock-searns.

Contrary Èo Sumtnerson's belief, oId aluminized
steel with severe corEugation cracking was exposed

at severely corrosive sites rrhere i! perfortned Ì,ell.
¡¡¿ simply is not aware of the full extent of siÈe
conditions because of the Linited nature of Èhe

KaiEer investigation.

POINT 3

Our graph (Flgure IL) denotes the comParative envl-
roilflentâl linlts of the two nagerials on the baEls
of aIl sufficiently contprehenslve dâta currently
available Èo Arnco. It reflectE relatlve performance
as revealed by these data. The data are comPrehen-
sive enough to be indlcative of Èrends. The graPh iE
prelinlnary, and sorne llnited changes nay be nade as
nore data becorne available.
. The graPh dleals only rùith nater-slde corrosion
sirçly because this ls the major problem natlonr¡iile
for galvanized steel, and ee hâve noted the effec-
Eiveness of alumÍnized steel 1n addresaing this
pronounced Problen. Nåtlonelde, galvanlzed steel
sel¿lo{t shoss soil-siile corroltion that câuaea eârly
problena. rn alt of our fleld testsr alunlnlzed
ãteel Has superlor !o galvanlzed Eteel on the soll
sitle ever¡rheret therefore ïe currentLy see no bâsls
for widespread concern about soil-slde behåvior wlth
either material. There aEe sorne local sestern re-
glons shere salty soils rould cauae locâI early
problens for elther naterlal, and gme nethd, such
as the Californla chart' is needed to ileternine
tsaterial linitations in s!¡ch câae!¡. An asPhal! coac-
ing ls a sinple solution co nost ProblenE of thls
type for elther naterlal, Eo both nâterlåls are
broadly applicable in such clrcuDstances. we håve
not trled to Produce a graPh thât conpâres nâterlâI
behavior under all condltlons, but håve siuPly dealt
Yith the s1Èuâtlon that causes no6È galvanlzed steel
problena nâtionsLde. elth the ain of Preventlng ßoat
ot these problens ln the future.

As ne have statsed in our PåPer, the PoslÈion of
Iine CDr whlch deptcts the llnltâtlons of alunlnlzed
eteel water chenlstry tolerance, is tentâtlve af
Present. we stated thåt there is a need for ¡þre
tlata in lower reslstlvlty eâter to helP eståbllsh
the position of tlne CD to the right of the graPh.
Because the data Points are clearly Pl'otted on the
graph, Èhe reader can clearly see hott llnited our
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daca are in this region. There are just five graPhed
aluminized steel gipes in water less ghan 2,000
ohÍr-cÍr, and cwo of Èhese are in milder high hardness
and high alkaliniuy waÈer. The perforrnance of three
aluminized steel pipes in loser resistiviÈy waters
that are severely corrosive cornPared with galvanized
steel is indicative of considerable superiority of
aLuninized steel under such conditions (Figure I
illustrates the degree of superiority in one sater
at 830 ohm-c¡fl). l,le also had one ungraphed aluminized
steel pipe EhaÈ Performed well in wateE at 245 ohrù-
cn (ÍÈ did shot, advanced corrosion afÈer 30 years),
which further indicates enhanced perfornance in
IoHer resistivity vrater. Àlthough Èhe data are quite
Iimited for lower resistivity waÈer, the Erend to'
ward enhanced perfornance in such waÈer is guite
significant, and we have estirnaÈed the degree of
superior resístance as well as Possible with the
timited Present data.

with regard to Sumtflersonrs reference to Râiser
water data for Èhe Arnco ÈesÈ sites, Èhey have water
pH and resistivity values for only six verified
èit"", as previously noted. Other valueE are for

^r -¡!^ð óhãi' rÂm?| iñêlrr.lÞq valtres fofullve! ¡! ¡gu
water at 16 unverified sites aÈ shich they found no

alu¡ninized steel. Six of Èhe 16 sites were obviously
the wrong sites becauae Èhe aLuminized stee1 PiPe is
present at Èhe actuåI siteE. Data for 9 of Èhe re-
maining I0 siteE are not frorî the actual sites be-
cause these sltes no longer exiEt.

We did not state that waCer chemistry tests t'ere
conducted 2 dlays after samPling. what we said was

that water specinens were taken at leest 2 dayg
after the last rainfall. We agree thaÈ the best
tsesting iE that conducted on site' and some prac-
tical EimPle field kits are available for Èhis Pur-
pose. Actually, lt 1s PosEible to teEt for alka-
finity and hardness geveral dayE after sanpling
becâuse sme sinple techniques and calculations can
be used to aPProxinâte the on-Elte values, but PE

and conductivity rnust be neasured on Elte. It is not
necessäry Èo conduct the relatively cllfficult test
for CO¿ because thls can be calculated frorn Èhe PE

and alkaliniÈy neasurenents.
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In 1961 Neu york Ståte b€g¡n r ðtudy of thc dur¡bil-ity of corrugàtcd ûctal pilrc culvcits. rhê ulÈinrteobJectlve rra. to Þrovlate deafgncrs rlth rellabledatâ on corroglon ånd âbrrslon -ratc¡ ol corrugâtedalunlnun and galvanlzed steGl culyêrts undcr envi_ronncntrl condltlons êncountered ln thc statc.Inftlal flndingr Htere reported tn 1967 (l). Inthat påper Eetal 1o!! for 11I uncoatcd g"r"-.ir"ãst.el culeêrta ïaa êstftrrted. Thè erlues eêra ob_tafned by Etrl.klng the pfpa rtth a geologlat,e plctand then est1nâtlng thc ârcunÈ ot lital'rcaalning.thls Eethod yåa thought to providc rerlfstlc valucgbecåuae early ln thê lnvestigation a favorablc cor_relatfon yag found beteeen nca¡ured thlcknêrles of1-ln.-dla¡ueter corea fron 6? culvêrtr anã ¿stfn¡tesnadc by aoundlnga wtth thc pick.
Theae estinâÈe8 0f netal 10aa rere u8ed In con_junctfon with subseguently developed dâta to dcrlva

a durabilfty deslgn for Nes york (2). Thfs ras b¡scdon annual metal losses of l mll fo-r dla¡¡etcrs up-to-48 ln. and 2 ¡nils for larger Eize6 (1,ff, O.OOiin.). ln addiÈlon, a ratlng Eysrten wâs deslgned todeterntne rhe neêd to-r _aeptrali coatt;; 
"nd ;a"fng:The râtfng ayaten tncludcd such factor-s as Eurfrceeater corroaivenees, abragl,ve châracter of Èhe bcd-load, and freguency'oe flor.

Beginnlng ln 196g, a series of l-tn.-dla¡êtcrcores weE tâken fron .nåny uncoated galvanize¿ stcriculverts throughout the gtate. t ;i"gi. core ü.¡taken ln each pipe to repreacnt averaje conatttloîtalong the invert or srter llne, shichlyêr hâd thagreatest appârenÈ deteriorâtion. ReBuIÈs of thlct-neas neaSurernenta on thesc corla IndlcaÈed th¡tnetâl-loaE râtes. werê conaiderably hlghêr thân thaeårller dâta suggested. Thts 1ad to -conccrn 
aboutthè adequâcy of thc åsaurptlon8 o¡de ln thê dêlignprocedure.

Sevarãl theorla8 havc bccn ådvancêd to rccourtfor Èha dlscrcpancy bet¡ecn the 1965 est1Dâtes a¡úthe more recent datâ:

l. In tho 1965 survey no corê! tcrG tåkên frcthe plpca. üctâl lor! waa vieually estirâted, aiatritby eoundlnga ylth å 9êologlrtrs piéf.-----
_2. The origlnâl dâtâ rrrc collêctGd torerd t¡aend. of å s-yeår drought, rhfch could tcnd to redr¡crlndlcated corroslon rate!.
3. üany pip.s Includcd fn th. firct survey rcrcyoung (leaa thån l0 years old).
4. Both sêta of dâtå had veakncaaea In salghsfzes ând dlstrlbutton of ea4lcr thrãugnout tnr

sÈ¿¡tc.
5. Thê Eêthods uged ln collcctlng both 8êt, oldâta to chrractêrfrc úcÈål-lols ratõ¡ rithln cachplpc nay- not hâvê provldcd reason¡blc 

"..u.o.y., 6. The rechnlquc of nca¡urfng ."up"ii-"ttï e ptnElcr@€ter nay havc ovêrêltfn¡tJ EeÈ;l losr.7. fhe l-tn. aa4lcs nay have baên too $!â11 fofaccurâte deterninât,lon of r!êtâI loss aÈ r glyrr
locatlon ïlthln â pfpc.

8. Lâck of trua randoncsg ln aelectlng plpo

Metal-Loss Rates of tlneoated Steet A.r'd

Aluminum Culverts in New york
PETER J. BETLAIR and JAMES P. EWING

ÀBSTRACT

In this paper a labratory evaluatlon Isdescrlb€d of three technigueð to deternlnenetal loaa on 1-fn. coupona extracted froEcorrugâted metål pipe, a field evâluâtfon of30 pip€s to deterrnfne the sarçle 
"i""-ii*_ber of coupons) and sanplfng locatton n."""-aary to chârâcterize netål loaa, and astatesfde survey of steel ana atu¡ninun--ãuf-verts ln Ner york. It Is concluded that apln nlcroneter can be used to ne¡aure rûetâlIoaa and that elght cou¡rona extrâcted ràn-doDly along the r$orst Etraight Line. of aplpe wlll providc thê accuracy necdcd forlarge-scale field aurvcya. Results of afleld survey of 190 galvanfzcd ateel cul-verts ând 35 ¡lu¡lnr¡ culvertE âre prè_Eented, and lnpleuentltlon of thesc,""uIt"ln tfey york ls discua¡êd.


