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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.
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,aLLsLr 
and g'i.lng

. r^ño and areas within a piPe to examine and

:#lï; 
have caused inaccurate resulcs'

.€Ìer many discussions of these theories, it was

"'.], "^ underÈake a nerr series of tests Ehat
u*,tÎ'itiitn"te moEt if not all of Èhe aPParenÈ
@ui---.or" in Èhe prior work. Àccordlngly, a Program

ljlii""*u Èo accorîpriEh Èhreè soars:

r To es¡tablish a satisfactory method to deter-
,-l net,al loss from a coupon extracted frorn a

ßl'llr" rocation wlÈhin a pipe (Pilot series r),
slttl'- rto determine the number and location of
-^,,ãn" necessary Èo adequately characterize netål
lI"å cirhin a single PiPe (Pilot series II), andt"';. To deter¡nine the long-term annual râtes of
-,,1 Loss frorn corrosion or abrasion or both for

'niiii^tr.u steel and aluminum piPes ln Nen York

S taee '

¡g1ÆtOPtlED¡T OF A METIIODOI¡GY FOR l'tEASltRIì¡G

tøfAl,-l'OSS RÀTES

eiloB series I

pilot Series I wås undertaken because of the ques-

¿ionaOle accuEacy of uslng l-ln.-dianeter couponE

Íìeasured wlÈh a Pointed micrometer to deternine
ûetal 1oE8 at a given point In a culvert. Alterne-
iiu" neâsurement methods were consldered, whlch
involved a larger sample speclnen, uEe of a flat
nicrometer, and actual weight rneasuretnents.

sp€cinen slze

It eas suggest€d that 6 x 6-ln. speclnene would
provide rnore accurate lndlceÈlons of neÈel losa et
glven locatlons wlthin culverts. Moreover, lt waE

argued chat weighing the specfunens and corparlng
ihen t,o Ehe weight of an uncorroded speclnen of Èhe

sane slze and orlginal gauge thicknese eould provlde
an accurate indication of metâI loss. Although the
reasonlng appeared convincing, uge of 6 x 6-ln.
specimens rras rejected for several reaaona.

Extracting 6 x 6-1n. specinens fron plpe ln the
fleld rould be extre¡nely difflculÈ and tloe-conaun-
ing for rrcre Èhan just a few plpes. Also, nåny PtPes
had flouing or standing wâter when lnsPected. Thls
rlone nould generally preclude renoval by torch-cut-
ÈIng or saning.

Further probletns arise in trlmning sflecirnêns to
exact dlnensions Eo that weights could bc cqÍparêd
accurately rrlth standard-s12e uncorroded speclnena.
AIso, problems could arise In rnatching the saÍ¡pIe
specfunen corrugatlons Èo the standaril sltêcinen. If
the corrugations ilid not natch, sone errors could
occur because of varying neÈrl thickneea along Èhe
corrugations.

rn addlÈion, patchlng the culvert rlth plpe Eeg-
fûents rould be cunb€rE@e. !¡låny varletles of Patch
pleces would be needed to match pipe corrugatlons'
thlckness, and degree of curvature. Fastenlng re-
placenents ln the culvert would also be tine-conEr¡tn-
lng and dtfficult. This 1s eepeclally itÌPortânt
because it wãs thought fron the beginnlng of thls
eork that up to 30 sanple specinena would be needed
for adequåte characterlzåÈIon of rnecal loss in each
PiP€. Àlthough a Iårger specinen could potentlally
Provlcle a nore accurate deterÍrination at â 9ingle
polnt ln the pip€, the number of sna1l speci!ûens
could be increased to the extent that Èhev provlded
the needed ilegree of accuracy when calculating rnean
rûetal loEs for the entire plpe. This Ehoul¿l becone
lìore evident in discussions later ln this pap€r.
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From these considerations it eag concluded t.haÈ
l-in.-dlameter cores would provide adequate informa-
tion for this work. They are relatively easy to
obtain, even when there is sone water flocing
Èhrough a pipe; replacernent. \riÈh rubber stopperE is
quick and economical; and given a large enough nun-
ber, they can provide the needed degree of accuracy.

Flat l,ficrorneters, Pointed llicrometers, and
Welght tpsE

To conduct this experinental work, a 5-ft length of
36-in.-dianeter, I2-gauge eorrugaÉed sÈeel PlPe was
obtained. It had been in service about 20 years, and
it nas uncorroded along Èhe toP (crown) and corroded
along the bottorn (lnverÈ). The PlPe sas of rlveted
construction and was made uP of Èhree Eectlons (or
" cang' ) .

Slxty-slx cores rere taken along the top of the
piPe (uncorroded area). TrJenty-two were Èaken from
each Eectlon at various locaÈions on the pipe cor-
rugations: three eâch from both the upstream andl
a-.^-L-^^, Ê'^õê Âi^h+ f7m Þha 

^rêaÞ, 
¡ná alahtrqvset v¡Þr'v

fron the valley.
Eâch l-1n.-dlameter core was rîeasured t ith both a

polnted (pin) rnlcronetêr and a flat micrometer. Aver-
age thieknesser!, as neasured by Èhe pin mierometer,
were conglsÈent arnonq the four locations on the PiPe
corrugâtlonE and fron sectlon Èo sectlon of the piPe.
They also conpered favorably wlth the noninal lhlck-
ness for a l2-gauge plpe--109 n1Is. on Èhe other
hand, average thicknesses, as meaEured by the flat
mlcroneter, were legs conslstent. The naln dlscreP-
ancy is b€tÌreen Eelåtively flat areas (upscrearn and
dornstream faces) and curved areas (crests and val-
teyE). ThiE effect ls exP€cted because the flat
nlcroßeter 'brldgesr the curved surface.

Another group of 24 cores t aE taken ålong the
culvert invert, dllanetricaLly opposed to 24 of the
66 cores fron the Èop of the pipe. Six cores each
(tl'o ln each pipe sectlon) rrere taken from the uP-
streâm and dornstrean faees, the crest, and the val-
ley. FroÍ¡ these samplesr 2{ PåirE of rneâsurements
were nade by weight, pin rnlcrøneÈer, and flat nl-
crdneter. By con¡pering neasurenents at the toP of
the pip€ (uncorroded) wlth those åt the lnverÈ (cor-
roded), rûeÈåI lost Èo corroslon was estlnated. Aver-
age losa (expres8ed as a Þercentage of uncorroded
thickness) rraa about egual for the welght-Ioss
neÈhod (23.6 perce¡it) ând pin rnlcrmeter (2I.8 Per-
cent). The loss found by the flat microfieter lL2-2
percent) was åbout hâlf thât lndlcated by Èhe other
tt,o nethods. rn thls serles of neâsuren€nts the
fIåt-nl,croÍreter nethod Provldes inferlor results,
but in a diffeEent eây than in the prevloue series.
Here Èhe results are falrly consistent frorn flat
areaE (upstreå¡r¡ and ¿lor¡nstreån faces) to curved
aEeås (crests and valleys). Eosever. thê brldglng
effect of the flaÈ ¡¡icrmeter cauEes a stgnlficant
differcnce ln results uhen con¡rared rlÈh the welght-
loaa and pln-nicroneter nethoda.

Becauae the weight-loes and pfn-rnicroneter rôeth-
ods each åpEear to proeide reasonâbly consiatent
resultg and are ln reâaonablY good agreeflrent, it
could be argued thåt the neight-lo8. method should
be used. It is a norc dlrect neasurenent beeâuae lt
averagea the loss on the entlre core. MeasurefnentE
Hlth a pln mlcroneter are onIY a sâfiPling of all
posslble neasurenents that could be taken. weight-
lose rueagurerûents on coresr hosever, hâve diEtinct
dlsâdvantages. FirEt, when extracted froû culvertst
corêa are noÈ necessârlly unlforn in gizc. They can
be cut at varlous angles, and thuE weights rnaY varY.
Also, burrs are left on the core, nhich must be
ftled down. Their reßoval 19 tirne-consunlnq and can
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also cause variaÈions in weight. Second, Èo be asaccurate as possible, cores would have Eo be takenin pairs (one at che pipe crown and one aÈ the in_vert). Measuring by che pin_micromeÈer neÈhod Èhusappears to be a reasonably accurate and convenient
way to estimate metal loss.

Pilot Series II

This series was underÈaken Èo seLect both sarnplesize (number of cores) and sanpling location tocharacterize metal loss in an individual culvert.Previous estimates were based on either visual ex_amination or on extracÈion and neasurement of asingle core. Both methods have shortcomings, andwhen- compared they provide divergent results. Torenedy this, large numbers of corás were extractedfron rnany pipe installations ln Èhe field to exaninethe variations that could occur. The pin_microneter
method, just discussed, was used.

SêlccÈiñd ô^ra t^.á¡¡^--

A great deal of thought was given to selectlon ofcore locations Èo provlde good estitnates of corro_sÍon or abråsion loss or both within a single cul_vert. In previous work the iworst Etraight IIneithroughout Èhe length of Èhe pipe was visually de_termÍned. A single core was then exÈracÈed froîr anaverage point on Èhat llne. In virtually all pipes
exa¡nined - this wây, the worst straight Iine rras
Perceived to be either aÈ the invert or along -Èheflow line.
. This approach suffers frotD two draebacks. FirEt,visual selectlon of the worst stralgti iin" througrr-out the length of the culvert ls a rough approxi;a-Èion at best. However, nutûeroug meaaurenents rrouldhave to be nade throughout the length of the pipe toselect a line that represents the greateEt corrosionor abrasion. This appeared to be an lnprâcticalapProach. Thus visual selectlon of the rrorEtstraight líne was retained. åny results obtalned lnthls manner muEt be considered underestlnates of themaximun corrosion occurring ïlthin each plpe, be_cause it is unllkely that, the eorEt condltions weresarnpled. Àlthough Ehe extent of thls underestlrûatewas not exa¡¡ined in thls study, in the authorslopinion the rneâsurer¡entE Èaken wjre within about 15percent of the Èrue values.
The second and perhape nore serlous draíback ofprevious work concerned the selectlon of a slnglepoint to represenÈ the Eupposed averåge condltlonthrou€hout Èhe length of the ptpe. tnfs can berenedled by extracting and measuilng several cores.

Average metal loas can be calculated and uscd ag anestinate of plpe conditlon. In statlstical sanr¡rllngtheory, a sample slze of 30 ls generally consiitereilthe breakpoint betïeen large and 
"r"i1 saftples.Therefore, for-thls ptlot serlea, a saafrle size ofabout 30 randcitly selected coreE apEÞaåa to u. 

"reasonable starting poinÈ.
one further conglderat,ion waa necess¡¡ry to select

Èhe exact sanple size. Because of the corrlgatlons in
Èhe pipe, the distribution of corrosion and abragionlosses could vary systenåtically along the pipe. IÈis conceivable, for ex¿¡nple, tnÀt tf¡e upstrean fåcegand cresÈs of the corrugationE could sustaln ¡uorenetal loss than doenstreâm faces and valleye becauseof thelr exposure to abrasives. To exanlne thls pos_
sibility, a stratified randoc-sarnpling procedure wasselected. Each of the four positlons ãn-tt¡e corruga-tionE were to be equally represented in the sarçte.To keep the sa$ple size aÈ 30 or nore, eight loca_tÍons were Eelected fron each posiÈion__a total of32 sanpling locationE per pipe.

TransporÈacion Reseârch RecoEd

Field Sanpling

In keepíng erith the statistical theorytioned,30 flerd 
"i11",.." rocared f", 

"'.i,:.t, i.n-worEÈ srraighr line in each pipe was 
"i;;;;í; 

Th.

lected, 32 sampllng locations -r.re 
."n¿orl--"Y es

r ied, and 
";¿;--;""." extracred ar each 

tT 
J*î.t.Results of ¡ùeåsurements on theEe cores did ;ï"i.;dIcate a conslstent difference ln metal_lfrotn locarion to 

-rocation 
wirhin pip.". IT "...!.instances, honever, a pattern r¡as observedl',: :a,gip", for exam¡rle, metal-IosE rates for 

-ehì-' '" oni
faães were 

"rr'-iiri]. rh¡¡ rn¡ --,, ^-.--" 
upst¡e¡¡

A1Èhough there r.ere no conslstenÈ differenecraÍrong locations wiÈhln noEt pipes, it appe;-r-öprudent to continue a stratified rand<procedure for arr furure dererninaÈio.jt 
"ì"iLTTloss. For pipes rher have. retariv.rv "rie"* rällll

::::"nn::: 
(-t.-"-._, Èhe majorlry) , nã n"rln rdourd b.rs! EneËe Enat nave nonuniforn losses, istratified rando¡n sanpllng would have ttre- aavaniagiof providlng the best estf¡nate of metal loss, In âstatlstical as well as practical sen8e.

Às noted earlier. 32 cores were extracted frceach plpe to provide a large 
""rnpf. eåì statisticalpurposes. Frorn t,he statlstlcal viewpolnt, thfs i;-àcomfortabl€ sa¡¡pIe size, bu-t fro¡n a pracilcal vis¡_point, Èhis ls a large and tirne_conãurnirrequire.ent. rhls is especlalry true ¡rhent?""tffl1tffa large-scale field survey of several trun¿re¿ ptæa.Thus datâ collected froÍr aIl pipes in this pilotseries were exa¡nined to see if sr¡affer nunb€rE otcores could be taken wlthout sacrificfng a greâtdeal of accuracy in deÈerninlng metal loss.

The standard deviatl.ons of all 32 tnetal_loss
meâEurenents for each plpe were calculated. üolrtstan.lård deviations (all but four) fell between 0.2and 0.9 mils per year. .I\ro were lege and Èrro rcrêgreater (1.78 and 1.51 ¡nil.g per year). For purpo¡rêrof selecting a reasonable sa¡îple-size, a worst-crscvalue of 2.0 was exanlned. uJing tt¡e centra} LllltTheorern_ loi,= a/ñ, rrhere dx iE the standârd devh-tion of the nean, o is- the 

"""orn 
à--populatlonstandârd deviaÈion, and n is the Eanple Elze), thcvariatlon in the estirnated rneans can be predicted.

1l:, "1tu"r of.- dl and Zo, for ,r".io,r" Eatprrslzes when o - 2.O are aa follons:

faces were atl higher rhan for .ny-oln.i-o;:ì:1:3

iixi¿îi:i"""1Tå"=""l"ll::::ï;"",î..å..."îIil

tt oi 2oî,
I ã-. oo 4.¡'?)
4 1.00 2.OO
9 0.67 1.33

16 0.50 1.00
25 0.40 o.8o

The valueg in the cohsn headed 2oT are thê95 percent confidence level shen estlnãting the
mean. ff nine coreg were ¡Ìeagured, for exa[pIe, ltcan be stated that the true nean of the pipe coulallie rlÈhln 11.33 mils per yeår of the neagured
nean. As can be noted frm this table, estft¡ates ofÈhe true nean becdle trcre accuràte as sanple slzeincreageg. Horrever, after a relatlvely few sanpler¡snal,l lncreaaes in accuracy regulre lärge lncreaserin såm¡r1e Eize.

Selectlng ganple slze thua becoûes a ¡latter ofbalanclng the coat of neaauretûent!¡ agåinst thedegr,ee of accuracy desired. Although iË ls rela-tlvely slnple to eEtlnâte the cost ãf sarplinq, lt
is dffftcult to place a itollar ealue on variou!levels of accuracy. IÈ sas prevfously nentioned thata saftple sfze of 32 coreE per pipe appeared excea-sively costly, but a Ea¡lple size of I can provldG



B¿llålr ând Ering

ooor accuracY. Thus a ga$ple size betHeen I and 32

soufd b€ aPProPriate.
To use the stratified saraplinq technlgue Pre-

vioualy nentioned, the gamPle size must be a nulti-
pi" "t 

four in or¿ter to get egual rePresentaÈion of
|n" fout Posltions on Èhe corrugations' A reviev of
il¿ aata ln t,he table indlcates that once che satnple

gíze exceeds nine, the ¿lectease ln 2o; becones

relatively s¡nâIl. thus it raa decided that a sanpte

sLze of. elght (Ehe mulÈlP1e of four closest to nine)
yould be used for field surveYs.

For the exanple given in this table, thls rÚould

olace 20ç at 1.41. In other words, if Èhe Èrue
'standard'äeviaÈlon for a pipe were 2.00r the true
ß€an netal loee would lie within tl.41 nlls per
vear of Èhe calculated mean (95 Percent confidlence
ievel). Although Èhis lnterval rnay aPPear soneshât
Large, two PolnÈs should be considered. FlrEt, a

standard deviation of 1.78 is the largest of the 30

cases obaerved ln thiE Pflot Eerieg. The second

largest was 1.5I. This would yield a conflclence
interval of tI.06--about 40 Percent belor the
value just indtcated. Thus lt eaa reaaoned thet the
våst majority of estinates of rnetai losa rouió be

rithln about 0.5 rnlt per year of ehe true value. It
râs generâ1Iy agreed thåt Èhls would proeide ade-
quate Precision.

The Eecond PolnÈ to conslder iE the nunber of
pipes to be evaluated in the flelfl Eurvey. It uaa

äntlcip.t"d thât Eeveral hundred PlPes would be

r""pf"å. Becauae the netal-loag estirûace for each

lndlvldual plpe would be reâsonâbly åccurate, over-
all statenlde aaaeaEnent of metå1 loEs noul¿t be

extretlely accurate. Snall errorS ln Èhe estfuDâted

Dêân6 of indtvldual plp€6 r.ould be er!Þcted to be

balanced betYeen overestinrtes and underestlnltes.
Consldering all thl'a, a strâtlfled randor¡ sarqrle

of elght cores Per plpc appeara adequate to charac-
Èerlze ¡¡etal lossea of plpe for a larEe-scale survey
of pipe condltlon.

I.ÍEAST'RED T,IETAL-LOSS RÀTES

selectlon of Culvêrt Sltes

Before thls study Ner York uaêd å durablllty dectgn
for galvanlzêd sÈeel culverta bagedr ln Part, on a

Eurfåce-raÈêr corroglvcness ratlng ('e)' Flve 9€o-
graPhlcãl areaE ln the 8tâtê rere asaigned relâtlvê-
ðorroglyencas ratlnga baEed on luch factora as ¡ol1
ty?e' rater hardnegs, and PE. At thc tllê thêsa

"iL." 
rere ldentlftêd, Èhey e.rê ln reasonablc

agreêænt stth esttnåted !et¡I-los! râtê' est¡b-
ltehed tn the 19608. À! EorG dat¡ lcrê collêcted,
hoeeyer' the suitabluty of uslng thaao erêal ral
questloned. thua ân atÈGqtt vrÚ o¡dc to locatê
enough culvert 31te! ln each arêr ao Èhlt thelr
relåt1ve corroalveneag could bc cstâbllshêd'

Initlal studlea of ah¡lnr¡¡ culverta lndlcâtêd
thât ltttle lf any [Gtâl lo¡a s¡¡ occurrlng' lhêra-
fore dlltributlon of sltc! æng the salc geoqrâphl-
cal areâa ar galvanizcd stGcl dld not ât4'Gar crltl-
cal. Íhls laa fortunatc bacauaQ thê statê haa ¡ nuch
E!âlIêr PoPulatton of âllnlnl.rD culverta.

Orlgtnaily, lt eås antlclPatcd thâÈ Ñ!t Instâl-
latlons vould bc at least 20 ycarÊ old' In reallÈy'
thls goal could not be Eet. one Probler lÉ Èhrt l¡êl
York 

.h¡d 
PrêvlouEly spcclftcd asPhalt cottltrg or

a8phrlt coitlng and pavlng on prefabrlcatd ttlPc'
Àlaor sda of thc geographlcal areâa eêrê rèlatlvcly
sûåti and contalncd fer hlghvaya. In addltlon, ovcr
thê years nany culverts had becn rePlaced bccauae of
raahouts and other fåctora.

À11 Etate Project8 conatructcd uslng galeanlzed
8te€l alnce the 1920s r¡ere rcYlered. B€câuae thêy
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dld not yield the desired nunber of sices, Èosn and
county officials uere conÈacted ln an effort to
locate rnore. where adequate records exisÈed' Eeveral
riþre EiteE were added to the Progrètn. Durlng the
actual fleld tork many sites had to be ellninated.
sone culverts had been replaced by other ßaterlals'
som€ were totally lnaccesslble becauEe of debris or
ertrenely high sater IeveIEr and Eme Here concrete
or asphålt coated and paved. Por these and nuneroug
other reasons, Èhe finâI nurber of galvanized ste€l
culverts examlned ras 190. AlÈhough thls fell short
of the original goâ1, there were enough to charac-
terlze netal-Io89 rates clthln the 3tate.

Thirty-five suiÈable aluûlnurn Eltes l,ere tested,
moEtly on torn and counÈy projects. Àlthough thlE
number Is relatively loc, it represents vlrtually
all Eites avallable for lnspection.

Data collectlon

Fle1d Fork

A table of ranódl nut¡b€rg råÉ iisÊd èÛ sê:.eci ihe
eight sanpllng locatlons throughout the length of
thà culvert âlong â stralght llne of 'worst corro-
sion.' If a randoly seLecÈed locaÈlon ïrs åt a polnt
where thê ptpe waa Perforatedr then å neÈâl-Ioas
egulvâIent Èo the original r¡etal ÈhlckneEE sas re-
corded.

In ådditton to Èhe eighÈ senPlea taken along the
lnvert of the culvert, ânother core ras laken ln an

u¡rcorroded ârer åt the top of the pipe to deternlne
the orlginåI netâl thickness. ft ses also used to
obtâined a rough lndicâtlon of the condltlon of thê
eoll alde of thc plPe.

Sotle sltes hâd trc or more culverts slde-by-elde
ln a streaû channel. In those instances only the one
thrt apperred to carry the nost râter or carried
sâter Dst often eaa saEPLed.

Earllcr NeÍ York studleg falled Èo detect a

illrect relationshlp ¿¡¡ûong a nunber of envl'ronnental
f¡ctorg and nctal loaa. One last âtteqt sas l[ade ln
Èhl8 study to establlsh a relatlonahtP bêtt êen PlPe
gradlent ând úeÈâl-loar rate. In eâch culYert the
gradl.cnt ra8 Eeattured by uae of a strlng-and-llne
1eveI.

Låborrtory llork

All corer êrtractd fro culvertr lû thê fleld rere
brought Èo gha lâbor¡tory for cleanlng and neâaur-
trìg. Aftêr clc¡nllrgr I0 neaaurer¡entt varê ¡adc on

erch corc by tro ftcrlona. ThG resultr rcrc cøblned
to dcterElne averagê thlcknera.

l,letal-Iþaa llåtê8

Àfter crlcuhtlng thê avcrrgê thlcknês! of etch
lnvcrÈ corer lctal lo8! ra! dctcrulned by subtract-
tng that vrluc frd thc thlcknGrs of thc corc trl(eñ
at thê cEorn of thê culvcrt. flrlckncas of thê croln
8qr1ê rrt Prcfcrred ovcr à thcorctlcll gauge thlck-
n"¡ã, unleaa thê croYn 8arple erhlbtted corrorl'on
loas. ÀveEagc annual !êtr1 lora for êach culeert las
obtrlnèd by iltvldllng the avcrâgê ûctel loas for al'l
ê19ht cores bY thc age of Èhc PlPe.

Datr Ànalvrlr

Stscl Culvart!

Aft€r Eêtâ1-1o8r râtea verc iletcr¡lned, thê flrst
Btcp ln ôttâ analysls conslgtcit of Plottlng all
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these raÈes on a Large ståte map. Eåch value sås
plotted according to IÈs 9eo9råphic locatlon. The
plotted points were color-coded Èo indlcaÈe Èhe
relatlve severlty of netal-lossr ratelr.

It was anticlpated thât the map eould be overlafd
with the five areag of relatlve corroglvenegs dls-
cussed earller under Selectlon of eulvert Sites.
Before Èhat rras dlone, horever, a declded trend wås
observed in the data. It wag obvious to all engl-
neerg who vierred th€ rnâp that metal-loss ratea in
the Bouthern portion of the Etate uere generally
much higher thån ln the northern portlon.

several engineers i ere agked to ¿lraw a IIne
seParatlng the state lnto tso zones representlng
relatfvely high and relatieely lo? netal-Iosa råtes.
À11 llnes drawn were quite close together, and a
coruposite line uas then created.

Flgure 1 shons all luetal-losa râtelt plotÈed on a
state nâp. Each value fs deslgnated by a syrrbol
indlcating its rûeta1-loas range. Culeerts that had
perforaÈions are alEo narked, and Èhe cffiposlte line
is Ehorn. The northern portion of the Etate abo|'e
the line ls deaignated zone I and the southern por-
tion Zone 2.

Next the trro zones were conpered to the origfnat
flve areas of relatlve corrogiveness. Figure 2 shors
these areas along nlth the corûposlÈe llne dlvlding
the state into two zones. Aa can be seen, all of
Àrea à (least corroslve), eirtuâlty all of Àreâ B,
and nearly all of Àrea C are in Zone l. On the other
hand, Zone 2 is alnogt exclusively couposed of Àreaa
D and E (rnost corrosive). In this senge, the olit end
nes dfvislons of the state are in general âgreenent.
HoÎ,ever, one naJor dlscrepâncy etists. A lerge For-
Èlon of Zone 1 contâins Areag D and Er rhlch wcre
prevlously ågauned to be fmEt corrosive.

Earlier work suggested that structuraÌ-plàte
culvertg tended to hâve loner rnetål-loas râtes thân
prefabrtcated pfpes. Thlg nas reexanlned tlth th€
current dâtâ. In both zonea atructural-plàte pip.s
have lesa lnetal losa than prefabrlcated plper, but
the dlfferences are not partlcularly large. There-

fore it ?as declded thât all data for
could be conbined r.o chåracrerf ze neral-1o"""1I.jï.

Further revley of the data ln the tro
veals considerabte diffesencea ln .¡" n"ulill tl
culverts thåt hâvê perforatlons or ccnplete n¡rìlrercval. The most lrevere losaea occurred ln zon- ì'Of the 75 cuLverts ln thât zone, nearly naff ìrilhad perforatlona at thê flos line or Invert.'-o'j.
contrast, only 6 of 115 culverts ln Zone I exhtbltl
such rûetal loss.

The gradlent of each culvert waa rneaaured In à¡âttenpt to deterrnlne lf a relationship could iqestabllshed betïeen grade and metâl-1osa ."t". d-thouEh conrEon sensc sould lndlcate that such 
" ..i*tionshlp shoutd exlat, in facr ir di¿t not. Of li1pip€s exanlned, honever, only l6 had graillent;

greâter than { pêrcent. Nevertheleas, average rîg¿¿l
loases for all gradienta up to 12 percent renâl;ä
essentlally the sa¡!e. In âdditton to the fåct th;;most grådients sere relatlvely low, other enviroi-t¡entâl factors appeared to plây å Íþre i,*p"rtiii
role.

The ninth core tâken at the crorn of the pipe e¡¡rroaá ¡¡ âãtâ--¡-^ --¡-¡--rerÀy¡¡¡ê¿ trcEa¿ EntCf,neSS and algoa rough lndicâtlon of the condltlon of Che soll stOiof the pl,pe. In nearly all cases Èhe galvanlzins ,.ilntrct. In Èhe re!ûâlnder s@e gâIvrnlzlng loEs a;119ht ruatlng râs evident. No heavy pltting rà!
obaereed. Thls conflrna previous oleervations ¿¡l¡
suggeated that soll-stde corroclon wås not a slgnlf-
lcant probleû ln gâlvanlzcd steel culeerts ln l¡ct
York.

Àlunfnr¡l Culverts

Although lt yac antlcfpâtêd thât alunlnrrn culv€rt!
rould exhlbit lor rctål-loaa ratea, the sane sa¡-pllng plån vaa uged: clght corer rândonly selected
froD the lnvert or floe llnê of each plpe, tro erch
froE the four Eosltlons on the corrugâtlons, plus ¡
single core fro[ Èhê croúri. À6 erpected, netal-Iosg
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FIGURE I Mct¡llo¡¡ r¡tcr for stecl culvcrt¡ in New York St¡te.
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r-rtDF o a._--L:- ----- Ã3 --l-É,-f ¡vvñÞ - vsvÉ¡-lr¡.&
c{xro6ivcnclr ftom ptbr rñ¡dicr.

frtêa terc lor. Nonc of thê culvcrtr had a los¡ Eore

Èhrn 1 rû1.1 P.r yerr. Although thc ¡lt¡olnun culvêrtE
irc ccu distrlbuted ln thc trc zones ldênÈlflêd for
rt¿cl PlP., thêlr ætal-lo!! ratêt arc equally lou

sign llfc of thc plPc. to accoqrlieh thl!, tro fac-
tors necd to bê estrblllhcd:

in both.
Figure 3 sumârlrct tha Dctal-lo!!

rtccl (sêp¡ratGd by zonG) ¡nd âluilnl¡r
Ícr York.

IDlræntâtfon of Rêsultr

sÈcGl culvort!

1. f,hê cxfr.ctêd ætâI-lo!!
lnrtrllåtlon' and

2. tha polnt rt rhlch ft
rePå1rÊd.

ratG for a prrtlculâr

lhoutd bc replaccd orrêaulta for
culvêrts ln

Brrd on thclc rGsultar acvcr¡l tuggeltlon! rar.
r¡dc for ller Yorl( Stata. IÈ râ! Polntêd out thrt lor
rtccl glpc, no lPGclaI dur¡blllÈy dcrfEn la nccc¡-
r¡ry to ProtGct tho outrlda of tha PlP. or thc ln-
¡ldc abovc the tlor tlnc. Eonvcrr lt 1r llPortant
to provldc cnough úctal thlcknart ¡t or bGloY thê
flor llnc to rccount for ¡otrl lort durlng ehG dG-

rlGtal-loæ rrtê! ttrc eútlblllhcd on a Prob-
abtllstlc brtl! for thê tro gcographlc zonêr dG-
scrlbcd. Fo! zonê 1' ¡ ætât-loar rlte of 2 nlls pcr
yG¡r Í!! sclcctcd. Àbout 90 Pcrcant of rll steG1
culvêrt! 1111 hâec lo¡¡cr êqull to or lcre thân thls
aFr¡nt. For Zone 2, a valuc of I ¡lI¡ Err yc¡r e¡8
cho¡cn, agaln¡ about 90 ParcÊnt of thc culvart! ln
thlt zonG r11l havc loalc! no grcrtGr thrn th¡t
tænnt.

Eltrbllrhlng th. Polnt at ütrtch r culYêrt re¡chc¡
thG end o! lt! u¡clul tlfc l¡ ærG dlfflcult. It
coulð bG argucd Èhrt th. !¡fê!t Polnt l! rhGn Èhc

ltructurll arlcÈy t¡ctor ol thc lnltallttlon rarchor

Averâtc tßcsl Lo3!, ûflt/Ycrr

HGURE 3 Di¡tribution of rvcregc mct¡l lo¡ for uncortcd rluminum md
d€€l cr¡tvcrts.
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å value of 1.0. ln reallty, this point can only be
e6tinåÈed rather crudely. Ànother argunent could be
made Èhat rnany culverta wlth lnvertg congletely
removed are Etlll in service. Fron a gtructural
standpoint, horever, those lnstallatlons âre at best
unstable.

For design purposeE, New York hâs eståblishêd a
theoretical end põlnt. It is shen Èhe culvert lnvert
or flow line would be cotnpletely renoved lf the
design metal losn 12 ot I nlls per year) occurred
unlformly throughout the length of the culverÈ.

The followlng exanple wlll denonEtrate the design
procedure. Assutûe Èhat hydraulically ånd struc-
turâIly an installatlon ln zone I requires a 48-in.-
dianeter, I¿l-gauge steel pipe. Itsfng a netâl-loaa
rate of 2 mils per yeâr for â design llfe of 50
years would require a nlnimum 100-nil rnetal thick-
ness. Because l,l-gauge plpe has a nonlnal 79-nfl
thickness, lt dloes not satisfy the durabillty re-
quirenent. Therefore, elther a l2-gâuge plpe (109
mils) tnust be used or a protectlve coatlng of sulÈ-
able durabllity rBust be applled to the lrl-gauge pipe.

Alumlnum culverts

The design concepts applled to steel culyerts alEo
ap'ply to alu¡rinun culvertei that ls, a ¿lesfgn metål-
loss rate and an end polnt ln the llfe of the cul-
vert Ehould be establfshed. Based on the reeults of
thls Etudy, a netal-loas rate of 0.5 nllg per yeâr
Hâs selected. This value rould be exceeded ebout 10
Percent of the Eine. The sane theoretfcal end polnt
can be applled to alu¡ntnun as Eteeli thåt ls' the
Point at rhlch the ineert or flor 1lne eould be
ccmpletely renoved 1f the deslgn Detal loaB (0.5
tnll) occurred unlfornly Èhroughout the length of the
culvert.

Transportât,ion Reaearch Record

In pracÈice, applicaÈion of Èhese criterla.^
aluminun culverts 1s guite slmple. Based on-.Jo
maxlmum 70-yeår deslgn life, only a ¡s-nif ,.ìll
thtckness would be regulred. This ts 

"uu"t"ntl"-illbelon Èhe mlninum thickness necesrrary eor 
"tructul,Íintegrlty, and thuE no specl.al durabllity 
"on"fa..ìltlons are required.
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Bacterial Corrosion of Steel Culvert Pipe in Wisconsin
ROBERT PATENAUDE

ÀBSÎR.Ègr

An ongoing proJect to lnvcrtlgate culvêrt
corroglon ln Hlsconsln hâs lndlcâted thet
anaeroblc sulfåtè-reduclng bâctêr1¡ vcrc a
contributlng factor in the corroslon of gal-
vanized steel culvert plp. at 3l percent of
the culvert sltea exålined slncc 1972. Îrrc
corroglon products and trro environnêntg of
corroglon are characterlstlc of bacterlåI
corroelon. One aseoclatfon ls oxldation
scale¡ shich 1g related ¿o bacteri¡ âctiec
in organlc, poorly clralned sollB of neâ!-
neutral pE. the other la nodular oxidåtlon,
shlch l¡ related to bacteriâl colonie¡ on
the plpe surface assoclated wlth å râter
source of nutrients and charåctarlzed by
local perforationE of the lnvert, partlc-

ularly along the flor llncs. In thls plper
fleld tesÈs are dlgcugsêd ând a descrlption
of tàê occurrencc! lc glvcn.

A contlnulng profrra¡ to lnvestlgate culvcrt corro-
slon ha! bccn ln effect in ïlgconsln glnce 1965 ¡nd
hâs inlrolved the er¡¡lnatlon of approxlnately 500

culvert ElÈes. thlE progrâr vâs lDitlâted by usltrg
equlpoent and procedurec describcd tn callfornl¡
Test l¡tethd 613-8 Gr3). Thf! ls a syeten for prr
dtctlng culvelt plpJcãrrorfon ratea baaed on pB and

electrical reelstlvity valuec of 8oi1 ârìd eater ât t
culvert glte. EiEher corrogion ratea are aesoclated
sith lover yrluea of pE and reststlvlty. Predlctd
tlæs to perforatlon of culvert plpe affordêd by th.


