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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.
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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.
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-,c^r^ía t.est method sere coÍlPared with observed
ctrt::;;; rates inferred froÍì Pipe gauge and date of
ett",')-i'ur" provided by Eags on the pipes (before
:nånl.'--"" nore sites were exanlned, it developed
t960)',*. better correlatlon between predicted and
thãs---'*corroglon rateg occurred at sites where the
oÞl".t-ì=-.orto"ion rates were r;ratively hlgh and the

'!"i-"-i,,." eere lorr. But at mãny siteE of near-neu-
Pll ."":;, the actual eorroslon rates were often much

""Li, 
"rr.n 

the predicted corrosion rates. A Ilter-
ît-'.-llZ"^t"n was begun for oÈher posslble sources of
l,ll.Jrion, and references were noted concernlng Èhe

i"^1io"iu" effect of anaerobic sulfate-reduclng bac-

,"ri, tn soil (l-!) '

SOIL-RELATED 
BACTERIÀL CORROSION

-hâ contribution of bacteria to corroslon nas flrsÈ
'-'^'^*nizeð by Dutch scientists In the 1930s, and

lñJJ .n"a ti¡ne work has been done ln England and

]". unitea StaÈes ió ii¡riher idÉí-.tifi ihê PiocesE.
j.ät"f Etrains of anâeroblc sulfate-reducing bac-
ilri." o"" hydrogen in their rnetabollsß of sulfâte to
.rifi¿" and in so dolng maint'ain an electrlcal po-

i"iai"f betneen anodlc ând cathodic PorÈlons of
,J"ef pipe, Èhereby PerPetuating a corroslve envl-
,å-"nt. These bacterla are nost commonly active in
ãrly drained organlc soil or near-neutral pH' usu-
'rlly oetre.n pF 5.5 and 8. Actlve anaeroblc sulfece-
iøúcing bacterla are associated çlth oxldation-re-
å,¡ctfon (redox) Potentials ln the soi1, nhlch con-
ænly range fron +200 to -200 rnilllvolÈs' and a

?t"rã t""t for thelr Presence ls a meagurenênt of
che redox Potential of Èhe 3oi1.

À further fleld test for the presence of theEe

bacÈerla lE a test for the presence of Eulflde in
the soil. Sulfiile only occurs naturally ln soll ae a

resul! of bâcterlal actlvlty. olLute (0.IN) ECI ls
aclcled to a soil sarnple and lead ¿rcetate paper ta
used ast an lndlcator. If sulffde Is Present ln Èhe

soll, Èhe action of the acld generates hyalrogên sul-
fltler thig results ln darkenlng of the test strlP by
che fornatlon of lead sulflde.

üany culvert sites that have hlgh obgerved cor-
roalon rateE andl lor Predlcted corroslon râtes based
on pH anil reeistivity valuea lere reexslllned and
cere found to glve posftlve lndlcâÈlons of bacterlal
corroslon, slÈh solls characÈerlzd by 1or redor
valueg and pogltlve te8tE for sulflde. Perforning
the redox and sulflde tests becane routlnê, ln ¡ddl-
tlon to perfornlng PE and reslstlvity tê8ts of sofl
and ryater, in the courne of all subaeguent culvert
corrogfon lnvestlgâtlons b€ginntng afÈêr 19?2.
An¡eroblc sulfate-reducing bactcrla vere obscrvêd to
b¿ active ât the greatest nlEbêr of culvêrt 8ltes ln
spring and eårly Eumer, lhcn the soll râs bêcoûlng
tarneil and was also lrcre comnly râter srturated.

The Eoat coÍûcrn corróclon Product found to bê
assoclated rlth âctlve aulfate-reduclnE brcterla ln
the Eoll l8 scale on the PlPc lneert. Thl! scalc lr
sluilar ln appcarance to corroalon scalc thât devel-
opa ln acld or 1æ resistivlty enviroffientr or both.
thle corroelon product ls reported to be blâclß by
reaearchers eho htve atudled the corrorlon PEoducta
on burled sa¡f¡lear but ln the câse of culvert P[!t€s
the corroslon producta are usually c:tposed to Eor€
aerlted conditlonsr and the scâlê roon bêcoaes ruaÈ
colored.

Resulta of the hydrogên eulflde teat dePend s@e-
Yùrt on thê tine thaÈ the acltl ren¡ins ln contact
utth the soll. The procdure follosed ln tllaconsln
Is to allos 12 to 15 nin for Èhe rêactlon to Pro-
ceed. Relults are subJectlve ând arc claeglfled as
negàtlve, weakly poaltlyc, rrcderåtêly Posttlvct

b/

posiÈive, and sÈrongly positive. The strength of Èhe

reaction ls dependent on a nunber of factors, in-
cluding the amount of organlc materlal in Èhe soil'
the arflount of tirne that Èhe soll has been in a re-
ducing environtnent so Èhât sulfide can accußulate,
and Èhe activlty level of lhe bacteria. LoÍ redox
values can also result fro¡n several condltfons ånd
can be related to the action of denitrlfylng bac-
teria and iron- and manganese-reduclng bacteria, but
the lorrer redox valueE have been found to be coíl-
monly associated !rith actlve anaerobic sulfate-re-
ducing bacteria.

The effect of anaerobÍc bacteria aPPears to be

greater ln clayey and sllty soils lhat hâve low
electrical resiEtance, whereas slnilar redox values
in higher resistance soits appear to be essociated
wlth Less dranatic shortening of tlme to pipe per-
foration. In splce of Èhe lrnpreclslon involved, a

tentative chart Èhåt relates redox ånd electrical
resistivity values to a correctlon to the predicted
tlnes to Perforatlon by the Callfornla meÈhod 1s

shoen in Figure 1. Thls chart ls used for 3o11s that
have provided â Posltive test for sulfiile uslng
dilute FCl and lead acetâte Pap€r. The chart ls
ernplrical and ls based on fleldl observation' and

addltlonal studies w111 probably lnd!'cate a continu-
lng need for nodiflcatlon to Èhe chart.

loo looo lqooo loo,0oo
ort cEllllclEFs

FIGURE I Redox correction to C¡liforni¡ method

for sites úth poeitive n¡lfrde te¡t.

wherê anaeroblc Eulfrte-reduclng bacterla ârc
âctlye tn the soll at thc sltc of a eteel culvêrt
ptpe' the Potentlal for corroalon Day bê reduced by
rercvlng the organlc goll and by currountllng É¡e
ptp€ rith ât leaat â fæt of cruthcd thcstone or
clean gand. the uaa of EGotelrtilee nay helP prcvent
úlxlng of thc ftll rtth nåtural 8o11. Íhl8 thould
extená the servlcc lffc of stê€I culeert PlPc ât
sltes rhêre thesê bacterla åre ¡ctive ln thê sotlt
ar lndlcated by redor vâluea ând E2S testa.

I|AÎtsR.RßI.ÀTED BÀeIERTÀL CORNOSION

wlth thê recognttlon of thê corrotivê effêct of 8u1-
fate-reduclng bacterlâ ln thc 8011, it raa thought
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Èhat Èhe cause of corrogion at most 31Èeg that have
high corrosion rates was undersÈood. tloHever, in
1979 culvert siÈ.es on several projects were eaanined
shere culverC pipes up to 12 gauge in thickness hed
perforaÈed in less than tB years. These rrere ¿¡t
sit,es r,here tests for pE, electrical reEistivity,
and bacÈerial activjty ln the soil had indicåted low
corrosion rates. One coÍtr$on characÈeristic of these
siÈes was Èhe preseirce of nodular oxidation products
on the waÈer-covered invertE of the pipes.

Previously, culvert pipes thât håd these rust
lunìpE had occasionally been observed at other sites
about Che state, but generally the occurrences had
been fei, in number and had not been associated with
high corrosion raÈes. Culvert pipes that have
nodulee also coñnonly have discrete perforatlons 1n
the Ínvert, often concenÈrated along the flon llneE.
îhe met,al surface beneath the nodules is coruoonly
pitted, and yrhen ecÈive oodules are first renoved
fro¡n a pipe surface the underlylng pitted surface iE
bright and shiny. In time the pitg beneaÈh the
noduleE penetrate the pipe, thus creating the per-
rvraL¡o¡¡9. Þétrtf,rrts 9t f¡au¡eg were EaKen E0 Ene
University of Wlsconsfn Bacteriology Departnent and
were ldentified mlcroscoplcally as bâcterial
colonies (see Figure 2).

FIGURE 2 Nodul¡r oxid¡tion gmcratcd by eneerobic ruIfate
reducing b¡cteri¡ colonie¡ on n¡rfrc€ of plete erch, about one-third
scale (water level in pipe recently lowcred).

Sanplea of noduleB eere allo trkên to thê tnlver-
Blty of t{lsconaln fi¡etâIlurgy lÞprrÈ[ênt, ånd â
chenlcal test foE r brctêrhl orlEln of the noduleg
uaa suggeated. lhls conrlstêd of ¡ nutrlent broth
knoín ås Baârra aolutlon, rhlch turna black because
of the fornatlon of lron eulflde rhcn anaeroblc sul-
fate-reduclng báctcrlal ârÊ preaênt. Strongly posl-
tive results of thl¡ test lndlcâted the presencê of
these bacterla ln the nodule!. In additlon, sal¡rlea
of acale froa plpca at slÈes of 1or redox frotentlâl
and positiee Eulfldê têsts of thê soll yere alao put
in BaarrE solutlon, eith positlve reaults alao con-
firning the preEence of the bâcteria ln thesa cor-
roeion products.

ÌfoduleB ârê cænly about the 8lrê of f lngcr
tlps, but havê bêon obaaryed as large rs half r golf
ball. The nodulea bêcde åctlve In eârly sprlhg rhen
rneltïâtêr beglna to flou. whên flr8t âctlve, thê
nodules arc Araylah-greên, but rfter a fey dry6 thêy
bec-ooe oxlitized to ruat brorn. Durlng p€rlod8 of 10ú
or fluctuatlng rrter levels the nodule¡ becoEe Eoft-
ened, and vhen thc nert perlod of.hlgh sâler floe
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occurs the softened nodules are often flushed c-the pipe, lhereby renoving obvious traces ôf.:(0t
presence. A positive Èest for F2S is o¡taineA'ïtr
firm nodules are placed in dllute Hcl. The saro llaton softened, oxidized nodules provldes negati;.'ert
su1ts, probably because Èhe sulfide is c"ì";:oxidized when the nodules are ex¡rosed to air. -^rl

Apparently, nodular corrosion result,s fron r.
activity of sulfate-reducing bacteria, r¡,icn l']e
independent of the soll and r¿hlch obtain nutrt:::
frcrn the water at the culvert siÈe. Thls typ.-ll
corrosion has been observed at sites of standini
water, and also in better-drained areas where .ìt
soil would generally be too weII aerated a" .un*ll
anaeroblc bacÈeria, but nhere running water is-p¡*i
sent in the pipe a signiflcant part of Èhe year.'J
general typee of tocalitles have been notea nn.ll

- nodular bacterial corroslon has been nost coruü=
One fs at sites of perennlal streams that drain
marEhes or shallos lakes that have a 1arge arnount ^ibottotn vegetatlve grosth. The6e klnds of sites r.Il
to be randonty dlstrlbuted âbout rûost of wt"consini
¡r¡Ë erner Elr[re or occurrence Can InVOM a nunbef Otculverts in a local area where more of the drainagi
nay consist of surface runoff and irlll therefore hmore lnternlttent than drainâge of the first groùD,
The source of sulfate åt these latter rocaliue¡
night be relâted to tocal geology or to indur¡trv
Hodular bacterlal colonies have been oUservea ¡¡sites shere sulfur in the rrater renged fron I to 3jparts per nilIlon (pFß). Development of the nodule¡
doês not appeâr to correlate dlrectly rrith Èhe EuI-
fur content of Èhe rrâter, and lÈ appeârs thâÈ othe!
facÈors rDay be involved. In addttion to culvert
pipe, nodulâr corroalon has been obgerved at a d¡
on the Yelloï River in central Wlaconein, shlch re-
sulted in perforatlon of the corrugâted steel gates.
Noduleg were âlso obgerved on câns, rallroad splkes,
and tle plåte8 dlecarded ln a snall streå¡r.

Currently, there is no predlctlve nethd thåt ciu
indicâte a potentiâl for nodular bacÈerlal corroslon
oÉ gâlvanized steel pipe assoclated r.lth nater at ¡
culvert alte, nor ls there a suggestlon regardlng
preventlon of thfg problern.

RESI'LÎS OF FIBLD TESTIÑ;

Slnce 1972 testg for Éulflde ln Èhc aoll have b€er
frosltlve at 95 of {18 culvcrt sltea rhere thts test
ea6 run. Sulflde teata t,êre not run ât sone cell-
dralned sltea thât hâve granular soll devofd ot
organlc Bâterlal. In âddltlon, nodular bacterhl
corroelon h¡g b€en obaerved åt 35 of ,118 sitee, rith
the re8ult that anâerobfc sulfate-reducing båcterla,
elther of a soll or a eltÊr orlgln, rculd be a fac-
tor ln corroalon ât 31 p€rcent of Èhê culvert sltlr
tested for thc preaence of bacterla slnce 1972. Cur-
rent e:(periencc lndlcatea thåt alrcst â11 corrosloû
oÉ galvanlzcd steel plp€ thât hag bccn noted In
Wlsconrln c¡n be relatcd elngly or in cooblnåtion to
lov pE, hlgh electrlcal conductlvity, or b.cterhl
activlty rt â culvert sl.te.

It hrs alao bccn obgervcd thât thê presence of
Èhê8G brcterla hag no effect on concrcte or alulin|Jr
plpe. Têsts for the preaenco of Bulfldê ln thc sofl
eere run åt sftea of 1¡l âlu¡lnuú culvêrt plp.s, both
e:qrerlænt¡I Eltês ând Bltes of corrodêd ândl rê-
placed galvanized Btecl plpa. Elght of thesc sltrt
gavê porltlvc tcatB for the presencc of anaeroblc
sulfatê-rduclng bactêrla. In addltlon, tests for
BuIfIde rGre run at thê sltes of 38 concreÈe plpcr
ånd concrete borea rlth corrugrted sÈcel culvert
plpe ertensfons, of shlch 21 tests rrere posltieê.
there ras no indlcatlon of any corroalve effect on

elther the âluûinu! or concrcte ât the8ê aitea, nol
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,hÁ nodular bacte(ial colonieg been observed on

ïlit;;; or concrete'

coNcLusloNs

:flå"1i:ï ;'".::l:i' :.ilff."': åii'Ïil liå ilii;
""1--,.¡. is a signlficant càuse of corroglon of
',1ii"lú"a steel culvert PlPe in ¡rlsconsln. rhe
l".'""inu¿ion aIEo noted that corroElon at ritost cul-
ll; sites can be related singly or in conbinetlon
ll- uaccerial activiÈy, Iow pH' and low electrlcal
iJsisrivity of soil or water or both at a culvert'
Iite'
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supcrlor corroglon reaietance. A 55 percent À1-zn
coated sheêt ls avallable ln the unlted St¡tes fron
Bethlehen steêI ånd othêr coûPanie¡ undcr thc trâde
natûc Galvalr¡¡c. ¡forlttYlde, Èhe annual production
capâclty for 55 percent Al-zn coåted shcêt exceeds 2

n11llon Èona.

Gâlvrlume sheêÈ hâ8 becon€ a grorlng factor in
the preengineered roetal bulldlng' apf¡liance' agrl-
culÈure, and âutmotlvê nrEkets. fts phenonenal
succ.ar in these narkeÈs ts due Èo the stgnlficant
irprovcnent ln atno8Pherfc corroalon reslstânce rrhen
c4ared slth stândard galvanlzed shect.

Based on l3-year erpoaure .test re3ults of shcet
Eârûples in severe narlne, narlne, lndustrlalr and
rural atnosPhere!, 55 Percent Àl-zn coatlng ls 2 to
{ tlncs nore durable thrn a galvanlzcd coatlng of
the !rât&! thicknesE [see Flgure 1 (¿) l.

Corrugated sÈeêl PIPG 1s ânothêr tradltlonally
'galvanlzed product that can b€nêflt froil Gålvalule
sheêt. In ordêr to ¿tcvêIoP ncanlngful pcrfomance
bêhâvior, Bethlehcú, ln co4cratlon rith nlnê stlte
hlghway agencles, establlshed fletd trlal8 for full-
slzed crlvalune corrugâÈêd steel plPe. Subsêguently,
a nuDbcr of låboratory têsts nere conducted to ðup-
pIêrncnt the €teld trlal data. The result8 of th¿8e

1.

2.

Galvalume Corrugated Steel Pipe:

A Performance Summary

A. J. STAVROS

ABSTRACP

Laboratory and fleldl tests håvc bêên usêd to
characterlze the perforn¡nce of GålvrllúG
corrugâted steel PiPc. Galvâlu¡ûê, galva-
nlzed, ånd alunlnu¡rcoated Îl¡Pê 2 shêêt wêra
EubJected to laborâtory tests ¿lê3lgned to
measure corroslon reslgtance ln salt sPraY
(ASÎH B 11?), cyellc ltrndlng satêr, and
full l¡nneralon. Àbrtrlon reglgt¡ncc and
asphalt adhcslon t,crc algo terted. In all
tests Galvalune sheet dctionltrâted thc beat
relatlvê pcrfornance. Rêsult! of fleld têrt8
thet co,ilPâred nearly 1'000 ft eâch of CaI-
vålune and galvanized corrugâtêd 8t.el PlPe
at 16 slte! ln the northeâsÈern united Statêa
Eubstantlated the laborâtorY predllctlons.
Àfter 9 to 9.5 yeârlt' the Galvalunc lnvertg
anil lnternittently set zonee lnsidc thê
plpe, uherê gervlce ls nogt 9êvê!êr gere
overall ln nuch better condltlon thân thoae
of the galvanized plpes.

have been develoPed
steel thåt Providee

ÀIunlnr¡u-zlnc (Àl-zn) alloys
lnto a hot-dtp coating for


