arrosion of structures has a

c significant impact on te
ecanomy of developssd industrialized
countries, Estimates, Dased on a
1975 Battelle-NEBS benchmark study,
ane that the cost of corrosicn in the
Linktid Stintes aloae was approximately
£70 billion, which was 4.2% of the
gross national product (GREPE, In
PO, a liited study updating the
1975 ligures estimated the total cost
o corrosion at approximalely SHEk
Eillican, Hovwessesr, that study did lgtle
micre tham apply a multiplication
favctor Lo Bl 159305 cost thal was
eguivalent to the GNP growth from
1975 by 19495, A el was identilied
for a systematic study that estimates
the current impact of corrmsion on the
LS, economy and provides strategies
to minimize the impact of eorrasion

Fromn 1999 to 200, CC Technodogies
Lalbsaratories, Ine,, conducted pesearch
in a cooperative agresment with the
Federal Highway Administration
(FHWA). In this siwdy, CC Technologies
Laboratories, Inc., determined the
teal direct cost of corrosion by
amalyzing fhve Industrial sector
catisgories: infrastrecture,
transpaartation, utilltles, productlan
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amd maneelaciuring, anil povernmient
[ sasblinvidlisd imtan o totad of 26 Dsdustrial
seclors ). This article presents a
SVIHI esks af the lindings with respescl
Lee thie reinlorcesd] concrete hi |.'.|'|'r'.'."|:|.'
bridyes, The complete report on this
anel other sectors of the LS
ceonomy can be found on the
Internet al www,corrasionoonst.oom

ECONOMIC IMPACT

According to the Mational Bricge
Inventory Database, there ane
approximately GO bridges in the
Uimitesd States., of sylvich Il wers
built between 1950 amd FFERAL T hae
comstiruction materials lor these
bridges are concrete, steel, timbeer,
MAasonry, lIlI'Ihl‘r_"F‘l el fconcrele
combinations, and aluminum,
Reinforced concrete and steel
bridges make up the vast majority ol
these structures boilt since 1950,
Maintenance of aging bridges has
become significant., ln a 1998 repaort,
1he Ainerican f"i-||-l:'il.'|:.-'1l|'{'|'.-'|| Endtinecrs
{ASCE) rated the comnclition of bridge
structures as “paor and el zed
thae=m as being amang the largest
contribators to thee LLS inbrast roclvre
cosl of corrosion.”

BY MARK YUNROVICH AND NEIL G. THOMPSOMN

The present condition of bridges
in the LL5S. can be characterized by
the significant portbon of bridges
theat are listed as “structurally
deficien ™ (cdedined as a bridge that
can o longer sustalm the loads for
which it was designed}. The nation™s
structurally deficient bridges, as of
the end of fiscal vear 1959 and the
preceding T-year period, are sunins-.
rized in Tahle 1.2 The data includse
all constrection materials, incloding
coaserede, steel, wood, aluminum,
and other materkals,

Tabkle ¥ proseats the 15995 dala
from Tabbe 1 in more detall. This
tahle focuses on concrele briclges
constructed of materials that are
stilbject bo corroston (oonventional
reinforced conerete and presiressed
conerete), O these two bridge types,
conventionally reinforced concrete
has the highest percentage of
structurally deficlent structures,
followed by prestressed concrebe,
FHWA Bridge listings for each state’
auggeat that the states with colder
aniel clamper weallier have a high
percentage of relnforcsd-concrete
deficient bridges. These stales
imclucle New York, Alaska, Bhode



TABLE 1:

ManosaL Brioce INVENTORY DATA—STRUCTURALLY DEFICIENT BRIDGES™

1592 1993 1594 1995 1996 1997 1998 1999
Bridges in inventory | 572,633 | 574091 | 576472 | s7As9 | sBaoa3 | s8nzor | sB3.414 | 585947
Nurmber deficient 118,757 111,543 107,512 103,686 100,544 g8,.521 93,119 B&,184
Percent deficient 20,7 19,4 18.6 17.9 17.4 159 16.0 15.0
TABLE 2:

STRUCTURALLY DEFICIENT BRIDGES BASED ONM MATERIAL OF CONSTRUCTION IN 1998°

Conventional Prestressed
reinforced concrete |  concrete Other Total
Bridges in imventorny 235,151 107,666 240,597 | 5B3.414
Structurally deficient 21,164 3230 68,725 93,119
Percent deficient ] 3 29 16
TABLE 3:
ESTIMATED SERVICE LIFE FOR CONCRETE BRIDGES WITH DIFFERENT METHODS
OF CONSTRUCTION"
Material of construction Average estimate, years
Conventional reinforced concrete 72
Prestressed concrete 73
TABLE 4:
HicHway Brince RepLACEMENT AND REHABILITATION PROGRAM UNIT COSTSY
1995 1996 1997 1958 1999
Unit costs,” 5/m* $768 $771 $836 $as5s $8:8

Average between [ederal id and noa-federal aicd projecis.

lzland, Pennavivania, and Vermont,
The most structurally deficient
bridges in a single state are in New
York, which also has a larger total
bridge area for conventional
reinforced-concrete and steel
bridges than any other state,

Thee estimated service lile expectancy
for each of the previcusly mentioned
bridge types is shown In Table 3.
Many of the reinforced concrete
bricdges have reached or are
approaching the end of their design
service life, making bridge maintenance,
rehabilitation, and replacement
decisions a priority.

The impact of corrosion on
hilghway bridge infrastructure has
beeen estimated by several different
sources using different approaches.
Heconstruction of the nation’s
bridges was estimated to cost
between $200 billion and 200 bilHon**
An FHWA report on corrosion
protection of concrete bridges
estimates that the tolal cost to
climinate the backlog of deficient
bridges is between 578 hilllon and
£112 billlon, depending on the time
required to carry out the task.®
In acldition, the average annual
maintenance eost through the year

2011 {maintaining the total number
and distribution of deficient bridges)
ks eatimated to be £5.2 billion. While
corrosion is nol the sole caise of bridpe
deliciency, it is a major contributor
b the costs given previously,

An aclditional estimate of the
tatal corrosion costs related to the
replacement of structurally deficlent
bridges is possible using the Mational
Bridge Inventory data for December
1999." Table 4 gives the unit costs for
brrielges replacement caleulated by
taking the mean for all states.

The overall area of structurally
deficient bridges (conventional
reinforced concrete, prestressed
concrebe, and steel) is 3.2 million
m? (370 million 1t7), Assuming that
these structural deficiencies are
largely attributable to corresion
(obsolete bridges were not included),
and using the average unit cost data
(5858 per m* [280 per [°]), the tokal
cost of replacing the structurally
deficient bridges is estimated to be
2203 billicn (3.2 million m* x
5858 per m™). Hence, the overall
dollar impact of corrosion on
highway bridges is considerable,

Thee annieal direct cost of corrosion
for highway bridges is estimated to
be between $6.43 billion and $10.15
billlon: £3.7% billlon to replace
astructurally deficient bridges over
the next 10 VEArS; £1.07 billicn bo
£2.93 billion for maintenance and
cost of capital for concrete bridge
decks; $1.07 billion to $2.93 billion
for maintenance and cost of capital
for concrebe substructures ancd
superstructures (minus decks); and
£0.50 billion for the maintenance
painting cost for steel bridges. This
iives an average annual cost of 58,29
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Billicen. Life-cycle analysis (see
www, Corresioncost.com) estimales
indircct costs to the user due ta
traffic delays and lost productivity
at more than 10 times (he direct
cost of corrogion, In addition, it was
e bimatecd 1 bt |:r|1|:|lr_|-}'i1:|g “Inizs1
maintenance prictices” versos
“average practices” can save A6'% of
thee amnual corroesion cost of a bridge
deck relnforeed with Black stesl, or
S200KH) per hridge peer yvear,

CORROSION CONTROLAND
PREVENTION INNEW
CONSTRUCTION

Despite their aggressive nature,
e vz of deicing salts is net likely
Lew b dliscomtineed. In et it has
been reported That salt use actually
increased in the first half of the
19¥Hhs alter a period of “leveling off”
in the 1494800, Therclore, bridge
designs and concrete mixtures must
Baes resistant to chlorbdeindaced
corrosion. This can e accoanplishaecd
bey: preventing chlorides Trom getting
ter the steel surface (physical barriers
it the conerele surlpee, couting the
reinforeement, or low chiloride-
permeabile concrete); making the
concrete bess corrosive at specific
Chloride levels (inhibsdtors or
admixturesy; or making the reinforce
ment resistant o corrosion [Cormsion-
resistant alloys, comprosites, or
clad materials),

Corrosion-resistant
reinforcement

Chver the past 20 yvears, there has
Leis=n a teend in new construction
tewwared wsing higher quality conerete
and mere corrosion-resistant
reinforcement, Longer bridge service
life i currently achicved by using
epoxy-cokited reinforcing steel in the
mjority of new bridie construction,
with the limited use of stainless
stevl-clad or solid reinforcement in
MOre SeVers enviromments,

Al present, epeoa-conted reindoreing
steel (widely used since the late
19708 ]) 12 the most coanmon corrasion
protection system and is used by
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44 state highway agencies, To date,
thizre are approxinately 200000
bridge decks using (usion-banded
epoxy-coated reinflorcement as the
preferved corrosion protection
system. This represents roughly 95%
o new dlisck construction sinee the
earky 19805, Data from the Conerele
Heinforcing Steel Institute (CRS0
shows that more than 5.6 billiong kp
{4 million toms) of epoy-coated
reinforeing bars were wsed world-
wide ag of 19, with 7% installed in
the Bast 10 years,” CESI estimates
that the increase in the total cost of
a structore due to coating hoth mats
il reinlorcement s typleally betwieen
I and 5.2

A number of metallic cosebings,
metallie claddings, and reinforce-
ment allovs have been tested. The
most proamising are galvanized
{incacoated ) reinforcement, stainless
sbeel-clad reinforcement, and solid
stainless steel reinforcemen
Sainless steel reinforcement has
been used in several projects in thae
LA, including projects in Michigan
and Oregon,” The Oregon DT
catimates thal the higher cost of
stainless steel reinforcement (Type
SERLM, Nitronic 50) leads to an
overill cost increase of 10000 15
whien wsed in the deck and super-
structure, and another 5% il used in
the subsiructore, The expected
service lile of a structure using
stainless stecl reinforcemant was
stivted Tee b D20 years.

Chne way to minimize the cost of
the stainless steel reinlorcement
is o use stalnless steel-clad rein-
foereement. It has been estimsted
that the ¢osl increase Lo constrget
the deck using stainless steelclad
reEinforcement is 6%, with an
expecte] service life of 50 vears,'

Alternative means of
protection

In addition to the use of coated or
alloy reinforcement, other approaches
to mitigate corrosion of reinforcing
ateel in bridde siructures include
using high-perlormance concrete,

corrosion-inhibiting admixtures, or
o combinationns of 1hese,

Based on published data,
construction cost increase associaled
with the use of 4 high-performance
conerete containing silbea fume is
eatimated to be (095 Silica (umae
provides an increase in expected life
of 10 years beyond that provided
by black steel reinforcement in
comventional conerete. In the pasi
decade, the use of eormoskon-inhibiting
concrete admixiures has emerged as
a promising method for delaving (he
anset of corrosion of presiressing
and conventional reinforcing steel
Berke, Pleller, and Weil discussed the
cost of caleium mitrile (one of the maost
commaonly used corrosion-inhibiting
admixtures) with and without the
acdition of silica fume; they estimated
the: cost increass bo construct a deck
using calehum mitrite inhibitor is 1,190,
It is estimated that The wse of inhibitors
iy prorviede am increase in crprected
life of 20 10 25 vears bevond that
prowided by black steed reinforeement
ancl conventional concrete,

Tabde & gives the costs of new
construction alternatives for hridge
structures andl incledes the expected
service lives """ There ane many
cholees for corrosion prevention, and
careful lifescyele cost analysis and risk
assessment are recuined o select the
ksl appropriate one lor any given
appdication. In addition, the altermatives
are med mutually exclusive (combring-
tions of corrosion-inhibiting admixtone
amed silica fume or epoxy-coatecd
reinforcement and corrosion-inhibating
acdmixture hivve bem tsed ),

REHABILITATION

Although the positive effect of
aclogaticn of corroslon protectlon
measures can already be seen an
individual structures, there are
thoaasands of existing bridges
oonstrscted wilbout ye Ldest cormsion
controd methods, Therelore, repair
anl rehabilitation of bridge structures,
an the mitigation of existing
corrosion, will be a major activity for
bricge enginieers for Years Lo code,



TABLE 5:

SUMMARY OF COSTS AND LIFE EXPECTANCY FOR NEW CONSTRUCTION ALTERNATIVES-12-14-15

Bar weight Cost per Increase in Estimated
Corrosion control Cost of bar, per deck deck area, | comparison to Percent service life,
practice S/kg area, kg/m* 5/m* baseline, 5/m* increase years
Black steel (baseling) Sou44 264 $11.60 HA& — 10
2<layer epoxy-coated
Mn:::mmt $0.66 26.4 $17.40 $5.80 1.2% &0
&layer solid 55
rei::r: ane $3.85 26.4 $101.64 200,04 18.6% 75 1o 120
2-layer 55-clad
R $1.54 26.4 $40.66 $20.00 6.0%
Calcium nitrite CIA = — — S5.40 $1.1%
Silica fume _ — — $4.30 0.9% 20
Many rehabilitation methodologies,  preferred barrier maethod . FHWA Electrochemical chioride
|!|1*5!;..:I!L1H| o extend the service lile of H1_=|:|-|1[1 FHWA-RD-UEAEYE indicated r.mw.l

tnt’ld;.{rn. thust Bive cliteriorated die
b corrosion of the reinforcing steel,
have been developed and put into
pracltice within the past 25 vears.
These include: application of surface
barriers for chloride ingress (overlays
aml sealers); control of elect rochemical
reactbons atl the reinloreement)
coacrete interface (catbodie profection);
and melifving the environment 1o
make it less corrosive (electrechemical
chloride remowval),” Although each of
these methods has been shown 1o he
sureessil, o nbinuing 1I:_"'.-'1_-|1||:|:|1:_~:|||.:;
are necessary o improve their
ellectivensss and increase the life
extension provided by these methods,

surface barriers

The applicatlon of an overlay of
Il:al.'l.'-.'al.l.l:lllp concrede, Libeganodilied
concrete {LMC), high-density
conerete, polymer concrete, or
hituminous concrete with & membrane
an existing concrete provides a
barrber that impedes continued
intrusion of chloride ions, moisture,
amtl ey gen thal are necessary for
corrasion o continee, Traditicnally,
grester Ehan %5 of rehabilitation
fobs wse low water-cement ratic
concrete or LMC overlay as the

that state highway agencies estlmate
the life of applied surface barrers bo be
aroundd 15 years" Taksle 6 summarizes
the costs associated with different

owverlay and patehing options, '™

Cathodic protection

Cathodic protection (CP)yis a
corroslon control method that
imposes an external voltage on (e
steel surface, which forees the steel
tar Bescomme cathodic (reduction
reactions are lavored and anodic
reactions, which result in metal loss,
are decreased), therehy mithgating
corroalon. Selection of the propser
anode material for the application is
critical becanse anode failure results
im CP system failure. For a varicty of
reeasans, CF systems are sclilom
imstalled on a newly constructed
bridge; however, CP s Installed an
newly constrwcted bridge pilings
expged Lo marine and brackish
wiaters where corrosion is known to
be a severe preblem. Presently, CP
remalns an under-used technology
for corroslon protection of steel-
reinforced concrete structures.
Table 7 summarizes the cosis and
the gervice lile of CF systems using
imipressed current and sacrificial anode.

Elctrechemical ehleride removal
(ECK) is a technlgue slmilar to CP,
except it uses much higher
currents and applies them lor a
relatively short period of time, Field
dlata, o far, show that ECR is an
effective method for stopping
corrasion for at least & yvears. FHWA
predices that ECR technoloay will
extend the life of bridges by as much
as 20 years," To date, there has been
approsimately 372,00 m? (4 million 17
of concrele worldwide that has
bewen treated. Table 8 summarizes
the costs and the service Hves
assoclated with ECH.

OPPORTUNITIES FOR
IMPROVEMENT AND
BARRIERS TO PROGRESS

A typical bridge management
dilemma ks how to allecate the (often
insufficlenty lunds for const ruction,
relabilitation, and maintennee,
Campaunding the problem is that
funding typically comes from city,
state, and federal sources and there
are spending restrictions based on
the funding source. This makes
alloeating the funds to aptimize
construction, relubilitation, and
maintenance decisions dillicult,

iTimmnal ]‘rrl'l.HLI.H:'r' IO



TABLE 6:

Cost (apjusTED T0 1998) AND LIFE EXPECTANCY FOR OVERLAY AND PATCHING OPTIONS
FOR CONCRETE BRIDGES'®

concrete patch

AveErage Range of

Average Range of | expected life, | expected
Type of maintenance | cost, 5/m* | costs, 5/m? YEars life, years
Portland cement
eoncIstE ey S170 %151 to 187 18.5 14 to 23
Bituminous concrete
ik T T3] %30 to 86 10 4.5 1015
Polymer
overiayfsealer %08 $14 1o 182 10 6 1o 25
Bituminows concrete
natch 50 %39 to 14 1 103
Fortland cement £395 5322 to 469 rd 4 1o 1o

Includes latesmodified concrele (L)

TABLE 7:

SUMMARY OF COSTS AND LIFE EXPECTANCY FOR CATHODIC PROTECTION SYSTEMS

(substructure)

Average Range of

Average Range of | expected life, | expected

Type of maintenance | cost, 5/m*® | costs, 5/m* years life, years
gw.:urrenl % g e . e
:!;I;pl;ubﬁtr-ut:::;ql U (e o 2 1 20 5 to 35
Sacrificial anade CP L11 $306 10 30 f T

Current technnlogy.

TABLE 8:
SUMMARY OF COSTS AND LIFE EXPECTANCY FOR ELECTROCHEMICAL CHLORIDE REMOWAL
Average Range of
Average Range of | expected life, | expected
Type of maintenance | cost, 5/m* | costs, 5/m* years life, years
ﬂﬁ?‘{ﬂﬁl 01 Sc3to 129 15 10 to 20
Elechrochemvcal $161 $107 o 215 15 10 0 20

removal [substructuna)

Cooperation among these different

funding agencies is required to
permit allocation of resources to
ac-hieve the best enst henefit.
An increased need (o bridge
imspection bas placed additional
dralns on matntenance funds. An
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economic analysis showed that
mcnitoring hridge conditbons, and
subsequent maintenance based on

that information Jinformation-based

malntenancey, is the most cost-
effective malntenance strategy. The
coonomic analysis (urther suggests

that capital fonding for the higher
guality comstruction materials
{epoxy-coated reinforcenment
results in lower annualized costs
due to postponement of repair
expenses incurred by the owner,
The analysis also indicated that
user costs (traffic delays during
maintenance) are signiflcant aned
can e [0 times greater than the
direct costs to the hridge owner,
This pliaces a premivm on Lhe
selection of construction materials
that minimize maintenance over the
bridge service life. It alao highlights
thi= imporiance ol carelul planning
foxr traffic contral and alternative
rociles during bridge maintenance
and rehabilivation sctivities.

Additionally, the use of techno-
logical advances among bridge
awners has not been uniform. This
4, imopeart, = !'x|||.'1:'|:|.1.*|.|. 1]'_!," the
difference in funding and technical
staffing between the agencies,
Fecause of the percelved high costs
of certain corroslon control methods,
thvese met hods go unosed, With the
general tendeney 1o redoce Che
malntenance departments’ size and
budget, corrosion control becomes
the responsibility of personnel who
may most bave the experience o
understand the prolslems or the
knoawledge of available solutlons,
There remaing a significant need lor
Hfe-cycle cost amnalysis to aid in the
selection of repalr, rehabslitation,
and replacement decksions.

RECOMMENDATIONS AND
IMPLEMENTATION STRATEGY
Technological advances provide
the opporiunity for newly constricted

hridges to last consideralsly longer
than the bridges that were
comsbrocted 20 v 30 VEArS ago
(having projected service lives in
excess of Th years), However, newly
developed construction materials
andl corrosion conteal methodoloegles
miwst b emploved properly over the
entire bridge project (both design
and construction phases),

These improvement s, however,



will ol asguee Dhal The prohilems
with corFagion o I:|i.|..i|||'|.'|.':||:|.I hriclges
will |!||.~i.'|p|'re'.'1:r qaaisin. T [ rCenb e
of clefickent |:||'i|.|_|.[-|-.~:. while declining,
Sl remiing hl;..:ll. A Thee sarmee e
thie eoats ol bridge rejwir and
rehabilitation are steadily increasing,
therely ofllsetting any potential
savings, Bome of the bridges owned
by state and city agencies shimply
cannol be replaced due to thelr
historic value and/or the enormous
strain on the traffic resulting froem a
bridge closure (for example, the Now
York Uity East River bridges and the
Oregon coastal LS, Highway 101
Lridgies). These bridges are madniained
andd richabilitated even at high costs.

There is an wrgent need for
allocation of greater Tunding <o thal
the bridge englneers can propserly
makntaln structures ased on I!i|||1=|3,"
Inspectlons, therely oplimizing
malntenance practices, Al present,
malntenanoe personnel are fonced Lo
make choices while restricted by
Ina:lu-:[u:ﬂr fnel=, which will '|||:i|1|.'|.11,-I:..'
lead 1o @ |!'.1r;-|:|'|.1||-1:|;a-|'|||1.1| cost)/
benelit ratio.

|:|l.":l|:|||:1r appreciation ol corrasion-
related] ssame i thae brichae 1_'|;,:||1||:|||_||1'||_:..',
theere i 510 a nassd For r“i:-;:ilm
awareness and the transfer of the
adlvanced methodologics for effleiemnt
corrosion protection to the end-users,
The FHMWA, which has amassed
considerable research and field
application data on corrosion
privection methods lor conerete
briclipes, has served as an effective
conduil lor disscmination of such
information through periodic
clemonstration programs and
cilucational seminars. These
demonstration programs have
bween suceessiul and should be
continuwed with Increased stalling
and funding bevels,

There also remains a consideralile
necesaity for acdditbomal research in
Imnovative constrmction malerials
such as corrosion-resizstant alloy)
clad reinforcement (metallic wnd
nenmetallic ) and more duralle
conereles with inberent corrosion:

resistand properties. In adeition,
research and development is needed
in refabdlitation technologies thia
can mitigate corrasion with minimal
maintenance requirements, such as
sacrificial cathodie profection
systems.
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