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ABSTRACT

Corrosion of stecl reinforcement in bridge structures is of concern to the State Road Authorities
(RAS) who control in excess of 8,000 concrete bridges and 16,000 culverts. This paper deals
with investigations on two Victorian bridges, located in an aggressive marine environment, to
estimate their service hfe and determine their management needs. The bridges are multi-span
structures carrying major traffic over tidal rivers and are @ and 30 vears old. The work relates to
the adentification of potential corrosion problems at an early stage, before damage becomes
visible, so that carly mtervention can be adopted to proteet the integrity of the structure and
cxtend their service life.

Both field and laboratory investigations have been carricd out on  the bridges, including
clectrochemical measurements (half-cell potential, resistivity, corrosion rate), strength testing,
determination  of carbonation depth and chlonde penetration profile, and petrography
examination of conerete,

The results have shown that the concrete quality 15 good and there is currently no visible
corrosion. However, considerable C1 has penetrated the conerete at the base of columns and pile
cap.  but it has not reached the level of the reinforcement, Electrochemical data also indicate that
these areas are at risk

Bascd on the results of the investigations the paper discusses the remaining serviee life of the
structure and 1ts management needs in order to extend its service hife.
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I. INTRODUCTION

[ Australia. the State Road Authonitics (RAS) control in cxcess of 8.000 concrete bridges and
I6.000 culverts. a large number of which arc located in the coastal areas and are subjeeted to
agaressive environments and  at risk of corrosion of steel reinforcement. Many more bridges (in
excess of 200000) arc under the management of Local Governments, some of which are in
similar situations, Corrosion of steel reinforcement in bridge structures is of concern to the
SRAs. and condition surveys are penodically conducted to detect deteriorating structures and to
maonitor them Tor imtialing appropriate intervention.

In a recent unpublished report, (RCT007AA-Apri]l 1999), and on the basis of condition
survevs conducted by various consultants, the present authors estimated that about 20-25% of
the bridges for which survey reports were available, could be considered at risk of corrésion and
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needing immediate attention. For the other bridges scrvice lives of 35-100 years were predicted
on the basis of analvsis of carbonation depth and/or chloride ingress into the cover conerete. A
main shortfall in the methodologies applied was that service life was not predicted on the basis
of corrosion rate of the reinforcement, but on the basis of parameters which arc indirectly related
to it. The measurement of corrosion rate was suggested to be included in the methodology, and
three brnidges were investigated for this purpose.

This paper provides data on two Victorian Bridge structures around Melbourne, about 9 and
30 years old. They were nominated for investigation so that potential problems could bu
identificd and rectified, or appropriate preventative action implemented before visible damage
OCCurs.

2. THE BRIDGE STRUCTURES

The two bridges investigated are:
e Lynch’s Bridge over Maribyrnong River (Melbourne bound structure) on Smithfield Road.
» Footscray Road Bridge over Moon Ponds Creek (Melbourne bound).

2.1. Lynches Bridpe

The section of the bridge investigated (Melbourne bound) was built in 1991 and has five spans.
each 21 m, and six piers, Picr 1 and 6 function as abutments standing on dry land and piers 210 3
arc in the tidal river. Pier 2. which was more accessible. was considered a representative arca and
was selected for the investigation. Construction documents give the strength grade of concrete at
50 Map, and cover to reinforcement 70 mm  for pile caps and columns, and 45 mm for cross
heads.

Visual mspection showed that the bridge was m good condition. Mud and moss covered the
pile cap, but no obvious deterioration could be scen after removing the dirt from a section. The
base of pier columns is subject to tidal seawater. to a height of about 300-mm. which is covered
by preen moss. Corrosion stains (apparently unrelated to reinforcement} and honizontal cracks
appear at the lower part of the column where the surface color changes to muddy apparently
marking the maximum tide level (this may be the construction joint, according to the
construction drawings). There is no othcr obvious deterioration, but predicting future corrosion
activity in pier columns and pile caps was of mterest to VicRoads.

2.2 Footseray Road Bridee

This bridge (Melboumne bound scction) was constructed in 1962 and has five spans (123 m
gach). and four wall piers between the abutments. The deck consists of an array of prestresscd
concrete beams and  an asphalt overlay. The width of bridge (Keri-to-Keri) 15 16 m. The design
concrete strength  was characteristic cyhinder strength at 28 days of 393 Map. Three of the pers
sit in tidal seawater. and onlv at high tide water riscs against the base of Pier 1 (particularly the
west side) 50 1t 1s subject to walter level fluctuation.

Visual inspection showed that the concrete of the main structural members 15 gencrally in
good condition. Deterioration was found on the edge of the deck overhang, which shows
reinforcement corrosion and concrete sapling, Some longitudinal hairline cracks were seen at the
underside of some beams, Occasional fine vertical cracks were also seen in the prer walls. which
are of no serious concern. Drawings show the presence of a mesh of ¢ 6 mm stecl bars on the
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faces of the pier walls at 70 mm depth, Pier 1 and the deck beams in this area were selected for
the investigation.

3. INVESTIGATION METHODOLOGY

The bridges was subjected to both  field and laboratory investigations. The ficld investigation
included:

¢ vizual inspection and selection of measurement sites

e determination of depth of reinforcement (cover thickness) in selected arcas
o determination of half-cell potential in the selected arcas

e determination of clectrical resistance of concrete in the selected areas

¢ Determination of corrosion rate of reinforcement in representative areas.

The laboratory work  was conducted on cores (100 mm diameter) extracted from representative
arcas of  the bridge. Drill holes were reinstated using Render HB40, a polymer modified cement
mortar and  a  bonding  agent and surface treatment compound called Nitobond AR. The
laboratory work mcluded determination of’

s carbonation depth

e (L content ( profile) and estimation of CL diffusion coefficient
e compressive streneth of concrete

s waler absorption. density and volume of permeable voids (VPV)
o Perroeraphy features of concrete,

4. RESULTS AND DISCUSSION

< Hali-CUell Potential. Resivitvelv and Corrosion Rale

Corresion Activity Criteria

Half-cell potential and concrete resistively results were obtained using  a Great Dane model
GD3000 wath an Erg/agile electrode, and the data converted to Cu/CuS0, electrode potentials,
which are summarized in Figure 1. The criteria for half-cell potential in ASTM C876, relating
potential values o the hkelihood of corrosion activity, are as follows:

More negative than 330 mV CSE - active corrosion is likely
Hetween =350 o =200 mV CSE - corrosion activity 15 unceriain
More positive than =200 mV CSE ~ corrosion activity is unlikely

The results of resistively measurements could be empirically interpreted as:

= 1100-k{2-em — The resistively will effectively stop corrosion

50 - 100 k€-cm — Low corrosion rate

10 - 50 kQ-em ~ Moderate to high corrosion rate when steel is active
= 10-kf2:cm — Resistively 15 not the controlling factor
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Many factors such as moisture and salt contents. carbonation of concrete, cement composition,
cte. influence the resistively of concrete and should be taken into account in the interpretation of
results.

The corrosion rate of reinforcement measured by instruments without a guard ring has been
interpreted (Clear, 1989) as follows:

No corrosion expected - Lw= 0.2 pAfem®
Corrosion possible in 10 to 15 years - L,,=02t0 1.0 uAfem’
Corrosion possible in 2 to 1 years - Jow= 1010 10 pAfem’
Corrosion possible in 2 vears or less - L= 10 nAfem’

In our work, the corrosion rate of reinforcement was determined at locations of interest using
the Decor 6 lincar polarization device with censored guard ring to confine the arca of the
reinforcement bar for which the current density is measured. Field and laboratory work have
demonstrated that the corrosion current density (l..,) determined by this instrument can be
categorized as follows (Broomfield [1] and Gu et al [3]):

Corrosion status of reinforcement Value of 1., (pAfem®)
Passive condition < {)1
Low to moderate 01-05
Moderate to high 05-1.0
High =00

These values are almost an order of magnitude lower than those for unconfined measurements.

4.2, Measurements on Bridges

Half-cell potential maps of both column 4 and column 5 in Lynches bridge show that below a
height of about 850-mm (Y4 on the graph) the potential is lower than -350 mV CSE. This is the
criterion for likelihood of active corrasion, as recommended by ASTM C 876, and becomes even
more negative towards the base of the columns. Correspondingly. the concrete resistance 15 low,
below 5-k{l-cm. and is considered conducive to corrosion. These indicate a high risk of
reinforcement corrosion at lower parts of the columns, although the very negative half-cell
potential (-700 mV CSE) at the base arcas of the columns may partly be attributed to the waler
saturation that induces oxygen starvation. However, direct measurcment of corrosion rate at the
base of column 5 shows a corrosion current density of 0.216 pAjem’, which is considered to be a
low—to—maoderate corrosion rate.

In higher areas. the half-cell potential ranges over -150 to -350 mV CSE. where COITOsIon
activity is uncertain according to ASTM C876, The resistively is between 10 to 20 k{lcm in this
arca. which is considered to facilitate a moderate corrosion rate when stec] i1s active. The
measured corrosion rate for heights of 1.0 and 1.5m above the column base were 0.027 and
0.012 pAfem’, respectively which indicate negligible corrosion activity. Therefore, the
interpretation of resistively and half-cell potential values by the ASTM categorics was not
reliable.

For the Footscray Road Bridge, half-cell potential and resistively maps were obtained for the
whole of the west face of Pier | and for the soft of beam 1. Figure 1 shows the map for only zone
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5 in the middle arca of the pier. where the corrosion rate measurements were also done. The half-
cell potential of the pier wall below a height of 035 m from the ground 1s more negative than -
300 mV o CSE. and that 0.35 m to 0.70 m high 1s between 200 and -300 mV CSE. The concrete
resistively in this arca s gencrally in the range O to 20-k02 em. These results indicate possible
risk of reinforcement corrosion in the lowest 0.35 m of the pier wall, The upper parts have higher
patentials ( -100 mV) and higher resistively values. and are Considered safi.

Dircet measurement of corrosion rate at the middle part of the pier wall shows a corrosion
current density of 012 pAdem” to 035 pAfem from the top to base. This demonstrates a low to
moderate corrosion rate. and indicates that the corrosion was probably related to chloride
mgress, which s expected to be larger at the base The values of corrosion rate, in this casc,
appear to be in agreement with the half-cell potential trend down the pier wall,
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Figure 1 Half=cell potential and resistively maps for the elements indicated in the two bridges

5. LABORATORY INVESTIGATIONS

3 General properties
Table 1 hists the core samples taken from various bridges and their location in the structures.
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&
Table 1. List of cores, their 1D and location
Caores ID Location . Cover depth
N (mm)
Lynn1 | Pile cap 135 - 160
Lynn2 | Pile cap 144
Lynn3 | Pier 2, column 5, at waterline T — 100
Lynn4 | Pier 2, column 5, 1.5 m above Pile cap 70 - 100
Lynn 5 Pier 2, column 4. al waterline
FTCL-1 Picr 1, water line, Melbourne side. 3.7 m from North side 70
FTCL-2 Pier 1, near the top, 2 m from North side 74
FTCL-3 | Pier 1, water line, 7.4 m from North side 70
:_F'l_"CLuI Pier 1, mid height, 1 m from top. 9.4 m from North side 73

Table 2 provides a summary of the general properties of the concrete cores. The results show
that cores from cach of Lynches Bnidge and Footseray Road Bridge have relatively wiiform and
adequate propertics, but that the latter seems to have a lower strength grade concrete. Howewver,
the density. water absorption and permeable voids volume are comparable in the two concertos.
probably indicating similar durability characteristics.

Table 2. Results of various laboratory tests on the cores

Core Carhonation Water Permeable | Dry Density | Compressive
sample | depth absorption | voids volume kg:’m“ sirength
- (mm) () | (%) Map
Lynn 1 <] 6.7 15 2248 -
Lynn 2 < ] - = 2 2
Lynn 3 =] - - - 34
Lynn 4 5.5 | 6.7 156 2263 , f3.5
Lynn 5 2.0 | 6.6 | 153 2235 | 715
FTCL-1 36 | 6.7 15.9 2328 | 420
FICL-2 10.2 6.6 158 2282 398
FTCL-3 ! 1.5 6.5 15,6 2322 373
FTCL-4 | 98 | 6.0 15,1 2327 412
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6. Chloride Penetration

Figure 2 shows the chloride penetration profiles for the various elements tested in the two
bridges. The curves are fitted according to FICA’s second diffusion law to the experimental data,
Table 3 contains the fitted values of surface chloride content and the diffusion cocfficient.
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Figure 2 Chlonide penctration profiles for the various elements

Table 3. Fitted valucs of surface chlonde content and the diffusion coefficient

| Cores ID | Location ' C.(%)* | D{ms)’

| Lynn 2 Pile cap of pier 2 - .07 2.85E -12
Lynn 3 Pier 2. column 3. at waterline 0.70 I.84E-12 |
Lynn 4 Pier 2. column 5, 1.5 m above Pilc cap 0.07 2.13E-12
FTCL-1 Pier 1, water Iine, 3.7 m from North side 0.50 6.36E -13

| FTCL-3 Prer 1. water ling, 7.4 m from North side 0.40 9.02E-13

L FTCL-4 Pier 1. 0.7 m above ground. 9.4 m from North side 0,07 5.39E -13

|_* Surface CL content (%) by concrete mass. # Cl diffusion coefficient,

For Lynches Bridge. the concrete at the water ling or below tidal zone has a high chloride
content. despite the fact that a coat of paint protects it. This must have occurred as a result of the
exposure of the concrete to salt water at a very carly age. The surface chlonide content of these
concrete samples is very high, being nearly 1% by mass of concrete, indicating the bridge picr is
m a very corrosive environment. The CL diffusion coefficient is about 2 < 1072 m%s which is
normal, however at the high end. for structural concrete.

Chloride content at the reinforcement level of pier columns is approaching the threshold
hmit. It can be caleulated that at the waterline. CL at 70 mm depth (design cover thickness) will
reach the 0.8 kg/m’ limit (about 0.035% by concrete mass) in two years. In fact the measured
cover thickness was i the range of 75 — 100 mm. which would give a longer service life. For
higher chloride threshold values a somewhat longer time would be expected, ¢.g. 4 vears and 11
vears for threshold levels of 0.05% and 0, 10%, respectively. Considering most steel bars in piles
{ columns arc subject to chloride diffusion from both sides of the corner. i ¢ two-dimensional
diffusion, the actual time would be somewhat shorter. It is recommended to take the estimation
for the lower threshold, (ic. 0.035% or 0.05%) for columns. In the higher up areas, where the
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surface CI s only marginally higher than the threshold, there would not be any risk of chlornide-
mduced corrosion initiation i 70 vears. No chlonde determination was made for the area
between 03 to 0.8 m above the pile cap, but it can be reasoned that the service life would be in
between those predicted for the zones above and below it. depending on height above water line.

The €I content of Footscray Bridge pier conerete at the water line is also high. reaching the
0.8 kg/m® level (0.035% by conerete mass) at the steel mesh. However, if corrosion takes place
at higher threshold values. then it would take 4 vears to reach the 0.03% level and 33 vears the
U 10% level In the higher up location. the 0.035%, threshold content occurs at about 30 mm and
053% ar 12 mm. Caleulations  based on the estimated diffusion coefficient. and the maximum
surface CL° build up reached at the water line. show that it would take more than 70 vears for
CL™ at steel level to reach the 0.035% threshold value. This 1s a very conservative estimate
because the surface C1 ar higher parts of the prer may never reach that ar the water ling,

The carbonation depth of the concrete at the higher location 1s 10 mm. considering that the
age of the brdge s 37 vears. it can be concluded that the carbonation front would not reach the
stecl (70 mm) in foresceable time. Therefore, there 15 no risk of carbonation-induced corrosion
damage during the serviee life of this structure (100 vears)

7. SERVICE LIFE OF CONCRETE ELEMENTS
Based on the results of the measurcments, the following observations are made:

J4 Lwnches Bridye

The summary of service life prediction for this bridge is given in Table 4. At this stage. no
defimtive cvaluation can be given of the risk of corrosion-induced cracking because, to do this, it
would be  neeessary 1o calibrate Decor and establish a corrclation between the corrosion density
measured by the Decor and actual corrosion mass  loss. It has been reported that Decor gave
comparatively lower corrosion currents. c.g. the data presented by (Wevers|3]) indicates that
Decor reading is approxmmately 20% of that caleulated from the actual mass loss. If this is
confirmed then the pier column base of Lynches Bridge would have an actual corrosion current
of around 1 pAjem” The current density of 1 pAdem” is cguivalent to 116 wm steel loss / vear
Given the same corrosion current density (which in fact would vary with time) a section loss of
0.58 mm would result after 30 vears, The structural consequence of this scction loss needs to be
computed,

Assuming a threefold mercase i the volume of rust compared to the steel it replaced. an
cxpanston of about 35 pm / wear would result, The build up of cxpansion stresses would
cventually result in cracking of the cover concrete. This situation would applv if adequate
oxygen supply allowed rust formation and  accumulation at the steel surface. (Rodriguez et al
1996), applving 1., =100 pAfem” for 100-200 days, produced general corrosion of (0.3-0.6 um
and pitting corrosion of 1-3 mm in steel bars. They found a significant reduction in the elastic
modulus. and a 40% decrcase in the bearing capacity of the columns tested.

It could be expected that | pAfem’, for the base of the column in this bridge, applied for a
period of 30-50 vears would probably produce similar cffcets to that of the higher current
applied by Rodrigucz ct al [4] for the shorter duration. Based on the results of (Wevers [3]) and
taking into account the 32 mm diameter of reinforcement bars in Lynches bridge compared to
the 16 mm bars mentioned in this publication, it can be suggested that corrosion induced
cracking may occur in about 3 vears after chloride content at the reinforcing bar exceeds the
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threshold, which will take at least 2 years. Thus. in the worst case. some cracking may be
expected to occur after 5 vears,

The nisk of corrosion-induced cracking 13 low in the water-saturated concrete. g pile cap
and the low-waterline area of column base. because the corrosion products will remain in fonic
form due to lack of oxvgen Howewver. section loss may arise from the dissolution of iron. and
the dissolved iron mav diffuse out and result in concrete surface staning by rust. and this should
be momtored, If the degree of steel loss s the same (116 pm / vear) as mentioned above. the
consequence of (138 mm scetion loss on the load bearing capacity of the column bases would
need to be evaluated. This loss may result i debunking of steel from conerete. and asymmetric
deterioration of the steel bars and ligaturcs. which could cause buckling of the column under
extreme conditions. Pitting corrosion. which could penctrate much deeper into the steel. may
aggravate the detenoration and could cause carbier fatlure than expected.

Table 4. Summary of service life prediction for Lynches Bridge

Locatier [ Threshald Potential Corrasion rale Cormiments [ Service hife
1 (1| ......... == e 1 ==L I |
o Al Corrosion I Cilegon, WEITH 10 Tk
reschre- [y vty (A
b (vear) | Loomd)

File cap I - - - - hader water Aero acearding Lo
Fust stam may oceur. CL devel i
bt rust budld upand - | ndervention

pocrackimng s unlikels mecdied
e 1o Tock of oxypen, o
! | E Sreel section Toss and Catheh

PProteciig

debunking 15 hikelyv )
recommendued

long-term

Column 2 550 — - alive | D206 low - As above 2 veurs |
walet 73l mederabe (accondug Lo O],
Iz Jewel . As abowve
curk
inluerventiot
Opbion
Celumn - =150 - - aclive o9z bow - Cracking likely Monitor [urther
03404 530 moderate 5 weirs®
m
Colurmm b 150 =< | uncertain oz passive Mo sk U S0 vears al loast
higher 350 S0 years
L

* In the worst case. 2 vears for further CL penetration, and 3 vears for rust to develop.

The concrete at the water line region (tidal zone) appears to need the most urgent attention.
Because of chlonide contamination of the pile cap concrete, catholic protection may be required.
The higher part of the columns, ¢.g. between 0.3 to 0.8 m, where half-cell potential is between -
350 to =550 mV, has a very low rate of corrosion (0.027 pAfem®). and has little risk of
developing cracking., Above 0.8 m the corrosion rate is 0.012 pA/em® with cven less corrosion
activity
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L2 Footseray Road Bridee
The prers o this bridge are constructed with a steel mesh (made up of 6-mm bars) at 70 mm
below the conerete surface. and  light reinforcement elsewhere. It 1s not possible to predict the
lime  to corrosion-induced cracking, as there 1s no corrosion-cracking data published for this size
of steel bar. It can be reasoned that the small bar size and large cover thickness make cracking
unlikely to occur in the near future

When the corrosion rate 15 low-to-moderate. However, more research  work is needed to
estimate  the cracking potential. and give definitive conclusions. With regard to the piers that are
submerged under water. similar arguments  could be presented with respect to possible scetion
loss as for the submerged scetions of columns in Lynches bridge. Table 5 summarizes the
information for Footscray Bridge.

Table 5. Summary of service life prediction for Footseray Bridge Picr

[Location Threshald C1. Potential Corresion rle Commiments Service life
o reachre-bar | g1 (0vy | Corrosion | 1, (pAfem®y | Category WEALE: 10
{ Vi _:| ilL'lj".']l"-' Tuplr
Water D ] = — 23000 active [1.379 | forw - Uncertan [l
mederate a1l Monitor
B | cracking *
3 —ibfm - SA00 =200 | uneertain {0,246 Jo - Cracking
high | imenclerate unlikely )
L e = : |
1.7 |'|:I}_'_|I R =30 - 2 uncerian = ':_‘J'éicklt'lj:-' =T
nlikely
[ 1 mand - 22000 — -1 s v 0192 —1.120 low - Cracking =
l b moderate unlikely
+

Modcl for estumation needs to be developed. A small bar diameter of 6 mm and relatively
large cover thickness of 70 mm probably makes the occurrence of cracking unlikely.

8. RECOMMENDATIONS

The data obtained on Lvnches bridege indicated that monitoring the development of corrosion is
nceessary for this bridge, The high chloride level m the conerete 15 the major cause for concern.
In this case. and if monitoring indicates cnhancement of carrosion activity. the best available
technique would be catholic protection.

Coating of the concrete by paint at the column base may not be effective in reducing further
corrosion. because the chlonde level at reinforcement has alreadv reached the threshold for
corrosion tntiation. Chloride removal may not be an option in this case. duc to constant contact
with - salt water. Catholic protection would require regular maintenance and ongalng monitoring.
The choiee of the catholic protection technique and types of anode. would depend on the budget,
and would be decided by VicRoads and the contractor. The higher parts of the piers would need
maintaining the integrity of the present surface coating and regular general maintenance.

Footscray Road Bridge is generally in good condition. The sides of the parapet walls, which
have shown some localized corrosion and conerete sapling need ta be patch repaired, care being




PROGNOSTIC EVALUATION OF MANAGEMENT NEEDS FOR TWO BRIDGE STRUCTURES 4]

needed to avoid enhancing the corrosion in other arcas by the patch repair, No deterioration is
evident on the beams. and corrosion current was very small, However. because of the presence
of a fow hairline cracks further monitoring of the beams is reccommended.

The situation with the base of the pier walls is the same as that of the column bases of
Lynches bridge. Considering the age of this bridge and the fact that steel corrosion has been
initiated. catholic protection should be considered for the pier walls, but further monitoring 1$
essential in establishing the need for such intervention,

Acknowledgement: The authors would like to thank Austroads for financial support through
NSRP funding of the project,

REFERENCES

l Bromficld, J. P “Corrosion of Steel i Conerete”™ [r & FN Spon. London/Melbourne,
1997 pp. 63-72,
% Clear K.C. . “Measuring Rate of Carrosion of Steel in Field Concrete Structures.” Transportation

Research Record 1211, Transportation Research Board, National Research Council, Washinglon,
L, 1997,

3 Gu. P Beaudoin. JJ. Zhang. M.H.. and Malhotra. V.M., “Performance of Steel Reinforcement in
Fortland Cement and High-volume  Fly Ash Concrete Exposed to Chlonide Solution.” ACY
Materals Sonraal, No 3, 96 (1999)551-558,

4. Rodrigues J.. Orega. L.M.. and Casal. J., “Loadbearing Capacity of Concrete Columns with
Corroded Reinforcement” orrosion of Reinforcement in Concrete Construction, 1996, pp. 220-
2500

5. Wevers, R.E. (1998). “Service Life Model for Concrete Structures in Chloride Laden

Environments,” A6 T Materials Jowrnal, Mo 4, 95( 199814435-4 53,






