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Investigation and Evaluation on Performance of Durability

for Freeway Concrete Viaducts in Seoul Metropolitan Area
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Abstract

The objectives of this paper were to obtain the fundamental data to analyze the causes of
deterioration of 39 freeway concrete viaducts in Seoul metropolitan area. To investigate the
degree of concrete deterioration, carbonation depth, soluble chloride concentration in hardened
concrete and half-cell potentials of reinforcement were measured.

The number of structures which carbonation depth penetrates to reinforcement was 25% of
total. The model of carbonation rate was induced to 3.92 V¢ which was 5% faster than 3.727 V¢
assumed 60% water-cement ratio, R=1 in that of kishitani. After measuring chloride concentration
in concrete, it was concluded that about 24% of all readings on samples from concrete exceed the
critical content to minimize the risk of chloride-induced corrosion. About 31% of the freeway
viaducts structures had a value lower than -350mV(vs. CSE), so it could conclude that the
excessive chloride concentration was the major cause of reinforcement corrosion. Among the
structures which measured half—cell potentials less than -350mV, about 50% exceeds the maxi-
mum acceptable limit of chloride concentration.
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1. INTRODUCTION

The reliability of deteriorated concrete struc-
tures has now become an important problem.
Although concrete has traditionally been regarded
as a durable material requiring little or no main—
tenance, many concrete structures have been
showing signs of deterioration. That reason is
the decrease of durability performance by fre—
quent loading, increasing traffic volume and CO»
gas content in atmospherics, acid rain, and so on.

As a case of structures in Seoul metropolitan
area, using marine sand, de-icing salt such as
calcium chloride, and concrete chemical admix-—
ture was the cause of reinforcement corrosion
and the decrease of service life. In this situation,
in order to maintain performance by nature and
to increase the service life of concrete structures,
the selection of construction materials, the
insurance of good concrete quality and careful
maintenance should be performed. Fortunately, as
the concern for the lack of durability was
perceived as a threat to the glory of concrete,
modern codes have put emphasis on the dura-
bility of concrete structures.” @

To obtain the countermeasure of the decrease
of durability, the condition analysis of structures
in service must be performed. While we have not
done any systematic research on it yet, the
advanced nations finished it.”

This paper has concentrated on the data
collection and the analysis of durability per-
formance of studied 39 freeway concrete viaducts
in Seoul metropolitan area at random. The
analysis has been conducted to determine how
much freeway concrete wviaducts have been
deteriorated, why they are being deteriorated and,
if possible, how rapidly they are being de-
teriorated. The purpose of this paper is to com—
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prehend the condition of freeway concrete -
viaducts In Seoul metropolitan area so that the
reasonable long-term maintenance method could
be made. It has also been hoped to decrease
maintenance cost and to develope deterioration
model of freeway concrete viaducts in Seoul
metropolitan area.

2. SURVEY METHODS
2.1 Selection of Freeway Concrete Viaducts

In view of the wide variety of freeway con-
crete viaducts, as large a sample as possible is
required for the survey. The method of selection
of freeway concrete viaducts in Seoul metro-
politan area considered geographical distribution,
environment, and the approach to structures. The
prepared inspection and on-the-spot survey were
performed and 39 structures were selected at
random.

The construction years of studied freeway
concrete viaducts is shown in Table 1. The vast
majority of studied freeway concrete viaducts
were built in the 1960s and 1970s.

Table 1 Construction years of studied
freeway concrete viaducts

Construction
~1969 1970s 1980s 1990s unknown
years
Number 3 17 9 4 1

2.2 Techniques of Investigation

A computer database have been used to assist
the analysis of the mass of information arisen
from the freeway concrete viaducts. For each
structures, three sets of data were entered @ The
first is structures the data describing location,
type, and construction years, the second is the
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visual inspection data describing the condition,
and the third is the durability data giving the
half-cell, carbonation depth and chloride con—
centration.

2.2.1 Selection of Studied Part on Members

The whole of each freeway concrete viaducts
was investigated from the slabs, the abutments
and the piers. The most deteriorated parts which
were regarded as potentially dangerous portion
were selected and tests were concentrated on the
corresponding portion. .

2.2.2 Visual Inspection

The method of visual inspection was based on
the department of construction & transport’s
requirements in Table 2. On each element of the
structures the presence of defects such as
spalling, rust, cracks, efflorescence, or water rust
was noted and the extent and the severity of
each type of defects was estimated. Photographs
were taken to supplement and illustrated the
inspection records.

Table 2 Guide of visual inspection grade

Grade

1 Excellent without any problem

Definition of grade and condition

2 Good with minor defect
3 Fair with the damage of secondary member

Poor requiring urgent repair due to aging
of main member

4

5 Out of service

2.2.3 Concrete Cover

Within each test area, the cover depth to rein-
forcement was measured using concrete cover
meter(ferro-scan) in  each 600mmx600mm  grid

square.

2.2.4 Chloride Concentration in Concrete

The chloride concentration in concrete had
been investigated on structures grouped with
elements. The powder and core specimen which
were made by drilling into concrete were taken.
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The chloride concentration(%, ClI') was estima-
ted by the measurement method of soluble
chloride concentration in hardened concrete as
JCU's requirements. After chloride solution was
extracted, it was measured using ionic electrode.
In accordance with ACI building code 318, 0.04%
was regarded as acceptable concentration, and
0.052% as critical concentration causing rein—
forcement corrosion.

2.2.5 Carbonation of Concrete

At surface, the hole was drilled a short
distance into concrete. The 1% phenolphthalein -
alcohol indicator was then sprayed onto the
broken surface, so the depth to the color change
could be measured using a depth gauge in
accordance with the technique described in
RILEM.“

2.2.6 Half-cell Potential of Reinforcement

The surface of concrete was dampened at the
contact points with water. The connection to
reinforcement was made and tests which were
carried out to ensure that reinforcement were
electrically continuous with the negative terminal
of the voltmeter. The half-cell potential was
measured using a copper/copper sulfate electrode
in accordance with the technique described in
ASTM C 876-80.°

2.27 Reinforcement Corrosion Grade

Taken a partial reinforcement embedded in
concrete, rust form and color were inspected and
reinforcement corrosion grade was estimated in
Table 3.

Table 3 Guide of reinforcement corrosion

grade
Grade Definition of grade & condition
1 No corrosion in all the reinforcement in
corcrete
9 Minor corrosion of reinforcement surface in
concrete
3 Normal degree of rust or crack due to rein—

forcement corrosion at concrete surface
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Thick expansion rust at reinforcement
4 surface but slight spalling or reduction of

cross section of concrete

Excessive expansion rust at reinforcement
5 surface and significant reduction of rein—

forcement in concrete

3. RESULTS AND DISCUSSION
3.1 Visual Condition

Visual condition was accomplished especially
considering cracks, spalling and rust staining.
The extreme damage input into the database of
computer brought the results shown in Fig. 1.
19 structures with 3 grade were 49% of all.
These structures have no problem in common
service, if they were repaired with suitable
method. However, 5 structures with 4 grade
were 13% of all, which were built in 1960s and
1970s, have little possibility to keep their service
life even if they were repaired. 24 structures over
3 grade whose percentage was 62% were very
slightly deteriorated and a countermeasure should
urgently be accomplished. Structures with 4
visual condition grade have the spalling or the
cracking of cover concrete caused by reinfor—
cement corrosion. In those structures, deteri-
oration rate would be rapidly increased. Such
spalling or cracking has usually been followed by
rust staining. Thus, in visual condition of struc-
tures, it was an important problem. However, the
commonest cause of cracking was early thermal
movement or shrinkage. The cracking can usu-
ally be mimimized by careful detailing, design of
concrete mix, and construction procedures.

Many freeway concrete viaducts have problem
which is caused by poor drainage facility, pond
water on deck slabs, and stain on substructure. It
would be the major cause of rapid deterioration
rate of freeway concrete viaducts. It should not
be disregarded that the material of concrete is
chosen because of its ability to resist water, low
initial cost, and low maintenance cost. When
concrete loses its watertightness in service, it
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becomes vulnerable to a variety of deterioration
process. Generally, it is not lack of compressive
strength but the lack of soundness that the cause
of decreasing serviceability of concrete struc-
tures.
recognize that moisture is critical to concrete
durability, and that it is needed to be cautious
about drainage, joining, and other design details

Therefore, designers and managers must

to keep minimum of moisture content.

(No. of member)
-200~-350mV : 7
< -350mV: 5

(No. of structure}
~1969 : 3
1970's : 2

(No. of member) (No. of member)
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Fig. 1 Visual condition grade
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Fig. 2 Visual condition with construction years

The visual condition of studied freeway con-
crete viaducts with construction years is depicted
in Fig. 2. Structures with the 4 visual inspection
grade, assumed to be damaged a lot, were
constructed in 1960s and 1970s. It can be seen
that the structures were deteriorating as far back
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as 1970s. Thus, it can be concluded that the
cause of deterioration of freeway concrete via-
ducts with 4 visual inspection grade was in—
sufficient maintenance. The corresponding struc-
tures must be urgently repaired with a suitable
method to eliminate the cause of deterioration.

3.2 Carbonation of Concrete

The comparison of carbonation depth and con-
crete cover depth is shown in Fig. 3. Carbonation
depth is mainly distributed less than 10mm but
some 10~40mn region. The result of carbonation
depth relative to concrete cover is presented in
Table 4. In 25%(38 readings) of studied struc-
tures, carbonation depth penetrates cover depth.
Therefore, it is concluded that many concrete
structures are deteriorated by carbonation of
concrete. If the diameter of flexural reinforcement
is ‘supposed as 20mm, there are 6 readings (5% of
total) in which carbonation depth penetrates over
lower part of reinforcement.

The regression analysis result of carbonation
depth and square root time( V#) is presented in
Fig. 4. The regression model is 3.92 V¢, which is
5% larger than 3.727 V¢ by Kishitani's model(7)
which is assumed water—binder ratio, R for 609,
1, respectively. It is observed that carbonation of
concrete progressed totally fast because of highly
carbon dioxide concentration in air, gas by car,
acid rain and so on. For this reason, con-
sideration about concrete cover depth is more
needed so that carbonation effects severely on
reinforcement corrosion.” For concrete cover
depth, the Korea Bridge Specification(KBS)'s

© is 25mm at the slabs in moderate

requirement
weather, while CEB code’s requirement'® is 30
mm, Cnom = Cmin(25mm) + tolerance(5~10mn)
considering durability design concept. More cover
depth need to prevent deterioration by rein—
forcement corrosion.

Because service life was very sensive to cover

depth, the 5mn differency between CEB and KBS
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can bring about over 10 years difference in
service life prediction.
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Fig. 4 Estimated carbonation rate with
construction years

Table 4 Result of measured carbonation depth

. . No. of p
Condition of carbonation depth o. of readings

(%)
Below concrete cover depth B (75%)
Over concrete cover depth 32 (25%)
Over concrete cover depth + 20mn 6 ( 5%)
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3.3 Chloride Concentration in Concrete

The free chloride ions had a most effect on
reinforcement corrosion in concrete. The chloride
concentration of in situ concrete structure was
influenced by the quality of concrete, joint con-
dition, traffic volume, service time, service en-
vironment, maintenance, and so on. The pene—
tration of chloride and carbon dioxide was
quickly increased when water-binder ratic was
over 50%. " Consequently, the quality of in situ
concrete should be more ensured.
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Fig. 6 Chloride concentration with

construction years

The chloride concentration with members is
shown in Fig. 5. It is seen that chloride con-
centration of concrete structure is very high.
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Many freeway concrete viaducts showed the
trace of stain and water leakage due to poor
inferiority of drain facilities. Especially the water
leakage of joint accelerated the deterioration of
freeway concrete viaducts. Thus, it is concluded
that the quality of concrete structure was
considerably influenced by joint conditions. The
moisture content in concrete under service may
lead to the deterioration of concrete structure.
Consequently, designers and managers should
consider reducing water content in drainage, joint
and other facilities. The chloride concentration of
freeway concrete viaducts in service time is
presented in Fig. 6. The structures constructed in
1990s should be examined whether they are
made of marine sand or not, because corre—
sponded structures have highly chloride con-
centration In concrete. ‘

Freeway concrete viaducts in Seoul metropo-
litan area are not safe for chloride concentration
because 24% of total readings pass over 0.052%
which is regarded as critical chloride con-
centration.

3.4 Half—cell Potential of Reinforcement

In Fig. 7, half-cell potential of reinforcement at
abutments is lower than others. Half-cell poten-
tial for substructure such as the piers and the
abutments is lower than the slabs. The dis-
tribution of half-cell potential with construction
years -is shown in Fig. 9. There is not below
-350mV(vs. CSE) for freeway concrete viaducts
constructed in 1990s while widely distributed
1980s. The half-cell
concrete viaducts constructed before 1970s is
shown below -200mV.

However, half-cell potential is measured 51%
for -200~-350mV and 31% for below -350mV.
Therefore, many concrete structures have la—

potential for freeway

tently dangerous elements for reinforcement
corrosion. Occasionally, the trace of rust stain is
shown on structures which are measured below
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-350mV and this condition suggests that it has
been a long time since the reinforcement cor—

rosion initiates.
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tion from joint about 3m distance was -350mV ~
-550mV. However, reinforcement corrosion has
just started since visual inspection doesn’t

represent clear stain of corrosion.
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Fig. 9 Equipotential contour map at slab of
Moon-lae viaduct

3.5 The Reinforcement Corrosion Grade

Construction years
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Fig. 8 Half-cell potentials with construction years

Fig. 9 depicts equipotential contour map about
the bottom of the slab between No. 3 pier and
No. 4 pier in moon-lae viaduct which is one of
the investigated viaducts. The reinforcement
corrosion is progressing from No. 4 pier to 7m,
and the portion from 7m is passive condition.
The reinforcement corrosion is in an active

condition because the half-cell potential at por—
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Fig. 10 Reinforcement corrosion grade

In Fig. 10, the reinforcement corrosion grade
distributes from 1 grade with 23 readings(20% of
total), 2 grade with 56 readings(48%), 3 grade
with 28 readings(24%), 4 grade with 9 readings
(8%), and 5 grade doesn’t exist. It is concluded
that freeway concrete viaducts with 4 grade need
to be urgently repaired.
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3.6 Comprehensive Analysis

The estimation of deterioration rate is not
easy at situation in which chloride concentration
is very high and carbonation depth progresses
over cover depth. The reason is because the
deterioration of concrete is related to carbonation,
chloride binding capacity, free chloride con-
centration, the supply of oxygen, temperature,
humidity, ohm resistance of cover concrete and
so on. The chloride concentration can be corrode
reinforcement in 0%~1% by cement weight‘(w\
3 The BRE(14) proposed that chloride con-
centration of 1.0% by cement weight could be a
cause of reinforcement corrosion at situation
which carbonation depth does not penetrate to
reinforcement.

To depict the condition in which chloride and
CO» attack simultaneously, Fig. 11 shows cor-
rosion risk which is associated with carbonation
depth / cover depth ratio, acceptable chloride
and critical
trations. In most structures, the durability hazard
degree is low or moderate.

The Fig.
corrosion of members which were measured less
than -350mV of the half-cell potential, more than
0.04% of chloride concentration, and carbonation

concentrations chloride concen-

12 represents the occasion of

depth reaches the cover depth and poorly visual
condition. It is concluded that chloride ions from
de-icing salt and marine sand is cause of
reinforcement corrosion.

Generally, the corrosion propagation period is
2~5 year in the U.S.A.(B), while 10 years in
Denmark?. Thus, it could be that

corrosion rate by synergy effect due to simul-

rapid

taneous injurious action. Accorded structures
must be taken careful maintenance and mana-
gement. The literatures proposed that 10~25%
section loss of reinforcement can cause danger in
service, while serious corrosion current density
has been assumed more than 1.0 wA/cr, "7 ~®
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Fig. 12 Estimated cause of reinforcement
corrosion

In the early stage of deterioration, a damage is
not always distinct on the surface of concrete.
Until chloride or carbonation depth does not
penetrate to reinforcement, the surface of con-
crete keeps fine visual condition. However, if
reinforcement occurs corrosion, it can be the
cause of crack, spalling, and rust stain. The
pitting corrosion of reinforcement is the most
noticeable form which is appeared in rein-
forcement corrosion caused by chloride. If simul-
taneous deterioration such as chloride, car—
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bonation of concrete, and acid attack acts, it
must be more dangerous because synergy effect
may be occurred.

In the results, this paper is very effective to
comprehend the durability condition of freeway
concrete viaducts in Seoul metropolitan area.
However, the comprehensive analysis by quan-
titative research must be performed to predict
service life and to form relationship between
datums.

4. CONCLUSIONS

The conclusion of this paper on the durability
of 39 viaducts in Seoul metropolitan area is
following.

(1) The number of structures which COZ2

penetrate to reinforcement is 32 read-

ings.(25% of total) The model of car-

bonation rate is induced to 3.92 V¢, which

is 5% faster than 3.727 V¢ assumed 60%

water—cement ratio, R=1 in that of
kishitani.

(2) The chloride concentration is high and
highly estimated in the slabs than others.
The 249 readings more than 0.052%
chloride concentration which causes the
corrosion of reinforcement must need to
be repaired against chloride.

(3) The 26 readings(31% of total) measured
below -350mV(vs. CSE) half-cell potential
with more than 90% corrosion probability
and accorded structures widely exist
before 1980s. The structures over 3 rein-
forcement corrosion grade which need
urgently repair are 32% of total.

(4) The causes of reinforcement corrosion of
freeway concrete viaducts in Seoul metro-
politan area are chloride(50% of total) and
carbonation of concrete(38% of total)

respectively.

AEAN AAG 2AE T7HAESY WP 2A R HAt

ACKNOWLEDGEMENT

This authors would like to acknowledge the
financial support provided by Seoul metropolitan
government. The authors thank its sponsorship.

REFERENCES

1. ACI Building Code 318/318R-36

2. AM. Neville (1997) Maintenance and Dura—
bility of Concrete, Concrete International,
November

3. EJ. Wallbank (1989), The Performance of
Concrete in Bridges, London, Her Majesty's
Stationery Office

4, RILEM Draft CPC-18
(1988), Measurement of Hardened Concrete

Recommendation

Carbonation Depth, Materials and Structures,
Vol.21, No.126, pp.453-455.

5. ASTM C 876 (1993), Standard Test Method
for Half-Cell Potentials of Uncoated Rein—
forcing Reinforcement in Concrete, V 04.32,
S4, pp.626-629.

6. P.K. Mehta (1997), Durability — Critical Is-
sues for the Future, Concrete International,
July

7. K. Kishitani (1964), Uber die Bestindigkeit

von Stahlbeton unter dem Einfluf von
CO2, Zement-Gips, Nr.4, S.158-159.
8. CS. Lee, and LS. Yoon (1999), An In-
vestigation on Performance of Durability for
Concrete Bridges in Seoul Metropolitan area,
Proceedings of KSCE
9. Department of Construction and Trans-
portation of Korea (1996), The Korea Bridge
Specification
10. CEB Bulletin 238 (1997), New Approach to
Durability Design

11. 1S. Yoon (1998), Reinforcement Corrosion
Behavior according to Accelerating Exper—
iment, Master of Science, Dissertation,
University of Seoul

12. H. Grube, E. Kern and HP. Quitmann
(1990), Instandhaltung von Betonbauwer-

151



13.

14.

15.

16.

152

ken, Betonkalender, Ernst & Sohn

RILEM Report 12 (1995), Performance
Criteria for Concrete Durability, E & FN
SPON

Building Research  Establishment (1982),
The Durability of reinforcement in Concrete
: Part 2. Diagnosis and Assessment of
Corrosion - Cracked Concrete Digest 264
PD. Cady & RE. Weyers (1984), Deteri-
oration Rates of Concrete Bridge Decks,
Journal of Transportation, Vol.110, pp.35-44
M.R. Geiker, C. Henriksen, N. Thaulow
(1993), Design for Durability : A Case

17.

18.

19.

20.

Story, Concrete 2000 Voll, E & F N SPON,
pp.63-70

Comité Euro-International du Béton (1983),
Assessment of Concrete Structures and
Design Proceedings for Up grading, Bulletin
d’information, No.162.

J.P. Broomfield (1997), Corrosion of Rein-
forcement in Concrete, E & F N SPON
ACI Committee 201, Guide for Making a
Condition Survey of Concrete in Service
ACI Committee 222, Corrosion of Metals in
Concrete

o mA A g =R, A29 15 20023 39



