59

Structural Eng. / Earthquake Eng. Vol.6. No.2, 229s-237s. October 1989
Japan Society of Civil Engineers (Proc. of JSCE No.410,/1-12)

CORROSION OF STEEL BRIDGES—ITS LONG-TERM PREDICTION
AND EFFECT ON THE SAFETY

By Masaru MATSUMOTO¥, Naruhito SHIRAISHI**, Somkiat RUNGTHONGBAISUREE***
and Tamito KIKUTA****

Corrosion deterioration characteristics of the structural steel bridges, especially plate
girder bridges are studied in this paper. The parts of bridges that are severely corroded
are also investigated. Emphasis is placed on the prediction of corrosion (based on the steel
exposure test, paint life, and corrosion ratio) of painted bridge members. The final aim is
to find the effect of corrosion on the strength of painted bridge members.
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1. INTRODUCTION

Corrosion damage at various paris of siructural steel bridges has recently become conspicuous
especially when the bridge is constructed in a severe environment. Therefore, diagnosis of existing
bridges has become important to establish a rational maintenance or repair program, and has become an
important topic among researchers;for example, Nowax"-? who has studied the corrosion damage model
for steel bridges (unpainted bridges) . In this paper, corrosion of painted steel bridges will be predicted,
and the effect of corrosion on the strength of the bridge members will be determined. Within the highway

bridge grouping, the plate girder bridge is selected as a representative bridge type. The flowchart of the
calculation procedure is shown in Fig, 1,

2. CORROSION OF BRIDGE MEMBERS

Previous investigations have shown that the rate of corrosion of bridge members is different depending
on the positions in the bridge structure. The difference in the rate of corrosion depends on various factors
such as moisture, dirt, and debris. Parts of bridges in which corrosion deterioration tend to occur are as
follows®~ :

(D End cross-girders and areas surrounding the expansion joints

@ Lower surface at lower flange of both box girders and plate girders

® Welded parts, bolt joints, and their surrounding area
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Lower surface at upper flange of external girders
Inner surface of box girders

Shoes, bearings, and their surrounding area
Areas of water leakage

Parts influenced by exhaust gas from vehicles

CACISRCRORS

Parts subjected to impact and abrasion

In order to find the difference in the rate of corrosion among bridge members, an actual value of
corrosion depth of bridge members should be measured. Here, corrosion depth for five plate girder
bridges in a certain city are measured, and this data are used for evaluating corrosion ratio, These five
bridges are classified into two groups. The first group is for bridges located in a rural environment while
the other group is for bridges located in a marine environment. The rate of corrosion at the middle
cross-girder of a lower flange of the external girder is considered to be a standard value. Therefore, the
corrosion ratio of this part is set at 1. 00, and

the corrosion ratio of other parts is evaluated

based on this standard part. Fig.?2 and Fig. 3

show the results of the evaluated corrosion 1 l
. : : Data of environmental factoers, Data
I'atlo‘ Numbers mn the flgures are the corro- ﬁf corrosion depth from exposure test (Dalu of paint filw deterioration
. . . for 1,2,9,4,5 year exposure period
sion ratios for total corrosion of both surfaces l l
of the steel plate.
Regression equations for predicting Regression equations of paint film
corfnsinn at 1,2,3,4.5 year exposure deterioration
3. STEEL EXPOSURE EXPERIMENT [ it 1 e "“’ s
The rate Of corrosion Of StGEI materials in Equation for predicting long-tern Probability distribution function
. cerrosion and probability density function
atmospheres depends on the environmental of paint life

factors. Environmental factors that have
great effect on the rate of corrosion de- (""” of actae] corrosion depth ‘

classified by bridge members

terioration of steel materials are humidity, l
temperature, precipitation, sulfur dioxide I Corrosion ratio ‘
concentration, and sea-salt particle??, |
These factors vary greatly depending upon l

. .. . Probabitity density function of Data of average and max.
atmospheric conditions,  Recognition of uniforn and local corrosion depth corrosion depth
marked differences in the degree of corrosion l l

: : ferd Effect of corrosion on the strength Regression eq. of average corrosion
has made it convenient to leIde the atmos- of the bridge members depth as a function of max.pit depth
pheres into several types. Based on the Japan
National Railway®, atmospheres are classi-
fied into four types, which are rural, moun- Fig.1 Flowchart of the calculation procedure.

Fig.2 Corrosion ratio (Rural environments). Fig.3 Corrosion ratio (Marine environments).
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tainous, industrial, and marine environments,

Horikawa et al.® have investigated long-term corrosion deterioration of bare steel. The results of the
estimation of the corrosion rate of steel are consistent with the following relationship :

YZAXBeXD(C/X) ................................................................................................... (1)
where Y is predicted long-term corrosion depth (mm). X is exposure time (year). A, B, and C are
constants, Eq. (1) is readily convertible to a linear expression of the form

1nY=A’+BlnX+C/X ........................................................................................... (2)
where A’ is In A. ‘

The three parameters A’, B, and C play a significant role in the characteristic of atmospheric
corrosion, If these parameters are known, Eq. (2) can be used to predict the corrosion depth of bare steel
at any exposure time, Two cases are considered in estimating these parameters.

[Case1] This is the case when the results of a steel exposure test for the area under consideration can
be obtained. This test should be placed at a different exposure times; for instance, 1, 2, 3, 4, and
5 year-exposure times. The data of corrosion depth from exposure test are applied directly to Eq. (2) ; and
by the least square method, parameters A’, B, and C can be obtained. Based on the results of steel
exposure test conducted by the Hanshin Expressway Public Corporation'”, parameters 4’, B, and C for
15 places in Japan are determined, and the results are shown in Table 1. Fig, 4 shows one example of
predicting curve of corrosion depth together with the data from the steel exposure test for Shimizu.

[Case2] This is the case when there is no data of corrosion depth from steel exposure test for the
interested area. In this case, it is necessary to prepare the regression equations for predicting corrosion
at each exposure time, i.e. at 1, 2, 3, 4, and § year-exposure time, as a function of environmental
factors. From these regression equations, corrosion depths for exposure time of 1, 2, 3, 4, and 5 years
can be predicted when data of environmental factors for interested area are obtained, and these expected
corrosion dephts are applied to Eq. (2) in order to identify the parameters A’, B, and C. Having
investigated the data of environmental factors and corrosion depths from the steel exposure test conducted
by the Hanshin Expressway Public Corporation, the same data is then applied to the SPSS Statistical
Package. By the multiple linear regression analysis, regression equations for predicting corrosionatl, 2,
3, 4, and 5 year-exposure time are obtained as follows :

Y,=551.7+53.2 X;—15.4 X,—0.111 X,+33.9 X,+4. 46 X;, F=0.650 e (3)
Y,=878.3+75.1 X,—26.9 X,+0. 021 X,+47.8 X,+5.99 X;, P=0. 68 crereeereeeeeeeeen (4)
Y;=2001+101.3 X;—49.1 X,+0.120 X;+57.3 X,+6.83 X;, F==0. 62 e (5)
Y,=5289+118.3 X,—96.1 X,+0.333 X;+39.4 X,+7.29 X;, FP==0.59 e e (6)
Y;=5793+131.5 X,—111.4 X;+0.503 X;+55.9 X, +7.57 X5,  y=0.58--rrreeereeeeeeeerennenns (7)

Table 1 Estimated results of the parameters in the equation

for predicting long-term corrosion.

Location A’ B C Depth (mm)
Otaru -3.002 0.293 -0.263 0.3 1
Sendai -3.338 0.455 0.184
Niigata -3.074 0.509 0.188 ~
Nagano -3.471 0.270 -0.188 0.2 - e
Nagoya -2.289 0.099 -0.432 /o’/
Shimizu -2.768 0.684 -0.345 P
Tokyo -3.067 0.448 0.249 0.1- e
Kawasaki | -1.718 0.428 -0.2862
Kawasaki 2 -2.208 0.785 0.459
Matsue -3.182 0.429 -0.227 . r— Year
Amagasaki | -1.579 0.378 -0.635 0 5 10
S:zi?:;? 2 ‘g ig? g?gg gég? Fig.4 An example of predicting curve of corrosion depth
Shionomisaki 2.977 0.725 0.052 together with the data from the steel exposure test
Ashizurimisaki -2.248 0.913 -0.178 ..
for Shimizu.
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Condition (a) ! Y,>V.> Y, >Y,> Y, >0 Table2 Data of environmental factors
in which X, is temperature (°C). X, is humidity (%). X, is in a certain city.
precipitation (mm/year). X, is sulfur dioxide concentration X1 4 X2 | X3 | %4 | %5
(107* ppm). X, is sea-salt particle (10~* g/cm® year). X,, X,, and 16.2 | 67 | 1400 22.6 8.1

X, are average values in a year, Y predicts corrosion depth
(107*mm), the subscript of Y expresses the time of exposure in years. 7 is the multiple-correlation
coefficient,

In these equations, humidity doesn’t show the promotion of corrosion deterioration. This may be because
the data of humidity used in this calculation is not so high (ranging from 66 % to 78 % with the average of
71 %), and is still lower than the critical value, in which humidity will not promote corrosion, that was
reported as 75 % for mild steel®. Therefore, these regression equations are suitable for the areas in
which humidity is not so high and condition (a) is still true. For areas of high humidity, difference
regression equations should be determined.

An example of an application can be done using data in Table 2. Substituting this data into Eq. (3) to
Eq. (7), predicted corrosion depths at 1, 2, 3, 4, and 5 year-exposure time are obtained. Applying these
results to Eq. (2), and by the least square method, the parameters A’, B, and C are obtained as —2. 43,
0.627, and 0. 157 respectively. Finally, the equation for predicting long-term corrosion in this case is Eq.
(8). This equation will be used later for predicting corrosion depth of painted bridge girders :

In Y=-—2.4340.623In X+0. 157/X ............................................................................ (8)

4. SERVICE LIFE OF PAINT

Since paint is applied to bridges for protecting against corrosion, the service life of paint must be taken
into consideration for predicting corrosion of painted bridge members., There are many factors affecting
the rate of paint film deterioration. However, main factors can be classified into three groups, which are
atmospheric environments, types of paint, and parts of bridges to which paint is applied, The degree of
deterioration of paint is represented by the rating number according to percentages of rust. The rating
number system used by the Japan National Railway? consists of RN 1, RN 2, RN 3, and RN 4. The
RN 4 expresses the state of no rust or new paint. Repainting should be done when the rating number of
paint film is lower than two. Based on this rating number system, paint film deterioration of 270 railway
steel bridges in Japan were investigated via the consideration of atmospheric environments and bridge
members such as upper flange, web, and lower flange. Data for web and lower flange are used for
determining the service life of paints. First of all, regression equations of paint film deterioration as a
function of time are determined. These regression equations are assumed as a linear expression of the form

RN Z= G D Levveveeereeeeeeeameeeeeeaeee e et e e ettt e (9)

The least square method is used for estimating the parameters § and ). The scattering (standard
deviation) of the rating number is assumed to increase proportionally to time, The parameters & and b
should satisfy the condition that the value of § in Eq. (10) is minimized,

S:é(RNi_@_.gti)Z/tg ............................................................................................ (10)
Because RN 4 expresses the state of new paint, the rating number estimated by Eq. (9) should be four at

exposure time zero, Therefore, the value of the parameter ¢ in Eq. (9) has to be four, and only the
parameter ) should be estimated. By the least square method, the differential product of Eq. (10) with b

is set to zero,

8§=__2i B (RINy— Q= BB,/ BEm=0 v vreemmreerme oo ene ettt (11)
ob i=

or
i}RNi/ti=d}n:;1/tg+ni) .......................................................................................... (12)
i=1 i=
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By substituting the value of & (4.0) into Eq. (12), parameter b can be easily estimated. In order to find
the value of standard deviation as a function of time, the distribution of the rating number is changed into
the standard fgfm

Zz:(RNz—RNi)/ti /\ ................................................................... (13)
where RN; is the measured Rating Number, RN; is the expected rating number, and # is exposure time, Z
is the standard normal distribution N [0, ¢?] in which ¢ is the value used to estimate a standard deviation
in the following equation :

B o AR (14) Rating Number

Estimated regression equations of the rating number and 4 -
standard deviation are shown in Table 3, Fig. 5 shows a plot of
one example of these regression equations together with the data
of paint film deterioration for a web exposed in mountainous
environment. Service life of paint is assumed to expire when the 3-
rating number is lower than two. This assumption is illustrated
by Fig. 6. Shaded areas in this figure are the portions of paints of
which service life has expired. By integrating the shaded areas in

2 J
Rating Number
o
l -
M T T Year
15
Fig.5 Data of the rating number of paint film deterioration 0 Year
for a web exposed in mountainous environments. Fig.6 Conceptual diagram of paint life.
Probability Probability
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1

0 "2 T4 6 8§ 1o 12 14 18 18 20 O 2 4 & 8 10 12 14 18 13 20
Year Year
(a) Web (b) Lower flange

Fig.7 Probability density of paint life, Rural environments.

Table 3 Regression equations of paint film deterioration. Table 4 Estimated service life of paint.
Environments | Position in| Regression Standard | No. of Environments Pusi?ion in| Mean Values Stax}daz:d
Bridge Equations Deviation | Data Bridge (Years) Deviation
Rurral Web RN=4.0-0.264t | 0=0.0742t | 55 Rural Web 8.42 4.118
Lower flange | RN=4.0-0.377¢ 0=0.1192t 55 Lower flange .15 4.3%0
Hountainous Web RN=4.0-0.235t | 0=0.0813¢t 37 Mountainous Web 10.17 7.711
Lower flange | RN=4.0-0.317t | 0'=0.0988t 37 Lower flange 7.26 4.781
Industrial Web RN=4.0-0.382t | 0=0.1897t 17 Industrial Web 7.15 4.599
Lower flange | RN=4.0-0.571t | 0'=0.1728t 17 Lower flange 4.00 2.836
Marine Web RN=4.0-0.282¢ 0=0.0760t [} Marine Web 7.80 3.457
Lower flange | RN=4.0-0.484t | 0=0.1581t 48 Lower flange 5.18 4.711
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Fig. 6, cumulative probability of paint life can be obtained. The differential product of this cumulative
probability of paint life is then the expected probability density of paint life. Fig. 7 shows two examples of
the estimated probability density of paint life. The mean value and standard deviation of these distributions
are also obtained. They are illustrated in Table 4.

5. CORROSION OF BRIDGE MEMBERS

(1) Prediction of uniform corrosion

Uniform corrosion is the most common form of corrosion, where metal loss takes place uniformly over
the entire exposed surface’, Uniform corrosion of painted bridge members is predicted based on the steel
exposure test, paint life, and corrosion ratio. Corrosion of steel is assumed not to occur during the service
life of paint, and after the expiration of paint life, corrosion mechanism of bridge members is the same as
of bare steel in the steel exposure test multiplied by corrosion ratio,

Fig. 8 illustrates the concept of these assumptions, If g (%) is a probability density function of paint
life, then the conditional probability of t* which is the exposure time of the steel surface after the
expiration of paint life, can be expressed as follow .

fz*/T(t*/T):g(T_t*) .............................................................................................. (15)

Here f;«,r is the conditional probability density function of exposure time to the atmosphere of the steel
surface, T is total time after construction. This exposure time of the steel surface is applied to Eq. (2),
and by multiplying the result with the corrosion ratio, the predicted corrosion depth of painted bridge
members will be obtained.

However, at any exposure time of steel surface $*, there is a distribution (scattering) of corrosion
depth as shown in Fig. 9. Estimated result of corrosion from Eq. (2) can represent only the mean value of
this distribution, In calculation, the shape of distribution as well as the degree of scattering must be
assumed. Because negative value of corrosion basically has no physical meaning, the distribution of
corrosion depth is assumed to be a log-normal distribution. Consequently, the conditional probability of
corrosion depth at any time T after construction, P (Y;/T), can be obtained by the following equation :

P Y/ T)=fu,+(Y:/ T) dY=[nfn/z*(Yi/t*),fz*/r(t*/T) QEFQY - eeveeveeemeemeeieaeeieee e, (16)

in which fy,, is the conditional probability density function of corrosion depth of bare steel, f,, is the
conditional probability density function of corrosion depth of painted steel.

Furthermore, the mean value and standard deviation of predicted corrosion depth can be estimated by
Eq. (17) and Eq. (18). respectively.

/AF[OOYf(Y/Ti)dY ................................................................................................ a7
Uzy:\/o.myzf(Y/TJdY—ﬂ% ......................................................................................... 18)
Corrosion depth Corrosion depth ¥ fyn®

Y(TY e mm = — = = —— == o fyvr

fy s
Time J
0 = " N dt Ezposure time
Paint life Time beyond paint i
life e t
tr1
Total time T
Fig.9 Relationship among predicting corrosion depth, steel
Fig.8 Predicting model of corrosion depth. exposure test, and exposure time of steel.
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(2) Prediction of maximum and/or local corrosion
Corrosion depth estimated in the previous section is the uniform corrosion. From this result, maximum
value of corrosion depth is estimated based on the mean value and standard deviation of the distribution of
this uniform corrosion by the following equation :
max = My 3 Gy e (19)

However, past investigations showed that the rate of maximum pit depth changes rapidly when uniform
corrosion depth reaches a certain value. This value may be called as “a triggered value”. After that a state
of maximum corrosion will change to local corrosion. Unfortunately, there were few investigations on local
corrosion for steel bridges, but for a marine steel structure, this triggered value was reported as (. 7~
1.3 mm', After that, the local corrosion speed is about four times the uniform corrosion speed. Based on
this corrosion property of marine steel structures, maximum and/or local corrosion is predicted based on
the following assumptions :

a) Local corrosion will develop when uniform corrosion depth reaches a triggered value. The
distribution of this triggered value is a log-normal distribution of which its mean value is . 7 mm, ‘and the
coefficient of variation is (. 15. )

b) When uniform corrosion depth is less than the triggered value, maximum pit depth is estimated by
Eq. (19) ; when uniform corrosion depth is greater than the triggered value, local corrosion speed is four
times the uniform corrosion speed.

Results of the predicted corrosion depths for both Corrosion depth (mm)
local and uniform corrosion are compared with mea-

3
sured values shown in Fig. 10. The original thickness . )
~~Predicted uniform corrosion
of materials is based on the design values of those { —Predicted local corcosion
: . . O Heasured uniform corrosion
bridges. The shaded parts in the figure represent the , | @Heasured local corrosion ®

these results, predicted values of corrosion show an .

active life of paint resulting from repainting. From /T

agreement with the measured values for both uniform

N N -5
and local corrosion for bridge A. For bridge B and C, ’\
predicted values of corrosion are a little bit overesti- .

mated. This may be the effect of a difference in /. REPAINT .

: - T T T T T T ear
environmental factors even though the bridges were 0 20 40 60
constructed in the same city, but the precise data of (a) Bridge A

Corrosion depth (mm)
Corrosion depth (mm)
3-
3 4
. . ~=Predicted uniform corrosion
--Predicted unifors corcosion 1 —Predicted local corrosion
7| Predicted 1?“’ vorrosion O Heasured unifors corrosion
O Keasured unifom cortosion 91 ® Heasured focal corrosion
2 @ Heasured local corrosion
1 - ) 1
] << |
IR
0 T 2'0 T 4(') T 6b Year 0 TYear
(b) Bridge B (¢) Bridge C

Fig. 10 Comparison of corrosion depths, of bridges in a certain city, between predicted and measured values with the consideration
of repainting.
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environmental factors is not available.

6. EFFECT OF CORROSION DETERIORATION ON THE STRENGTH OF BRIDGE
MEMBERS

Stress ratio, the ratio of the bending stress value of a corroded section to that of an uncorroded section,
is introduced as a performance index to evaluate the effect of corrosion on the strength of bridge members,
Fig. 11 shows the girder section used in the calculation,

For the effect of uniform corrosion, the calculation is performed by varying the fractile value of
distribution of the corrosion depth in which each part of the girder is assumed to corrode at the same
fractile value : and because corrosion depth has a linear relationship with the moment of inertia of girder
cross section, and also with stress ratio, the distribution of estimated stress ratio also has the same
fractile value as of the distribution of corrosion depth,

For the effect of maximum and/or local corrosion, because the tension test of corroded steel materials in
the past has shown that the weakest section of materials is defined by the average corrosion depth,
maximum and/or local corrosion depth is converted into average
corrosion depth. Fig, 12 shows a plot of measured corrosion depths from —_22
investigation, indicating the relationship between maximum pit depth and
average pit depth. From these data, by the least square method, l T -+

regression equation of average corrosion depth as a function of maximum 22

pit depth is obtained as follow :

Yave=—0. 1244 0. 803 Vipay -+ +rrrssrsrereerrnrereaiiiuiesiiuneeans (20)
in which Yaye is the average corrosion depth (mm), Yy, is the maximum
pit depth (mm).

By using the above transformation equation, average corrosion depth

1400

can be obtained. Finally, the stress ratio can be estimated based on this e

average corrosion depth. Fig. 13 shows the estimated results of both the 2$2

effect of uniform and local corrosion depth on the strength of bridge N

members by means of the stress ratio.

280
Fig. 11 Girder section for estimation
of stress ratio.

Average depth (mm)

Stress ratio
3.0
1.10+
2.5 4 1.08 Local corrosion
o
2 . - o
0 s ° 1.06-
© o o
o © o
o
1.5 o ° i
. . /oi 1.04
/"c Uniform corrosion
1.0 1.024
0— 5 Al T T ¥ T T T T T T T
1 2 3 4 1-00, 20 40 Y
Max. depth (mm) Year
Fig. 12 Relationship between maximum and average Fig.13 Effect of corrosion on the strength of bridge members
corrosion depth. by means of stress ratio (Rural environments).
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7. CONCLUSION

Evaluation of bridge deterioration is becoming important to establish rational bridge maintenance rules
or to develop future code provisions for corroded steel bridges. This paper has introduced the model for
predicting corrosion of painted steel bridges as well as the model for determining the effect of corrosion on
the strength of steel girder bridges. Predicting corrosion of painted steel bridges is based on a steel
exposure test, paint life, and corrosion ratio, which is the ratio of corrosion rate among bridge members.
Evaluation of corroded steel bridges is determined in terms of stress ratio, which is the ratio of bending
stress value of a corroded section to that of an uncorroded section,

The results have shown that bridge deterioration due to local corrosion is very important. This
deterioration causes an increasing in stress level of the bridge sections due to section loss, and this
deterioration might bring to the critical state of the structure if the stress level increases over the capacity
of bridge sections,

It is apparent that bridge maintenance and inspections are especially important to ensure the safety of
bridges. Repainting is one of the several possibilities for bridge maintenance in which the service life of
paint obtained in this paper can be used as a guideline for the repainting period.
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