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ABSTRACT 
 
In order to keep the good performance and elongate the service life of the structure members at the least cost, it 
is necessary to find out the deterioration characteristics, decide the lifespan and choose the appropriate 
maintenance methods. Usually outdoor exposure tests are performed to solve these problems, however, the 
outdoor exposure tests need enormous time and effort. In this study, a series of accelerated exposure tests, which 
can be controlled in limited time and with little cost, are performed in the laboratory to investigate the 
environment impact on the uncoated steel plates and the rubber bearings. An accelerated cyclic 
corrosion-environment named S6-cycle is employed on the uncoated steel plates. For rubber materials, six kinds 
of accelerated exposure tests including the thermal oxidation, ultraviolet radiation, ozone, low-temperature 
ozone, salt water and acid rain mist combined cyclic tests, are carried out to simulate different degradation 
factors. The time histories of the specimen performances are examined. Compared with the results from the 
outdoor exposure tests as well as the investigation of the amount of flying salt, the acceleration coefficient of the 
uncoated steel plates is calculated. Through the six accelerated exposure tests the predominant degradation factor 
affecting the rubber materials is clarified. The long-term behaviors can be predicted using the Arrhenius theory, 
and a modified method is proposed to take the location and the temperature fluctuation into consideration. In this 
study, the application of the accelerated exposure tests to simulate the atmospheric environment is presented. 

 
 

INTRODUCTION 
 

In order to reduce the lifecycle cost and lifecycle environmental impact of the civil infrastructures, the 
technology renovation should be considered during not only the construction stage, but also the whole lifecycle 
of the structure including the maintenance, replacement and demolition stages. Therefore, the lifecycle 
assessment (LCA) is necessary. When performing the LCA on steel bridges, the durability and the lifespan of 
each structure member should be known. However, up to now the LCA on steel bridges is mostly based on the 
experiential presumptions. 
It is well known that the environmental effects have great influence on the steel structure members, especially at 
the aspects of safety, appearance, service life and maintenance cost, etc. Usually outdoor exposure tests are 
performed to investigate the durability of structure members, but the outdoor exposure tests cost enormous time 
and effort, and they are easily affected by location and various environment conditions. On the other hand, 
accelerated exposure test could not only accelerate the deterioration speed to save test time, but also provide 
reliable indictors of future performance. For instance, Fujiwara had performed accelerated exposure tests on 
painted steel plates for 2 months, which includes 7 sets of conditions, named SS, S6, DS, JASO, NS, 
seawater-NS, and ASTM-cycles (Fujiwara and Tahara, 1997). Through comparing the laboratory test results with 
the outdoor tests at 5 sites in Japan for 3 years, he presented the correlation between the laboratory and the 
outdoor exposure tests and proposed that the S6-cycle test condition is applicable to reproduce the results of 
outdoor exposure tests. The S6-cycle was proposed by the Ministry of International Trade and Industry and was 
specified in Japan Industrial Standard (JIS). 
As for the rubber bearings, it is known that the deterioration increases the rubber materials’ stiffness, while 
decreasing the tensile strength and the elongation at break. Although the rubber materials are exposed to variant 
environments and attacked by different degradation factors such as oxidation, ozone, temperature, acid and 
humidity, the long-term behaviors are seldom studied. 
The objective of this research is to find out the durability and the lifespan of the steel bridge members through 
accelerated exposure tests. The fundamental data obtained from the test can complement the outdoor exposure 
test and help propose a LCA strategy including the evaluation of the cost due to the environmental effects. The 
uncoated steel plates made of blast furnace steels and electric steels are tested. And the time histories of the 



weight and thickness reduction of the steel plates due to the rust are investigated. Comparing the results from the 
outdoor exposure tests as well as the investigation of the amount of flying salt, an accelerated coefficient is 
proposed to predict the steel member corrosion due to the flying salt. Besides, six kinds of accelerated exposure 
tests are designed to evaluate effects of different degradation factors on four kinds of rubber materials: Natural 
Rubber (NR), Chloroprene Rubber (CR), Ethylene Propene Rubber (EPM) and High Damping Rubber (HDR). 
The pre-strains are also applied to investigate their influences. Both the physical and the mechanical properties 
such as the hardness, the stresses at certain strains, the tensile strength and the elongation at break are measured. 
Using the Arrhenius formula, the long-term properties of the rubber materials can be estimated. 
 
 

ACCELERATED EXPOSURE TEST ON UNCOATED STEEL PLATE AND COATING SYSTEM 
 

Equipment of Test 
A Combined Cyclic Corrosion Test Instrument made by Suga Test Instruments Co., Ltd, shown in Fig.1 is used 
in this research. This equipment can operate automatically and control the conditions of atomizing of salt water, 
temperature, and humidity in arbitrary order and combinations. It has a rectangular environmental chamber of 
2000×1000×500 mm, in which 188 test specimens of 150 mm long, 70 mm wide and 9 mm thick can be 
arranged in maximum. 
 

 
Fig.1 Combined Cyclic Corrosion Test Instrument  Fig.2 Dimension of Test Specimen (Unit: mm) 
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Test Specimens 
The uncoated steel plates of 70×150×9 mm are made of blast furnace steels and electric steels standardized by 
JIS and called as SM490 (yield stress of 325 MPa). There are 15 test pieces for each type. The surfaces of these 
steel plates are grit blasted by the No. 50 grit specified in JIS S-G50. The chemical composition of the SM490 
steel is listed in Table 1. 
 

Table 1 Chemical Composition of Structural Steels 
 

C Si Mn P S Cu Ni Cr Material 
×100 ×1000 ×100 

Blast furnace steel 16 32 131 10 2 ─ ─ ─ 
Electric steel 12 25 131 19 5 10 6 6 

 
In the accelerated exposure tests, usually the dimension of the specimen is taken as 150×70 mm with the 
thickness of 1.6～3.2 mm. However, as specified in Design specifications of highway bridges by Japan Road 
Association (JRA), the minimum thickness of the steel plates should be 8mm. In this research, the specimen with 
a thickness of 9 mm is adopted. The dimension of the uncoated test specimens is shown in Fig.2.  
 
Test Conditions 
The test specimens are exposed in the environmental chamber under the S6-cycle corrosion conditions for 150 
days (600 S6-cycles). The S6-cycle condition is shown in Fig.3. The combined cycle consists of 30 minutes of 
salt water spraying, 90 minutes of wetting, 120 minutes of drying by hot wind, 120 minutes of drying by warm 
wind. The past research on painted steels concluded that compared with other conditions, the results of the 
accelerated exposure test under the S6-cycle is highly correlated to outdoor exposure tests (Fujiwara and Tahara, 
1997). Since the appropriate cycle for the uncoated steels has not been found, in this study, the S6-cycle is also 
used to examine the corrosion characteristics and the durability of the uncoated test pieces. 
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Fig.3 Conditions of Accelerated Environment Cycle (S6-cycle) 

 
Arrangement of Test Pieces 
The arrangement of the test specimens in the chamber of the Combined Cyclic Corrosion Test Instrument is 
shown in Fig.4. The results of the preliminary accelerated exposure tests focusing on the arrangement effect 
showed that outside the area enclosed by the bold lines in Fig.4, the error of the weight loss can reach 50%, but 
if inside that area, the maximum error will decrease to less than 10% (Itoh et al., 2003). In this research, all the 
test specimens are placed near the center of the chamber, and inside the area enclosed by the bold lines, with an 
angle of 15 degree from the vertical 
 

 
Fig.4 Arrangement of Specimens in the Combined Cyclic Corrosion Test Instrument 

 
Test Procedure and Measurement 
Every 120 cycles (about 30 days) three uncoated steel plates of each type are taken out for measurement. Firstly 
the appearance change is observed, then the corrosion productions are removed by boiling with the ammonium 
citric and the thioureas, and finally the weight and the thickness of the test pieces are measured. The time 
histories of the weight loss and the thickness decrease are recorded and compared. 
 
 

ACCELERATED EXPOSURE TEST ON RUBBER MATERIALS 
 
Test Specimens 
In the accelerated exposure tests on rubber materials, the JIS No.3 dumbbell specimens made of NR, CR, EPM 
and HDR are used. As shown in Fig.5, the shape of the specimen is designed for the elongation test. The samples 
are thin enough to avoid diffusion-limited oxidation effects during the experiment. The middle part with the 
thickness of 2mm, width of 5mm and length of 20mm is applied to evaluate the deterioration characteristics. 
It is found that the outside of the rubber layer between steel plates will bloom outward when the bearing 
subjected to the compressive dead and live loads. That is to say, the brim of the rubber layer is in tensile state. 
Both the compressing test and FEM simulation prove that the maximum tensile strain can reach 40%. In order to 
simulate the real state of the rubber bearing in service, the specimens are elongated to a certain strain using a 
special rig shown in Fig.6. In the accelerated exposure tests the pre-strains are set as 0%, 20% and 40% to 
investigate the influence of the combination of tensile strain and degradation factors.  
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Fig.5 JIS No.3 Dumbbell Specimen     Fig.6 Pre-straining Rig 
 
Test Conditions 
In this research, six kinds of environmental conditions are simulated by the accelerated exposure tests (Itoh et al., 
2002). They are thermal oxidation test, 40℃ ozone deterioration test, low temperature ozone deterioration test, 
weather resistant test, salt water mist combined cyclic corrosion test and acid rain mist combined cyclic 
corrosion test, as shown in Fig. 7. The test conditions are much severer than the real environment conditions in 
order to investigate the long-term characteristics in limited time. These test conditions are presented in Table 2 
and are introduced in detail as follows. 
 

Table 2 Conditions of Accelerated Ageing Test 
 

Material Pre-strain Degradation Factor Test Conditions Extracting Time (hours) 
Thermal oxidation 70℃ 96, 192, 384, 768, 1536, 3072, 6144

Ozone Ozone=0.5ppm, 40℃ 96, 192, 384, 768, 1536 
Low temperature ozone Ozone=0.5ppm, -30℃ 96, 192, 384, 768, 1536 

Ultraviolet radiation Radiation and water spray 360, 720, 1440 
Salt water mist Wetting and drying cycle 360, 720, 1440 

NR, 
CR, 

EPM, 
HDR 

 

0,20,40% 

Acid rain mist Wetting and drying cycle 360, 720, 1440 
 

 
(a) Thermal Oxidation Test      (b) Ozone Test           (c) Ultraviolet Radiation Test 

 

 
(d) Salt Water Combined Cyclic Test   (e) Acid Rain Combined Cyclic Test 

Fig.7 Accelerated Exposure Tests on Rubber Materials 
 
The thermal ageing of the specimens are carried out in a temperature-controlled air-ageing oven. High 
temperature can accelerated the chemical reactions, however, it is said that temperature can affect the tendency 
of the property change, and NR undergoes predominant chain scission above 80℃, but below 80℃ it crosslinks 
(Grassie and Scott, 1985). So the ambient temperature in the test is controlled as 70℃ to avoid unexpected 
chemical reactions. The total duration of this test is 6144 hours (about 8.5 months). 
The most commonly used method of judging the resistance of the rubber material to the attack by the ozone is by 
exposing stretched strips of rubber to a higher concentration of ozone than the product is expected to meet in its 
life. According to the ozone test method specified by JIS K 6259 aiming at the vulcanized rubber and the 



requirements by the Construction Management Specification of Japan Highway Public Corporation (JH), the 
concentration of the ozone is set as 0.5ppm and the ambient temperature is controlled to be 40℃. This test is 
conducted 1536 hours (about 64 days). 
In the low temperature ozone test the temperature is set as -30℃, and other conditions are the same as the ozone 
test in 40℃. 
The ultraviolet radiation accelerated test is designed to reflect the influence of the sunlight irradiating the rubber 
material. The artificial light provided by a carbon arc light can produce the same effect as the sunlight. The test 
machine is called Dual-Cycle-Sun-Shining-Weather-Meter and the cycle composed of 60 minutes of irradiation 
and 30 minutes of pure water spay is adopted. The duration of this test is 720 hours (30 days). 
The salt water mist combined cycle uses the S6-cycle mentioned above and this test lasts 1440 hours. The 
concentration of the salt water is 5%.  
Because rubber will react with acid, it is needed to clarify this deterioration mechanism. Using the same cycle as 
the salt water mist combined cycle, the acid rain spraying combined cycle just replaces the 5% salt water by 
pH3.5 acid fluid keeping other conditions unchanged. 
 
Test Procedure 
The rubber specimens are taken out for measurement at 96 hours, 192 hours, 384 hours, 768 hours, 1536 hours, 
3072 hours and 6144 hours. Considering the high deviation of the test results even from the same material, for 
each degradation factor, each pre-strain state and each extracting time, 12 samples are prepared. After the 
accelerated exposure test, firstly the appearance of the test pieces are observed using the microscope, then the 
grid hardness of the dumbbell specimen is gauged by a hardness-measuring instrument, and finally through the 
uniaxial tension experiment, the stress-strain relationship is obtained. Because the stress-strain relationships of 
rubber materials show high non-linearity, it is difficult to calculate the stiffness using the secant method. Thus 
the stress at 25%, 50%, 100%, 200% and 300% strain, i.e. M25, M50, M100, M200 and M300, the elongation at 
break (EB) and tensile strength (TS) are taken as the evaluation indexes. The inspection method conforms to the 
quality inspection method specified by JH and the specifications in JIS K6251 and K6253 about the general rules 
of physical testing methods for vulcanized rubber.  
 

 
(a)Accelerated Exposure Test  (b) Appearance Inspection    (c) Hardness Test    (d) Tension Experiment 

Fig.8 Procedure of Accelerated Exposure Test on Rubber Materials 
 
 

EXPERIMENTAL RESULTS 
 
Uncoated Steel Plates 
It is found that there is almost no difference between the weight loss of the blast furnace steels and the electric 
steels. The mean weight loss of the uncoated steels is plotted in Fig.9. The relationship between the weight loss 
by corrosion and the time is expressed in Eq.(1). 
 
  (1) n

d ktw =
 
where, the symbol wd is the weight loss (kg/m2), t is the time (year), k and n are constant.  
In this study, the cycle number nc is used instead of t, and the relation between the weight loss wd and nc is shown 
in Fig.9. The constants in Eq.(1) are obtained with the least-squares method, and the R in Fig.9 is a correlation 
coefficient. Due to the corrosion, the weight loss of the specimens increases with the cycle, but the increase 
speed tends to decrease gradually.  
The mean thickness decrease is calculated through Eq.(2), assuming that the distribution of the corrosion product 



is uniform. This method is widely used to evaluate the results of the outdoor exposure tests.  
 
 )/( sdd Awt ⋅= ρ  (2) 
 
where, the symbol td is the mean thickness decrease, ρ is the density of the steel and As is the surface area of 
the test piece. The results are compared with the thickness decrease measured by the micrometer directly, as 
shown in Fig.10. The thickness decrease td is obtained through these two methods, respectively. The symbol ◇ 
denotes “equivalent thickness decrease” calculated from the weight loss and the symbol ● is the thickness 
decrease obtained from the direct measurement. The both results almost agree. The regression curves are also 
illustrated in Fig.10. Similar to the weight loss, the data are well fitted with the involution function on nc. 
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0 120 240 360 480 600

Cycle Number nc

T
h
ic

kn
es

s 
D

e
cr

e
as

e 
t d

 [
m

m
]

0

0.5

1

1.5

2

0 120 240 360 480 600

Cycle Number nc

W
e
ig

h
t 

L
os

s 
[k

g/
m

2
]

Direct measurementUncoated steel
Equivalent valueRegression curve

wd = 0.019nc
0.69

R = 0.99 

Regression curve (direct)
Regression curve (equivalent)

td = 0.074nc
0.50

td = 0.075nc
0.50

 
Fig.9 Mean Weight Loss      Fig.10 Mean Thickness Decrease 

 
The Ministry of Construction carried out the outdoor exposure tests of steels as well as the investigation of the 
amount of flying salt at 41 sites in Japan. The results of 31 tests for 9 years and the results of the accelerated 
exposure tests for 600 cycles (about 5 months) are compared, and the acceleration coefficient Ac is obtained. The 
acceleration coefficient is calculated through (time scale of outdoor exposure test)/(time scale of accelerated 
exposure test), as shown in Fig.11, and is the parameter connecting the results of the accelerated exposure test to 
the phenomena at the sites of the outdoor exposure test.  
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Fig.11 Acceleration Coefficient      Fig.12 Relation between Amounts of Flying  

Salt And Acceleration Coefficient 
 
The calculated acceleration coefficients are 6～75 in the inshore area, 70～178 in the urban/rural area, and 53～
189 in the mountainous area. It can be seen that the range of the acceleration coefficients Ac in each area is very 
wide. This is because the distribution of the flying salt in each area varies greatly. And this phenomenon means 
that the acceleration coefficient does not always depend on the regional characteristics. 
The relationship between the amount of flying salt ws and the acceleration coefficient Ac is shown in Fig.12. The 
solid line is a regression curve of the acceleration coefficient with the involution function 
 

          (3) 
62.014.9 −= sc wA



where, ws is the amount of flying salt (mg/dm2/day, mdd) and Ac is the acceleration coefficient. The dotted line is 
an envelope curve with the standard deviation S. The correlation coefficient R is 0.88, thus the relationship 
between the amount of flying salt ws and the acceleration coefficient Ac can be expressed by Eq.(3). 
Using the equation  shown in Fig.10 and Eq.(3), the following equation can be reached: 50.00074.0 cd nt =
 
  (4) 5.062.0 )(094.0 twt sd =
 
where td is the thickness decrease of the steel plate (mm). Therefore the mean thickness decrease of vertically 
placed steels can be estimated through the amount of the flying salt in each area. 
 
Rubber Bearing 
The test results show that normally the thermal oxidation changes rubber properties much more than other 
degradation factors, so that it is deemed as the predominant degradation factor. Because in most cases for rubber 
materials the thermal oxidation is the 1st chemical reaction, the relationship between the reaction speed and the 
temperature can be expressed by the Arrhenius formula: 
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where, Ea is the activation energy (=9.58×104J/mol for NR), R is gaseous constant (=8.314[J/mol･K]), A is a 
constant called frequency factor, T indicates the absolute temperature [K], and t is the time. 
Usually the mean yearly temperature is directly used in Eq.(5) to predict the property changes. However, it 
should be noticed that the temperature is varying all the time, for example, Fig.13 shows the temperature records 
in Nagoya on January 1, 2002, which is provided by the Local Meteorological Observatories. For more precise 
prediction, it is needed to modify Eq.(5) and take the temperature variation into consideration. In this research, 
the temperature records in six main cities of Japan are chosen for study, which are Sapporo, Sendai, Tokyo, 
Nagoya, Fukuoka and Naha. The histories of the temperature from January 1 to December 31, 2002 are divided 
by an interval of 1 hour and assumed invariable during each interval. Then the change of the material at every 
time interval is calculated and integrated. Compared with the results of the accelerated exposure test, the 
frequency factor A at each place can be obtained. Investigating the relationship between the local mean yearly 
temperature and the corresponding frequency factor, as well as the deterioration speeds in the accelerated 
exposure tests with different temperatures, a deterioration estimation method is proposed and it can be expressed 
by the following equation. Using this equation, the deterioration of NR can be estimated according to the 
mounting place. 
 

[ ] tTTt RR ⋅−×= − 1014.00983.0exp100.4 4
           (6) 

 
where, T is the temperatures [K] in the thermal test and TR is the mean yearly temperature [K] at the location. t is 
the deterioration time [hr] in the acceleration exposure test and tR is the time [year] in the real environment. 
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Fig.13 Temperature in Nagoya on Jan. 1, 2002       Fig.14 Change of Elongation at Break (NR) 

 
Based on the results of the thermal test on NR, and using Eq.(6), the relative changes of EB in the cities 
mentioned above are illustrated in Fig.14, with the initial value as 100%. It can be seen that in Naha EB 



decreases by 78% after 100 years, whereas in Sapporo, where the temperature is 14.2℃ lower, the decrease is 
only about 30%. The time corresponding to 1536 hours in the thermal accelerated exposure test under 70℃ at 
each place is presented in Table 3.The durability of NR in Nagoya is about double of that in Naha. 
 

Table 3 Time Corresponding to 1536 Hours in Thermal Oxidation Test (70℃) 
 

Location Mean Yearly Temperature [℃] Corresponding Time [year] 
Sapporo 8.5 108.4 
Sendai 12.1 75.2 
Tokyo 15.9 51.2 

Nagoya 15.4 53.8 
Fukuoka 16.6 47.7 

Naha 22.7 25.7 
 
 

SUMMARY AND CONCLUSIONS 
 

This study performed accelerated exposure tests to examine the deterioration characteristics of steel bridge 
members. S6-cycle corrosion condition was applied on uncoated steel plates, and the weight loss and the 
thickness decrease were measured. For rubber bearings, six environmental conditions were simulated, including 
thermal oxidation, ozone, low-temperature, sunlight, salt water and acid rain. The changes of the physical 
properties as well as the mechanical properties were investigated. From the test results, the following 
conclusions are reached: 
1. The weight loss and the thickness decrease of uncoated steel plates can be expressed by involution function. 

Investigating the relationship between the acceleration coefficient and the amount of flying salt, a formula to 
predict the mean thickness decrease due to the flying salt for vertically placed steels was proposed. 

2. The thermal oxidation was proved to be the main degradation factor affecting the rubber properties. And the 
Arrhenius formula was modified in consideration of the temperature fluctuation.  

3. Comparing the results from the outdoor exposure tests or exterior environmental conditions, a method to 
estimate the durability of the steel bridge members using the accelerated exposure tests was presented.  
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