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Abstract—The main object of this paper is to present the research 

results of the development of a hybrid stainless steel girder system for 
bridge construction undertaken at University of Ryukyu. In order to 
prevent the corrosion damage and reduce the fabrication costs, a 
hybrid stainless steel girder in bridge construction is developed, the 
stainless steel girder of which is stiffened and braced by structural 
carbon steel materials. It is verified analytically and experimentally 
that the ultimate strength of the hybrid stainless steel girder is equal to 
or greater than that of conventional carbon steel girder. The benefit of 
the life-cycle cost of the hybrid stainless steel girder is also shown. 
 

Keywords—Smart structure, hybrid stainless steel members, 
ultimate strength, steel bridge, corrosion prevention.  

I. INTRODUCTION 

USTAINING long life of structures is becoming of much 
concerning in structural engineering [1]. The local 

governments administrate 68% of the steel bridges used in 
Japan as shown in Fig. 1. The majority of local bridges have the 
girder span with less than 15m. Remarkable increase in the 
maintenance costs of those short span bridges places an 
enormous financial burden on local governments. Therefore, it 
is desired to reduce the maintenance costs of local bridges by 
realizing a minimum maintenance bridge with short spanning. 
When compared to conventional steels, stainless steel has much 
higher corrosion resistance, lower maintenance costs, greater 
durability, and more aesthetically appealing [1]. Considering 
these capabilities, it will be spectacular to use stainless steels in 
bridges [2], [3]. Namely, bridge girders constructed from 
welded thin-walled stainless steel plates are eco-friendlier, 
aesthetically and will result lower life-cycle costs when 
compared to conventional steel girders.  

Hitherto, stainless steels have rarely been used in bridge 
constructions because of the material costs. However, in 
constructing a bridge, it is essential to account not only the 
initial costs comprised of manufacturing, transport and erection 
costs, but also the maintenance costs expended to achieve the 
long life of the important infrastructure. Especially, the primary 
costs for the maintenance to sustain the life of steel girder 
bridge in local areas are expenses expended to prevent the 
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generation of corrosion. Considering the essential demand in 
local areas, the authors are developing a smart bridge girder 
system to be suitable for short-spanning, i.e. a hybrid stainless 
steel girder for bridge construction as shown in Fig. 2. The 
superstructure of the bridge is one-box-shaped girder. The 
outside of the girder exposed to the external air is composed of 
stainless steel materials and the inside of the girder is 
constituted by structural carbon steel elements such as 
stiffeners, ribs, stringers, cross-beams, diagonal bracings, 
gusset plates, etc. Hence, the girder is composed of hybrid 
members of stainless steel and carbon steel. The corrosion 
proofing and the cost reduction are achieved by this hybrid 
treatment. 

 

 

Fig. 1 Administrators of steel bridges used in Japan 
 

 

Fig. 2 Basic geometry of hybrid stainless steel bridge girder 
 

First, this paper clarifies the background for corrosion proof 
of the hybrid stainless steel girder. Then, the practicability of 
the hybrid stainless steel girder in bridge construction is 
evaluated by comparing to ordinary carbon steel girders with 
respect to the ultimate strengths and the life-cycle costs.  

II. CONCEPT FOR CORROSION PROOFING 

A. Corrosion Behaviour 

The corrosion progress of steel bridge structures is affected 
by the environmental parameters. Especially, the amount of 
chlorides is one of the strongest influence parameters. By 
monitoring the corrosion of a weathering steel bridge damaged 
by aerosol chlorides [4], it was observed that the inner surfaces 
of the bridge cross-section were corroded more severely than 
the outer surfaces as shown in Fig. 3. The reason was that the 
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corrosion factors accumulated in the inside of the cross section, 
i.e. salinities, dusts, moistures, etc., for the duration of the usage. 
The corrosion thicknesses measured at the surfaces of the 
monitoring girder in the inside of the bridge cross-section are 
shown in Fig. 4. In this monitor case, the wind was blowing the 
aerosol chlorides and the moisture against the bridge from the 
seaside.  

 

 

(a) Outer surface                         (b) Inside 

Fig. 3 Corrosion condition of bridge girders 
 

 

 

(a) Land side of G1                            (b) Sea side of G3 

Fig. 4 Corrosion thicknesses of girders monitored 
 

The corrosion thicknesses measured at the surfaces of the 
monitoring girder in the inside of the bridge cross-section are 
shown in Fig. 4. In this monitor case, the wind was blowing the 
aerosol chlorides and the moisture against the bridge from the 
seaside. The result measured shows that the upper part at the 
inside of the seaside girder, i.e. at the land side surface of G1 
girder and the under the part at the seaside surface of G3 girder 
were rusty more than the other parts of the measured girders. 
This corrosion behaviour shows that the part of the wind flow 
around the girders might blow into the inside of the bridge 
cross-section as shown in the inset of Fig. 3. Then the aerosol 
chloride particles transported by the wind accumulate to the 
inside surfaces of the bridge cross-section and accelerate the 
corrosion reaction. 

B. Confirmation of Wind Flow around Girders 

In order to confirm the aerodynamic flow of wind around 
bridge girders, wind tunnel tests were performed [4]. In the 
tests, oil mists function as the aerosol chloride particles. The 
wind tunnel used is an open circuit, blowing down 3.5m long, 
and a test section of 1.0 m wide and 1.0 m high. Considering the 
wind tunnel size, the geometric scale of 1:15 model of the 
monitor bridge structure is selected. The model is made of 
acrylic resin plates. The model has three girders with 100 mm of 
the girder depth, 133mm of distance between the adjacent 
girders, and 500 mm of the girder length. The wind speed of the 
wind tunnel ranges between 5 and 15 m/sec that corresponds to 
0.3 and 5 m/sec of the real wind speeds, normally. Reference [4] 
shows the detail of the test procedures. 

Fig. 5 shows typical test result took by a high-speed camera 
(2000 flames/sec). The wind vortexes generate first at the 
bottom of the windward girder that receives directly the wind 
attack and, then, engulf the oil mists upward in the inside of the 
cell composed of girders and deck. The test result shows that 
the aerosol chlorides are transported in the inside of the cross 
section of the bridge superstructure by the vertical eddy 
diffusivity of the wind flow. It can be seen from the result that 
the test result has confirmed the aerodynamic flow of the wind 
in the inside of the girder bridge estimated by the corrosion 
thicknesses measured.  

 

 

(a) Wind flow aspect around girders 
 

 

(b) Wind flow aspect in the inside of girders 

Fig. 5 Typical result of wind tunnel test 

C. Measure for Corrosion Proofing  

From the result monitored, the corrosion environment in the 
inside of the bridge cross-section is dramatically improved by 
preventing the inflow of the wind vortexes into the bridge 
cross-section. Considering this essential demand, as a rational 
measure for the corrosion proofing, a box-shaped girder is 
proposed, the outer membranes of which are fabricated by 
stainless steel and the inner members by structural mild steel 
respectively as shown in Fig. 2.  
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III. BEHAVIOUR OF STRENGTH 

The buckling strength of formed stainless steel members has 
been studied regularly and their design specifications are 
available [5], [6]. Steel bridge superstructures, on the other 
hand, are fabricated using welded, thin-walled steel plates. 
However, the welded thin-walled stainless steel members have 
not been studied sufficiently. The hybrid stainless steel member 
has been even less. Herein, the ultimate strengths of welded 
thin-walled austenitic stainless steel members (normal strength 

material, SUS304N2A) composing the hybrid stainless steel 
girder for bridge construction are examined on the basis of the 
results obtained so far.  

A. Hybrid Stainless Steel Plate Strength 

The ultimate compressive strength of the hybrid stainless 
steel panel, which consists of the stainless steel plates and mild 
carbon steel stiffener ribs, is evaluated by comparing with the 
results on the ultimate strengths of generally stiffened stainless 
steel panel and carbon steel one obtained so far [8], [9].  

 
TABLE I 

MATERIAL PROPERTIES 

Material Thickness, t (mm) Yield strain, % Yield stress (Mpa) Tensile strength (Mpa) Yield ratio Young’s modulus (Mpa) 

SUS304-N2A 
6 0.313 389 778 0.50 183000 

9 0.318 399 771 0.52 183000 

SM490Y 9 0.178 378 531 0.71 212000 

SS400 
6 0.151 316 456 0.69 209000 

9 0.146 303 448 0.68 207000 

Yield stress and strain are evaluated at 0.1% offset strain. 
 

TABLE II 
DIMENSIONAL PROPERTIES AND ULTIMATE STRENGTH 

Specimen 
Plate panel Rib Ultimate load 

T, mm R hr, mm tr, mm γ/γreq Exp. PU/PY Ana. PU/PY 

HYSS-6.1 6.2 0.68 

60 

8.7 1.5 1.03 
0.94 

(t=6mm) 
-6.2 6.1 0.70 8.6 1.6 1.01 

-6.3 6.1 0.70 8.6 1.6 1.02 

SSS-6.1 6.0 0.71 9.1 1.7 1.03 - 

-6.2 6.0 0.71 9.1 1.7 1.04 - 

CSS-6.1 5.8 0.63 8.9 1.8 0.96 - 

-6.2 5.8 0.63 8.9 1.8 0.94 - 

-6.3 5.8 0.63 8.9 1.8 0.97 - 

HYSS-9.1 9.2 0.47 

70 

8.6 1.1 1.08 
1.02 

(t=9mm) 
-9.2 9.3 0.46 8.8 1.1 1.07 

-9.3 9.3 0.46 8.6 1.1 1.05 

SSS-9.1 9.2 0.47 9.2 1.1 1.14 - 

-9.2 9.2 0.46 9.0 1.1 - - 

t=thickness of the stiffened plate, hr and tr=width and thickness of the rib, Exp.= ultimate load evaluated by experiment, Ana.= ultimate load evaluated by FEM 
analysis for the hybrid stiffened panel with nominal plate-thickness. 
 

The ultimate strength was tested using the Amsler loading 
machine of ±2,000kN and the test arrangement is shown in Fig. 
6. Each test specimen for the hybrid stainless steel panels 
(HYSS series) was composed of stainless steel plate and one 
longitudinal stiffener rib of SM490 as shown in the inset (a) of 
Fig. 7 and was given the boundary condition of stiffened panel 
by special test-jig as shown in the inset (b) of Fig. 7. The 
specimens for the generally stiffened stainless steel panels (SSS 
series) or carbon steel ones (SCS series) were made up totally of 
stainless steel of SUS304N2A or carbon steel of SS400. The 
properties of the steel materials (SUS304N2A, SM490, SS400) 
were obtained by the metallic material testing and summarized 
in Table I. Each specimen had the same length of l=1000mm 
and width of b=350mm. The plate and the rib were jointed by 
fillet MIG welding with a leg length 4 mm. The dimensional 
properties of the test specimens are indicated in Table II. 

  

(a) Amsler test machine                     (b) Test setup 

Fig. 6 Test arrangement 
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(a) Specimen                            (b) Jig supporting boundary 

Fig. 7 Test Specimen and its jig 
 

R is the width-thickness parameter and γis relative stiffness 
parameter of the longitudinal stiffener, expressed as follows; 

 

R
∙

∙                            (1) 

 

γ ∙                                       (2) 

 
in which b is the width of specimen, y is the yield stress shown 
in Table I where the yield stress of SUS304N2A is defined at 
0.1% offset strain,  is the Poisson’s ratio (=0.3), k is the 
buckling coefficient (=4), E is the Young’s modulus of 
SUS304N2A shown in Table I, n is the number of panels 
separated by stiffeners (=2).  

Both ends of each specimen were machined parallel to 
achieve uniform application of load. Theγreq gives the rib 
rigidity required to retain the node of buckling mode of the 
stiffened plate and is specified by the JSSHB, Japan Standard 
Specifications for Highway Bridges (Japan Road Association, 
2002). The residual stresses and the initial geometric 
imperfections were measured by releasing the stresses and by 
sliding the displacement transducers. Reference [8] shows the 
detail experimental procedures. It was confirmed that the 
amounts of the residual stress and the geometric imperfection 
were respectively within the range specified for ordinary steel 
highway bridge girders by the JSSHB. 

The ultimate load Pu of each specimen tested is also shown in 
Table I, Py of which is the equivalent yield load and expressed 
as; 

 
∙ ∙ ∙ ∙                        (3) 

 
where σry is the yield stresses of stiffener rib, SM490Y as shown 

in Table I. In this paper, the finite element analysis (FEA) 
program MSC. Mark Nastran [7] was used to confirm the test 
performance. The real stress-strain property obtained by the 
coupon test was used in the finite element analysis. The 
ultimate behaviour of the hybrid stainless steel panels with the 
nominal plate thicknesses of t=6mm and 9mm was simulated by 
the FEA. Fig. 8 shows the failure modes obtained by the test 
and FEA. It is shown that both failure modes appear closed 
agreement. The ultimate strengths of the hybrid stainless steel 
panes were compared with those of the generally stiffened steel 
panels. The tested and analyzed comparisons are shown in 
Table II in the form of the ultimate strength ratio Pu/Py. Herein, 
for practical evaluation, the ultimate strength ratios of the 
specimens are compared with the generally stiffened carbon 
steel panel strengths tested to specify the JSSHB [9], [10] as 
shown in Fig. 9. The compared results clearly show that the 
ultimate strength ratio of the hybrid stainless steel stiffened 
panel is almost same degree as the generally stiffened carbon 
steel panel.  

 

   

(a) Test result                (b) FEA result 

Fig. 8 Failure mode obtained 
 

 

Fig. 9 Ultimate strength ratio comparisons 

B. Flange Plate Strength 

The ultimate strength of flange plate of the girder is 
evaluated by comparing the results on the ultimate strengths of 
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the welded stainless steel flange plate obtained [11] with the 
available design specifications [10], [12]. The parametric study 
on thin-walled, unstiffened stainless steel elements under 
uniform compression, Pu, that represent flanges of plate girders 
was examined using the FEA technique to account the 
geometric and material nonlinearities, the residual stresses, and 
initial geometric imperfections [11]. The analysis method [7] 
was validated with experiments on the ultimate strengths of   
specimens of cruciform shape as shown in Fig. 10 and used to 
measure the sensitivity of the local geometric imperfection, 
length-to-width ratio, and slenderness to the compressive 
capacity of plates, whose boundary conditions simulate the 
flanges of stainless steel plate girders. The specimen 
dimensions and the material properties, SUS304N2A, 
estimated by the coupon tests are presented in Table III. Each 
specimen had the same length, a= 800mm. The λf in Table III is 
the local buckling slenderness parameter for the flange plate 
defined as; 

 

                           (4) 

 
in which νis Poisson’s ratio, 0.30 and k is plate buckling coeffi
cient, assumed to be 0.425 for the flange plate. The test arrange
ment and specimen example tested are shown in Fig. 11. Refer
ence [11] shows the detail of the test procedure. 

 

  

Fig. 10 Details of test specimens 
 

TABLE III  
SPECIMEN DIMENSIONS AND MATERIAL PROPERTIES 

Specimen 
No. 

t 
(mm) 

b 
(mm) 

λf 
σy 

Mpa 
εy 

% 
E0 

Mpa 
1 6.21 96.3 1.171 

423 0.319 193150 
2 6.21 96.3 1.171 

3 6.19 66.5 0.820 
436 0.326 192920 

4 6.22 66.2 0.813 

5 6.22 47.5 0.587 
438 0.327 192951 

6 6.21 47.3 0.586 

t=flange thickness, b=flange width, σy andεy=yield stress and strain 
evaluated at 0.1%  offset strain,  E0=Young’s modulus. 

 

Fig. 11 Test setup and specimen example tested 
 

Table IV compares the yield loads, Py (=b×t×σy), the 
ultimate load ratios obtained from the experiment Pu, test, and 
from the FEA Pu, FEA using the real stress-strain properties 
determined by the coupon tests. The average discrepancy 
between the ultimate load capacity results obtained by the 
analysis and the experimental results is within 3% - reasonably 
small. The excellent agreement between the measured and 
computed results indicates that the FEA used is suitable for the 
buckling analysis of welded stainless steel unstiffened plate 
elements. 

 
TABLE IV  

EXPERIMENTAL AND ANALYTICAL RESULTS 

Specimen 
Py 

kN 
Pu,FEA /Py 

(1) 
Pu,test /Py 

(2) 
(1)/ (2) 

1 1028 0.677 0.679 0.997 

2 1028 0.674 0.710 0.949 

3 736 1.001 0.988 1.013 

4 735 0.948 1.001 0.947 

5 535 0.996 1.029 0.968 

6 532 1.041 1.052 0.990 

 
The parametric study examined the effect of the combination 

of the local buckling slenderness parameter defined as (4) and 
the initial out-of-plane geometric imperfections w0 on the 
ultimate strength. The w0 is assumed to be of sinusoidal shape in 
the longitudinal direction of x and linear in the width direction 
of y as follows: 

 

                          (5) 
 

where  is a standard value specified in JSSHB, b/200 and m 
is mode value, an integer that varied from 1 to 8 in the 
parametric study. The material properties used in the 
parametric study were E0=1.93×105 Mpa,σy= 350Mpa and εy = 
0.280%, estimated at 0.1% offset strain, which are nominal 
values by Japan Industrial Standard Specifications. The 
stress-strain property used was evaluated from the coupon test. 
The parametric models simulated the compression flange of the 
plate girder as shown in Fig. 12. The ultimate buckling loads, 
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Pu, were examined for 140 models. The aspect ratios, a/b, used 
were 0.5, 1, 2, 4, 6, and 8. Herein, the ultimate load ratios 
obtained from the specimen tests and FEAs and examined from 
the parametric studies are compared with the ultimate load 
ratios of the unstiffened carbon steel elements under uniform 
compression predicted using the JSSHB [10] and the Eurocode 
specified by the European Committee for Standardization [12].  

 

 
 

 

Fig. 12 FEA model of unstiffened flange plate 
 

The comparison is shown in Fig. 13 as the function of the 
local buckling slenderness parameter for the flange plate. It can 
be seen from Fig. 13 that the Eurocode design capacity is close 
to the average of the ultimate loads especially in the range of 
λ<1.0 and JSSHB curve is generally conservative. From the 
results obtained, it is estimated generally that the ultimate 
strength ratio of welded, thin-walled, unstiffened stainless steel 
elements under uniform compression that represent flanges of 
plate girders is able to be determined by an ordinary design 
standard for the carbon steel element. 

 

 

Fig. 13 Ultimate strength comparison of the flange plate 

C. Web Plate Strength  

The shear strength of the girder is evaluated on the bases of 
the strength of welded, thin-walled, stainless steel elements that 
represent webs of plate girders obtained by shear buckling tests 

[2]. In the tests, austenitic stainless steel plates, SUS304N2A, 
s-series were used. The ultimate strength results were 
compared with the buckling test results for the plate girders 
made of carbon steel SM400, c-series. The test results are also 
compared with the finite element approach FEA solutions [7].  

The test girder was composed of three I-girder units – one is 
a specimen unit and other two are loading units as shown in 
Figs. 14 and 15. Each girder unit had the same length, 
L=1750mm and web depth, b=500mm. The specimen unit 
configuration provided  =1.0 of the aspect ratio to signify a 
shear panel length-to-web depth ratio of the test panels. A 
couple of the shear strength tests were performed for each test 
series. The detailed dimensions and plate material of the test 
panels in the specimen units are given in Table V. The web 
slenderness, w, in the Table V is given as follows: 

 

ｗ＝
ｂ

ｔ
ｗ

ｙ

Ｅ ｋ
                         (6) 

 
where tw=web thickness; y=shear yield stress of the web 
material /√3 ; and k=local shear buckling coefficient 
depending upon the boundary condition (=9.34 for  =1.0)  

 

 

Fig. 14 Specimen unit profile detail 
 

The specimens were tested under two concentrated loads 
using 1000kN servo-controlled hydraulic jacks as shown in Fig. 
16. Each concentrated load was applied through a load cell. 
Reference [2] shows the detail of the experimental procedures. 
The ultimate shear strength ratios Vu/Vy obtained from the 
experiment and the FEA using the real stress-strain properties 
determined by the coupon tests are compared in Table V, in 
which Vy =b×tw×τy. Typically buckled shapes obtained by the 
experiment and FEA are shown in Fig. 17. The main object of 
the comparisons is to check mutually the accuracy of the 
ultimate strengths obtained. It can be seen that good agreement 
has been achieved between the experimental and analytical 
results in all specimens.  
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Fig. 15 Test set 
 

TABLE V 
SPECIMEN DIMENSIONS, MATERIAL PROPERTIES AND STRENGTHS 

Series No. Steel grade tw, mm Mpa, σy E, Mpa w 
Vu/Vy 

Test FEA 

S-32.1 
SUS 
304N 
2A 

3.2 
399 193000 

1.857 
0.78 0.78 

S-32.2 405 194000 0.70 0.78 

S-45.1 
4.5 

293 213000 
1.327 

0.85 0.88 

S-45.2 309 210000 0.81 0.82 

C-45.1 SM 
400 

4.5 389 212000 1.075 
0.85 0.86 

C-45.2 0.78 0.81 
σy for the stainless steel is evaluated at the 0.1% offset strain. 

 

 

Fig. 16 Loading system 
 

   

Fig. 17 Buckled shapes of stainless steel web plate  
 

 

Fig. 18 Comparison on ultimate shear strength of stainless steel web 
plat 

The relationship of the ultimate strength ratio Vu/Vy to the 
buckling parameter w for the all cases examined is shown in 
Fig. 18. The ultimate load ratio curves by the JSSHB [10], the 
European Committee for Standardization [13], and the Basler’s 
tension field theory [14] are also shown in Fig. 18 for 
comparison. The Basler curve is close to the ultimate load ratios 
obtained in the range of w ＞1.3. The JSSHB curve is close to 
the ultimate load ratio obtained for w =1.075. The Eurocode 
and JSSHB curves are conservative generally. 

IV. COMPARISON OF LIFE-CYCLE COSTS 

The life-cycle cost of a bridge structure depends strongly on 
its maintenance costs. In order to examine the life-cycle cost, 
the trial calculation of the gross cost, which is the sum of the 
initial cost and the total amount of the maintenance cost during 
the usage years, was performed for a model bridge 
superstructure example shown in the following. The model 
example is a composite box girder with simple spanning, whose 
span length is 50m and bridge width is 10.5m. The schematics 
of the cross sections are shown in Fig. 19. A standard carbon 
steel bridge superstructure composed of two main thin-walled 
plate girders with the same span length and bridge width as the 
model example is also examined for comparison. The structural 
dimensions of the hybrid stainless steel girder were determined 
by applying the yield stress of the stainless steel estimated at the 
0.1% offset strain to the JSSHB [10]. The weight ratio of 
stainless steel to carbon steel in the hybrid stainless steel girder 
was 3 to 2. The maintenance costs of the carbon steel girders 
were estimated as repainting every 10 years. The initial and 
maintenance costs of the girders were calculated, based on the 
Quantity Survey Data provided by the Japan Economic 
Research Association [15].  
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(a) Hybrid Stainless Steel bridge 
 

 

(b) Carbon steel bridge 

Fig. 19 Cross section of model bridge girder example 
 

The ratio of the gross cost of each bridge to the initial cost of 
the standard carbon steel bridge-girder, i.e. cost ratio, is shown 
in Fig. 20 as a function of the usage year. The initial cost of the 
hybrid stainless steel girder is 1.4 times as much as that of the 
standard carbon steel girder. However, carbon steel girders 
need to repaint periodically so that those gross costs increase 
with increasing the period of usage. Eventually, in this case, the 
gross cost of the hybrid stainless steel girder becomes 
approximately equal to that of the standard carbon steel girder 
in 35 years.  

 

 

Fig. 20 Comparison of the life cycle cost 

V. CONCLUSION 

It is found from the results examined that the ultimate 
strengths of stainless steel members composing the hybrid 
stainless steel girder for bridge construction can be estimated 
conservatively by applying the yield stress of the stainless steel 
at the 0.1% offset strain to the present specifications. This 
information promotes the newly convenient design expression 
to achieve a more efficient use of the stainless steel material in 
bridge constructions. Furthermore, the trial calculation results 
on the gross costs of the life-cycle costs demonstrate that the 

hybrid stainless girder proposed herein makes it possible to 
construct a minimum maintenance bridge especially in local 
areas.  

The high costs and the lack of structural specifications that 
conveniently predict the actual strength of stainless steel as 
structural materials have led a limited use of stainless steel in 
bridges despite exhibiting excellent material properties and 
aesthetics. The results examined on the hybrid stainless steel 
girder in this paper have been shown to be an efficient solution 
to the above issue.  
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