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The steel-concrete composite girder has been usually applied in the bridge and building structures. But as 
to the negative flexural region of a continuous composite girder bridge in particular, the fatigue tensile 
concrete cracks may easily happen, leading to the safety and durability problems. Steel fiber reinforced 
concrete has been considered one of the ways dealing with concrete cracks in engineering practice. But the 
detail fatigue behaviour of it in composite girder is not clear enough. In this sense, a corresponding fatigue 
test on a steel-steel fiber reinforced concrete (SFRC) composite girder was executed. The composite girder 
was 3.3m long and 0.45m high. And the SFRC slab width was 0.6m.The static load, fatigue load and impact 
load were applied on the specimen sequentially for the purpose of stiffness observation, making the fatigue 
damage, deriving the vibration modes and corresponding frequencies. According to the test results, the 
concrete crack development and global stiffness degradation during the fatigue test were relatively slow 
due to the favourable performance of SFRC in tension. Meanwhile, the vibration frequency and vibration 
mode were found to vary significantly during the fatigue damage development. Such variations were found 
to have very close relationships with the local concrete damages and steel buckling. 
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1. INTRODUCTION 
 
The steel-concrete composite girder has usually been 
applied in the bridge and building structures, con-
sisting of concrete slab, steel girder and shear con-
nector in general. It benefits from the material ad-
vantages such as the compressive strength of con-
crete and tensile strength of steel. However, the de-
ficiency like the tensile concrete cracks because of 
the weak tensile performance has to be dealt with 
carefully regarding to the negative flexural region of 
continuous composite girder. So far, the steel fiber 
reinforced concrete has been considered one of the 
ways dealing with concrete cracks in engineering 
practice [1]. Moreover, compared to the normal 
concrete bridges, the steel-concrete composite girder 
bridges with lower self-weight are more easily in-

fluenced by the fatigue problems. Since there exists a 
large amount of potential aging bridges in the next 
ten years in Japan, The corresponding fatigue dam-
age assessment is increasingly concerned. The cur-
rent fatigue damage assessment is largely based on 
concrete strain monitor and concrete cracks obser-
vation, which are more or less time consuming and 
may experience inaccuracy problems. Hence the 
vibration-based fatigue damage assessment has been 
considered in this study. Particularly, the natural 
frequency, corresponding vibration mode, etc were 
observed through the carried out impact tests during 
the fatigue damage development. These observations 
were expected to indicate the fatigue damage induced 
stiffness degradation and severe damage locations. 
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Fig. 1 Specimen layout (mm). 

 

 

Fig. 4 Impact positions and accelerators. 

 
2. TEST WORKS 
 

A steel-steel fiber reinforced concrete (SFRC) 
composite girder was designed and tested. The fa-
tigue load and impact load were applied on the 
specimen sequentially for inducing the fatigue 
damage, deriving the vibration modes and corre-
sponding frequencies.  
 
(1) Test specimens 

The specimen layout is shown in Fig. 1. The 
composite girder was 3.3m long and 0.45m high. The 
steel I girder was 0.35m high and the SFRC slab 
width was nominally 0.6m. Moreover, the individual 
length and diameter of the embedded steel fibers with 
end hooks were 30mm and 0.6mm. Its volume per-
centage in concrete was 1.0%, and its tensile strength 
was more than 1080MPa. The studs arranged in 
groups were applied as shear connectors between the 
concrete slab and steel girder, which was for simu-
lating the slab prefabrication situation. The stud 
diameter and length were 13mm and 80mm, respec-
tively. The diameters of the reinforcements and 
stirrups in the concrete were both 10mm, and the 
reinforcement ratio was 1.8%. 
 
(2) Test setup 
The simply supported girder was turned over for 
deriving the negative flexural moment by the vertical 
load actions applied at the middle, as shown in Fig. 2, 
which included the static and fatigue loads (Fig. 2a) 
and the impact load (Fig. 2b). The detail procedure of 
these load actions is illustrated in Fig. 3. The static 
and impact tests were carried out several times at 
certain numbers of fatigue load cycles to investigate 

the fatigue induced mechanical degradation and to 
correlate such degradation to the vibration feature 
variation of the specimen. Moreover, after the 2 mil-
lion fatigue load cycles, a static failure test was car-
ried out. And the last impact test was executed after 
the failure test.  

Concerning the detail fatigue load procedure, it 
was a fatigue load with various amplitude constants 
as listed in Table 1. They sequentially contained 
80kN, 20kN, 10kN, 15kN, 20kN, 25kN. Moreover, 
the cyclic load peak were constantly 108kN, corre-
sponding to the value of necessary load for intro-
ducing concrete cracks with 0.1mm maximum crack 
width. 

As to the impact tests as shown in Fig. 2b, the 
falling weight was 5kg, impacting the specimen from 
the 12cm height at the positions as shown in Fig. 4, 
including center, north-1 to 3 and south-1 to 3. 

Table 1 Fatigue load amplitudes. 

Load cycles Load valley (kN) Load peak(kN) Range(kN)

0 to 1400 29 108 80

1401to 2000 88 108 20

2001 to 0.5 million 98 108 10

0.5million to 1million 93 108 15

1million to 1.5million 88 108 20

1.5million to 2 million 83 108 25  

 

 
a) Fatigue and static test setup. 
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b) Impact test. 

Fig. 2 The test setup. 
 

 
Fig. 3 Load procedure in test. 

(3) Material property 

Table 2 Material property. 

Concrete type
7days(N/mm2) 28days(N/mm2)
fc ft E fc ft E

Normal 29.8 2.3 8345 43.9 2.4 32708
SFRC 28.1 2.7 8188 36.4 3.4 29700

(Note: fc is the compressive strength; ft: tensile strength; E: 
Young’s modulus) 

The uniaxial compression and splitting tension tests on 
the concrete were carried out after 7 days and 28 days 
curing in terms of JIS-A-1108 [2] and JIS-A-1113 [3]. The 
compression test specimens were cylinders, 200 mm high 
with a diameter of 100mm. The splitting tension test 
specimens were cylinders as well, 150 mm high with a 
diameter of 150mm. The material modulus was also 
measured and listed in Table 2. Moreover, the tested yield 
and ultimate stress of stud were 380.4 and 455.5 MPa 
based on JIS-Z-2241[4], respectively. 

 
 
 
 

 

 

Fig. 5 Arrangement of accelerators, slip sensors and deflection sensors. 
 
 

(4) Sensors 
Part of the sensor arrangements are shown in Fig. 5, 
which included the slip sensors, the deflection sen-
sors and the accelerators.  

In particular, there were 10 displacement sensors 
set longitudinally along with the girder specimen for 
monitoring the girder deflection, which located at the 
positions of the specimen centre, the ends and the 
places with 0.5m apart from the centre. Meanwhile, 
there were also 10 slip sensors set along with the 
steel-concrete interlayers for slip monitoring. The 
positions were the same to those deflection sensors. 
In addition, strain gauges were mounted on the steel 
girder, the concrete slab, the embedded reinforce-
ments and several studs in order to observe the sec-
tional strain distribution and the connector’s per-
formance.  
On the other hand, there were 8 accelerators mounted 
on the girder flange as well for getting the vibration 
features such as vibration frequency and modes. 
They located at the positions of those from the 1/8 
span to the 8/8span. The A4 and A5 accelerators as 

shown in Fig. 5 were mounted on the concrete slab 
for avoiding the position overlap of the impact and 
fatigue loads. 
 
 
3. TEST RESULTS 
 
(1) Failure mode 
As shown in Fig. 6, the test failure mode appeared as 
the concrete slab tensile failure and the following the 
yielding and buckling at the steel flange and nearby 
web area. The maximum concrete crack width was 
1.9mm.  

Fig. 6a shows the ultimate deflection overview of 
the specimen. Fig. 6b shows the ultimate crack dis-
tribution on the concrete slab surface, contributed by 
the tensile stress. The cracks with large crack widths 
mainly concentrated in the middle of the specimen. 
On the other hand, the cracks passing through the 
group studs holes were found to be rare. Moreover, 
Fig. 6c and 6d presents the buckling of the steel 
flange and web. The buckling were found after the 
tensile failure of the concrete slab where the maxi-
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mum crack width was above 1.2mm. In fact, the 
results of the buckled steel flange and web strains 
showed that these parts had already yielded before 
buckling.   

 

 
a) The ultimate condition of the test specimen. 

 

 
b) The ultimate crack distribution on the concrete slab surface. 
 

 

c) The flange buckling. 

 

 

d) The web buckling. 
Fig. 6 The test failure mode. 

 
 

The load-deflection relationship at the middle of 
the specimen derived from the static failure test is 
shown in Fig. 7. The residual deflection was found to 
be around 8mm due to the fatigue load process. The 
curve remained elastic until the static load reached to 
400kN. The corresponding maximum crack width 
was found to be 1.2mm. In fact, the concrete slab was 
not able to continue supporting the larger load action. 
Therefore, the structure system transferred from the 
composite grider to the steel girder for the further 

load action. Later, the yielding and buckling were 
found during the flat regime of the curve. The 
ulitmate deflection of the speicmen was above 
40mm. 
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Fig. 7 The load-deflection curve in the ulitmate static test. 

 
(2) Cyclic test result 

 

a) Cyclic deflection peak at the middle of the specimen girder. 

b) Cyclic deflection range at the middle of the specimen girder. 

Fig. 8 Cyclic deflection feature. 
 
The cyclic deflection feature in the fatigue tests 

was summarized in Fig. 8. Fig. 8a shows the cyclic 
deflection peak at the middle of the specimen girder, 
corresponding to the cyclic load peak 108kN. The 
peak value developed fast in the initial load cycles 
with an amplitude of 80kN. And the development of 
the peak value turned stable in the other fatigue load 
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procedures. On the other hand, the cyclic deflection 
range values were presented in Fig. 8b except the 
values corresponding to the load amplitude of 80kN. 
All of the values appeared constant in the fatigue load 
process. The cyclic deflection range of the load cy-
cles with 80kN amplitude was 0.67mm.  

Meanwhile, the crack development during the 
fatigue load test was observed carefully. It can be 
found that the crack distribution area developed 
gradually with fatigue load cycles. Meanwhile, the 
maximum crack width development was investigated 
as well, of which the development feature was in 
contrast to that of the crack distribution. As shown in 
Fig. 9, the maximum crack width developed with 
fatigue load cycles until being around 0.42mm. Since 
the 0.42mm, the crack width remained stable to the 
end of the fatigue test. But on the other hand, the 
crack amount and distribution area was found to keep 
developing with fatigue load cycles. 
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Fig. 9 Development of the maximum crack width in the fatigue 

test. 
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Fig. 10. The feature of the stiffness degradation. 
Further, the stiffness degradation of the specimen 

girder due to the fatigue damage was investigated as 
shown in Fig. 10. The stiffness was defined as the 
ratio of the static load value (108kN) to the corre-
sponding deflection at the middle of the girder 
specimen. And the stiffness ratio was the ratio of the 
static stiffness value in fatigue test to the initial 

stiffness of the intact girder specimen. It can be seen 
that the stiffness decreased rapidly by 70% in the 
initial stage of the fatigue load cycles. But later the 
stiffness kept being stable to the end of the fatigue 
test indicating that the global fatigue induced damage 
was not obvious.  

In addition, the steel-SFRC interlayer slips were 
also observed during the test process as illustrated in 
Fig. 11. The horizontal axis shows the distance of the 
slip position to the middle of the girder specimen and 
the vertical axis shows the corresponding slip values. 
It can be seen the slip direction turned over generally 
near the center of the specimen. And the maximum 
slip values can be found near the ends of the speci-
men. These observations actually confirmed the basic 
slip feature of the composite girder. Moreover, the 
slip values at the final situation were obviously larger 
than the corresponding values of other loading steps. 
But the slip values except the center of the specimen 
appeared quite stable during the fatigue load process.  

 

 

Fig. 11 The steel-SFRC interlayer. 

 
Generally, the fatigue induced damage was found 

to comprise two steps: the initial global mechanical 
degradation and the local damage development with 
relatively stable global performance. The local 
damage in the second step was reflected by the in-
creases of the concrete crack amount and distribution 
area. Unfortunately, these were not reflected obvi-
ously by the global stiffness degradation.  
 
(3) Impact test results 
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a) The frequency spectrum of A4. 
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b) The frequency spectrum of A5. 
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c) The frequency spectrum of A1. 

 

0 100 200 300 400 500
0.0

0.3

0.6

0.9

1.2

FF
T

 s
pe

ct
ru

m

Frequency(Hz)

 intact
 0 cycles
 1 million cycles
 2 million cycles
 failure

 

d) The frequency spectrum of A8. 

Fig. 12 The frequency spectrum. 
 
 
The results of the executed impact tests were 

summarized in Fig. 12 and Fig. 13. 
Fig. 12 shows the frequency spectrums based on 

the FFT transformations of time domain acceleration 
data derived from A4(Fig. 12a), A5(Fig. 12b), 
A1(Fig. 12c), and A8(Fig. 12d). They corresponded 
to the middle parts and the ends of the specimen 
according to Fig. 5. Generally, the vibration features 
of the four positions appeared identical to each other, 
indicating the data rationality. In each of the figures, 
the frequency spectrum curves corresponding to 
several static and fatigue load situations were com-
pared with each other. The resonance frequency 
degradation due to the fatigue damage can be sum-
marized in each of the figure. This was different from 
the stable mechanical performance mainly reflected 
by deflection stiffness. Furthermore, it can be ob-
served that the additional frequency peaks appeared 
on the curves during the fatigue damage development 
compared with the intact frequency spectrum curves. 
This may be explained by the local damage actually 
make the structure system different. Moreover, the 
frequency peak amplitudes were found to be re-
markably larger than the ones of the intact curves. In 
general, the frequency spectrum curves appeared 
more sensitive than the static stiffness observations to 
the fatigue-induced damages of the girder specimen.  

Fig. 13 summarized the normalized vibration 
modes of the 1st (Fig. 13a), 2nd (Fig. 13b) and 3rd 
(Fig. 13c) orders. In each of the figures, the vibration 
modes corresponding to several load cycles were 
compared with each other. It can be found the mode 
shapes were not changed significantly by fatigue and 
even the final static failure. But the normalized mode 
shape amplitude varied obviously, especially the 2nd 
order vibration mode. In this sense, the vibration 
mode is also more sensitive than the static stiffness 
degradation observation to the fatigue damage of the 
girder specimen. 
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a) The 1st order vibration modes. 

 

 

b) The 2nd order vibration modes. 

 

 

c) The 3rd order vibration modes. 

Fig. 13 The frequency spectrum. 

 

 

4 CONCLUSION  
 

The fatigue test on a steel-SFRC composite girder 
was carried out to investigate the efficiency of vi-
bration based assessment method. The following 
summations were derived based on the test results.  

The test failure mode appeared as the concrete slab 
tensile failure and the following the yielding and 
buckling at the steel flange and nearby web area. The 
maximum concrete crack width was 1.9mm.  

The fatigue induced damage was found to com-
prise two steps: the initial global mechanical degra-
dation and the local damage development with rela-
tively stable global performance. The local damage 
in the second step was reflected by the increases of 
the concrete crack amount and distribution area. 
However, these were not reflected obviously by the 
global stiffness degradation. 

The frequency spectrum curves derived by impact 
vibration test appeared more sensitive than the static 
stiffness observations to the fatigue-induced damages 
of the girder specimen. Meanwhile, the vibration 
mode is also more sensitive than the static stiffness 
degradation observation to the fatigue damage of the 
girder specimen. 
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