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Experimental Investigations on the Fatigue Behavior of Concrete Bridges 
 

 

Summary 
Due to the rising demands existing bridges have to meet, periodical inspections are necessary. 
Decisions on the necessity of costly maintenance to guarantee structural safety and serviceability 
have to be made. Increasing traffic loads and frequencies may cause a strength reduction of 
structural materials which is also known as fatigue. In reinforced concrete structures the 
reinforcement is particularly subject to fatigue. 

To shed light on the load bearing behavior under service conditions, large-scale tests with frames 
under cyclic loading are performed. Emphasis is placed on the recording of crack patterns and the 
detection of single rebar breaks by non-destructive methods. The specimens on a scale of 1:2 are 
designed to match dimensions and detailing of frame bridges of the 1960ies and 70ies, which are 
very common on Swiss motorways. The tests shall show whether fatigue has to be taken into 
account when inspecting these bridges and how fatigue damages can be detected at an early stage. 

Keywords: Fatigue, Reinforcement Breaks, Bridge Assessment, Non Destructive Testing 

 

1. Introduction 
Since the establishment of Switzerland’s motorway system in the nineteen-sixties there has been a 
considerable increase in heavy traffic [1]. Railway bridges are subjected to heavier loads and more 
load cycles as well [2]. Recently, discussions about new load models for heavier railway cars and 
trucks have re-established the discussions about fatigue behavior of reinforced concrete bridges. 
Compared to other structural engineering domains, there is a great lack of knowledge in the domain 
of fatigue in reinforced concrete. 

Especially heavy truck crossings cause large stress variations in the reinforcement of corners and 
midspan of frame bridges. Additionally, the repair of some of these bridges revealed that the 
reinforcement in the frame corners was placed lower than indicated in the drawings, which shortens 
the fatigue life due to higher stress levels in the reinforcement. 

 

2. Experimental Work 
The planned test series contains two identical specimens but different load histories. Fig. 1 shows 
the test setup. Two single loads are applied by 400 kN-cylinders. The test procedure contains 
continuous gaging under cyclic loading as well as periodical measurements under static loading. 
Additionally, an attempt is made to detect breaks in reinforcement bars with acoustic emission. 
Furthermore, the research group of the authors develops a device to localize breaks in single 
reinforcement bars by use of remanent magnetism. 

Approaches for calculation of the reinforcement’s fatigue life in present codes are based on 
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Basquin’s law [3]. By following the code procedures, stress differences for the reinforcement of the 
specimen were calculated in a first step. Secondly, a more detailed analysis for the calculation of the 

load effects was performed. A simple 
strut-and-tie-model with struts of 
variable stiffness was used. Fatigue 
life of the reinforcement has been 
calculated with the values given by the 
Swiss code SIA 262:2003 [4] and the 
calculated stress differences. 

Due to the fact that the frame is 
hyperstatic, the detailed analysis that 
takes the cracking into account leads 
to a different distribution of the 
internal forces. Thus, the results 
produced by the two methods differ a 
lot. 

Fig. 1: Test setup 

 

3. Discussion and conclusions 
In order to obtain reasonable results for the fatigue life of the reinforcement, stress differences 
should be calculated exactly. It must be pointed out that a 10% higher stress difference results in a 
30% shorter fatigue life. The method proposed in the codes to calculate fatigue life of the 
reinforcement is easy to apply and therefore interesting for practical engineers who are designing 
new bridges. However, the application of this method for the assessment of existing bridges is very 
limited, especially because assumptions about the stress history, from which the reinforcement has 
suffered in the past, have to be made. 

It has been seen that even in a test with clear boundary conditions - on the action side as well as on 
the resistance side - fatigue life of the reinforcement is difficult to predict. The appliance of current 
code provisions is simple but must be questioned and adapted for the particular structure. However, 
these code provisions seem to be conservative because they rely on a small range of knowledge. 
The mechanisms which lead to fatigue damage are not completely investigated yet. 

It is thus necessary to find out more about the fatigue damage mechanisms in reinforced concrete 
and to explore or adapt methods which enable the detection of endangered or already damaged 
bridges. Furthermore, new methods to evaluate the accumulated fatigue damage and the residual 
service life of concrete bridges have to be developed to avoid costly reconstruction or 
strengthening. As public funds for infrastructure are limited today, it is necessary to extent the 
service life of the existing bridges by adequate measures in order to create a sustainable 
infrastructure. 

 

References 

[1] SWISS FEDERAL ADMINISTRATION, Statusbericht 2006, Grundlagendaten Landverkehr, 
Berne, 2006, 128 pp. 

[2] PIMENTEL, M., BRÜHWILER, E. and FIGUEIRAS, J., "Fatigue life of short-span 
reinforced concrete railway bridges", Structural Concrete. Journal of the fib, Vol. 9, No. 4, 
2008, pp. 215-222. 

[3] BASQUIN, O.H., "The Exponential Law of Endurance Tests", ASTM Proceedings, Vol. 10, 
1910, pp. 625-630. 

[4] SWISS SOCIETY OF ENGINEERS AND ARCHITECTS (SIA), SIA 262(2003) Concrete 
Structures, Zurich, 2003, 130 pp. 

 



Experimental Investigations on the Fatigue Behavior of Concrete Bridges 
 

 

Summary 
Due to the rising demands existing bridges have to meet, periodical inspections are necessary. 
Decisions on the necessity of costly maintenance to guarantee structural safety and serviceability 
have to be made. Increasing traffic loads and frequencies may cause a strength reduction of 
structural materials which is also known as fatigue. In reinforced concrete structures the 
reinforcement is particularly subject to fatigue. 

To shed light on the load bearing behavior under service conditions, large-scale tests with frames 
under cyclic loading are performed. Emphasis is placed on the recording of crack patterns and the 
detection of single rebar breaks by non-destructive methods. The specimens on a scale of 1:2 are 
designed to match dimensions and detailing of frame bridges of the 1960ies and 70ies, which are 
very common on Swiss motorways. The tests shall show whether fatigue has to be taken into 
account when inspecting these bridges and how fatigue damages can be detected at an early stage. 

Keywords: Fatigue, Reinforcement Breaks, Bridge Assessment, Non Destructive Testing 

 

1. Introduction 
Since the establishment of Switzerland’s motorway system in the nineteen-sixties there has been a 
considerable increase in heavy traffic [1]. This fact can be observed in almost every industrialized 
country. Railway bridges are subjected to heavier loads and more load cycles as well [2]. This 
increase of traffic with respect to both, amount and frequency, may cause a strength reduction of the 
building materials which is known as fatigue. Recently, discussions about new load models for 
heavier railway cars and trucks have re-established the discussions about fatigue behavior of 
reinforced concrete bridges. Compared to other structural engineering domains, there is a great lack 
of knowledge in the domain of fatigue in reinforced concrete. 

With long-span concrete bridges the ratio of frequent live loads to dead loads is small. Their design 
is dominated by the self weight of the structure. With small-span frame bridges, however, the 
effects of traffic loads are several times higher than those of the dead loads. Thus, traffic loads are 
causing large stress variations in the members and therefore, fatigue becomes an issue when 
surveying these bridges. Analysis of the data of bridges and tunnels on Switzerland’s motorway 
network provided by the Swiss federal roads office FEDRO has shown that there are about 1100 
frame bridges. Most of them span 4–10 m. A typical frame bridge is shown in Fig. 1. 

Especially heavy truck crossings cause large stress variations in the reinforcement of corners and 
midspan of frame bridges. Additionally, the repair of some of these bridges revealed that the 
reinforcement in the frame corners was placed lower than indicated in the drawings, which shortens 
the fatigue life due to higher stress levels in the reinforcement. 
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In the concrete codes, the verification of safety against fatigue failure in concrete structures was 
introduced in the edition of 1989. In the current Swiss concrete code SIA 262:2003 [3] the 
requirements of a structure subject to fatigue have been increased. This leads to the conclusion that 
many bridges built before 1989 do not meet the current design codes requirements. Nevertheless, no 
fatigue damages have been reported on Swiss bridges so far. Possible explanations for this 
discrepancy are: 

 The average age of bridges on the Swiss motorway network is 33 years, which is rather short in 
terms of fatigue. 

 Fatigue damages were attributed to 
other phenomena (e.g. corrosion). 

 Fatigue damages exist but could not be 
detected yet. 

Experiments of Schläfli [4] and 
Johansson [5] showed that fatigue failure 
in slab-like members is always induced 
by the fracture of several reinforcement 
bars. In shear tests a failure of concrete 
only occurred after a failure of 
reinforcing bars. Based on these findings, 
this paper and the described experimental 
work are focusing on the fatigue behavior 
of reinforcing steel. 

Fig. 1: Typical frame bridge on a motorway 

 

2. Experimental Work 

2.1 Specimens 

2.1.1 Dimensions and detailing 

The planned test series contains two identical specimens but different load histories. The goal was 
to create a specimen which can match the dimensions and the detailing of an average frame bridge. 
In order to attain this goal, dimensions and additional data from the drawings of 121 existing frame 
bridges of the Swiss motorway network have been recorded in a database. The collected data was 
statistically analyzed and the bridges categorized. With this data it was possible to determine the 
most common or average bridge as shown in Table 1. These dimensions had to be scaled by a factor 
of 0.5 in order to meet the requirements of the laboratory and the testing machines. The span of 

3.6 m was chosen to comply with the raster of the strong 
floor. 

The evaluation of the data has shown that most of the 
frame bridges have been built between 1960 and 1970. The 
reinforcement drawings of ten frame bridges which were 
built in this period were studied and the details of the 
reinforcement were added to the database. The 
reinforcement ratio was determined in the four sections R1, 
R2, S1 and S2 (Fig. 2) of the real bridges. To be consistent, 
the diameter of the reinforcing bars was also scaled by 0.5 
and the spacing was adjusted to get the same reinforcement 
ratio as in reality. 

Fig. 2: Labeling of the cross sections 

The detailing of the reinforcement in the corners was unique for every one of the ten studied 
bridges. On the drawings of almost all the bridges the mandrel diameter of the reinforcement bars in 
the frame corners was smaller than specified in present codes. Most of the values were between 5 ds 



and 10 ds where ds is the bar diameter. In the Swiss concrete code SIA 262:2003 a minimum value 
of 15 ds is recommended. However, for the experiment a rather small mandrel diameter of 6 ds was 
chosen to investigate the influence of the bend on the fatigue strength of the reinforcement. The 
reinforcement layout of the two specimens can be seen in Fig. 3. 

 

Table 1: Dimensions of the real bridges and the specimens 

 span 
[m] 

width 
[m] 

wall height
[m] 

slab thickness 
[m] 

wall thickness
[m] 

Real bridges 
Mean 6.69 27.35 5.34 0.40 0.47
Standard deviation 1.09 5.68 0.70 0.03 0.07
Specimens 1:2 (1:1) 
 3.60 (7.20) 1.50 (3.00) 2.60 (5.20) 0.20 (0.40) 0.25 (0.50)

 

Fig. 3: Reinforcement of the two specimens 

Frame bridges are carrying loads mostly in the longitudinal direction. The slab only distributes the 
loads in the transverse direction. The problem can be simplified by examining a strip of the bridge. 
The internal forces and moments can be calculated quite easily because no slab effects have to be 
considered. Furthermore, measurements can be performed on the lateral surfaces of the specimen. 
The width of the frame is 1.5 m which corresponds to a 3.0 m wide segment of a real bridge or one 
traffic lane. 

  



2.1.2 Building materials 

As fatigue of reinforcement can only take place when a cross section is cracked, the tensile strength 
of the concrete is a very important parameter for the fatigue life of a structure. It is therefore 
important to get an idea of the concrete which was used for the examined bridges. For a reasonable 
transfer of the test results to the real bridges the concrete used for the specimens should match the 
concrete used for the bridges. 

During construction of the above mentioned bridges the concrete compressive strength was tested in 
two cases and the data was still available. Both showed that a concrete with 350 kg/m3 Portland 
cement was used. The compressive strength of the cubes was about 48 N/mm2 after 7 days and 
54 N/mm2 after 28 days. Although the tensile strength, which is needed to calculate the cracking 
moment, has not been determined by tests, it can be calculated with a sufficient accuracy by 

3
2

3.0 ckctm ff   (1) 

Based on this equation the tensile strength of the concrete for the specimens should be around 
4 N/mm2. The chosen concrete contains 350 kg/m3 cement as well. Preliminary tests showed a 
compressive strength of 55 N/mm2 after 28 days which matches the concrete of the real bridges 
obviously well. 

For all the bridges so called Torsteel, which is cold-formed by twisting, was used for the 
reinforcement. Fig. 4 shows the stress-strain-relationship of a Torsteel bar which was used in a 
bridge built in 1952. Later generations of Torsteel show higher elastic limits and tensile strengths 
but the characteristic of the curve remains the same. As a result, a hot-rolled steel from the coil has 
been chosen for the specimens. The stress-strain-relationship of this steel is very similar to that one 
of Torsteel. 

Fig. 4: Stress-strain-relationship of Torsteel 40 (left) and topar-R (right) [6] 

2.2 Test setup 

Fig. 5 shows the test setup. To have clear constraints for the tests the foundations are fixed to the 
strong floor by prestressing bars. Effects resulting from the soil usually filled up behind the walls 
are neglected in the experiment. Two single loads which create an area of constant moment in the 
middle of the span are applied by 400 kN-cylinders and distributed over the whole width of the 
specimen by stiff steel girders. Loads are applied on the specimen by rocker bearings which provide 
sufficient rotation capacity on the one hand and an invariable position of the resultant force on the 
other.All the screws and bars used in the test setup are prestressed to keep the stress differences 
below fatigue limit of the material. Top and bottom steel girder are also braced to each other by 
small prestressing bars. The distance between the girders is kept by rectangular hollow sections. 
The test setup allows the performance of a static test after the dynamic testing to determine the 
residual loading capacity of the specimen. 



Fig. 5: Test setup 

2.3 Loading 

The tests are load-controlled and the loading procedure can be stopped automatically when a 
deviation in the deflection of 1-2 mm occurs. The setting of such a small threshold prevents a 
demolition of the specimen due to a malfunction of the servohydraulic system and allows a close 
examination of the specimen before the loading is continued. The first specimen will be tested 
under cyclic loading with constant amplitude and mean load. The superior load is 100 kN, which 
corresponds to 40% of the calculated ultimate load. The inferior load is 10 kN. The loading scheme 
for the second test will be developed with consideration to the results and the experience gathered 
in the first test. 

At first, a static load of 100 kN will be applied. Under this load crack pattern will be developed 
almost completely. Subsequently, cyclic loading will be started with a constant frequency of 5 Hz. 

2.4 Measurements 

The test procedure contains continuous gaging under cyclic loading as well as periodical 
measurements under static loading. Deflections, strains in the marked sections (Fig. 2) and loads are 
recorded continuously by LVDTs and load cells. Reinforcement strains are measured by strain 
gages which are applied on the surface of five bars. Although very small strain gages 
(3.8 x 8.0 mm) were used, it was unavoidable to remove 0.5 mm of the bar by milling in order to 
get a plain, smooth area for the bonding of the strain gages. This degradation of the bar’s cross 

section was accepted since it mainly affects the ribs and not 
the core of the bar and it has been shaped with respect to the 
actions due to fatigue loading. Fig. 6 shows the applied strain 
gage with the solder post for the final measurement cable. 

After a certain number of load cycles, loading is halted and 
measurements under superior and inferior loads are taken. 
Demountable deformeter measurements are used to determine 
the average strains on the surface of the concrete. 
Furthermore, cracks are marked and photographs of the crack 
patterns are taken. 

Fig. 6: Strain gage on reinforcement bar 



Additionally, an attempt is made to detect breaks in reinforcement bars with acoustic emission. 
Furthermore, the research group of the authors develops a device to localize breaks in single 
reinforcement bars by use of remanent magnetism. 

2.5 Prediction 

2.5.1 Calculated fatigue life of the reinforcement 

For the prediction of fatigue life of the reinforcement, there are basically two things needed: the 
fatigue strength of the reinforcement bar and the stress differences in the reinforcement. 
Unfortunately both factors are rather difficult to determine and assumptions have to be made. It is 
therefore more appropriate to talk about an estimation of the fatigue life. Approaches for calculation 
of the reinforcement’s fatigue life in present codes are based on Basquin’s law [7]. They only vary 
in the slope and the level of the S-N-curve. Basquin’s equation 

1k
fat CN   (2) 

allows a linear approximation of the S-N-curve for high-cycle fatigue and stress differences above 
the fatigue limit. By use of the Basquin’s equation the fatigue life of a reinforcement bar can be 
calculated for any stress difference. The S-N-curve provided in the Swiss code SIA 262:2003 
represents a 95% confidence limit which has been calculated by evaluation of several fatigue test 
series with naked reinforcement bars. The factor k1 which describes the slope of the S-N-curve in 
the domain of finite fatigue life is 4. For straight bars a fatigue strength of 170 N/mm2 at 2 x 106 
load cycles is given. In comparison, the German code DIN 1045-1 [8] recommends a fatigue 
strength of 162 N/mm2 at 2 x 106 load cycles. According to both codes this strength has to be 
reduced for curved bars by a factor which is a function of the mandrel diameter D and the bar 
diameter. 

Ø

D
026.035.0   (3) 

The Swiss code as well as the German code recommend calculating the section forces in the elastic 
state with the uncracked stiffness of the structure and subsequently the stresses in the cracked cross 
section. By following this procedure, stress differences for the reinforcement of the first specimen 
were calculated in a first step. Secondly, a more detailed analysis for the calculation of the load 
effects was performed. A simple linear elastic frame model with elements of variable stiffness was 
used. Loads were increased by steps of 10 kN and stiffness was locally reduced in the element 
whenever the bending moment reached the calculated cracking moment of the cross section. 

In both cases a compressive strength of 48 N/mm2 was assumed for the concrete and an elastic limit 
of 500 N/mm2 for the reinforcing steel. Fatigue life of the reinforcement has been calculated by use 
of Basquin’s equation (2) with the values given by the Swiss code SIA 262:2003 and the calculated 
stress differences. The results are displayed in Fig. 7. 

Fig. 7: Calculated fatigue life Fig. 8: Evolution of stress differences 



Fig. 8 shows the evolution of stress differences when the reinforcement bars fail one by one. 
Unfortunately, the point in time when failure of a single reinforcement bar occurs cannot be 
connected with the number of load cycles when proceeding as mentioned above. As the same 
fatigue strength is assumed for all the reinforcement bars, they hypothetically all fail after the same 
number of load cycles. This fact already shows an unsatisfactory disadvantage of this procedure 
because it is impossible to predict the number of remaining reinforcement bars after a certain 
number of load cycles. 

The loading capacity of a cross section is reached when the remaining bars are not able anymore to 
bear the superior load. In the specimens this only happens when 12–16 bars have failed in a cross 
section. Subsequently, yielding of the reinforcement occurs and a plastic hinge is developed. 
Investigations of Schläfli [4] and Johansson [5] have shown that even when the superior stress level 
in the reinforcement was close to yielding stress, the specimen was able to resist several thousand 
load cycles. 

2.5.2 Comparison of the results 

Due to the fact that the frame is hyperstatic, the detailed analysis that takes the cracking into 
account leads to a different distribution of the internal forces. Thus, the results produced by the two 
methods differ a lot. While the detailed analysis leads to a distinctively shorter fatigue life in all the 
cross sections of the frame corners, it leads to a longer fatigue life in the span. A closer look shows 
variations from 200% (section R1) to up to 460% (section S2). The results (Fig. 7) give an idea 
about the high sensitivity of the calculated fatigue life to changes in the stress difference. The 
detailed analysis also shows that the moment in section S2 is always below the cracking moment. 
Consequently, the stress differences in the reinforcement are very small and definitely far below 
fatigue limit. A practically infinite fatigue life is the result. This fact is not recognized when 
proceeding as proposed in the codes. 

 

3. Discussion 
In order to obtain reasonable results for the fatigue life of the reinforcement, stress differences 
should be calculated exactly. It must be pointed out that a 10% higher stress difference results in a 
30% shorter fatigue life. An accurate calculation of the section properties in the uncracked as well 
as in the cracked state is therefore essential. Analysis of the cracking behavior of a structure is of 
vital importance to determine the exact elastic distribution of the internal forces. Especially when 
inspecting bridges which are statically indeterminate structures, recording of crack patterns is 
essential for the understanding of the load-bearing behavior under service conditions. This is crucial 
if one wants to predict fatigue life. 

Compared to the straight bars the calculated fatigue life of the bent bars in the frame corner is very 
short. According to equation (3) the fatigue strength of the curved bars is almost 50% lower than the 
one of the straight bars. Hence it can be reckoned that the frame corners are the weakest spots of the 
structure and the first failures of reinforcement bars must be expected there. 

The method proposed in the codes to calculate fatigue life of the reinforcement is easy to apply and 
therefore interesting for practical engineers who are designing new bridges. However, the 
application of this method for the assessment of existing bridges is very limited, especially because 
assumptions about the stress history, from which the reinforcement has suffered in the past, have to 
be made. 

 

4. Conclusion and outlook 
In structural steelwork methods based on fracture mechanics are being applied successfully for 
many years. The residual service life of a steel bridge with existing fatigue damages can be 
calculated as a function of the fatigue crack growth [9]. These methods have the great advantage 
that the analysis of the elapsed stress history of a member is no precondition for a prediction of the 
remaining fatigue life. However, such methods are rather unimaginable for the assessment of 
concrete bridges because the surface of the reinforcement is not visible and cracks in reinforcement 
bars can neither be detected nor measured. 



It has been seen that even in a test with clear boundary conditions - on the action side as well as on 
the resistance side - fatigue life of the reinforcement is difficult to predict. The appliance of current 
code provisions is simple but must be questioned and adapted for the particular structure. However, 
these code provisions seem to be conservative because they rely on a small range of knowledge. 
The mechanisms which lead to fatigue damage are not completely investigated yet. Evaluating 
existing bridges regarding their fatigue behavior causes problems for the practical engineer. Today it 
is neither possible to survey the present condition of a reinforced concrete bridge regarding fatigue, 
nor to predict the residual service life. 

It is thus necessary to find out more about the fatigue damage mechanisms in reinforced concrete 
and to explore or adapt methods which enable the detection of endangered or already damaged 
bridges. With the experimental investigations presented in this paper the authors have tried to cover 
both domains. Furthermore, new methods to evaluate the accumulated fatigue damage and the 
residual service life of concrete bridges have to be developed to avoid costly reconstruction or 
strengthening. As public funds for infrastructure are limited today, it is necessary to extent the 
service life of the existing bridges by adequate measures in order to create a sustainable 
infrastructure. 

The tests will be performed from April to August 2009. First results and interpretations will be 
presented at the symposium. 
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