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Preface 
The aim of this report is to present a background to guidelines for assessment of fatigue of 
concrete railway bridges in Sweden.  
 
The work was initiated by Trafikverket in December 2011, contract No TRV 2011/89434A 
signed by Katarina Kieksi with Anders Carolin and Håkan Thun as contact persons. 
Preliminary versions have been issued in 2012, 2013 and 2014. 
 
The work has been carried out at the Division of Structural Engineering at Luleå University of 
Technology. Research projects i the area of fatigue were started in Luleå in the1970ies by 
Kent Gylltoft and me investigating the fatigue capacity of prestressed concrete railway 
sleepers. Anchor bolts and cable couplers were studied in the 1980ies and the possibility of 
concrete bridges to carry increased axle loads on Malmbanan in the 1990ies. In recent years 
work has been continued in the European projects Sustainable Bridges 2004-2007 
(www.sustainablebridges.net) and MAINLINE 2012-2014 (www.mainline-project.eu).  
 
I hope the report will be useful and thank friends and colleagues in Sweden and abroad for 
inspiration, comments on preliminary versions and for support with information regarding 
data, references and ongoing work. 
 
Luleå in February 2015. 
Lennart Elfgren 

  

http://www.sustainablebridges.net/
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Abstract 
Present codes are mostly written for the design of new structures. When assessing existing 
structures it is possible to ascertain actual properties and to use them instead of using very 
conservative estimates. Possible reinforcement fatigue damage can e.g. be assessed with 
partial damage methods in the same way as is done for steel structures and with similar 
failure stresses. 
   
- The definition of a load cycle depends on the structure and what part of it that is studied. 
For ballasted bridges often two bogies for adjacent wagons can be identified as one load 
cycle. For the highest stress ranges often a whole train can be looked upon as one load 
cycle. The influence of earlier traffic can be checked with a damage hypothesis.   
  
- Material properties. The concrete capacity is often underestimated, especially its capacity to 
carry shear forces in slabs without stirrups. For stirrups usually no reduction normally needs 
to be considered of the stress range capacity due to bending of the bars. This is true as long 
as the cracks in concrete crossing the bars are not situated in the corners of the cross 
sections 
 
- Dynamic factors can often be reduced from the ones obtained from standard code values 
after an evaluations and/or measurement on the structure in question. 
   
- The need for closed stirrups and reductions of capacity due to splicing of reinforcement 
bars can be reduced if the reinforcement is fully bonded as e.g. when it is situated in 
compressed concrete. 
 
- More research is needed to calibrate design and assessment methods to real full scale 
tests on bridges. Here new measurement technology makes it possible to check real strain 
and stress ranges, which may be considerably smaller than the ones obtained from 
conservative design models. 

- Recommendations for assessment procedures are given in Appendix A. Examples of 
assessments of two concrete trough bridges are presented in Appendix B (Övre Bredån) and 
Appendix C (Kallkällan). 
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Notation 
 

Notations are generally explained were they are introduced. The most common notations are 
also given below. 

Latin 

Fatigue Fatigue is the weakening of a material that is subjected to repeated loading and 

unloading (cyclic loading), causing progressive and localized structural 
damage. (German: Ermüdung; French: fatigue; Swedish: utmattning) 

  
D Damage or Diameter 
 
E Endurance or Load Effect or Modulus of Elasticity 
 
fc Concrete strength 
 
fs Steel strength 
 
k Inclination of S-N-kurve for reinforcement (similar as m for steel) 
 
m Inclination of S-N-kurve for steel (similar as k for reinforcement) 
 

ni  Number of load cycles for a stress range i 

Ni Number of load cycles to obtain failure for a stress range i 

N* Number of load cycles when the stress-strain curve changes inclination 

S-N-curve   Curve giving stresses (S) versus number (N) of load cycles to failure-often in 

log-log scale. Also called Wöhler curve   

R Resistance or the ratio min / max 

Greek 

 Strain 

 Diameter of reinforcement bar [mm] 

I Stress range (difference between maximum and minimum stress), [MPa] 

L. Cut off limit. For lower stress ranges there is no influence of fatigue [MPa] 

Rsk   Characteristic value of steel stress range resistance [MPa] for N* cycles 

a Stress amplitude. For sinusoidal variations a  = I / 2 , [MPa] 

m Stress mean value, [MPa] 
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1. Introduction 
The aim of this report is to give a background to guidelines for assessment of fatigue of 
concrete structures in codes issued by Trafikverket in Sweden. 

The scope of the report is to present a review of methods and principles – how they have 
emerged, what is used today and what development that is going on. Special questions to 
addressed are: 

- Does any good method exist that is based on partial damage hypotheses ?  

- What determines a load cycle ? 

- What is the influence of earlier low axle loads? 

- How can the design fatigue strength be determined? 

- How is the dynamic factor to be determined/used? 

 

Fatigue is the weakening of a material that is subjected to repeated loading and unloading 
(cyclic loading), causing progressive and localized structural damage.  
 
If the cyclic loads are above a certain threshold microscopic cracks will begin to form at 
stress concentrators. They will slowly grow until they reach a critical size when, due to 
overstressing of the remaining uncracked material, they will suddenly develop through the full 
material thickness causing failure of the affected part. The nominal maximum stress values 
that initiate such damage may be much less than the strength of the material typically quoted 
as the ultimate tensile stress limit, or the yield stress limit.   
 
Fatigue fractures are characterised by a partly smooth surface, created as the fatigue crack 
slowly grows and the material rubs together, coupled with a grainy surface caused by the 
sudden final failure of the material, as illustrated in Figure 1.1 
 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. A typical fatigue failure 
surface. A crack has been initiated at a 
stress concentration at the top and then 
grown gradually downwards a little 
distance by each load cycle forming a so 
called striation. Finally a rest failure has 
occurred in the lower right rough part 
when the remaining section cannot carry 
the loads any longer.  

 

http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Tensile_strength
http://en.wikipedia.org/wiki/Tensile_strength
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2. Historical Background 
The first documented experiences of fatigue of engineering structures stem from the 
industrializing in the 19th century.  A mining engineer, Julius Albert, Figure 2.1, reported on 
failure in mine-hoist chains used to carry baskets up and down into the silver and led mines 
in the Harz Mountains in Clausthal in central Germany. He found that the chains after many 
loadings could fail for a load of only half the original static load – from “fatigue” of the 
material, see Albert (1837).    

With the start of railways, fatigue failure was experienced in the railway axles. The 
phenomenon was studied by August Wöhler, starting in 1847, see Figures 2.1 & 2.2, Wöhler 
(1858, 1860, 1863, 1866, 1870), Timoshenko (1953) and Kurrer (2008). Wöhler’s colleagues 
gave his name to the basic curve connecting the stress ranges (S) and the number of cycles 
(N) a material can stand – the so called Wöhler curve or SN-curve, see Figure 2.3. The log-
log scale was introduced by Olin H. Basquin (1910).  

                

Figure 2.1. Fatigue pioneers: Julius Albert (1787-1846), August Wöhler (1819-1914) and 
Arvid Palmgren (1890-1971), see Albert (1837), Timoshenko (1953), and Hult (1972). 
 

 
 
Figure 2.2. August Wöhler’s test arrangement for round bars. Two bars were rotated at the 
same time, one end being clamped and the other end loaded. In this way the maximum 
stresses close to the clamped end varied as a sine curve with time. Wöhler (1860) 
 
 
Arvid Palmgren, Figure 2.1, worked with the design of roller bearings at the Swedish Roller 
Bearing Factory, SKF, in Göteborg. He noted the influence of dynamic fatigue loads and 
formulated a principle for how to design for it. He published it in a German Engineering 
Journal, see Palmgen (1924) and Hult (1972). However, his findings were not widely 
recognized at that time and it was not until fatigue of airplanes turned to be a problem that 
the principle was reformulated and published again by M A Miner (1945). This led to the 
Palmgren-Miner failure hypothesis which says that the sum of relative damage D for a 
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structural element should be D = 1, where D =   ni/Ni. Here ni  is the number of load cycles at 
a specific stress level i and Ni is the number of load cycle that gives failure if the element is 
solely subjected to that specific stress level.  
 

 

Figure 2.3. Shape of the characteristic fatigue strength curve for a weld (Wöhler-curve or S-N 

curve).  is the stress range (S) and n and N are the number of load cycles. D is the 
damage according to Palmgren-Miners hypothesis. From Raoul-Devaine (2008) based on 
EC3 (2006), Part 2: Bridges, EN1993-2-2006. 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4.  The first 
Goodman diagram indicating 
the influence of mean stress, 
Goodman (1899).Each test is 
represented by two dots, one 
for the maximum and one for 
the minimum stress. They 
can be combined to only one 
dot if the 45o minimum stress 
axis is rotated downwards to 
coincide with the horizontal 
axis.  
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Figure 2.5. A Haigh diagram 
is a way to show the 
influence of the mean stress 

m on the amplitude a. The 

yield stress 0,2 gives one 
limit and another limit is the 

amplitude ct when the stress 
alternates between 
compression and tension. A 
third value is the amplitude 

0t when the stress alternates 

between 0 and 20t with a 

mean value m = 0t 
Allowable load combinations 
under the bold lines 

 
Early work was also done by two English professors. The first one, John Goodman (1862-
1935), University of Leeds, introduced a diagram which illustrates the influence of the mean 
stress, see Figure 2.4. The second one, Bernard P. Haigh (1862-1941), Royal Naval College, 
Greenwich, spent some time in his early career in Germany and Sweden and later illustrated 
the mean stress influence in a different form, see Figure 2.5. Both diagrams have been used 
widely for metallic structures  
 
In the 1950ies it was shown that fatigue damage in metals is mainly surface related. On the 
polished surface of a specimen, the formation of localized deformation bands can be 
observed, known as persistent slip bands. These bands are formed on the sliding planes with 
a maximum resolved shear stress. The topography of the surface reveals the formation of 
intrusions and extrusions, as shown in Figure 2.6 from Bathias & Pineau (2010). The 
intrusions will develop into micro-cracks which may develop into main cracks perpendicular 
to the normal stresses. 

 

Figure 2.6 a) Initiation of micro-cracks due to the sliding of alternate planes and to the 
formation of intrusions and extrusions at the free surface (cross-section); b) formation of a 
main crack from micro-cracks; c) characteristic formation of stage I intrusions and extrusions 
at the surface of a fatigue specimen made of copper. From Bathias and Pineau (2010). 
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The damage mechanisms governing crack initiation (= formation of slip bands, extrusions, 
intrusions, etc.) are difficult to model and they are affected by very local parameters such as 
grain size, grain boundaries, impurities in the crystalline structure, etc. 
 
Attraction and repulsion forces for atoms as well as the dislocations between layers of steel 
crystals is used by Tepfers (2002, 2003) to describe how cracks can be formed under 
various conditions. He calls it physics of matters. 

 
General presentations on the development and the State-of-the-Art of fatigue of concrete 
structures are given in e.g. Westerberg (1969), Gylltoft and Elfgren (1977), CEB Bull 188 
(1988), Mallet (1991), Gylltoft (1994), Elfgren and Gylltoft (1997), ACI 215R-74 (1997) and fib 
B52 (2010). A textbook on Fatigue and Fracture in general is Dahlberg and Ekberg (2002).  
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3. Fatigue of steel and of reinforcement 

 
3.1 General 
The fatigue behavior of steel reinforcement is similar to fatigue of other steel elements used 
in construction. Overviews are given in e.g. Tilly (1979), CEB Bull 188 (1988), ERRI 
D216/RP1 (1999), ERRI D216/RP3 (2000), Stephens et al (2000), SB-D4.5 (2007), Herwig 
(2008) and fib B52 (2010).  

For steel reinforcement, the fatigue relevant parameters are: 
 

- the stress range . Due to stress concentrations that always are present; the maximum 
stress level will mostly be the yield stress. The stress range will thus always have its 
maximum value at the yield stress and any calculated mean stress has little or no influence. 
 
 - the number of stress cycles n and  
 
- discontinuities both in the cross section and the layout of the steel reinforcement, resulting 
in stress concentration at possible fatigue damage locations. 

Fatigue life of steel reinforcement can be divided into a crack initiation phase, a steady crack 
propagation phase and fracture of the remaining section, see Figure 3.1. 
 

 

Figure 3.1. Strain versus cycle 
ratio for fatigue of steel and 
concrete with an initiation 
phase (left), a propagation 
phase (middle) and a fracture 
phase (right). From SB-D4.5 
(2007) 

 

3.2 State of the Art 
The fatigue behavior of the reinforcement can be represented by means of the S-N-diagram 
(Wöhler line) in a double-logarithmic representation as in Figure 2.3. The nominal fatigue 
strength is commonly defined by the stress range amplitude at 2 million cycles. This value is 
called fatigue category and refers to a given S-N-diagram and depends on steel quality and 
surface properties. For ordinary steel it is given in Figure 3.2. The curves have typically 
three straight parts with different inclinations. For the first part up to N = 6∙106 the inclination 
is 1:m = 1:3. From then on to N = 108 it is not quite as steep, 1:m = 1:5, and from there it is 

horizontal. The corresponding value is called the cut off limit L.  
 
Ordinary steel is treated in Eurocode EC3 (2005-2007) and in SB-LRA (2007) with 
background material in e.g. SB-D4.6 (2007) and in Kühn et al (2008). 
 
If there is a cut-off value for N = 108 is still not quite clear. However, if no stress range is 
higher than this value during the whole life length of a structure, then it will endure. 
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Figure 3.2. Fatigue strength (S-N) curves for construction steel and nominal stress ranges. 

Kühn et al (2008).The detail category is indicated by the stress range at 2∙106 load cycles. 

One way to model fatigue is with help of fracture mechanics, which is the study of crack 
growth, see e.g.  Elfgren (1987), Rossmanith (1997) and Bazant & Planas (1998). The most 
well-known crack propagation law was suggested by Paris et al  (1961, 1963): 
 

da/dN = C ∙Km 

 
where  
da/dN is the propagation rate of the crack length a [mm]  

K  is an elastic stress intensity factor range [MPa∙m 0,5] at the crack tip and  
C and m are constants, see Figure 3.3. For steel C ≈ 10-11 and m ≈ 3 
 

The crack growth is slow for K  < Kth  =  threshold stress intensity factor range and 

accelerates to failure for K  > KIc  = critical stress intensity factor range for mode I.  If the 
diagram is rotated counter clockwise 90o it will have a similar form as an S-N-curve. 
 



Fatigue Capacity of Concrete Structures            2015-02-20                                                                    15 
 

 
 
Figure 3.3. Paris law for crack growth, da/dN, as function of the stress intensity factor range 

K. Kühn et al (2008). If the diagram is rotated counter clockwise 90o it will have a similar 
form as an S-N-curve. 
  
For steel reinforcement some recent test results are presented in Figure 3.4 for typical 
reinforcement produced in Germany, Maurer et al (2010), and in Figure 3.5 for typical old 
European reinforcement, Fehlmann and Vogel (2009). The inclinations are somewhat 
different but the tendencies are the same. 
 
Characteristic values for design according to a current international expert agreement, the fib 
Model Code 2010 (2012), are given in in Figure 3.6 and in Tables 3.1 and 3.2. The values 
differ slightly from the values in Figure 3.2 regarding inclination (lower inclination, 1:5 for 
ordinary reinforcement bars, instead of 1:3 for steel) and break point (1 million cycles for 
ordinary reinforcement bars instead of 6 million cycles for ordinary steel). The reason for the 
gentler slope for reinforcement may be an influence from surrounding concrete in the 
following way:  
 
When a steel bar is subjected to fatigue testing in air, its fatigue is caused by microscopic 
defects that are formed at stress concentrations on the bar’s surface. The locations of these 
concentrations are normally determined by the local geometry of the bar. Consequently, a 
fracture occurs at the locations of defects in the steel bar where the stress concentration is 
highest rather than at the point of maximum tensile stress. The cracks formed in this way 
gradually propagate until fracture occurs suddenly, when the remaining cross section of the 
rebar is too small to support the applied load. In contrast, if a steel bar in reinforced concrete 
beam has flexural or shear cracks, the maximum stress concentrations will occur at the 
locations of the cracks. If the bar has a defect at such a point, its fatigue life will be similar to 
that of a bar tested in air; otherwise its fatigue life will be increased despite a slight increase 
in the local shear stress acting on the bar at the faces of the crack, Kim & Heffernan (2008). 
 
For welded reinforcement bars and for bars in marine environment the curves have 
characteristics that are quite the same as for ordinary steel. Any reduction in reinforcement 
stress ranges due to friction may not need to be considered for ordinary reinforcement 
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Figure 3.4. S-N curve for ø20 with yield strength of 500 MPa as tested by Maurer et al 

(2010). A design value for cut-off for N = 107 cycles is 173/1,15 MPa = 162 MPa.  

 
Figure 3.5. Comparison of test results for old reinforcing steel and the Swiss code SIA 262,  
Fehlmann and Vogel (2009). 
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Figure 3.6. Stress range S-N (Wöhler) curves for reinforcement bars according to fib Model 

Code 2010 (2012).  

 

 

 

 

 

 

 

 

 

Table 3.1 Parameters of S-N curves for reinforcing steel (embedded in concrete), fib Model 
Code 2010 (2012), fib B62 (2012) 
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 N* Stress  
exponent 

Rsk  (MPa) (e) at 

k1 k2  N* cycles 108 cycles 

Straight and bent bars with mandrel 
diameter D ≥ 25 ø 

     

   ø ≤ 16 mm 106 5 9 210 125 
   ø > 16 mm  (a) 106 5 9 160 95 
Bent bars with D < 25 ø (b) 106 5 9 (c) (c) 

Welded bars including tack welding and 
butt joints and mechanical connectors  

107 3 5 50 30 

Marine environment (b), (d) 107 3 5 65 40 
(a) Values for 40 mm.  For 16 ≤ ≤  40 mm linear interpolation with the values for  ≤ 16 
mm is permitted. 
(b) Most of these S-N curves intersect the curve of the corresponding straight bar. In such 
cases the fatigue strength of the straight bar is valid for cycle numbers lower than that of the 
intersection point. 
(c) Values are those of the according straight bars multiplied with a reduction coefficient   

depending on the ratio of the diameter of the mandrel D and the bar diameter for bent bars 

that can be taken as  = 0,35 + 0,026 D/
(d) Valid for all ratios D/and all diameters 
(e) In cases where Rsk vaues calculated from the S-N curve exceed the stress range fyd - 

min, the value fyd - min  is valid. 
 

 

Table 3.2 Parameters of S-N curves for prestressing steel (embedded in concrete), fib Model 

Code 2010 (2012), fib B62 (2012). 

(a) In the cases where the SN curve intersects that of the straight tendon, the fatigue strength 
of the straight tendon is valid. 

The fib Model Code 2010 (2012) points out that the values are only given as guidance and 
where experimental values are available they may be used instead.   

Corrosion is treated in e,g, fib B59 (2011) and by Gehlen and Weirich (2011) They have 
found that the capacity is reduced in water with clorides, see Figure 3.7. Weirich (2013) 
proposes a method to include this in the Palmgren-Miner sum.  
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Figure 3.7. S-N curves from five test series with corrosive environments (I: Water pH 12,6l, II: 
Seawater, III: pH 8, IV: pH 8 + anti-freeze salt). Gehlen and Weirich (2011) 
 

3.3 Cable couplers, connectors and anchor bolts 
Joining cables of prestressing steel is tricky and may result in a low fatigue capacity. Fatigue 
of cable couplers has been studied by e.g. Kordina (1979), Emborg et al (1982, 1988) and 
Zilch & Penka (2014). An example of ongoing research on connections of high-strength steel 
is Pijpers et al (2013). 

Fatigue of anchor bolts and fasteners has been studied by e.g. Elfgren et al (1982, 1987), 
Broms & Elfgren (1985), Eligehausen et al (2006) and Hoehler (2006). 

 
3.4 Applications to metallic bridges 
Fatigue of metallic bridges has been studied e.g. in the United Kingdom by Iman (2006, 
2009, 2012) and in Sweden by  Åkesson (1994, 2010), Al-Emrani (2002), Andersson (2009) 
and Larsson (2009). Some of their results are incorporated in SB-LRA (2008) with 
background material in SB-D4.6 (2007) and in Kühn et al (2008). 
 
Some examples of recent work are Pipinato et al (2009, 2011, 2012) on high-cycle fatigue of 
riveted connections for old railway metal bridges;  Akhlaghi, (2009),  Fall and Petersson  
(2009) and  Aygül (2012) on welded connections and EC 3 (2005); Al-Emrania and Aygül 
(2014) on composite bridges and hot spot analysis (a finite element analysis of the stresses 
in a detail is made instead of rough standard calculation compensated by a conservative SN-
curve for the detail); Brühwiler (2012a,b) on assessment of old Swiss bridges;  Andersson et 
al (2013) and Leander (2013) on extending the life by local approaches;  McGormerly et al 
(2013) on evaluation and retrofit; and Nilimaa et al (2013) and Mainline D1-3 (2014) on 
results from the MAINLINE project. 
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4. Fatigue of concrete 

 
4.1 General 
Overviews are given in e.g. Westerberg (1969), Gylltoft and Elfgren (1977), CEB Bull 188 

(1988), Mallet (1991), Gylltoft (1994), Elfgren and Gylltoft (1997) and fib B52 (2010).  

 
4.2 State of the Art 
An early model was presented by Knut Aas-Jacobsen (1970) and it was augmented by 

Tepfers & Kutti (1979) and Tepfers (1979), see Figure 4.1.  It is a modified Wöhler diagram 

with influence of the mean stress according to the formulae 

𝑆𝑚𝑎𝑥 =  
𝜎𝑚𝑎𝑥

𝑓𝑐
= 1 −

1

𝐶𝑐
(1 − 𝑅) log 𝑁   Eq. 4.1 

where 

𝑆𝑚𝑎𝑥 =  
𝜎𝑚𝑎𝑥

𝑓𝑐
 is the ratio of the maximum concrete stress and the concrete strength 

𝑅 =
𝜎𝑚𝑖𝑛

𝜎𝑚𝑎𝑥
   is the ration between the minimum and maximum concrete stresses 

𝑁 is the number of load cycles  

𝐶𝑐  = 14,6  is the value of log 𝑁  when 𝑅 = 𝑆𝑚𝑎𝑥 = 0 

 

Figure 4.1. Wöhler curve for concrete according to Eq. 4,1 for Cc = 14,6. From Elfgren-

Gylltoft (1997) based on Aas-Jacobsen (1970) and Tepfers-Kutti (1979). 

The curves were refined in the CEB-FIP Model Code (1993) and the square root of R-1 was 
introduced to increase areduction for low values of R, see Figure 4.2 based on Norwegian 
and Dutch studies, see fib B52 (2010). This formulation is also used in EC2 (2004-2006). 
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Figure 4.2. Wöhler diagram for concrete based on CEB-FIP Model Code (1993) 

One of the first tests on tensile fatigue was performed by Tepfers (1979) using cube splitting 
test specimens. Later on, especially during the 1980s and 1990s several material models for 
the fatigue behaviour of concrete in tension were developed which could be implemented in 
FE-analysis. Models have been proposed by e.g. Gylltoft (1983), Rots et al. (1985), 
Reinhardt et al.(1986), Yankelevsky & Reinhardt (1989), Hordijk (1991) Duda & König (1991) 
and Kessler- Kramer (2002).  
 
In the new fib Model Code 2010(2012) a further development is made, see Figure 4.3.  

 

 
 
 
 
 
Figure 4.3. Wöhler 
curves (S-N-
curves) used in the 
new fib Model Code 
2010 (2012) 
(green) and 
compared to CEB-
FIP Model Code 
(1993) (dotted). 

Sc = c/fc relative 
compressive stress. 
Form Lohaus et al 
(2011) in Hannover. 
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The curves were proposed by a group in Hannover, Lohaus et al (2011). They are somewhat 
less conservative for less number of load cycles than 8∙106. They are based also on tests on 
high strength concrete 

4.3 Recent research 
Rempling et al. (2008, 2009) take the work of Gylltoft (1983) further and uses a damage-
plasticity approach to model fatigue in a meso-scale. The evolution of fatigue deterioration is 
also studied by Grigorou and Brühwiler (2013).  
 
Examination of a fatigue failure criterion based on deformation, proposed for bond by Balázs 
(1991, 1996), has been carried out by Thun (2006), 2011). Based on this he suggests how 
the criterion may be used to predict the number of load cycles to failure for existing structures 
under cyclic tensile loading.  
 
The criterion has successfully been used to describe bond failure between re-bars and 
concrete (using specimens where reinforcing bars were positioned centrally in concrete 
prisms). The hypothesis of the criterion is that the deformation at peak load during a static 
test corresponds to the deformation where the failure process begins in a fatigue test. The 
growth in deformation during a fatigue test can according to the model be divided into three 
phases, see Figure 4.4. At the beginning of the first phase the deformation rate is high but 
stagnates after a while. The second phase is characterized by a constant deformation rate. 
These two phases can be described as stable. During the third phase, the failure phase, the 
deformation rate increases rapidly leading to failure within a short time. The deformation 

criterion for fatigue failure is that the deformation at peak load, (fpeak), during a static test 
corresponds to the deformation at the changeover between phases two and three during a 

fatigue failure,  see Figure 4.4. When (fpeak) has been reached, only a limited number of 
cycles is needed until failure occurs. Since there is a difference between the number of 
cycles at failure and at initiation of phase three the criterion could be considered as safe, 
Balázs (1991). The criterion has recently been successfully applied by Hoehler (2006) on 
concrete cone break-out of anchor bolts with cast in place headed studs. 
 

 

Figure 4.4. Deformation fatigue process under repeated loading: (a) fatigue test with 
deformation as function of number of load cycles n and (b) static deformation diagram-stress 
diagram. From Thun (2006, 2011) based on Balácz (1991). For concrete in tension the 
scales may be in MPa for the stresses and  mm/100 for the deformations. 
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Daerga & Pöntinen (1993) applied the above deformation criterion when they performed 
three-point bending fatigue tests on notched beams cast with plain high performance 
concrete. Their idea was to predict the fatigue failure for a structure, using monitored 
deformations and compare them to the deformation capacity of an identical structure 
exposed to static load. This idea was also proposed by Thun (2006).  
 
Assessment methods and Life Cycle Cost analysis were studied in Mainline (2014), a 
European research project. The project has further developed the results from earlier 
European projects as Innotrack (2010) and Sustainable Bridges (2007), see e.g. guidelines 
on inspection and condition assessment, SB-ICA (2008), load and resistance analysis, SB-
LRA (2008), monitoring, SB-MON (2008) and strengthening, SP-STR (2008). There are also 
more details given in background documents as e.g. on bridge demography, SB-D1.2 (2004), 
ongoing research, SB-D1.4 (2005), and assessment of bridges SB-D4.5 (2007).  
 
Rocha and Brühwiler (2012) studied how fracture mechanics can be used for predictions of 
fatigue life for reinforced concrete bridges. 

Roggendorf and Goralsky (2014) discuss the need for further studies of the fatigue of 
concrete in wind turbine structures and points out the need to take the reduced stiffness into 
account into calculations, see Figure 4.5.  

 

Figure 4.5. Characteristic loss of stiffness for concrete under fatigue (top) and damage 
parameters secant modulus (middle) and damage modulus (bottom), Roggendorf-Goralsky 
(2014)   
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The shear capacity in fatigue for beams without stirrups has recently been studied by 
Matthias Kohl (2014). He tested and analyzed 20 beams (width*height*length = b*h*L = 
0,2*0,34*3,0 m) with a mid-span point load and confirmed that the Goodman diagram in 
Figure 4.6 gave conservative results when the static capacity VRd,c  was calculated according 
to EC2, see Figure 4.7.  

 

 
 
Figure 4.6. Goodman-
diagram för beams 
without stirrups. VEd,max 
and VED,min  are the 
applied maximum and 
minimum cyclic shear 
forces and VRd,c is the 
resistance for static 
loading. The grey area 
indicates the area for 
allowed loads according 
to EC2. From Kohl 
(2014). 
 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Test results 
which indicate that the 
recommendations in 
Figure 4.6 are 
conservative. The filled 
circles indicate 12 beam 
sections that failed and 
the arrows indicate 15 
run-outs. From Kohl 
(2014). 
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5. Development of Codes  

 
5.1 General 
Current fatigue provisions rely on a comparatively narrow knowledge basis when compared 
to most other domains of structural concrete. Fatigue damage mechanisms for reinforced 
concrete are not yet fully understood and codes are often based on experimental data with 
limited scientific background. A robust damage accumulation theory is still lacking, and a 
worst case scenario of fatigue action effect is considered in codes, see e.g. SB-D4.5 (2008). 

This conservative approach is acceptable for the design of new structures, but for existing 
structures it is inappropriate and may lead to unnecessary and costly strengthening. To 
reduce uncertainties in current engineering methods, knowledge about the fatigue behavior 
of concrete bridges must be improved and realistic methods for the examination of existing 
bridges and for the determination of their remaining service life need to be developed.  

 
5.2 Swedish codes 
 
Before 1965 
In the first Swedish codes, Betongbestämmelser (1949), fatigue was not mentioned. A 
general presentation of early design methods is given by Sven Ola Asplund (1958). He 
reviews a few research papers on fatigue and recommends keeping fatigue stresses below 
45% of the cube compression strength. 
 
1965 to 1978 
In the next set of codes B5 (1965), B6 (1968) and B7(1968) fatigue was still not considered 
for the concrete. However, for the reinforcement, structures were divided into two groups: A – 
without risk for fatigue and B – with risk for fatigue as e.g. railway bridges. For the common 
reinforcement quality Ks 40 with a diameter ø, 6 mm < ø  ≤ 16 mm, the allowable tensile 

stress a was reduced due to fatigue from 220 MPa to 200 MPa and for 16 mm < ø  ≤ 32 mm 

from 200 MPa to 190 MPa. The allowable compressive stress at was in a similar way 
reduced from 180 to 160 MPa for the small diameters and from 160 to 150 MPa for the larger 
ones. In a note it is remarked that if there is a pointed risk for fatigue, the allowable stresses 
shall be further reduced. How much has to be judged for each special case.  
 
From 1979 
A big step forward was taken with the introduction of partial coefficients in the design in the 
next generation of codes BBK 79 (1979, 1988) and BBK 04 (2004). 
 
For reinforcement steel no fatigue risk is supposed to be present for n load cycles between 

1 and 2  if the following condition is fulfilled  
 

s  =  1 – 2  ≤  fst/n  
 
with  

fst stress range for n cycles 

n partial safety factor = 1,2 for bridges 
 

Values for the stress range fst are given in Table 5.1 
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Table 5.1 Stress ranges fst (MPa) for reinforcement at n load cycles according BBK04 
(2004) and, in parenthesis, earlier values from BBK 79 (1979). 
  

Reinforcement  n 

104 105 6∙105 106 2∙106 

(Smooth bars Ss 22, Ss22S) (220) (220) (190) (170) (150) 

Smooth bars Ss 26, Ss26S 260 260 190 170 150 

Deformed bars  Ks40, Ks 40S (420) 
400 

(280) 
270 

(220) 
200 

(200) 
180 

(200) 
160 

Deformed bars  K500 400 270 200 180 160 

Deformed bars  Ks60, Ks 60S (420) 
400 

(280) 
270 

(220) 
200 

(200) 
180 

(200) 
160 

Profiled bars Ps50 420 280 190 170 170 

 
No influence of bars size is given, For bent bars the values are to be multiplied with the factor 
1 – 1,5 ø/r , where ø is the bar diameter and r is the radius of the bent. For varying stress 

ranges the value of n in Table 5.1 could be reduced with a  so called collective parameter  

to a new value nf =  ∙n according to Table 5.2 depending on the stress collective , where  
= 1 for constant stresses and 0 when the stress range linearly decreases to zero, see Figure 
5.1.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1 Collective factors  for different 
stress collectives, BSK 94 (1994). 

 

Table 5.2. Values on the collective parameter    in the relation nf = ∙n for different collective 

factors  
 

Collective factor  1 5/6 2/3 1/2 1/3 

Collective parameter  1 0,60 0,30 0,10 0,03 

 
The concrete endurance stresses for fatigue were determined from an “onion” diagram 
according to Figure 5.1 probably designed by Professor Lars Östlund at Lund Institute of 
Technology and Dr Tage Petersson at the Royal Institue of Technology, see also BHB-K 
(1980, 1990). It was based upon a Wöhler diagram according to Equation 4.1 and Figure 4.1 

with the ratio R between the minimum and maximum stresses, R  = min /max.  
 
Equation 4.1 was, as earlier mentioned, proposed by Aas-Jacobsen (1970) and Tepfers-Kutti 

(1979) with the value Cc = 15,6 (or, with their notation,  =  1/Cc =0,064). If we for simplicity 
assume that Cc = 15, we obtain for N = 106 load cycles that Equation 4.1 can be written as 
 

𝑆𝑚𝑎𝑥  = 1 −  
1

15
(1 − 𝑅)6 = 1 − 0,4 (1 − 𝑅)                           …    Eq. 5.1 
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For a few characteristic values of R, equation 5.1 gives the results in Table 5.3, which are 
also illustrated in Figure 5.3. This representation is a so-called Goodman diagram, see 
Figure 2.4. The curve can be seen to be roughly the same as the curve for N = 106 in the 
code diagram in Figure 5.2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2  
Diagram for fatigue 
stresses for 
concrete according 
to BBK 04 (2007), 
Figure 2.4.3. 
 

 

 
 
Table 5.3. Fatigue capacity of 
concrete according to Eq. 5.1 for Cc = 
15 and N = 106 

R =  

min/max 

Smax 

=

max 

/fc 

Smin =

min 

/fc 

Smean 

=

mean 

/fc 
1 1 1 1 

0,75 0,9 0,675 0,788 

0,5 0,8 0,4 0,6 

0,25 0,7 0,175 0,438 

0 0,6 0 0,3 
 

 

 
 
 
 
Figure 5.3. Goodman 
diagram for concrete 
according to Eq. 5.1 
and Table 5.3. The 
curve is roughly 
similar to the 
corresponding curve 
in Figure 5.2 for N = 
106 

Concrete grades above K80 were found to be more sensitive to fatigue than concretes below 

K80, see HPC (2000).  A reduction factor 1,0 >  > 0,9 for K80 < fcc < K130 was proposed to 
be applied to the values given in BBK 94 (1994).  
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 5.3 Model Codes and Eurocodes for Reinforcement Steel 
For reinforcement steel the Eurocode EC2 (2004-2006) is based on the CEB-FIP Model 
Code (1993). S-N curves are illustrated in Figure 5.4. 

 

 

Figure 5.4  Stress range (S) versus number of cycles (N) for steel reinforcement according to 

EC 2 (2002-2006). From Croce & Mlakatas (2010). 

According to EC2 (2005), Section 6.8, the damage of a single stress amplitude  is 
determined from the corresponding S-N curves in Figure 5.4 for reinforcing and prestressing 
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steel. The applied load should be multiplied by F,fat. The recommended value is S,fat = 1. The 

resisting stress range at N* cycles  Rsk obtained should be divided by the safety factor S,fat 

with a recommended value of  S,fat = 1,15 (Section 2.4.2.4) . 
 
According to fib Model Code 2010 (2012), Sections 4.5.2.3 and 7.4.1, there are four levels of 
approximation. 
  
Level I 
This is a qualitative verification that no variable action is able to produce fatigue. If the 
conclusion of this verification is not positive, verification according to one of the higher levels 
must be made. 

Level II 
This procedure is only applicable to structures submitted to a limited number (≤ 108) of low 
stress cycles. 
 

ED ∙maxEs ≤ Rsk / s,fat    Eq. (7.4-3) 
 
where 

ED   is a load factor = 1,1 (or 1,0 if the stress analysis is sufficiently accurate or conservative) 

Es  is the steel stress range under the acting loads 

Rsk  is the characteristic fatigue strength at 108 cycles, see Tables 3.1 and 3.2 

s,fat   is a partial safety factor = 1,15. 

  
Level III 
This method takes into account the required service life with a foreseen number of cycles n. 
 

ED max Es ≤ Rsk(n) / s,fat   Eq. (7.4-6) 
 

where ED, Es and s,fat  are the same as for Level II and 

Rsk(n)  is the stress range equal to n cycles obtained from a characteristic fatigue strength 
function, see e.g  Tables 3.1 and 3.2 

 

Level IV 
This method takes account of the required service life, the load spectrum (which is divided 
into j blocks) and the characteristic fatigue strength functions. 
 
The fatigue damage D is calculated using the Palmgren-Miner summation: 
 

𝐷 =  ∑
𝑛𝐸𝑖

𝑁𝑅𝑖

𝑗
𝑖=1      Eq. (7.4-10) 

 
where 
D      is fatigue damage 
nEi   denotes the number of acting stress cycles associated with the stress range for steel 
(and the actual stress levels for concrete as this formula is also used there see section 5.4) 
nRi   denotes the number of resisting stress cycles at a given stress level 
 
The fatigue requirement will be satisfied if D ≤ Dlim 
  
 
 
 



Fatigue Capacity of Concrete Structures            2015-02-20                                                                    30 
 

A comparison between the characteristic stress ranges for deformed ø16 mm reinforcement 
bars for the three codes fib Model Code 2010 (2012), Swedish code BBK 04 (2004) and EC 
2 (2004-2006) is given in Figure 5.5. 

 

Figure 5.5. Comparison of characteristic stress ranges for deformed ø16 mm reinforcement 
bars according to fib Model Code 2010 (2012), Swedish code BBK 04 (2004) and EC 2 
(2004-2006). The stress range for N = 106 load cycles is 210, 180 and 162,5 MPa 
respectively.  

For the breaking point N = N* = 106 load cycles for straight bars the European code EC 2 
(2004-2206) instead of the Model Code value 210 MPa, uses a lower value 162,5 MPa. The 
German application of EC2 has the value 175 MPa instead of 162,5 MPa, see DIN EN 1992-
2 (2010), Fingerloos and Zilch, (2008). The Swedish value in BBK 04 (2004) lies in between 
with 180 MPa. 

The differences may depend on a conservative approach for design in the committee 
developing EC2, whereas the fib-committee may also have taken the function of existing 
structures into consideration, Brühwiler (2014), Zilch (2014).  

The equation for the curves can be written as 

log  = log N* + (log N* – log N)/k1     for  N*       Eq. 5.2a 

log  = log N* - (log N – log N*)/k2      for   N*       Eq. 5.2b 

The possible number of load cycles N corresponding to a stress range thenfollows from: 

log N = log N* - k1(log log N*)       for  N*       Eq. 5.3a 

log N = log N* + k2(log N*  - log )      for  N*       Eq. 5.3b 
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For railway bridges, the International Federation of Railways, UIC, has issued special codes 

UIC 774-1 (2005) based on ERRI D216/RP1 (1999) and ERRI D216/RP3 (2000). They follow 

in principle the Eurocodes.  

5.4 Model Codes and Eurocodes for Concrete 
For concrete the European code is based on the earlier CEB-FIP Model Code (1993). An 
improvement has been made in the slightly less conservative fib Model Code 2010 (2012). 
All codes for concrete are based on stresses calculated from linear elastic assumptions, 
which gives too high stresses and leads to rather conservative designs.    

In the fib Model Code 2010 (2012) there are four levels of approximation for concrete in 
compression similar to the levels for reinforcement steel: 

Level I 
This is a qualitative verification that no variable action is able to produce fatigue. If the 
conclusion of this verification is not positive, verification according to one of the higher levels 
must be made. 

Level II  

The procedure is only applicable to structures subjected to a limited number (≤ 108) of low 

stress cycles. For concrete in compression: 

 𝛾𝐸𝑑 ∙  𝜎𝑐,𝑚𝑎𝑥  ∙ 𝜂𝑐  ≤ 0,45 𝑓𝑐𝑑,𝑓𝑎𝑡             (7.4-4) 

where 

𝛾𝐸𝑑 is a load factor = 1,1 (or 1,0 if the stress analysis is sufficiently accurate or conservative) 

𝜎𝑐,𝑚𝑎𝑥  is the maximum compressive stress 

𝜂𝑐  is an averaging factor of concrete stresses in the compressive zone considering the 
stress gradient according to Eq. (7.4-2) in the Model Code 

𝑓𝑐𝑑,𝑓𝑎𝑡  = 0,85 ∙ 𝛽𝑐𝑐 (𝑡) ∙ 𝑓𝑐𝑘  ∙ (1 −
𝑓𝑐𝑘

400
) /𝛾𝑐,𝑓𝑎𝑡 is the design fatigue reference strength for 

concrete in compression, where  cc(t) is a coefficient which depends on the age t of the 
concrete in days when fatigue loading starts (subsection 5.1.9.1 in the Model Code) and 

𝛾𝑐,𝑓𝑎𝑡  = 1,5 according to section 4.5.2.3 in the Model Code. 

A similar expression is given for concrete in tension Eq (7.4-5) in the Model Code 

Level III  

For concrete in compression, see Figure 4.3: 

For Scd,min > 0,8 the S-N relations for Scd,min = 0,8 are valid.  

For 0 ≤ Scd,min  ≤ 0,8, Eqs (7.4-7a) and (7.4-7b) apply. 

log 𝑁1 =  
8

𝑌−1
 ∙ (𝑆𝑐𝑑,𝑚𝑎𝑥 − 1)                                                                       (7.4-7a) 

log 𝑁2 = 8 +  
8 ∙ln (10)

𝑌−1
 ∙ (𝑌 − 𝑆𝑐𝑑,𝑚𝑖𝑛) ∙ 𝑙𝑜𝑔 (

𝑆𝑐𝑑,𝑚𝑎𝑥−𝑆𝑐𝑑,𝑚𝑖𝑛

𝑌−  𝑆𝑐𝑑,𝑚𝑖𝑛
)                        (7.4-7b) 

with    𝑌 =  
0,45+1,8∙𝑆𝑐𝑑,𝑚𝑖𝑛

1+1,8 ∙𝑆𝑐𝑑,𝑚𝑖𝑛−  0,3 ∙𝑆𝑐𝑑,𝑚𝑖𝑛
2      where  

(a) if log N1 ≤ 8, then log N = log N1 
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(b) if log N1 > 8, then log N = log N2 

where: 

𝜎𝑐,𝑚𝑎𝑥    is the maximum compression stress 

𝜎𝑐,𝑚𝑖𝑛   is the minimum compression stress 

𝑆𝑐𝑑,𝑚𝑎𝑥 =  𝛾𝐸𝐷   𝜎𝑐,𝑚𝑎𝑥𝜂𝑐 /𝑓𝑐𝑑,𝑓𝑎𝑡    is the maximum compressive stress level  

𝑆𝑐𝑑,𝑚𝑖𝑛 =  𝛾𝐸𝐷   𝜎𝑐,𝑚𝑖𝑛𝜂𝑐 /𝑓𝑐𝑑,𝑓𝑎𝑡    is the minimum compressive stress level 

ED,  𝑓𝑐𝑑,𝑓𝑎𝑡 and 𝛾𝑐,𝑓𝑎𝑡 is given in Level II 

 

Formulas for compression-tension and pure tension are also given in the Model Code. 

 

Level IV  
The fatigue damage is calculated in a similar way as for steel  
 

The fatigue requirement will be satisfied if 𝐷 ≤ 𝐷𝑙𝑖𝑚. Under increasing stress levels, 
𝐷𝑙𝑖𝑚 = 1  can be used. Under decreasing stress levels 𝐷𝑙𝑖𝑚  can be significantly smaller 

than 1,0 according to fib Model Code 2010 (2012),section 7.4.1.5 
 
Worked examples for design of bridges according to the Eurocodes are given by Bouassida 
et al (2012). In Sweden worked examples for concrete structures in general are given in 
EK2-Handbok (2012). Here also one example for fatigue is given, where it is pointed out that 
the Eurocode is quite conservative for concrete and that an alternative method in BBK04 
(2004) can be used where the check of stresses is replaced by the check of a reduced bending 

moment capacity (Section 3.3) and thus becomes less conservative. 

The application of Eurocodes have been studied in M Sc theses by Olsson and Pettersson 
(2010), who compared design methods for fatigue of concrete.railway bridges, and by  
Dahlvik and Eriksson (2014), who studied load effect modelling in fatigue design of 
composite road bridges. Two existing concrete frame-slab bridges have been evaluated in a 
M. Sc. thesis by Klingberg & Scheidegger (2015). They found that according to present 
codes the life was since long time passed for the reinforcement steel although no apparent 
damage could be seen when the bridges were inspected.   

 
5.5 Codes for existing structures 
In Sweden successive versions of codes have been issued: BV Bärighet (1996), BV Bärighet 
(2000) and TRVK Bärighet (2014) and TRVR Bärighet (2014). The latest version recommend 
that the steel S-N-curve according to the fib Model Code 2010 (2012) is followed. 

Hendy et al (2011) have given proposals for Eurocodes for Bridges. 

In Switzerland, a recent code for assessment of structures states that a closer investigation 

should be performed if sd,fat,act is larger than 150 MPa, SIA 269 (2011). Examples of 
procedures are given in SB-D4.5 (2007), Herwig (2008), Brühwiler et al (2012) and Brühwiler 
(2012).  
 
Cremona et al (2013) have looked into calibration of partial safety factors 

Wiesniewski et al (2012) have compared different codes for assessment. In the European 
Project MAINLINE (2011) general methods to extend the life of existing rail infrastructure are 
treated, MAINLINE D1.2 (2013), as well specific methods for assessment MAINLINE D1.3 
(2014). 
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Fatigue of concrete decks has been studied by Max Schläfli and Eugen Brühwiler (1998, 
1999) in Lausanne and by Ulrika Johansson (2004) in Stockholm. The findings in Switzerland 
indicate that current fatigue design provisions appear to be conservative and that the fatigue 
reliability of existing deck slabs is satisfactory if the principles of good fatigue design and 
construction practice have been respected, SB-D4.5 (2007).  
 
Based on the information presented in SB-D4.5 (2007) a method to assess concrete railway 
bridges is proposed in appendix A. 
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6. Full scale tests and further discussion 

 
6.1 Application to concrete trough bridges 
Several applications to concrete trough bridges have been studied. At Luleå University of 
Technology the possibilities were investigated to increase the axle load on Malmbanan (the 
Iron Ore Line) from 25 to 30 ton, see Paulsson and Töyrä (1996). We made a full scale test 
in the laboratory of a 29 year old l trough bridge from Lautajokk with the length of 7,2 m, see 
Figure 6.1, Paulsson et al (1996,1997). A load-deformation graph from the final test is shown 
in Figure 6.2. Before that, the bridge had been loaded with 6 million load cycles with an axle 
load of 1,2∙30 = 36 ton (dashed line) without any notable damages and with only hair line 
cracks in the bottom of the slab. 

The tests showed that the fatigue capacity of the bridge was much higher than what was 
predicted by the codes, Andersson (2000), Thun et al (2000). 

 
 
Figure 6.1. Full Scale Test of a 29 year old Railway Trough Bridge at Luleå University of 
Technology. Paulsson et al (1996, 1997). 
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Figure 6.2. Load-deformation graph from the final test of the Lautajokk Bridge in Figure 6.1. Before the 
final test the bridge had been loaded with 6 million cycles with an axle load of 1.2∙300 = 360 kN. 

Paulsson et al (1996, 1997). 

 
A section that had been identified as critical for shear fatigue was the joint between the slab 
and the longitudinal beams. Here no damage at all could be seen. 

Load-carrying capacity, modelling and strengthening of trough bridges have also been 
studied by Enochsson et al (2002, 2008b), Elfgren et al (2007a, b) and Puurula et al (2008a, 
b, 2012, 2014, 2015). Finite element modelling of trough bridges has also been studied in 
M.Sc theses by by Lundin & Magnanader (2012) and by Axelsson & Werner (2013). 
 

The dynamic factors are often overestimated in the codes. According to an experimental 
study on a 3-span trough bridge by Simonson (2002), measured strain values for a speed of 
50 km/h had a maximum difference of 2∙ 10-6 compared to a static load. This corresponds to 
a steel stress difference of only 0,4 MPa, which indicates a dynamic factor of the order of 
about 1,05. 

The dynamic properties of concrete trough bridges at high speeds have been studied by 
Karoumi et al (2006). 
 
Meek (2007) has studied the influence of temperature changes on fatigue of bridges and has 
found that the influence is rather small for most bridges. The influence of temperature has 
also been studied by Oskar Larsson (2012). 
 
In Appendices B and C the assessment of two railway concrete trough bridges is studied. 

 
 

6.2 Prestressed bridges 
Sanio et al (2014) have studied a 50 year old road bridge in Heerdter Dreieck in Düsseldorf. 
The bridge is situated close to a bridge which failed due to fatigue in cable couplers in the 
1970ies. This failure was the starting point for study of fatigue of cable couplers in Luleå, 
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Emborg et al (1982), Emborg (1988). The measurements in the new study by Sanio et al 
comprise long-time recording of strains (concrete and tendons), material testing and trial 
loading on a neighbouring bridge in Pariser strasse. Measured strains were much lower than 
expected; see Figure 6.3, and lifetime predictions could be extended.  

 

 
 
Figure 6.3. .Frequency of stress-ranges for prestressing steel in a road bridge in Düsseldorf 
by type (blue, log-scaled, left) and its contribution to fatigue damage (green & grey, right), 
Sanio et al (2014).  
 
Fatigue of prestressed beams has been studied by Casas (2000), Crespo-Minguillón & Casas 

(1996, 1998). They found that the calculation of the reliability index of posttensioned concrete 
bridges under fatigue is a straightforward process. 

Treacy & Brühwiler (2015) has examined the remaining life of construction joint details in a 
real case study where detailed modelling combined with traditional fatigue load models were 
found to be insufficient in explaining the real structural behaviour. A long-term monitoring 
study was performed over three years to accurately determine the real action effects in the 
reinforcement elements due to thermal and traffic effects and this information was 
subsequently injected into fatigue damage calculation models. The seasonality of fatigue 
damage was assessed and the influence of the monitoring duration was examined and 
helped to  alleviate the need for extremely expensive strengthening measures. 
 
Teworte and Hegger (2013a, b) have studied large prestressed beams with and without 
transverse reinforcement.  

Large prestresssed beams taken out from existing structures have been studied by Vill et al 
(2011, 2012). No fatigue damage could be seen.  
 

6.3 Masonry arch bridges  
Fatigue of masonry arch bridges has been studied by Casas (2009, 2011). He proposes a S-
N-curve similar to the one for concrete. 
 

6.4 What defines/determines a load cycle?  
A load cycle is determined by the stress variation in that part of the bridge that is studied. As 
an example, in Figure 6.4 it can be seen that the whole train can be seen as one big load 
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cycle, while the bogies can be seen as smaller ones. This is dependent on the relation 
between the distance between the bogies of the passing train and the length of the bridge. It 
also varies for different parts in the bridge. 

 

 

 

Figure 6.4. The figure shows 
deflection measurements of a 
bridge with a free span length of 
4,55 m at Tjäruträsk (km 
1214+750 m) on the Iron Ore line 
between Boden and Gällivare in 
Sweden. The distance between 
the bogies are 3,5 m. It can be 
seen that there are several small 
load cycles for the different 
bogies and one bigger one for the 
whole train. Paulsson et al (1996, 
1997). 

 

 

6.5 How is the dynamic amplification factor to be determined/used?   
Beside code formulae and finite element models the best way is to make measurements to 
study the influence for a specific bridge. An example is given in Simonsson (2002), see 
section 6.1 above. Measurement and monitoring techniques used in Sweden are exemplified 
in Sundquist et al (2007) and Hejll (2007) and influencing parameters are discussed in a 
literature review by Arvidsson. & Karoumi (2014). Herwig (2008) has studied the influence of 
the axle load and found that the dynamic amplification factor is considerably reduced for 
higher loads, see Figure 6.5 

 

 
 
 
 
 
 
Figure 6.5. The figure shows how the 
Dynamic Amplification Factor (DAF) 
for wheel load is reduced for higher 
axle loads (car masses) for a 
renforced concrete bridge with a span 
of 4-6 m, a mass of 20 ton and 
eigenfrequencies of 15 and 30 Hz. 
Herwig (2008). 

He has also proposed a modified dynamic amplification factor, φ FLS, for the fatigue limit state 
(FLS): 
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φ FLS = 1 + 0,5(φ’ + 0,3 φ’’) 

with φ’ and φ’’ according to EC 1 (2006) Part 2, Appendix D. The difference to EC1 is that the 
factor in front of φ’’ has been lowered from 0,5 to 0,3. The functions for φ’ (train velocity) and 
φ’’ (track irregularity) are in EC1 (2006) defined as 

𝜑′ =  
𝐾

1−𝐾+𝐾4 

with   

𝐾 =  
𝑣

160
                for L ≤ 20 m 

𝐾 =  
𝑣

47,16𝐿0,408
    for L> 20 m 

𝜑′′ = 0,56 𝑒
𝐿2

100 

where   

v  is the Maximum Permitted Vehicle Speed [m/s] 

L  is the determinant length Lφ [m] according to 6.4.5.3 in EC 1, Part 2.  

For trough bridges with ballast bed the length Lφ is twice the span of the deck slab (spanning 
in the longitudinal direction) and twice the span of the deck slab + 3m (spanning 
perpendicular to the main girders).   

The amplification factor given above is valid for the dynamic effects due to high traffic loads. 
Lighter vehicles, such as partially loaded or empty freight cars may lead to higher dynamic 
effects. The total action effect then is however still lower. 
 
A parametric study by Herwig shows that only the highest traffic loads significantly influence 
the fatigue life. Thus, for the practical use, the φ FLS  may be applied for smaller vehicle 
loads, too, Herwig (2008). Resonance excitations are excluded. They occur but are 
exceptional and can be detected. 
 
An analytical background to the formula for φ’ is given in Appendix A of Enochsson et al 
(2002). 
 
Figure 6.6 shows the values for φ FLS depending on the determinant length Lφ. 

In transition zones the amplification factors can be bigger due to bumps and jumps when a 
train enters and leaves a bridge, see e.g. Fara (2014) and Herwig (2008). 
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‘) mean of lower and higher bound for n0 according to EC 1, Part 2 (2006) 

Figure 6.6. The dynamic amplification factor φ FLS as function of the determinant bridge length 
Lφ and the train velocity V as proposed by Herwig (2008). 

 

6.6 Other Specific Questions 
Here some further specific questions are discussed. 

- Does any good method exist that is based on partial damage hypotheses? – The 
methods based on Palmgren-Miner’s sum are the best we have today. The model is quite 
sensitive to the applied stress ranges and the used S-N-curves (Wöhler curves) as can be 
seen in the examples in Appendices B and C. 

 A possible extension is to combine the model with a reliability based approach. An example 
of this is given in Chotickai & Bowman (2006) for steel bridges. They studied the influence of 
owerweight and owersized loads on bridges in Northern Indiana. Casas (2009, 20011) has 
applied the approach to masonry bridges.  

- What is the influence of earlier low axle loads? – The influence of load cycles giving 
steel stress ranges below ca 80 MPa usually have no influence on the fatigue capacity.   

- How can the design fatigue strength be determined? – The design fatigue strength is 
usually lower than ordinary static design strengths. The design fatigue strength is determined 
empirically by tests of reinforcement and concrete. Fatigue loading reduces the life length of 
a structure and the higher the stresses, the shorter the life. It can be predicted by the 
Palmgren-Miner’s rule as discussed earlier in chapter 4 and 5. 

- How to check the shear fatigue capacity in slabs without shear reinforcement? - If the 
shear capacity is enough for static loads there is usually no need to check the fatigue 
capacity so long as the condition of the structure is OK without big cracks in the slab. The 
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shear loads are carried to the supports by a combination of arch action, dowel forces in the 
longitudinal reinforcement and shear stresses in the concrete.  Failure will start with vertical 
bending cracks in the slab which gradually will grow to inclined bending-shear cracks.  As 
long as there are only hairline cracks in the concrete and no grinding of the material in the 
cracks, no concrete fatigue failure will occur.  

- Design of reinforcement carrying loads to the upper parts of a concrete structure ? – 
It depends on how the loads are carried and if it can be shown that truss action can help to 
carry the loads. Regarding bond length, analogies can be drawn with fasteners, see e.g. 
Elfgren et al (1982, 1987), fib B58 (2011). 

- Splicing of reinforcement. Closed stirrups? – As long as the bars are anchored in 
compressed concrete there is no need to keep the stirrups closed. However, if the concrete 
is tensioned and/or cracked it is important that the shear flow can be absorbed by the 
structure.  

- What about fatigue of foundations for bridges? – High axle loads on bridges may also 
influence the foundations. Deterioration of foundations are caused by a lot reasons where 
fatigue due to many reoccurring load-cycles may be one. General principles for maintenance 
and repair of foundations and substructures are given in e.g. Ainge (2012) and NY 

Transportation (2008). 

Some old foundations are formed by boulders. With increased axle loads, the boulders may 
separate from each other causing sand from the bank on the top to pour down into it. The 
problem has been analyzed for culverts by Sjöberg et al (1998). They recommended keeping 
the boulders together by post tensioning of steel bars.  

- What about strengthening for fatigue? – Methods to strengthen structures for fatigue is 
studied by e.g. Kim & Heffernan (2008), Mahal et al (2013, 2015). Fiber Reinforced Polymer 
(FRP) composites have been tested both as externally bonded reinforcement (EBR) and as 
near surface mounted (NSM) reinforcement placed in groves carved into the surface. 
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7. Summary and Conclusions. Recommendations 
- Present codes are mostly written for the design of new structures. When assessing existing 
structures it is possible to ascertain actual properties and to use them instead of using very 
conservative estimates. Possible reinforcement fatigue damage can e.g. be assessed with 
partial damage methods in the same way as is done for steel structures and with similar 
failure stresses. The approach in SB-LRA(2008) and the new Swiss assessment codes SIA 
269 (2011) are examples.  
  
- Earlier traffic. The influence can be checked with a damage hypothesis 
 
- Load cycle definition. Depends on the structure and what part of it that is studied. For 
ballasted bridges often two bogies for adjacent wagons can be identified as one load cycle. 
The designing maximum load cycle is sometimes the whole train    
 
- Material properties. The concrete capacity is often underestimated, especially its capacity to 
carry shear forces in slabs without stirrups.  No reduction of the capacity of stirrups due to 
bending needs to be considered as long as the concrete cracks that are crossing the bars 
are situated on vertical and horizontal sides and not in the corners of the cross sections.  
 
- Dynamic factors can be reduced from standard code values after evaluations and/or 
measurements on the structure in question 

- The need for closed stirrups and reductions of capacity due to splicing of reinforcement 
bars can be reduced if the reinforcement is situated in compressed concrete. 
 
- Recommendations for assessment procedures are given in Appendix A. Assessment for 
two concrete trough bridges are presented in Appendix B (Övre Bredån) and Appendix C 
(Kallkällan). 

 
 
- More research is needed to calibrate design and assessment methods to real full scale 
tests on bridges. Here new measurement technology makes it possible to check real strain 
and stress ranges, which may be considerably smaller than the ones obtained from 
conservative design models.  

- The commonly used cumulative damage method based on Palmgren-Miner’s hypothesis is 
a rather crude method albeit the best we have. Fatigue is a complicated phenomenon going 
on for long time ranges with large fluctuations in load effects. For this reason it is reasonable 
to use conservative methods. But they should not be too conservative. More full scale 
evaluations of old structures should be carried out when they are being dismantled. 
Remaining fatigue life of well-defined parts could be tested in order to develop refined 
methods to take stress concentrations, crack initiation and propagation into consideration in 
a better way than is done today.  
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A1. General 
The recommendations given below are mainly based on work in the European project 
Sustainable Bridges (2008) summarized in the guide SB-LRA (2008) with background 
material in SB-D4.5 (2007) and in Herwig (2008). One scope of the recommendations is to 
complement the Swedish codes for assessment of railway bridges, TRVK Bärighet (2014) and 
TRVR Bärighet (2014) 

It is very seldom that structures fail due to concrete fatigue. In cracked reinforced structures 
most of the stresses are taken by the reinforcement bars and they are also the parts that are 
most susceptible to fatigue. 

A rational methodology for the assessment of fatigue safety is based on studying the 
following  three areas taking advantage of the fact that the bridge already exists: 
 
-  Evaluation of the bridge structure and reinforcement detailing – A2 
-  Inspection of the existing bridge and study of the past performance – A3 
-  Fatigue safety check – A4, A5 
 
In the following, each of the three study areas will be discussed. 
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A2. Evaluation of the bridge structure and reinforcement detailing 
Grouping types of reinforcement into fatigue categories in accordance with Tables 3.1 and 
3.2 in the main report - or Tables 7.4-1 and 7.4-2 in fib model Code 2010 (2012) - allows 
recognizing types of reinforcement with low fatigue strength. Fatigue vulnerable 
reinforcement details include the following: 
 
− All welded reinforcement is principally fatigue vulnerable, including welded wire mesh, tack 
welding to reinforcing steel bars, prestressing steel or ducts. Butt welds are more fatigue 
resistant than other load-bearing welds of bars. 
 
− Mechanically connected reinforcing bars show also significantly reduced fatigue strength. 
 
− If the radius of curvature of bars is smaller than the minimum values according to 
specifications, reduced fatigue strength is to be expected. 
 
− Areas of high concentration of bars or a complex process of placing of the reinforcement 
might have led to a fatigue vulnerable spot since it was very difficult to obtain the required 
quality when pouring and working the concrete. Hence, load transfer between bars may not 
be optimal giving rise to stress concentrations. 
 
− Anchorages for and couplers between prestressing elements show in general rather low 
fatigue strength although there might be some differences between the various prestressing 
systems. Anchorages and couplers (of bonded tendons) are fatigue vulnerable if they are not 
located in areas where the stress ranges are small. 
 
− The fatigue strength of bars is also reduced when corrosion is probable or can be 
observed, paying special attention to pitting corrosion. However it is difficult to describe this 
reduction in terms of fatigue strength. 

 

A3.  Bridge inspection and monitoring 
It can be assumed that there is no fatigue damage if the concrete is un-cracked. If the 
bridge has already been exposed to significant rail traffic (more than 100’000 trains inducing 
more than 1’000’000 load cycles) this state can be assumed to remain stable as long as 
traffic (axle) loads are not increased. 
 
Measurements on a crack (variation of the crack opening) can be made. This allows a 
rough estimation on the real stress range in the reinforcement under known loading and the 
effect can be extrapolated to the effect under the design fatigue load. The purpose of this 
procedure is to find out if the stress range due to the fatigue load remains below the fatigue 
limit in the real structure. 
 
Appropriate monitoring techniques (including detailed inspections) allow for determining 
the probability of detection of a fatigue damage indicator (usually a crack). Detailed 
information on monitoring can be found in SB-MON (2007). Recent developments as the 
method with photographic strain measurement are presented in e.g. Sas et al (2012). Some 
Swedish monitoring examples are presented in Sundquist et al (2007) 
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A4.  Fatigue safety check 

A4.1 General 
The fatigue safety of a structure is deemed to be satisfactory under the following condition: 
 

  𝑅𝑑.𝑓𝑎𝑡 ≥ 𝐸𝑑.𝑓𝑎𝑡 

where 
 
𝑅𝑑,𝑓𝑎𝑡  examination value for the fatigue resistance (including a partial safety factor) 

𝐸𝑑.𝑓𝑎𝑡   examination value of the fatigue action effect 
 
 

No partial safety factors for the fatigue action effect are used when proving fatigue safety. 

The partial safety factor for fatigue resistance fat may be set to 1.15 for steel and to 1,5 for 
concrete for taking account of differences between the actual load bearing system and the 
system used for the calculation, simplifications and inaccuracies in the strength model, plus 
inaccuracies in the cross section. 
 
In the following, fatigue safety is proved separately for 
− the reinforcing steel and 
− the concrete. 
− Additionally, a method is suggested using the overall structural response of an element. 
 

A4.2 Reinforcing steel 

Determination of fatigue effect (fatigue stress): 
The governing parameters are the stresses due to fatigue loading only. The stress range Δσ 
(Qfat ) is derived from the absolute value of the difference between the maximum stress σmax 
(Qfat) and the minimum stress σmin(Qfat) induced by the effect of fatigue load in the relevant 
unfavorable positions.  
Under bending moment the stresses are calculated for a cracked cross-section, assuming 
that plane sections remain plane and linear-elastic material behavior. The behavior of 
concrete under tension is ignored. 
 
Under fatigue loading, the bond behavior of reinforcing and prestressing steel is different. 
This may be considered by increasing the stress in the reinforcing steel by a factor 𝑘 
depending on the steel area and bar diameters, Eq. (6.24) in SB-LRF (2007).  
 

𝑘 =
𝐴𝑠 + 𝐴𝑝

𝐴𝑠 +  𝐴𝑝√𝜉 (
𝜙𝑠

𝜙𝑝
)

 

 
with As und Ap being the area of reinforcing and prestressing steels respectively, 𝜙𝑠 is the 

largest bar diameter,  𝜙𝑝 =  √𝐴𝑝 being the equivalent diameter of the prestressing steel and 

𝜉  being the ratio between the bond strength of the prestressing steel and the normal 

reinforcement  𝜉 = 6
𝑓𝑐𝑡𝑚 √𝐴𝑝

4⁄ .  with fctm being the tensile strength of the concrete. 

For beams and slabs with shear reinforcement, the stresses in the main and shear 
reinforcement are calculated using a strut-and-tie model. The inclination of the concrete 
compression struts to be assumed when calculating the stress variations in the reinforcement 
can be assumed as follows: 

tan ∝𝑓𝑎𝑡 =  √tan ∝  ≤ 1 
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Here  is the angle of inclination of the compression strut at ultimate limit state according to 
the truss method. The reason to choose a steeper inclination for fatigue is experimental 
evidence that the crack inclination tends to rise during fatigue, SB-D4.5 (2007). Here it 
functions in another way than in an ordinary static loading, where the inclination usually 
grows flatter as the load increases with yielding in the stirrups. 

 
Determination of fatigue resistance: 

Common types of reinforcement are divided into fatigue categories (∆𝝈𝒔,𝒇𝒂𝒕 ) according 

to their fatigue strength (see Table A1). The number designating the fatigue category is the 
fatigue strength in MPa for 2 million load cycles. As an alternative the values given in fib 
Model Code 2010 (2012) for 1 million load cycles or test results can be used. It will usually 
give less conservative results. 
 

Table A1. Fatigue category ∆𝝈𝒔,𝒇𝒂𝒕 for reinforcing and prestressed steel. SB-D4.5(2007) 

 
 
Verification: 
Check with respect to the fatigue limit: Initially, the fatigue safety of reinforcing steel is 
verified with respect to the fatigue limit. If all stress ranges due to service loads remain below 

the fatigue limit ∆𝝈𝒔𝒅,𝑫   for the entire service life, fatigue failure will not occur: 

∆𝜎𝑠𝑑,𝐷  ≥ ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡)  
 

The nominal fatigue resistance may be taken as: ∆𝜎𝑠𝑑,𝐷 = 0,8 ∙ ∆𝜎𝑠𝑑,𝑓𝑎𝑡 = 0,8 ∙ ∆𝜎𝑠,𝑓𝑎𝑡/𝛾𝑓𝑎𝑡 
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For a normal bar in the top row of Table A1 with ø ≤ 20 mm we obtain  

∆𝜎𝑠𝑑,𝑓𝑎𝑡 =  ∆𝜎𝑠,𝑓𝑎𝑡/𝛾𝑓𝑎𝑡  = 170/1,15 = 147,8 MPa and   

∆𝜎𝑠𝑑,𝐷  = 0,8 ∙ ∆𝜎𝑠𝑑,𝑓𝑎𝑡 = 0,8∙147,8 = 118,3 MPa. 

 
Check with respect to equivalent stress range: If fatigue safety has not been verified with 
respect to the fatigue limit, a check of operational resistance should be performed. When 
using this method, the aim is to demonstrate that the equivalent stress range does not 
exceed the fatigue strength: 
 

∆𝜎𝑠𝑑,𝑓𝑎𝑡  ≥ ∆𝜎𝑒𝑑(𝑄𝑓𝑎𝑡) ≥ 𝜆 ∙ ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡)   
 

The equivalent stress range  ∆𝜎𝑒𝑑 is the product of a correction factor 𝜆 and the stress range 

induced by the fatigue load 𝑄𝑓𝑎𝑡: The correction load factor 𝜆 compares the fatigue effect of 

the load models with that of the effective fatigue load. This factor depends on traffic 
composition, traffic volume, load geometry, service life, and number of load cycles, fatigue 
load and static system. It is given in EC 2 (2003-2006) and reproduced in section A6 below. 
 

If  < 1,25 (=1/0,8) this check will be more favorable than the check above with respect to the 

fatigue limit, as the fatigue limit  ∆𝜎𝑠𝑑,𝐷  = 0,8 ∙ ∆𝜎𝑠𝑑,𝑓𝑎𝑡    

 
Check with respect to a spectrum of stress ranges:  If the check with respect to 
equivalent stress range cannot be verified, a more detailed verification can be made with the 
Palmgren-Miner summation. The fatigue damage is then calculated as 
 

𝐷 =  ∑
𝑛𝑆𝑖

𝑁𝑅𝑖

𝑗

𝑖=1

 

where: 
 

𝐷   is the fatigue damage 

 

𝑛𝑆𝑖   denotes the number of acting stress cycles associated with the stress range 
 

𝑁𝑅𝑖  denotes the number of resisting stress cycles at a given stress range 
 

The fatigue requirement will be satisfied if 𝐷 ≤ 𝐷𝑙𝑖𝑚. Under increasing stress levels, 

𝐷𝑙𝑖𝑚 = 1  can be used. Under decreasing stress levels 𝐷𝑙𝑖𝑚  can be significantly smaller 
than 1,0 according to fib Model Code 2010 (2012),section 7.4.1.5 
 

A4.3 Concrete 
Check of fatigue safety by calculation is not required for normal stresses in concrete if 
Inspection shows that the concrete is in good condition. 
 
Nevertheless, it is useful to determine and evaluate the level of fatigue exposure. A simple 
check of compression fields consists in showing that the maximum compressive stress due 
to permanent loads as well as frequent temperature and rail traffic fatigue loading are smaller 
than 50% of the characteristic value of compressive strength of concrete. Besides the 
compressive stresses due to bending may be calculated using a stress block. 
 
For deck slabs without shear reinforcement, fatigue failure of concrete may occur only when 
the stress level is higher than 40% of the ultimate load (determined e.g. with nonlinear 
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analysis) of the structural element. Also, the nominal shear stress is not the relevant 
parameter to describe fatigue failure. As a consequence, a fatigue safety check with respect 
to the ultimate load may be made.. 
 

A4.4 Check with respect to ultimate load 
No fatigue failure of the structural element will occur if the following conditions are fulfilled: 
 
- under predominant bending fatigue  0,5 Fult ≥ Ffat,max 

 
- under predominant shear fatigue:     0,4 Fult ≥ Ffat,max 

 
where 
Fult is the ultimate capacity of the structural element. It can be determined by means of a 
nonlinear structural analysis using characteristic values of material properties and 
considering partial safety factors (resistance coefficients). 
 
F fat,max is the corresponding maximum fatigue load due to permanent loads as well as 
frequent temperature and rail traffic fatigue loading. 
 

A5.  Remaining fatigue life assessment and action 

A5.1  Introduction 
The fatigue life calculation for reinforced concrete elements is generally based on a 
5% fractile value for the fatigue resistance. Due to simplifying assumptions on the traffic 
loads and the action effect model for the reinforcement stress ranges, the calculated 
remaining fatigue life may be much shorter than the real fatigue life. 
 
In reinforced concrete elements with distributed reinforcement, the fatigue resistance is 
governed by the reinforcement if the concrete is in good condition. It may be expected that 
the reinforcement exhibit the same scatter for the fatigue resistance as observed in fatigue 
tests on naked bars. This has been confirmed by several tests on reinforced concrete 
elements.  
 
This high scatter means that the reinforcement bars break one after the other with a relative 
long interval between, Schläfli  (1999).The reinforcement bars remaining intact after the first 
fracture(s) show the same ultimate resistance as un-cycled bars and are able to yield. This 
was confirmed through the analysis of several tests on reinforced concrete elements, Herwig 
(2008). Therefore, the ULS resistance of the bridge element is only marginally affected after 
the fatigue fracture of the first reinforcement bar(s). 
 
The disadvantage of the high inaccuracy of the calculation of the remaining fatigue life can 
be avoided by monitoring the bridge. 
 

A5.2 Crack growth calculation of weakest rebar 
A damage model for a reliable and not overly conservative prediction of the remaining fatigue 
life of the steel reinforcement based on LEFM (Paris law for stable crack propagation) and 
the well-known parameters of the S-N curves is presented in SB-D4.5 (2007).  
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A5.3 Fatigue safety concept 
The fatigue safety concept takes into account the high uncertainty of fatigue life predictions 
and the fact that fatigue failure is announced long in advance by the fracture of the first 
reinforcement bar. This requires that the bridge is monitored. 
 
The fatigue safety concept consists of fatigue analysis and condition survey. Due to the 
relative small live load of ballasted reinforced concrete bridges and their young age, many 
bridges show no signs of fatigue damage (excessive cracking, large crack openings).. 
However, the increase of maximum allowable axle loads may accelerate fatigue damage in 
the future. The fatigue safety concept is applied if the fatigue safety check of Section A4 is 
not fulfilled.  
 
When the calculated fatigue life ends, which is still a lower bound, there are two possibilities 
to proceed: (1) the bridge is strengthened or replaced, or (2) a continuous monitoring system 
is introduced. The introduction of monitoring is advisable only for bridge elements with 
distributed reinforcement, such as slabs, containing a high redundancy for the fatigue 
resistance of the reinforcement bars. SB-D4.5 (2007) gives information on how to proceed 
when monitoring is indicated. 

A6-values for reinforcing and prestressing steel in railway 

bridges from Eurocode 2 
 
The following is a commented excerpt from Appendix NN in EC 2 (2006). 
 

(101) The damage equivalent stress range ∆𝜎𝑠,𝑒𝑞𝑢 for reinforcing and prestressing steel 

shall be calculated according to Equation (NN.106) 
 

∆𝜎𝑠,𝑒𝑞𝑢 =  𝜆𝑠 ∙ 𝜙 ∙  ∆𝜎𝑠,71                                                                           (NN.106) 

 
where: 
 

∆𝜎𝑠,71 is the steel stress range due to load model 71 (and where required SW/0), but 

excluding  according to EN 1991-2, being placed in the most unfavorable position for the 
element under consideration. For structures carrying multiple tracks, load model 71 should 
be applied to a maximum of two tracks. 
 

𝜆𝑠  is a correction factor to calculate the damage equivalent stress range from the stress 

range caused by 𝜙 ∙  ∆𝜎𝑠,71   

 

𝜙 is a dynamic factor according to EC 2 (2006) 

 

(102) The correction factor𝝀𝒔 , takes account of the span, annual traffic volume, design 

life and multiple tracks. It is calculated from the following formula: 
 

𝜆𝑠 =  𝜆𝑠,1 ∙ 𝜆𝑠,2 ∙ 𝜆𝑠,3 ∙ 𝜆𝑠,4                                                                   (NN 107) 

 
where: 
 

𝜆𝑠,1 is a factor accounting for element type (e.g. continuous beam) and takes into account 

the damaging effect of traffic depending on the length of the influence line or area. 
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𝜆𝑠,2 is a factor that takes into account the traffic volume. 

 

𝜆𝑠3 is a factor that takes into account the design life of the bridge 

 

𝜆𝑠,4 is a factor to be applied when the structural element is loaded by more than one 

track. 

 
(103) The factor  𝝀𝒔,𝟏  is a function of the length of the influence line and the traffic. 

The values of 𝜆𝑠,1  for standard traffic mix and heavy traffic mix may be taken from 

Table NN.2 below. The values have been calculated on the basis of a constant ratio 
of bending moments to stress ranges. The values given for mixed traffic correspond 
to the combination of train types given in Annex F of EC2 (2002-2006). 
 
Values of 𝜆𝑠,1  for a length of influence line between 2 m and 20 m may be obtained 

from the following equation: 

 

𝜆𝑠,1(𝐿) =  𝜆𝑠,1(2𝑚) + [𝜆𝑠,1(20𝑚) − 𝜆𝑠,1(2𝑚)]  ∙ (log 𝐿 − 0,3)……         ……(NN 108) 

 
where 
 
L is the length of the influence line in m 
 

𝜆𝑠,1(2𝑚) is the 𝜆𝑠,1  value for L=2 m 

 

𝜆𝑠,1(20𝑚) is the 𝜆𝑠,1  value for L = 20 m 

  
𝜆𝑠,1(𝐿) is the 𝜆𝑠,1  value for  2m < L < 20 m 

 
For a  simply supported bridge with L = 10 m and standard traffic we obtain: 
 

𝜆𝑠,1(10) = 0,90 + [0,65 - 0,90]∙(log 10 – 0,3) = 0,90 – 0,25 ∙ 0,7 = 0,725 
 
 
Table NN.2.   𝝀𝒔,𝟏 values for simply supported and continuous beams    

  
 L [m] std* heavy*   L [m] std* heavy* 

[1] ≤2 
≥20 

0,90 
0,65 

0,95 
0,70 

 [1] ≤2 
≥20 

0,95 
0,50 

1,05 
0,55 

[2] ≤2 
≥20 

1,00 
0,70 

1,05 
0,70 

 [2] ≤2 
≥20 

1,00 
0,55 

1,15 
0,55 

[3] ≤2 
≥20 

1,25 
0,75 

1,35 
0,75 

 [3] ≤2 
≥20 

1,25 
0,55 

1,40 
0,55 

[4] ≤2 
≥20 

0,80 
0,40 

0,85 
0,40 

 [4] ≤2 
≥20 

0,75 
0,35 

0,90 
0,30 

Simply supported beams  Continuous beams (mid span) 

 
(continued) 
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 L [m] std* heavy*   L [m] std* heavy* 

[1] ≤2 
≥20 

0,90 
0,65 

1,00 
0,65 

 [1] ≤2 
≥20 

0,85 
0,70 

0,85 
0,75 

[2] ≤2 
≥20 

1,05 
0,65 

1,15 
0,65 

 [2] ≤2 
≥20 

0,90 
0,70 

0,95 
0,75 

[3] ≤2 
≥20 

1,30 
0,65 

1,45 
0,70 

 [3] ≤2 
≥20 

1,10 
0,75 

1,10 
0,80 

[4] ≤2 
≥20 

0,80 
0,35 

0,90 
0,35 

 [4] ≤2 
≥20 

0,70 
0,35 

0,70 
0,40 

Continuous  beams (end span)  Continuous beams (intermediate 
support areas) 

 
std*  standard traffic mix 
heavy*  heavy traffic mix 
[1] reinforcing steel, pre-tensioning (all), post-tensioning (strands in plastic ducts and straight 
tendons in steel ducts) 
[2] post-tensioning (curved tendons in steel ducts); S-N curve with k1=3, k2=7 and N*=106 
[3] splice devices (prestressing steel); S-N curve with k1=3, k2=5 and N*=106 
[4] splice devices (reinforcing steel); welded bars including tack welding and butt joints; S-N 
curve with k1=3, k2=5 and N*=107 
Interpolation between the given L-values is allowed 

Note: No values of 𝜆𝑠,1 are given in Table NN2 for a light traffic mix. For bridges designed to 

carry a light traffic mix the values for  𝜆𝑠,1  to be used may be based either on the values 

given in Table NN2 for standard traffic mix or on values determined from detailed 
calculations. 

 
(104) The 𝝀𝒔,𝟐  value denotes the influence of annual traffic volume and can be 

calculated from Equation (NN.109) 
 

𝜆𝑠,2 = √
𝑉𝑜𝑙

25∙ 106

𝑘2
                        (109) 

 
where: 
 
Vol  is the  volume of traffic (tonnes/year/track) 

k2  is the slope of the appropriate S-N line  
 

For a traffic volume of 25∙106 tonnes/year/track we obtain 𝜆𝑠,2 = 1 

 
 

(105) The 𝝀𝒔,𝟑 value denotes the influence of the service life and can be calculated from 

Equation (NN.110) 
 

𝜆𝑠,3 = √
𝑁𝑌𝑒𝑎𝑟𝑠

100∙ 

𝑘2
                     (110) 

 
 

where: 

𝑁𝑌𝑒𝑎𝑟𝑠  is the design life of the bridge 
k2  is the slope of the appropriate S-N line  
 

For a design life 𝑁𝑌𝑒𝑎𝑟𝑠 = 100 years we obtain 𝜆𝑠,3 = 1. 
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(106) The 𝝀𝒔,𝟒  value denotes the effect of loading from more than one track. For 

structures carrying multiple tracks, the fatigue loading shall be applied to a maximum of two 
tracks in the most unfavorable positions. The effect of loading from two tracks can be 
calculated from Equation (NN.111). 
 

𝜆𝑠,4 = √𝑛 +  (1 − 𝑛) ∙ 𝑠1
𝑘2 +  (1 − 𝑛) ∙ 𝑠2

𝑘2
𝑘2

           (111) 

 

𝑠1 =
∆𝜎1

∆𝜎1+2
                                          𝑠2 =

∆𝜎2

∆𝜎1+2
   

 
where 
    
n proportion of traffic that crosses the bridge simultaneously (the suggested value of n is 
0,12) 
 
∆𝜎1 ,   ∆𝜎2  is the stress range due to load model 71 on one track at the section to be checked 

∆𝜎1+2  is the stress range at the same section due to the load model 71 on any two tracks 
k2  is the slope of the appropriate S-N line  
 
If only compressive stresses occur under traffic loads on a track, set the corresponding value 
sj=0 
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B1.  General 
 

The Bridge in Övre Bredsand, No 3500-2507-1 (km 341+212), is located in middle Sweden 
ca. 7 km south of Sundsvall on the railway line from Stockholm.  It is a three span concrete 
trough bridge 9 + 14.5 + 9 m built in 1968, see Figure B1.1. It was designed by the Bridge 
Office of SJ, the Swedish Railways, by I. Ness (1967). The design load was an axle load of 
0,85 ∙25 = 21,2 ton with a spacing of 1,6 m and a line load of 7,2 ton/m (Typ 0,85 F + 
Lastgrupp 1), see TRV Tåglaster (2010). 

In 2010 an assessment was made to check the ability for the bridge to carry present loads, 
BV 2000, which consist of  axle loads of 330 kN, a line load of 110 kN/m  and a distance of 
boggies of 1,6 m, TRV (2012) The assessment was presented in a report by Reinertsen 
(2010).  

 

Figure B1.1. Bridge in Övre Bredsand built in 1968 with a span of 9 + 14,5 + 9 m. The bridge 

is located ca 340 km north of Stockholm and 7 km south of Sundvall. 
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B2.  Original Design Calculations 

B2.1 General 
The design was carried out according to the Swedish code Betongbestämmelser (1949) by I 
Ness (1967). At that time fatigue was not an issue. As the design for vertical forces is most 
critical for the recent fatigue assessment parts of it we will be recapitulated below. The 
calculations are based on a frame model with columns built into the bridge slab and with 

pinned connections to the foundation slabs. A dynamic increase of  = 48% is used in the 

longitudinal direction and  = 63% is used in transverse direction for the slab. 

The concrete was of  class I Std,  K400, with a compression strength of σcube = 40 MPa and a 
design stress of σb = 12,5 MPa. The steel was Ks40 with a yield stress fy = 400 MPa  and a 
design stress of σa = 190 MPa for ø25 mm. 

B2.2 Shear  
The need for transverse reinforcement in the mid span is illustrated in Figure B2.1. The 
maximum shear force is 122 ton (dead load 44,6 + traffic 74,0 + break 0,3 + wind 2,3 + 
support settlement 0,8 ton). The concrete was allowed to carry Vc  = 68 ton based on a shear 

capacity of  c = 0,85 MPa  (Vc = c ∙ b ∙ z =  0,85 ∙ 0,8 ∙ 1 MN = 0,68 MN  ≈ 68 ton with a 
beam width b = 0,8 m and an internal lever arm z = 1m).  Horizontal reinforcement bars for 
bending were bent up to carry the vertical forces in the areas where the force was higher 
than Vc.  

  

Figure B2.1. Need of shear reinforcement in the mid span. The concrete capacity was c  = 
0,85 MPa, which gives  Vc = 68 ton ≈ 680 kN. Ness (1967). 
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The total force to be taken over the length 3,8 m is the shaded area in Fig. B2.1. The area 
can be calculated as AV  = 3,8 (1,22 + 0,68) /2 MNm = 3,61 MNm. 

One ø32 bar with an area of As = 804 mm2, a design steel stress fywd = 190 MPa and an 
inclination of 45o  may take the force F1s =  As ∙ fywd ∙ sin (π/2) = 804 ∙ 190 ∙ 1/√2 N = 108 kN.  
However, if the bars are bent up with a spacing of s their contribution can be calculated as 
for stirrups, see Fig. B2.2. 

𝑉 =
𝑧 cot 𝜃+z cot 𝛽

𝑠
∙ 𝐴𝑠 𝑓𝑠𝑑  𝑠𝑖𝑛𝛽                                                                               Eq. B2.1 

This gives that one bar can cover the shear force area V∙s, which can be calculated with z = 

1m and   = = 45 o as V∙s = (1 + 1) ∙804 ∙ 190 ∙ 1/√2 Nm = 0,216 MNm. To cover the area AV 
= 3,61 MNm there is a need of 3,61/0,216 = 16,7 bent up bars. The designer prescribed 17 
bars ø 32 arranged according to Fig. B2.3 with 6 + 4 + 4 +3  bars close to the column. 
However in the drawings this was changed to 7 + 7+ 3 bars, reducing the distance covered 
by bent up bars from ca. 4 ∙ 1,1 = 4,4 m to 3,3 m.  This change will cause the bridge to have 
too little shear reinforcement in the span, see Section B.3 below.  If a formal calculation is 
made of the shear capacity in a vertical section close to the column, the need would have 
been V / F1s = 1220 /108 = 11,2 bars but this is too conservative as it does not take into 
consideration the inclination of the shear crack and that the crack is crossed by several bars.  

 

Figure B2.2. Forces in a beam subjected to a shear force V with a shear crack with the 

inclination  . The shear force is carried by bent up reinforcement bars with an inclination  
with a spacing  s each having a force F1 in the crack. The beam has an effective depth d and 
an internal lever arm z. 

 

Figure B2.3. Bent up reinforcement consisting of 17 ø 32 mm on each side of the column as 
proposed by Ness (1967). On the drawings the arrangement shown was changed from 
6+4+4+3 to 7+7+3 bent up bars thus reducing the covered part of the span. 
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B2.3 Torsion  
Additional stirrups were provided to take care of the torsion moment from the slab, see 
Figure B2.4. The maximum torsion moment is T =  29.3 tonm and the reinforcement spacing 
s was calculated from Bredt´s formula for the shear flow  q = As ∙ fywd / s = T / (2 b’∙ d’). This 
gives s = As ∙ fywd  2 b’ d’ / T  = 138  mm for bars ø12 mm  with As = 113 mm2  and fywd = 200 
MPa in a beam with the effective area b’∙ d’ = 0.72∙ 0,124 = 0,0893 m2 

.  

 

 

Figure B2.4. Torsion moment and stirrups to carry it consisting of ø12 s 140 mm over the 
columns. Ness (1967). 

B3.  Fatigue Assessment according to BBK 04 

B3.1 General  
In the original calculations, no special design for fatigue was done, Ness (1967). 

In the assessment by Reinertsen (2010) calculations were performed according to BBK 04 

(2004) for a collective parameter  = 2/3. This gives a reduction of the number of cycles to be 
studied from n = 106 to nf = 0,3∙106 and accordingly somewhat higher characteristic concrete 
and steel stress ranges. For the concrete, values are obtained from Figure 2.4.3 (the 
“onion”) in BBK 04 (2004), also reproduced as Figure 5.2 in the main report. No fatigue 
problems were found for the concrete. 

For the steel resistance a characteristic stress range of fstc = 227 MPa is obtained for ø  

≤ 16 mm and nf = 3∙105  giving a design stress range of fstd  = fstc / n = 227/1,2 = 189 
MPa. For bent bars the stress range is reduced with a factor ξ = (1- 1,5ø/r).  For the stirrups 
with ø = 12 mm and a radius of the bent r = 120 mm =  10ø the factor  ξ = 1 – 1,5/10 = 0,85 

is obtained and the resulting design stress range is fst =  ξ ∙ fstc / n  = 0,85∙189 MPa = 161 
MPa. 

The bridge was calculated as a grillage (in Swedish: balkrost) with a finite element program 
RM Bridge developed by Bentley Systems (Exton, PA, USA). The two main beams were 
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each modeled with 96 elements. The slab was modeled by cross beams of four elements 
with a spacing of 0.4 m in the main span and 0,32 m in the two side spans. The columns 
were modeled with 6 elements each. The model is illustrated in Figure B.3.1. The results are 
presented in Excel sheets with values given for the end of the elements. Values for locations 
in between have to be reached by interpolation. This has been done in the diagrams. Many 
of the maximum values are thus shown only there and not in any table in  Reinertsen (2010)..  

 

 
 

Figure B.3.1. Beam model used by Reinertsen (2010).   



Appendix B. Bredsand                                                 2015-02-20                                                          59 
 

 
 

A dynamic factor D is calculated. In the longitudinal direction. D = 1,181 is used for standard 
load cases with equivalent loads and a higher factor D = 1,337 for load cases simulating 
special locomotives and wagons. In the transverse direction D = 1,343 is used for standard 
load cases and a higher factor D = 1,545 for special cases. The factors are lower than the 
ones used in the original design (1,48 and 1,63 respectively, see section B2.1 above). 

B3.2 Capacity in the longitudinal direction 

B3.2.1 Longitudinal reinforcement 

The need for longitudinal reinforcement is illustrated in Figures B3.2 and B3.3 for static 
bending and torsion moments respectively in the Ultimate Limit State. The capacity is OK. 
Also when fatigue stresses are checked, the longitudinal reinforcement stress range is 

always less than fstd  = 189 MPa  for straight bars, see Figure B3.4. 

 

Figure B3.2. Check of longitudinal reinforcement for bending moments in the Ultimate Limit 
State. The outer curves illustrate the area of top and bottom reinforcement and the inner 
curves show what is needed, Reinertsen (2010). 
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Figure B3.3. Check of longitudinal reinforcement for torsion moments in the Ultimate Limit 
State. The outer curves illustrate the area of inside and outside reinforcement (4 and 6ø16 
respectively) and the inner curves shows what is needed, Reinertsen (2010). 

 

 

Figure B3.4. Check of fatigue stress ranges in the longitudinal reinforcement. The stress 

range is always less than the design range fstd  = 189 MPa,  Reinertsen (2010). 
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B3.2.2 Transverse reinforcement 

The amount of transverse reinforcement is illustrated in Figure B3.5. Seven bent up bars ø32 
give 7∙804 / √2 = 3980 mm2 and stirrups ø12 s 140 mm give 113∙1000/140 = 807 mm2/m. 

Figure B3.5. Vertical reinforcement consisting of stirrups ø12 s 140 or s = 240 mm giving 807 
or 404 mm2/m respectively and bent up bars giving 3980 mm2 for 7ø32 and 1705 mm2 for 
3ø32 bars respectively. Reinertsen (2010). 

The results of the calculations of stress ranges are summarized in Figure B3.6. It can be 

seen that the actual stresses are much higher than the design stress range fstd  =161 MPa, 
for the longitudinal coordinates x = 14 to 17m  and x = 18 to 21m in  the mid span outside 

areas with bent up longitudinal reinforcement bars where they reach σ = 360 MPa. If the 
bars had been distributed according to the original design this problem had been avoided, 
compare with Section B2.2 and Figure B2.3.   
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Figure B.3.6. Check of stresses in transverse reinforcement. Stirrups with a diameter of 12 

mm and an allowable design fatigue stress range of fstd =161 MPa. From Reinertsen (2010). 
For the longitudinal coordinates x = 14 to 17m  and x = 18 to 21m, the calculated  applied 

stress ranges  are considerably higher with a max value of 360 MPa. 

In the calculations attempts have been made to reduce the calculated stresses at the critical 
section where the bent up bars end.  A study is made of the distribution of forces from the 
train load into the beam. It indicates that the load for the critical section shall be taken at a 
point 2,25 m further from the support, see figure B3.7. This is due to the fact that when the 
load comes closer to the support it is partly carried by a section which is crossed by the first 

bent up bar. The shear force can in this way be reduced from σ = 360 MPa to σ = 239 MPa 

which is still considerably above fstd  =161 MPa. 

 

Figure B.3.7 Assumed stress distribution in concrete trough bridge, Reinertsen (2010). 

B3.2.3 Stresses caused by vertical shear forces V 

The maximum fatigue shear force in the left end of the mid span is V  = 1246 kN according to 
p D4.4 in Reinertsen (2010). It can be compared to the slightly lesser value V = 1220 kN in 
the original design calculation, see figure B2.1. 
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The stress range caused by vertical shear is calculated according to the addition theory in 
the Swedish code BBK04 (2004) with  VSd < Vc + Vi + Vs  with contributions from concrete, 
inclination and steel respectively.  

The maximum stress range is obtained for x = 20,49 m in element 156. The maximum 
vertical force is there according to page D13-1 in Reinertsen (2010) Vmax = 485 kN, with an 
accompanying bending moment M = 1087 kNm and an axial force  N = -225 kN. The 
minimum vertical force is Vmin  = 30 kN with M = 850 kNm and N = -265 kN.  This gives the 

ratio  = Vmin / Vmax =  30/485 = 0,062 

The concrete contribution is calculated as Vc = b∙d∙fv  with fv = 0,3 ξ(1+50)fctd = 0,3∙ 0,9(1 + 
50∙0,015)∙0,7 MPa = 0,331MPa (or 0,34 MPa from p D13-2) which gives Vc = b∙d∙fv  = 
0,802∙1,238∙0,331 MN = 328 kN (or 335 kN  from p D13-2).  

From the normal force an additional small contribution is obtained of  Vcp = 16,8 kN resulting 

in Vs  = VSd - Vc - Vcp  = 485 - 328 -  17 = 140 kN and Vs = Vs (1-) = 140 ∙ (1 - 0,062) = 131 
kN  (or 125 kN from p D-4.7). This gives with two legged stirrups ø12 s 280 mm that    

∆𝜎 =  
𝑉𝑠 ∙ 𝑠

𝑧 ∙ 𝐴𝑠𝑣
=  

131000 ∙ 0,280

0,9 ∙ 1,238 ∙ 2 ∙ 113
=    145 𝑀𝑃𝑎 

(or 139 MPa, p D13-3) 

If we instead assume that the reinforcement take the entire vertical load, we will get 
considerably higher stresses.  

As a comparison we also check the stress range for x = 20,27 in element 156 according to 
the Excel sheets on p D4.4f  in Reinertsen (2010). This is without taking the load distribution 
in Figure B3.7 into account. The maximum vertical force is then Vmax  = 632 kN, with an 
accompanying bending moment M = 1087 kNm and an axial force  N = -225 kN. The 
minimum vertical force is Vmin  = 106 kN with M = 850 kNm and N = -265 kN.  This gives the 

ratio  = Vmin / Vmax = 0,168. 

The concrete contribution is calculated as Vc = b∙d∙fv  with fv = 0,3 ξ(1+50)fctd = 0,3∙ 0,9(1 + 
50∙0,016)∙0,7 MPa = 0,340 MPa, which gives Vc = b∙d∙fv  = 0,802∙1,238∙0,340 MN = 338 kN 
(or 341 kN p D-4.6 ). From the normal force an additional small contribution is obtained of  

Vcp = 4 kN resulting in Vs  = VSd - Vc - Vcp  = 632 - 338 -  4 = 290 kN and Vs = Vs (1-) = 
290∙(1-0,168) = 241 kN  (or 239 kN from p D-4.7). This gives with two legged stirrups ø12 s 
280 mm that    

∆𝜎 =  
𝑉𝑠 ∙ 𝑠

𝑧 ∙ 𝐴𝑠𝑣
=  

241000 ∙ 0,280

0,9 ∙ 1,238 ∙ 2 ∙ 113
=   267 𝑀𝑃𝑎 

(or 266 MPa from p D-4.7)  

B3.2.4 Stresses caused by torsion moment Mx 

As a comparison, the torsion moment for fatigue in the left end of the midspan is Mx  = 229 
kNm according to p D4-10 in Reinertsen (2010). It can be compared to the slightly higher 
value Mx = 293 kNm in the original design calculation, see figure B2.4. 

For x = 20,27m in element 156 according to the Excel sheets on p D-4.4f  in Reinertsen 
(2010) we obtain the torsion moment Mx = 126 kNm and a permanent value of 6 kNm. From 

Bredt’s formulae we obtain the shear flow  q = As ∙ ywd / s = Mx / (2 b’∙ d’). This gives 

∆𝜎 =  
𝑀𝑥 ∙ 𝑠

𝐴𝑠 (2 𝑏’ ∙  𝑑’)
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For a beam with ø12 s = 280 mm  with  As = 113 mm2   and with the effective area b’∙ d’ = 

0,802∙1,238= 0,992 m2  we obtain  = 157 MPa (100 MPa, D-4.12). This is OK if the stirrups 
only had to take the torsion and the vertical shear had been taken by bent up bars. This is 
now not the case. 

B3.2.5 Summary of stirrup stresses caused by shear and torsion. 
In the critical section x = 20.37m in the midspan, just outside the bent up bars, we obtain 
from 

 shear   = 145 MPa 

 torsion = 157 MPa 

Reinertsen (2010) obtained after interpolation somewhat lower values, 139 and 100 MPa 
respectively. The stresses will act together on the inside of the main beam, where both shear 

and torsion acts downwards and reach = 139 + 100 = 239 MPa according to Reinertsen 
(2010), p 50. 

B3.3 Capacity in the transverse direction 

There are no problems neither in bending nor in shear. Two sections are checked for the 
shear capacity in the slab according to Figure B3.8:  

- From the connection of the slab to the beam and downwards into the beam. 

- From the bent of the longitudinal bottom reinforcement and upwards into the slab. 

Contributions from both the concrete and the reinforcement are considered. 

 

Figure B3.8. Critical sections for shear forces. Reinertsen (2010). 

For the second section the capacity of the concrete is  Vc = b ∙ d ∙fv , with the width b = 1 m, 

the depth d = 0,43 – 0,030 – 0,016/2 = 0,39 m and the concrete strength fv  = 0,3 ξ (1+ 50)∙ 
fctd  = 0,3∙1,21∙(1 + 50∙0,00907)∙0,74 = 0,39 MPa. This gives Vc = b ∙d ∙fv  =  1 ∙ 0,39 ∙ 0,39 = 
0,153 MN which is higher than the load Vd = 0,112 MN according to page E9.5 - 9.6 in 
Reinertsen (2010). 
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B3.4  Capacity in vertical reinforcement carrying loads from the slab into 

the top of the beams 

The slab is carried by the beams and the loads shall be transferred to the top of the beams. 
The system is illustrated in Figure B3.9. The designer intended the bent up bars consisting of 
ø 16 s 150 mm to carry the load. However, as these are not anchored in the top of beams 
but end some 200 mm below they cannot formally any longer carry the loads from the slab 
and the stirrups have to be used. As they already carry shear and torsion they have no 
capacity for this extra burden. 

This is one of the items where the regulations in the Swedish code BBK 04 (2004) are too 
severe. As long as the bars are anchored in concrete in compression there should be no 
problems.  For the beams we are discussing there are no tensile stresses or cracks in the 
mid spans going so high up in the beams that the anchorage would be in danger. Close to 
the supports, with tensile stresses in the top of the beams, there are also bent up bars which 
are designed to carry the shear in the beams, which also includes the loads from the slab.   

 

Figure B3.9 Reinforcement carrying loads from the slab into the top of the beams 
consisting of bent up bars ø 16 s 150 mm . As the bent up bars are not formally 
anchored in the top of the beams, the stirrups have to be used. Reinertsen (2010). 

  



Appendix B. Bredsand                                                 2015-02-20                                                          66 
 

 
 

B4.  Fatigue Assessment according to methodology proposed in 
Appendix A 
 

B4.1 General 

The fatigue limit ∆𝜎𝑠𝑑,𝐷  of the reinforcement is calculated according to section A4.2  

For a normal bar with ø ≤ 20 mm we obtain from the top row of Table A1 

∆𝜎𝑠𝑑,𝑓𝑎𝑡 =  ∆𝜎𝑠,𝑓𝑎𝑡/𝛾𝑓𝑎𝑡  = 170/1,15 = 147,8 MPa and   

∆𝜎𝑠𝑑,𝐷  = 0,8 ∙ ∆𝜎𝑠𝑑,𝑓𝑎𝑡 = 0,8∙147,8 = 118,3 MPa. 

 
The fatigue limit ∆𝜎𝑠𝑑,𝐷 = 118,3 MPa is smaller than fstd = 189 MPa according to BBK 

04, see B3.1. 
 

B4.2  -value for reinforcement 

The λs-value for the reinforcement is calculated in the mid-span where the highest steel 

stress ranges are present, see Figure B3.6. We obtain according to section A.6 for a length L 

= 14,5 m, a standard traffic mixs, a slope of the S-N-curve k2  = 9, a volume of traffic Vol = 

1000 ton/day/track = 365 000 ton/year/track, a design life of  Nyears = 100 years and with only 

one track n = 1. 

𝜆𝑠 =  𝜆𝑠,1 ∙ 𝜆𝑠,2 ∙ 𝜆𝑠,3 ∙ 𝜆𝑠,4      with  

𝜆𝑠,1(𝐿) =  𝜆𝑠,1(2𝑚) + [𝜆𝑠,1(20𝑚) − 𝜆𝑠,1(2𝑚)]  ∙ (log 𝐿 − 0,3) =  

= 0,95 + [0,50-0,95]∙(log 14,5 – 0,3) = 0,95 – 0,45∙ 0,861 = 0,562 
 

𝜆𝑠,2 = √
𝑉𝑜𝑙

25∙ 106

𝑘2
   = √

365000

25∙ 106

9
   = 0,625 

 

𝜆𝑠,3 = √
𝑁𝑌𝑒𝑎𝑟𝑠

100∙ 

𝑘2
   =  √

100

100∙ 

9
   = 1     

 

𝜆𝑠,4 = √𝑛 +  (1 − 𝑛) ∙ 𝑠1
𝑘2 +  (1 − 𝑛) ∙ 𝑠2

𝑘2
𝑘2

   = 1  

 
 𝜆𝑠 =  𝜆𝑠,1 ∙ 𝜆𝑠,2 ∙ 𝜆𝑠,3 ∙ 𝜆𝑠,4   =  0,562 ∙ 0,625 ∙ 1 ∙ 1  =   0,351        

 
This means that the stresses ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡) must be smaller than ∆𝜎𝑠𝑑,𝑓𝑎𝑡  / 𝜆𝑠 =   

= 147,8 / 0,351 = 420 MPa. According to Figure B3.6 the highest stress range is ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡) 

≈ 360 MPa which implies that there should be no fatigue problems.  

 

B4.2  Spectrum of stress ranges 

According to section A4.2 the fatigue damage D can be calculated as  
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𝐷 =  ∑
𝑛𝑆𝑖

𝑁𝑅𝑖

𝑗

𝑖=1

 

 
As a first step we calculate the number of acting stress cycles  𝑛𝑆𝑖 that can be carried for the 

highest stress range ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡) = 239 (B3.2.5) or 360 MPa (Fig. B3.6) for the case that there 

are no other stress cycles. For this case we do not need to perform any summation and we 
obtain directly that  
 

𝑛𝑆𝑖  = D ∙ 𝑁𝑅𝑖 =  𝑁𝑅𝑖   for D = 1. In analogy with Figure 5.6 for the fib Model Code we obtain  

 

log∆𝜎𝑠𝑑 = log ∆𝜎𝑠𝑑,𝑓𝑎𝑡 +  (log 2 ∙ 106 − 𝑙𝑜𝑔𝑁𝑅𝑖)/𝑘1 

 

log 𝑁𝑅𝑖 =  log 2 ∙ 106 − 𝑘1(𝑙𝑜𝑔 ∆𝜎𝑠𝑑 − log ∆𝜎𝑠𝑑,𝑓𝑎𝑡)  = 6,3010 -  5∙(log 239 − log 147,8)  

 
= 6,3010 −  5 (2,3784 − 2,1697)  = 5,2574  gives  𝑁𝑅𝑖 = 180 889   cycles = 𝑛𝑆𝑖 

With 10 trains per day, the life length would be 180889 / 3650 = 50 years.  

For ∆𝜎𝑠𝑑(𝑄𝑓𝑎𝑡) = 360 MPa we would instead obtain 𝑛𝑆𝑖 = 23 328 and a life length of 6 

years. 

If we use the curve in the fib Model Code 2010 (2012) with N* = 106 (instead of 2∙106 

as above) and N* = 210 MPa (instead of 147,8 MPa) we obtain with Eq. 5.3 

log N = log N* - k1(log log N*) = 6 – 5(log 239 – log) = 6 – 5(2,3784 – 2,3222) 
= 5,7191 which gives NRi = 523 729 cycles, which is almost three times as much as 
earlier. This is an example on that the cumulative damage method is quite sensitive 
to what S-N curve that is used.   
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B5.  Summary and proposed action  
 
The calculations according to BBK 04 indicate much higher stress ranges than what can be 

tolerated ( = 239 to 360 MPa  > fstd  = 161 MPa) in the mid span outside the regions with 
bent up bars close to the supports. We may consider neglecting the stress range reduction 
for bent stirrups (according to the recommendations in SB-D4.5 based on the experience that 
fatigue failure in stirrups never occurs in the bent regions but only on the vertical sides). This 

would increase the design stress range to fstd  = 189 MPa. However this is still too low 
compared to the calculated value.  

According to the proposed new methodology in Appendix A, the  λs-value method indicates  
no problems, whereas the Palmgren-Miner sum gives a limited life length depending on the 
amplitude of the maximum stress ranges. 

A first check should be to inspect the bridge and see if there are any shear cracks in the 
critical regions. If this is not the case, there are probably no strain ranges above the cracking 

strain for concrete cr = 0,1∙ 10-3  which corresponds to a steel stress σs = Es  ∙ cr  = 200 000 ∙  
0,1∙ 10-3 MPa = 20 MPa 

One way to really learn what strains and stresses there are in the critical sections in the mid 
span would be to measure them with photographic strain measurements, see e.g. 
Blanksvärd (2009) and Sas et al (2012).  

Reasons for the strain to be less than the calculated values are the built in safety e.g. in the 
form of partial coefficients and dynamic factors. The calculations are also performed in a 
conservative way in that the bent up bars are only taken account of locally in the vertical 
sections where they are situated without any consideration of what actual shear cracks they 
may cross.  

If the strains are as high as the calculations indicate, the beams might be strengthened in the 
area lacking bent up bars e.g. with glued-on sheets of Carbon Fibre Reinforced Polymers 
(CFRP) or by pre-stressing the beam in the vertical direction by bars drilled through the 
beams. Nilimaa (2013) has done this in the horizontal, transverse direction of another 

concrete trough bridge. The method has also been used for strengthening of the Alnö road 

bridge in Sundsvall and for the tram bridges at Alvik and Gröndal in Stockholm, see e.g. SB-
D4.5 (2007), Carolin (2003) and Täljsten et al (2007). 
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C1. General 
 

The Bridge at Kallkällan, No 3500-2949-1 (km 1177+969), is a railway bridge in central Luleå 
on the railway line to Boden in northern Sweden, see Figures C1.1 and C1.2.  It is a three 
span concrete trough bridge 9,15 + 14.5 + 9,15 m built in 1966 based on a design by the 
Bridge Office of SJ, the Swedish Railways, by Sune Lilliengren (1966). The design load was 
an axle load of 0,85 ∙25 = 21,2 ton. The original design calculations are lost. Calculations for 
a similar trough bridge with two spans in Örnsköldsvik made by Sune Lilliengren in 1955 are 
reproduced in Appendix C in SB-D7.3 (2008). 

The bridge at Kallkällan was in 1999 strengthened with Carbon Fibre Reinforced Polymers, 
CFRP, to increase the bending and shear capacity in the transverse direction. The object 
was to enable an increase of the axle loads to 300 kN, see Täljsten and Carolin (1999). 
Before the strengthening the strain was measured in the slab in the transverse direction 
when an iron ore train travelled over the bridge, see Figure C1.3. It can be seen that the 
maximum strain range is caused by the train as such and not buy the individual axes. The 

maximum value is  ≈ 75∙10-6 which corresponds to a stress range  = E∙  = 200∙109 ∙ 
75∙10-6 Pa ≈ 15 MPa . The strengthening was quite successful and the stiffness of the bridge 
was increased with about 16 %. The dynamic properties of the bridge were studied by Anna 
Simonson (2002). She showed that the dynamic amplification factor according to the codes 
were higher than the measured ones, which was of the order of 1,05. 

In 2011 an assessment was made to check the ability of the bridge to carry present and 
foreseen axle loads of 325 and 350 kN, line loads of 110 kN/m and a distance of bogies of 
1,5 m and 1,8m, see Figure C2.1,  Reinertsen (2011). In 2014 a revised assessment was 
made by Reinertsen (2014), where some of the recommendations in an early version of this 
report were used. The positive influence of the strengthening was not taken into account in 
these assessments. 

 

Figure C1.1. Bridge 3500-2049 at Kallkällan in Luleå. 
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Figure C1.2. Cross section with reinforcement in bridge 3500-2049 at Kallkällan. 

 

Figure C1.3. Measured strains in the transverse direction in the slab of the bridge at 

Kallkällan. Täjlsten & Carolin (1999). 

C2. Loads 
The original design load was an axle load of 0,85 ∙25 = 21,2 ton with a spacing of 1,6 m 
and a line load of 7,2 ton/m (Typ 0,85 F + Lastgrupp 1), see TRV (2010). It should be 
designed as a dynamically loaded structure, Group B. The dynamic amplification factor D 
was probably of in the order of D =1,56 or 1,45 which was used for a similar bridge in 
Örnsköldsvik from 1955, see Appendix A in SB-D7.3 (2008).  

In 2011 axle loads of 325 and 350 kN were applied as well as line loads of 110 kN/m and a 
distance of bogies of 1,5 m and 1,8m, see Figure C2.1. 
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Figure C2.1. Load cases checked by Reinertsen (2011). 
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The dynamic amplification factor D was calculated as for load class BV-4 (axle load of 300 
kN with a spacing of 1,8 m and a distance between buffers of 3,0 m and a line load of 100 
kN/m), TRV Tåglaster (2010). In the longitudinal direction we obtain the following. The design 
length with  L1 = 9,15 m; L2 = 14,5 m and L3 = 9,15 m is Ldim = 1,3(L1 + L2 + L3)/3 = 1,3(9,15 + 
14,5 + 9,15)/3 = 14,21 m. With a speed of v = 60 km/h = 16,67 m/s we obtain k = v/(2 Ldim∙n0) 
= 0,045 with n0 = 13,014 Hz. We further obtain with α = v/22 = 16,67/22 = 0,758 

𝜑𝐼   =  
𝑘

1−𝑘+ 𝑘4 = 0,047    (train velocity) 

 𝜑𝐼𝐼 =  
∝

100
 [56 ∙ 𝑒

−(
𝐿𝑑𝑖𝑚
10 𝑚

)
2

+ 50 (𝑛0 ∙
𝐿𝑑𝑖𝑚

80
∙

𝑠

𝑚
− 1) ∙ 𝑒

− (
𝐿𝑑𝑖𝑚
20 𝑚

)
2

] = 0,356  (track irregularity) 

D1 = 1 + φI +0,5 φII = 1,225 

In the transvers direction D1 = 1,371 is obtained. 

In 2014 the real load history of the bridge was used with actual axle loads and 
configurations according to Figure C2.2 and Table C2.1   

 

 

Figure C2.2. Axle distances for the wagons used by Reinertsen (2014). 

 

Table C2.1. Actual axle loads and freight amounts. Based on Reinertsen (2014). 

Period 1965-70 1971-84 1985-07 2008-13 

Number of years 6 14 23 6 

Pk  [kN] characteristic value of axle load 180 225 250 300 

Pm [kN] mean value of axle load 180 225 250 300 

a  Number of axles per wagon 3 4 4 4 

Po  [kN]Axle load from dead load of wagon 40 50 50 50 

x  number of wagons in a train 50 52 52 68 

Main configuration used 1 2 2 3 

Bi  [Mton] Grosston-km/km without locomotive 22.004 93.763 196.848 48.426 

ni = Bi ∙g/(x ∙ a ∙ Pm) =  number of trains;   
with g = 9,80665 m/s2 

7 992 19 647 37 123 5 820 
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The dynamic amplification factor D is calculated, compare Section 6.4 in the main report: 

L1 = 9,15 m; L2 = 14,5 m and L3 = 9,15 m giving Lφ = 1,3(L1 + L2 + L3)/3 = 1,3(9,15 + 14,5 + 
9,15)/3 = 14,21 m. With a speed of v = 60 km/h = 16,67 m/s we obtain K = v/160 = 16,67/160 
= 0,104 and  

𝜑′ =  𝐾

1−𝐾+𝐾4 =  0,116   (train velocity) 

𝜑′′ = 0,56 𝑒
𝐿2

100 = 0,074   (track irregularity) 

D  = 1 + 0,5(φ’ + 0,5 φ’’) = 1,077 

This is a smaller value than D = 1,225 used in 2011. 

If we instead use the formula proposed in Section 6.4 in the main report we obtain 

φ FLS = 1 + 0,5(φ’ + 0,3 φ’’) = 1 + 0,5(0,116 + 0,3∙ 0,074) = 1,069. 

This is a further reduction with 0,7 % (8/1077 = 0,007) due to an assumed good track 
regularity for a critical bridge being specially assessed and maintained. 

According to an experimental study by Simonson (2002), measured strain values for a speed 
of 50 km/h had a maximum difference of 2∙ 10-6 compared to a static load. This corresponds 
to a steel stress difference of only 0,4 MPa, which indicates a dynamic factor of the order of 
about 1,05. 

C3. Material properties 

C3.1 Original design calculations 1966 
The concrete in the trough and the columns was of quality K400 with a required compressive 
strength of 40 MPa and a design bending stress of 9,5 MPa. The reinforcement was of 
quality Ks 40 with a yield stress of 400 MPa and a design stress of 200 MPa in Group B 
(dynamic loads) for bar diameters of 16 mm or less (220 MPa in Group A with static loads).  
In the original calculations no special design for fatigue was probably carried out besides the 
reduction in reinforcement stress with about 9 % (20/220 = 0,091).  

C3.2 Assessment 2011 
In the assessment by Reinertsen (2011) calculations were performed according to BV 

Bärighet (2005) and BBK 04 (2004). The collective parameter for the line is  = 5/6. This 
gives a reduction of the number of cycles to be studied from n = 106 to nf = 6∙105 in the 
longitudinal direction and from n = 10∙106 to nf = 6∙106 in the transverse direction.   

For the concrete values are obtained from Figure 2.4.3 (the “onion”) in BBK 04 (2004), also 
reproduced as Figure 5.2 in the main report. No fatigue problems were found for the 
concrete. 

For the steel stress the characteristic value is fstc = 200 MPa  for nf = 6∙106 for ø  ≤ 16 mm 

giving a design stress range of fstd  = fstc / n = 200/1,2 = 166,7 MPa. For bent bars the 
stress range is reduced with a factor ξ = (1- 1,5ø/r). For the stirrups with ø = 16 mm and a 
radius of the bent r = 200 mm = 12,5ø the factor ξ = 1 – 1,5/12,5 = 0,88 is obtained and the 

resulting design stress range is fst =  ξ ∙ fstc / n  = 0,88∙166,7 MPa = 146,7 MPa.  For the 
longitudinal bent up bars with ø = 32 mm and a radius of the bent r = 250 mm = 7,8ø the 

factor ξ = 1 – 1,5/7,8  = 0,81 is obtained and the resulting design stress range is fst =  ξ ∙ 

fstc / n  = 0,81∙166,7 MPa = 134,7 MPa. 
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C3.3 Assessment 2014 
In the assessment by Reinertsen (2014) calculations were performed according to BV 
Bärighet (2005), BBK 04 (2004), EC2 (2004-2006), fib Model Code 2010 (2012) and an 
earlier version of this report. A cumulative damage calculation was carried out according to 
the Palmgren-Miner hypothesis for the stirrups for three cases: (I) Stress ranges and SN-
curves according to BBK 04 and BHB-K (1990) (II) Stress ranges and SN-curves according 
to EC2 (with no concrete contribution) and (III) Stress ranges according to EC2 and SN-
curves according fib Model Code 2010. 

No reduction is made for the stirrups being bent. The design stress range according to BBK 

79  for for nf = 6∙106  is fstd  = fstc / n = 200/1,2 = 166,7 MPa for  ø  ≤ 16 mm. 

C4.  Calculation methods 

C4.1 Original design 1966 
The bridge was probably designed by hand as a frame in a similar way as the bridge in 
Örnsköldsvik from 1955, see Appendix A in SB-D7.3 (2008).  

C4.2 Assessment 2011 
The bridge was calculated as a grillage (in Swedish: balkrost) with a finite element program 
RM Bridge developed by Bentley Systems (Exton, PA, USA) in  the same way as the bridge 
in Övre Bredsand in Appendix B. The two main beams were each modeled with 96 elements. 
The slab was modeled by cross beams of four elements with a spacing of 0.4 m in the main 
span and 0.32 m in the two side spans. The columns were modeled with 6 elements each. 
The model is illustrated in Figure C.4.1. The results are given in Excel sheets with values for 
the end of the elements. Values for locations in between have to be reached by interpolation. 
This is done for the diagrams. Many of the maximum values are thus shown in the diagrams 
but not in any table.  

C4.3 Assessment 2014 
The bridge was also this time calculated with finite element program RM Bridge although a 
later version was used this time. The stress ranges for the different time periods are 
calculated as well as the partial damage. Vertical forces inside a virtual 45-degree crack from 
the edge of the column are not studied, see Figure C4.2 

The traffic load is in this model entered to the bridge via the cross beams between the main 
beams. The cross beams are not connected to each other, i.e. a point load on the cross 
beam is directly transferred to the main beam as a point load and a point moment. The load 
distribution in the ballast and the slab is thus not taken into consideration, which gives slightly 
too high shear forces and torsional moments. This is on the safe side. When the critical 
sections are found, a refined analysis can be made, see Section C7 below. 
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Figure C4.1. Beam model used by Reinertsen (2011).   
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Figure C4.2. Forces transferred directly into the columns in sections 239 to 233 are not 
studied. 

C5.  Longitudinal reinforcement 
The need for longitudinal reinforcement for the assessment in 2011 is illustrated in the 
ultimate limit state in Figures C5.1 for bending and in Figures C5.2 and C5.3 for torsion 
moments. The capacity is OK. Also when fatigue stresses are checked, the longitudinal 

reinforcement stress ranges are mostly less than fst  = 166,7 MPa  for straight bars, see 
Figure C5.3. In the assessment in 2014 it was found that fatigue was no problem for the 
longitudinal reinforcement. 

 

Figure C5.1. Check of 
longitudinal reinforcement 
for bending moments in the 
Ultimate Limit State. The 
outer curves illustrate the 
area of top and bottom 
reinforcement and the inner 
curves show what is 
needed. Dotted curves 
refer to the capacity when 
parts of the longitudinal 
bars have been used to 
carry torsion. Reinertsen 
(2011). 
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Figure C5.2. In the analysis for torsion some 
of the reinforcement for bending in the top 
and bottom of the beams were looked upon 
as horizontal torsion reinforcement in the 
vertical sides of the beams. 
 

 

 

Figure C5.3. Check of longitudinal reinforcement for torsion moments in the Ultimate Limit 
State. The horizontal lines illustrate the area of inside and outside reinforcement (8 and 5ø16 
respectively) and the other curves shows what is needed and how additional longitudinal 
bars are included to carry the torsion. Top reinforcement is shown negative. Reinertsen 
(2011). 

 

Figure C5.4. Check of fatigue stress ranges in the longitudinal reinforcement. The stress 

range is mostly less than the design range fstd  = 166,7 MPa,  Reinertsen (2011). 
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C6. Transverse reinforcement 

C6.1 Amount of reinforcement 
The amount of transverse reinforcement is illustrated in Figure C6.1. Two to nine bent up 
bars ø32 give 2∙804 / √2 = 1140 mm2  to 9∙804 / √2 = 5130 mm2  and stirrups ø16 and ø10 s 
200 mm give a mean value of  (201 +78,5)∙1000/200 =  699 mm2/m. 

 

Figure C6.1. Vertical reinforcement consisting of stirrups ø16 and ø10 s 200 mm giving 699  
mm2/m and bent up bars giving from 1140 mm2 to 5130 mm2 for 2 to 9ø32. Reinertsen 
(2011). 

C6.2 Assessment 2011 

C6.2.1 Stresses caused by vertical shear forces V 

The maximum fatigue shear force in the right end of the mid span is V = 1330 kN according 
to p D4.6 in Reinertsen (2011).  

The stress range caused by vertical shear is calculated according to the addition theory in 
the Swedish code BBK04 (2004) with VSd < Vc + Vi + Vs  with contributions from concrete, 
inclination and steel respectively.  

The maximum stress range is obtained close to the right end of the bridge. We check 
the stresses at a distance of the effective depth d ≈ 1,25 m from the support. For element 
291, x = 32,67 m, the maximum vertical force is according to page D4-6 in Reinertsen (2011) 
Vmax = 584 kN, with an accompanying bending moment M = 352 kNm and an axial force  N = 
-250 kN. The minimum vertical force is Vmin  = 120 kN with M = 30 kNm and N = -216 kN.  

This gives the ratio  = Vmin / Vmax = 120/584 = 0,21. 

The concrete contribution is calculated as Vc = b∙d∙fv  with fv = 0,3 ξ(1+50)fctd = 0,3∙0,9(1 + 
50∙0,004)∙0,92 MPa = 0,298 MPa (or 0,305 MPa from  p D4-8) which gives Vc = b∙d∙fv  = 
0,857∙1,253∙0,298 MN = 320 kN (or 328 kN  form  p D4-8).  

From the normal force an additional small contribution is obtained of Vcp = 9 kN resulting in 
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Vs  = VSd - Vc - Vcp  = 584 - 320 -  9 = 255 kN. To this is added vertical load transfer of 82 kN 
giving 255 + 82 = 337 kN. Three bent up bars carry 229 kN  (3*804*134,7/√2 N = 229 kN), so 

the resulting force for the stirrups is reduced to 337 – 229 = 108 kN. With V/Vmax =       

(Vmax - Vmin )/Vmax  = 1 -   we get  Vs = Vs (1-) = 108 ∙ (1 - 0,21) = 85 kN  (or 82 kN from p D-
4.9. This gives with two legged stirrups ø16 s 200 mm that    

∆𝜎 =  
𝑉𝑠 ∙ 𝑠

𝑧 ∙ 𝐴𝑠𝑣
=  

85000 ∙ 0,2

0,9 ∙ 1,253 ∙ 2 ∙ 201
=    37,7 𝑀𝑃𝑎 

(or 52 MPa, p D4-9). 

C6.2.2 Stresses caused by torsion moment Mx 

The maximum torsion moment for fatigue in the left end of the midspan is Mx  = 378 kNm 
according to p D4-11 in Reinertsen (2011). 

For x = 32,67 m in element 291 according to the Excel sheets on p D-4.11f  in Reinertsen 
(2011) we obtain the torsion moment Mx = 207 kNm and a permanent value of -20 kNm. 

From Bredt’s formulae we obtain the shear flow  q = As ∙ ywd / (s ∙ tan )= Mx / (2 b’∙ d’). This 
gives 

∆𝜎 =  
𝑀𝑥 ∙ 𝑠

𝐴𝑠 (2 𝑏’ ∙  𝑑’)
∙ 𝑡𝑎𝑛𝜃 

For a beam with ø16 + 10 s 200 mm  with  As = (201 + 78,5)/2 = 139 mm2  and with the 
effective area b’∙ d’ = (0,903-0,124)(1,315-0,124) = 0,929 m2  (or 0,993 m2  from D-4.11) we 

obtain with tan 31o = 0,6  that   = 96 MPa (112 MPa, D-4.13). This is OK if the stirrups only 
have to take the torsion and most of the vertical shear is been taken by bent up bars.  

C6.2.3 Summary of stirrup stresses caused by shear and torsion. 

In the studied section x = 32,67 m close to the end of the bridge we obtain from 

 shear   = 37,7 MPa (concrete + reinforcement) or 206  MPa  (reinforcement only) 

 torsion = 96 MPa 

Reinertsen (2011) obtained for x = 33 m somewhat higher values, 72 and 112 MPa 
respectively. The stresses will act together on the inside of the main beam, where both shear 

and torsion acts downwards and reach = 38 + 96 = 134 MPa  or 184 MPa according to 
Reinertsen (2010), p D-4.16. 

According to Reinertsen the maximum stress range is ca 275 MPa close to the right support. 
This value is calculated by an interpolation which is not reproduced. The highest value given 

is for element 292 with x = 33,00 m and with  = 95 + 128 = 223 MPa which is higher than 

fst = 146,7 MPa 

The results of the calculations of stress ranges are summarized in Figure C6.2. It can be 

seen that the actual stresses are higher than the design stress range fstd  =147 MPa in four 
areas close to the supports  
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Figure C6.2. Check of stresses in transverse reinforcement. The highest value is 275 MPa. 
Stirrups with a diameter of 16 and 10 mm have a mean allowable design fatigue stress range 

of fst =147 MPa. From Reinertsen (2011).   

C6.3 Assessment 2014 
The stresses in the stirrups is given in Figure C6.3 according to BHB-K (1990) with the 
concrete contributing to the load-carrying capacity and in Figure C6.4 according to EC2 with 
only the reinforcement carrying the load (using an inclination cot θ = 1,58, θ = 32,3o). 

 

Figure C6.3. Stress ranges in the transverse reinforcement according to BHB-K (1990) for 
the four load periods (starting with the earliest in the bottom and the latest at the top). The 
concrete carries part of the load. From Reinertsen (2014).   
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Figure C6.4. Stress ranges in transverse reinforcement according to EC2 for the four load 
periods (starting with the earliest in the bottom and the latest at the top). The reinforcement 
carries the entire load. The maximum stress range is ca 280 MPa close to the central right 
column in Section 257. From Reinertsen (2014). 

The maximum stress ranges in section 257 are given in Table C6.1 for the four periods with 

ni = number of load cycles during the period, V  = stress range due to shear, T  = stress 

range due to torsion, C  =  stress range due to loads carried from the slab into the beams,  

tot  = total stress range, 1,1∙1,2∙tot =  total stress range multiplied with partial coefficients 
according to BV Bärighet (2012), Ni = the number of load cycles the reinforcement can 

withstand for a stress range of 1,1∙1,2∙tot according to EC2 and MC 2010 calculated with 
Equation 5.3 in the main report and finally ni/Ni = the partial damage according to EC2 and 
MC 2010 respectively. 

It can be seen that according to the Eurocode, the damage is ∑ni/Ni = 2,5 > 1 and has thus 
already surpassed the allowed value. However, according to the Model Code the damage is 

∑ni/Ni = 0,69 < 1, which indicates that the bridge can withstand a further damage of  ni/Ni = 
1- 0,69 = 0,31. 

If we assume that the same stresses will prevail in the future as during period 4 (2008 – 

2013), this indicates that the bridge can carry nr = 0,31∙ 59 322 = 18 523 cycles/trains. With 
three trains per day this will give 3∙365 = 1095 trains/cycles per year and a remaining life of 
18 523 / 1 095 = 16 years.  

If we instead increase the axle load from 300 kN to 325 kN (circa 8,33 %) we may assume 

that also the maximum stress range will increase proportionally to 1,1∙1,2∙tot =  
369,5∙325/300 MPa = 400,2 MPa. Then the N-value according to Equation 5.3a will be 
reduced to N = 39 755 cycles giving the remaining number of cycles to nr = 0,31∙ 39 755 = 
12 414 cycles/trains or 12 414/1095 = 11 years, a decrease with about 30 % (5/16).  
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Table C6.1 Stress ranges and partial damage in Section 257 according to EC2 and MC 
2010. Based on data from Reinertsen (2014). 

Period 1.  2.  3.  4.  Sum 

Years 1965-70 1971-84 1985-07 2008-13  
ni  number of trains/cycles 7 792 19 647 37 123 5 820 70 382 

V [MPa] shear stress range 105,6 134,1 148,7 156,0  

T [MPa] torsion stress range 36,1 45,2 50,2 57,0  

C [MPa] carrying stress range 45,6 55,2 61,4 66,9  

tot [MPa] Total stress range 187,3 234,5 260,3 279,9  

∙∙tot [MPa] Total with partial factors 247,2 309,5 343,6 369,5  
NiEC  Number of cycles EC2 122 662 39 873 23 661 16 458  
NiMC  Number of cycles MC2010 442 118 143 718 85 282 59 322  
ni/Ni  Damage according to EC2 0,064 0,493 1,569 0,354 2,479 
ni/Ni  Damage according to MC2010 0,018 0,137 0,435 0,098 0,688 
 

Notation:  ni = number of load cycles during a period; V = stress range due to shear; T = stress 

range due to torsion; , C  = stress range due to loads carried from the slab into the beams;  tot  = 

total stress range; 1,1∙1,2∙tot  =  total stress range multiplied with partial coefficients, Ni = number of 

load cycles the reinforcement can withstand for a stress range of 1,1∙1,2∙tot according to EC2 and 
MC 2010; ni/Ni = the partial damage according to EC2 and MC 2010 respectively. 

C7.  Refined fatigue assessment  2014 in critical sections 

Reinertsen (2014) has also performed a refined analysis for Section 257 where they have 
studied how the load can be distributed by the ballast and the concrete slab in a similar way 
as was done for the brigde in Övre Bredsand, see Appendix B. This reduces the shear stress 
range with about 30 %. They have also studied in more detail how a trough can be modelled 
with finite element methods and how the torsion moment is introduced and distributed. From 
this they reduce the torsion stress range with 10%, Reinertsen (2014), Lundin & Magnanader 

(2012), Axelsson & Werner (2013). These reductions give maximum stress ranges tot = 
144,4, 179,9; 199,7 and 223,3 MPa in the four time periods studied. In comparison with the 
values in Table C6.1 the reductions are 16-23% which increases the number of remaining 
years for the bridge. According to the SN-curve of the Model Code, the trains may be allowed 
to run for another 85 years and according to the more conservative SN-curve of the 
Eurocode the time left is 9 years.  

C8.  Assessment with equivalent stresses 

Reinertsen (2014) also applies the-method with equivalent stresses, see Appendix A. 

For L = 14,5 m, heavy traffic and a continuous bridge they obtain with Eq.(NN108)   

s1 = 0,85 + (0,75-0,85)*(log14,5 – 0,3) =  0,764. 

They assume an axle load of 32,5 ton, 4 axles per wagon, 68 wagons per train which gives 
8840 ton/train. With 3 trains per day it gives 3*8840 = 26 520 ton/day. Eq. (NN109) gives 

𝜆𝑠2  =  √
𝑉𝑜𝑙

25∙106

𝑘2
 = √

365∙26520

25∙106

9

= 0,8999 

The life length is assumed to be 100 years and there is only one track so  

𝜆𝑠  =   𝜆𝑠1  ∙  𝜆𝑠2  = 0,764 ∙ 0,8999 = 0,6876 
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The corresponding stress can be calculated to 

Φ ∙  Δ𝜎𝑠,𝑒𝑞𝑢   ≤  
Δ𝜎𝑅𝑠𝑘   

𝜆𝑠∙ 𝛾𝐹,𝑓𝑎𝑡  ∙𝛾𝑠,𝑓𝑎𝑡  
 = 

162,5

0,6876∙1,0∙1,15
 = 205, 5 MPa 

This value is higher than the highest stress range in the stirrups (223,3 MPa according to C7) 
so the method is more conservative than the cumulative damage method 

C9.  Summary and proposed actions   

An assessment by Reinerten (2011) indicated higher stress ranges close to the supports 

than can be tolerated (s  = 275 > fst =146,7 MPa).  

A new assessment by Reinertsen (2014) did not apply any stress range reduction for bent 
stirrups bars. This is in accordance with the recommendations in SB-D4.5 (2007) based on  
the experience that fatigue failure in stirrups never occurs in the bent regions but only on the 
vertical sides. This increases the design stress range with some 20 MPa but the allowed 
value is still too low. 

To increase the accuracy of the assessment, the partial damage was calculated using actual 
loads for different Wöhler curves according to EC2 (2006) and fib Model Code 2010 (2013). 

This calculation indicated that for a maximum stress range of s = 280 MPa  the bridge may 
function up to 10 more years according to the fib Model Code. With a refined model the 

maximum stress range could be reduced to s = 223,3 MPa and the remaining life time 
could be increased to between 9 and 85 years depending on which Wöhler curve that is 
used. The results emphasize that the uncertainties in the models are quite large.  

The bridge was strengthened in the transverse direction with sheets of Carbon Fibre 
Reinforced Polymer (CFRP), Täljsten & Carolin (1999). The positive influence of this has not 
been taken into account in the assessments by Reinertsen (2011, 2014), which mainly focus 
on the capacity in the longitudinal direction.   

A way to check the real condition of the bridge is to inspect it and see if there are any 
combined shear and torsion cracks in the critical regions. If this is not the case, there are 

probably no strain ranges above the cracking strain for concrete cr = 0,1∙ 10-3  which 

corresponds to a steel stress σs = Es  ∙ cr  = 200 000 ∙  0,1∙ 10-3 MPa = 20 MPa 

One way to measure what strains and stresses there are in the critical sections in the mid 
span would be to use photographic strain measurements, see e.g. Blanksvärd (2009) and 
Sas et al (2012).  

Reasons for the strains to be less than the calculated values are the built in safety in form of 
e.g. partial coefficients and dynamic factors. The calculations in 2011 were performed in a 
conservative way in that the bent up bars were only taken account of locally in the vertical 
sections where they are situated without any consideration of what actual shear cracks they 
may cover. This was improved in the 2014 assessment. 

If the strains are as high as the calculations indicate and cracks can be found, the beams can 
be strengthened to increase the remaining life length of the bridge. This could e.g. be carried 
out with glued-on sheets of Carbon Fibre Reinforced Polymers (CFRP) or by pre-stressing 
the beams in the vertical direction by bars drilled through them. Nilimaa (2013) has studied a 
similar strengthening in the horizontal, transverse direction of a concrete trough bridge in 

Haparanda. The method has also been used for strengthening of the Alnö road bridge in 

Sundsvall and for the tram bridges at Alvk and Gröndal in Stockholm, see e.g. SB-D4.5 
(2007), Carolin (2003) and Täljsten et al (2007). 
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