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This report is one of the deliverables from the Integrated Research Project “Sustainable Bridges - Assessment for 
Future Traffic Demands and Longer Lives” funded by the European Commission within 6th Framework Programme. 
The Project aims to help European railways to meet increasing transportation demands, which can only be accom-
modated on the existing railway network by allowing the passage of heavier freight trains and faster passenger trains. 
This requires that the existing bridges within the network have to be upgraded without causing unnecessary disruption 
to the carriage of goods and passengers, and without compromising the safety and economy of the railways. 

A consortium, consisting of 32 partners drawn from railway bridge owners, consultants, contractors, research insti-
tutes and universities, has carried out the Project, which has a gross budget of more than 10 million Euros. The Euro-
pean Commission has provided substantial funding, with the balancing funding has been coming from the Project 
partners. Skanska Sverige AB has provided the overall co-ordination of the Project, whilst Luleå Technical University 
has undertaken the scientific leadership. 

The Project has developed improved procedures and methods for inspection, testing, monitoring and condition as-
sessment, of railway bridges. Furthermore, it has developed advanced methodologies for assessing the safe carrying 
capacity of bridges and better engineering solutions for repair and strengthening of bridges that are found to be in 
need of attention.  

 

The authors of this report have used their best endeavours to ensure that the information presented here is of the 
highest quality. However, no liability can be accepted by the authors for any loss caused by its use. 
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Summary 

The present section of Deliverable D.4.3 is dedicated to the static and fatigue assess-
ment of old metal bridges. It forms the basis of the Chapter 7 guideline developed in 
work package 4 (WP4) “Guideline for Load and Resistance Assessment of Existing 
European Railway Bridges”.  
This section is divided into four parts related to the four research activities of the WP4 
metal subgroup: 
– Analysis of material properties of existing metal railway bridges, 
– Fatigue of riveted structure, 
– Updated assessment methods for riveted structures, 
– Enhanced non destructive techniques for inspecting riveted structures. 
The preparation of this document has been carried out by the Rheinisch-Westfälische 
Technische Hochschule Aachen, Germany (RWTH) with Subcontractor PSP-Planung 
und Entwicklung im Bauwesen GmbH, Aachen, Germany (PSP), by the Lulea University 
of Technology, Sweden (LTU), and by the Laboratoire Central des Ponts et Chaussées, 
Paris, France (LCPC). 
The knowledge of the material properties of existing metal bridges is essential for the 
resistance assessment and the determination of the remaining lifetime of old metallic 
bridges. Built between 1870 and 1940, the material parameters are in many cases not 
available. Yet, especially the old bridges require more exact and efficient assessment 
methods that call for a precise description of the material. This is why a major part of the 
performed work and of this background document part has been focused on the material 
properties of old metal bridges.  
Among the problems met in metal bridges and material properties estimation, fatigue is 
the most common cause of failure. To be able to make accurate assessments of exist-
ing bridges, it is important to know the behaviour of bridges exposed to fatigue, and how 
the old materials behave due to cyclic exposure. The technique of riveting is no longer 
used in bridges due to more developed methods of assembling plates as welding. Due 
to this fact there is often missing information in codes (Eurocode for example) how to 
deal with and assess riveted structures. An important part of D4.3.6 consequently deals 
with the evaluation of riveted structure remaining lifetime. The main question answered 
herein is how to make a safe estimation concerning the remaining life in service. Influ-
encing factors are also investigated, such as corrosion, clamping force and material 
properties etc. To be able to perform estimations of the remaining life for a detail or a 
structure the detail category is essential. From tests on both full scale structures and 
small sizes specimens retrieved from bridges taken out of service a detail category for 
riveted structures has been derived. 
The possible traffic load on steel rail bridges is usually limited by the fatigue resistance, 
but for certain situations the static resistance has also to be checked. Most design rules 
for steel structures, for instance those in Eurocode 3, are applicable also to riveted 
structures. However, some information is missing on how to deal with the special case 
that elements are intermittently connected in contrast welded structures that are con-
nected continuously. One such issue is how to define the cross section class of a riveted 
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member. One question that is not covered in a reasonable way is the distance between 
rivets in the direction of stress. Another is to quantify the positive effect of restraint to 
local buckling provided by the connecting angles. Proposal for answers to those ques-
tions have been tasks handled by the metal subgroup and are presented in this back-
ground document. As the traditional methods for assessing the resistance of steel 
bridges are based on elastic analysis, a method for utilizing a limited redistribution of 
bending moments based on beam theory is also described. 
At last, this report presents a synthesis of non destructive techniques for steel bridges, 
with emphasis to riveted bridges. Their requirements in terms of reliability are presented 
and advantages and disadvantages are highlighted. A section is dedicated to acoustic 
emission which presents interesting features for bridge monitoring. 
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1. Material of old metal bridges – general terms 

1.1 Scope 
The knowledge of the material properties of existing metal bridges is essential for the 
resistance assessment and the determination of the remaining lifetime of the bridge. For 
old metal bridges, that were built between 1870 and 1940 in particular, the material pa-
rameters are in many cases not available. Yet, especially the old bridges require more 
exact and efficient assessment methods that call for a precise description of the mate-
rial. 
This section focuses on the material of old metal bridges. The required material properties can 
be obtained using different methods: 

• Application of reference values for material parameters that are taken from litera-
ture. 

• Application of material properties that are described as statistical parameters, if a 
sufficient data base is available. 

• Determination of material properties using an individual analysis by testing. The 
direct analysis of material properties provides the most exact and bridge-specific 
information. Yet it is only recommended where literature values or statistically de-
rived material models lead to a too conservative assessment. 

The most important material parameters to assess the resistance of a structure towards 
design loads and environmental actions during the structure’s lifetime are strength and 
toughness. Concerning durability and strengthening matters also aspects as workability 
(e.g. weldability) and resistance against corrosion effects are relevant. In the following 
the essential parameters are shortly defined: 

• Chemical analysis 

• Strength properties under static loading and fatigue properties 

• Toughness properties 

• Fracture mechanical properties (fracture toughness and crack growth parameters) 

1.2 Chemical analysis of steels 
Unwrought iron in itself is not suitable for application as structural material because it is 
very ductile and has only low strength properties. The addition of marginal amounts of 
chemical components to unwrought iron can have a significant influence on the me-
chanical properties of the steel product. No other material reacts in such a sensitive way 
to alloy components as iron in respect to strength and ductility. Additionally chemical 
contaminations and non-metal inclusions in the alloy greatly influence the material be-
haviour of the steel. Non-metal inclusions can be slag, or pores filled with air or other 
gases. 
It must be distinguished between chemical elements that improve the steel qualities and 
undesirable elements having a negative effect on the product. An overview of the differ-
ent influences of chemical components on the material properties is given in Table 1. 
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According to the chemical analysis of a steel the manufacturing process and the weld-
ability of a metal can be derived. The nitrogen content gives information about the prob-
ability of embrittlement due to ageing. Together with charpy energy toughness values, 
e.g. 27JT , the chemical analysis permits a classification to a specific steel grade accord-
ing to product standards. 
 
Table 1. Influence of chemical components on material properties [25] 

 C Si Mn P S Cr Ni Mo Al N 

Ultimate strength + + + + - + + + + + 

Elastic limit + + + +  + + +   

Ultimate elongation - - - -  + - - - - 

Hardness + + + +  + + + +  

Hardenability + + +   + + +   

Toughness 
(Charpy V impact energy) - - + - - - + -  - 

Arc weldability - - + - - -  + - - 

Thermal resistance 
(heat resistance) + +  + - + + +   

Corrosion resistance  +  + - + + +   

+ material property is increased  - material property is decreased 

1.3 Strength properties under static loading 
The strength of structural steel is characterised by mechanical properties as yield 
strength, ultimate strength and elongation (before reduction of area and at fracture). All 
these are determined in a tensile test, in general with standardised test specimens. 
The evaluation of the resulting stress-strain plot, Figure 1, provides next to strength and 
elongation values the determination of the elastic modulus. For steels without a distinct 
elastic limit as it is often the case with ancient steels, a plot as in Figure 1, right, will be 
obtained. The test results are influenced by strain rate and test temperature. For stan-
dardisation of steel products the tests are performed with low strain rates between 
0.00025s-1 and 0.0025s-1 at room temperature. 
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Figure 1. Stress-strain diagram with (left) and without distinct elastic limit (right) 
 
The relevant parameters given in Figure 1 are: 

• ReL:  lower elastic limit (yield strength fy) 

• ReH:  higher elastic limit 

• Rp0,2: yield strength at 0.2% elongation 

• Rm:  ultimate tensile strength (fu) 

• Ag:  elongation before reduction of area of the specimen 

• A:  elongation at failure 

• E:  elastic modulus 

1.4 Fatigue properties 
For metal bridges the resistance against cyclic loading (fatigue resistance) is of great 
importance. Generally two methods exist to assess the fatigue resistance of structures, 
firstly the assessment with fatigue strength curves, secondly the safety assessment us-
ing crack propagation and fracture mechanical methods, see section 1.6. 
The most common procedure to assess the fatigue resistance of a structure is the clas-
sification with fatigue strength curves (S-N curves, σR-N curves or Wöhler curves). 
The application of the S-N curve concept is based on a well-defined nominal stress to 
be determined as the action on the structural member. The nominal stress is defined as 
the stress in the base material or in the weld adjacent to a potential crack location calcu-
lated in accordance with elastic theory excluding all stress concentration effects. The 
nominal stresses can be direct stresses, shear stresses, principal stresses or equivalent 
stresses, and they are derived from the loads applied on the cross sections of a struc-
ture or member. 
To assess the fatigue resistance the detail has to be classified in a detail category with 
the corresponding S-N curve. The detail category is defined as the numerical designa-
tion given to a particular detail for a given direction of stress fluctuation, in order to indi-
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cate which fatigue strength curve is applicable for the fatigue assessment (the detail 
category number indicates the reference fatigue strength Δσc  in N/mm² for 2x106 cy-
cles). The S-N curve resp. the fatigue strength curve defines the quantitative relation-
ship between the stress range and number of stress cycles to fatigue failure, used for 
the fatigue assessment of a particular category of structural detail. Consequently macro-
geometrical effects and areas of stress concentration are taken into account in the 
nominal stress approach. The S-N curve concept with detail categories is described in 
many references, e.g. [26]. 
Figure 2 presents the S-N curves for direct stress ranges for various details with detail 
categories from 36-160. The significant parameters within the curves are: 

• Δσc  detail category; reference value of the fatigue strength for an endurance 
NC = 2 million cycles  

• ΔσD  fatigue limit for constant amplitude stress ranges at the number of cycles 
ND = 5x106  

• ΔσL  cut-off limit for stress ranges at the number of cycle NL = 108; limit below 
which stress ranges of the design spectrum do not contribute to the calculated 
cumulative damage. 

• m   slope of fatigue strength curve 
 
Analogue fatigue strength curves and values exist for shear stresses for detail catego-
ries Δτc , e.g. see [26]. 

The R-ratio, which expresses the ratio of maximum stress and minimum stress within 
stress cycles, is not taken into account in the fatigue strength curves in [26]. Yet some 
codes, e.g. [41], consider the stress-ratio as an influencing parameter for the fatigue 
strength and take it into account in the assessment. However, according to several stud-
ies the stress-ratio is significant for crack growth properties, see section 1.6. 
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Figure 2. Fatigue strength curves for direct stress ranges in prEN 1993-1-9 [26] 

1.5 Toughness properties 

1.5.1 Charpy energy values 
The elongation values measured in the tensile test indicate the toughness and deforma-
tion capacity of a material. The higher the strain values the more ductile will the material 
behave. Yet, the tensile test does not cover important issues as the presence of notches 
and the action of impact loading. These are taken into account in the charpy energy test, 
standardised in EN 10045, using standardised test specimens with charpy V notches. 
The measured parameters are the test temperature T and the achieved impact energy 
as a function of the temperature KV(T). The results are indicators of the toughness of a 
steel. 
Product standards use charpy energy test values to classify steel products according to 
their steel grade, e.g. in EN 10 025 certain standard test temperatures 27JT  and 40JT  are 
applied, these are the temperatures where the charpy energy is KV = 27J or 40J respec-
tively. 
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Figure 3. Charpy impact energy KV(T) as a function of test temperature T 
 
Figure 3 presents qualitatively the toughness-temperature curve of the charpy impact 
energy versus the test temperature. The graph can be divided into three regions: 

(1) lower shelf region: the material behaves brittle 
(2) transition region 
(3) upper shelf region: the material behaves ductile 

1.5.2 Through-thickness properties 
In welded constructions products are frequently loaded perpendicular to their surface in 
through-thickness direction. The through-thickness properties are less in toughness and 
deformation capacity than the properties in rolling direction and transverse. For new 
constructions rules are available to select steels with sufficient through-thickness-
properties, e.g. part 1-10 of Eurocode 3, [27]. 
Especially old steel structures with ancient manufacturing technologies show poor mate-
rial properties in through-thickness direction. Since riveted components are loaded in 
longitudinal and transversal direction through-thickness properties are not relevant. 

1.6 Fracture mechanical properties 

1.6.1 Fracture toughness 
Old bridges often have exhausted their fatigue life, especially if fatigue cracks are de-
tected that might have grown during a longer period, e.g. undetected because they were 
covered by rivets or angle sections. Here a fracture mechanical assessment can be use-
ful to estimate the residual life of the structure. This requires the information of fracture 
mechanical material properties. 
Fracture mechanical methods assume that the structural member considered contains a 
crack. The main attention is not turned to crack initiation but rather to the material be-
haviour at the crack tip, once the member is loaded. The stress distribution close to the 
crack tip as well as the elastic and plastic material deformations are of great importance. 
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For a fracture mechanical assessment the action effect, expressed as the fracture me-
chanical demand, e.g. J-integral or stress intensity factor, is opposed to the material re-
sistance, expressed as the fracture toughness. Whichever fracture mechanical concept 
is applied, the parameters can be described in terms of stress intensity factors (K-
values), as long as plane strain conditions and linear-elastic material behaviour can be 
assumed, or in terms of elastic-plastic fracture mechanical parameters, such as J-
integral or displacement at the crack tip (CTOD). Numerous research studies and refer-
ences offer a broad overview of fracture mechanical assessment methods, e.g. [42]-
[44]. 
The fracture toughness can be defined as the ability to carry load or to deform plastically 
in the presence of a crack. Relevant fracture toughness parameters used in steel struc-
tures are 

• the critical stress intensity factor KIc (also Kcrit or Kmat) using K-values (K-concept) 

• the critical J-integral JC (also Jcrit or Jmat) using the J-integral-concept. 
The fracture toughness depends on the material temperature, the strain rate and on the 
dimensions of the component. It is decreased by a bigger plate thickness. In order to 
avoid this size effect fracture toughness parameters are determined with small scale 
tests and standardised test specimens according to specifications such as e.g. [37]. Us-
ing test specimens with standardised minimum thicknesses results are achieved that are 
independent on the detail geometry. 
The correlations between charpy energy toughness values and fracture toughness val-
ues that have been developed in the 1970s for ferritic steels by Sanz [51], are not valid 
for old steels such as puddle iron or mild steel. 

1.6.2 Crack growth under cyclic loading 
To estimate the residual lifetime of a damaged structure requires the estimation of the 
crack propagation rate. The crack growth rate due to cyclic loading can be described as 
a function of the cyclic stress intensity factor range ΔK. Figure 4 shows the relation of 
the crack growth rate plotted logarithmically. 

ΔK log KΔ

log da/dN
Region

1
Region

2
Region

3

K = Kmax Ic

th

Paris equation:
da/dN = C KΔ m

 
Figure 4. Crack growth rate da/dN as a function of the stress intensity factor range ΔK 
[43] 
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The influence of the microstructure of the material is most significant in region I and re-
gion III. Figure 4 reveals the significant crack growth parameters:  
da/dN Crack growth rate; crack propagation da per load cycle dN. [mm/load cycle] 

ΔK:  Cyclic stress intensity factor, range ΔK = ΔKmax - ΔKmin. [N/mm3/2] or [MPa m1/2] 

ΔKth: Threshold value for crack growth. Below this stress intensity factor range no 
crack growth will occur. Region I and the material parameter ΔKth are influenced 
mostly by the microstructure of the material. It was shown that steels with finer 
grain show a higher threshold value ΔKth, [17]. [N/mm3/2] or [MPa m1/2]  

ΔKth is commonly considered to be also influenced by the stress-ratio R. A 
higher stress-ratio causes a lower value ΔKth. Yet, in [33] the threshold value is 
treated independently on the stress ratio. On the safe side it is assumed that no 
crack growth will occur if ΔK1 ≤ ΔKth = 63 N/mm3/2 or ΔKth = 2 MPa m1/2, respec-
tively, [55]. 

C, m Material parameters, also called crack growth parameters or Paris-parameters 
as they enter the Paris-equation, see Figure 4 and [43]. C and m are correlated, 
which has been confirmed by Gurney [45]. 

 These parameters are measured in small scale tests under cyclic loading, e.g. 
according to [36]. 

KIc Fracture toughness, critical stress intensity factor. [N/mm3/2] or [MPa m1/2]. 
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2. Material of old metal bridges - literature overview 

2.1 Outline of materials used in metal bridges 
Iron bridges have been built since the industrialisation time period, which was the end of 
the 19th century, so dealing with old metal bridges can mean an age of more than 100 
years. Several bridges even exist since the 1850s, leading to an age of more than 150 
years. Two examples are given in Figure 5 for bridges in southern parts of Germany and 
Switzerland. 
 

 

Figure 5 Left: Line between Waldshut (CH) and Koblenz (D), year 1860, bridge length 
1,4km, material puddle iron. Right: Line between Lauchringen and Hintschingen (D), 
year 1888-90, material puddle iron, bridge length 43,6km [47] 
 
The early metal bridges in the 19th century were fabricated of cast iron or puddle iron 
(wrought iron). The manufacturing of puddle iron started in the beginning of the 19th 
century. Since it had a lower carbon content than cast iron, going along with a better 
ductility, it allowed forging and an easier workmanship. Yet towards the end of the 19th 
century puddle iron was superseded by mild steel that obtained higher qualities con-
cerning the chemical analysis and cleanness of the steels as well as better technological 
material properties (e.g. weldability, strength). 
The steel production and construction technology (bolting and welding of joints) devel-
oped quickly but testing methods to examine relevant properties as toughness, fatigue, 
corrosion etc., were missing completely. Such testing methods were developed much 
later in the 20th century and related to modern steels rather than old steels of existing 
structures. Therefore only fragmentary knowledge exists concerning iron materials of 
the early times, complicating the handling and assessment of old metal structures. 
Already at the beginning of the 20th century metal bridges were built mainly with mild 
steel, [48], [49], [50], [58].  
Prior to about 1910, there was little standardization in the industry. Each steel producer 
used his own recipe and rules. This resulted in a wide variety of metals used, regarding 
the chemical and mechanical properties. The German railway authorities for instance 
specified rules in 1900 for the materials to be used for iron railway bridges: 

Mild steel: suitable for all structural members subjected to compression, 
tension and bending and for rivets 
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Cast iron: applicable for minor elements only, that are subjected to com-
pression only and do not require any workmanship. 

Puddle iron was considered to have lower strength values than mild steel and was rarely 
used anymore. In [55] a definition is given for the early iron materials used in steel struc-
tures, see Table 2. 
 

Table 2. Definition and characteristics of iron materials, taken from [55] 

Cast iron 
Fonte 
Gusseisen 

High carbonised iron, the direct product of the blast furnace; 
used for making castings, and for conversion into wrought iron 
and steel. It can not be welded or forged, is brittle, and some-
times very hard. Besides carbon, it contains sulphur, 
phosphorus, silica, etc. 

Wrought (puddle) iron 
Fer puddle 
Schweißeisen 

Iron having a low carbon content that is tough and malleable 
and so can be forged. It has a high anisotropy. Produced in 
puddling process, which lead to a typical characteristic where 
a matrix of puddled almost clean iron and slag layers can be 
found. 

Early mild iron 
unberuhigtes Flusseisen 

First iron produced with industrial processes that use a con-
verter to blast air through molten iron and thus burning the 
excess carbon and impurities. Steel with less than 0.15% car-
bon. 

Mild steel 
(rimmed steel) 
Acier doux 
Unberuhigter Flussstahl 

Refers to steel with less than 0.15% carbon produced at the 
end of the 19th century and early 20th century with Siemens-
Martin process. The properties are close to today’s S235 
steel. 

Killed steel 
Beruhigter Flussstahl 

Steel produced after end of 19th century or early 20th using the 
Siemens-Martin- or the Thomas-process wherein the use of 
converter is characteristic. This kind of steel has properties 
close to modern steel. 

 
The following sections present a literature overview of the historical metal materials cast 
iron, puddle iron and mild steel. The focus will lie on the more common puddle iron and 
mild steels. 

2.2 Cast iron 
Cast iron is an iron-carbon alloy with carbon values >2% (often 4%) that has been given 
its final shape with casting. Cast iron was one of the first metallic materials to be used 
for structures. This very brittle material, due to the high carbon content, is characterised 
by a good compressive strength and poor tensile strength. Thus cast iron was applied 
mainly for structural members under compression, as arches and columns. The arches 
of bridges were replaced very soon by steel, because cast iron turned out to be too sen-
sitive for impact. As a consequence we nowadays find cast iron mostly in columns of 
bridges only. 
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Next to carbon cast iron contains further elements as silicon, phosphor, manganese and 
sulphur. These elements have the same influences on cast iron as on steel. 
The mechanical properties of cast iron depend on numerous parameters, such as 
chemical analysis, cooling process and therefore plate thickness, microstructure, num-
ber and type of graphite precipitation. 
The corrosion resistance of cast iron is basically higher than of steel, but damages must 
be expected when the structure is exposed to salt effects. Moreover, where members of 
grey cast iron contact steel members (e.g. connections with bolts or pins), damages 
might occur due to steel corrosion causing rust blasts that can affect the cast iron. 
Depending on the manufacturing process and the chemical analysis cast iron is distin-
guished in a variety of different cast iron materials, the common ones used in structures 
are listed below. 

• Grey cast iron with lamellar (flake) graphite 

• Grey cast iron with spheroidal graphite 

• Tempered cast iron 
The cast iron used in early iron structures before and around 1900 was grey cast iron 
with lamellar graphite. The following investigations refer to this grey cast iron.  
Grey cast iron, cast iron with lamellar (flake) graphite, owes its name to its grey fracture 
surface and is the most common cast iron. It contains C (1.7-4.5%), Si, Mn and Fe. The 
distinguishing feature of grey cast iron is that (part of) the carbon is precipitated as thin 
flakes of graphite dispersed throughout the metal, see Figure 6, due to relatively slow 
cooling of the casting. These graphite flakes cause a significant brittleness of the mate-
rial because they behave like internal notches where stress concentrations occur. Load-
ing the cast iron member with tensile stresses leads to internal cracks along these 
flakes. The consequence are poor ductility properties. This disadvantage has been 
eliminated with modern cast iron materials, which due to their analysis and microstruc-
ture have higher ductility and strength properties, e.g. cast iron with spheroidal graphite. 
Grey cast iron in historical structures has an ultimate tensile strength of 100–
200 N/mm². The compressive strength reaches values 3-4 times as high as the tensile 
strength. Elongations of only 0.3-0.8% are reached, [2]. 
Table 3 shows the improvement of the tensile strength in the course of history as re-
searched in [14]. Table 4 gives a more specific overview of the most important material 
parameters of old grey cast iron, taking into account the ranges of scatter.  
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Figure 6. Microstructure of grey cast iron with lamellar graphite (left) and in comparison 
of cast iron with spheroidal graphite (right) [40] 
 
Table 3. Ranges of ultimate tensile strengths for cast iron [14] 

Time period Ultimate tensile strength 

14th century -1850 80 –120 N/mm² 

1850 – 1900 120 – 180 N/mm² 

1900 - 1942 120 – 400 or more N/mm² 

 
Table 4. Material parameters of old grey cast irons (range) [2]  

Elasticity modulus 85 000 ≤ E0 ≤ 130 000 N/mm² 

Compressive strength 320 ≤ RD ≤ 780 N/mm² 

Tensile strength 80 ≤ RM ≤ 180 N/mm² 

Acoustic velocity 3 800 ≤ cI ≤ 4 900 m/s 

Carbon content 3.0 ≤ C ≤ 3.5 % 

Saturation level * 0.9 ≤ SC ≤ 1.0  

Average length of lamellae 80 ≤ lLam ≤ 500 mm 

* The saturation level specifies the influence of additional chemical elements within the 
cast iron on the position of the eutectic carbon value. 

 
Fatigue properties of old grey cast iron 
For old cast iron the fatigue strength can be estimated between 10 and 15 kg/mm² [14].  
It was examined in [15] for especially low-strength, high phosphorous cast iron (weak 
cast iron), which was used at the time of the 19th century: 
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• The fatigue limit of weak cast irons can be increased to a remarkable degree by 
prestressing at or just below the fatigue limit. 

• Weak cast irons show a remarkable ability to absorb overstress, both in the 
notched and unnotched condition. 

• Cast irons in general have low notch sensitivities in fatigue. 
Later examinations [16] confirmed the independency of fatigue strength on notches. In 
case of fatigue loading it is generally recommended to limit the maximum design 
stresses to 1/3 of the fatigue strength. 
 
Additional remarks 
Gray cast iron has a good wear resistance and good 'damping' properties (ability to ab-
sorb noise and vibrations). However, being a brittle material, it has a poor resistance to 
impact and shock (both mechanical and thermal). 
Cast iron is more complex to weld than steel because the high carbon content is likely to lead to 
brittle members on cooling, thereby causing cracking. It is therefore not recommended to weld 
cast iron. 

2.3 Puddle iron and mild steel 
Puddle iron 
Puddle iron, also known as wrought iron was the first structural steel until it was re-
placed by mild steel by the end of the 19th century. 
Puddle iron possessed low carbon concentrations and too high amounts of undesirable 
elements as phosphor and nitrogen, both of them embrittling the material and increasing 
the ageing process. The microstructure is very inhomogeneous by showing great differ-
ences in grain sizes, slag inclusions and inclusions of sulphides or oxides. These non-
metal inclusions are due to the manufacturing process of puddle iron, basically stirring 
and forging, which could not prevent the contamination by non-metal inclusions. The 
inclusions were arranged in the longitudinal direction of plates and profiles during the 
rolling process, see Figure 7, which lead to poor mechanical properties in the through-
thickness direction of the products. This strong anisotropy characterises puddle iron. 
In contrast to the rather poor mechanical properties puddle iron is featured by a good 
resistance against corrosion, which is one of the reasons why old puddle iron structures 
could be maintained until today. 
As mentioned above an extremely high scatter must be expected concerning the mate-
rial properties of puddle iron. Broad examinations of the chemistry, the microstructure 
and the corrosion resistance of puddle iron can be found in [3]. 
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Figure 7. Typical microstructure of puddle iron [2] 
 
Mild steel 
The majority of what today is considered as old metal bridges consists of mild steels. 
For the manufacturing of mild steel the following most common processes were devel-
oped that successively replaced the production of puddle iron. Mild steels can be speci-
fied by their particular process type that had a significant influence on the material prop-
erties: 

Bessemer-steel (since 1860) 
High nitrogen content due to refining process using air converter and therefore 
susceptible for ageing, phosphorus content too high compared to modern steels 
Thomas steel (since 1880) 
Like Bessemer-steel too high nitrogen content due to refining process using air 
converter, but lower phosphor and sulphur contents. 
Siemens-Martin steel (since 1864) 
Relatively clean with little contamination, lower nitrogen values, but usually in-
creased sulphur content. 

The great advantage of mild steel is that it shows much less the undesired inclusions 
and the material anisotropy which puddle iron feature due to the puddling process. 
Therefore mild steels achieve significantly higher ductility and toughness values which 
scatter less. 
Section 2.5 offers a procedure to classify old steels as puddle iron or mild steels according to 
results of chemical analysis and microstructure examinations. 

2.3.1 Chemical analysis 
Reference average values for typical chemical analyses of puddle iron, found in various 
studies, are given in Table 5 and Table 6. The data collection in Table 6 was taken from 
Langenberg [7]. Reference average values for typical chemical analyses of mild steel 
are given in Table 7 and Table 8. 
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Table 5. Average concentrations [%] for chemical contents of puddle iron (wrought iron) 

Reference C Si Mn P S Cr N Cu Ni Al 
[1] 0.043 0.074 0.207 0.183 0.051 0.028 0.009 0.056 n.s. 0.001
[3] 0.048 0.077 0.061 0.325 0.031 n.s. n.s. 0.042 0.046 n.s. 
[46] 0.018 0.1 < 0.1 0.47 0.056 n.s. 0.007    
n.s.: not specified 
 
Table 6. Average concentrations [%] of chemical contents of puddle iron acc. to various 
authors, collection taken from [7] 

Reference C Si Mn P S 
[8] 0.021 0.09 0.06 0.37 0.021 

0.07 0.1  0.016  [9] 0.12 0.11 0.14 0.2  
0.10 0.06 0.01 0.25 0.03 
0.11 0.11 0.01 0.11 0.01 [10] 
0.02 0.15 0.03 0.12 0.02 
0.001 0.056 0.013 0.28 0.037 
0.003 0.021 0.092 0.092 0.006 
0.015 0.030 0.070 0.067 0.003 
0.024 0.035 0.095 0.286 0.010 
0.001 0.034 0.097 0.283 0.014 
0.001 0.110 0.146 0.287 0.010 
0.003 0.068 0.108 0.317 0.018 
0.170 0.021 0.487 0.012 0.056 

[11] 

0.007 0.001 0.373 0.035 0.034 
 
Table 7. Average concentrations [%] for chemical contents of mild steels  

Reference C Si Mn P S Cr N Cu Al 
[1] 0.162 0.017 0.599 0.052 0.042 0.006 0.01 0.104 0.005
[3] 0.018 0 0.366 0.084 0.068 n.s. n.s. 0.011 n.s. 
n.s.: not specified *: maximum permissible carbon equivalent CEV 
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Table 8. Average concentrations [%] of chemical contents of mild steel acc. to various 
authors, collection taken from [7] 

Reference C Si Mn P S Process 
0.1-0.12 0.08-0.1 0.25-0.3 0.06-0.08 0.05-

0.06 
Bessemer 

0.1-0.2 0.08-0.15 0.4-0.5 0.06-0.08 0.05-
0.06 

Bessemer 

0.13 0.01 0.47 0.066 0.037 Thomas 
0.05-0.1 <0.005 0.3-0.5 0.05-0.08 0.04-

0.07 
Thomas 

0.05-0.09 <0.005 0.3-0.4 0.05-0.08 0.04-
0.07 

S-M 

[11] 

0.13 0.15 0.46 0.016 0.019 S-M 
0.09 0.02 0.37 0.04 0.05 S-M [12] 0.62 0.14 0.89 0.04 0.05 S-M 
0.038 0.01 0.4 0.65 0.044 n.h. 1910 [8] 0.05 0.01 0.4 0.041 0.034 n.h. 1936 
0.15 0.01 0.81 0.06 0.062 n.h. 1940 

1) 
0.04 0.01 0.4 0.047 0.037 n.h. 1922 

2) [13] 

0.15 0.02 0.27 0.068 0.02 n.h. 1900 
1) 

S-M: Siemens-Martin-producing process 
n.h. no hint of the producing process but of the year of production, e.g. 1910 
1) rolled profile 
2) plate 

2.3.2 Strength properties 
Although old puddle iron and mild steels differ greatly in toughness properties both 
steels reach in general the same strength, [20], [22]. 
In [1] the results of 99 tensile tests on specimens taken of old bridge members have 
been statistically evaluated. In order to include the scatter within a structural member, 
several samples were taken from each member. The manufacturing process was not 
taken into account. Table 9 shows the resulting mean values and standard deviations. 
The orientation of the specimens in relation to the rolling direction is not specified. Fur-
ther tensile tests with distinction of puddle iron and mild steel have been carried out in 
[20], [7]. The results are given in Table 10 and Table 11.  
[17] provides reference values for 5%-fractile values of the yield strength ReL that are 
based on statistical evaluations of test data of old bridge material, given in Table 12. 
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Table 9. Evaluation of tensile tests on old steel bridges of [1] 

Parameter Number of 
samples n 

Mean value 
X0,50 

Standard devia-
tion s 

Yield strength [N/mm²] 99 283.6  40.6 
Ultimate tensile strength 
[N/mm²] 99 389.1  36.5 

Elongation [%] 90 24.86 8.46 
 

Table 10. Evaluation of tensile tests on puddle iron and mild steel in [20] 

Puddle iron Mild steel 
Parameter 

n X0,50 s n X0,50 s 

Yield strength 
[N/mm²] 12 239 12 8 226 12 

Ultimate tensile 
strength [N/mm²] 12 344 15 8 399 22 

Elongation [%] 12 15 2 8 40 4 

E-modulus [N/mm²]   170 000-
190 000   210 000 

 

Table 11. Evaluation of tensile tests of old steel bridges taken out of literature. Data col-
lection acc. to [7] 

Parameter Process Number of 
samples n 

Mean 
value X0,50 

Standard de-
viation s 

S-M 481 282 19.6 
Thomas 680 282 12.8 Yield strength [N/mm²] 
n.h. 90 272 28.9 
S-M 487 417 13.8 
Thomas 680 409 10.3 Ultimate tensile strength 

[N/mm²] n.h. 90 417 28.9 
S-M 485 27 3.1 
Thomas 680 27 1.5 Elongation [%] 
n.h. 90 25 3.1 

S-M: Siemens-Martin-producing process 
n.h. no hint of the production process; in general old mild steel 
 

Table 12. Yield strength values (5%-fractile) [17] 

Material Test temperature T [°C] Yield strength 5%-
fractile ReL,5% 

Puddle iron 200 
Mild steel +10 230 
Mild steel 0 240 
Mild steel -30 250 

 



Sustainable Bridges SB-4.6 2007-11-30  26 (218) 
    
 
Table 13. Evaluation of tensile tests on mild steel in [7] 

Mild steel 
Parameter Temperature 

in °C X0,50 s Distribution X0,05 

-30 310 36 LN 257 Yield strength [N/mm²] 0 293 29 LN. 248 
-30 446 40 LN. 385 Ultimate tensile 

strength [N/mm²] 0 423 32 LN 374 
Elongation [%] 0 34 5 N 26 
Elongation in through 
thickness direction[%] 0 66 5 N 57 

LN: Lognormal distribution   N: Normal distribution 
 

It can be assumed that the strength properties of mild steel fulfil the requirements of 
S235JR (according to EN 10 025). Puddle iron does not meet the ductility requirements 
of S235JR, due to very low elongations (A) and area contractions (Z). 

2.3.3 Toughness properties 
Old steels, independently on whether they are puddle iron or mild steel, achieve lower 
charpy energy values and thus have to be assessed as more brittle than modern steels. 
Charpy energy values, usually specified as temperature values T27J or T40J in product 
standards (test temperatures where a charpy energy KV  = 27J is reached, or KV = 40J 
respectively) are qualitative parameters for the material toughness allowing the classifi-
cation of the steel grade. 
In general it was observed in [1], [4], [7], [17], that for old bridge steels test temperatures 
between 0°C and –30°C charpy energy values were achieved that refer to the lower 
shelf region of the toughness transition curve. This was the case for puddle iron as well 
as for mild steels, independent on the manufacturing process. 
Average charpy energy values at room temperature reach KV  = 27J, with T27J = 20°C, 
which means that old steels can be classified as JR-steels according to EN 10025 at 
best, unless more specific toughness properties are available. 

2.3.4 Fatigue properties 
Literature offers only marginal data concerning the fatigue strength of old steels. Espe-
cially data from steels produced in the 19th century is hardly available. 
Studies of old riveted steel members showed that these can be classified in the fatigue 
detail category 71 N/mm², [17], [20], [55], [56]. This classification refers to stresses that 
result in the net section of the riveted member, meaning the gross section of the mem-
ber minus the section given by the diameter of the rivet hole. The detail category repre-
sents a survival probability of 97.5% and is the result of a statistical evaluation of more 
than 70 fatigue tests with riveted large scale test specimens. It was observed that the 
fatigue behaviour of riveted mild steel and riveted puddle iron does not differ. 
In some publications even more beneficial values were found, indicating that the as-
sessment of 71 N/mm² might be conservative. E.g. in [20] tests with riveted bridge gird-
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ers showed a fatigue detail category of almost 90 N/mm² which leads to a conservative 
assessment if 71 N/mm² is applied. The cut-off limit was evaluated as 70 N/mm² which 
can be considered as safe sided if all single stress ranges are below 70 N/mm². Yet, 
due to the relatively small number of tests it is recommended to apply a fatigue detail 
category of 71 N/mm² on the safe side. This assessment was confirmed by Akesson 
and Al-Emrani in 0, where fatigue tests on 100 year old riveted stringers of mild steel 
lead to a detail category of 71 N/mm² or above. 
[46] presents the evaluation of experimental fatigue examinations of puddle iron. The 
investigated details were solid bars, bars with new drilled circular holes and bars with 
rivet holes, taken from German railway bridges of 1880. The results showed the follow-
ing: 

• Solid bars achieved a mean value for the fatigue limit ΔσD = 184 N/mm² at 2 mil-
lion load cycles. 

• Bars with new drilled holes achieved a mean value for the fatigue limit 
ΔσD = 116 N/mm² at 2 million load cycles. 

• Bars that still contained the original rivet holes achieved a lower fatigue limit com-
pared to the new drilled holes, mean value ΔσD = 94 N/mm² at 2 million load cy-
cles. The reason is the corrosion effect at the original rivet hole; a higher degree 
of corrosion decreases the fatigue strength. 

• Riveted bars achieved a mean value ΔσD = 92 N/mm² at 2 million load cycles. 

• Puddle iron has a lower notch sensitivity than modern steel. 

• The slope of the new fatigue strength curves varies from 3.5 – 6 (9 for riveted 
bars). 

The 90% survival probability was determined for bars with holes as ΔσD = 70 N/mm² at 2 
million load cycles. The slope was determined as m = 5. 

2.3.5 Fracture toughness 
A correlation of fracture toughness and charpy energy values exists for modern steels. 
For old steels such correlations could not be verified because of missing toughness data 
for puddle iron and mild steels. 
According to test evaluations in [23] the fracture toughness KIC was evaluated as 
KIC = 2600 N/mm3/2 as characteristic value. Mild steels reach KIC-values almost twice as 
high. 
In early investigations, e.g. [22], [23] and [6], it was questioned whether the structural 
behaviour of old steels could realistically be described with linear elastic fracture me-
chanics. The doubts were based on the reason that the old materials have low strength 
properties which lead to big plastic zones at the crack tip. Yet in many other studies, e.g. 
Hensen [29], proved the applicability of linear elastic fracture mechanics by introducing 
remaining capacity assessment procedure for old steel bridges. However, fracture 
toughness parameters are usually given as J-integral-values. 
Examples for JC are given in Table 14 for the test temperature T = -30°C. 
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Table 14. Fracture toughness JC-values (average values) for several old bridges in 
Germany [1] 

Bridge JC for T = -30°C [N/mm²] 
Hammer bridge (Mild steel 1907) 42 
Breisgauer Str. Berlin 65 
Spanische Allee Berlin 44 
Lindenthaler Allee Berlin 59 
Wilmersdorfer Str. Berlin 33 
Average of S-Bahn bridges Berlin 33 

 
[17] provides reference values for 5%-fractile values of fracture toughness values JC that 
are based on statistical evaluations of test data of old bridge material, given in Table 15. 
More data of mild steels was evaluated by Langenberg [7], the results given in Table 16. 
 

Table 15. JC -values (5%-fractile) [17] 

Material Test temperature T [°C] Fracture toughness 
5%-fractile JC,5% 

Mild steel 0 30 
Mild steel -30 17 

 

Table 16. Evaluation of fracture toughness tests on mild steel acc. to [7] 

Mild steel 
Parameter Temperature 

in °C X0,50 s Distribution X0,05 

-30 40 51 LN 11 

0 37 38 LN 12 Jc [N/mm] 

-30 & 0 39 43 LN 11 

-30 91 53 LN 41 

0 100 65 LN 42 Ji [N/mm] 

-30 & 0 95 59 LN 41 
LN : Lognormal distribution 

2.3.6 Crack growth properties 
Threshold value ΔKth  
Barsom [24] gives formulae to assess the threshold value ΔKth generally for all steels. 
This assessment is supposed to be a good approximation and on the safe side for old 
and modern steels. ΔKth depends on the stress ratio R = σmin/σmax: 

• ΔKth = 220 (1 – 0.85 R)   [N/mm3/2]   for R > 0.1 

• ΔKth = 190       [N/mm3/2]   for R ≤ 0.1 
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In [17], [29], and [55] a threshold value independent on the R-ratio is suggested for old 
steels: 

• ΔKth = 63 N/mm3/2 ~ 2    [MPam1/2]    for all R 
The British Standard suggests in [19], taking into account the R-ratio: 

• ΔKth = 170 – 214 R    [N/mm3/2]   for R ≤ 0.5 

• ΔKth = 63        [N/mm3/2]   for R ≤ 0 
A more refined estimation is given in [57], where the influence of the stress ratio on the 
threshold value of the stress intensity factor ΔKth is investigated by literature research. 
Three conclusions were drawn: 

• The stress ratio R does have an influence on ΔKth. 

• The influence of the R-ratio is only important if no local or global tensile residual 
stresses effect the member. As soon as tensile residual stresses exist the influ-
ence by the R-ratio can be neglected. 

• As a simplified and safe sided assumption the lower limit ΔKth = 63 N/mm3/2 is 
recommended. 

Maximum values for the threshold stress intensity factor Kmax,th have been investigated 
in [34]. The material parameter Kmax,th can be used to exclude crack growth of certain 
stress ranges Δσ. For each stress range Δσi the maximum stress σoi can be determined 
by evaluation of load-history with counting methods, that leads to a maximum stress 
intensity factor Kmax,i with the following equation. Figure 8 shows the definition of Kmax. 
If Kmax,i is lower than the material parameter Kmax,i it can be concluded that this particular 
stress range will not cause crack propagation. 

 max, max, , for 0 0.9i oi thK a Y K R= σ π ≤ < <  (1) 

According to [34] the parameter Kmax,th has for mild steels the value: 
Kmax,th = 322 N/mm3/2 
 

 
Figure 8. Definition of Kmax  
 



Sustainable Bridges SB-4.6 2007-11-30  30 (218) 
    
 
Crack propagation parameters  
The general opinion in literature is that existing cracks grow faster in mild steels than in 
puddle iron. This higher crack growth rate is due to the crack propagation parameters C 
and m that are included in Paris’ crack growth law. These material parameters can be 
determined with crack growth tests and small scale test specimens under cyclic loading. 
Barsom [24] suggests for crack growth parameters C and m of Paris’ crack growth law 
for mild steels with ferritic microstructure: C = 2.2 10-13 and m = 3. 
In [23] it was confirmed that this crack growth rate, which referred to modern steels, also 
applies to old steels by being safe sided. For puddle iron these parameters seem to be 
conservative. Yet it is recommended to apply these values because by overestimating 
the crack growth of puddle iron the high scatter of material behaviour of puddle iron is 
compensated. 
Another suggestion for old steels is given in [5] and [55]: C = 4 10-13 and m = 3 (values 
refer to upper range). 

2.3.7 Material of rivets 
Rivets were produced of very tough, ductile steels, because a plastic behaviour was 
necessary after implementing in the structure. 
The fatigue shear strength of rivets was in [20] found to be 100 N/mm². 

2.3.8 Microstructure and weldability 
The components of old structural irons and steels are very inhomogeneous, because 
the historical manufacturing processes were based only on experiences (thumb rules). 
Consequently the chemical analysis as well as the mechanical properties of old steel 
bridges underlie a great scatter. The inhomogeneity also affects the cross section of a 
member, due to significant contaminations and segregations inside the plates or pro-
files. Therefore welding of old puddle iron or mild steels it is not recommended if it can 
be avoided, because the heat during the welding process very likely causes an accumu-
lation of contaminations in the heat affected zone of the base material causing damages 
like cracks. The same risk applies for other thermal processes (e.g. flame cutting). 
Since the applicability of welding would simplify a large number of repair and strength-
ening cases of old steel structures, a more detailed investigation was gathered in [55] 
regarding the proof of the weldability of old steels. The suggested procedure is given 
in the following. 
Due to the fact that in the beginning of the 20th century there was no standardization in 
the industry as regards the production of steels, a wide variety of chemical and me-
chanical properties of the early metals can be found. Therefore the weldability of steels 
does not need to be excluded categorically. In fact some of this early steel is very weld-
able and some is not. 
Wrought (puddle) iron is very inhomogeneous and shows a lot of slag inclusions, which 
makes it nearly impossible to weld such steels. The early mild steels often have high 
contents of Nitrogen, which causes strong ageing effects, especially when reaching 
temperatures of 250°C. This temperature is reached during the welding in the heat-
affected zone (HAZ), what causes a remarkable rise of the risk of brittle fracture. As the 
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chemical analysis of old steels varies in a very wide range, it is not even possible to 
conclude from one part of a structure to another. Even parts with same cross sections 
do not allow a simple conclusion because one cannot be sure that they were made out 
of the same charge [2]. Also the fact that a structure may have been built after 1910 
does not guarantee automatically its weldability. 
In general a material is called weldable, if two or more parts can be connected using 
welding processes, leading to a connection which is sufficient regarding the planned 
purpose and load situation. To examine the weldability a step-wise procedure should be 
chosen: 

(1) The obvious first test for weldability is to examine the existing steel work to see if 
welding was used during the original fabrication and erection or if the structure 
has been successfully welded onto previously. 

(2) Any steel whose weldability cannot be confirmed by such positive evidence 
should be tested. This can be done by cutting or drilling samples from redundant 
parts of the existing steel and having them tested mechanically for ductility and 
chemically for carbon content and other ingredients.  
(1) Alternatively, according to [58], a simple on-site test can be done by welding 
a lug of weldable steel to an existing member or base metal specimen and beat-
ing it with a hammer, see Figure 9. If the weld deforms without fracturing, the 
steel can be considered weldable. If the weld separates from the base metal at 
the junction of weld and base metal this indicates that the base metal is subject to 
hardening, often as a result of a high carbon content. The separation exhibits a 
grey granular surface and usually follows the profile of the heat-affected zone, 
appearing as a shallow crater in the base metal. This is not a very sophisticated 
test (about as refined as the hammer test on welded shear studs), but still it is 
considered useful in emergencies or when a testing agency is not readily avail-
able. It is not recommended if other methods of determination are available. 

(3) If the chemical analysis of the material has been determined, three of the ingredi-
ents of the steel must be considered in particular, as they have a considerable ef-
fect on its weldability: 

• Carbon: Too much of carbon results in high hardening effect and eventual 
loss of ductility. 

• Phosphor: An excess of phosphor increases brittleness. 

• Sulphur: A high sulphur content often results in porous welds, [60]. 
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Test for weld ductility  Test for harden-
ing 
         of base metal  

Figure 9. Simple on-site test and dimensions of the test specimen according to AWS 
Spec. D1.1 [59] 
 

(4) The weldability can be determined by the carbon equivalent CEV. There are quite 
a few carbon equivalent formulas in circulation today. In Europe there are in fact 
two popular expressions for the carbon equivalent, one due to the International 
Institute for Welding (IIW) [62], and the other due to Ito and Besseyo [62], cover-
ing the high and low ranges of carbon. 
For steels with C > 0.18% what is normally the case regarding old steel struc-
tures the IIW-formula should be used: 

Carbon equivalent: CEV = C + Mn/6 + Cr/5 + Mo/5 + V/5 + Ni/15 + Cu/15 + Si/6 
where 
C = Carbon content in % 
Mn = Manganese content in % 
Cr = Chromium content in % 
Mo = Molybdenum content in % 
V = Vanadium content in % 
Ni = Nickel content in % 
Cu = Copper content in % 
Si = Silicon content in % 

A carbon equivalent of less than 0.40% determined with the above formula generally 
assures good weldability [1]. The Ito-Besseyo carbon equivalent formula has smaller 
coefficients when compared with the IIW formula. It is believed to be more reliable 
for low carbon steels (C < 0.18%). 

If a carbon equivalent formula is used, the laboratory analysis report should be 
required to list the quantities of each of the elements in the formula, even if the 
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percentage reported is zero. If excessive CEV are indicated, further investiga-
tions of the existing steel, such as destructive tests, should be considered. From 
the foregoing, it should be evident that the higher the carbon content the less 
adaptable is the steel to welding. In case the material turns out to be not weldable 
other repair methods should be considered. 

(5) The large number of available formulae for the carbon equivalent shows clearly 
that this method to determine the weldability cannot be used without a critical 
analysis of all attendant circumstances. The experience has shown that in some 
cases the application of the carbon equivalent formulae leads to an unsafe as-
sessment, i.e. the weldability cannot be assessed sufficiently. The most reliable 
classification of the weldability of steel is possible carrying out so called cold-
cracking tests. For these destructive tests samples made from the existing struc-
ture are necessary. For practice, the most common cold-cracking tests are the 
Tekken test [62] and the CTS test [63], which both are shown in Figure 10. In 
both tests the necessary test load is caused by cooling down the weld. A useful 
compilation of the available cold-cracking tests can be taken from [64]. 

 
Modified Tekken test 
 
 
 
 
 
Controlled Thermal Severity 
(CTS) test 

Figure 10. Common cold-cracking tests 
 
The step-wise procedure mentioned above leads to the following thumb-rules: 

(1) Welding and flame-cutting on existing structures should be avoided if possible. 
If welding is mandatory and cannot be avoided, then: 

(2) The weldability must be established positively by one of the above mentioned 
methods, before welding old steel structures. 

(3) The quality of the characterisation of the weldability increases according to the 
following listing in the same way as the effort for testing: 

• simple on-site test 

• carbon equivalent 

• cold-cracking tests 
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(4) If possible, the specific members should be tested on which the welding is to be 
performed. 

2.4 Old metal bridge material in current railway codes 

2.4.1 Germany 
The Guideline by 805 by Deutsche Bahn Netz AG [41] specifies for old metal bridge ma-
terial the following: 
The used iron materials were: 

• Wrought iron/puddle iron (Schweißeisen):  application period 1850 – 1900 

• Mild steel (Flusseisen, Flussstahl)     application period 1890 – 1940 
Reference values for characteristic values are given in the following table. It is indicated 
that these values may be more safesided and conservative than values determined by 
direct testing. 
 
Table 17. Characteristic values for mechanical properties of steels, rivets and bolts ac-
cording to Guideline 805 of German railways [41] 

Material Yield strength 
fy,k [N/mm²] 

Ultimate strength
fu,k [N/mm²] 

Elastic 
modulus 
E [N/mm²] 

Shear 
modulus 
G [N/mm²] 

Iron pre 1900 220 320 200 000 77 000 
Iron and mild 
steel past 1900 235 335 210 000 81 000 

Rivet USt 36 205 330   
Rivet RSt 44 250 440   

2.4.2 United Kingdom 
The assessment code for railway bridges, Railtrack Line Code of Practice RT/CE/C/025 [52] 
gives in appendix A material data for steel and wrought iron, presented in Table 18. 

 

Table 18. Material properties according to RT/CE/C/025 

Material Yield strength 
[N/mm²] 

Minimum ultimate tensile strength  
[N/mm²] 

Steel pre 1905 
Steel BS 15: 1906 
Steel BS 15:1948 

205 
230 
245 

370 
430 
430 

Wrought Iron 190 285 
Steel Rivets pre 1905 * 
Steel Rivets past 1905 

335 
300 

450 
385 

Wrought Iron Rivets * 275 300 
The yield and ultimate strength is taken as the mean strength from test results. 



Sustainable Bridges SB-4.6 2007-11-30  35 (218) 
    
 

2.4.3 Sweden 
The code concerning reference values for old metals are the Swedish Railway Admini-
stration code Bärighetsberäkningar av järnvägsbroar BVS 583.11.2003 [120]. The refer-
ence values for old steel characteristics, yield strength ( yf ) and ultimate strength ( uf ), 
are divided into four intervals depending on the time of construction: 

Steel in bridges built past 1955 

Values for yf  and uf  can, for steel produced according to SS-EN, be determined by 
the Swedish design code for steel structures BSK 99 [121]. 
Steel in bridges built 1919-1955 
Values for yf  and uf  can be retrieved accordingly:  

• For steel with grades according to SS-1311 etc. the characteristic values are 
obtained from Table  

• for St 00 values are according to 1300 in Table 19 

• for St 37 values are according to 1311 in Table 19 

• for St 44 values are according to 1412 in Table 19 

• for St 48 values are according to 2110 in Table 19 

• for St 52 values are according to 2114 in Table 19 
Steel in bridges built 1901-1919 
Steels except soft steels have mechanical properties corresponding to St 37. The 
mechanical properties for St 37 can be taken as the corresponding values for SS 
1311 (Table 19), multiplied with a factor 0.8. Soft steel class A have mechanical 
properties corresponding to SS 1412 (see Table 19), multiplied with a factor 0.8. 
Steel in bridges built before 1901 

The mechanical properties can be taken as the corresponding values for SS 1311 
(Table 19), multiplied with a factor 0.55. 

Generally it is recommended for unknown steel that the lowest mechanical property for 
the time period shall be chosen and that additional material tests can be performed. 
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Table 19. Material properties from BVS 583.11.2003 Swedish Railway Administration 

 

2.4.4 Denmark 
Information concerning material and the partial coefficients from Danish codes only cov-
ers road bridges, Beregningsregler for ekisterande broers bäreevne [122] according to 
Larsson [123]. 

The course of action in the evaluation code concerning material properties are:  

• Directly use the material data 
• Correct due to age (generally the characteristics are not influenced by age) 
• Use the information of investigations to asses the condition 
• Conduct inspections of material degradation and conduct tests 

 
If data from documentation are available it shall be used in the evaluation. If the docu-
mentation can not be accounted for, reference values of old steel can be retrieved from 
the code. The arrangement of the mechanical properties is divided in four intervals de-
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pending on time of construction. The time intervals represent previous Danish codes 
and their material characteristics. 
The reference values for mechanical characteristic properties for steels in structures 
built 1941 or later are the St 37 (see Table 20).  

For structures built earlier than 1941 the following is valid: 

• St 37 is normally applied. 
• If steel with higher material properties are believed to been used the characteristic 

values can be retrieved from Table A2 in Appendix A. If specification of higher 
properties can not be determined, material properties of St 37 shall be used. 

• If a lower quality is believed to have been used values are retrieved from Table A2 
in Appendix A. 

Depending on the source of information of the material characteristics and determination 
of geometry, coefficients are determined according to Table 21. 

 

Table 20. Material properties from the Danish Road Administration 

Used in norm Yield limit Steel Used be-
fore 1941 1941 1976 1983 t ≤ 16 16 < t ≤ 40 40 < t 

St 37 
Fe 360 

X 
- 

X 
- 

X 
- 

X 
- 

235 
235 

225 
225 

215 
215 

St 42 A 
St 42, -1, -2, -
3 

- 
- 

- 
- 

X 
X 

- 
- 

260 
260 

250 
250 

240 
240 

St 44 
St 42, B, C, D 
Fe 430 

- 
- 
- 

X 
- 
- 

- 
X 
- 

- 
- 
X 

275 
275 
275 

265 
265 
265 

255 
255 
255 

St 50 
St 52 
Fe 510 

- 
- 
- 

- 
- 
- 

X 
X 
- 

- 
- 
X 

340 
340 
355 

330 
330 
345 

320 
320 
335 

General qual-
ity 

X - - - 200 190 180 

 
 
 
Table 21. Partial coefficients depending on material properties and geometry 

Accuracy of load model Good Normal Bad 
Geometry  a b c a b c a b c 

Default values 1.50 1.35 1.30 1.60 1.45 1.35 1.70 1.60 1.50
From documenta-

tion 
1.40 1.30 1.20 1.50 1.35 1.30 1.65 1.50 1.40

How the material 
values are ob-
tained 

Tests 1.30 1.15 1.10 1.35 1.25 1.15 1.50 1.35 1.30
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2.4.5 Switzerland 
The assessment code for riveted railway bridges of the SBB (SBB Weisung I-AM 08/02, 
29.05.2002, valid since 01.06.2002 “Richtlinie für die Beurteilung von genieteten Eisen-
bahnbrücken”, see [65]) provides in chapter 6 the following information and reference 
values for material properties of old iron and steel: 
The steels used in the time period around 1900 are to assess as wrought iron/puddle 
iron (Schweißeisen), unless an exact analysis has been performed. For puddle iron and 
old mild steel the reference values can be used as mentioned below: 

Ultimate tensile strength fu = 320 – 380 N/mm² (in rolling direction) 
Yield strength fy = 220 N/mm² 
Elastic modulus E = 200 000 N/mm² 
Shear modulus G = 77 000 N/mm² 
Density ρ = 78 kN/m³ 
Elongation at failure in rolling direction 
(*) 
Wrought iron: 
Mild steel: 

 
λ10 ≈ 12%, λ5 ≈ 15% 
λ10 ≈ 20%, λ5 ≈ 25% 

(*) Transversal to the rolling direction the values for the ultimate tensile strength, the yield 
strength and the elongation of wrought iron are significantly lower; for mild steels the values are 
marginally lower. 

Since approximately 1925 also Siemens-Martin-Steels were applied. The material refer-
ence values are listed below: 

Ultimate tensile strength fu = 370 – 460 N/mm²  
Yield strength fy = 240 N/mm² 
Elastic modulus E = 200 000 N/mm² 
Shear modulus G = 81 000 N/mm² 
Density ρ = 78.5 kN/m³ 

2.5 Material identification 
The following table gives a scheme to characterize and identify the material of old iron 
and steel structures with help of the typical characteristics concerning microstructure, 
chemistry and mechanical properties. The scheme can be found in [66]. 
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 Wrought (puddled) iron Early mild iron Modern killed steel 

Produced 
since:  
Till:     

1784 (Henry Cort: patent) 
1784 rolled profiles 
~ 1900 

1.Bessemer (b,1855) 
2.Siemens-Martin (b,1865) 
3.Thomas (s,1882) 
4.Siemens-Martin (s,1887) 

Developed from after 1910 

Method: 1. Puddling row iron to 
bloomery iron in reverbera-
tory hearth furnace 
2. rolling of muck- bar piles in 
puddle mills 

unkilled basic (b), later sour 
(s) steel, depending on the 
masonry of the oven and the 
production process 

Killed homogeneous steel 
with high tensile strength 
weldable, low grain size 

Characteristic of the materials: 

Sulphurous 
print 

 

 

  

 

segregation lines from slag 
containing sulphur and phos-
phor 

 
core segregation 

 
low content of S and P 

Chemical 
analysis 

C 0.04-0.08 %, Mn 0.1 – 
0.35%, 
S ~ 0.035%,     P    0.1-0.4 % 

C  0.4 - 0.9%,   Mn ~ 0.15 % 
S ~ 0.06%,       P ~ 0.06 % 

C < 0.15%           Mn < 1.05%
Si < 0.2                Ni  < 2.3  

Tension 
test 

only macroscopic elasticity 
no local bottling Rm / ReH ~ 
0.7 

 

 
local bottling due to local elasticity, depending on the posi-

tion of the specimen in the cross section (segregation zone) 

Grain struc-
ture 

 
large slag lines (approx. 70%-
FeO, 25%-SiO2, 4%-
MnO),1:320 

fatigue crack and impurities 
(Sulphur) 1:400 

homogenous small grain 
1:500 

Tension 
strength: 
Longitudinal 
direction: 
 

~ 1855: 
ReH  ~ 28 kg/mm2 
Rm ~ 36 kg/mm2 

in welding direction  Δl < 12 % 

Normal terms for delivery 
(1892) 
ReH  ~ 28 kg/mm2 
Rm ~ 37 to 44 kg/mm2 

           Δl > 25 % 

DIN 1625 (1925) 
Min Rm   = 37 kg/mm2 
Max Rm  = 45 kg/mm2 

           Δl > 25 % 
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3. Measured material properties of existing bridges 

Up to now material data has been collected by ~ 80 specified bridges. Around 1100 test 
samples have been collected. 
Around 10% of the collected data are wrought iron data and around 90% are mild steel 
data. 
The investigated material came from bridges in Germany, Sweden and France. 
 
Many of the German data cannot be retraced to a specific bridge as the documentation 
lacks information. The material was taken mostly from bridges in Berlin, Germany, that 
were built around the year ~1900. The bridges were railway bridges and underground 
bridges. The bridge components were mainly flanges (rolled plates). Where rolled angle 
sections were tested they were found of lower material quality than flanges. 

3.1 Statistical methods 

3.1.1 Safety assessment for design 
Limit state design of a structure is based on the rule that stresses (S) from action effects 
in a cross section of a structure will not exceed the structural resistance R, meaning the 
load-bearing capacity of this cross section. 
 

mS

f , fS R

mR

R at time t

sn rn

nominal
safety zone

s,r

f  (s)S

f  (r)R

S at
time t

S at time
t+ tΔ

R at time t+ tΔ

 
Figure 11. Safety assessment of steel constructions 
 
In figure 11, ( )Rf r  characterises the resistance density function and ( )Sf s  is the stress 
density function. It can be achieved by the appropriate design that a far enough distance 
exists between the resistance density curve and the stress density curve. 
In order to achieve a certain safety level, a certain distance between the agreed upper 
fractile of the action side sn and the agreed lower fractile of the resistance rn is intended, 
which is called “nominal safety zone”. The safety factor γ results from: 
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 n

n

r
s

γ =  (2) 

In the conventional safety concept standard load values are upper fractile values and 
the minimum strength values representing the material resistance as lower fractile val-
ues. 
With increasing service life the density curves of stress and resistance the safety dis-
tance in between is decreased, leading to a greater probability of failure (in Figure 11, 
dashed curves). The reasons are the increased probability of extreme load events on 
the one hand and the decrease of structural resistance due to ageing (corrosion, fatigue, 
deterioration) on the other hand. 
Analogue to the basics of the limit state design for new constructions in the design 
phase the safety analysis of existing constructions is carried out. This requires to take 
samples at critical positions of the structure and to acquire the lower yield strength of the 
material. With a statistical evaluation for these variables the agreed lower fractile value 
rn can be calculated. In accordance with the previous equation the safety factor γ is ob-
tained by taking into account the agreed upper fractile value sn that is provided by the 
relevant load standards. 
In contrast to the conventional safety concept with strength parameters a fracture me-
chanical assessment based on J-integral-parameters requires a distribution of previ-
ously obtained Jcrit-values at the resistance side. For the action stress side, Jappl-values 
are determined from the distribution of actions. The initial crack size a0 that so far was 
assumed deterministically could be replaced by a distribution of crack sizes, which could 
be derived from practical experiences. 

3.1.2 Evaluation of random sampling (descriptive statistics) 
As the population of a random variable is never obtained completely, a representative 
random sampling is investigated instead and empirical parameters are derived, whose 
reliability is enhanced by increased size of the random sampling. Descriptive statistics 
aim for the transfer of collected data to a useful form. 
In the following the statistical parameters relevant for this report are defined. It is pointed 
out how a random sampling can be graphically displayed for a reliable conclusion. 

3.1.2.1  Definition of statistical parameters for random sampling 
Average value 
The arithmetic average value is the relevant parameter to describe the central tendency 
of a random sampling: 

 { }1 2
1

1 1...
n

n i
i

x x x x x
n n =

= + + + = ∑  (3) 

where n: number of data; size of random sampling 
 
Median 
The median xmed of a sorted list of data is the exact limit where 50% of the values are 
below and 50% are above this limit. The median is the 50%-fractile value and also 
known as x50%. 
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Mode 
The mode xmod is the most frequent value occurring in a random sampling. While the 
average value is sensitive as regards extreme values the mode is not influenced by ex-
tremes. 
 
Variance 
The variance characterises the quadratic median of deviations of the average value and 
thus is a measure for the inhomogeneity of the random sampling. 

 2 2

1

1 ( )
n

i
i

s x x
n =

= −∑  (4) 

For a very small random sampling (n < 39) the following expression provides more exact 
results: 

 2 2

1

1 ( )
1

n

i
i

s x x
n =

= −
− ∑  (5) 

Standard deviation 
The standard deviation is the positive square root of the variance. The standard devia-
tion is relatively insensitive of the random sampling size. 

 2

1

1 ( )
n

i
i

s x x
n =

⎡ ⎤
= −⎢ ⎥

⎢ ⎥⎣ ⎦
∑  (6) 

Variation coefficient 
The variation coefficient V is a measure for the scatter (standard deviation) in relation to 
the average value: 
 ( 0)sV x

x
= ≠  (7) 

Characterising the relative scatter of the random sampling the variation coefficient is 
dimensionless. A decrease of V states indicates a decrease of scatter around the aver-
age value. 
 
Skewness 
The skewness indicates the measure of asymmetry of a distribution, see also figure 12: 

 

3

1
3

1 ( )
n

i
i

x x
n

g
s

=

−

=
∑

 (8) 

For asymmetric distributions the average value and the median are at the same side. 

x

f (x)

symmetric
g = 0

x

f (x)

right skewed
g > 0

x

f (x)

left skewed
g < 0  

Figure 12. Skewness of statistic distribution 
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3.1.2.2  Graphic display of distributions - Frequency distribution 
The axis of the characteristic parameter is divided into classes. In order to achieve a 
reasonable class size the number of classes k is recommended with k = n1/2 or 
k = 1 + 3.3 log(n) where n is the number of data values. 
The frequency of data within a class presented for the mid-point of class leads to the 
“absolute frequency distribution”. This is mostly presented as a histogram as shown in 
figure 13 as an example for the lower yield strength of a steel.  
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Figure 13. Absolute frequency distribution of a parameter 
 
The relative frequency distribution results when the number per class is divided by the 
total number n. 
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Figure 14. Relative frequency distribution of a parameter 
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The accumulation of the class number form left to right results in the cumulative fre-
quency distribution (figure 15). 
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Figure 15. Relative cumulative frequency distribution of a parameter 
 
From the cumulative frequency distribution the distribution of population can be derived 
(n → ∞). If the parameter/random variable is continuous, meaning that: within certain 
limits any values can be assumed, the cascaded form of frequency distribution changes 
to a continuous one. In this case the curve is called density function. The cumulative 
frequency distribution passes into distribution function. 

3.1.3 Conclusion from random sampling to population (inductive sta-
tistics) 

3.1.3.1  Density function and distribution function 
The population can be derived from the random sampling. The most probable occur-
rence of values of this population is equal to the frequency distribution of the random 
sampling. 
The discrete parameter X reaches values x1, ..xj, ..xk with relative frequencies h1, ..hj, 
..hk. So the probability P of xj  to occur is equal to hj. The resulting density function is 
defined as follows: 

 ( ) ( )j jf x P X x= =  and 
1

( ) 1
k

j
j

f x
=

=∑  (9) 

The distribution function of population (n → ∞) of discrete variables, to which the cumu-
lative frequency function (n < ∞) is attached, is defined as follows: 

 ( ) ( ) ( )
jx x

F x P X x f x
≤

= ≤ = ∑  (10) 
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For continuous parameters, so called scattering variables, e.g. mechanical properties, 
imperfections of structures and load effects, the definition of the density function is: 

 
0

( )( ) lim
x

P x X x xf x
xΔ →

≤ ≤ + Δ
=

Δ
 and ( ) 1f x dx

+∞

−∞

=∫  (11) 

The distribution function of population (n → ∞) of continuous variables, to which the cu-
mulative frequency function (n < ∞) is attached, is defined as: 

 ( ) ( ) ( )
x

F x P X x f x dx
−∞

= ≤ = ∫  (12) 

F(x) is the probability for X being smaller or equal to x. The opposed probability, thus 
P(X > x), results to 1 – F(x). The probability for a realisation of X between two marks x1 
and x2 is:  

 
2

1

1 2 2 1( ) ( ) ( ) ( )
x

x

P x X x F x F x f x dx≤ ≤ = − = ∫  (13) 

This is the area under the density curve between x1 and x2. 
Finally certain “moments” of the variable X can be received using the given definitions. 
The “first ordinary moment” of X is the average value μ of X. The “second central mo-
ment” is the variance σ² of X. The standard deviation σ is the square root of the variance 
σ². 
The following variables correspond to random sampling and population: 

 ² ²
x
s
s

↔ μ
↔ σ

↔ σ
 (14) 

The so called “fractile values” of X depend on these variables.  

3.1.3.2  Normal Distribution 
The Normal or Gaussian distribution with the average value μ and the variance σ² is de-
scribed by the follow function: 

 
21

21( ) ( )
(2 )

x

f x e x
−μ⎛ ⎞− ⎜ ⎟σ⎝ ⎠= −∞ < < +∞

π σ
 (15) 

The Normal distribution is symmetric as regards the average value. So the average 
value is identical to the median and the mode. The standard deviation is the difference 
between the 84.1%-fractile (or the 15.9%-fractile) and the average value. This distribu-
tion is typical for an equiprobable pattern of events with great amount. 
The integration of fX(x) provides the accumulated relative frequency function F(x) also 
known as Φ(x): 

 
21

21( )
(2 )

x

F x e d
ξ−μ⎛ ⎞− ⎜ ⎟σ⎝ ⎠

−∞

= ξ
π σ ∫  (16) 
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A special form of the normal distribution is the standard normal distribution, where the 
average value and the standard deviation are: 
 μ  0 and σ  1= =  (17) 

A very clear method for approximation of parameters from random sampling is the 
preparation of a probability graph paper. 
For the calculation of fractile values the constant k (table 22) is applied, which depends 
on the number of samples. p is the falling below probability and q is the exceeding prob-
ability. 
Table 22. Constants for deriving the fractile values (n  ∞) 

p q k 
99% 1% 2.32 
98% 2% 2.054 
97% 3% 1.882 
96% 4% 1.751 
95% 5% 1.645 
50% 50% 0 
5% 95% -1.645 
4% 96% -1.751 
3% 97% -1.882 
2% 98% -2.054 
1% 99% -2.32 

 
So it follows e.g. for the lower 5%-fractile of a normal distribution: 
 0.05 1.645px x k s x x s= + ⋅ → = − ⋅  (18) 

This value is fallen below with the probability of 5% (concerning p), so exceeded with 
the probability of 95% (concerning p). 
Analogically, the upper 95%-fractile of a normal distribution is: 
 0.95 1.645px x k s x x s= + ⋅ → = + ⋅  (19) 

This value is fallen below with the probability of 95%, so exceeded with the probability of 
5%. 
If characteristic parameters can only be positive, then the normal distribution is unfa-
vourable, because it admits also negative parameters. This would lead to unreasonable 
results e.g. for the lower yield stress of a steel. Therefore the normal distribution is often 
used for geometric parameters, e.g. dimensions and tolerances. 

3.1.3.3  Log-Normal distribution 
The log-normal distribution is only defined for positive values and is suited for calcula-
tions with strength and toughness. In these cases better adjustment of the distribution of 
the random sampling is achieved. 
The population is log-normal distributed, if Y = ln X is normal distributed. It means, if it is 
necessary to prove, that the parameters xi of a value X are log-normal distributed, they 
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have to be logarithmised and herefrom the average value and the variance are calcu-
lated.  
The density function of the log-normal distribution is: 

 

2

ln,

1 ln
2

ln,

1( ) (0 )
(2 )

X

x

X

f x e x

⎛ ⎞−μ
− ⎜ ⎟⎜ ⎟σ⎝ ⎠= ⋅ ≤ ≤ +∞

σ π
 (20) 

The distribution is right skewed (figure 16). The skewness increases with the standard 
deviation b. Right skewed distributions lead to: 
 mod med MWx x x< <  (21) 

 

x

f (x)

xmod xmed x  
Figure 16. Density function of the log-normal distribution 
 
The statistic parameters of the value X are defined as follows: 
Average value 

 
2

ln, ln,
1
2X X

e
⎛ ⎞μ + σ⎜ ⎟
⎝ ⎠μ =  (22) 

 
Variance 
 ( )2

ln,2 2 1Xeσσ = μ ⋅ −  (23) 

 
Standard deviation 

 ( )2
ln, 1Xeσσ = μ ⋅ −  (24) 

 
Variation coefficient 
 σ

ρ =
μ

 (25) 

 
Fractiles 
The fractiles of the log-normal distribution can be calculated from the transformed frac-
tiles of the normal distribution: 

 ( )ln py k
p p px y x e e μ+ ⋅σ= → = =  (26) 
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For k values see Table 22.  

3.1.4 Statistical tests 
Several tests allow the derivative from a random sampling to a the distribution-type of a 
population. Besides the numerical methods (Chi²-test, Kolmogoroff-Smirnoff-Lilliefors-
test) also probability network can be applied. It is usually recommended to complement 
all numerical tests with a probability network evaluation which is the most easy and 
common check using graphic evaluation with probability network. 

3.1.4.1  Graphic test methods (probability network) 
The probability network is a diagram whose axes are scaled in a way that the distribu-
tion function F(x) can be plotted by a line. The data points of the random sampling are 
added in the diagram and by linear regression it can be checked if the applied distribu-
tion function is suitable to describe the random sampling: The less the data points differ 
from the line, the better is the correspondence to the applied distribution function. Be-
yond this check the probability network allows to determine the statistical parameters of 
the distribution function. 
In order to add the data points in the diagram it is necessary to sort the values in as-
cending order and to determine the corresponding cumulative relative frequencies. 
These can be calculated according to Weibull with: 

 ( )
1X i

iF x
n

=
+

 (27) 

where n: size of the random sampling, i: ordinal number of the value (i=1 until i = n) 
 
The application of the foregoing formula assumes that the random sampling never con-
tains a maximum or minimum value where FX(x) would be 0.0 or 1.0. However many 
distribution functions are not limited in any directions, so that no values exist with the 
cumulative frequency distribution 1.0 or 0.0. 
The axes of the probability network are scaled by the inverse of the distribution func-
tions: 
 
Distribution Parameter axis (x-

axis) 
Probability axis (y-axis) 

Normal x Φ-1 [FX(x)] or FX(x) 
Log-Normal Ln(x) Φ-1 [FX(x)] or FX(x) 
 
Probability network of the normal distribution 
In case of a normal distribution it is possible to put a compensatory cumulative line 
through the plotted points. From this line the abscissa value gx  can be derived for the 
cumulative relative frequency sum F = 0,5 (= 50%), see figure 17 .  
For a constant average value and an increasing variance of random sampling the gradi-
ent of the sum line decreases, whereas for constant variance and increasing average 
value the sum line is displaced linearly to a higher values at the parameter axis (ab-
scissa). 
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So, for testing of the normal distribution, the distribution function F(x) can be calculated 
based on average value and variance of the random sampling and can be plotted as a 
line in the probability network. By simultaneous plot of the cumulative relative frequency 
of the random sampling in the same probability network the normal distributed popula-
tion can be derived in case of a good accordance between the calculated line and the 
random sampling points. In ideal case the points lie on the calculated line and the con-
clusion from random sampling to normal distributed population is valid. 

200 250 300 350 400 450

ReL [N/mm²], T = -30°C

0,999

0,990

0,900

0,500

0,100

0,010

0,001

F (x)

xg = xmed = 306

 
Figure 17. Example of probability network normal distribution 
Probability network of the log-normal distribution 
The logarithmic probability network has the same subdivision of the ordinate axis as the 
probability network of the normal distribution but instead of the linear abscissa subdivi-
sion the logarithmic sizing is used. For random sampling without classification relative 
frequency sums F(i)(n) are plotted as ordinates in the logarithmic probability network 
about the values x(i). The values for this case are given in figure 18. 

5.4 5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2

ln ( ReL [N/mm²] ), T = -30°C

0,999

0,990

0,900

0,500

0,100

0,010

0,001

F (x)

 
Figure 18. Example of probability network log-normal distribution 
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For random sampling with classification the relative frequency sums are plotted as ordi-
nates  about the upper class limits in the logarithmic probability network. 
If it is possible to place a straight sum line through the plotted points, a log-normal distri-
bution can be assumed. 
From this line the abscissa values , 'gy y  and ''y  can be derived for relative frequency 
sum F = 50%, F’ = 15.9% and F’’ = 84.1%. The average value μ can be evaluated using 

lng gz y=  and the standard deviation σ can be estimated with 0.5 ( '' ')Zgs y y= − . 

For testing of the log-normal distribution, the distribution function F(x) can be calculated 
based on average value a and variance b² of the logarithmic random sampling. It can 
then be plotted as a straight line in the probability network of the normal distribution. If 
the x-values of the distribution function F(x) are derived by an exponential function and 
the abscissa is logarithmically subdivided, the distribution function F(x) can be drawn as 
straight line in the probability network of the log-normal distribution. By simultaneous 
plot of the relative frequency sum of the random sampling (not logarithmised) in the 
same probability network the log-normal distributed population can be derived in case of 
a good accordance between the calculated line and the plotted random sampling points. 
In ideal case the points lie on the calculated line. 
Comparing the lines of normal and log-normal distributed functions, it can be recognized 
that the accordance of the random sampling to the calculated distribution function F(x) is 
better in the probability network of the log-normal distribution than in the one of the nor-
mal distribution.  

3.1.4.2  Numerical test methods 
If there is a random sampling of the size n received from a distribution of a value X, it 
can be proved using numerical test methods whether the random sampling distribution 
corresponds with a theoretical distribution or not. So it is analyzed whether the meas-
ured values originate from a normal distributed population or not. 
For a check concerning the log-normal distribution, the random sampling is logarith-
mized and the normal distribution is checked.  
Two conventional test methods are the chi-squared test and the Kolmogoroff-Smirnoff-
Lilliefors-test. For both tests a hypothesis is made beforehand and then checked using 
confidence levels. The results cannot be seen as 100%-results. Furthermore it can hap-
pen, that e.g. a hypothesis for normal distribution is rejected by the Chi²-test while ac-
cepted by the Kolmogoroff-Smirnoff-Lilliefors-test. Depending on the amount of random 
samplings and choice of parameters these tests achieve different results. Using suitable 
computer software both tests are easy and fast to evaluate. 
Chi-squared test for check of  normal distribution 
In Chi²-test for normal distribution the working hypothesis H0 is compared with the alter-
native hypothesis H1 for the level of significance α based on the normal distribution. H0 
means that the random sampling originates from a normal distributed population. H1 
means that the random sampling does not originate from a normal distributed popula-
tion.  
In Chi²-test the distribution of the random sampling is defined by simple classing. Using 
a theoretical distribution that is given by the average value and the variance of the ran-



Sustainable Bridges SB-4.6 2007-11-30  51 (218) 
    
 
dom sampling, a test value is calculated, which is approximately Chi²-distributed. The 
test value is finally compared with the corresponding Chi²-quantile. 
An advantage of the Chi²-test is, that all values of the random sampling are taken into 
account for calculating the test value. A disadvantage is that the test is based on a sub-
division of the value range in classes, as this leads to a strong dependence of the test 
result on the class subdivision. Therefore it is reasonable to perform the test several 
times with different choices of class subdivisions. The number of the classes may be 
maximum one fifth of the amount of the random sampling. 

The confidence level (1 - α) for the test must be between 0 and 1. Generally 1 - α = 0.95 
or 1 - α = 0.99 are chosen, where α is the level of significance or the probability of error. 
 
Kolmogoroff-Smirnoff-Lilliefors-test for check of normal distribution 
The Kolmogoroff-Smirnoff-Lilliefors-test is a significance test for the check of normal 
distribution. The working hypothesis H0 is compared with the alternative hypothesis H1 
for the level of significance (probability of error) α. H0 means that the random sampling 
originates from a normal distributed population, where μ and σ² are unknown. H1 means 
that the random sampling does not originate from a normal distributed population.  
A test value is determined, that depends on the largest vertical distance between the 
hypothetical and the empirical distribution function, and then compared with certain criti-
cal values.  
The test reacts well to statistical outliers, which are an indicator for a mixed distribution. 
Contrary to the Chi²-test the Kolmogoroff-Smirnoff-Lilliefors-test does not depend on the 
chosen class subdivision. A disadvantage of the Kolmogoroff-Smirnoff-Lilliefors-test is 
that for the evaluation of the test value only the maximal vertical distance between hypo-
thetical and empirical distribution functions is taken into account. Therefore not all the 
values are considered for the estimation. This fact reduces the reliability of the Kolmo-
goroff -Smirnoff-Lilliefors-test. 

For the confidence level (1 - α) is limited to 0.80, 0.85, 0.90, 0.95 or 0.99. Furthermore 
the test is only valid for random sampling sizes of 4 to 20, 25, 30 and >30. 
More detailed information should be taken from adequate literature. 

3.2 Statistical evaluation 

3.2.1 Procedure 
The statistical evaluation of the material properties of old bridge material for the deter-
mination of lower fractile values that are relevant for a remaining life assessment, is car-
ried out analogue to the section above. 
Using descriptive statistics the collected data are evaluated and the statistical parame-
ters are determined. By using inductive statistics it is investigated whether a conclusion 
from random sampling to the basic population is possible. Graphic tests are applied. If 
the checks lead to positive results the statistic parameters of the distribution are deter-
mined. 
The following investigation is based on the collected material data which is summarised 
in Annex A. A number of 113 of puddle iron data and 964 of mild steel data were col-
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lected. These database contains chemical information concerning the alloying additions, 
mechanical properties such as yield and tensile strength or elongation and fracture me-
chanical parameters and charpy values. As a matter of course, not all of the considered 
data is available for each inspected material. Hence, only 446 out of 964 tensile-
strength-ReL-values of mild steel are at hand for example. 

3.2.2 Results 

3.2.2.1  Chemical analysis 
First the chemical composition is given separately for puddle iron and mild steels in 
terms of relative frequency distributions and relative cumulative frequency distributions. 
An overview of the statistical chemical data is given in Annex A. Since there is a wide 
spread in the allocation of the single elements, this assay is just for information. The 
more interesting parameters, which are used for structural analysis, are evaluated in the 
next sections.  
 

3.2.2.2  Mechanical properties 
A closer look is taken to the mechanical properties, which are needed for assessing old 
existing bridges. The database is listed in Annex A and an abstract of the basic statisti-
cal parameters is also summed up. These databases comprise all specific values includ-
ing outliers. 
The derivation of fractile values presumes a normal and a log-normal distribution re-
spectively as noted in 3.1.3.2 and 3.1.3.3. Therefore statistic test methods were per-
formed and tests to identify outliers were also carried out. Conclusions from random 
sampling to population can only be drawn if these tests are successful. 
The results are presented in the following diagrams. Table 23 to Table 28 show the kind 
of distribution (normal or log-normal) for puddle iron. 
Besides the fracture toughness JC of mild steels for T = -20°C and the charpy energy KV 
of puddle iron for T = -30°C and puddle iron all other quantities follow the (log)-normal 
distribution. Assigning these two parameters to population is not possible. 
Keep in mind, that the number of samples is very low in some cases (6 samples only for 
JC for T = 0°C). Although you can find a normal distributed sampling here, the number of 
tests in this case is insufficient and does not lead to reliable results. 
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Table 23. Distribution for yield strength ReL for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 24 0 24 Kolmogoroff normal tensile 
strength 

ReL -30 14 0 14 Kolmogoroff normal 

200 210 220 230 240 250 260 270 280 290 300 310

ReL [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

250 260 270 280 290 300 310 320

ReL [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 24. Distribution for ultimate tensile strength Rm for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 26 0 26 Kolmogoroff normal ultimate 
strength 

Rm -30 14 0 14 Kolmogoroff normal 

250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400

Rm [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

270 280 290 300 310 320 330 340 350 360 370 380 390 400 410

Rm [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 
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Table 25. Distribution for elongation A for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 26 0 26 Kolmogoroff normal elongation 
A -30 14 0 14 Kolmogoroff log-normal 

0 5 10 15 20 25 30 35 40

A [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

1,20 1,40 1,60 1,80 2,00 2,20 2,40 2,60 2,80 3,00 3,20

ln (A) [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 26. Distribution for reduction of area Z for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 22 1 21 Kolmogoroff normal reduction 
in area  

Z -30 14 0 14 Kolmogoroff log-normal 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Z [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

1,30 1,50 1,70 1,90 2,10 2,30 2,50 2,70 2,90 3,10 3,30 3,50

ln (Z) [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 
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Table 27. Distribution for charpy energy KV  for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 22 0 22 Kolmogoroff normal charpy 
energy 

KV -30 8 0 8 Kolmogoroff failed 

4 6 8 10 12 14 16 18 20 22

KV [J]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

4 5 6 7 8 9 10 11

KV [J]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 28. Distribution for fracture toughness JC for random sample of puddle iron 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 6 1 5 Kolmogoroff log-normal fracture 
toughness 

JC -30 12 1 11 Kolmogoroff log-normal 

2,30 2,40 2,50 2,60 2,70 2,80 2,90 3,00 3,10 3,20 3,30 3,40 3,50 3,60

ln (J) [N/mm]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

2,
30

2,
40

2,
50

2,
60

2,
70

2,
80

2,
90

3,
00

3,
10

3,
20

3,
30

3,
40

3,
50

3,
60

3,
70

3,
80

3,
90

4,
00

4,
10

ln (J) [N/mm]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
The diagrams according to mild steels are presented in the next few tables (Tables 29-
34). A normal and log-normal distribution can be detected for all quantities except the 
fracture toughness JC for T = -20°C. 
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Table 29. Distribution for yield strength ReL for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 446 22 424 χ2-test log-normal tensile 
strength 

ReL -30 245 6 239 χ2-test log-normal 

5,35 5,40 5,45 5,50 5,55 5,60 5,65 5,70 5,75 5,80 5,85 5,90 5,95 6,00

ln (ReL) [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

5,45 5,50 5,55 5,60 5,65 5,70 5,75 5,80 5,85 5,90 5,95

ln (ReL) [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 30. Distribution for ultimate tensile strength Rm for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 397 15 382 χ2-test log-normal ultimate 
strength 

Rm -30 245 2 243 χ2-test log-normal 

5,80 5,85 5,90 5,95 6,00 6,05 6,10 6,15 6,20 6,25 6,30

ln (Rm) [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

5,90 5,95 6,00 6,05 6,10 6,15 6,20 6,25 6,30 6,35

ln (Rm) [N/mm²]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 
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Table 31. Distribution for elongation A for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 252 1 251 χ2-test log-normal elongation 
A -30 240 1 239 χ2-test log-normal 

3,00 3,05 3,10 3,15 3,20 3,25 3,30 3,35 3,40 3,45 3,50 3,55 3,60 3,65 3,70 3,75

ln (A) [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001
3,

05

3,
10

3,
15

3,
20

3,
25

3,
30

3,
35

3,
40

3,
45

3,
50

3,
55

3,
60

3,
65

3,
70

3,
75

3,
80

3,
85

3,
90

3,
95

ln (A) [%]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 32. Distribution for reduction of area Z for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 231 0 231 χ2-test normal reduction 
in area  

Z -30 239 1 238 χ2-test normal 

35 40 45 50 55 60 65 70 75 80

Z [%]

F(x)w
0,999

0,990

0,900

0,500

0,100

0,001

0,010

35 40 45 50 55 60 65 70 75 80

Z [%]

F(x)w
0,999

0,990

0,900

0,500

0,100

0,001

0,010

T = 0 ° T = -30° 
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Table 33. Distribution for charpy energy KV for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 137 6 131 χ2-test log-normal charpy 
energy 

KV -30 171 17 154 χ2-test log-normal 

0,
50

0,
70

0,
90

1,
10

1,
30

1,
50

1,
70

1,
90

2,
10

2,
30

2,
50

2,
70

2,
90

3,
10

3,
30

3,
50

3,
70

3,
90

4,
10

ln (KV) [J]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

0,60 0,80 1,00 1,20 1,40 1,60 1,80 2,00 2,20 2,40 2,60 2,80

ln (KV) [J]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 
Table 34. Distribution for fracture toughness JC for random sample of mild steels 

Parameter Temperature 
in C° 

No. of 
samples 

No. of 
outliers 

effective 
No. of 

samples 

Statistic test 
method 

Statistical     dis-
tribution 

0 28 1 27 χ2-test log-normal 

-20 74 38 36 χ2-test failed 
fracture 

toughness 

JC -30 228 33 195 χ2-test log-normal 

1,80 2,00 2,20 2,40 2,60 2,80 3,00 3,20 3,40 3,60 3,80 4,00 4,20 4,40 4,60

ln (J) [N/mm]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00 4,50 5,00

ln (J) [N/mm]

F(x)

0,900

0,999

0,990

0,500

0,100

0,010

0,001

T = 0 ° T = -30° 

 

T = -20°C 
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For the derivation of characteristic values out of the database two aspects need to be 
taken into account: 

• the scatter of the data values 

• the uncertainty due to a limited number of data. 
A statistical evaluation and a conclusion are only possible where a sufficient number of 
test results are available. 
A normal or a log-normal distribution was not assessed for each parameter. As a con-
sequence, it was not possible to calculate the lower 5-%-fractiles of the particular form 
of distribution (Tables 35-36). Moreover, as aforementioned, the number of effective 
samples is not much capaciously. Especially there is only little data for puddle iron con-
cerning the fracture toughness.  
Partially, the range of data values is so wide that the standard derivation is nearly in the 
region of and sometimes higher than the mean value μ. This means that the lower 5%-
fractile in some cases becomes very low or even negative or zero. 
 
Table 35. Evaluation of lower 5%-fractiles for puddle iron 

Parameter Temperature No.of 
samples μ σ

kind of statistical 
distribution

x0,05 x0,95

[°C]
-30 14 281,83 22,88 normal 244 319

0 24 255,64 26,53 normal 212 299

-30 14 334,02 41,67 normal 265 403

0 26 345,58 44,44 normal 272 419

-30 14 14,13 11,29 log-normal 3 35

0 26 16,23 9,59 normal 0 32

-30 14 18,34 18,06 log-normal 3 51

0 21 19,52 15,80 normal -6,5 46

-30 8 6,25 3,11 failed

0 22 13,12 5,47 normal 4 22

-30 11 20,91 10,36 log-normal 8 47

0 5 18,39 14,53 log-normal 5 56

puddle iron

fracture 
toughness JC 

[N/mm]

tensile 
strength ReL 

[MPa]
ultimate 

strength Rm 

[Mpa]

elongation A 
[%]

reduction of 
area Z [%]

charpy energy 
KV [J]
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Table 36. Evaluation of lower 5%-fractiles for mild steels 

Parameter Temperature No.of 
samples μ σ

kind of statistical 
distribution

x0,05 x0,95

[°C]
-30 239 306,95 33,25 log-normal 256 364

0 424 289,71 33,17 log-normal 239 347

-30 243 446,05 38,52 log-normal 386 512

0 382 430,45 34,22 log-normal 377 489

-30 239 34,78 5,06 log-normal 27 44

0 251 32,93 4,87 log-normal 26 41

-30 238 63,43 8,67 normal 49 78

0 231 64,47 8,39 normal 51 78

-30 154 5,08 2,62 log-normal 2 10

0 131 49,35 51,22 log-normal 8 140

-30 195 46,66 48,60 log-normal 8 132

-20 36 68,53 60,22 failed

0 27 42,25 36,68 log-normal 9 109

tensile 
strength ReL 

[MPa]

fracture 
toughness JC 

[N/mm]

ultimate 
strength Rm 

[Mpa]

elongation A 
[%]

reduction of 
area Z [%]

charpy energy 
KV [J]

mild steel

 
 

3.2.3 Comparison with literature 
Chapter 2 refers to a various number of literature references, as design codes or other 
statistical evaluations, which recommends calculation parameters for assessing old 
metal bridges. 
Table  shows a good accordance with the mechanical properties used or evaluated in 
[1], [20], [41] and [124]. Only the mean values according to [1] are a bit higher than the 
statistical derived values. A conservative estimation is given in the German Railway 
Guideline [41]. Comparative values for the fracture toughness for puddle iron could not 
be found. Fracture toughness values (mean value) around 20 N/mm are a good lead. 
Taking into account the low number of data explains the lower toughness for a tempera-
ture of 0°C. 
The 5%-fractile (Table 37) of the yield strength (T = 0°C) can only be compared to [17] 
which is valid for T = 10°C. Losing sight of this little disagreement only a slight difference 
of ~10MPa appears. Also here a higher ultimate strength for a temperature of 0°C and a 
greater elongation and toughness values for a temperature of -30°C occur resulting from 
the limited number of samples. Exact values can only be obtained by material tests with 
specimens taken from the respective bridge. Using these evaluated fracture toughness 
and elongation values possibly leads to a very safe sided assessment because of the 
range of the standard derivation which is almost as high as the mean value. 
The same applies to the charpy-energy KV. No sufficient amount of reference values 
could be found in literature. 
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Table 37. Results (mean values) of the statistical evaluation compared to literature 
(puddle iron) 

Ref. [1] Ref. [20] Ref. [41] Ref. [69]
Parameter Temperature x0,50 x0,50 x0,50

[°C]
-30 281,8

0 255,6

-30 334,0

0 345,6

-30 14,1

0 16,2

-30 20,9

0 18,4

SusBri

tensile 
strength ReL 

[MPa]
283,6

320-380

239 220

ultimate 
strength Rm 

[Mpa]
389,1 344 320

puddle iron

fracture 
toughness JC 

[N/mm]

15elongation A 
[%] 24,9 15

220

 
 
Table 38. Results (lower 5%-fractiles) of the statistical evaluation compared to literature 
(puddle iron) 

Ref. [17]
Parameter Temperature x0,05 x0,05

[°C]
-30 244

0 212 200 (T=10°C)

-30 265

0 272

-30 3

0 0

-30 8

0 5

puddle iron
SusBri

fracture 
toughness JC 

[N/mm]

tensile 
strength ReL 

[MPa]
ultimate 

strength Rm 

[Mpa]

elongation A 
[%]

 
 
The investigation of mild steels is founded on much more samples. Thus solid data for 
assessment of old bridges could be determined. In compliance with Table 39 a very 
good conformity with [7] is discoverable. In contrast [20] provides conservative tensile 
and ultimate strength values which are much less what probably results from the limited 
number of only 8 samples. 
Just as well, no discrepancies can be diagnosed looking at the fractile values in Table 
40. The yield stress fractiles vary from 239 to 256 MPa in this statistical research. Only 
the Swedish Railway Administration and the Danish Road Administration recommend 
more conservative values around 220 MPa.  

[124] 
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The fracture toughness fractiles derived in this statistical evaluation are around 10 
N/mm which refers to the wide range of values in the database. As a consequence, the 
values determined in [17] can not be reached due to the high standard derivation. 
 
Table 39: Results (mean values) of the statistical evaluation compared to literature (mild 
steels) 

Ref. [20] Ref. [7]
Parameter Temperature x0,50 x0,50 x0,50

[°C]
-30 307,0 310

0 289,7 293

-30 446,1 446

0 430,5 423

-30 34,8

0 32,9

-30 46,7 40

0 42,3 37

mild steel
SusBri

tensile 
strength ReL 

[MPa]
226

ultimate 
strength Rm 

[Mpa]
399

fracture 
toughness JC 

[N/mm]

elongation A 
[%] 40 34

 
 
Table 40. Results (lower 5%-fractiles) of the statistical evaluation compared to literature 
(mild steel) 

Ref. [7] Ref. [17] Ref. [41] Ref. [52] Ref. [53] Ref. [55,56] Ref. [69]
Parameter Temperature x0,05 x0,05 x0,05

[°C]
-30 256 257 250

0 239 248 240

-30 386 385

0 377 374

-30 27

0 26

-30 8 11 17

0 9 12 30

25

mild steel

240

335 370-430 360 370-460

235 205-245 220 215-235
tensile 

strength ReL 

[MPa]

fracture 
toughness JC 

[N/mm]

ultimate 
strength Rm 

[Mpa]

elongation A 
[%]

SusBri

26

 
 

3.2.4 Conclusions 
A comprehensive statistical evaluation for mild steels and puddle iron was carried out. 
Exactly 113 puddle iron samples and 964 samples of mild steel taken from literature 
were used to determine mechanical quantities such as yield and ultimate strength prior-
ranking, but also fracture mechanical quantities like the fracture toughness or charpy 
energy values, which can be helpful assessing old existing metal bridges. Besides that 
an overview of the chemical composition is given in Annex A. 

[120] [122, 
123] 

[124]
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By splitting the data in temperature zones (T = 0°C and T = -30°C) and performing sta-
tistical tests the database was converted in such a manner fulfilling all requirements to 
satisfy a statistically confirmed investigation with regards of safety aspects. Most of the 
survey work can be found in Annex A where the basic diagrams and tables are at-
tached. The outcome is compacted in Table 37-40 where the mean values x0.50 and the 
lower 5%-fractile values x0.05 are presented and compared to literature proposals.  
First of all, no discrepancies were found due to the mechanical properties. Compared to 
former investigations and recommendations in country-specific codes this research sup-
ports the proposals which are made there. 
Attention should be paid to the fracture toughness and charpy energy for puddle iron 
which are based on a very limited number of samples and for which no former reference 
values in literature could be found. 
Relating to the wide range of toughness and charpy energy values of mild steels which 
causes a great standard derivation, the lower 5%-fractiles are very small-sized. Corre-
spondingly, in some cases the use of these values might lead to a very conservative 
assessment. Therefore in certain cases, it might be wise to perform material tests as 
described in the next chapter to achieve favourable results with regard to the assess-
ment.  
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4. Determination of material data of old structures by testing 

The direct analysis of material properties provides the most exact and bridge-specific 
information. Yet it is only recommended where literature values or statistically derived 
material models lead to a too conservative assessment. This section deals with recom-
mendations of testing procedures for metal bridges. 

4.1 General considerations 
Due to the intuitive production methods of steels in former times the exact material 
properties of old steels were not determined or documented. Therefore even steel 
members of the same dimensions could have material properties that differ significantly. 
So to assess material parameters, it is necessary for a statistical reliability of the results, 
to examine as many test specimens as possible of a structure. To determine the posi-
tions where samples should be taken, the aspects of resistance (not to weaken critical 
structural details) and monument protection need to be taken into account. This requires 
to decrease the number of samples to as few as possible while still allowing a sufficient 
reliable assessment. 
The samples need to be extracted from the critical members. The loading direction 
needs to be marked on the sample, such that by small scale testing of charpy v notch 
tests and fracture toughness tests the position of the notch can be chosen correspond-
ing to the realistic crack orientation. 
The samples need to be small in order to avoid weakening of the cross section of load 
carrying members. The procedures found in literature indicate that a borehole of a di-
ameter if 60mm is quite reasonable. In [34] a procedure was developed to determine the 
relevant material properties on these miniature specimens, see section 4.3. 

4.2 Cast iron structures 
The procedures to determine material properties of steel structures (tensile tests or 
hardness measurements) may not be suitable for old cast iron structures. One reason is 
the cross sections of filigrane old cast iron members usually supply not enough material 
to extract samples big enough for standardized test specimens. 
Käpplein et.al. give recommendations in [2] concerning the testing of cast iron struc-
tures, e.g. in situ hardness measurements. 

4.3 Steel structures 

4.3.1 Procedure 
If no data at all is available steel properties of S235JRG2 (according to product standard 
EN 10 025) should be assumed for the first assessment. It is likely that the material 
properties of the considered old steel are lower than S235JRG2. 
In order to avoid destructive testing, some non-destructive testing methods allow the 
determination of specific mechanical properties. Hardness measurements with highly 
developed testing devices, usually equipped with mini computers, can be performed 
without a great effort and without severe damaging of the structure. Existing correlations 
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between the hardness and the ultimate tensile strength of steels provide conclusions 
regarding the ultimate tensile strength of the steel considered. 
Yet in many cases the knowledge of only the hardness and the ultimate tensile strength 
is not sufficient. Then destructive testing methods are necessary where samples need to 
be taken of the structure. Here the procedure depends on the problem to be solved, 
which could be: 

a) Material information is needed for the complete bridge structure 
b) Material information is needed for specific members of a bridge. 

In case of (a) samples need to be extracted of all essential members of the structure to 
cover the complete structure. 
In case of (b) the following procedure is suggested: 

• Identification of the vital members (high stresses). 

• Estimation of further members that are likely to come from the same lot. 

• Extraction of samples of the (less critical) members identified from the same lot. 
The samples should possibly be taken of several different members of the same 
lot. 

For the positions of samples it is generally recommended to select spots of little loading. 
Yet the alterability of the material properties within a member has to be taken into ac-
count. If this is not allowed for by large enough a random sampling, the current German 
railway codes [41] require to extract samples at the most critical spots of a member. 
It is not recommended to choose positions which are heavily corroded. 

4.3.2 Extraction of borecores 
For taking samples cut-off wheels or saws are suitable. Welding torches should not be 
used in order to avoid the embrittling and aging effects caused by the torch heat. It is 
essential to mark the loading direction at the sample so that the direction of notches and 
cracks in the test specimens can be oriented according to the actual crack orientation in 
the member. 
In [7], [17], [34] it is suggested to extract borecores with a diameter of 60mm of vital 
members. Afterwards the hole can be closed with fit bolts if the weakening of the cross 
section must be compensated. The circular core provides enough material to produce 
small scale test specimens for a tensile test, a charpy impact test, a fracture mechanical 
test and leaves material to analyse the chemical components, see figure 19. 
In exceptions also smaller boreholes can be sufficient with a diameter of 45mm. The 
disadvantage is that the dimensions of the small scale test specimens differ significantly 
from the dimensions given in the testing standards. Also problems might arise due to the 
size effect, as small local discontinuities then have a significant influence on the results. 
Additionally, the 45mm-borhole does not provide enough material to produce a charpy v 
notch test specimen. 
The following material properties can be derived by small scale tests using a 60mm-
borehole: 
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• The chemical analysis allows to reproduce the manufacturing process and the 
analysis of the microstructure gives a hint of sulphur inclusions. 

• The tensile test with the cylindrical tension specimen (B 3x15) provides the pa-
rameters ReL (lower elastic limit), ReH (higher elastic limit), Rm (tensile strength) 
and A (elongation). 

• The charpy-v-notch energy test provides the toughness KV in dependency of the 
temperature T.  

• The fracture mechanical test provides fracture toughness parameters JC (JC, Ji) 
needed for a fracture mechanical assessment. 

 

1. Bore core ∅ 60mm

2. Fragmentation
in test specimens

3. Determination
of material
parameters

Modified ½ CT-
test specimen

Charpy-V-notch
test specimen

Cylindrical tension 
specimen B 3x15

Rest for
• chemical analysis
• microstructure
• hardness

Fracture
toughness

JC, Ji

Charpy energy
toughness

KV(T)

ReL, ReH, Rm, A, Z

 
Figure 19. Determination of material properties with small scale test specimens of bore 
core 
 
As puddle iron has a significant anisotropy charpy impact values depend greatly on the 
direction of the notched specimen towards the rolling direction of the steel product. Test 
specimens with notch parallel to the plate surface achieve higher charpy energies than 
specimens with notch perpendicular to the plate surface. In case of direct measure-
ments on an existing old structure, where the rolling direction cannot be retraced, it is 
therefore recommended to take samples with notches in both directions. 
The testing of the mini-tension test specimens requires special testing machines with 
refined measurement instrumentations. In [7] the reliability of the mini-tension cylindrical 
test specimens with a diameter of 3mm (B 3x15) was examined. The test results of ten-
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sile tests with B 3x15 and B 8x40 were compared. The mini tensile test specimens 
turned out to be suitable for determining the yield strength (ReL) of mild steels.  
The applicability of the mini-tension test specimens could not be confirmed for puddle 
iron, because puddle iron test specimens showed a different strain hardening and frac-
ture behaviour than mild steel test specimens. Puddle steel test specimens failed before 
the ultimate yield strength was reached and they did not show any area reduction but a 
lamellar fracture surface. 
In case the charpy energy values are not required the borehole can be reduced to a di-
ameter of 45mm, reducing damage to the structural member. Alternatively, if it is possi-
ble to extract a borehole of 63mm diameter, leaving out the charpy impact test allows for 
a bigger cylindrical tensile test specimen [7]. 

4.4 Reliability of test results 
For the derivation of characteristic values out of test results two aspects need to be 
taken into account: 

• the scatter of the test results 

• the uncertainty due to a limited number of tests. 
Only a sufficient number of test results allows a statistical evaluation and a conclusion. 
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5. Fatigue of riveted structures – general terms 

Fatigue related failures are the most common causes of failure in steel structures. To be 
able to make accurate assessments of existing bridges, it is of great importance to know 
the behaviour of bridges exposed to fatigue. Fatigue is not a new phenomenon, it has 
puzzled engineers for over 200 years. The problem with fatigue attracted attention with 
the use of metal in structures. Failure due to fatigue was explained by: the material be-
came tired and could no longer stand its design loads, hence the name fatigue. 
One of the first to investigate the fatigue phenomenon was Wöhler (1819-1914). He 
conducted systematic investigations on train axels and why they broke during repeated 
loads lower than the static design load. Tests from fatigue investigations were plotted in 
diagrams with the stress on the vertical axis and the number of cycles on the horizontal 
axis. To get a better overview of the results, the diagram axis was log-scaled. A linear 
decreasing response of the components fatigue life where thereby possible to be de-
tected. The diagrams developed to a standard for predicting fatigue life of details and 
structures, still used today. The diagrams developed by Wöhler became known as 
Wöhler-diagrams or S-N diagrams, where S stands for the stress range and N for the 
number of cycles [88]. 

5.1 Manufacturing of old steel 
Production of steel in the end of the 19th and the beginning of the 20th century were con-
ducted with a technique called chill mould casting. The chill mould casting was pre-
formed by pouring the melt steel from the oven in to a chill mould. (The chill mould can 
be descried as a big bowl), to cool down before rolling the steel. 
The cooling process in the mould started from the borders, with high temperatures in the 
middle. During the cooling process almost pure steel formed at the borders and un-
wanted alloys and impurities increase towards the center of the melt (depending on 
thermal properties). When the temperature in the chill mould decreases to ~1500 °C, the 
solubility of oxygen in the steel decreases, oxygen is then released into the steel fusion 
and blister formed. To decrease the blisters alloys as Silicon or Aluminum were added. 
Another partition also takes place in the centre of the cooling steel, lighter particles rise 
while heavier sink. Due to this manufacturing process impurities and blisters increases 
in the middle of the steel.  
Concentrations of unwanted particles in the top of the chill mould are then removed be-
fore rolling but the concentration in the middle can not be affected by similar a measure. 
Steel produced during these circumstances is not considered good or appropriate as 
structural steel today. What makes these steels less appropriate is not only the fact that 
blisters formed. It is also the high concentrations of unwanted compounds in the middle 
of the steel that drastically lower the quality of the rolled products formed from these 
steels. A plate manufactured with this technique will have steel with very good qualities 
at the surface while the centre of the plate will have more brittle properties. 
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5.2 Elastic and plastic deformation of the steel 

5.2.1 Elastic deformation 
Elastic deformation of steel is explained by the cohesive powers between atoms in an 
elementary cell. Elementary cell is the “smallest” part in the steel that has a structure. 
The most common structures in steel are Ferrite and Austenite. Their structures are 
called BCC and FCC, Body Cubic Centered and Face Cubic Centered. The names of 
the cells refer to the shapes of to the atomic structure the equilibrium of the atoms in the 
structure, Figure 20. 
When a cell is exposed to a force its “body” alters form, from a cubic shape to a more 
stretched rectangular box. After the force is removed the cell takes its original shape, 
Figure 21.  
 

 
Figure 20. The structure of a BCC and a FCC elementary cell. 
 

 

F F 

 
Figure 21. Elastic deformation of a BCC elementary cell. 

5.2.2 Plastic deformation 
Plastic deformations do not occur in a similar way. Explaining the remaining deformation 
of a plastic deformation, the dislocations play an essential part. A dislocation can be de-
scribed as a flaw in the metal structure.  
To plastic deform a perfect crystal (many elementary cells combined) a simultaneous 
movement of all atoms in a slip plane must occur simultaneous, a rupture of all inter-
atomic bounds acting across the slip plane have to be broken. Slip plane is the void be-
tween atoms, see Figure 22. The atoms would then change position with their 
neighbours.  
In metals there are dislocations present in the atomic structure. The dislocation makes 
the plastic deformation of a crystal to occur at a lower energy level then the moving a 
whole crystal plane. Dislocation moves in atomic slip planes, the movements are a re-
sult of shear stress acting on grains. The amount of stress needed to cause movement 
is less then the yield point of the material. Movements of dislocations are restricted to 
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certain directions which are governed by the atomic structure in the crystals, see figure 
22. 

Dislocation 

Atomic 
gitter 

Stress 

Slip 
plane 

 
Figure 22. Dislocation movement in the grid structure of the steel, leading to plastic 
(permanent) deformation. 
 
An elastic deformation is less then the distances of an atom, the distances of the plastic 
deformations are in the order of one or more atom distances Johansson [68]. 

5.3 Development of fatigue 

5.3.1 Fatigue failures 
Fatigue failures can occur in a detail or a whole structure due to repeated loading at 
load levels lower then the design load for a single load application that can cause fail-
ure.  
Fatigue failures can be explained by the fact that a microscopic crack occurs in the ma-
terial and weakens the structure. When a crack has formed each load cycle contributes 
to its development. The crack will continue to propagate until the remaining material no 
longer can stand the load and fails. 
For design against fatigue in structures, the only concern is the variable forces. 

5.3.2 The fatigue process three stages 
The processes leading to fatigue failures are often explained in three stages, each stage 
with its own characteristics. 

1. Crack initiating, a crack forms in the microstructure of the steel. 
2. Crack propagation, growth of the crack in the material 
3. Rapid crack growth, failure of the component or structure. 

The number of cycles for the different stages in the fatigue process can vary significantly 
from hundred to millions of cycles depending on stress range, stress initiation factors, 
material properties etc.  
Stage 1 
The first stage in the fatigue process is crack initiation. Cracks will initiate through plastic 
deformations due to tension on grains in the steel structure. This occurs when the 
stresses in a crystal reach its yield point and the crystal begins to deform plastic. Plastic 
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deformations, in the crystals often have its origin at a notch or at a stress raiser such as 
dislocations, blisters, and inclusions of impurities etc. 
Plastic deformations in crystals are caused by dislocation movement along the slip 
planes in a crystal structure. If a continued deformation and tension takes place, the dis-
locations will arrange them self after density, which is called persistent slip bands (PSB). 
The persistent slip bands are arranged along the primary slip plane in the vein structure, 
see Figure 23. The vein is the matrix between the PSB in the crystal Eriksson [84]. 
 

 

VEIN 

PSB 

High dislocation density Low dislocation density 

Slip plane 

 
Figure 23. Forming of a PSB and arrangement of dislocations in a crystal 
 
When the PSB reach a free surface, the plastic deformations increases with the num-
bers of load cycles. Some PSB will extend out from the material while others will de-
scend. This mechanism forms early in the fatigue process and takes the form of a be-
ginning crack.  Exactly when the plastic movement and the formation of PSB becomes a 
crack are not determined. At load levels near the fatigue threshold, approximately 90 % 
of the fatigue life will be the initiation stage of cracks. Slip bands can form for load levels 
lower than the fatigue threshold, which display that only the forming of slip bands does 
not lead to fatigue cracking. The behaviour of the PSB and forming of the cracks are 
illustrated in Figure 24, Eriksson [84]. 
 

PSB 

Extended 
PSB 

Descending PSB 

Crack  
Figure 24. The formed PSB extends and descends from the material, finally leading to a 
crack 
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After a crack has formed, the growth is influenced by the internal structure of the steel 
and grows in a staggering manner, see Figure 25. 

 

Crack 

PSB 

 
Figure 25. Fatigue growth after forming of a crack 
 
Stage 2 
The second stage in the fatigue process, crack propagation, occurs due to continued 
cyclic loading, making cracks form into one or more main cracks. A plastic zone forms in 
front of the crack with the size of a few grains. Growth of cracks is not as dependent on 
internal structure of the material, size of grains (governing both the crack direction and 
the ability to endure fatigue in the first stage). The direction of the crack becomes nor-
mal to the far field tensile axis, Suresh [85]. 
A phenomenon associated with the second stage is the formation of beach marks. In 
Figure 26 the crack propagation can be seen to move from the bottom to the top of the 
screw leaving marks due to the growth of the crack. The growth of the crack continues 
until stage 3.  

 
Figure 26. Fatigue failure of a screw, with beach marks moving from the bottom to the 
top of the photo. 
 
 
 

Crack initiation 

Beach marks 
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Stage 3 
The last stage in the fatigue process is rapid crack growth leading to failure when the 
remaining area of a section no longer can stand the loads. The two main failure modes 
are brittle and ductile. Typical for a brittle failure is a rapid collapse. Ductile failures are 
characterised by a plastic deformation of the remaining cross section. 
The growth of a crack can be calculated using the relationship between the propagation 
of the crack and the stress intensity factor range ΔK. The following relation is used for 
stress range and stress intensity: 

  max maxI
aK a f

W
⎛ ⎞= σ π ⎜ ⎟
⎝ ⎠

 (28) 

  min minI
aK a f

W
⎛ ⎞= σ π ⎜ ⎟
⎝ ⎠

 (29) 

where ( )f a W  depends on the type of test used to determine the stress intensity factor 
such as three point bending or compact tension test etc. a is the crack length and W the 
width of specimen. The crack growth in a material can be illustrated with a universal 
curve plotted in a da/dN - ΔK diagram, Figure 27. 
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Figure 27. Crack growth in material 
 
In the stage II area Paris and Erdogan, Eriksson [89] noticed that the relation between 
log da/dN and log ΔK could be described with a mainly linear expression for the crack 
growth: 

 ( ) pm
p

da C K
dN

= Δ  (30) 

where Cp and mp are empirically determined material parameters, Eriksson [89]. 
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5.3.3 Remaining life 
The fatigue endurance of material with no initiation factors as welds, holes, sharp 
notches etc present will improve with mechanical properties.  
As mentioned above, the first stage in the fatigue process (stage I) is influenced by the 
internal structure of the material. Through a shortened initiating phase by stress raisers 
the effect of the mechanical properties will be less influencing and cracks starts to grow 
direct from defects Eriksson [84]. 
For determination of the remaining life of structures due to fatigue, the most applied 
method is Miners rule. Miners rule is a linear approach to determine the accumulated 
damage caused by variable stress cycles. 
The damage at a certain stress range is proportional to the number cycles. The fatigue 
endurance iN  at a constant stress range iΔσ  indicates the space for the available cy-
cles to occur. The influence of the number of cycles at a certain stress range have af-
fected a detail is compared to the allowable, i in N , and the fatigue life ends when 

 1i in N∑ = , Figure 28: 

 1 2

1 1 2

1
n

i n

i i n

n n n n
N N N N=

= + + + =∑ L  (31) 

The values of iN  are determined from Wöhler curves for the corresponding value of 
iΔσ , Eriksson [89]. 
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Figure 28. The Palmgren-Miner rule for calculation of accumulated damage 
 
The Miners rule is not exact, however for the majority of stress spectra it will provide a 
safe estimation. Nevertheless the order in which stresses are applied to a detail will not 
be taken into consideration but it can affect the outcome of the fatigue endurance. 
Maddox (1991) discovered spectra when the Miners rule will overestimate the fatigue 
life. This can occur if an even stress spectrum at high mean stress with recurrent stress 
relieving is applied. Another example is when the stress range contains of large 
amounts of cycles under the cut off limit (stress level where no fatigue accumulation oc-
cur). 
Based on the Miners rule and Wöhler curves an equivalent stress range for stress spec-
tra can be derived. The equivalent constant amplitude stress spectrum is obtained b 
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and m = 3, n = total number of cycles 

Determination of the remaining fatigue life of a structure exposed to a variable stress 
range can also be obtained by calculating an equivalent stress range according to equa-
tion (32). The remaining life is then determined by comparison of that stress to the valid 
Wöhler curve (detail category) Eriksson [84]. 

5.4 Design against fatigue 
The proposed design code for fatigue in Europe is EN 1993-1-9 [87]. The fatigue endur-
ance for details is derived from fatigue tests on full-scale specimens. The choice to use 
full scale specimens was done to include the influence of effects such as imperfections, 
residual stresses etc that are present in structures. 
In the code endurance of details are assembled in to 14 categories, where the fatigue 
resistance of the “highest” category is 4 times higher than the lowest, Figure 29. 
The detail categories are denoted by the stress range at 2.106 cycles, marked as (1) in 
Figure 29. 
Number (2) in Figure 29 indicates the constant amplitude limit. A detail only exposed to 
a constant amplitude cyclic loading below the design curve (horizontal line) will not be 
affected by fatigue. A constant amplitude cyclic loading is quite rare in common struc-
tures. The constant amplitude fatigue limit starts at N = 5.106 cycles.  
If the loading instead is varying, the design curve will have an inclination m = 5 with the 
cut-off limit appears at N = 108 cycles, number (3), Figure 29. A stress range below this 
limit is assumed not to contribute to fatigue damage accumulation. Cycles that exceeds 
the cut off limit contributes to a damage development. 
In the evaluation process to determine appropriate detail categories, the value of the 
stress range ΔσC corresponding to a value of N = 2 million cycles were evaluated with a 
75% confidence level of 95% survival probability in log N.  
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Figure 29. Fatigue strength curves for direct stress range EN 1993-1-9 [87] 
 
Fatigue resistance 
The fatigue resistance can be derived when the fatigue endurance of the details is 
known (the detail categories) according to the following equations. Depending on the 
number of cycles and stress amplitudes the appearance of the equations differs. 
The fatigue resistance is obtained by the following equations, for constant amplitude 
The fatigue resistance is obtained by the following equations, for constant amplitude 
nominal stress: 

 Δσ = Δσ 62 x 10m m
R CN  where m = 3 and N ≤ 5×106   (33) 

 ⎛ ⎞Δσ = Δσ = Δσ⎜ ⎟
⎝ ⎠

1
32 0,737

5D C C  is the constant amplitude fatigue limit (34) 

For nominal stress spectra with stress ranges above and below the constant amplitude 
fatigue limit ΔσD the fatigue strength should be based on the extended fatigue strength 
curves: 

 Δσ = Δσ 62 10m m
R CN  where m = 3 and N ≤ 5×106   (35) 

 Δσ = Δσ 65 10m m
R DN  where m = 3 for 5×106 ≤ N ≤ 108 (36) 

 ⎛ ⎞Δσ = Δσ = Δσ⎜ ⎟
⎝ ⎠

1
32 0,549

5L D D  is the cut off limit (37) 
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ΔσR is the fatigue resistance for 2×106 cycles, N  the number of cycles, m the inclination 
of the detail categories, ΔσC the detail category, ΔσD the constant amplitude fatigue limit 
and ΔσL the cut off limit 
The fatigue strength curves for shear stress ranges are arrange in a similar way see 
Figure 30. 

 
Figure 30. Fatigue strength curves for shear stress ranges, EN 1993-1-9 [87] 
 
Endurance or the fatigue resistance is obtained with the following equations. For con-
stant amplitude nominal stress the fatigue strength are: 

 Δτ = Δτ 62 10m m
R R CN  where m = 5 and N ≤ 108 (38) 

 ⎛ ⎞Δτ = Δτ = Δτ⎜ ⎟
⎝ ⎠

1
52 0,475

100L C C  is the cut off limit (39) 

ΔτR is the fatigue resistance for 2×106 cycles, N the number of cycles, m the inclination 
of the detail categories, ΔτC the detail category and ΔτL the cut off limit. 
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6. Literature overview 

The survey concerning fatigue tests of bridges taken out of service has been conducted 
to investigate the behaviours of bridges and their details ability to endure fatigue. 
Approximately thirty years ago (~1970) the first investigations on full-scale tests on riv-
eted structures taken out of service were initiated. The reason for the investigations was 
the lack of knowledge in the area. 
Baker et al [69] 
These authors have investigated the fatigue life of riveted connections by conducting 
fatigue tests on 11 riveted girders. Tests were also made on the clamping force and its 
effect on the fatigue life, 6 rolled beams were used in the investigation. High strength 
bolts were used to replace missing rivets.  
The results showed 16 times longer fatigue life for connections with high strength bolts 
compared to empty holes. The beams with empty holes in the flanges showed fatigue 
endurance lower than the design curve AASHTO (American Railway Engineering Asso-
ciation) category D (equal to detail category C = 71 in Eurocode, EN 1993-1-9 [87]). 
Riveted connections had a fatigue life greater than the referred detail category D in 
AASHTO (American Railway Engineering Association) (equal to detail category C = 71 
in Eurocode, EN 1993-1-9 [87].). Riveted connections also showed redundancy behav-
iour. 
The stress state of a high-way bridge was measured, providing a stress range between 
47 - 52 MPa, and the influence of damage accumulation in the bridge was found to be 
negligible. 
Mang et al [1] 
They investigated methods to determine the remaining life of riveted structures. This 
was done by conducting fatigue tests on both full scale riveted structures and on plates 
with preloaded bolts. The full scale tests stretched from a complete bridge to 13 full 
scale tests on main girders from bridges taken out of service. Tests with pre loaded 
bolts were conducted on plates retrieved from the full scale tests when they were termi-
nated. 15 tests were conducted with different amount of pre loading and 121 tests were 
conducted on plates with holes. 
The load history of the tested specimens did not seem to affect the fatigue life. Tests 
with high strength bolts provided positive response of the fatigue performance. Results 
from full and small scale specimens corresponded well. Wide plates showed lower result 
concerning the fatigue endurance than small specimens. 
Åkesson [70] 
He summarized evaluations of 15 railway bridges and conducted fatigue tests on beams 
from a bridge built in the beginning of the 20th century. The test program consisted of 
nine stringers tested at a stress range between 40 – 100 MPa. Low stress range, near 
the structures design stress range provided fatigue results indicating infinitely long fa-
tigue life. The riveted structures showed redundancy, cracks made stresses to distribute 
to nearby components. 
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Fisher et al [71] 
They conducted an extended literature survey with results from over 1200 fatigue tests. 
14 full-scale tests on riveted girders fatigue endurance were performed with test condi-
tions varying from room temperature to -73°C. In spite of the low test temperatures, 
crack growth or premature fracture did not seem to be affected. 
Field measurements on a railroad bridge showed that stresses greater than 48 MPa 
only occurred in 1% of the stress cycles [], which made fatigue accumulative damage 
from service negligible. 
The literature survey showed that tests with high stress range seemed to provide low 
fatigue life endurances, because of yielding in the material. Results from tests with dif-
ferent hole preparations methods (drilling, punching etc.) did not indicate any influence 
on the fatigue performance. Plates with empty holes had a better ability to endure fa-
tigue than riveted joints. 
Results from the investigation on full-scale tests were that girders without severe corro-
sion, developed cracks in the net section at a rivet hole. Corrosion notch effects made 
beams to develop fatigue cracks at the gross cross section. Cracks formed at rivet holes 
unless more than 20% of the gross cross section was decreased due to corrosion. 
Forsberg [72] 
He investigated the fatigue life of corroded steel plates. Tests were retrieved from cor-
roded INP 55 beams with varying state of corrosion. In service the stress range was be-
tween 20 to 30 MPa and the beams had endured approximately 107 cycles. Fatigue 
tests were done under both varied and constant stress range. Six specimens were in-
cluded in the investigation, retrieved from the tension flange. The state of corrosion var-
ied from light to heavy, with very rough surfaces. 
The effect of minor corrosion did not seem to affect the fatigue life, but a more sever 
state of corrosion made the fatigue performance drop drastically, below the detail cate-
gory C = 71. 
Abe [73] 
He studied the fatigue performance of plates and stringers with a varying state of corro-
sion. The fatigue investigations were conducted in tension, with a stress range varying 
from zero to the yield strength of the material. The details tested were 5 small scale 
tests including riveted connections and the tension part of webs and flanges of 9 riveted 
beams. 
The investigation concluded that the effect of slight corrosion on riveted connections did 
not shorten the fatigue life. Sever corrosion in interaction with riveted connections short-
ened the fatigue life. This was believed to be a result of reduced net area contributing to 
stress concentrations at rivet holes. The effect of the rough surface due to corrosion was 
also believed to influence the results. The load history did not effect the fatigue life of the 
investigation. 
Al-Emrani [74] 
He investigated the fatigue endurance of stringers, stop hole drilling to prevent or delay 
fatigue cracking, connections stringers to floor beams ability to withstand fatigue and the 
effect of secondary constraints. 
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The fatigue threshold was investigated at a stress range of 60 MPa. The design curve 
C = 71 provided a lower bound estimation for the fatigue life of the tested stringers at 
the stress range of 100 MPa. The stringers showed structural redundancy and a slow 
and steady crack propagation, with a rather “ductile” fracture scenario. A total of six 
stringers were used in the investigation of the fatigue threshold. 
Zainudin [75] 
He conducted additionally three fatigue tests on the stringers from the Vindelälven 
Bridge, see Åkesson [4]. The stringers had endured fatigue loading of 10×106 to 20×106 
cycles at stress ranges 40 to 60 MPa before additional tests were conducted. The previ-
ous tests had been aborted due to that the fatigue life was believed to be infinite. The 
stress range was increased to 100 MPa, when the fatigue investigation continued. 
The results from the investigation showed that the fatigue resistance were well above 
the design curve C = 71. The detail category was believed to give conservative estima-
tion of the remaining life of riveted structures. Redundancy behaviour of the built-up 
beams were noted, stresses were distributed to near by parts when severed. Stress 
ranges at 40 to 60 MPa did not give indication of contributing to fatigue accumulation. 
Rabemanantso et al [76] 
Their investigation was performed to determine the fatigue life of riveted steel bridges. 
Evaluation of material properties was also performed. Tests were conducted on four 
HEB 1000 beams, with an extra tension flange riveted to the lower flange. The beams 
were taken from a stock of elements intended for temporary railway bridges.  
 The results from the investigation showed that eight of the nine tests provided a fatigue 
strength above category C = 90. The locations of holes and rivet fittings were believed 
to be contributing factors for stress raisers beside the actual stress contribution due to 
the presence of holes. 
In the evaluation of material properties, Charpy-V tests were found to be inappropriate 
for determining toughness properties of old steel due to the non-homogenous metal 
structure. 
Brühwiler et al [77] 
They performed full scale tests on three different beam types, four rolled beams with an 
extra tension flange riveted to the lower flange, six built up girders made of wrought iron 
and three lattice girders also consisting of wrought iron. The rolled girders are the re-
sults from tests conducted by [76]. 
Results from the investigations were that corrosion of riveted girders did not provide 
lower fatigue strength than non corroded. Factors contributing to the fatigue endurance 
were tight rivets and no corrosion in rivet holes. A corrosion loss of ~10% of a cross sec-
tion did not give a combined effect worse than the conditions of rivet holes. Wrought iron 
elements showed fatigue strength similar to steel. 
The failures in the lattice girders were always in the rivets due to shear stresses. Detail 
category C = 71 provided a reasonable estimation of the fatigue life. The constant ampli-
tude fatigue limit of riveted wrought iron girders was estimated to be 70 MPa. For mild 
steel the level may be lower as well as for girders with punched holes. 
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The shear capacity for rivets may be the governing failure mode for connections. A 
stress level of 100 MPa may be taken as an approximate constant amplitude fatigue 
limit. 
Out et al [78] 
They investigated the fatigue resistance of four riveted stringers. The tests focused on 
the corroded region of flange angles and the riveted connection between the web and 
the angle. Measurements on the girders still in service showed that 1% of the stress cy-
cles exceeded the detail category C = 71, EN 1993-1-9 [87]. 
The extreme life endurance of riveted connections between web and flange were situ-
ated near the detail category C = 71. Fatigue damage from service was found to be neg-
ligible. 
The resistances of the corroded sections were between AASHTO (American Railway 
Engineering Association) detail category E and C (detail category C~56 and C~80 Euro-
code) depending on loss of cross section.  
Riveted beams showed redundancy behaviour due to that stresses distributed to nearby 
parts when severing of flange angles. Tests performed at reduced temperatures at peri-
odic intervals did not result in unstable crack growth. 
Reemsnyder [79] 
He investigated connections from an ore “bridge” used in the loading and unloading of 
ore in a harbour. The “bridge” was selected due to good documentations of operations 
and maintenances. The investigation focused on the effectiveness of structural rehabili-
tation by replacing rivets in critical regions with high strength bolts. 
The program for testing consisted of two phases: Phase 1 included 12 constant ampli-
tude fatigue tests and two service simulations. This was done to determine the effec-
tiveness of rehabilitation with high strength bolts. Phase 2 included two constant ampli-
tude fatigue tests on actual girders taken out of service. The purpose of phase 2 was to 
calibrate the investigation with these samples. 
The results showed that tests on full scale specimen which had rivets replaced with high 
strength bolts at locations of observed or anticipated cracking, increased the fatigue life 
two to six times and retarded crack growth. Replacement with high strength bolts even 
prevented crack initiation. An increase in bolt clamping force from 70% to 90% of the 
bolts yielding strength slightly increased the fatigue life. 
Helmerich et al [80] 
They investigated fatigue endurance of girders from three bridges. The aim was to de-
termine critical details along with the initiation of fatigue cracking. The results from the 
tests were used to find an NDT (Non Destructive Technique) for crack identifications of 
bridges. Totally nine full scale tests were performed. The load history of the bridges did 
not contribute to fatigue accumulation. 
The results from the tests indicated that the detail category C = 71 could be used for 
evaluating old bridges. Corroded impact damages or structural defects were also cov-
ered by the detail category. 
The fatigue endurance of wrought iron was not worse than that of mild steel. Consider-
ing appropriate values of Young’s modulus and yield stress as well as rolling direction, 
wrought iron bridges can be assessed with the same methods as steel bridges accord-
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ing to [80]. Material investigations of wrought iron and mild steel showed no consider-
able difference in yield strength. For the elastic modulus the wrought iron was 10 – 15% 
lower. Also the elongation of the wrought iron was lower than the steel. 
Adamson et al [81] 
They investigated the fatigue behaviour of stringers retrieved from a bridge built in 1911. 
From load history and strain measurement, it was concluded that fatigue damage was 
negligible. Presence of corrosion on stringers was also believed to have a negligible 
effect on the fatigue performance. The investigation included five full scale tests on 
stringers. 
None bearing riveted details showed a tendency of having fatigue resistance higher than 
details in bearing. The redundancy of riveted structures added significantly to fatigue 
resistance. The results of the fatigue endurance of the stringers were covered by the 
detail category D in American Association of State Highway and Transportation Officials 
(AASHTO). 
DiBattista et al [82] 
They investigated the fatigue performance of tension members from the truss girder 
bridge investigated by [81]. A uniform corrosion existed on all tension members. Stress 
ranges in the tests were selected to provide information near the category C and D fa-
tigue limit American Association of State Highway and Transportation Officials 
(AASHTO), (Eurocode C = 80 and C = 71). A total of seven full scale tests were per-
formed. 
No accumulated fatigue damage was present due to previous load history, based on 
measured strains while in service and from inspections.  
The tests showed that the fatigue resistance of diagonals and their connections to the 
bottom chord panel could be evaluated by detail category D American Railway Engi-
neering Association (AREA), (Eurocode C = 80), depending on definition of net section 
area. None bearing riveted details showed a tendency of having fatigue resistance 
higher than details in bearing. 
Repair of cracked tension members to the gusset plate with preloaded bolts extended 
the life of the connection significantly. 
Eriksson [84] 
He investigated fracture behaviour of beams with fatigue cracks. A comparison of the 
accuracy between small scale tests and the fracture capacity of beams were conducted. 
Also a comparison of the results of steels ductility using Charpy-V and fractural me-
chanic tests were performed.  
The investigation showed that Charpy-V tests were not suitable for evaluating the ductil-
ity of steel, in particular not inhomogeneous.  
For determination of the ductility on large structures consisting of inhomogeneous steel, 
test samples must consist of the entire thickness of the structural component. The re-
sults of fractural mechanics tests conducted on small samples were sufficient for deter-
mining the ductility of the structure. A brittle failure could occur if the following conditions 
coincide, steel with low ductility, low temperature and crack of the size of 100 mm. 
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Xiulin et al [91] 
They investigated fatigue tests on plates with removed rivets. The plates were retrieved 
from tension chords in a bridge. Results from the investigation were comparable with 
results available in literature. The initiation phase of the fatigue cracking occupied the 
major part of the fatigue life of the material investigated. The investigation included tests 
of 28 small scale samples. 
Helmerich et al [92] 
Conducted additional 14 full scale fatigue tests on truss and plate girders and did also 
perform a survey of previous tests made at the Bundesanstalt für Materialforschnung 
und - prüfung (BAM). The truss girders had a fatigue strength represented by the C = 71 
detail category. 
Zhou et al [93] 
They investigated the clamping force of rivets and the influence of hole preparation. 
Tests with constant amplitude limit were performed at stress levels under 70 MPa. In-
vestigations concerning the cut off limit were performed with stress ranges from 
44.1 MPa to 54.4 MPa with a stress spectra provided by the CN North America. A total 
of 20 tests were performed, 12 at constant amplitude and 8 with a varied stress range. 
The result showed that rivet holes were the most frequent origin for crack initiation and 
was depending on the surface of the hole. Other factors were corrosion and welding. 
Girders with punched holes provided lower fatigue endurance than drilled or sub 
punched and reamed. 5 of the tests with a varied stress range were tested to 108 cycles 
and no cracks were detected. The fatigue limit where no fatigue damage occurred was 
determined to be 41 MPa. 
The fatigue detail category D American Railway Engineering Association (AREA) 
(C = 71 Eurocode, EN 1993-1-9 [87].) provided a lower bound for riveted girders in gen-
eral and wrought iron girders exhibited lower fatigue endurance than steel. 
The main conclusions and observations presented by the researchers in the fatigue sur-
vey are assembled in Table 42 regarding small scale and full scale tests. The reference 
number of the researchers marks their conclusions. 
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Table 42. Summary of factors influencing the endurance of full scale tests 

Small-scale tests Large scale tests Detail / phe-
nomenon 

Positive  

(longer life) 

Negative Does not 
influence  

Positive  

(longer life) 

Negative Does not 
influence  

High strength 
bolts 

[1]   [69,79,82]   

Low clamping 
force 

 [69,71]   [69]  

Empty holes [71]    [69]  

Redundancy of 
riveted connec-
tion 

   [69,70,71, 
74,75,78, 
81] 

  

Full-scale speci-
mens compared 
to small 

   [70]  [1,77] 

Load history      [69,1,70,71,
73,74,78, 
81,82] 

Secondary con-
straints 

    [70,71,73,74]  

Corrosion  [72,73]  [712,782] [711,73,1,781] [773,70,80, 
81] 

Low stress range    [70,71,75, 
74] 

  

Material proper-
ties 

 [714]   [93] [774,801] 

Reduced tem-
perature 

    [80] [70,71,78] 

Hole preparation    [715]  [936] [715] 

1Depending on loss of cross section 
2The presence of corrosion in connections increase the bond between different parts and thereby increases the fa-
tigue life 
3 If no corrosion are present in rivet holes 
4 Material properties such as toughness must be taken in consideration 
5 Hole preparations investigated were drilled, punched, sub-punched and sub-drilled 
6 Punched rivet holes have lower fatigue strength than sub-punched and reamed as well as drilled  



Sustainable Bridges SB-4.6 2007-11-30  85 (218) 
    
 

7. Fatigue resistance of old metal bridges 

7.1 Introduction 
The fatigue endurance is one of the major influencing factors concerning the service life 
for old metal bridges. The technique of riveting bridges is obsolete and not practised 
today for steel structures. Due to this, knowledge concerning riveted structure’s ability to 
withstand fatigue has not been investigated to the same extent as for modern structures 
assembled by welding. 
In the following sections the fatigue performance of old riveted bridge components will 
be reviewed. Results from the fatigue investigations conducted on full scale structures 
and small scale details from bridges taken out of service will be evaluated.  
The aim is to investigate the fatigue resistance of riveted structures taken out of service 
and also to determine the influence of clamping force, corrosion, hole preparation and 
material on the fatigue performance. The information in this section is retrieved from 
Larsson [94]. 

7.2 Evaluation of fatigue tests 
Wöhler [88], who was the first to systematically conduct fatigue investigations, discov-
ered that fatigue tests are characterised by a big scatter of the results. The prediction of 
endurance was first possible to interpret when the axis in the diagrams were log scaled. 
In the test evaluations that follow, components are retrieved from bridges that have 
been in service for as long as 100 years or more. The bridges in question were taken 
out of service due to their service life was believed to have been reached or having in-
sufficient load capacity. The numbers of cycles that the components have been exposed 
to in service are not known and hence not included in the evaluations.  
In this sections of fatigue evaluations, tests results from fatigue investigations referred to 
in the previous section are used. Information concerning the number of cycles and 
stress range of tests has been read from diagrams if the information has not been re-
ported numerically in the work conducted by the researchers. The values used in the 
following evaluations can be found in Annex B. 
The fatigue tests have been divided into full scale tests (whole components from 
bridges) and small scale tests (parts from bridge structures). To narrow down influenc-
ing factors concerning full scale tests, additional subdivision was done by separating 
tests consisting of plate girders (girders with a web consisting of a plate) and truss gird-
ers (a latticed web consisting of bars).  
The fatigue tests are plotted in log scale diagrams with the number of cycles on the 
horizontal axis and the stress range on the vertical axis. All tests are compared to detail 
category C = 71, plotted in the diagrams. In the legend of the diagrams each researcher 
has been assigned a symbol making it possible to identify their results. 
The endurance of plate and truss girders has been evaluated as the 5% fractile with a 
75% significance level as suggested in EN 1993-1-9 [87]. 
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7.2.1  Plate girders 
Plate girders were often used as primary girders or stringers in bridges, Figure 31. The 
fatigue investigations found concerning plate girders have been conducted as three or 
four point bending tests, Figure 32. The referred stress range is the net section stress 
range. The results can be found in Figure 33. 
 
 Stringer 

Primary girder 
 

 
Figure 31. Typical design of riveted girder bridge 
 
 

F F 

F 

 
Figure 32. Four point and three point bending tests 
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Figure 33. All tests found concerning fatigue strength of plate girders, compared to de-
sign category C = 71 with a net stress range varying from 40 to 240 MPa 
 
The endurance of many of the tests in Figure 33 is lower than predicted by detail cate-
gory C = 71. The state of corrosion on these tests was classified by the researchers as 
heavy [71,73,78] with reductions of cross section from 20% to 50%. 
Tests with heavy corrosion were removed to separate its influence. From investigations 
conducted by Forsberg [72] the effect of corrosion and notches lowered the fatigue en-
durance by several detail categories.  
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Figure 34. Plate girders without heavy corrosion and stress levels <130 MPa are com-
pared to detail category C = 71 and C = 63. The net stresses ranges for the girders in 
bending are plotted 
 
In the evaluation of the detail category tests that were heavy corroded or extreme (one 
value which exceeded the estimated fatigue life by 4 times) were removed as for tests 
that had been performed under unrealistic high stress ranges > 130 MPa, Figure 34. 
The evaluation where done to obtain an indication of the feasibility of using the detail 
category C =71 to predict the fatigue endurance of riveted plate girders in railway 
bridges. 
The detail category of a distribution should according to EC EN 1993-1-9 [87] be the 5% 
fractile with a 75% significance level. In Figure 34 the blue line represent mean value of 
a distribution derived with the least square method and the read line represent the 5% 
fractile. From the results in Figure 26 one can see that an acceptable fit is achieved with 
the 5% fractile and C = 71 for N ≤ 5.106 cycles. 
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7.2.2  Truss girders 
Truss girders were also used as main girders in bridges, see Figure 35 and Figure 36. 
Fatigue investigations on truss members were conducted as four or three point bending 
tests for girders and as tensile tests for tension members. The net section stress ranges 
for the tests are plotted in Figure 37. 
 

 

 
Figure 35. Main girder tested in four 
point bending 

Figure 36. Tension member in an truss 
bridge 
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Figure 37. Truss girders plotted with detail category C = 71 and C = 63. The net stress 
range is plotted for the tests < 130 MPa. 
 
The truss girders survival probability and the feasibility of using the detail C =71 cate-
gory for prediction of the fatigue endurance were also derived. Only test with a stress 
level <130 MPa were taken into consideration in the evaluation 
The mean life of the tests is represented by the blue line and the 5% fractile by the red 
line in Figure 37. A curve fitting using the least square method was used to obtain the 
mean life of the tests. 
The endurance of the available test samples are gathered in to two main areas. This is 
probably affecting the evaluation of the result. The inclination of the lines representing 
the mean and the 5% fractile of the tests seems to be steeper than 3, which is the char-
acteristic inclination of the S-N curves for N ≤ 5.106 cycles. 
The fatigue performance of truss girders showed that six tests had an endurance lower 
than the detail category C = 71, but one of the tests had a result that was distinctly lower 
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than detail category C = 63. Results of the endurance of truss girders seems to be lower 
than plate girders, which may be a result of higher bearing stresses. The recommenda-
tion is to use C = 63 for load bearing members in trusses.  

7.2.3  Constant amplitude and cut of limit 
Investigations concerning the constant amplitude limit (N > 5×106 cycles) and the cut of 
limit (N > 108 cycles) are time consuming and expensive. Thus only a few investigations 
have been conducted on low stress ranges at 40 to 60 MPa. 
In Figure 38 all tests on full scale structures are presented, with their net section 
stresses plotted. The constant amplitude limit 52.3 MPa and the cut off limit 28.7 MPa 
for detail category C = 71 are marked with the two dashed lines.  
Tests at constant stress range where no fatigue cracks were found when ended have 
been marked as aborted in the plot. 
Investigation concerning the cut off limit, were performed with stress ranges from 
44.1 MPa to 54.4 MPa, the plotted values are the equivalent stress range. The five (5) 
tests with a varied stress range were tested to 108 cycles and then aborted, no cracks 
were detected. 
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Figure 38. Full scale constant amplitude tests including aborted tests and tests con-
ducted with a variable stress range. The constant amplitude limit 52.3 MPa and the cut 
off limit 28.7 MPa are represented by dashed lines. Detail category C = 71 is plotted in 
the diagram 
 
In the investigations with constant stress range no cracks were found for stresses below 
the constant amplitude limit 52.3 MPa.  
From the evaluation of the full scale tests fatigue endurance conducted at varied stress 
range, it appears that the level for no fatigue accumulation (cut off limit) can be raised 
from 28.7 MPa to 41 MPa. A constant stress range below 52.3 MPa do not provide 
cracking in components according to the evaluated tests. This is only valid providing that 
there is no severe corrosion or damage present on the structural components. 
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7.2.4  Clamping force 
The assembling technique of riveting, was to drive a hot rivet through the parts that were 
to be connected. The rivet was then formed by hammering the shank to form another 
head. When the rivet cooled the material contracted, which created a compressive force 
on the assembled parts, called clamping force. The magnitude of the force differed sig-
nificantly between rivets depending on the persons conducting the riveting, Figure 39.  
 

Rivet 

Assembled plates 

Clamping force 
 

Figure 39. The contracting rivet producing a compressive force on the assembled 
plates, clamping force 
 
When replacing damaged or missing rivets in structures, high strength bolts are used. A 
big advantage with high strength bolts compared to rivets is that a defined clamping 
force can be obtained due to pre-stressing of the bolts. However to use high strength 
bolts as a replacement of rivets the fit of the bolts can be hard to achieve unless the 
holes are reamed to fit the high strength bolts.   
The effect of the clamping force on the fatigue life of full and small scale tests are pre-
sented in Figure 40 to Figure 41.  
In order to investigate the effect of the clamping force tests were conducted on rolled 
beams with and without bolts in the flanges, and riveted structures were compared to 
bolted. Concerning small scale tests the same effects were investigated, but on plates 
from structural parts. 
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Figure 40. Beams with high strength bolts, and beams where the rivets are missing, 
along with detail category C = 71 
 
The investigations of Baker et al [69] consisted of a comparison of rolled beams with 
holes in the tension flanges to beams that had the holes filled with high strength bolts. 
The tests were performed as bending tests. Reemsnyder [79] compared riveted connec-
tions to connections with high strength bolts. The tests were performed as tensile tests. 
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Figure 41. Tests on small scale tests with rivets and pre stressed bolts, compared to 
detail category C = 71 
 
The investigations on clamping force with small scale tests Figure 41 and Figure 42 
were performed as tensile tests. The effect of the clamping force in small scale tests is 
the same as in the full scale tests. Specimens with open holes generally provide lower 
fatigue endurance than those with rivets or high strength bolts placed in the holes, ex-
cept the results in [71]. 
In the investigations a similar cracking pattern was observed, that is cracks originating 
form rivet holes and propagating through angles or plates (unless corroded or damage 
in other ways). This is explained by the fact that the hole act as a stress raiser. 
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Figure 42. Small scale tests consisting of plates with open holes, plotted against the de-
tail category C = 71 
 
By applying a clamping force the life of structures and small scale tests can be pro-
longed. High amount of clamping force extends fatigue life of structures and in small 
scale tests. High strength bolts used to replace rivets provide a good substitute. A pre 
stressing of the bolts in the order of 580 to 740 MPa was used in the full scale tests per-
formed by Reemsnyder [79]. From investigations conducted by Zhou [93] on the clamp-
ing force of rivets it was found that the mean clamping stress was 82 MPa with a stan-
dard deviation of 41 MPa in the rivets. The amount of clamping force obtained by rivets 
is much smaller than that of bolts but it seems still to be sufficient to improve the fatigue 
endurance. 

7.2.5  Corrosion 
Corrosion is a big problem for metal structures, Figure 43. Unless treated with some 
kind of protection, the resistance of structural details will decrease due to corrosion. 
Concerning old metal bridges some degree of corrosion will always be present due to 
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the assembling technique with layered parts making corrosion protection hard to per-
form and maintain. 
 

 
Figure 43. Corrosion damage on a plated girder bridge 
 
In the tests evaluated the amount or the severity of corrosion is hard to compare. What 
researchers classify as light and sever is often not well defined. This is probably the 
reason why investigations show different results concerning the effect of corrosion.  
Some researcher [81,82] had light corrosion present in their tests and their conclusion 
was that corrosion did not influence the fatigue performance. In [71] it was concluded 
that corrosion does not influence the fatigue performance unless the corrosion has re-
duced the cross section with more than 20%. If the state of corrosion damage is not too 
severe and if the rivet heads protects the hole from corrosion, the conclusions from [70] 
and [77] are that the influence is marginal. 
Some researchers [1,73,77] agrees on that the effect of corrosion is of negative influ-
ence and [1] states that corrosion gives a faster crack propagation. Conclusion by [72] 
was that corrosion and notches substantially reduced the fatigue resistance. 
A clear indication is given in Figure 34 in which the fatigue endurance improved when 
the plate girders that had been classified as heavily corroded were removed.  
The fatigue life will not be influenced in the same way if the corrosion damage is located 
to the compressed flange rather than to the tension flange. Especially corrosion near 
rivets increases the stress levels which lead to lower fatigue endurance.  
The rough surfaces due to corrosion acts as stress raiser which can cause the growth of 
cracks. The amount of corrosion that can be allowed before it becomes a lager stress 
raiser than the rivet holes has not been established.  
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It should be kept in mind that the ductile parts of old steel are located at the surface of 
the plates and angles. A corroded structure will have a reduced cross section consisting 
of more brittle material, which increases the risk of a brittle fracture especially in low 
working temperatures. 

7.2.6 Hole preparation 
Methods of producing rivet holes in old bridge structures were drilling, punching, sub 
drilling and reaming, and punching and reaming. The surface conditions of rivet holes 
are believed to be an influencing factor on the fatigue life of riveted structures. Opinions 
concerning the method best suited for producing rivet holes are not unanimous. 
Mang et al [1] conducted an investigation on hole preparation and the results showed 
that there is no difference between the methods. Literature investigations conducted by 
Fisher [71] showed the same result. The investigation of Zhou et al [93] showed that 
punched holes provided lager initial defects compared to drilled holes. However the de-
fects seem to have little influence on the fatigue resistance. 
The results concerning fatigue endurances depending on hole preparation conducted on 
small scale tests are shown in figure 44. Data were only retrieved from tests conducted 
by Mang et al [1]. The investigation has been performed on small scale tests in tension. 
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Figure 44. Influence of hole preparations methods on the fatigue life for plates 
 
The investigations concerning small scales fatigue endurance depending on hole prepa-
ration method do not indicate any differences in the fatigue life. 

7.2.7  Material 
The majority of the old bridges remaining to day are made of steel, however there are 
some made from wrought iron still in service. The knowledge concerning the wrought 
iron bridges is not as extensive as for steel bridges.  
To investigate the influence of material concerning the endurance of plate and truss 
girders the specimens consisting of wrought iron was removed Figure 45 and Figure 46.  
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Figure 45. The endurance of plate girders with the removal of wrought iron tests 
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Figure 46. The endurance of truss girders with the removal of wrought iron tests 
 
No major difference can be seen in the performance of plate and truss girders with the 
removal of wrought iron tests. The result indicates that there is no obvious difference in 
the fatigue endurance between steel and wrought iron structures.  

7.3 Summary 
The evaluation of the fatigue endurance of full scale riveted plate girders taken out of 
service, indicates that the fatigue life can be evaluated by detail category C = 71. This is 
based on the assumption that the detail category should include the survival probability 
of 95% of the evaluated samples. A lower fatigue response was found for load bearing 
members in lattice girders for which the detail category C = 63 is recommended. 
Riveted girders exposed to a variable stress range lower then 40 MPa seems to have 
indefinitely long fatigue endurance. High amount of clamping force extended the fatigue 
life of structures and small scale tests. High strength bolts were found to be a good re-
placement of rivets. The amount of corrosion that can be allowed without affecting the 
fatigue endurance could not be established, but a negative influence was found. A cor-
roded structure will have a remaining cross section consisting of brittle material, which 
increases the risk of a fast fracture scenario in low working temperatures. Corrosion 
near rivets increases the stress levels which lead to lower fatigue endurance. 
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The method used for producing rivet holes does not seem to influence the fatigue per-
formance. Wrought iron structures seem to have corresponding fatigue endurance as 
steel. 
The following conclusions can be made: 

• Behaviour of riveted structures redundancy is reported in the majority of the inves-
tigations surveyed. When cracks have developed, stresses will transfer to near by 
parts providing a relaxation of the cracked areas. This due to the assembling 
technique of riveting. Cracks can not transfer between assembled parts providing 
a favourable fatigue performance compared to welded details. The clamping force 
of rivets and high strength bolts has a positive influence of the fatigue endurance. 

• Results concerning the level of the cut off limit, indicates that it can be raised from 
28.7 MPa to 40 MPa.  

• Rough surfaces obtained by corrosion act as stress raiser and can become the 
origin of fatigue cracks. Heavy corrosion has a negative influence on the fatigue 
life of riveted details. However the amount of corrosion before it provides a bigger 
stress raiser than the rivet holes could not be established.  

• A corroded structure will have a remaining cross section consisting of brittle prop-
erties, which increases the risk of a fast fracture scenario in low working tempera-
tures (metals produced before 1940). A good corrosion protection is vital for old 
structures consisting of non-homogenous metal. 

• Hole preparations and material properties seems to have little influence on the 
performance of the fatigue life of riveted structures. 

• The result of the fatigue endurance tests indicates that the fatigue life can be es-
timated by detail category C = 71 for riveted girders and C = 63 for load bearing 
members in lattice structures.  
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8. Improved assessment methods 

Modern standards for design of steel structures like Eurocode 3 cover riveted structures 
but they do not give complete information. Old design standards on the other hand are 
quite incomplete concerning instability phenomena and they are covering elastic design 
only. Here Eurocode 3 [95,96,97] will be taken as the starting point and some additional 
information relevant for riveted structures will be given. 
An assessment has to cover all relevant limit states but the focus of this document is the 
ultimate limit states (ULS). Fatigue is dealt with in another WP and serviceability limit 
states (SLS) requires elastic analysis, which is assumed to be well known. This back-
ground document will provide information on the resistance of rivets in ULS and on clas-
sification of cross sections of riveted girders. 
The cross section classes in Eurocode 3 are essential in defining the resistance to 
bending moment. They are defined for rolled or welded sections but those definitions 
are sufficient for riveted girders. First the maximum distance between rivets in the stress 
direction has to be defined. Further, there are some beneficial effects of confinement of 
plates in certain cases. 
The traditional method for assessing the resistance of steel bridges is based on elastic 
analysis. In case the resistance in ULS is insufficient it is possible that allowing for plas-
tic deformations gives a more favourable answer. Such a situation may occur if you 
want to allow one or a few exceptionally heavy trains that do not contribute to the fa-
tigue. It is very obvious that a substantial increase in the resistance can be gained if the 
girders are stocky enough for using plastic hinge analysis. This is rarely the case but 
also more slender girders have some plastic deformation capacity, which can be utilised 
for a limited redistribution of moments in the girders. One way of doing this is to use a 
full non linear FE analysis there the girders are modelled with shell elements. This is 
quite time consuming and the analysis is sensitive to the choice of imperfections. 

8.1 Resistance of riveted connections 
The resistance of rivets in the old design codes to which riveted bridges were designed 
was very conservative. For instance, in the Swedish design code from 1938 [99] the al-
lowable shear stress of 75 MPa for a rivet material with ultimate strength 370 MPa. This 
means that the safety factor against shear failure was 3. In Germany the allowable 
shear stress was 80 MPa. since 1890. 
The design resistance of rivets is given in Eurocode 3-1-8 as: 

 =
γ

0

2

0,6 ur
Rd

M

f AF  (40) 

where urf  is the ultimate strength of the rivet material, 0A  is the area of the hole and 
γ 2M  is a partial factor with recommended value 1.25. 

Considering a load factor of 1.5 this design rule gives a total safety factor of 1.8. Com-
pared to the resistance utilized in the original design there is a high reserve strength in 
the rivets. The reserve is much higher than for the steel members and it is likely that the 
rivets are not limiting the possible increase in resistance of the bridge. 
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The rivet material was standardised in two strength classes with ultimate strength 370 
and 440 MPa in the beginning of the 20th century. Before that the strength was not 
specified. The design rules for bearing resistance and for block tearing failure of Euro-
code 3-1-8 [97] are applicable to riveted connections. 

8.2 Cross section classes for riveted elements 
Cross section classes are defined in Eurocode 3-1-1 [95] in order to describe the behav-
iour of a girder in bending with respect to effects of local buckling. The definitions are as 
follows: 

• Class 1 cross-sections are those which can form a plastic hinge with the rotation 
capacity required from plastic analysis without reduction of the resistance. 

• Class 2 cross-sections are those which can develop their plastic moment resis-
tance, but have limited rotation capacity because of local buckling. 

• Class 3 cross-sections are those in which the stress in the extreme compression 
fibre of the steel member assuming an elastic distribution of stresses can reach 
the yield strength, but local buckling is liable to prevent development of the plastic 
moment resistance. 

• Class 4 cross-sections are those in which local buckling will occur before the at-
tainment of yield stress in one or more parts of the cross-section. 

Limitations of the width to thickness ratio of plates in compression are given in Eurocode 
3-1-1 [95] for class 1 to 3. Plates more slender than the limit of class 3 are in class 4. 
These limitations concerns only the width perpendicular to stress direction and here 
there is also a need for limitations in the stress direction, which will be discussed later. 
For angles the width is defined as the over all leg width according to Eurocode 3-1-1 
[95] . However, it is stated that this definition does not apply to angles in solid contact 
with other steel parts but no alternative definition is given. For an outstand flange of sin-
gle angles as in the left part of Figure 47, it is reasonable to apply the normal definition 
of width for an outstand flange in an I-girder, which is from the free edge to the start of 
the fillet. 
 

bibf

b w

bi

b wb w

bf

I-girder or 
truss diagonal I-girder Truss chord

 
Figure 47. Definition of plate widths for riveted girders and chords  
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The width of the web for the first and second parts of Figure 47 is suggested to be taken 
as that clear width between the angles, because the web is clamped between the an-
gles. This is however not the case for the truss chord in Figure 47 because it has an 
angle on one side only. For this case it is suggested to use the centre distance between 
the rivet rows as width. 
The I-girder in the middle of Figure 47 has a flange plate which contains an outstand 
flange and also an internal flange with the terminology from Eurocode 3. The interior 
part of the flange with width bi has a more favourable condition than assumed in Euro-
code 3-1-1 [95] . The plate can only buckle away from the web, which is a situation simi-
lar to that of a composite plate according to Eurocode 4-2 [99] . Therefore the more lib-
eral limitations of Table 1 may be applied. As can be seen from Table 1 the figures are 
quite high and such interior flanges will mostly be in class 1. However, for the truss 
chord in Figure 47 the normal limitations of Eurocode 3-1-1 [95] should be applied be-
cause the flange plate has not a full support. Such chord may very well be in Class 4 
and will not be fully effective. 
The angles usually have a width to thickness ratio of around 10. With at least one line of 
rivets in the middle this leads to very small slenderness ratios and the angles need not 
be checked for local buckling. 
The limitation of the distance between rivets in direction of stress is not very well inves-
tigated. The old Swedish rules used to give a maximum distance of 11 to 12 times the 
smallest plate thickness. This rule was based both on considerations of local buckling 
and of corrosion. The old German rules as described in Schöler, 1904 stated a maxi-
mum distance of 5d where d is the rivet diameter. Further, the recommended rivet size 
depended on the plate thickness t as follows: 
t ≤ 12 mm d = t + 10 mm 
t > 12 mm d = 0.5t + 16 mm 
The available rivet diameters were 15, 20, 23 and 26 mm. With a minimum plate thick-
ness of 7 mm these recommendation leads to a maximum distance of 12 t. 
In Eurocode 3-1-8 [97] there is a rule stating that the buckling resistance should be de-
termined as for flexural buckling assuming a buckling length of 0,6 times the centre dis-
tance between the fasteners. This rule ends up with a limitation of the centre distance 
between the fasteners to 9t for reaching the yield strength. This rule is very much a desk 
invention with little connection to the real behaviour of a plate. The reason is that buck-
ling of a plate is not essentially influenced by residual stresses and the buckling curves 
for profiles are not relevant. One more reason for a more favourable behaviour is that 
the curvature of the girder will tend to press the plate towards the web. That will serve 
as a favourable geometric imperfection. 
A more reasonable approach is found in Eurocode 4-2 [98] there rules for composite 
plates are given. A composite plate is a steel plate with shear studs in a regular pattern 
on top of which concrete is cast to act compositely when it has hardened. For such 
plates it is stated that the centre-to-centre spacing of the connectors should not exceed 
the limits given in Table 43, where t is the thickness of the steel plate and ε = 235 / yf , 
with fy in MPa units. Limits for class 1 sections are not given in Eurocode 4-2 and has 
been estimated.  
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Table 43. Upper limits to spacings of rivets in plates under compression supported by 
web and angles. 

  Class 1 Class 2 Class 3 
Transverse to the direction of 
compressive stress 

outstand flange: 
interior flange: 

≈10tε 
≈40tε 

14 tε 
45 tε 

20 tε 
50 tε 

In the direction of compressive 
stress 

outstand and 
interior flange: 

≈12tε 22 tε 25 tε 

8.3 Redistribution of bending moments in girders 

8.3.1 Background 
Plate girders in steel bridges are since the 1940:ies made by welding but older bridges 
are riveted. The cross sections are usually made up of slender plates, which according 
to classification in Eurocode 3 are class 3 or 4. Such girders are not attributed any plas-
tic deformation capacity and accordingly they have to be analysed elastically. However, 
several studies have shown that under certain conditions there is a useful amount of 
plastic deformation capacity also in slender girders. This deformation capacity can be 
utilised when assessing old bridges by allowing partial moment redistribution. 
During the late 80s the Autostress method was developed in the US mainly by work of 
Schilling, 1991 and was also codified in the ASHTO design code. The method is quite 
crude in that it assumes a certain rotation at the piers and the hogging moment resis-
tance is reduced accordingly. The sagging moments increase and the net effect is that 
the girder can carry more load. The method has been used in practice but not exten-
sively. For new design the method has an advantage for small bridges where rolled 
beams can be used. If the beam is uniform the pier section will govern and the resis-
tance in the span can not be utilized with elastic design. The consequence of using the 
Autostress method is that cover plates can be avoided at the pier section and the beam 
can anyway be fully utilized. 
The basic question is to estimate the relation between moment resistance and plastic 
deformation. Figure 48 shows a moment-rotation relation for a pier section of a girder 
and it also defines the available rotation capacity θav. It is important to note that the 
available rotation capacity has to be defined at a level of moment Mref not exceeding the 
maximum. It is also clear that the available rotation capacity increases as the reference 
moment is decreased. In Figure 49 the available deformation capacity for I-girders with 
flanges in class 1 are shown as a function of the slenderness of the web from different 
studies. The available rotation capacity is influenced by several parameters like the 
slenderness of the compression flange and the web, the utilisation of the cross section 
for bending and shear, presence of vertical stiffeners and so on. Information is not com-
plete but it is possible to give good enough predictions for certain configurations. 
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Figure 48. Moment-rotation curve for the 
pier section of a bridge girder and defini-
tion of available rotation capacity θav. 

Figure 49. Available rotation capacity for 
I-girders with flanges in Class 1 as func-
tion of the web slenderness. 

 
Limited redistribution of moments can be used in case the elastic resistance in ULS is 
insufficient and may provide a useful increase in the resistance. The design philosophy 
for bridges in the Eurocodes includes a check in ULS for sufficient resistance and a 
check of reversible behaviour in SLS. The former is thought of as a single occasion of 
overload for which each cross section has to be shown strong enough to withstand the 
load effects. The check for reversible behaviour is usually done by checking that yielding 
does not occur under characteristic loads. This situation is assumed to occur several 
times and if plastic strains are allowed it would be possible that plastic strains would ac-
cumulate leading to incremental plastic collapse. It is possible to relax this criterion by 
allowing limited plastic deformations if it can be shown that a distribution of residual 
moments exist such that only elastic deformations occur after that the residual moments 
have been established, so called shake down. 
Assuming that an estimation of the available rotation capacity is at hand the next ques-
tion is how to use it. This has recently been studied by Lääne, 2003 [104] for composite 
bridges. He calculated the required rotation for releasing effects of imposed deforma-
tions like those of shrinkage and temperature. For calculation of moment redistribution 
he used non-linear computer simulations but for practical application it would be prefer-
able to use a simplified method. Such a method remains to be developed and a pro-
posal is presented in the next sections. 

8.3.2 Assessment method 
This section describes a simple method for estimating the resistance of steel girders 
using a simplified elastic-plastic calculation. It can be used in case the elastic resistance 
in ULS is insufficient and may provide a substantial increase in the resistance. In addi-
tion to the methods described here it should be noted that for composite bridges the de-
sign according to EN 1994-2 allows that the plastic resistance is utilized in sagging 
bending even if the cross section at support is 3 or 4.  
In case the girder has all cross sections in class 1 normal plastic hinge analysis can be 
used. In addition there is a requirement that the girder should remain elastic in SLS. 
This check may be done considering residual moments after unloading from ULS state. 
If one or more cross sections are in class 2, 3 or 4 the deformation capacity of the girder 
has to be considered. In the simple method described in Figure 50 it is assumed that a 
plastic hinge develops at the support and that hinge retains a moment Mref  for a rotation 
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not exceeding θ0. The choice of Mref can be any moment not exceeding MRd, which is the 
design bending resistance calculated according to EN 1993-1-1 [95] or EN 1993-1-5 
[96], as applicable. The implication of the choice is that a lower Mref gives a higher rota-
tion capacity. The calculations can be done with a simple FE-program for linear elastic 
beam analysis provided that it includes rotation springs with defined moment. 
In a more advanced method it is possible to utilize estimated moment rotation relations 
both for hogging and sagging bending. This will require a computer program that can 
handle non linear springs and the computation has to be done incrementally. This 
method comes quite close the elastic-plastic resistance of the girder. The moment rota-
tion relation for hogging bending can be taken as bilinear with a plateau and a descend-
ing linear part. For sagging bending a more gradual development of the plastic rotations 
should be considered. This method will not be developed further in this context. 
The calculations can be done with a simple FE-program for elastic beam analysis pro-
vided that it includes rotation springs with defined moment (hinge with friction). The cal-
culation is stopped if either θ0  is reached at the support or the bending resistance in the 
span is reached. If the computer program does not have this kind of spring an alterna-
tive procedure can be used. Instead of inserting a spring a hinge can be inserted close 
to the support under study and a fixed moment Mref is introduced at each side of the 
hinge. The subsequent steps are same as in Figure 50 but note that the rotation θ  is the 
sum of the rotations on both sides of the hinge. 
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Figure 50. Flow chart for check of hogging bending with limited redistribution 
 
If the computer program can handle non-linear problem the analysis can be made in one 
run.  
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In addition to the check of hogging bending the girder has to be checked for sagging 
bending in the spans, which is done with another load arrangement. The rotation capac-
ity of slender girders in sagging bending has not been studied much and it can be ex-
pected to be less favourable than in hogging bending. For that reason it is suggested 
that the check for sagging bending is done with elastic analysis. 

8.3.3 Rotation capacity 
The rotation capacity of I-beams has been studied primarily for the need of plastic hinge 
analysis. The question is whether a cross section has enough rotation capacity for full 
redistribution of bending moments in the structure. Cross sections that fulfill this re-
quirements are fairly stocky and are called compact sections in US terminology and 
Class 1 cross sections in Eurocode 3. Sufficient rotation capacity has no strict definition 
because it depends on the particular structure that is considered. In the studies of the 
Autostress method in the US a plastic rotation of 63 mrad has been taken as sufficient 
for a Class 1 section. This limit will be applied here. It is reasonably compatible with the 
slenderness limits for Class 1 cross sections in Eurocode 3-1-1 [95]. 
For cross section that are more slender than the limits for Class1 the rotation capacity is 
smaller than 63 mrad and the relation between the moment in the plastic hinge M and 
the plastic rotation θ is described by a bilinear relation according to Figure 51. 
The reference moment Mref is in principle any value smaller than or equal to the bending 
resistance. The smaller it is taken the larger the rotation capacity becomes. Here two 
levels will be considered, the full design bending resistance and 0,9 times that value. 
The design bending resistance is taken according to Eurocode 3-1-1 for cross section 
Classes 1, 2 and 3 and according to Eurocode 3-1-5 for Class 4. This value includes the 
necessary safety margins as it is defined statistically as a low fractile value. In a study of 
Axhag, 1998 of the failure probability of a bridge it was concluded that average values of 
the rotation capacity could be used without impairing the safety. The rotation capacity 
evaluated here will be chosen a bit lower than the average value for additional safety. 
The reason is mainly that there are many parameters influencing the rotation capacity 
and the test evidence does not cover all possible combinations. 
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M
M

 

1,0 

θ0                              θ 

θ 0
ref

1 ( )M k
M

θ θ= − −  

 
Figure 51. Simplified relation between moment in a plastic hinge and plastic rotation. 
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Bridge girders are usually Class 4 because of the web slenderness. The case of girders 
with Class 1 flanges and varying web slenderness has been studied by several authors, 
among those Schilling [105], Wargsjö [107], Barth-White [101], Axhag [100] and Lääne 
[104]. The study of Schilling was based on tests and he developed empirical formulae 
for the rotation capacity. One example is shown in Figure 52 and it can be seen that his 
prediction is quite favourable compared to other proposals. One reason for this may be 
that the results are restricted to girders with a transverse web stiffener at a distance of 
one half web depth from the support. This can be fulfilled in a new design but it is not 
likely to be fulfilled in an existing bridge. The study of Barth and White was based on 
computer simulations and they proposed a relation between moment and rotation similar 
to that in Figure 51. The formulae they proposed for the rotation capacity is however 
strange as it does not include the web slenderness. This is contradictory to test results. 
The study of Wargsjö included three point bending tests of 10 girders of grade S355 and 
Axhag reports 12 tests on girders of S690. Both studies included evaluation of the rota-
tion capacity according the model described in Figure 51. This was done by manual 
curve fitting to the measured moment rotation curve. In this fitting the plateau was put at 
the level of maximum bending moment in the test. This is in contrast to the definition 
commonly used for stocky girders where the plateau is put at the level of calculated 
plastic moment. The latter gives usually larger rotation capacity but also a larger scatter. 
If the bending resistance is defined as a 5% fractile of test results one out of 20 tests will 
show a resistance lower than the characteristic value and its rotation capacity will be 
zero even if it shows very large plastic deformations. This is the reason for using the 
maximum resistance from test as reference. 
Lääne reports computer simulations of bridge girders from which he has evaluated the 
rotation capacity. The study included both steel girders and composite girder. The com-
puter simulations were calibrated against test results and the simulation matched also 
the unloading branch well. He evaluated the rotation capacity with reference to a calcu-
lated resistance according to Eurocode 3 and 4. This was less of a problem because the 
scatter in computer simulations is much smaller than in tests. 

 
Figure 52. Rotation capacity in mrad as function of web slenderness Mref = MR 
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Results from these three studies are shown in Figure 52 and Figure 53 as the plateau 
length θ0 in mrad as function of the web slenderness λw, which is given by: 
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where hw is the web depth, tw is the web thickness, 235

yf
ε =  with fy in MPa, kσ is the 

buckling coefficient for the state of stress in the web, for instance 23.9 for equal stresses 
in tension and compression at the edges. Figure 52 shows the rotation capacity with 
Mref = MR and the curve shown has the equation: 
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Figure 53. Rotation capacity in mrad as function of web slenderness Mref = 0.9MR 
 
The equation (41) is similar to what Lääne [104] proposed but it has been shifted up-
wards in order to come closer to an average value of the computer simulations. As can 
be seen in Figure 44 it is still a lower bound of the test results. 
Figure 53 shows the rotation capacity for Mref = 0.9 MR and this gives a higher rotation 
capacity compared to Figure 52. The equation of the curve is: 
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 mrad (43) 
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The slope of the unloading branch shown in Figure 53 has been studied by Wargsjö 
[107] and Axhag [100]. It shows a quite large scatter but the conclusion was that the 
following value could be used: 

 θ 0.007k =  mrad-1 (44) 

So far the rotation capacity has been discussed for girders with flanges in Class 1. The 
rotation capacity for more slender flanges has been evaluated from tests in Wargsjö 
[107]. Two sets of tests with webs in Class 1 and varying slenderness for the flanges are 
shown in Figure 52 and Figure 53. There is actually a lot more test results in the litera-
ture but they are usually evaluated in another way. In order to evaluate them according 
to the method applied here the original moment-rotation relations from the test are 
needed and those are not available. 
The flange slenderness is defined by: 
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where bf is the flat part of the outstand flange and tf is the flange thickness. 
 

 
Figure 54. Rotation capacity in mrad as function of flange slenderness Mref = MR 
 
It is notable from Figure 52 that the rotation capacity drops off quite rapidly with increas-
ing flange slenderness. Test results for really slender flanges are not available but it is 
likely that they have some low rotation capacity. Until this has been studied a safe ap-
proach is suggested as shown by the trend line in Figure 54, which means that the rota-
tion capacity is set to zero at λf = 0.65. The normalized equation of the line is: 
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 θ
κ = = − λ0

1,0 3.8 5.9
63f f  ≤ κ ≤1,00 1.0f  (46) 

Figure 51 shows the rotation capacity for Mref = 0.9 MR and the equation of the trend line 
is: 

 θ
κ = = − λ0

0,9 3.6 4.8
63f f  ≤ κ ≤0,90 1.0f  (47) 

The remaining question to discuss is the possible interaction between the influence of 
web and flange slenderness. The only indication in the test results studied is two girders 
in Axhag [100] with flanges in Class 3 and webs in Class 4. They can be seen in Figure 
54 and Figure 55 at λw = 1.11 and they are clearly within the scatter band of the tests 
with flanges in Class 1. However, two test results are a shaky basis for conclusions and 
until this has been studied in more detail a conservative approach is proposed. That is 
to reduce the rotation capacity for girders with Class 1 flanges with the factor κf accord-
ing to the following equations: 

• 
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Figure 55. Rotation capacity in mrad as function of flange slenderness Mref = 0.9MR 
 

For plastic rotations exceeding θ0 (either θ0,1.0 or θ0,0,.) the moment in the hinge is re-
duced according to 
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where the rotations are in mrad. 
In Lääne [104] the influence of shear force on the rotation capacity was studied. The 
conclusion was that a shear force smaller than 80% of the resistance does not have to 
be considered when estimating the rotation capacity. This should be taken as a limita-
tion for the above formulae. Another limitation is that the rotation capacity is valid only 
for the pier section. In the span where the moment gradient is small lower rotation ca-
pacity can be expected. 
In summary the rotation capacity given above is applicable under the following condi-
tions: 

• The girder is an I-girder; 

• The rotation takes place at an internal support; 

• The girder has no significant fatigue cracks; 

• The shear force at the support is smaller than 80% of the resistance; 

• The bottom flange is prevented from lateral torsional buckling. 
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9. NDT techniques for fatigue assessment 

As mentioned in the above paragraphs, steel bridges are vulnerable to fatigue deteriora-
tion because of the repetitive traffic loading that they experience. Non-destructive in-
spection (NDI) techniques, which can detect changes in material properties and/or flaws 
in structural details without impairing their use, are commonly used to detect and meas-
ure cracks in fracture-critical members of steel bridges. 
For all of these techniques, inspection accuracy, accessibility frequency, cost, and con-
sequences of detection failures (misses) or false indications (false calls) must be when 
selecting the appropriate NDI techniques.  
The modern methods of assessment of bridges, as linear elastic fractures mechanics 
(LEFM), assumes the presence of structural defects and then allows the designer to 
answer the following questions: 

• What is the critical flaw size that will cause the failure for a given component sub-
ject to service stress and temperature conditions? 

• How long can a precracked structure be safely operated in service? 

• How can a structure be designed to prevent catastrophic failure from preexisting 
cracks? 

• What inspection must be performed to prevent the catastrophic failure? 

9.1 NDI reliability 
The main characterization to evaluate the performance of a NDI technique is the mini-
mum crack (flaw) length for which there is a fixed degree of confidence that at least a 
fixed probability of cracks will be detected. Typically, the minimum crack length is cho-
sen such that, at 95% confidence level, at least 90% of all cracks grater than this length 
will be detected. 
The main parameter to characterize the reliability of a NDI technique is the probability of 
detection function (POD). The ideal NDI POD function is shown schematically in Figure 
56. All flaws larger than THa  would be detected all of the time, while all flaws smaller THa  
would not. Obviously, no ideal system exists, and the POD functions used produce a 
continuous curve. 
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Figure 56. Parameters of fatigue crack grow model  

9.2 Probability of detection 
Four possible outcomes exists when using any of NDI techniques: 

• True positive (hit), 

• False negative (miss), 

• False positive (false call), 

• True negative (corrects accept). 
These outcomes are illustrated on Figure 57. 
The probability off detection (POD) of a crack of a given size is the conditional probabil-
ity of a true positive call given that a crack with that size exists. 
Hence, from repeated inspections, an estimate of the POD can be obtained as follows: 

 TP

TP FN

NˆPOD
N N

=
+

 (48) 

where DÔP  is the estimate of POD  for a specific crack size; NTP is the number of true 
positive calls; NFN is the number of false negative calls. Correspondingly, the false call 
probability (PFA) can also be evaluated as: 
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where AF̂P  is the estimate of PFA  for a specific crack size; NFP is the number of false 
positive calls and NTN is the number of true negative calls. 
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Figure 57. Possible outcomes of NDI for welded joints. 
 
After introducing cracks of various sizes into tests specimens and performing inspec-
tions, POD estimates from various crack sizes from different NDI techniques can be ob-
tained. 
Based on the inspections results, generally, two different analysis approaches are em-
ployed to formulate the POD(a) function for any crack size a, with any NDI technique: 
The Hit/Miss method, and the Signal Response method. 

9.2.1 Hit/Miss method 
This method is applied when inspection data are recorded in terms of hits or misses (i.e. 
indicating whether or not a crack is detected). This is commonly used, for example, for 
data from penetrant liquid inspection and visual inspection tests. The basic idea behind 
this method is to estimate de probability on detection DÔP  for any given crack size from 
the hit ad miss data by applying regression analysis or a maximum likelihood procedure. 
Berens and Hovey (1981) proposed that the log-logistic function can provide a satisfac-
tory model for hit/miss inspection data. The log logistic POD function can be expressed 
as: 

 [ ]
[ ]1

exp ln(a)
POD(a)

exp ln(a)
α + β

=
+ α + β

 (50) 

where a is the crack size while α  and β  are statistical parameters to be estimated. 

Because the binomial property of the hit/miss data, the DÔP  estimate for a fixed crack 
size, is essentially the sample proportion of hits. So, for a large number of inspections 
M, performed for a particular crack size, the distribution of DÔP  can be approximated by 
a normal distribution with mean and variance as follows: 

 ( ) PODDÔPE =  (51) 
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 ( ) 1POD( POD)ˆVar POD
M
−

=  (52) 

In order to have a representative POD function for any NDI technique, reliable DÔP  es-
timation for each crack size is necessary. Accordingly, confidence interval calculation 
may be used which involves establishing the required number of inspections, Mreq that 
will provide, say, ( )100 1− α  percent confidence that error using DÔP  to estimate POD 
will be less than a specified level E. This required number of inspections Mreq  can be 
determined as follows: 
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where γ  is the significance level; 2/zγ  is the value pf the standard normal variate with a 

cumulative probability level, ( )1 2/− γ . Let x be the number of true positive calls (hits) 

out of Mreq inspections. Note that equation (53) implies that if ( )reqx / M  is used as an 

estimate for POD, we can assert with ( )1 100− γ  confidence that the error will not ex-
ceed E. 

9.2.2 Signal Response Method 
This method is applied for inspections results recorded in terms of parameters â  indicat-
ing signal response to stimuli (cracks), such as the inspection results produced by ultra-
sonic inspection and eddy current inspection. For â  values below the recording signal 
threshold thâ , no signal is recorded. For crack sizes exceeding the signal saturation 
limit, satâ , of the recording system, the corresponding â  values stay the same as satâ . 
However, â  values are displayed when they are greater than a specified decisive value, 

decâ . Between thâ  and satâ , â  values can be expressed as the following regression rela-
tionship with crack size: 

 0 1ln( ) ln( ) th satˆ ˆ ˆa a ; a a a= β + β + ε < <  (54) 

where 0β  and 1β  are the regression parameters and ε  is normally distributed with zero 
mean and standard deviation εσ . As shown in figure 58, the probability of detection 
function for a given crack size, a, POD(a), can be expressed as: 
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where ˆ ˆ( )a af a  is the probability density function of the signal value, â , for a given crack 

size a; )â(F aâ  is the cumulative density function of the signal value â , for a given crack 

size, a. Combining equations (55) and (54) and assuming a as lognormal, the POD 
function from the signal response method can expressed as follows: 
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Figure 58. Probability of Detection Function POD(a), 
Calculation in Signal response Method  

9.3 Purpose of inspection and techniques 
Detailed inspections can be used as part of a damage-tolerance fracture control plan. 
This fracture control concept is based on the fact that presence of crack like discontinui-
ties in the structural members or connections does not necessarily mean the end of the 
service life of the structure. An integrated approach using scheduled inspections on the 
flawed members and analysis of fracture/fatigue resistance of the same members can 
assure satisfactory structural performance. The cost for repair or replacement of the 
flawed members can therefore be balanced against the inspection cost.  
To develop schedules for inspection when the damage-tolerance fracture control plan is 
used, fracture mechanics theories must be applied. The inspection periods can be de-
termined by fatigue propagation analysis of the cracked structural members. The crack 
growth history from a detectable size to the critical size can be predicted using the 
propagation laws (e.g., Paris's crack growth law). Time interval between inspections 
should be a fraction of this crack growth life. The optimum inspection intervals vary with 
service conditions, the discontinuity conditions and the NDT reliability. the later case is 
often missing but inspection quality is a necessary information for performing good in-
spections. The inspection intervals should be short enough that the cracks that were not 
detectable at the preceding inspections do not have time to propagate to failure before 
the next scheduled inspection. 
For riveted structures, rivet rebounders can be used to check the tightness of a mini-
mum of 10% of the bolts or rivets in each connection. A rebounder is used by placing it 
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on one side of a fastener and striking the other side with a hammer. If the fastener is 
loose, the rebounder bounces away from the piece. 
Field inspection for cracking on welded or riveted structures can be accomplished by 
various NDT methods. The six NDT methods commonly used in industry are visual test-
ing (VT), penetrant testing (PT), magnetic-particle testing (MT), radiographic testing 
(RT), ultrasonic testing (UT), and eddy-current testing (ET). Selection of an NDT method 
for inspection depends on a number of variables, including the nature of the discontinu-
ity, accessibility, joint type and geometry, material type, detectability and reliability of the 
inspection method, inspector qualifications, and economic considerations. 
Detailed VT inspection uses the same inspection tools and procedure as normal VT, 
except that because existing discontinuities in a structural member or connection are 
known from periodic inspections, a more concentrated examination is performed. The 
type, geometry, size, location, and orientation of the discontinuities must be quantita-
tively determined. The entire structure may be inspected rather than just representative 
members or connections. VT inspection is useful for checking the presence of surface 
discontinuities or cracks outside the rivet head. It is simple, quick, and easy to apply. It 
requires no special equipment other than good eyesight, sometimes assisted by simple 
and inexpensive equipment. Visual examination, particularly with the aid of a magnifying 
glass (5 H or higher), is the most efficient first step. A major disadvantage of VT inspec-
tion is the need for an inspector who has considerable experience and knowledge in 
many different areas. Although VT inspection is an invaluable method for detecting dis-
continuities, it is less reliable in detecting and quantifying small discontinuities or detect-
ing subsurface discontinuities. 
PT inspection is also a method used to detect and locate surface discontinuities. Liquid 
penetrants can seep into various types of minute surface openings by capillary action. 
Therefore, this process is well suited for detecting discontinuities such as surface 
cracks, overlaps, porosity, and laminations. PT inspection can be performed using visi-
ble dye or fluorescent dye visible with ultraviolet light. Three different penetrants com-
monly used with either dye are water washable, solvent removable, and postemulsifi-
able. The various penetrant inspection systems are listed in order of decreasing inspec-
tion sensitivity and operational cost as follows: 

• • Postemulsifiable fluorescent dye 

• • Solvent-removable fluorescent dye 

• • Water-washable fluorescent dye 

• • Postemulsifiable visible dye 

• • Solvent-removable visible dye 

• • Water-washable visible dye 
PT inspection is relatively inexpensive and reasonably rapid. Equipment generally is 
simpler and less costly than that for most other NDT methods. The major limitation of PT 
inspection is that it can detect only discontinuities that are open to the surface. Another 
disadvantage is that the surface roughness of the object being inspected may affect the 
PT inspection results. Extremely rough or porous surfaces may produce false indica-
tions. Some substances in the penetrants can affect structural materials. If penetrants 
are corrosive to the material being inspected, they should be avoided. 
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MT inspection is used to detect surface or near-surface discontinuities in ferromagnetic 
materials. Magnetic fields can be generated by yokes, coils, central conductors, prod 
contacts, and induced current. When the material is magnetized, magnetic discontinui-
ties that lie in a direction generally transverse to the direction of the magnetic field will 
cause a leakage field at the surface of the material. The presence of this leakage field is 
detected when fine ferromagnetic particles are applied over the surface. Some of the 
particles are gathered and held by the leakage field. This collection of particles indicates 
the discontinuities. Several magnetic particle materials commonly used for MT inspec-
tion are dry powders (i.e., suitable for field inspection of large object), wet magnetic par-
ticles suspended in water or light oil (i.e., suitable for very fine or shallow discontinui-
ties), magnetic slurry suspended in heavy oil, and magnetic particles dispersed in the 
liquid polymers to form solid indications. The MT inspection is a sensitive means of de-
tecting small and shallow surface or nearsurface discontinuities in ferromagnetic materi-
als. MT inspection is considerably less expensive than radiographic or ultrasonic inspec-
tion and is generally faster and more economical than penetrant inspection. Compared 
to PT inspection, MT inspection has the advantage of revealing cracks filled with foreign 
material. MT inspection is limited to ferromagnetic material. For good results, the mag-
netic field must be in a direction that will intercept the direction of the discontinuity. 
Large currents sometimes are required for very large parts. Care is necessary to avoid 
local heating and burning of surfaces at the points of electrical contact. Demagnetization 
is sometimes necessary after inspection. Discontinuities must be open to the surface or 
must be in the near subsurface to create flux leakage of sufficient strength to accumu-
late magnetic particles. If a discontinuity is oriented parallel to the lines of force, it will be 
essentially undetectable. 
RT inspection is based on differential absorption of penetrating radiation by the mate-
rial being inspected. Radiation from the source is absorbed by the test piece as the ra-
diation passes through it. The discontinuity and its surrounding material absorb different 
amounts of penetrating radiation. Thus, the amount of radiation that impinges on the film 
in the area beneath the discontinuity is different from the amount that impinges in the 
adjacent area. This produces a latent image on the film. When the film is developed, the 
discontinuity can be seen as a shadow of different photographic density from that of the 
image of the surrounding material. Evaluation of the radiograph is based on a compari-
son of these differences in photographic density. The dark regions represent the more 
easily penetrated parts (i.e., thin sections and most types of discontinuities) while the 
lighter regions represent the more difficult areas to penetrate (i.e., thick sections). An 
essential element to the radiographic process is film, a thin transparent plastic base 
coated with fine crystals of silver bromide (emulsion). RT inspection detects surface and 
internal discontinuities, is generally not restricted by the type of material or grain struc-
ture, and provides a permanent record for future review. RT presents a potential radia-
tion hazard to personnel, is costly (radiographic equipment, facilities, and safety pro-
grams are expensive), and is relatively time consuming. The RT method is difficult to 
conduct during field applications. To provide reliable detection, discontinuities must be 
favorably aligned with the radiation beam, and accessibility to both sides of the parts to 
be inspected is required. 
UT inspection is a nondestructive method in which high-frequency sound waves are 
used to detect surface and internal discontinuities. The sound waves travel through the 
materials to be inspected and are reflected from surfaces, refracted at interfaces be-
tween two substances, and diffracted at edges or around obstacles. The reflected sound 
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waves are detected and analyzed to define the presence and location of discontinuities. 
Cracks, laminations, shrinkage cavities, pores, and other discontinuities that act as 
metal-gas interfaces can be easily detected. Inclusions and other nonhomogeneous de-
fects in the metal can also be detected. UT inspection is usually performed with longitu-
dinal waves or shear waves (i.e., angle beam). Most UT inspections for discontinuities 
are performed using angle-beam technique. The pulse-echo method with A-scan is most 
commonly used for inspection of welds. The most commonly used frequencies are be-
tween 1 and 5 MHz, with sound beams at angles of 0, 45, 60, and 70 degrees. During 
application of themethod, all surfaces of the part to be examined should be free of weld 
spatter, dirt, grease, oil, paint, and loose scale. UT provides near-instantaneous indica-
tions of discontinuities. It is not hazardous to personnel, nor does it have adverse effects 
on materials. The method is very accurate. It has superior penetrating power allowing 
the detection of discontinuities deep in the part, is highly sensitive permitting the detec-
tion of small discontinuities, and provides good accuracy in determining the size, posi-
tion, and shape of discontinuities. Manual operation and interpretation of results require 
experienced technicians. Even with experienced personnel, reference standards are 
needed for calibrating the equipment and for characterizing discontinuities. Parts that 
are rough, irregular in shape, very small, or inhomogeneous are difficult or impossible to 
inspect. 
ET inspection is an electromagnetic method that is based on the principles of electro-
magnetic induction. When an alternating current is passed through a coil, eddy current 
is created in the material being tested by an alternating magnetic field. The test coil is 
electronically monitored to detect the changes of magnetic field caused by the interac-
tion between the eddy currents and the initial field. Any surface or subsurface disconti-
nuities that appreciably alter the normal flow of eddy currents can be detected by ET 
inspection. Because ET inspection is an electromagnetic induction technique, it does not 
require direct contact between probe and the material being tested, so coated materials 
can be inspected. ET inspection is adaptable to high-speed inspection. The test material 
must be an electrical conductor (not a concern for inspection of hydraulic steel struc-
tures). Internal discontinuities that are more than approximately 6 mm (1/4 in.) from the 
surface cannot be accurately detected by eddy-current inspection. The method is based 
on indirect measurement, and the correlation between the instrument readings and the 
structural characteristics of the material being inspected must be carefully established. 
Since many variables can affect an eddy-current signal, interpretation of results must be 
done by experienced personnel. 
From all these techniques, RT inspection is the one capable to detect crack under rivet 
heads. For the others, it is rather to get information if the crack is still under the rivet 
head. ET inspection is often used in aircraft industry to detect cracks in rivets, and con-
sequently can be used for riveted joints in bridges. The lack of information regarding the 
reliability of the different techniques for detecting cracks in riveted joints has to be no-
ticed and further investigations are necessary in order to have efficiency inspection pro-
grammes. 
The inspection of riveted structures should include procedures to identify loose and/or 
deteriorated rivets. Loose rivets may exist where there are corrosion patterns around the 
rivet head or where fretting corrosion is observed. A rivet with a deteriorated head may 
be loose. If loose rivets are suspected, a nonvisual means of inspection is likely re-
quired. A commonly practiced nonvisual inspection technique is to impact the rivet head 
transversely with a hammer. The effectiveness of the rivet may be judged by the tone of 
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the impact.  A method consists in impacting the rivet longitudinally with an instrumented 
impact hammer. A vibration signal is emitted from the tested rivet. By monitoring the 
vibration signal emanating from the rivet and comparing the signal to that of a sound 
rivet, the condition can be determined. The magnitude of the impact force must be con-
sistent for these comparisons. Generally, the signal from a loose rivet will have a lower 
and broader frequency than the signal from a sound rivet. 
Appropriate tools to assist in measuring and defining corrosion damage include a depth 
micrometer (for pitting), feeler gages (for crevice corrosion), an ultrasonic thickness 
gage (for thinning), a ball peen or instrumented hammer (for corroded or loose rivets), a 
camera, a tape measure, and a means to collect water samples. When corrosion is ob-
served, the type, extent, severity, and possible cause should be reported. If the corro-
sion is severe, the specific locations should be noted and the severity (amount of thin-
ning, etc.) should be quantitatively determined. Although each of these techniques can 
be used, the weight loss and electrochemical methods are recommended since they 
provide a more direct measurement and are easier to apply. Common NDT methods 
that can be applied for inspecting structures for corrosion damage include VT inspection 
and UT inspection. Newer methods of inspecting for corrosion, such as magnetic reso-
nance testing, are being developed, but these are not yet ready for routine implementa-
tion.  
The extent of corrosion at crevice sites, particularly in riveted structures, should be re-
corded during each inspection. A sheet feeler gauge may be used to quantify the width 
of a crevice exhibiting corrosion. Measuring  the depth  of the crevice (distance into the 
crevice) may be difficult due to corrosion product blocking the gauge. When corrosion 
exists around rivet heads, deterioration of the rivet head and rivet should be checked. A 
deteriorated rivet will have reduced strength and may not perform as intended. A corro-
sion pattern around a rivet may suggest that corrosion is occurring somewhere beneath 
the rivet head, or that the rivet is loose.  

9.4 Acoustic emission 
Although corrosion loss is the biggest cause of deterioration in steel bridges, the few 
cases of recorded failures in service have been due to fatigue crack growth. The danger 
to motorists as well as the economic consequences that the failure of a bridge would 
create is self evident. Currently, the primary method of ensuring the integrity of bridges 
is through periodic visual inspections of the entire structure with emphasis on details 
that are known to be prone to developing defects. 
Successful implementation of an inspection program is therefore heavily dependent on 
the skill and experience of the personnel performing the inspections. As valuable aids in 
the inspection process, NDE methods such as ultrasonic flaw detection have been used 
for years to detect, confirm and measure damage to structural members. To each 
method are particular advantages as well as limitations which determine their feasibility 
to a specific inspection application. 
Although the method itself has existed for decades, the use of Acoustic emission (AE) 
in bridge integrity assurance applications has been limited in comparison to other NDE 
methods which have become standard tools for the bridge engineer and inspector. This 
in spite of the many advantages that the method can offer. Among the most important in 
terms of applicability to highway bridge testing are: 



Sustainable Bridges SB-4.6 2007-11-30  125 (218) 
    
 

• AE detects actively growing flaws. Since repair to existing cracks can at times do 
more harm than good to a structure, it is necessary to determine whether a defect 
is benign or active before repairs should be effected. Other methods require peri-
odic crack length measurements to ascertain whether a crack is active or not. 

• AE can locate remote or hidden flaws as long as a propagation path exists be-
tween the flaw and the detecting sensors. This precludes the need for direct and 
close access to the location of a defect. For example, AE can detect flaws under 
paint layers without need for removing the coatings. 

• AE is the only NDE method amenable to long term continuous monitoring of flaws. 

• AE is significantly more sensitive than other NDE methods and is able to detect 
even incipient flaws. Other methods, which are highly dependent on defect size or 
surface opening, can only reliably detect defects after these have progressed be-
yond a certain size. 

The existence of other sources of emissions besides crack growth on a structure as in-
herently noisy as a bridge has been the main impediment to the successful and regular 
use of AE in bridge inspection. However, for an NDE method that relies heavily on in-
strumentation, continued advances in electronics that have resulted in systems with 
faster microprocessors, better background noise filtering and waveform recording and 
processing capabilities promise yet better chances of success in improving the reliability 
of AE bridge testing. 

9.4.1 Principle 
Acoustic emission is defined as a transient elastic wave generated within a material due 
to the rapid release of energy from a localized source. Damage mechanisms in metals 
such as plastic deformation or the fracture of brittle inclusions bring about a redistribu-
tion of stress and strain that result in the release of stress waves which propagate 
throughout the material and to the material surface. Other mechanisms 
that give rise to AE in metals are phase transformation, twinning, corrosion and friction 
between contact surfaces. A general method of classifying acoustic emission divides it 
into two types - burst and continuous. Burst type AE are individual emission events with 
distinct rise and decay segments of the waveform such as would result from fracture of 
materials. Continuous AE is the result of emission events occurring in rapid succession 
such that signal level appears sustained. Plastic deformation as well as fluid leakage on 
a pressure boundary produce AE of this type. 
Frequencies of emissions range from below the audible range of humans, as in the case 
of earthquakes which are also considered AE, to well above it in the ultrasonic range. 
AE as an NDE method did not gain wide acceptance or achieve true practicality until 
instrumentation was developed which enabled detection of signals in the ultrasonic 
range while ignoring lower frequency noise and vibrations. 
AE is detected by means of suitable sensors acoustically coupled to the material surface 
that are sensitive to mechanical movement or velocity. The most common type used in 
practical, field applications employs a piezoelectric element to convert detected surface 
oscillations into electrical voltage. Piezoelectric sensors are capable of detecting a wide 
range of signal frequencies. The specific type of sensor used in an application, whether 
resonant or wideband, would depend on the type of information desired from a test. 



Sustainable Bridges SB-4.6 2007-11-30  126 (218) 
    
 
Resonant sensors have the advantage of being more sensitive and are thus used when 
detection and quantification of AE activity is the primary objective. Wideband sensors 
detect a wider range of signal frequencies and are therefore more accurate in reproduc-
ing the actual signal. These sensors are advantageous when performing characteriza-
tion studies to identify different AE source mechanisms. 
During the first two decades of instrumented AE testing, AE activity was measured 
mainly by counting the number of times an oscillating signal exceeded a preset thresh-
old. Ringdown counts were correlated to load, strain, fatigue cycles, stress intensity fac-
tors and other measurable parameters to get an understanding of how damaged materi-
als emit acoustic emissions. Other AE parameters such as RMS voltage and amplitude 
were also used in characterizing material failures. 

9.4.2 Applications in bridges 
In what was perhaps the first application of instrumented AE monitoring on bridges, Pol-
lock and Smith [109] in 1971 collected AE data during proof testing of a portable military 
tank bridge. The authors demonstrated that AE signals recorded in the field could be 
associated to results of tests on laboratory specimens. Hutton and Skorpik [110] devel-
oped a portable digital AE monitor (DAEM) system for use on testing bridges in 1977. 
The system featured an erasable, programmable, read only memory (EPROM) and a 
zone isolation method that screened out signals originating outside the area of interest. 
Field testing was performed on two in-service steel highway bridges and on box girder 
fabrication welds at a steel plant. 
In 1978, Hopwood and Havens [111] attempted to determine the loading history of de-
molished bridges by AE testing of tensile specimens fabricated from the bridge materi-
als. However, no difference in AE activity was detected between new not yet fatigued 
steels and steels that have been through extended service. 
Salane et al [112] monitored AE in conjunction with dynamic testing on a full scale three 
span highway bridge cycled in fatigue using an electrohydraulic actuator. An increase in 
amplitude count was detected at the time one girder fractured. The detection of AE sig-
nals was hampered by noise from the actuator and from the bridge supports. 
The first long term continuous monitoring of a bridge was begun by the Dunegan Corpo-
ration in February 1982 and lasted for 10 months [113]. Planar source location using 
guard sensors in conjunction with analysis of time domain feature distributions were 
used to identify probable crack-related events. The study examined the practical difficul-
ties and the overall feasibility of long term remote AE monitoring of a bridge. A direc-
tional sensor, developed exclusively for this project, was used to study the characteris-
tics of background noise. 
The characteristics of wave propagation through a riveted bridge girder was investigated 
by Noyes et al [114] in 1983. Using simulated AE from the fracture of pencil lead, it was 
determined that surface conditions had minimal effect on the velocity of wave propaga-
tion. Unclean surfaces, however, tended to increase the attenuation of surface waves. 
Miller et al [115] performed laboratory and field tests to characterize AE signals from 
flaws and various noise-related emission sources in bridge components. Different ap-
proaches were explored using both time and frequency domain representations of AE 
signals. The use of pattern recognition and source classification for filtering out noise 
emissions and for discriminating between different damage-related AE events like brittle 
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fracture and fatigue was demonstrated. The study highlighted the need to use sensors 
that reproduce detected AE signals with minimal distortion. To this effect, a point con-
tact, field-worthy broadband transducer was constructed for use in the study. 
In 1987, Vannoy et al [116] monitored a bridge on the Maryland-Virginia border and 
found that the predominant peak frequency of noise emissions is distinctly lower than 
that of crack-related AE. It was concluded that most noise signals can be eliminated us-
ing software filters designed to exclude emissions having time domain parameters out-
side an established range of parameters for crack-related AE. In a study completed in 
1991, the same team conducted extensive laboratory tests on full size A588 bridge 
beams. Crack-related and noise AE from rolled, welded and cover-plated beams fatigue 
loaded to failure were characterized in both time and frequency domains. Corrosion was 
found to have no effect on the time domain parameters of crack related AE. 
A series of field tests by the Physical Acoustics Corporation on various structural details 
of several bridges emphasized the need for source location using guard sensors to filter 
out irrelevant AE events [117]. AE testing was demonstrated to be a well suited NDE 
method for determining the effectiveness of retrofits as well as in discovering new 
cracks. 
In Canada, Gong et al [118] conducted AE monitoring of 36 railroad bridges over a pe-
riod of three years. Using the Paris law-like relationship between AE count rate and 
stress intensity factor range, the authors were able to classify known cracks into 5 levels 
of severity. Noise emissions were eliminated through spatial discrimination and the use 
of filters based on AE parameter windows determined from laboratory tests on bridge 
steels.  
In 1993, Prine [119] demonstrated the effectiveness of combined AE and strain gage 
monitoring on tests of three bridges in Wisconsin and California. In a departure from the 
usual crack characterization function of AE testing, monitoring of a bascule bridge was 
conducted to determine the cause of loud impact noises that accompanied the lifting 
and lowering of the bridge. AE source location was employed to trace the origin of the 
noises.  

9.4.3 Summary 
A major objective of this investigation was to develop techniques for the effective and 
practical implementation of the AE method in monitoring steel bridges. This included 
determining the feasibility of source characterization methods as employed in the field, 
identifying the nature of AE signals emitted by environmentally exposed discontinuities 
and resolving matters on instrumentation requirements. 
While previous studies that involved actual field monitoring of steel bridges mainly col-
lected simple AE time domain parameters, this investigation employed full AE waveform 
acquisition and analysis in order to better understand the nature of AE recorded in the 
field. It was demonstrated that a pattern recognition process involving source location, 
strain magnitude, location on strain cycle and uniqueness of waveforms could be used 
to effectively distinguish between primary and secondary AE and spurious noise. A large 
majority of detected emissions from the cracks were repetitive AE with near identical 
waveforms. These were due to crack face rubbing and the crushing of dirt and corrosion 
products between the crack faces. Very few probable crack growth AE were recorded. 
Secondary AE, especially repetitive emissions, were high amplitude, readily detectable 
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signals. In the absence of actual crack growth AE, secondary emissions can aid in iden-
tifying and locating flaws in steel bridge structures. The progress of a crack can be as-
sessed qualitatively using the apparent longevity of repetitive AE due to crack face rub-
bing. The presence, for example, of AE waveforms that appear unchanged from one 
monitoring period to another are an indication that significant flaw growth could not have 
taken place between the tests. Wideband sensors should be used in conducting AE 
tests on bridges since these are more capable of distinguishing between different AE 
source types than resonant sensors. Variable amplitude fatigue tests on compact ten-
sion specimens showed that crack growth AE is detected only on overload cycles and 
generally above 92% of maximum load. AE from crack face rubbing occurred at all load 
levels and on positive or negative load gradients. 
Based on the results of this investigation, further studies on the following related areas 
are recommended. Known active fatigue cracks on a steel bridge should be monitored 
for waveforms over an extended period of time. An attempt should be made to correlate 
changes in waveform characteristics, both for primary and for secondary emissions, to 
actual progress of the flaw. More laboratory tests should be conducted to characterize 
AE from flaw growth and fatigue damage under variable amplitude load cycles using 
waveform analysis and possibly statistical pattern recognition. The precise load cycle 
and load level dependence of primary and secondary emissions should be studied. 
Since it has been demonstrated that secondary emissions are far easier to detect, it 
should be studied whether such could be used as indirect yet reliable indicators of crack 
severity. A particular challenge with regard to this issue is the difficulties associated with 
accurately simulating the causes for such emission in the laboratory, or systematically 
studying these effects in the field environment. 
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A. Appendix – Collected material data 

A.1 Puddle Iron 

1 Waldshut (D)-Koblenz (CH); Rhein D, CH puddle iron 1860 Hohlwegler
2 Weizen-Blumberg D puddle iron 1885 Hohlwegler
3 Schiltach; Heubachtal D puddle iron 1885 Hohlwegler
4 Reitstellwerk Konstanz D puddle iron 1886 Hohlwegler
5 Calw; Nagold D puddle iron 1872 Hohlwegler
6 Sigmaringen-Krauchenwies; Donau D puddle iron 1873 Hohlwegler
7 test material D puddle iron Hohlwegler
8 Schwarzbach D puddle iron Mang, Bucak
9 Schwarzbach D puddle iron Mang, Bucak
10 Schwarzbach D puddle iron Mang, Bucak
11 Schwarzbach D puddle iron Mang, Bucak
12 Fützen D puddle iron 1889 Mang, Bucak
13 Fützen D puddle iron 1889 Mang, Bucak
14 Fützen D puddle iron 1889 Mang, Bucak
15 Wehrabrücke D puddle iron 1889 Mang, Bucak
16 Wehrabrücke D puddle iron 1889 Mang, Bucak
17 Wehrabrücke D puddle iron 1889 Mang, Bucak
18 Wehrabrücke D puddle iron 1889 Mang, Bucak
19 Wehrabrücke D puddle iron 1889 Mang, Bucak
20 Heubachbrücke D puddle iron 1886 Mang, Bucak
21 Heubachbrücke D puddle iron 1886 Mang, Bucak
22 Heubachbrücke D puddle iron 1886 Mang, Bucak
23 Lauterviadukt D puddle iron 1886 Mang, Bucak
24 Lauterviadukt D puddle iron 1886 Mang, Bucak
25 Lauterviadukt D puddle iron 1886 Mang, Bucak
26 Lauterviadukt D puddle iron 1886 Mang, Bucak
27 Lauterviadukt D puddle iron 1886 Mang, Bucak
28 Lauterviadukt D puddle iron 1886 Mang, Bucak
29 Biesenbach Viadukt D puddle iron Mang, Bucak
30 Biesenbach Viadukt D puddle iron Mang, Bucak
31 Wutachbrücke, Epfenhofen D puddle iron Mang, Bucak
32 Wutachbrücke, Epfenhofen D puddle iron Mang, Bucak
33 test material D puddle iron 1900 Mang, Bucak
34 test material D puddle iron 1900 Mang, Bucak
35 test material D puddle iron 1885 Mang, Bucak
36 test material D puddle iron 1901 Mang, Bucak
37 test material D puddle iron 1885 Mang, Bucak
38 test material D puddle iron 1908 Mang, Bucak
39 test material D puddle iron 1936 Mang, Bucak
40 test material D puddle iron 1936 Mang, Bucak
41 test material D puddle iron 1936 Mang, Bucak
42 test material D puddle iron 1936 Mang, Bucak
43 test material D puddle iron 1859 Mang, Bucak
44 test material D puddle iron 1859 Mang, Bucak
45 test material D puddle iron 1859 Mang, Bucak
46 test material D puddle iron 1859 Mang, Bucak
47 test material D puddle iron 1859 Mang, Bucak
48 literature values Univ. Heidelberg D puddle iron Mang, Bucak
49 literature values Univ. Heidelberg D puddle iron Mang, Bucak
50 literature values Univ. Heidelberg D puddle iron Mang, Bucak
51 Hochbrücke Hochdonn D puddle iron 1913-1919 RWTH Aachen [21]

Bridge, test materialID-Nr.

[3]

[1]

MetalCountry Year of 
construct.

Source of 
information Ref. Nr.

 
Table A-1: Database of puddle iron 
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52 literature values D puddle iron Langenberg
53 literature values D puddle iron Langenberg
54 literature values D puddle iron Langenberg
55 literature values D puddle iron Langenberg
56 literature values D puddle iron Langenberg
57 literature values D puddle iron Langenberg
58 literature values D puddle iron Langenberg
59 literature values D puddle iron Langenberg
60 literature values D puddle iron Langenberg
61 literature values D puddle iron Langenberg
62 literature values D puddle iron Langenberg
63 literature values D puddle iron Langenberg
64 literature values D puddle iron Langenberg
65 literature values D puddle iron Langenberg
66 literature values D puddle iron Langenberg
67 literature values D puddle iron Langenberg
68 literature values (University Karlsruhe) D puddle iron Stier
69 D puddle iron Stier
70 Nießen D puddle iron ~1900 Langenberg
71 Nießen D puddle iron ~1900 Langenberg
72 Nießen D puddle iron ~1900 Langenberg
73 Nießen D puddle iron ~1900 Langenberg
74 Nießen D puddle iron ~1900 Langenberg
75 Nießen D puddle iron ~1900 Langenberg
76 Nießen D puddle iron ~1900 Langenberg
77 Nießen D puddle iron ~1900 Langenberg
78 Nießen D puddle iron ~1900 Langenberg
79 Nießen D puddle iron ~1900 Langenberg
80 Nießen D puddle iron ~1900 Langenberg
81 Nießen D puddle iron ~1900 Langenberg
82 Nießen D puddle iron ~1900 Langenberg
83 Nießen D puddle iron ~1900 Langenberg
84 Nießen D puddle iron ~1900 Langenberg
85 Nießen D puddle iron ~1900 Langenberg
86 Nießen D puddle iron ~1900 Langenberg
87 Nießen D puddle iron ~1900 Langenberg
88 Nießen D puddle iron ~1900 Langenberg
89 Nießen D puddle iron ~1900 Langenberg
90 Nießen D puddle iron ~1900 Langenberg
91 Nießen D puddle iron ~1900 Langenberg
92 Nießen D puddle iron ~1900 Langenberg
93 Nießen D puddle iron ~1900 Langenberg
94 Nießen D puddle iron ~1900 Langenberg
95 Nießen D puddle iron ~1900 Langenberg
96 Nießen D puddle iron ~1900 Langenberg
97 Nießen D puddle iron ~1900 Langenberg
98 Nießen D puddle iron ~1900 Langenberg
99 St Denis (229,000 - km 5,056) F iron 1897 SNCF
100
101
102 St Denis (229,000 - km 5,056) F iron 1897 SNCF
103 Passerelle de Bd (570,000 - 583,023) F iron 1860 SNCF
104
105 St André de Cubzac (500,000 - 594,748) F iron 1870 SNCF
106
107
108 Pont de Fer (672,000 - 96,694) F iron 1877 SNCF
109
110
111 Sabart (672,000 - 99,161) F iron 1877 SNCF
112
113 Adour à Bayonne (655,000 - 194,133) F iron 1862 SNCF

[58]

[57]

[46]

[7]

ID-Nr. Bridge, test material
Country Metal Year of 

construct.
Source of 

information Ref. Nr.

 
Table A-1: Database of puddle iron (continued) 
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A.2 Mild steel 

1 Calw; Nagold D mild steel 1872 Hohlwegler
2 Sigmaringen-Krauchenwies; Donau D mild steel 1873 Hohlwegler
3 Bruchsal D mild steel  ~1890 Hohlwegler
4 test material D mild steel ~1900 Hohlwegler
5 Hammberbrücke D mild steel 1870 Mang, Bucak
6 Hammberbrücke D mild steel 1870 Mang, Bucak
7 Hammberbrücke D mild steel 1870 Mang, Bucak
8 Brücke Torgau D mild steel Mang, Bucak
9 Brücke Torgau D mild steel Mang, Bucak
10 Brücke Torgau D mild steel Mang, Bucak
11 Brücke Torgau D mild steel Mang, Bucak
12 Brücke Torgau D mild steel Mang, Bucak
13 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
14 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
15 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
16 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
17 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
18 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
19 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
20 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
21 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
22 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
23 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
24 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
25 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
26 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
27 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
28 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
29 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
30 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
31 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
32 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
33 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
34 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
35 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
36 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
37 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
38 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
39 Hochbrücke Hochdonn D mild steel 1913-1919 RWTH Aachen
40 literature values D mild steel Langenberg
41 literature values D mild steel Langenberg
42 literature values D mild steel Langenberg
43 literature values D mild steel Langenberg
44 literature values D mild steel Langenberg
45 literature values D mild steel Langenberg
46 literature values D mild steel Langenberg
47 literature values D mild steel Langenberg
48 literature values D mild steel Langenberg
49 literature values D mild steel Langenberg
50 literature values D mild steel Langenberg
51 literature values D mild steel Langenberg
52 literature values D mild steel Langenberg

[3]

[1]

[21]

[7]

Year Source of 
information Ref. Nr.ID-Nr. Bridge, test material Country Metal

 
Table A-2: Database of mild steels 
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53 South Muldeflut-bridge D mild steel 1937-1938 RWTH Aachen
54 South Muldeflut-bridge D mild steel 1937-1938 RWTH Aachen
55 South Muldeflut-bridge D mild steel 1937-1938 RWTH Aachen
56 South Muldeflut-bridge D mild steel 1937-1938 RWTH Aachen
57 test material D mild steel Stötzel
58 test material D mild steel Stötzel
59 test material D mild steel Stötzel
60 test material D mild steel Stötzel
61 Les Fades (709,00 - 392,210) F steel 1909 SNCF
62
63 Les Fades (709,00 - 392,210) F steel 1906 SNCF
64
65 Pont Suchard F steel 1906 SNCF
66
67
68 Ponts des Termes (643,000 - 225,839) F steel 1890 SNCF
69
70
71 Hjuksån S Swedish 1922
72 Mörtbäcken S steel 1923
73 Husträskbäcken S Thomas 1923
74 Vindelälven S 1923
75 Arvån S 1923
76 Nottjärnsbäcken S 1924
77 Umeå älv öster S Swedish 1924
78 Maltån S Swedish 1923
79 Umeå älv Lycksele S Swedish 1924
80 Umeå älv västra S Swedish 1924
81 Rusbäcken S Swedish 1926
82 Tåskbäcken S Swedish 1927
83 Paubäcken S Swedish 1927
84 Umeå älv vid åskilje S Swedish 1927
85 Barseleavan S Foreign 1929
86 Nyholmsundet S Foreign 1929
87 Elakbäcken S Foreign 1929
88 Kalixälv S 1907
89 Keräsjok S 1911
90 Torneå älv/Torne älv S 1919
91 Stråkan S 1908
92 Sikfors S 1914 LTU. Banverket
93 Sikfors S 1914 LTU. Banverket
94 Sikfors S 1914 LTU. Banverket
95 Sikfors S 1914 LTU. Banverket
96 Sikfors S 1914 LTU. Banverket
97 Sikfors S 1914 LTU. Banverket
98 Skellefteå älv S 1911 LTU. Banverket
99 Skellefteå älv S 1911 LTU. Banverket
100 Skellefteå älv S 1911 LTU. Banverket
101 Skellefteå älv S 1911 LTU. Banverket
102 Bjurån S 1910 LTU. Banverket
103 Bjurån S 1910 LTU. Banverket
104 Bjurån S 1910 LTU. Banverket
105 Bjurån S 1910 LTU. Banverket
106 Kilörsundet S 1928 LTU. Banverket
107 Kilörsundet S 1928 LTU. Banverket [56]

[57]

[57]

[57]

[57]

[56]

[56]

[56]

[56]

Swedish Railway 
Administration

[30]

[]

ID-Nr. Bridge, test material Country Metal Year Source of 
information Ref. Nr.
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Sustainable Bridges SB-4.6 2007-11-30  141 (218) 
    
 

108 Korsträskbäcken S 1938 LTU. Banverket
109 Korsträskbäcken S 1938 LTU. Banverket
110 Korsträskbäcken S 1938 LTU. Banverket
111 Ålsån S 1926 LTU. Banverket
112 Ålsån S 1926 LTU. Banverket
113 Ålsån S 1926 LTU. Banverket
114 Skidträskån S 1934 LTU. Banverket
115 Skidträskån S 1934 LTU. Banverket
116 Långträskån S 1934 LTU. Banverket
117 Långträskån S 1934 LTU. Banverket
118 Långträskån S 1934 LTU. Banverket
119 Banforsån S 1919 LTU. Banverket
120 Banforsån S 1919 LTU. Banverket
121 Banforsån S 1919 LTU. Banverket

Nießen D mild steel ~1900 Langenberg

615 Umeå älv Lycksele S mild steel 1924
616 Rödån (kvarnsvedjan) S mild steel 1932
617 Vindelälven (Vännäs) S mild steel 1896
618 Vindelälven (Vännäs) S mild steel 1896
619 Vindelälven (Vännäs) S mild steel 1896
620 Vindelälven (Vännäs) S mild steel 1896
621 Vindelälven (Vännäs) S mild steel 1896
622 Vindelälven (Vännäs) S mild steel 1896
623 Vindelälven (Vännäs) S mild steel 1896
624 Vindelälven (Vännäs) S mild steel 1896
625 Vindelälven (Vännäs) S mild steel 1896
626 Vindelälven (Vännäs) S mild steel 1896
627 Vindelälven (Vännäs) S mild steel 1896
628 Vindelälven (Vännäs) S mild steel 1896
629 Vindelälven (Vännäs) S mild steel 1896
630 Vindelälven (Vännäs) S mild steel 1896
631 Vindelälven (Vännäs) S mild steel 1896
632 Vindelälven (Vännäs) S mild steel 1896
633 Vindelälven (Vännäs) S mild steel 1896
634 Vindelälven (Vännäs) S mild steel 1896
635 Vindelälven (Vännäs) S mild steel 1896
636 Vindelälven (Vännäs) S mild steel 1896
637 Vindelälven (Vännäs) S mild steel 1896
638 Vindelälven (Vännäs) S mild steel 1896
639 Vindelälven (Vännäs) S mild steel 1896
640 Vindelälven (Vännäs) S mild steel 1896
641 Vindelälven (Vännäs) S mild steel 1896
642 Vindelälven (Vännäs) S mild steel 1896
643 Vindelälven (Vännäs) S mild steel 1896
644 Vindelälven (Vännäs) S mild steel 1896
645 Vindelälven (Vännäs) S mild steel 1896
646 Vindelälven (Vännäs) S mild steel 1896
647 Vindelälven (Vännäs) S mild steel 1896
648 Vindelälven (Vännäs) S mild steel 1896

[56]

[56]

[56]

[56]

[56]

[58]

[56]
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Year Source of 
information Ref. Nr.ID-Nr. Bridge, test material Country Metal
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649 Forsmo S mild steel 1912
650 Forsmo S mild steel 1912
651 Forsmo S mild steel 1912
652 Forsmo S mild steel 1912
653 Forsmo S mild steel 1912
654 Forsmo S mild steel 1912
655 Forsmo S mild steel 1912
656 Forsmo S mild steel 1912
657 Forsmo S mild steel 1912
658 Forsmo S mild steel 1912
659 Forsmo S mild steel 1912
660 Forsmo S mild steel 1912
661 Forsmo S mild steel 1912
662 Forsmo S mild steel 1912
663 Forsmo S mild steel 1912
664 Forsmo S mild steel 1912
665 Forsmo S mild steel 1912
666 Forsmo S mild steel 1912
667 Forsmo S mild steel 1912
668 Forsmo S mild steel 1912
669 Forsmo S mild steel 1912
670 Forsmo S mild steel 1912
671 Forsmo S mild steel 1912
672 Forsmo S mild steel 1912
673 Forsmo S mild steel 1912
674 Forsmo S mild steel 1912
675 Forsmo S mild steel 1912
676 Forsmo S mild steel 1912
677 Forsmo S mild steel 1912
678 Forsmo S mild steel 1912
679 Forsmo S mild steel 1912
680 Forsmo S mild steel 1912
681 Forsmo S mild steel 1912
682 Forsmo S mild steel 1912
683 Forsmo S mild steel 1912
684 Forsmo S mild steel 1912
685 Forsmo S mild steel 1912
686 Forsmo S mild steel 1912
687 Forsmo S mild steel 1912
688 Forsmo S mild steel 1912
689 Forsmo S mild steel 1912
690 Gideälvsbron (Björna) S mild steel 1913
691 Gideälvsbron (Björna) S mild steel 1913
692 Gideälvsbron (Björna) S mild steel 1913
693 Gideälvsbron (Björna) S mild steel 1913
694 Gideälvsbron (Björna) S mild steel 1913
695 Gideälvsbron (Björna) S mild steel 1913
696 Gideälvsbron (Björna) S mild steel 1913
697 Gideälvsbron (Björna) S mild steel 1913
698 Gideälvsbron (Björna) S mild steel 1913

Source of 
information Ref. Nr.

[56]

[56]

Bridge, test material Country Metal YearID-Nr.
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699 Testeboån S mild steel 1913
700 Testeboån S mild steel 1913
701 Testeboån S mild steel 1913
702 Testeboån S mild steel 1913
703 Dingelsundsådra S mild steel 1914
704 Dingelsundsådra S mild steel 1914
705 Dingelsundsådra S mild steel 1914
706 Dingelsundsådra S mild steel 1914
707 Dingelsundsådra S mild steel 1914
708 Dingelsundsådra S mild steel 1914
709 Dingelsundsådra S mild steel 1914
710 Dingelsundsådra S mild steel 1914
711 Dingelsundsådra S mild steel 1914
712 Dingelsundsådra S mild steel 1914
713 Dingelsundsådra S mild steel 1914
714 Dingelsundsådra S mild steel 1914
715 Dingelsundsådra S mild steel 1914
716 Dingelsundsådra S mild steel 1914
717 Dingelsundsådra S mild steel 1914
718 Landafors S mild steel 1915
719 Landafors S mild steel 1915
720 Landafors S mild steel 1915
721 Landafors S mild steel 1915
722 Landafors S mild steel 1915
723 Landafors S mild steel 1915
724 Landafors S mild steel 1915
725 Landafors S mild steel 1915
726 Landafors S mild steel 1915
727 Landafors S mild steel 1915
728 Landafors S mild steel 1915
729 Landafors S mild steel 1915
730 Landafors S mild steel 1915
731 Landafors S mild steel 1915
732 Östfors-Faluån S mild steel 1917
733 Östfors-Faluån S mild steel 1917
734 Östfors-Faluån S mild steel 1917
735 Östfors-Faluån S mild steel 1917
736 Östfors-Faluån S mild steel 1917
737 Östfors-Faluån S mild steel 1917
738 Bergsgårdsån S mild steel 1917
739 Bergsgårdsån S mild steel 1917
740 Bergsgårdsån S mild steel 1917
741 Bergsgårdsån S mild steel 1917
742 Bergsgårdsån S mild steel 1917
743 Bergsgårdsån S mild steel 1917
744 Bergsgårdsån S mild steel 1917
745 Bergsgårdsån S mild steel 1917

Ref. Nr.

[56]

[56]

[56]

[56]

[56]

Metal Year Source of 
informationID-Nr. Bridge, test material Country
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746 Lagan/Knäred S mild steel 1920
747 Lagan/Knäred S mild steel 1920
748 Lagan/Knäred S mild steel 1920
749 Lagan/Knäred S mild steel 1920
750 Lagan/Knäred S mild steel 1920
751 Lagan/Knäred S mild steel 1920
752 Lagan/Knäred S mild steel 1920
753 Lagan/Knäred S mild steel 1920
754 Lagan/Knäred S mild steel 1920
755 Lagan/Knäred S mild steel 1920
756 Lagan/Knäred S mild steel 1920
757 Lagan/Knäred S mild steel 1920
758 Segeå S mild steel 1920
759 Segeå S mild steel 1920
760 Segeå S mild steel 1920
761 Segeå S mild steel 1920
762 Segeå S mild steel 1920
763 Segeå S mild steel 1920
764 Segeå S mild steel 1920
765 Segeå S mild steel 1920
766 Segeå S mild steel 1920
767 Segeå S mild steel 1920
768 Segeå S mild steel 1920
769 Segeå S mild steel 1920
770 Mora S mild steel 1921
771 Mora S mild steel 1921
772 Mora S mild steel 1921
773 Mora S mild steel 1921
774 Mora S mild steel 1921
775 Mora S mild steel 1921
776 Mora S mild steel 1921
777 Mora S mild steel 1921
778 Mora S mild steel 1921
779 Mora S mild steel 1921
780 Mora S mild steel 1921
781 Mora S mild steel 1921
782 Mora S mild steel 1921
783 Mora S mild steel 1921
784 Mora S mild steel 1921
785 Mora S mild steel 1921
786 Mora S mild steel 1921
787 Mora S mild steel 1921
788 Mora S mild steel 1921
789 Mora S mild steel 1921
790 Mora S mild steel 1921
791 Mora S mild steel 1921
792 Mora S mild steel 1921
793 Mora S mild steel 1921
794 Mora S mild steel 1921
795 Mora S mild steel 1921
796 Mora S mild steel 1921

Source of 
information Ref. Nr.Bridge, test material Country Metal YearID-Nr.

[56]

[56]

[56]
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797 Mora S mild steel 1921
798 Mora S mild steel 1921
799 Mora S mild steel 1921
800 Mora S mild steel 1921
801 Mora S mild steel 1921
802 Mora S mild steel 1921
803 Mora S mild steel 1921
804 Mora S mild steel 1921
805 Mora S mild steel 1921
806 Mora S mild steel 1921
807 Mora S mild steel 1921
808 Mora S mild steel 1921
809 Mora S mild steel 1921
810 Mora S mild steel 1921
811 Mora S mild steel 1921
812 Mora S mild steel 1921
813 Mora S mild steel 1921
814 Mora S mild steel 1921
815 Mora S mild steel 1921
816 Mora S mild steel 1921
817 Mora S mild steel 1921
818 Mora S mild steel 1921
819 Mora S mild steel 1921
820 Mora S mild steel 1921
821 Mora S mild steel 1921
822 Mora S mild steel 1921
823 Mora S mild steel 1921
824 Mora S mild steel 1921
825 Mora S mild steel 1921
826 Mora S mild steel 1921
827 Mora S mild steel 1921
828 Mora S mild steel 1921
829 Mora S mild steel 1921
830 Mora S mild steel 1921
831 Mora S mild steel 1921
832 Mora S mild steel 1921
833 Mora S mild steel 1921
834 Mora S mild steel 1921
835 Mora S mild steel 1921
836 Mora S mild steel 1921
837 Mora S mild steel 1921
838 Mora S mild steel 1921
839 Mora S mild steel 1921
840 Mora S mild steel 1921
841 Mora S mild steel 1921
842 Mora S mild steel 1921
843 Mora S mild steel 1921
844 Mora S mild steel 1921
845 Mora S mild steel 1921
846 Mora S mild steel 1921
847 Mora S mild steel 1921

[56]

Year Source of 
information Ref. Nr.ID-Nr. Bridge, test material Country Metal
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848 Mora S mild steel 1921
849 Mora S mild steel 1921
850 Mora S mild steel 1921
851 Mora S mild steel 1921
852 Mora S mild steel 1921
853 Mora S mild steel 1921
854 Mora S mild steel 1921
855 Mora S mild steel 1921
856 Mora S mild steel 1921
857 Mora S mild steel 1921
858 Mora S mild steel 1921
859 Mora S mild steel 1921
860 Mora S mild steel 1921
861 Mora S mild steel 1921
862 Mora S mild steel 1921
863 Mora S mild steel 1921
864 Mora S mild steel 1921
865 Mora S mild steel 1921
866 Mora S mild steel 1921
867 Mora S mild steel 1921
868 Mora S mild steel 1921
869 Mora S mild steel 1921
870 Mora S mild steel 1921
871 Mora S mild steel 1921
872 Mora S mild steel 1921
873 Mora S mild steel 1921
874 Mora S mild steel 1921
875 Mora S mild steel 1921
876 Mora S mild steel 1921
877 Mora S mild steel 1921
878 Bergforsen S mild steel 1924
879 Bergforsen S mild steel 1924
880 Bergforsen S mild steel 1924
881 Bergforsen S mild steel 1924
882 Bergforsen S mild steel 1924
883 Bergforsen S mild steel 1924
884 Bergforsen S mild steel 1924
885 Bergforsen S mild steel 1924
886 Bergforsen S mild steel 1924
887 Bergforsen S mild steel 1924
888 Bergforsen S mild steel 1924
889 Erikslund S mild steel 1924
890 Erikslund S mild steel 1924
891 Erikslund S mild steel 1924
892 Erikslund S mild steel 1924
893 Erikslund S mild steel 1924
894 Erikslund S mild steel 1924
895 Erikslund S mild steel 1924
896 Erikslund S mild steel 1924
897 Erikslund S mild steel 1924
898 Erikslund S mild steel 1924

[56]

[56]

[56]

Metal Year Source of 
information Ref. Nr.ID-Nr. Bridge, test material Country
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899 Kyrkviken S mild steel 1925
900 Kyrkviken S mild steel 1925
901 Kyrkviken S mild steel 1925
902 Kyrkviken S mild steel 1925
903 Kyrkviken S mild steel 1925
904 Kyrkviken S mild steel 1925
905 Kyrkviken S mild steel 1925
906 Kyrkviken S mild steel 1925
907 Myskjeån S mild steel 1925
908 Myskjeån S mild steel 1925
909 Myskjeån S mild steel 1925
910 Myskjeån S mild steel 1925
911 Myskjeån S mild steel 1925
912 Myskjeån S mild steel 1925
913 Myskjeån S mild steel 1925
914 Myskjeån S mild steel 1925
915 Krokom S mild steel 1927
916 Krokom S mild steel 1927
917 Krokom S mild steel 1927
918 Krokom S mild steel 1927
919 Krokom S mild steel 1927
920 Krokom S mild steel 1927
921 Krokom S mild steel 1927
922 Krokom S mild steel 1927
923 Krokom S mild steel 1927
924 Krokom S mild steel 1927
925 Krokom S mild steel 1927
926 Krokom S mild steel 1927
927 Parteboda S mild steel 1930
928 Parteboda S mild steel 1930
929 Parteboda S mild steel 1930
930 Parteboda S mild steel 1930
931 Parteboda S mild steel 1930
932 Parteboda S mild steel 1930
933 Parteboda S mild steel 1930
934 Parteboda S mild steel 1930
935 Parteboda S mild steel 1930
936 Parteboda S mild steel 1930
937 Önnerupsbäcken S mild steel 1936
938 Önnerupsbäcken S mild steel 1936
939 Önnerupsbäcken S mild steel 1936
940 Önnerupsbäcken S mild steel 1936
941 Önnerupsbäcken S mild steel 1936
942 Önnerupsbäcken S mild steel 1936

Metal Year Source of 
information Ref. Nr.ID-Nr. Bridge, test material Country

[56]

[56]

[56]

[56]

[56]
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943 Nordre älv S mild steel 1938
944 Nordre älv S mild steel 1938
945 Nordre älv S mild steel 1938
946 Nordre älv S mild steel 1938
947 Nordre älv S mild steel 1938
948 Nordre älv S mild steel 1938
949 Nordre älv S mild steel 1938
950 Nordre älv S mild steel 1938
951 Nordre älv S mild steel 1938
952 Nordre älv S mild steel 1938
953 Nordre älv S mild steel 1938
954 Nordre älv S mild steel 1938
955 Nordre älv S mild steel 1938
956 Nordre älv S mild steel 1938
957 Nordre älv S mild steel 1938
958 Nordre älv S mild steel 1938
959 Södra, Kannickeån S mild steel 1939
960 Södra, Kannickeån S mild steel 1939
961 Södra, Kannickeån S mild steel 1939
962 Södra, Kannickeån S mild steel 1939
963 Södra, Kannickeån S mild steel 1939
964 Södra, Kannickeån S mild steel 1939

ID-Nr. Bridge, test material Country Metal Year Source of 
information Ref. Nr.

[56]

[56]

[56]
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A.2 Chemical Analysis 

A.2.1 Puddle Iron 

C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
1 0,067 0,022 0,043 0,261 0,177 0,025 0,041
2 0,03 0,034 0,095 0,351 0,046 0,089 0,071
3 0,012 0,036 0,028 0,405 0,097 0,008 0,04
4 0,019 0,038 0,022 0,408 0,083 0,02 0,037
5 0,093 0,015 0,14 0,273 0,064 0,019 0,064
6 0,026 0,043 0,012 0,381 0,04 0,009 0,04
7 0,09 0,03 0,09 0,195 0,031 0,122 0,031
8 0,01 0,01 0 0,26 0,05 0,08 0,007
9 0,01 0,02 0 0,33 0,08 0,05 0,008

10 0,01 0,01 0 0,26 0,17 0,06 0,005
11 0,01 0,02 0 0,2 0,21 0,05 0,008
12 0,04 0,04 0 0,19 0,09 0,006
13 0,04 0,04 0 0,19 0,07 0,007
14 0,03 0,03 0 0,2 0,09 0,007
15 0,04 0,01 0 0,2 0,11 0,003
16 0,07 0,01 0 0,19 0,09 0,002
17 0,07 0,01 0 0,19 0,12 0,003
18 0,03 0,01 0 0,17 0,1 0,004
19 0,04 0,01 0 0,2 0,09 0,004
20 0,03 0,04 0 0,34 0,05 0,006
21 0,04 0,04 0 0,3 0,04 0,006
22 0,02 0,03 0 0,27 0,03 0,006
23 0,02 0,04 0 0,33 0,07
24 0,08 0,03 0 0,05 0,05
25 0,07 0,03 0 0,05 0,06
26 0,05 0,02 0 0,05 0
27 0,05 0,02 0 0,05 0
28 0,03 0 0,28 0,12
29 0,02 0,089 0 0,075 0,01 0,01 0,04 0,002
30 0,003 0,031 0 0,401 0,1 0,01 0,04 0,001
31 0,02 0,015 0 0,158 0,08 0,1 0,03 0,001
32 0,02 0,025 0 0,187 0,07 0,09 0,02 0,001
33 0,038 0,044 0 0,065 0,01
34 0,042 0,046 0 0,07 0,01
35 0,021 0,021 0 0,37 0,09
36 0,051 0,035 0 0,11 0,01
37 0,02 0,058 0 0,52 0,1 0,014
38 0,103 0,076 0 0,07 0,01 0,012
39 0,04 0,021 0 0,048 0,01 0,017
40 0,11 0,033 0 0,022 0,01 0,007
41 0,14 0,05 0 0,032 0,01 0,007
42 0,05 0,034 0 0,041 0,01 0,016
43 0,18 0 0,23 0,2 0,01
44 0,19 0 0,24 0,2 0,01
45 0,2 0 0,23 0,18 0,009
46 0,21 0 0,29 0,2 0,01
47 0,2 0 0,29 0,19 0,007
48 0,047 0,06 0 0,05 0,001 0,02

Chemical analysis

Nr.
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
49 0,069 0,04 0 0,05 0,001 0,01
50 0,041 0,02 0 0,04 0,001 0,02
51 0,014 0,059 0,47 0,266 0,005 0,04 0,04 0,001 0,046
52 0,021 0,021 0,06 0,37 0,09
53 0,07 0,016 0,1
54 0,12 0,14 0,2 0,11
55 0,1 0,03 0,01 0,25 0,06
56 0,11 0,01 0,01 0,11 0,11
57 0,02 0,02 0,03 0,12 0,15
58 0,001 0,037 0,013 0,28 0,056
59 0,003 0,006 0,092 0,092 0,021
60 0,015 0,003 0,07 0,067 0,03
61 0,024 0,01 0,095 0,286 0,035
62 0,001 0,014 0,097 0,283 0,034
63 0,001 0,01 0,146 0,287 0,11
64 0,003 0,018 0,108 0,317 0,068
65 0,17 0,056 0,487 0,012 0,021
66 0,018 0,056 0,1 0,47 0,1 0,007
67 0,007 0,034 0,373 0,035 0,001
68 0,002 0,003 0,073 0,211
69 0,039 0,008 0,216 0,191
70 0,001 0,03 0,075 0,446
71 0,003 0,019 0,165 0,319
72 0,001 0,014 0,123 0,242
73 0,013 0,014 0,054 0,155
74 0,001 0,037 0,013 0,28
75 0,003 0,006 0,092 0,192
76 0,031 0,038 0,237 0,162
77 0,008 0,026 0,326 0,358
78 0,024 0,01 0,095 0,268
79 0,015 0,013 0,064 0,401
80 0,001 0,014 0,097 0,283
81 0,005 0,015 0,088 0,285
82 0,008 0,01 0,131 0,285
83 0,001 0,01 0,146 0,287
84 0,003 0,018 0,108 0,317
85 0,001 0,015 0,127 0,239
86 0,007 0,016 0,124 0,308
87 0,001 0,008 0,102 0,193
88 0,012 0,01 0,123 0,273
89 0,08 0,006 0,124 0,178
90 0,008 0,021 0,141 0,314
91 0,022 0,012 0,109 0,317
92 0,022 0,009 0,167 0,355
93 0,01 0,019 0,089 0,587
94 0,003 0,028 0,078 0,385
95 0,001 0,037 0,013 0,28
98 0,01 0,032 0,04 0,28 0,12
98 0,005 0,055 0,048 0,55 0,065
98 0,005 0,028 0,01 0,47 0,085
98 0,004 0,027 0,01 0,38 0,0135
98 0,06 0,1

Nr.

Chemical analysis
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Figure A-1. Chemical contents of carbon C [%]; puddle iron; n = 92 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-2. Chemical contents of sulphur S [%]; puddle iron; n = 97 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-3. Chemical contents of manganese Mn [%]; puddle iron; n = 97 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-4. Chemical contents of phosphorus P [%]; puddle iron; n = 99 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-5. Chemical contents of silicon Si [%]; puddle iron; n = 70 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-6. Chemical contents of copper Cu [%]; puddle iron; n = 16 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-7. Chemical contents of nickel Ni [%]; puddle iron; n = 12 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-8. Chemical contents of nitrogen N [%]; puddle iron; n = 30 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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A.2.2 Mild steel 

C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
1 0,145 0,0595 0,337 0,11 0 0,009 0,045
2 0,188 0,121 0,41 0,102 0 0,012 0,041
3 0,082 0,05 0,442 0,056 0 0,012 0,039
4 0,056 0,04 0,276 0,067 0 0,009 0,039
5 0,027 0,017 0,434 0,031 0,027 0,04 0,037 0,001
6 0,054 0,024 0,57 0,064 0,033 0,05 0,05 0,009 0,002
7 0,051 0,074 0,52 0,083 0,026 0,048 0,042 0,014 0,001
8 0,280 0,027 0,72 0,052 0,01 0,005 0,004
9 0,250 0,037 0,77 0,063 0,01 0,22 0,03 0,016 0,004 0,01
10 0,250 0,039 0,76 0,061 0,01 0,02 0,03 0,016 0,002 0,01
11 0,140 0,067 0,44 0,036 0,01 0,2 0,05 0,005 0,002 0,01
12 0,240 0,052 0,58 0,023 0,01 0,15 0,06 0,004 0,011 0,01

0,030 0,03 0,53 0,066 0,005 0,055 0,06 0,003
0,030 0,03 0,53 0,066 0,005 0,055 0,06 0,033
0,080 0,068 0,63 0,087 0,005 0,023 0,05 0,002
0,180 0,057 0,58 0,036 0,007 0,07 0,05 0,004
0,040 0,029 0,44 0,027 0,005 0,01 0,011 0,002
0,020 0,024 0,21 0,025 0,005 0,03 0,01 0,002
0,020 0,027 0,34 0,025 0,005 0,01 0,012 0,002
0,050 0,018 0,33 0,035 0,005 0,03 0,019 0,002
0,020 0,019 0,25 0,026 0,005 0,03 0,014 0,002
0,020 0,041 0,36 0,034 0,005 0,01 0,013 0,002
0,050 0,025 0,41 0,023 0,005 0,04 0,003 0,001
0,040 0,026 0,32 0,041 0,005 0,01 0,017 0,002
0,020 0,04 0,23 0,039 0,005 0,01 0,015 0,002
0,020 0,041 0,28 0,014 0,005 0,16 0,007 0,001
0,030 0,028 0,43 0,03 0,005 0,01 0,009 0,002
0,030 0,035 0,47 0,052 0,005 0,1 0,014 0,002
0,060 0,024 0,52 0,015 0,005 0,03 0,004 0,002
0,210 0,057 0,5 0,016 0,19 0,07 0,035
0,120 0,062 0,67 0,065 0,005 0,09 0,002
0,050 0,035 0,51 0,039 0,005 0,08 0,002
0,100 0,03 0,64 0,014 0,27 0,12 0,012
0,020 0,063 0,46 0,066 0,005 0,09 0,001
0,150 0,048 0,47 0,011 0,2 0,05 0,037
0,080 0,044 0,58 0,041 0,005 0,09 0,002

40 0,110 0,08 0,275 0,06 0,09
41 0,150 0,055 0,45 0,07 0,115
42 0,130 0,037 0,47 0,066 0,01
43 0,075 0,055 0,4 0,065
44 0,070 0,055 0,35 0,065
45 0,130 0,019 0,46 0,016 0,15
46 0,090 0,05 0,37 0,04 0,02
47 0,620 0,05 0,89 0,04 0,14
48 0,038 0,044 0,4 0,65 0,01
49 0,050 0,034 0,4 0,041 0,01
50 0,150 0,62 0,81 0,06 0,01
51 0,040 0,037 0,4 0,047 0,01
52 0,150 0,02 0,27 0,068 0,02
53 0,180 0,038 0,39 0,06 0,06 0,013
54 0,050 0,06 0,21 0,138 0,03 0,011
55 0,070 0,022 0,22 0,025 0,02 0,003
56 0,060 0,036 0,45 0,07 0,04 0,011

Chemical analysis

ID-Nr.

13-39
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
65 0,026 0,026 0,462 0,044 0
68 0,150 0,055 0,89 0,07 0,017
86 0,036 0,019
92 0,147 0,048 0,36 0,055 0,01 0,082 0,056 0,0024 0,001 0,009
93 0,098 0,032 0,27 0,058 0,01 0,056 0,037 0,0019 0,001 0,004
94 0,157 0,037 0,35 0,049 0,01 0,081 0,057 0,0028 0,001 0,009
95 0,121 0,038 0,3 0,078 0,01 0,058 0,042 0,0031 0,001 0,004
96 0,137 0,034 0,35 0,044 0,01 0,079 0,056 0,0034 0,001 0,009
97 0,146 0,045 0,35 0,055 0,01 0,083 0,058 0,0025 0,001 0,009
98 0,022 0,02 0,35 0,041 0 0,009 0,039 0,0143 0,001 0,017
99 0,176 0,033 0,62 0,038 0 0,025 0,043 0,0052 0,01 0,015
100 0,023 0,022 0,33 0,045 0,01 0,009 0,041 0,0148 0,001 0,017
101 0,019 0,035 0,33 0,064 0 0,009 0,042 0,0141 0,001 0,017
102 0,124 0,086 0,46 0,031 0,12 0,042 0,022 0,0049 0,001 0,006
103 0,138 0,049 0,61 0,036 0,12 0,042 0,022 0,0047 0,001 0,005
104 0,047 0,051 0,41 0,046 0,051 0,01 0,041 0,0144 0,001 0,012
105 0,061 0,062 0,37 0,06 0 0,011 0,042 0,0201 0,001 0,016
106 0,197 0,039 0,53 0,026 0 0,173 0,046 0,0042 0,001 0,033
122 0,095 0,026 0,478 0,029
123 0,017 0,046 0,498 0,052
124 0,108 0,026 0,533 0,025
125 0,083 0,027 0,537 0,026
126 0,016 0,037 0,333 0,016
127 0,089 0,025 0,549 0,025
128 0,023 0,054 0,454 0,047
129 0,031 0,051 0,318 0,036
130 0,011 0,03 0,447 0,039
131 0,028 0,041 0,317 0,03
132 0,018 0,017 0,376 0,036
133 0,040 0,06 0,518 0,053
134 0,035 0,06 0,458 0,053
135 0,006 0,036 0,246 0,016
136 0,052 0,033 0,369 0,049
137 0,064 0,02 0,808 0,056
138 0,152 0,053 0,776 0,045
139 0,026 0,03 0,49 0,053
140 0,031 0,051 0,367 0,039
141 0,039 0,083 0,558 0,05
142 0,026 0,051 0,474 0,055
143 0,093 0,027 0,684 0,02
144 0,028 0,019 0,412 0,013
145 0,038 0,038 0,377 0,051
146 0,122 0,035 0,751 0,034
147 0,028 0,074 0,546 0,086
148 0,009 0,026 0,337 0,029
149 0,024 0,042 0,312 0,032
150 0,023 0,066 0,539 0,08
151 0,038 0,019 0,359 0,009
152 0,034 0,052 0,435 0,028
153 0,102 0,028 0,564 0,027
154 0,080 0,026 0,477 0,029
155 0,013 0,048 0,481 0,056
156 0,085 0,02 0,463 0,045

ID-Nr.

Chemical analysis
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
157 0,025 0,058 0,69 0,071
158 0,035 0,042 0,769 0,068
159 0,021 0,042 0,503 0,035
160 0,009 0,044 0,62 0,063
161 0,026 0,064 0,517 0,053
162 0,004 0,059 0,392 0,056
163 0,004 0,032 0,367 0,04
164 0,004 0,052 0,359 0,046
165 0,021 0,036 0,566 0,041
166 0,015 0,082 0,687 0,083
167 0,020 0,075 0,65 0,096
168 0,001 0,027 0,335 0,023
169 0,020 0,049 0,61 0,093
170 0,001 0,025 0,345 0,023
171 0,001 0,03 0,321 0,03
172 0,001 0,034 0,36 0,024
173 0,001 0,028 0,482 0,036
174 0,001 0,04 0,555 0,03
175 0,010 0,04 0,491 0,045
176 0,005 0,039 0,387 0,031
177 0,001 0,038 0,365 0,028
178 0,001 0,047 0,717 0,057
179 0,002 0,051 0,471 0,034
180 0,025 0,044 0,599 0,046
181 0,003 0,057 0,331 0,032
182 0,024 0,04 0,576 0,029
183 0,010 0,063 0,473 0,028
184 0,001 0,046 0,523 0,076
185 0,005 0,056 0,466 0,027
186 0,003 0,069 0,539 0,104
187 0,047 0,036 0,332 0,037
188 0,051 0,043 0,347 0,042
189 0,062 0,034 0,422 0,05
190 0,043 0,038 0,349 0,026
191 0,064 0,05 0,35 0,083
192 0,090 0,068 0,479 0,094
193 0,057 0,055 0,334 0,035
194 0,029 0,015 0,313 0,041
195 0,055 0,087 0,38 0,082
196 0,077 0,053 0,601 0,083
197 0,072 0,034 0,579 0,06
198 0,116 0,026 0,329 0,014
199 0,049 0,042 0,413 0,04
200 0,060 0,071 0,334 0,062
201 0,051 0,032 0,372 0,069
202 0,015 0,003 0,07 0,067
203 0,104 0,044 0,434 0,067
204 0,034 0,017 0,497 0,014
205 0,052 0,029 0,425 0,051
206 0,014 0,027 0,348 0,028
207 0,056 0,021 0,485 0,01
208 0,024 0,025 0,454 0,047
209 0,153 0,041 0,387 0,021

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
210 0,170 0,056 0,487 0,012
211 0,035 0,04 0,488 0,083
212 0,057 0,058 0,455 0,063
213 0,026 0,03 0,488 0,067
214 0,007 0,034 0,373 0,035
215 0,014 0,053 0,307 0,083
216 0,103 0,031 0,393 0,02
217 0,129 0,022 0,324 0,023
218 0,125 0,026 0,33 0,028
219 0,102 0,025 0,372 0,019
220 0,140 0,026 0,331 0,026
221 0,100 0,028 0,548 0,026
222 0,078 0,027 0,391 0,035
223 0,071 0,028 0,548 0,026
224 0,067 0,024 0,562 0,023
225 0,041 0,035 0,277 0,072
226 0,034 0,034 0,257 0,067
227 0,057 0,025 0,572 0,019
228 0,072 0,022 0,615 0,018
229 0,047 0,036 0,357 0,04
230 0,030 0,041 0,282 0,034
231 0,042 0,017 0,567 0,049
232 0,043 0,023 0,517 0,045
233 0,029 0,042 0,345 0,044
234 0,043 0,028 0,331 0,03
235 0,057 0,034 0,494 0,066
236 0,073 0,025 0,628 0,02
237 0,040 0,049 0,296 0,038
238 0,020 0,031 0,263 0,027
239 0,061 0,065 0,413 0,026
240 0,048 0,066 0,394 0,025
241 0,049 0,037 0,466 0,024
242 0,054 0,059 0,402 0,023
243 0,099 0,06 0,436 0,024
244 0,041 0,049 0,408 0,014
245 0,067 0,058 0,416 0,024
246 0,057 0,052 0,433 0,02
247 0,070 0,057 0,4 0,02
248 0,059 0,053 0,434 0,016
249 0,029 0,038 0,371 0,059
250 0,013 0,029 0,303 0,033
251 0,016 0,027 0,302 0,031
252 0,060 0,024 0,521 0,029
253 0,047 0,031 0,428 0,047
254 0,042 0,036 0,436 0,051
255 0,062 0,038 0,452 0,053
256 0,029 0,038 0,371 0,059
257 0,039 0,029 0,567 0,042
258 0,024 0,035 0,405 0,057
259 0,041 0,028 0,431 0,045
260 0,038 0,043 0,408 0,059
261 0,067 0,071 0,499 0,076
262 0,066 0,054 0,4 0,07

Chemical analysis

ID-Nr.

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
263 0,034 0,034 0,521 0,05
264 0,056 0,057 0,49 0,05
265 0,041 0,055 0,481 0,048
266 0,036 0,032 0,527 0,05
267 0,025 0,028 0,326 0,034
268 0,030 0,027 0,46 0,034
269 0,024 0,04 0,483 0,035
270 0,036 0,026 0,441 0,045
271 0,023 0,034 0,384 0,042
272 0,026 0,038 0,394 0,036
273 0,055 0,031 0,384 0,035
274 0,025 0,038 0,353 0,043
275 0,014 0,026 0,262 0,036
276 0,020 0,027 0,332 0,034
277 0,027 0,051 0,474 0,042
278 0,044 0,024 0,398 0,036
279 0,026 0,067 0,377 0,074
280 0,022 0,066 0,303 0,046
281 0,169 0,067 0,422 0,048
282 0,023 0,051 0,335 0,046
283 0,121 0,051 0,416 0,029
284 0,052 0,023 0,519 0,046
285 0,044 0,034 0,405 0,045
286 0,042 0,033 0,492 0,059
287 0,043 0,022 0,514 0,043
288 0,041 0,023 0,435 0,04
289 0,041 0,023 0,486 0,046
290 0,027 0,029 0,364 0,053
291 0,043 0,023 0,489 0,051
292 0,039 0,024 0,482 0,049
293 0,067 0,076 0,463 0,098
294 0,037 0,028 0,325 0,029
295 0,054 0,044 0,481 0,052
296 0,048 0,034 0,449 0,037
297 0,044 0,044 0,549 0,073
298 0,036 0,027 0,32 0,029
299 0,052 0,034 0,477 0,043
300 0,066 0,019 0,448 0,019
301 0,056 0,019 0,514 0,028
302 0,062 0,022 0,493 0,021
303 0,052 0,032 0,47 0,019
304 0,051 0,024 0,406 0,023
305 0,022 0,025 0,275 0,046
306 0,053 0,022 0,413 0,021
307 0,027 0,028 0,318 0,047
308 0,035 0,039 0,346 0,052
309 0,042 0,034 0,429 0,058
310 0,049 0,036 0,47 0,059
311 0,042 0,029 0,482 0,033
312 0,075 0,028 0,406 0,022
313 0,036 0,033 0,447 0,058
314 0,037 0,033 0,442 0,061
315 0,039 0,035 0,453 0,062

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
316 0,048 0,042 0,446 0,055
317 0,034 0,014 0,303 0,022
318 0,028 0,012 0,372 0,031
319 0,033 0,016 0,311 0,025
320 0,040 0,016 0,317 0,025
321 0,039 0,055 0,377 0,072
322 0,053 0,013 0,605 0,075
323 0,062 0,016 0,655 0,082
324 0,059 0,03 0,61 0,081
325 0,057 0,014 0,643 0,074
326 0,058 0,014 0,649 0,074
327 0,048 0,013 0,581 0,074
328 0,060 0,063 0,565 0,084
329 0,051 0,01 0,563 0,058
330 0,059 0,013 0,592 0,069
331 0,058 0,047 0,542 0,062
332 0,107 0,03 0,44 0,018
333 0,031 0,013 0,39 0,062
334 0,054 0,025 0,576 0,069
335 0,088 0,063 0,451 0,046
336 0,057 0,063 0,494 0,058
337 0,062 0,025 0,454 0,035
338 0,054 0,031 0,478 0,067
339 0,040 0,033 0,295 0,069
340 0,069 0,018 0,601 0,065
341 0,039 0,016 0,504 0,049
342 0,038 0,04 0,368 0,072
343 0,035 0,012 0,476 0,045
344 0,020 0,016 0,441 0,036
345 0,049 0,012 0,584 0,043
346 0,026 0,015 0,506 0,049
347 0,019 0,041 0,488 0,047
348 0,134 0,035 0,368 0,011
349 0,122 0,043 0,43 0,014
350 0,059 0,016 0,298 0,009
351 0,049 0,016 0,309 0,009
352 0,087 0,018 0,409 0,011
353 0,086 0,013 0,439 0,019
354 0,116 0,038 0,33 0,028
355 0,075 0,022 0,499 0,026
356 0,085 0,014 0,434 0,019
357 0,061 0,013 0,374 0,016
358 0,101 0,015 0,453 0,02
359 0,093 0,015 0,43 0,02
360 0,071 0,016 0,367 0,028
361 0,213 0,032 0,42 0,026
362 0,142 0,053 0,412 0,069
363 0,277 0,024 0,47 0,037
364 0,177 0,025 0,411 0,018
365 0,189 0,046 0,468 0,035
366 0,146 0,031 0,44 0,025
367 0,110 0,028 0,471 0,02
368 0,103 0,025 0,465 0,019

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
369 0,206 0,053 0,454 0,017
370 0,196 0,055 0,435 0,017
371 0,054 0,022 0,344 0,012
372 0,044 0,027 0,34 0,013
373 0,200 0,071 0,439 0,047
374 0,267 0,063 0,378 0,027
375 0,054 0,026 0,578 0,051
376 0,048 0,03 0,412 0,032
377 0,069 0,053 0,415 0,122
378 0,037 0,036 0,385 0,045
379 0,019 0,024 0,321 0,02
380 0,071 0,011 0,38 0,017
381 0,077 0,011 0,376 0,017
382 0,084 0,012 0,384 0,018
383 0,003 0,016 0,393 0,027
384 0,011 0,032 0,376 0,042
385 0,001 0,033 0,233 0,033
386 0,001 0,026 0,397 0,041
387 0,001 0,027 0,354 0,016
388 0,126 0,039 0,502 0,029
389 0,001 0,025 0,275 0,026
390 0,092 0,029 0,495 0,017
391 0,006 0,035 0,396 0,056
392 0,021 0,041 0,568 0,048
393 0,001 0,058 0,292 0,041
394 0,036 0,025 0,489 0,016
395 0,012 0,027 0,493 0,047
396 0,001 0,032 0,379 0,03
397 0,007 0,037 0,257 0,033
398 0,022 0,017 0,414 0,012
399 0,042 0,019 0,409 0,014
400 0,127 0,023 0,507 0,016
401 0,008 0,037 0,294 0,034
402 0,001 0,026 0,333 0,046
403 0,108 0,017 0,26 0,017
404 0,043 0,011 0,3 0,015
405 0,061 0,015 0,336 0,023
406 0,038 0,033 0,322 0,016
407 0,055 0,047 0,31 0,028
408 0,083 0,028 0,389 0,023
409 0,053 0,054 0,497 0,043
410 0,009 0,055 0,347 0,066
411 0,043 0,072 0,47 0,078
412 0,021 0,055 0,393 0,058
413 0,040 0,069 0,48 0,058
414 0,014 0,068 0,424 0,077
415 0,033 0,048 0,386 0,029
416 0,001 0,036 0,325 0,024
417 0,023 0,041 0,325 0,013
418 0,001 0,031 0,347 0,021
419 0,001 0,029 0,289 0,037
420 0,027 0,122 0,325 0,09
421 0,001 0,031 0,289 0,021

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
422 0,006 0,045 0,364 0,043
423 0,023 0,063 0,481 0,042
424 0,020 0,055 0,511 0,071
425 0,023 0,051 0,511 0,067
426 0,001 0,022 0,35 0,033
427 0,001 0,024 0,342 0,037
428 0,041 0,035 0,596 0,063
429 0,002 0,047 0,382 0,052
430 0,012 0,029 0,349 0,039
431 0,016 0,081 0,434 0,065
432 0,001 0,045 0,287 0,053
433 0,001 0,055 0,278 0,069
434 0,033 0,023 0,297 0,012
435 0,001 0,029 0,281 0,033
436 0,028 0,062 0,434 0,078
437 0,001 0,043 0,293 0,056
438 0,005 0,043 0,288 0,016
439 0,022 0,025 0,317 0,014
440 0,048 0,026 0,395 0,021
441 0,002 0,034 0,338 0,047
442 0,014 0,062 0,355 0,09
443 0,024 0,024 0,416 0,014
444 0,076 0,026 0,385 0,019
445 0,023 0,051 0,429 0,037
446 0,084 0,027 0,495 0,032
447 0,061 0,022 0,388 0,017
448 0,015 0,053 0,468 0,037
449 0,007 0,02 0,356 0,029
450 0,037 0,016 0,398 0,011
451 0,011 0,027 0,409 0,03
452 0,019 0,039 0,462 0,026
453 0,030 0,024 0,378 0,031
454 0,042 0,044 0,381 0,036
455 0,014 0,044 0,39 0,015
456 0,003 0,011 0,19 0,025
457 0,033 0,046 0,46 0,017
458 0,082 0,026 0,485 0,026
459 0,032 0,05 0,461 0,018
460 0,077 0,026 0,443 0,023
461 0,047 0,029 0,263 0,012
462 0,011 0,042 0,484 0,05
463 0,019 0,022 0,468 0,054
464 0,082 0,03 0,509 0,046
465 0,035 0,022 0,475 0,053
466 0,060 0,024 0,492 0,041
467 0,022 0,024 0,471 0,059
468 0,082 0,03 0,521 0,047
469 0,097 0,027 0,418 0,029
470 0,028 0,026 0,479 0,059
471 0,074 0,028 0,355 0,014
472 0,011 0,03 0,333 0,015
473 0,007 0,024 0,316 0,014
474 0,023 0,033 0,339 0,018

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
475 0,059 0,039 0,396 0,011
476 0,054 0,028 0,482 0,011
477 0,024 0,028 0,296 0,044
478 0,039 0,023 0,39 0,029
479 0,080 0,04 0,424 0,008
480 0,045 0,038 0,482 0,072
481 0,043 0,041 0,442 0,079
482 0,052 0,037 0,465 0,072
483 0,041 0,05 0,429 0,054
484 0,041 0,05 0,429 0,054
485 0,074 0,024 0,396 0,045
486 0,056 0,029 0,382 0,019
487 0,058 0,042 0,456 0,072
488 0,086 0,041 0,532 0,042
489 0,063 0,024 0,568 0,045
490 0,036 0,021 0,434 0,047
491 0,025 0,039 0,33 0,04
492 0,041 0,017 0,464 0,041
493 0,053 0,022 0,404 0,016
494 0,027 0,039 0,373 0,033
495 0,125 0,023 0,493 0,016
496 0,106 0,042 0,555 0,032
497 0,034 0,021 0,403 0,027
498 0,086 0,018 0,462 0,018
499 0,177 0,027 0,519 0,019
500 0,133 0,021 0,496 0,012
501 0,037 0,031 0,435 0,064
502 0,084 0,047 0,493 0,114
503 0,030 0,028 0,407 0,059
504 0,025 0,026 0,285 0,059
505 0,053 0,039 0,424 0,021
506 0,033 0,014 0,477 0,033
507 0,104 0,032 0,296 0,02
508 0,061 0,015 0,423 0,04
509 0,043 0,032 0,411 0,037
510 0,049 0,033 0,452 0,05
511 0,051 0,03 0,409 0,032
512 0,042 0,027 0,382 0,051
513 0,030 0,025 0,295 0,013
514 0,188 0,042 0,58 0,015
515 0,030 0,024 0,315 0,013
516 0,043 0,038 0,452 0,071
517 0,032 0,025 0,311 0,013
518 0,230 0,049 0,603 0,017
519 0,033 0,026 0,308 0,014
520 0,046 0,034 0,448 0,066
521 0,246 0,059 0,476 0,022
522 0,064 0,027 0,508 0,026
523 0,217 0,052 0,463 0,02
524 0,055 0,018 0,482 0,011
525 0,212 0,049 0,459 0,019
526 0,049 0,025 0,592 0,02
527 0,112 0,043 0,497 0,036
528 0,084 0,041 0,496 0,032

ID-Nr.

Chemical analysis

 
Table A-4. Chemical analysis of mild steels (continued) 
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Figure A-9. Chemical contents of carbon C [%]; mild steel; n = 477 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-10. Chemical contents of sulphur S [%]; mild steel; n = 477 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-11. Chemical contents of manganese Mn [%]; mild steel; n = 477 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-12. Chemical contents of phosphorus P [%]; mild steel; n = 478 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-13. Chemical contents of silicon Si [%]; mild steel; n = 68 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-14. Chemical contents of copper Cu [%]; mild steel; n = 50 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 

n =

n = 68

n = 50



Sustainable Bridges SB-4.6 2007-11-30  165 (218) 
    
 

0

5

10

15

20

25

30

35

40

0,027 0,033 0,038 0,044 0,049 0,055 0,060

concentration of nickel Ni [%]

re
la

tiv
e 

fr
eq

ue
nc

y 
[%

]

0

10

20

30

40

50

60

70

80

90

100

0,020 0,025 0,030 0,035 0,040 0,045 0,050 0,055 0,060

concentration of nickel Ni [%]

re
la

tiv
e 

cu
m

ul
at

iv
e 

fr
eq

ue
nc

y 
[%

]

Figure A-15. Chemical contents of nickel Ni [%]; mild steel; n = 30 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-16. Chemical contents of nitrogen N [%]; mild steel; n = 40 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-17. Chemical contents of aluminium Al [%]; mild steel; n = 44 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-18. Chemical contents of chromium Cr [%]; mild steel; n = 22 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

n = 22
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A.3 Mechanical Properties 

A.3.1 Puddle iron 

fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
1 324 362 441 25 36 -60
2 308 323 451 31 25 -40
3 306 320 411 25 33 -40
4 298 401 19 29 -30
5 269 351 24 26 -30
6 259 353 18 25 -30
7 276 373 20 33 -30
8 270 307 14 15 -30
9 267 373 24 24 -30
10 288 308 7 7 -30
11 318 324 6 6 -30
12 267 303 8 9 -30
13 277 289 6 7 -30
14 296 328 8 7 -30
15 301 338 8 15 -30
16 256 274 4 4 -30
17 308 348 14 17 -30
18 280 281 396 25 35 -20
19 276 280 398 28 38 -10
20 263 305 356 23 35 0
21 269 272 389 26 38 0
22 243 332 18 21 0
23 240 304 10 7 0
24 299 336 9 14 0
25 252 252 3 1 0
26 216 336 20 19 0
27 267 373 16,5 25 0
28 227 343 19 35 0
29 224 289 11 9 0
30 278 392 22,5 36 0
31 260 381 27 34 0
32 244 364 27 26 0
33 302 389 10 26 0
34 218 342 37 76 0
35 271 274 380 20 30 20
36 254 259 354 24 34 20
37 356 17
38 377 19
98 234 336 13 14
98 231 276 4 6
98 280 306 6 0
98 272 286 1
98 275 384 11 0
98 268 378 18 0
98 252 360 10

Id-Nr
fy

Mechanical properties

 
Table A-5. Mechanical properties  of puddle iron 
lower yield strength ReL 
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Figure A-19. Lower yield strength ReL [MPa]; T= 0°C; puddle iron;  n = 24 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-20. Lower yield strength ReL [MPa]; T = -30°C; puddle iron; n = 14 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 
ultimate tensile strength Rm 
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Figure A-21. Ultimate tensile strength Rm [MPa]; T = 0°C; puddle iron;  n = 26 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-22. Ultimate tensile strength Rm [MPa]; T = -30°C; puddle iron; n = 14 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-23. Elongation A [%]; T = 0°C; puddle iron;  n = 26 

a) relative frequency distribution b) relative cumulative  frequency distribu-

0

5

10

15

20

25

30

7 11 14 17 21 24

elongation A [%]

re
la

tiv
e 

fr
eq

ue
nc

y 
[]

0

10

20

30

40

50

60

70

80

90

100

4 9 14 19 24

elongation A [%]

re
la

tiv
e 

cu
m

ul
at

iv
e 

fr
eq

ue
nc

y 
[%

]

Figure A-24. Elongation A [%]; T = -30°C; puddle iron; n = 14 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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A.3.2 Mild steel 

fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
14 288 304 454 30,2 67
17 271 278 366 38 77
18 296 341 400 25 38
19 305 326 382 32 79
20 322 368 472 27 61
21 266 284 361 35 73
22 285 325 377 34 77
23 225 235 343 37 77
24 324 366 449 30 67
25 313 337 400 31 75
26 266 300 377 27 57
27 276 313 373 40 70
28 292 324 414 30 72
29 256 263 407 37 69
30 345 360 520 26 60
31 337 386 499 27 60
32 317 350 443 28 57
33 275 292 432 36 66
34 351 410 460 29 68
35 318 329 459 31 63
36 323 346 478 22 42
37 449 454 578 23 -30
38 389 415 531 25 0
39 354 387 500 23 20
53 327 416 25,2 45
55 221 318 30 66
61 217 381 31
63 217 381 31
65 285 403 29 59
68 279 415 35
71 225
72 225
73 225
74 270
75 225
76 225
77 304
78 225
80 222
81 225
82 225
83 225
84 270
85 225
86 225
87 225
90 300
91 246

288 433 29
279 419 31
299 439 33
311 442 24
308 433 30
297 431 31

92-97

ID-Nr. fy
Mechanical properties

 
Table A-6. Mechanical properties of mild steels  



Sustainable Bridges SB-4.6 2007-11-30  171 (218) 
    
 

fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
266 382 38
270 447 32
258 384 38
264 396 37
270 395 40
273 425 38
240 380 25
252 401 27

339,5
340
301 477,5 30,5 44
301 477,5 30,5 44
301 477,5 30,5 44

320,5 713 29 45,5
320,5 713 29 45,5
320,5 713 29 45,5
323 490 32,5 62 -30
354 523 29,6 53 -30
286 406 33 60,8 -30
329 454 35 64 -30
297 441 36 62 -30
400 541 36,7 57 -30
336 449 35 64 -30
295 395 43 65 -30
379 496 38,1 59 -30
316 413 37 66 -30
289 435 40 67 -30
263 388 37,6 66 -30
326 517 32 58 -30
302 424 34 63 -30
329 420 39,7 64 -30
306 426 34 58 -30
294 456 40 67 -30
362 513 34,5 61 -30
357 499 35,5 61 -30
335 433 23,5 65 -30
327 431 46 67 -30
348 462 26 39 -30
297 415 41 66 -30
309 414 34 36 -30
282 409 40,5 67 -30
309 415 35,5 52 -30
279 422 37 65 -30
329 436 33,5 62 -30
300 416 36,5 69 -30
288 425 41,5 66 -30
368 485 31,5 57 -30
353 470 43,5 64 -30
291 376 16 30 -30
240 392 45 74 -30
238 397 26 45 -30
277 455 25 50 -30
420 553 23 38 -30
306 407 41 76 -30

122-
614 (1)

ID-Nr.

Mechanical properties
fy

98-101

102-
105

111-
113

116-
118

119-
121

 
Table A-6. Mechanical properties of mild steels (continued) 



Sustainable Bridges SB-4.6 2007-11-30  172 (218) 
    
 

fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
315 426 27 56 -30
299 416 40 64 -30
338 528 31 65 -30
326 483 35 71 -30
341 536 29 68 -30
321 532 34 69 -30
330 510 31 66 -30
344 493 34 62 -30
280 457 29 65 -30
364 500 35 56 -30
282 451 39 59 -30
313 420 36 65 -30
331 449 35 56 -30
359 453 37 63 -30
295 443 39 64 -30
342 439 38 67 -30
292 442 36 56 -30
300 433 45 62 -30
287 413 39 60 -30
253 408 44 59 -30
262 399 40 59 -30
342 462 32 69 -30
285 431 35 69 -30
283 429 42 67 -30
347 475 37 60 -30
331 482 33 65 -30
298 466 33 64 -30
302 470 37 67 -30
349 509 26 46 -30
299 439 61 -30
296 430 33 69 -30
320 467 31 61 -30
291 413 32 70 -30
294 434 36 67 -30
294 407 33 68 -30
293 439 37 67 -30
271 387 39 72 -30
283 415 39 70 -30
302 453 34 69 -30
311 433 31 49 -30
302 407 22 57 -30
256 381 26 40 -30
314 463 24 48 -30
308 434 31 50 -30
258 415 27 47 -30
287 442 35 54 -30
317 436 32 52 -30
323 429 28 58 -30
308 436 29 49 -30
273 415 30 40 -30
277 392 32 56 -30
296 426 32 37 -30
345 433 30 49 -30
333 495 29 60 -30

122-
614 (2)

ID-Nr.

Mechanical properties
fy

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
304 457 35 65 -30
323 476 36 68 -30
320 485 32 67 -30
284 429 40 73 -30
321 451 35 73 -30
332 470 42 66 -30
305 420 38 69 -30
309 447 38 68 -30
251 396 41 66 -30
343 459 37 57 -30
331 424 35 71 -30
351 427 32 63 -30
290 485 38 70 -30
351 421 31 67 -30
338 463 34 67 -30
334 457 34 72 -30
329 395 39 80 -30
314 379 42 79 -30
330 459 38 75 -30
393 550 28 59 -30
375 533 33 63 -30
331 465 33 63 -30
339 498 40 76 -30
319 475 35 66 -30
419 556 31 61 -30
293 416 34 68 -30
376 507 30 67 -30
392 484 31 71 -30
302 463 39 67 -30
340 443 25 69 -30
356 501 28 63 -30
328 442 36 72 -30
298 439 36 73 -30
348 489 30 68 -30
314 460 35 66 -30
299 464 37 69 -30
268 459 38 65 -30
248 432 40 68 -30
245 427 36 69 -30
304 458 40 66 -30
323 484 34 69 -30
333 513 30 63 -30
262 447 31 62 -30
241 439 36 64 -30
291 455 33 68 -30
351 497 28 70 -30
299 447 34 67 -30
309 476 38 59 -30
275 523 30 56 -30
256 463 33 65 -30
267 480 34 63 -30
345 590 24 42 -30
258 421 38 73 -30
250 417 38 73 -30

122-
614 (3)

ID-Nr.

Mechanical properties
fy

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
293 482 34 65 -30
294 472 34 59 -30
240 453 34 62 -30
254 460 34 56 -30
330 442 30 56 -30
340 451 35 58 -30
268 491 36 59 -30
253 473 34 59 -30
352 508 44 65 -30
301 438 50 72 -30
361 506 42 64 -30
381 483 44 65 -30
289 387 45 76 -30
267 421 38 76 -30
319 441 33 66 -30
302 420 37 64 -30
246 405 41 68 -30
266 445 34 65 -30
284 408 37 75 -30
287 436 33 67 -30
308 451 38 71 -30
317 382 46 76 -30
245 424 37 68 -30
313 419 29 67 -30
270 382 47 78 -30
249 396 46 72 -30
274 424 32 63 -30
263 442 32 64 -30
263 429 39 69 -30
308 438 33 67 -30
297 438 34 67 -30
320 466 34 63 -30
309 449 29 63 -30
263 421 35 63 -30
342 476 29 54 -30
306 433 38 71 -30
295 435 37 70 -30
296 452 35 64 -30
350 535 33 57 -30
280 412 34 71 -30
316 436 31 65 -30
290 430 33 64 -30
326 452 31 67 -30
290 394 35 67 -30
272 436 39 69 -30
370 450 46 68 -30
268 396 35 70 -30
299 406 35 68 -30
257 411 37 68 -30
340 447 32 64 -30
308 457 32 61 -30
275 438 39 68 -30
335 493 24 -30
288 419 36 74 -30

Mechanical properties
fy

122-
614 (4)

ID-Nr.

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
293 444 38 68 -30
332 517 34 56 -30
376 523 35 58 -30
361 513 33 53 -30
332 454 39 70 -30
302 429 37 64 -30
296 396 43 76 -30
301 397 37 72 -30
306 425 36 70 -30
375 475 29 59 -30
376 477 33 67 -30
306 450 44 68 -30
255 399 40 69 -30
289 428 40 67 -30
353 463 37 70 -30
321 424 37 72 -30
328 407 32 72 -30
295 482 30 60 -30
329 420 32 72 -30
331 443 35 67 -30
277 403 37 70 -30
336 470 28 70 -30
262 383 31 72 -30
329 476 35 59 -30
330 401 35 62 -30
326 418 32 62 -30
284 382 28 49 -30
285 380 35 53 -30
275 370 34 55 -30
271 373 29 59 -30
281 471 34 64 -30
285 457 33 63 -30
306 477 32 56 -30
338 416 36 47 -30
302 414 32 71 -30
343 463 38 66 -30
312 431 37 55 -30
330 452 25 50 -30
303 475 30 40 -30
301 414 30 38 -30
278 453 35 62 0
345 456 28 63 0
306 467 39 62 0
265 393 31 60 0
240 389 38 64 0
323 442 0
320 446 29 63 0
297 485 21,3 44 0
267 415 30,6 65 0
251 402 26,4 0
309 451 30,1 64 0
328 440 30 61 0
256 385 32 66 0
320 439 32 57 0

122-
614 (5)

ID-Nr.

Mechanical properties
fy

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
346 467 39 66 0
313 491 32 61 0
320 460 37 62 0
300 427 49,5 61 0
309 430 40,5 60 0
311 399 35,5 67 0
328 444 34,5 48 0
305 419 39 65 0
318 450 38,5 64 0
330 447 37,5 68 0
276 396 39,5 69 0
313 414 38,5 66 0
314 405 37 67 0
312 437 31 56 0
308 399 26,5 45 0
292 378 33,5 68 0
262 397 39,5 66 0
266 412 36,5 62 0
306 430 35 67 0
293 397 35 70 0
319 445 30 64 0
292 410 35 62 0
331 490 27 40 0
285 390 34 73 0
291 405 38 71 0
287 407 32 70 0
347 452 35 70 0
285 419 41 71 0
278 405 35 71 0
320 421 29 71 0
297 408 34 65 0
285 390 40 75 0
290 414 37 63 0
250 387 33 67 0
337 481 33 60 0
361 453 28 66 0
297 453 33 63 0
257 393 37 74 0
262 392 27 55 0
343 416 29 70 0
289 393 32 62 0
283 459 21 0
321 456 34 67 0
326 453 29 63 0
290 446 28 72 0
271 461 25 54 0
250 403 36 65 0
278 453 28 54 0
295 427 27 60 0
308 495 30 57 0
359 484 29 50 0
224 359 30 60 0
288 417 38 71 0
291 439 28 67 0

Mechanical properties
fy

122-
614 (6)

ID-Nr.

 
Table A-6. Mechanical properties of mild steels (continued) 



Sustainable Bridges SB-4.6 2007-11-30  177 (218) 
    
 

fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
351 486 32 57 0
275 425 37 63 0
360 469 34 65 0
351 452 27 58 0
333 442 35 62 0
320 451 32 72 0
320 398 30 63 0
276 429 31 59 0
279 406 38 61 0
261 409 34 59 0
256 421 34 66 0
253 405 42 61 0
262 392 37 70 0
282 378 35 65 0
281 423 29,5 43 0
288 449 40 68 0
261 417 33 70 0
310 420 29 70 0
355 460 28 70 0
302 442 34 68 0
341 481 30 53 0
317 433 32 67 0
304 428 30 64 0
296 402 41 77 0
268 409 33 72 0
251 393 42 68 0
339 422 37 70 0
306 425 38 70 0
227 390 37 69 0
334 480 33 63 0
301 427 35 70 0
299 404 34 72 0
283 366 35 79 0
333 424 31 65 0
286 414 34 77 0
310 440 38 77 0
313 449 37 73 0
283 406 39 64 0
337 489 33 68 0
308 462 30 63 0
294 453 31 64 0
251 304 33 68 0
329 512 27 44 0
304 436 27 66 0
323 532 30 60 0
308 402 25 42 0
292 433 39 70 0
266 410 38 73 0
264 403 34 76 0
348 480 28 67 0
291 313 32 70 0
259 393 34 71 0
322 425 36 71 0
260 412 33 68 0

Mechanical properties
fy

122-
614 (7)

ID-Nr.

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
276 393 33 71 0
321 447 34 69 0
274 392 33 73 0
318 415 39 69 0
286 436 37 65 0
311 450 36 67 0
303 398 34 73 0
318 458 25 62 0
238 435 37 67 0
250 433 37 66 0
299 440 35 67 0
253 423 31 57 0
303 415 31 73 0
245 456 32 59 0
283 393 34 76 0
297 441 37 63 0
296 416 41 68 0
271 409 41 70 0
336 430 41 73 0
272 417 36 71 0
289 402 35 70 0
277 403 32 70 0
308 416 30 66 0
277 403 35 68 0
242 393 32 76 0
260 409 34 65 0
280 390 40 75 0
283 393 36 70 0
311 410 30 73 0
290 417 33 69 0
274 376 35 75 0
280 406 35 65 0
234 390 38 71 0
250 416 36 68 0
294 400 38 65 0
303 450 29 67 0
297 436 29 58 0
289 410 30 70 0
276 409 40 59 0
272 392 32 63 0
264 406 37 62 0
281 409 38 67 0
291 443 40 69 0
286 444 39 69 0
318 460 37 60 0
258 402 36 72 0
264 408 40 73 0
262 396 42 69 0
235 381 34 65 0
337 407 35 74 0
240 388 35 65 0
281 444 28 65 0
317 426 27 67 0
313 462 28 59 0

Mechanical properties
fy

122-
614 (8)

ID-Nr.

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
307 430 33 65 0
277 430 37 64 0
309 382 37 69 0
277 419 34 64 0
294 453 23 63 0
311 414 28 66 0
261 441 36 62 0
297 448 25 65 0
313 443 33 56 0
255 390 30 73 0
274 427 30 61 0
282 390 23 52 0
285 399 33 56 0
294 451 31 57 0
337 469 29 61 0
270 440 30 55 0
326 447 28 64 0
282 378 36 61 0
263 395 41 67 0
266 365 33 61 0
303 430 36 60 0
296 411 31 61 0
342 427 28 71 0
290 414 33 70 0
355 454 24 67 0
303 431 37 55 0
313 462 29 57 0
293 441 30 64 0
311 464
322 472
377 458
328 425
373 509
353 509
324 454
376 442

279,1 438,9
290,5 490,8
266,6 422
296,3 481,2
266,1 421,1
280,4 476,3
284,6 441,1
273,6 464,6
274,2 443,3
302,7 492,1
260,6 424,5
276,6 479,8
250,4 382,4
276,6 450,6
274 417,2

277,2 487
281,6 434,1
289,3 492,7
281,8 431
281,5 470,4
270,4 419,3
287,9 481,3
279,4 430,8
277,6 450,4

122-
614 (9)

ID-Nr.

Mechanical properties
fy

617-
648

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
264 415
295 439
268 418
369 485
267 445
282 437
280 442
297 468
315 485
247

266,8
261,4
266,8
250
270

274,4
231
250

275,6
299,4
264,1
273,5
294,6
270

281,6
301,8
273,3
433 465,6

385,8 428
268,7 398,4
338,7 410,8
265,5 376,9
280,8 383,2
247,4 389,7
410,4 413,9
299,9 435,4
273 420
257 425
255 400
257 400
302 443
303 456
256 387
281 383
330 427
338 448
253 417
227 359
307 414
275 428 20
258 422 20
270 417 20
290 454 20
288 440 20
271 427 20
292 457 20
258 416 20
271 408 20

Mechanical properties
fyID-Nr.

649-
689

690-
698

699-
702

703-
711

718-
731

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
282 430
243 405
253 449
292 425
267 402
261 405
245 371
311 483
250 440
345 433
305 436
320 433
309 418
327 435
309 438
282 433
271 415
276 436
269 416
280 433
280 418
271 452
286 450
270 415
264 426
265 430
275 436
270 417
276 418
273 452
302 442
300 442
305 447
273 416
270 419
268 414
279 430
276 427
276
276
268
268
268
273
273
273
302
302
302
270
270
270
278
278

770-
877 (1)

758-
769

738-
743

Mechanical properties
fyID-Nr.

732-
737

746-
757

 
Table A-6. Mechanical properties of mild steels (continued) 
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fu A Z Test temp
ReL ReH Rm

MPa MPa MPa % % °C
278
234
280
281
336
330
277
299
287
258
322 469
368 522
308 474
331 498
327 510
331 470
282 469
356 506
376 517
320 436
329 488
219 289
218 295
306 432
304 437
314 411 20
315 412 20
323 423 20
335 437 20
366 503 20
363 523 20
245 375
295 418
245 320
227 313

362
304 415
359 650
348 687
655 749
794 917
530 640
353 507
347 498

ID-Nr.

Mechanical properties
fy

927-
936

943-
958

770-
877 (2)

878-
888

889-
898

899-
906

907-
914

915-
926

 
Table A-6. Mechanical properties of mild steels (continued) 
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Figure A-25. Lower yield strength ReL [MPa]; T= 0°C; n = 446 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-26. Lower yield strength ReL [MPa]; T = -30°C; n = 245 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-27. Tensile strength Rm [MPa]; T = 0°C; mild steel; n = 397 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 

n = 245 
T = -30°C

n = 397 
T = 0°C

n = 446 
T = 0°C
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Figure A-28. Tensile strength Rm [MPa]; T = -30°C; mild steel;  n = 446 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-29. Elongation A [%]; T = 0°C; mild steel;  n = 252 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-30. Elongation A [%]; T = -30°C; mild steel; n = 240 

a) relative frequency distribution b) relative cumulative  frequency distribu-

 

n = 240 
T = -30°C 
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A.4 Charpy energy and fracture toughness  

A.4.1 Puddle iron 
charpy energy 

 
fracture toughness 

 

AV Test temp

J °C
70 21 0
71 19 0
73 14 0
74 19 0
75 16 0
77 5 -30
78 17 0
79 5 -30
80 8 -30
81 9,5 0
82 8 -30
83 9,5 0
84 4 -30
85 11,5 0
86 10,5 -30
87 7 0
96 5 -30
97 4,5 -30
98 8 0
99 18 20
100 14 0
101 10 -20
102 15 20
103 17 0
104 6,7 20
105 5,3 0
106 4,6 -20
107 18 20
108 14 0
109 6 -20
110 14 20
111 9 0
112 6 20

Charpy-V-energy

ID-Nr. JC KIC Test temp

N/mm N/mm3/2 °C
71 142 -30
72 58 -30
73 26 -30
74 24 -30
75 32 -30
77 34 -30
78 33 0
79 10 -30
81 11 0
82 21 -30
83 10 0
84 13 -30
85 25 0
86 17 -30
87 13 0
96 22 -30
97 10 -30
98 223 0

Fracture toughness

ID-Nr.

Table A-7. Charpy energy for pud-
dle iron 
 

Table A-8. Fracture toughness for puddle iron 
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Figure A-31. charpy energy KV [J]; T = -30°C; puddle iron; n = 8 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-32. charpy energy KV [J]; T = 0°C; puddle iron; n = 22 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-33. fracture toughness JC [N/mm]; T = -30°C; puddle iron; n = 12 

a) relative frequency distribution b) relative cumulative  frequency distribu-

n = 8 
T = -30°C

n = 22 
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n = 12 
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Figure A-34. fracture toughness JC [N/mm]; T = 0°C; puddle iron; n = 6 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 

n = 6 
T = 0°C
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A.4.2 Mild steel 
charpy energy fracture toughness 

AV Test temp

J °C
3 -30
5 20
3 0

23,2 20
44,5 20
111,7 20
27,5 20
21 0
1,7 0
27 20
34 20
6 -30
5 -30
32 -30
4 -30
4 -30
4 -30
4 -30
8 -30
6 -30
5 -30
4 -30
8 -30
7 -30
7 -30
4 -30
10 -30
9 -30
7 -30
2 -30

2,5 -30
3,5 -30
6 -30

2,50 -30
3 -30
3 -30

4,5 -30
3 -30
4 -30

6,5 -30
4 -30
6 -30
3 -30
3 -30
8 -30
8 -30
4 -30
3 -30

17,5 -30
5 -30

5,5 -30
5 -30

118-614 
(1)

Charpy-V-energy

13-39

ID-Nr.

53-56

57-66

 

JC KIC Test temp

N/mm N/mm3/2 °C
4 -80
10 -70
13 -70
33 -70
5 -70
5 -70
17 -70
62 -60
6 -50
31 -30
7,3 0
68 -30
2,7 -30
19,4 20
76 -30
43 -30
76 -30
18 -30

67 10 -30
68 12,3 -30
70 27 -30
71 21 -30
72 17,6 -30
74 23 -30
75 22 -30
76 22 -30
77 17 -30
78 25 -30
79 31 -30
80 22 -30
83 6,3 -30
84 20 -30
85 8 -30
86 20 -27

55,7 -30
51,7 -30
64,5 -30
61,3 -30
121,5 -30

11 -30
14,3 -30
17,8 -30
20,7 -30
15,8 -30
17,7 -30
20,1 -30
29,6 -30
30,7 -30
28 -30

28,5
32,4
33

104-106

88-93

94-97

98-101

102-103

ID-Nr.

Fracture toughness

13-39

57-60

 

Table A-9. charpy energy for mild 
steels 

Table A-10. fracture toughness for mild 
steels 
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charpy energy fracture toughness 

AV Test temp

J °C
10 -30
4 -30
5 -30

10 -30
8 -30

10 -30
6 -30
6 -30
4 -30
3 -30
3 -30
3 -30
3 -30
4 -30
4 -30
6 -30
5 -30
5 -30
3 -30
4 -30
4 -30
4 -30
4 -30
4 -30
5 -30
5 -30

12 -30
9 -30
4 -30
4 -30
4 -30
6 -30
3 -30
4 -30
4 -30
6 -30
6 -30
5 -30
3 -30
4 -30
2 -30
5 -30

10 -30
3 -30
4 -30
4 -30
4 -30
3 -30
2 -30
4 -30
2 -30
2 -30

118-614 
(2)

ID-Nr.

Charpy-V-energy

 

JC KIC Test temp

N/mm N/mm3/2 °C
36,4 -30
39 -30

47,1 -30
16,8 -30
35,3 -30
11,3 -30
17,6 -30
31,4 -30
10,6 -30
28,2 -30
31,3 -30
28 0
71 0
29 0
12 0
77
20 0
27 0
445 -20
146 0
48 0
96 0
42 0
33 0
72 0
32 0
7 0
38 0
58 0
75 0
36 0
30 0
37 0
34 0
14 0
21 -30
16 -30
16 -30
28 -30
113 -30
34 -30
14 -30
29 -30
85 -30
33 -30
51 -30
42 -30
7 -30
83 -30
61 -30
19 -30
83 -30

ID-Nr.

Fracture toughness

107-109

110-111

112-114

115-117

118-614 (1)

 

Table A-9. charpy energy for mild 
steels (continued) 

Table A-10. fracture toughness for mild steels 
(continued) 
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charpy energy fracture toughness 

AV Test temp

J °C
2 -30
2 -30
2 -30
2 -30
2 -30

14 -30
2 -30
2 -30
3 -30
2 -30
2 -30
6 -30
5 -30

29 -30
6 -30
6 -30
4 -30
4 -30

34 -30
4 -30
7 -30
4 -30
5 -30
4 -30
8 -30

10 -30
7 -30
4 -30
4 -30
5 -30
5 -30
6 -30
8 -30
3 -30
3 -30
4 -30
8 -30
8 -30
7 -30

3,5 -30
4 -30

3,5 -30
4,5 -30
3 -30
4 -30
4 -30

10 -20
10 -20
8 -20
5 -20

4,6 -20
6 -20

ID-Nr.

Charpy-V-energy

118-614 
(3)

 

JC KIC Test temp

N/mm N/mm3/2 °C
34 -30
81 -30
46 -30
10 -30
108 -30
71 -30
70 -30
7 -30
29 -30

68,35 -30
93 -30
14 -30
49 -30
18 -30
22 -30
136 -30
50 -30
15 -30
30 -30
88 -30
101 -30
96 -30
26 -30
33 -30
88 -30
10 -30
111 -30
59 -30
67 -30
25 -30
14 -30
82 -30
57 -30
7 -30
7 -30
30 -30
11 -30
62 -30
12 -30
38 -30
12 -30
24 -30
84 -30
128 -30
79 -30
75 -30
48 -30
43 -30
59 -30
118 -30
38 -30
120 -30

118-614 (2)

ID-Nr.

Fracture toughness

 

Table A-9. charpy energy for mild 
steels (continued) 

Table A-10. fracture toughness for mild steels 
(continued) 
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charpy energy fracture toughness 

AV Test temp

J °C
4 -20

14 0
17 0
8 0

5,3 0
14 0
9 0
7 0

27 0
8 0

42 0
6 0
6 0

10 0
5 0

22 0
6 0
4 0
4 0

22 0
6 0
7 0

56 0
34 0
20 0
5,5 0
4,5 0
3,5 0
5,5 0
39,5 0
51,5 0

4 0
3 0
5 0

10,5 0
54 0
4,5 0
5,5 0
11 0
6 0
7 0

81 0
5 0
4 0

13 0
8,5 0
67 0
37 0
6 0
5 0
7 0
6 0

ID-Nr.

Charpy-V-energy

118-614 
(4)

 

JC KIC Test temp

N/mm N/mm3/2 °C
100 -30
78 -30
81 -30
32 -30
41 -30
14 -30
29 -30
74 -30
45 -30
31 -30
106 -30
110 -30
95 -30
88 -30
99 -30
35 -30
63 -30
31 -30
10 -30
28 -30
60 -30
33 -30
15 -30
51 -30
27 -30
29 -30
24 -30
41 -30
70 -30
40 -30
27 -30

16,1 -30
277,4 -30
634,4 -30

14 -30
10,5 -30
45 -30

10,7 -30
325 -30
36,5 -30
30,1 -30
56 -30
386 -30
407 -30
447 -30
432 -30
373 -30
398 -30

746-757

703-717

718-731

732-737

738-745

ID-Nr.

Fracture toughness

118-614(3)

 

Table A-9. charpy energy for mild 
steels (continued) 

Table A-10. fracture toughness for mild steels 
(continued) 
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charpy energy fracture toughness 

AV Test temp

J °C
7 0
5 0
4 0
8 0

46 0
10 0
24 0
40 0
28 0
10 0
5 0

17 0
4 0

13 0
13 0
22 0
18 0
16 0
4 0
4 0
6 0
6 0

16 0
4 0

22 0
28 0
35 0
24 0
13 0
15 0
34 0
70 0
26 0
8 0

25 0
20 0
10 0
6 0

40 0
10 0
92 0
7 0
7 0

10 0
30 0
25 0
24 0
14 0
26 0
50 0
17 0
7 0

ID-Nr.

Charpy-V-energy

118-614 
(5)

 

JC KIC Test temp

N/mm N/mm3/2 °C
519 -30
550 -30
233 -30
534 -30
219 -30
350 -30
389 -20
473 -20
124 -20
111 -20
23 -20
483 -20
433 -20
469 -20
70 -20
57 -20
40 -20
66 -20
83 -20
80 -20
18 -20
41 -20
65 -20
468 -20
490 -20
470 -20
491 -20
460 -20
395 -20
366 -20
87 -20
361 -20
98 -20
430 -20
94 -20
21 -20
20 -20
18 -20
445 -20
341 -20
401 -20
287 -20
349 -20
468 -20
470 -20
490 -20
395 -20
460 -20
491 -20
87 -20
361 -20
366 -20

770-877 (1)

ID-Nr.

Fracture toughness

758-769

 

Table A-9. charpy energy for mild 
steels (continued) 

Table A-10. fracture toughness for mild steels 
(continued) 
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charpy energy fracture toughness 

AV Test temp

J °C
23 0
17 0
54 0
14 0
30 0
16 0
11 0
37 0
14 0
13 0
15 0
9,5 0
7 0

6,5 0
5 0
9 0
8 0

14,5 0
2,5 -70
2,3 -50
3,8 -38
3,3 -37
45 22
67 22
53 22

43,5 23
49 44
5 -22

24 -19
29 -2
23 -2
5 -32

13 -20
27 -20
4 -20

11 -20
68 -20
5 -20

31 -20
51 -20

190 -20
191 -20
181 -20
102 -20
116 -20
122 -20
224 -20
210 -20
203 -20

770-877

943-958

118-614 
(6)

ID-Nr.

Charpy-V-energy

649-689

 

JC KIC Test temp

N/mm N/mm3/2 °C
94 -20
98 -20

430 -20
18 -20
20 -20
21 -20

341 -20
401 -20
287 -20
349 -20
389 -20
473 -20
23 -20

111 -20
124 -20
433 -20
469 -20
483 -20
40 -20
57 -20
70 -20
66 -20
80 -20
83 -20
18 -20
41 -20
65 -20
54 -30
29 -30
70 -30
52 -30

501 -30
532 -30
327 -30
45 -30

127 -30
112 -30
11,1 -30
16,5 -30
614,2 -30
17,1 -30
12,7 -30
16,1 -30
14,7 -30
22,9 -30
6,1 -30

ID-Nr.

Fracture toughness

770-877 (2)

878-888

889-898

899-906

907-914

 

Table A-9. charpy energy for mild 
steels (continued) 

Table A-10. fracture toughness for mild steels 
(continued) 
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 fracture toughness 
 

JC KIC Test temp

N/mm N/mm3/2 °C
332 -30
197 -30
469 -30
343 -30
603 -30
717 -30
783 -30
776 -30
30,7 -30
28 -30
54 -30
74 -30
21 -30
30 -30
92 -30
45 -30
390 -30
436 -30
329 -30
87,6 -30
104 -30
84 -30
390 -30
436 -30
329 -30
87,6 -30
104 -30
84 -30

915-926

927-936

937-942

959-964

ID-Nr.

Fracture toughness

 
 
 
 
 

Table A-10. fracture toughness for mild steels 
(continued) 
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Figure A-35. charpy energy KV [J]; T = -30°C; mild steel; n = 167 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-36. charpy energy KV [J]; T = 0°C; mild steel; n = 137 

a) relative frequency distribution b) relative cumulative  frequency distribu-

0

10

20

30

40

50

60

70

55 10
7

15
9

21
1

26
3

31
5

36
7

41
9

47
1

52
3

57
5

62
7

67
9

73
1

78
3

83
5

fracture toughness JC [N/mm]

re
la

tiv
e 

fr
eq

ue
nc

y 
[%

]

1

0
10
20
30
40
50
60
70
80
90

100

0 50 10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

70
0

75
0

80
0

fracture toughness JC [N/mm]

re
la

tiv
e 

cu
m

ul
at

iv
e 

fr
eq

ue
nc

y 
[%

]

Figure A-37. fracture toughness JC [N/mm]; T = -30°C; mild steel; n = 228 

a) relative frequency distribution b) relative cumulative  frequency distribu-
 

 

n = 167 
T = -30°C

n = 137 
T = 0°C

n = 228 
T = -30°C
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Figure A-38. fracture toughness JC [N/mm]; T = -20°C; mild steel; n = 74 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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Figure A-39. fracture toughness JC [N/mm]; T = 0°C; mild steel; n = 28 

a) relative frequency distribution b) relative cumulative  frequency distribu-
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A.5 Statistical overview (incl. outliers) 
The following tables all include outliers. 

A.5.1 Puddle iron 
C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
T [°C] -- -- -- -- -- -- -- -- -- --

n 92 97 97 99 70 16 12 30 4 1
xmin 0,001 0,003 0 0,012 0 0,008 0,02 0,001 0,001 0,046
xmax 0,17 0,21 0,487 0,587 0,21 0,122 0,071 0,02 0,002 0,046
xmean 0,032 0,035 0,062 0,233 0,072 0,049 0,041 0,008 0,001 0,046
x50% 0,021 0,024 0,039 0,244 0,07 0,008 0,041 0,007

σ 0,035 0,041 0,094 0,127 0,058 0,037 0,014 0,005
V 1,093 1,177 1,516 0,547 0,807 0,766 0,337 0,583

Wrought iron/ 
Puddle steel

 
Table A-11. chemical composition of puddle iron; statistical overview 
 

fu A Z fu A Z
ReL ReH Rm ReL ReH Rm

MPa MPa MPa % % MPa MPa MPa % %
T [°C] 0 0 0 0 0 -30 -30 -30 -30 -30

n 24 0 26 26 22 14 0 14 14 14
xmin 216,0 -- 252,0 1,0 0,0 256,0 -- 274,0 4,0 4,0
xmax 302,0 -- 392,0 37,0 76,0 318,0 -- 401,0 24,0 33,0
xmean 255,8 -- 345,0 16,2 22,1 282,1 -- 333,6 12,9 16,0
x50% 257,0 -- 355,0 17,5 23,0 276,5 -- 333,0 11,0 15,0

σ 23,8 -- 38,3 8,6 18,0 19,3 -- 35,6 7,0 9,8
V 0,093 -- 0,112 0,530 0,813 0,068 -- 0,107 0,547 0,611

Wrought iron/ 
Puddle steel

fy fy

 
Table A-12. mechanical properties of puddle iron; statistical overview 

 
KV KV JC JC

J J N/mm N/mm
T [°C] 0 -30 0 -30

n 22 8 6 12
xmin 5,3 4,0 10,0 10,0
xmax 21,0 10,5 223,0 142,0
xmean 13,1 6,3 52,5 34,1
x50% 14,0 5,0 19,0 23,0

σ 4,8 2,3 84,0 36,4
V 0,367 0,368 1,600 1,069

Wrought iron/ 
Puddle steel

 
Table A-13. charpy energy and fracture toughness of puddle iron; statistical overview 
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A.5.2 Mild steel 
 

C S Mn P Si Cu Ni N Al Cr

% % % % % % % % % %
T [°C] -- -- -- -- -- -- -- -- -- --

n 477 477 477 478 68 50 30 40 44 22
xmin 0,001 0,003 0,070 0,008 0,000 0,009 0,022 0,002 0,001 0,001
xmax 0,620 0,620 0,890 0,650 0,270 0,220 0,060 0,020 0,037 0,033
xmean 0,059 0,038 0,433 0,043 0,029 0,056 0,044 0,010 0,005 0,010
x50% 0,043 0,034 0,429 0,038 0,010 0,042 0,042 0,011 0,002 0,010

σ 0,057 0,031 0,109 0,035 0,054 0,052 0,010 0,006 0,009 0,007
V 0,973 0,829 0,253 0,826 1,826 0,926 0,235 0,579 1,873 0,699

Early mild 
steel

 
Table A-14. chemical composition of mild steel; statistical overview 
  

fu A Z fu A Z
ReL ReH Rm ReL ReH Rm

MPa MPa MPa % % MPa MPa MPa % %
T [°C] 0 - 0 0 0 -30 - -30 -30 -30

n 446 - 397 252 231 245 - 245 240 239
xmin 217 - 289 21 38 238 - 370 16 30
xmax 794 - 917 49,5 79 449 - 590 50 80
xmean 293,2 - 434,1 33,0 64,5 309,4 - 447,2 34,7 63,3
x50% 287,0 - 427,0 33,0 66,0 306,0 - 441,0 35,0 65,0

σ 46,74 - 56,80 4,66 7,92 35,85 - 40,00 5,08 8,44
V 0,16 - 0,13 0,14 0,12 0,12 - 0,09 0,15 0,13

Early mild 
steel

fy fy

 
Table A-15. mechanical properties of mild steels; statistical overview 
 

KV KV JC JC JC

J J N/mm N/mm N/mm
T [°C] 0 -30 0 -20 -30

n 137 171 28 74 228
xmin 1,7 2 7 18 2,7
xmax 111,7 224 146 491 783
xmean 19,8 15,3 42,2 246,4 101,4
x50% 13,0 4,5 33,0 287,0 40,5

σ 19,20 38,90 30,20 186,90 154,20
V 0,97 2,55 4,31 10,39 57,10

Early mild 
steel

 
Table A-16. charpy energy and fracture toughness of mild steels; statistical overview 
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B. Appendix – Data from fatigue evaluation 

This appendix contains the plotted values used in the evaluation of the fatigue endur-
ance of riveted structures. The number of cycles to failure in the tables is the values 
used in the evaluation. However some investigations have had repairs and then contin-
ued with additional loading, these additional numbers of cycles is not accounted for. The 
numbers of cycles endured until the repair has been taken as the number of cycles to 
failure. 
Baker et al [69] 
Fatigue test on rolled beams with and without high-strength bolts 
Specimen Δσ [MPa]  n cycles (failure) n cycles to observed 

cracks 
Crack initiation 

BKh1 216.1 5.860E+04 5.64E+04 E 
BKh2 216.1 4.590E+04  E 
BKh3 216.1 5.000E+04 4.55E+04 E 
BKb1 216.1 9.073E+05 8.87E+05 E 
BKb2 216.1 8.456E+05 8.40E+05 E 
BKb3 216.1 6.870E+05  M 
BKh = Baker and Kulak beams with holes  
BKb = Baker and Kulak beams with hgh strength bolts  
E = extremity of end hole 
M = extremity of middle hole 
 
Fatigue test on riveted girders 
Specimen Δσ [MPa]  n cycles (failure) 
BKc-1s 188 4,185E+05
BKc-1b 188 4,185E+05
BKc-1c 188 9,583E+05
BKc-2a 188 7,823E+05
BKc-2b 188 7,936E+05
BKc-2c 188 9,118E+05
BKd-3a 166 2,631E+05
BKd-3b 166 4,963E+05
BKd-4a 166 2,491E+05
BKd-4b 166 3,528E+05
BKd-4c 166 4,852E+05
σmin = 31 MPa type BKC specimen, σmin = 23 MPa type BKd. All fatigue cracks started at rivet holes. 
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Mang et al [1] 
Full-scale test 
Specimen Δσ[MPa] n cycles tests 

Bridge Blumberg 87 1,20E+05 The whole bridge 
130 1,50E+06 main girder 
130 2,00E+06 main girder 

Bridge Blumberg 

110 1,00E+07 main girder 
180 2,80E+05 main girder 
140 7,80E+05 main girder 
140 1,30E+06 main girder 

Bridge Stahringen 

140 2,10E+06 main girder 
Bridge Bruchsal 195 6,50E+05 main girder 

150 5,00E+05 main girder 
180 3,20E+04 girder 

Bridge Westkreuz 
Berlin 

180 6,00E+04 girder 
125 3,90E+05 transverse girder Bridge Berlin-

Knesebeck 95 2,90E+06 transverse girder 

 
Small scale tests with high-strength bolts 
Specimen Δσ [MPa] n cycles (failure) tests 

200 7,60E+04 Preload 200 Nm Bridge CALW 
200 9,50E+04 Preload 400 Nm 
200 6,60E+05 Preload 125 Nm 
180 8,60E+06
200 1,10E+06
180 1,60E+06
200 1,80E+06 Preload 250Nm 
200 2,80E+06
200 3,20E+06
180 3,60E+06
200 6,40E+06
180 1,00E+07
200 2,20E+05 Preload 125 Nm 
200 3,10E+05

Bridge STAHRIN-
GEN 

200 3,50E+05

 
Small-scale test 
Specimen Δσ[MPa] n cycles (failure) tests 

Bridge Blumberg 80 2,40E+06 main girder residuals 
 65 1,00E+07 main girder residuals 
 50 4,00E+07 main girder residuals 
 150 9,20E+05 longitudinal girder parts 
 120 1,20E+06 longitudinal girder parts 
 150 1,60E+06 longitudinal girder parts 
 120 9,20E+06 longitudinal girder parts 
 220 1,70E+05 specimens with original rivets 
 220 3,30E+05 specimens with original rivets 
 180 3,50E+05 specimens with original rivets 
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 180 3,70E+06 specimens with original rivets 
 220 3,30E+04 specimens with newly drilled holes 
 220 9,40E+04 specimens with newly drilled holes 

Specimen Δσ[MPa] n cycles (failure) tests 
 200 1,10E+05 specimens with newly drilled holes 
 200 1,40E+05 specimens with newly drilled holes 

Bridge Blumberg 180 2,70E+05 specimens with newly drilled holes 
 180 4,00E+05 specimens with newly drilled holes 
 140 9,20E+05 specimens with newly drilled holes 
 150 1,00E+06 specimens with newly drilled holes 
 160 4,00E+05 punched holes plates from secendary girder 
 160 3,60E+05 punched holes platesfrom main girder  
 160 3,90E+05 punched holes platesfrom main girder  
 145 3,00E+06 punched holes platesfrom main girder  

Bridge Calw 180 1,50E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 180 2,30E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 200 2,60E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 160 4,40E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 160 6,10E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 145 8,60E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 145 9,60E+04 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 160 1,70E+05 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 180 1,80E+05 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 180 2,30E+05 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 160 3,40E+05 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 145 4,30E+05 wide plate tests 465,5 x 2000 d=25 t=12,3 
[mm] 

 230 1,00E+05 Small size specimen 
Specimen Δσ[MPa] n cycles (failure) tests 

 210 1,10E+05 Small size specimen 
Bridge Calw 210 1,20E+05 Small size specimen 

 200 1,30E+05 Small size specimen 
 180 1,40E+05 Small size specimen 
 200 2,70E+05 Small size specimen 
 200 2,70E+05 Small size specimen 
 200 2,80E+05 Small size specimen 
 130 4,60E+05 Small size specimen 
 175 4,90E+05 Small size specimen 
 160 5,60E+05 Small size specimen 
 175 5,60E+05 Small size specimen 
 145 5,60E+05 Small size specimen 
 160 6,20E+05 Small size specimen 
 160 6,20E+05 Small size specimen 
 160 6,30E+05 Small size specimen 
 145 6,30E+05 Small size specimen 
 145 8,00E+05 Small size specimen 
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 145 9,30E+05 Small size specimen 
 160 9,30E+05 Small size specimen 
 115 1,00E+06 Small size specimen 
 135 1,10E+06 Small size specimen 
 125 1,20E+06 Small size specimen 
 115 1,40E+05 Small size specimen 
 105 1,40E+05 Small size specimen 
 145 1,50E+05 Small size specimen 
 135 1,70E+05 Small size specimen 
 125 1,70E+05 Small size specimen 
 115 2,10E+05 Small size specimen 
 145 2,10E+05 Small size specimen 
 145 2,10E+05 Small size specimen 
 145 2,10E+05 Small size specimen 
 135 2,10E+05 Small size specimen 
 135 2,10E+05 Small size specimen 
 125 2,10E+05 Small size specimen 

Specimen Δσ[MPa] n cycles (failure) tests 
 115 2,10E+05 Small size specimen 
 90 2,10E+05 Small size specimen 
 145 2,10E+05 Small size specimen 
 160 1,50E+05 Small size specimen 
 160 1,90E+05 Small size specimen 

Bridge Stahringen 190 7,00E+04 plates with newly drilled holes 
 145 2,50E+05 plates with newly drilled holes 

Bridge Stahringen 220 3,80E+04 plates with punched holes from main girder 
 220 5,00E+04 plates with punched holes from main girder 
 180 1,10E+05 plates with punched holes from main girder 
 180 1,30E+05 plates with punched holes from main girder 
 180 1,40E+05 plates with punched holes from main girder 
 145 2,50E+05 plates with punched holes from main girder 
 145 3,60E+05 plates with punched holes from main girder 
 145 4,70E+05 plates with punched holes from main girder 
 145 1,20E+06 plates with punched holes from main girder 
 225 3,90E+04 Plates with holes 
 225 4,80E+04 Plates with holes 
 180 1,10E+05 Plates with holes 
 190 1,20E+05 Plates with holes 
 180 1,40E+05 Plates with holes 
 180 1,50E+05 Plates with holes 
 190 1,50E+05 Plates with holes 
 180 2,00E+05 Plates with holes 
 180 2,60E+05 Plates with holes 
 190 2,60E+05 Plates with holes 
 180 2,90E+05 Plates with holes 
 180 3,20E+05 Plates with holes 

Specimen Δσ[MPa] n cycles (failure) tests 
Bridge Stahringen 145 4,00E+05 Plates with holes 

 145 4,80E+05 Plates with holes 
 145 5,20E+05 Plates with holes 
 148 5,40E+05 Plates with holes 
 145 6,40E+05 Plates with holes 



Sustainable Bridges SB-4.6 2007-11-30  204 (218) 
    
 

 125 7,60E+05 Plates with holes 
 125 8,00E+05 Plates with holes 
 145 8,80E+05 Plates with holes 
 148 9,40E+05 Plates with holes 
 125 1,10E+06 Plates with holes 
 145 1,20E+06 Plates with holes 

 125 1,20E+06 Plates with holes 
 127 1,30E+06 Plates with holes 
 123 1,30E+06 Plates with holes 
 125 1,40E+06 Plates with holes 
 125 1,50E+06 Plates with holes 
 123 1,60E+06 Plates with holes 
 123 1,80E+06 Plates with holes 
 125 2,00E+06 Plates with holes 
 122 2,00E+06 Plates with holes 
 105 2,90E+06 Plates with holes 
 105 3,40E+06 Plates with holes 
 105 5,50E+06 Plates with holes 
 170 1,20E+05 Plates with holes 
 105 1,20E+07 Plates with holes 
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Åkesson [70] 
Full scale test on stringers 
Specimen σmin 

[MPa] 
σmax 
[MPa] 

Δσ [MPa] n cycles (failure) nc  
(cycles to cracks) 

Å1 12,8 52,8 40 2,0000E+07  
Å2 12,8 52,8 40 2,0000E+07  
Å3 12,8 72,8 60 1,0000E+07  
Å4 12,8 92,8 80 5,9959E+06 5,8934E+06 
Å5 12,8 92,8 80 2,3755E+06 2,3755E+06 
Å6 12,8 92,8 80 6,4853E+06 6,3704E+06 
Å7 38,4 138,4 100 1,6379E+06 1,4889E+06 
Å8 38,4 138,4 100 2,1849E+06 2,0387E+06 
Å9 38,4 138,4 100 2,0273E+06 2,0273E+06 
The stress is calculated at the net section and excludes the contribution from dead weight. The forces and 
stresses are calculated at the edge of a beam. 
 
Fisher [71] 
Full scale tests on riveted girders  
Specimen σmax 

[MPa] 
σmin 
[MPa] 

Δσ 
[MPa] 

n cycles 
(failure) 

Temp [°C] Cracked part and its 
condition 

1 Sfe 97 14 83 1623000 -57 W-F, hole 
2 Sfe 97 14 83 2838000 room temp W-F, hole 
3 OC 97 14 83 4,15E+05 room temp C-T, hole 
4 Sfe 138 55 83 2728000 -73 W-F, hole 
5 Sfe 138 55 83 3005000 -51 W-F, hole 
6 MTB 138 55 83 3613000 -40 W-F, hole 
7 OC 179 97 83 657000 room temp W-F, corrosion 
8 Sfe 117 14 103 916000 room temp C-T, hole 
9 Sfe 117 14 103 1237000 room temp W-F, hole 
10 Sfe 159 55 103 1316000 -46 W-F, hole 
11 OC 159 55 103 511000 room temp C-T, corrosion 
MTB 159 55 103 1563000 -51 C-T, hole 
Specimen σmax 

[MPa] 
σmin 
[MPa] 

Δσ 
[MPa] 

n cycles 
(failure) 

Temp [°C] Cracked part and its 
condition 

13 Sfe 138 14 124 773000 -51 W-F, hole 
14 OC 138 14 124 827000 room temp W-F, corrosion 
W-F:cracking at web-flange angle connection with continous coverplate(s). 
C-T:cracking at coverplate termination. 
Hole: cracking initiation at rivet hole. 
Corrosion: crack initiation at corrosion reduced section. 
Bridges were the girders originates 
Sfe = Santa Fe Railway bridge 
OC = Ocean County 
MTB = Minis Trail Bethlehem 
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Forsberg [72] 
Small scale tests 
Specimen Δσ [MPa] n cycles (failure) 
F1 81 2,53E+07
F1a 89 3,30E+07
F4 100 605504
F4a 117 995248
F5 71 495335
F5a 73 1207134
F6 100 237820

 
Abe [73] 
Riveted plates 
Specimen Δσ[MPa] n cycles (failure) 

1 170 300 000
2 225 340 000
3 200 470 000
4 220 900 000
5 172 2 200 000

σ min = 12 MPa, σ max = max tension 

 
Riveted beams 
Specimen Δσ[MPa] n cycles (failure) 

1 130 9,00E+04
2 100 1,00E+05
3 120 1,70E+05
4 100 4,50E+05
5 79 8,00E+05
6 100 1,00E+06
7 74 1,10E+06
8 77 1,30E+06
9 81 2,00E+06

* Measured values from the test 
σ min = 12 MPa, σ max = max tension 
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Al-Ermani [74] 
Full scale tests riveted beams 

Specimen Δσ [MPa] n cycles (failure) nc cycles to observed crack 

Al-1 100 5571150 5571150 62467501

Al-2 100 2002000 1840000 

Al-3 97 5959340 5799020 

Al-4 97 704 090 586 700 

Al-5 100 1134280 872 600 

Al-6 93 3692050 3639050 
1The number of cycles to failure but due to the fact that the stress ratio was lowered to 60 MPa after crack initi-
ating, this will be the load used to determine the length of the test. 
 
Aborted tests 
Specimen Δσ [MPa] n cycles 

Al-3 60 1,00E+07

Al-4 60 1,00E+07

Al-5 60 1,00E+07

Al-6 60 2,00E+07
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Zainudin [75] 
Specimen Δσ [MPa] n cycles (failure) Stress ratio tests 

Kad-1 100 3712020 0,28 6B

Kad-2 100 1587110 0,28 7A

Kad-3 97 5959340 0,17 12B

 
Rabemanantso [76] 
Plotted values 
Full scale test on rolled girder with riveted cover plate 
Specimen Δσ [Mpa] Δmin[MPa] n cycles (failure) 

R H-1 79,2 6,7 7,27E+07
R H-2 90,9 5,4 1,84E+06
R H-3 85,8 5,1 3,59E+06
R H-4 79,6 6,4 4,84E+06

 
Brühwiler [77] 
Riveted girder 
 Specimen Δσ [MPa] n cycles crack location   

1rg 60 7,79E+06 no crack load increased 
  120 9,20E+05 at rivet hole repair 

  120 1,20E+06 at rivet hole end of test 
2 120 7,20E+05 at rivet hole repair 

  120 9,00E+05 at rivet hole end of test 

3 120 9,70E+05 at rivet hole end of test 

4 90 3,24E+06 at rivet hole end of test 

5 90 3,04E+06 at hole in flange repair 

  90 6,33E+06 no crack end of test 

6rg 60 1,00E+07 no crack load increased 

  90 1,90E+06 at rivet hole end of test 

Lattice girder 

1lg 50 2,00E+07 no crack load increased 

  70 1,70E+06 rivet failures repair 

  70 1,00E+07 no crack load increased 
    
 Specimen Δσ [MPa] n cycles crack location   

Lattice girder 

  100 6,60E+05 crack in diagonal repair 

  100 8,00E+05 crack in diagonal repair 

  100 1,06E+06 crack in diagonal end of test 
2,1lg 50 2,00E+07 no crack load increased 

2,2lg 70 1,00E+07 no crack load increased 
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  100 8,80E+05 rivet failures repair 

  100 1,32E+06 at rivet hole repair 

  100 1,39E+06 crack in diagonal end of test 
3 70 8,20E+06 rivet failures end 

  70 1,00E+07 no crack load increased 

  100 3,50E+05 rivet failure repair 

  100 5,30E+05 rivet failure repair 

  100 9,50E+05 crack in diagonal repair 

  100 1,08E+06 crack in diagonal end 

 
Full scale tests riveted girders PLOTTED VALUES 
 Specimen Δσ [MPa]  n cycles (failure)  crack location   

1 120 9,20E+05 at rivet hole repair 
2 120 7,20E+05 at rivet hole repair 
3 120 9,70E+05 at rivet hole end of test 
4 90 3,24E+06 at rivet hole end of test 
5 90 3,04E+06 at hole in flange repair 
6 90 1,90E+06 at rivet hole end of test 

 
Full scale tests lattice girder PLOTTED VALUES 
 Specimen Δσ [MPa] n cycles (failure) Crack location   

1 70 1,70E+06 rivet failures repair 
2 100 8,80E+05 rivet failures repair 
3 70 8,20E+06 rivet failures end 
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Out [78] 
Full scale tests Observed cracking corroded area

Specimen Δσ [MPa] (gross) a Δσ  [MPa] (net) b n cycles comments 

1 73,4 75,2 3770000 crack found > 104 mm 

  4400000 angle severed 

  4990000 section failed 

2 62,1 64,8 850000 angle severed 

  1450000 section failed 

3c 62,1 63,4 39710000 no failure 

4 55,2 57,2 1190000 crack found > 76 mm 

  53700000 first hole drilled 

d  7610000 section spliced 

 Ratio R �min/�max =0,1  
a = Stress range full section 
b = Stress range reduced section 
c = Test discontinued 
d = Test stoped because of change in condition 

 
Plotted values full scale tests riveted girders 
Test Δσ [MPa] (gross) a Δσ  [MPa] (net) b n cycles 

(failure) 
Comment

1 73,4 75,2 4,99E+06 section failed 
2 62,1 64,8 1,45E+06 section failed 

3c 62,1 63,4 3,97E+07 no failure 
4d 55,2 57,2 7,61E+06 section spliced 
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Reemsnyder [79] 
Full scale tests on connections  
Specimen Δσ [MPa] n cycles (failure) Comments 

1 157 2,50E+05 without prestressing 
2 157 3,24E+05 without prestressing 
5 125 8,15E+05 without prestressing 
6 125 7,78E+05 without prestressing 
7 125 5,93E+05 without prestressing 

15 125 2,36E+06 without prestressing 

 
Full scale tests on connections 
Specimen Δσ [MPa] n cycles (failure) Comments 
3 157 2,01E+07 With prestressed bolts 
4 125 1,25E+06 With prestressed bolts 
8 125 2,08E+06 With prestressed bolts 
9 125 1,67E+06 With prestressed bolts 
10 125 3,60E+06 With prestressed bolts 
11 125 2,43E+06 With prestressed bolts 
12 125 4,77E+06 With prestressed bolts 
13 125 2,03E+06 With prestressed bolts 
14 125 1,26E+06 With prestressed bolts 
16 125 7,77E+06 With prestressed bolts 

 
Helmerich et al [80] 
Full scale tests 
Specimen Δσ [MPa] 

(net)  
n cycles 
(failure) 

comments tests 

1 80 3,60E+06 Test continued after failure in a newly 
drilled hole 

Truss girder 

2 140 2,50E+05 crack in gusset plate Truss girder 
3 101 2,62E+06 cover plate at rivet hole Plate girder, mild 

steel 
4 123 3,61E+05 cover plate at rivet hole Plate girder, mild 

steel 
5 115 5,62E+05 cover plate at rivet hole Plate girder, mild 

steel 
     
Specimen Δσ [MPa] 

(net)  
n cycles 
(failure) 

comments tests 

6 130 5,86E+05 at rivet hole Plate girder, 
wrought iron 

7 108 2,83E+06 at rivet hole,at L-profile  Plate girder, 
wrought iron 

8 97 2,69E+06 at rivet hole,at L-profile  Plate girder, 
wrought iron 

9 104 4,28E+06 at rivet hole Plate girder, 
wrought iron 
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Adamson [81] 
Full scale tests 
Specimen Δσ [MPa] (net) n cycles (failure) comments tests  

1 69 3336700  Stringer 
2 73 1874730  Stringer 
3 69 2168570  Stringer 
4 66 3240180  Stringer 
5 66 12017640 test aborted Stringer 
6 63 12178930 test aborted Stringer 

4s 61 3213710  
5s 61 10850670  
5i 73 8073460  

s = shear crack  
i = inverted, the girder was turned up-side down and tested one more time. 

 
DiBabtista [82] 
Full scale tests tension girders 
Specimen Δσ [MPa] (net) n cycles (failure) comments tests  

1 73 2401580 bottom part diagonal 
2 69 3958270 bottom part diagonal 
3 73 2849000 test was aborted. 

bottom part 
diagonal 

4 66 5250610 bottom part diagonal 
5 64 1944670 topp part diagonal 
6 62 2248060 topp part diagonal 
7 58 2314250 topp part diagonal 

 
Xiulin [184] 
Small scale tests on plates with holes 
Specimen Δσ [MPa] n cycles (failure) 
1 155 120000 
2 145 170000 
3 145 180000 
4 155 190000 
5 155 210000 
6 134 230000 
7 160 230000 
8 160 240000 
9 150 240000 
10 155 250000 
11 155 270000 
12 140 360000 
13 130 360000 
14 140 420000 
15 140 450000 
16 140 480000 
17 140 540000 
18 130 560000 
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19 140 590000 
20 130 610000 
21 120 630000 
22 140 730000 
23 140 780000 
24 120 920000 
25 120 1000000 
26 120 1100000 
27 120 1200000 
28 120 1500000 
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Helmerich et al [92] 
Full scale tests 
Specimen Δσ [MPa] (net) n cycles (failure) tests 
New tests 

10 170 2,40E+05 Truss girder 
11 80 2,60E+05 Truss girder 
12 140 3,30E+05 Truss girder 
13 125 5,20E+05 Truss girder 
14 150 5,30E+05 Truss girder 
15 67 2,50E+06 Truss girder 
16 100 2,60E+06 Truss girder 
17 95 2,70E+06 Truss girder 
18 110 2,80E+06 Truss girder 
19 80 3,60E+06 Truss girder 
20 55 3,50E+06 Truss girder 
21 110 4,30E+06 Truss girder 
22 62 4,60E+06 Truss girder 
23 55 5,10E+06 Truss girder 

 
Zhou et al [93] 
Full scale tests varied stress range 
Specimen σε [MPa] (net) n cycles 

1 42 1,0E+08
2 42 1,0E+08
3 42 1,0E+08
4 47 1,0E+08
5 47 1,0E+08

The equivalent stress is estimated from diagram 
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C. Appendix – Example of assessment 

A fictitious bridge girder according to Figure C.1. will be analysed. The cross section 
data are as follows. 
 

 Sagging region Hogging region 
Flanges PL 36x650 PL 38x650 
Web PL18x2000 PL 20x2000 
A m2 0.0828 0.0894 
I m4 0.0605 0.0646 
MRd MNm 20.0 21.4 
VRd MN 5.2 6.1 
 
The steel grade is S355 with fy = 355 MPa. 

 
Figure C.1. Bridge girder with load arrangements. 
 
The design loads are as follows: 
g = 60 kN/m 
q = 40 kN/m 
F = 450 kN 
The girder is first analysed elastically for hogging bending. The resulting bending mo-
ments are shown in Figure A.7.2. The hogging moment exceeds the resistance and the 
load factor is thus λ1 = 21,4/24,1 = 0.888. In the next step the hogging moment is set to 
a fixed value Mref = MRd = 21.4 MNm and a hinge is introduced at the support. Practically 
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this was done with a normal hinge 0,1 m from support. Both girder ends joined by the 
hinge were loaded with bending moment 21.4 MNm in opposite directions. This was de-
fined as a separate load case. The maximum shear force is 3.37 MN which is 55 % of 
the resistance 6.1 MN and the condition for the rotation capacity to be valid (<80 % of 
the resistance) is fulfilled. 
The rotation capacity of the hinge is calculated as follows. 

650 10 5 2 308
2fb = − − =  mm with welds a = 5 mm 

235 0.81
355

ε = =  

380 1 0.53
38 18.6 0.81fλ = =

⋅
 

3,8 5.9 0.53 0.673fκ = − ⋅ =  

2000 2 5 2 1986wh = − ⋅ =  mm 

23.9kσ =  for stresses varying from compression to the same magnitude in tension 

1986 1 0.88
20 28,4 23.9 0.81fλ = =

⋅
 

0 2,6
100.673 3 11

0.88
⎡ ⎤θ = + =⎢ ⎥⎣ ⎦

 mrad 

In order to get the worst case the axle loads has to be shifted to the left and it turns out 
that x=16 m gives the highest sagging moment. An elastic calculation for this load ar-
rangement shows that the maximum hogging moment is still higher than 21.4 MNm, 
which means that there will still be a hinge at the support. The load is increased by in-
creasing the load factor for the basic load case. After some trials it turns out that 

1.04iuλ =  when the sagging moment reaches its resistance. The bending moment distri-
bution for this load level is shown in Figure C.2. The rotation in the hinge is taken as the 
sum of the rotations on each side of the hinge from the computer output and it turns out 
to be 

θ = 7 mrad 
The rotation capacity 11 mrad is clearly sufficient. The utilisation of a limited redistribu-
tion has in this case increased the resistance of the girder with 17% with respect to hog-
ging bending. 
A check of sagging bending is done for the load combination in Figure C.1. and the 
bending moments are shown in Figure C.2-4. It can be seen that the resistance in sag-
ging bending is almost exhausted and 20.0 19.7 1.02uλ = =  with respect to this load ar-
rangement. It means a 15% increase compared to an elastic analysis. It is obvious that 
the SLS requirement of elastic behaviour is fulfilled so this verification is not shown. 
For simplicity this example has not considered imposed deformations as non-uniform 
temperature or support settlements. In principle it is no problem to include those actions 
in the same way as in a normal design calculation. The effect would be increased rota-
tions in the hinge. Assume for instance that settlements of both abutments of 50 mm are 
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considered. For a constant bending stiffness it can be shown that the rotation needed to 
cancel the bending moments is 2 2 0.05 / 40 2.5 mradlθ = δ = × = . The total rotation be-
comes 7+2.5 = 9.5 mrad, which still is less than the available 11 mrad. 
 

15,5 MNm 

24,1 

 
Figure C.2. Maximum hogging moment from elastic analysis x=24 m 
 
 

 
Figure C.3. Bending moments at maximum load with plastic hinge at support, load factor 
1.04 and x=16 m. 
 

21,4 MNm

20,0
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Figure C.4. Maximum sagging moment from elastic analysis, x= 15,5 m. 
 

19,5 MNm 

19,7 MNm 


