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1 Summary 

Increased use of stainless steel in infrastructure, especially bridges in harsh or semi-harsh 

environment, would enable low maintenance costs and long service life. This, in turn, leads to 

a beneficial life cycle cost and in the long perspective a more sustainable solution for the 

bridge owner and society. However, today, the high initial material cost for stainless steel 

often acts as a hinder for selecting stainless materials. The project consortium SUNLIGHT 

was formed to address this problem and identify a more weight efficient design for load-

carrying bridge beams to reduce the initial cost for stainless beam systems. Sustainable, 

maintenance-free and lighter beams for stronger Swedish infrastructure (SUNLIGHT) was the 

project named and this report describes the work conducted in the project and the main 

findings and results obtained.  

The aim of the project was to develop and verify a new bridge concept that incorporates 

lightweight steel girders with corrugated webs to replace conventional stiffened steel girders 

in fatigue loaded applications. The use of stainless steel reduces the lifetime maintenance 

costs. The corrugated webs give considerable saving in material and recognizable in 

production costs. Additional weight saving is made possible by the use of high-strength 

stainless steel for the girders. This concept of combining stiff and effective corrugated web 

with stainless steel is new and has not been introduced in bridge applications before. It has a 

very promising potential to replace the traditional composite (steel-concrete) steel beams in 

bridges, which are typically produced of heavily stiffened plate girders in S355 steel. 

The overall aim of the project was to reach at least 20% (25-40% was reached) reduction in 

material weight through a combination of the efficient corrugated web concept and the high-

strength stainless steel. The whole life cycle cost of a bridge built with the proposed concept 

is reduced by at least 20%; up to 40% is possible to reach in some cases. Design tools and 

innovative solutions that lead to reduced material and production costs, more efficient 

material recycling and significant reduction in maintenance costs (e.g. washing, blasting, 

painting) were in focus, aiming at a considerable reduction in both costs and CO2 emissions 

throughout the lifecycle of bridges. 

After detailed numerical simulations and calculations, four 3.8m long beams with some 

geometrical differences in the parameters of the web corrugation were produced and 

evaluated. These beams also served as demonstrators and their calculated load carrying 

properties were verified in static load tests, where loading capacity and instabilities such as 

buckling were evaluated. The test results showed good conformity with the predicted beam 

behavior and the static loading capacity of the beams was overall very high. Preliminary 

design recommendations and welding procedures have been developed and the economic 

potential assessed. All results show that the proposed corrugated web beams are successful 

examples of lightweight, resource efficient design. Remaining tasks are to quantify the fatigue 

strength of these corrugated web beams and develop fatigue design curves that can be used by 



 

 

 

 

SUNLIGHT – a project in LIGHTer  5 

bridge designers. This is the scope for the suggested continuance project, LONGLIFE, that 

will be applied for when SUNLIGHT is completed. 

2 Sammanfattning på svenska  

Syftet med projektet SUNLIGHT var att utveckla och verifiera ett nytt brokoncept med lättare 

stålbalkar som bygger på innovativt utformade korrugerade liv för att ersätta konventionella 

balkar i utmattningsbelastade tillämpningar. De korrugerade liven ger avsevärda besparingar i 

material- och produktionskostnader och ytterligare viktbesparing är möjlig genom användning 

av höghållfast rostfritt stål för balkarna. Användandet av rostfritt stål minskar också 

underhållskostnaderna. Detta koncept med styvt och effektivt korrugerat liv av rostfritt stål är 

nytt och har inte införts i broapplikationer tidigare. Det har en mycket lovande potential att 

ersätta traditionella samverkansbroar (stål-betong). 

Projektets övergripande mål var att uppnå minst 20% (utfall 25-40%) minskning i 

materialvikt genom kombination av ett effektivt korrugerat liv och höghållfast rostfritt stål. 

Hela livscykelkostnaden för en bro byggd med det föreslagna konceptet minskar med minst 

20%, upp till 40% kan åstadkommas i vissa fall. 

Designverktyg och innovativa lösningar som leder till minskade material- och 

produktionskostnader, effektivare materialåtervinning och avsevärd minskning av 

underhållskostnader (t.ex. tvätt, blästring, målning) var i fokus med målet att få en avsevärd 

minskning av både kostnader och CO2-utsläpp under hela livscykeln av broar. 

Efter simulering och beräkning producerades och utvärderades fyra stycken 3,8 m långa 

balkar med vissa geometriska skillnader i korrugeringens parametrar. Dessa balkar fungerade 

också som demonstratorer och deras beräknade lastbärande egenskaper verifierades i statiska 

belastningstester där lastkapacitet och instabiliteter såsom buckling studerades. Testresultaten 

visade god överensstämmelse med det förutsagda beteendet och den statiska 

belastningskapaciteten för balkarna var mycket stor. Preliminära designrekommendationer 

och svetsprocedurer har tagits fram och den ekonomiska potentialen har utvärderats. Alla 

resultat visar att de föreslagna korrugerade balkarna är framgångsrika exempel på lätt, 

resurseffektiv design. Återstående uppgifter är att kvantifiera 

utmattningsbelastningskapaciteten för balkarna och ta fram designkurvor för relevanta 

material för balkarna. Detta är omfattningen för det föreslagna fortsättningsprojektet, 

LONGLIFE, som kommer att sökas direkt efter SUNLIGHT. 
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3 Background 

Increased use of stainless steels in infrastructure, especially in bridges in harsh or semi-harsh 

environment, would enable low maintenance costs and long service life. This, in turn, leads to 

a beneficial life cycle cost and in the longtime perspective a more sustainable solution for the 

bridge owners and the society. However, today, the high material cost for stainless steel often 

acts as a hinder for selecting stainless materials.  

The project consortium in SUNLIGHT was formed to address this problem and identify a 

more weight efficient design for load-carrying bridge beams to reduce the costs for stainless 

beam systems. Sustainable, maintenance-free and lighter beams for stronger Swedish 

infrastructure (SUNLIGHT) was the project titled and this report describes the work. 

 

3.1 Scope 

The aim of the project was to develop and verify a new bridge concept that incorporates 

lightweight steel girders with corrugated webs to replace conventional stiffened steel girders 

in fatigue loaded applications. The corrugated webs give considerable saving in material and 

recognizable in production costs. Additional weight saving is made possible using high-

strength stainless steel for the girders. This concept of combining a stiff and effective 

corrugated web with stainless steel is new and has not been introduced in bridge applications 

before. It has a very promising potential to replace traditional composite (steel-concrete) 

bridges, which are typically produced of heavily stiffened plate girders in S355 steel. 

The overall aim of the project was to reach at least 20% (in reality 40% was reached) 

reduction in material weight through the combination of an efficient corrugated web concept 

and the high-strength stainless steel. The whole life cycle cost of a bridge built with the 

proposed concept is reduced by at least 20%. 

At present, the knowledge of stainless steels and how these can be used in bridge construction 

is not sufficiently spread and not high enough in the organizations, which is another aspect 

that the project addressed by both open and internal seminars.  

 

4 Concept Development 

The concept of using corrugated webs in steel bridge girders is relatively new. Previously 

conducted bridge projects with this concept in Japan, Germany and the United States were all 

made in C-Mn steel and for bridge concepts with box-girders with prestressed concrete decks. 

SUNLIGHT aimed at introducing a new concept in conventional composite (steel-concrete) 

bridges and with Duplex stainless steel as material. At first, an initial study was done to 

identify where in a typical “design space” the studied concept would be most competitive. 
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Case studies with simply supported and continuous composite road bridges were conducted, 

where conventional design (with flat web in C-Mn steel) is compared to the new concept. 

Different solutions were compared with regards to investment cost of the bridge 

superstructure, i.e., material and production costs. In addition, LCC analysis was done on 

some case studies to see the potential of the studied concept from a whole life-cycle 

perspective. Details on these case studies can be found in Henrysson & Yman, 2020 [1] and 

Stiffner & Öman, 2021 [2]. 

The design work mentioned above was supported by extensive research to establish well-

defined design methodology for bridge girders with corrugated webs in stainless steel. The 

current design codes (Eurocode) cover only limited aspects of the design of these elements, 

and only when C-Mn steel is used.  The shear buckling resistance of the corrugated web was 

investigated thoroughly in this project by means of testing and nonlinear numerical analysis, 

see [3] and [32] for more details. To examine the applicability of currently proposed design 

model on stainless steel and to establish design models where missing, several problems were 

studied using data from literature and by means of nonlinear numerical modelling. This 

covered, for example, the resistance to patch loading [4] and fatigue resistance of girders with 

corrugated webs [6]. 

For simply supported bridges, it was found that the concept of using stainless steel girders 

with corrugated webs reduces the material usage of composite bridges compared to if a 

traditional flat web design in C-Mn steel is used. Material savings between 20-30% can be 

expected if the girder height is kept unchanged. Without any restrictions on the free height 

beneath the bridge, the savings in material/weight could approach 50% compared to the 

original design with S355 steel and flat webs.  

Investigation of the effectiveness of the studied concept from an economical point of view 

showed a benefit of 30-40% in total life-cycle cost compared to the original design with S355 

[31]. Also here, additional economical savings are expected if deeper steel girders than those 

used in the original design can be utilized.  

Similar conclusions could be made for continuous composite bridges. For one case-study 

bridge, weight reduction of approximately 20% could be reached with corrugated web of 

stainless steel. Despite the difference in material cost (stainless steel assumed to be 3 times 

the cost of conventional C-Mn steel), the total investment cost of the studied concept was only 

marginally higher than the conventional solution.  

Figure 4.1 below illustrates the load-carrying corrugated web beams mounted in a composite 

bridge (supporting the bridge deck). 
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Figure 4.1 Project concept of composite bridge with corrugated web in duplex steel. 

 

5 Design of the beams 

5.1 Material selection 

EN 1993-1-4 (Eurocode 3 – Design of steel structures – Part 1-4: General rules – 

supplementary rules for stainless steels) provide a well-defined procedure for selection of 

stainless-steel alloys in steel construction around Europe. The main purpose of this procedure 

is to choose the correct alloy depending on the location it should be used, to achieve sufficient 

corrosion protection. EN 1993-1-4 is by no means perfect but actions are being made to 

complement the standard with new alloys as well as suggesting modified ranking of existing 

alloys based on experimental evidence and previous reference cases.  

Even though there is a working procedure for alloy selection within Eurocode 3, national 

differences exist. In Sweden for example, Swedish Transport Administration (Trafikverket)1 

have implemented their own alloy selection criteria for infrastructure applications.   

Swedish Transport Administration’s alloy selection are compared and related to the 

corrosivity categories for painted systems, as defined in ISO 12944-2 [7] and ISO 9223 [8]. 

The Swedish Transport Administration also demand higher corrosivity classes compared to 

EN 1993-1-4 for applications in marine, road and pedestrian environments. There are several 

 

1 Swedish Transport Administration is by far the largest owner and purchaser of infrastructure 
constructions in Sweden, managing over 20.000 bridges for road and railway applications. 
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possible disadvantages with such an alloy selection procedure for stainless steels: 

  

1. ISO 9223 (C-classes) base their ranking on the performance of C-Mn steel, zinc and 

other metals (not stainless steels) in different environments. Weight loss after one year 

exposure is used to determine the corrosion class. However, the performance of 

stainless steel in the same environment does not necessarily correlate to the 

performance of zinc and carbon steel. 

2. Swedish Transport Administration specify corrosivity class C5 for all applications in 

marine, road and pedestrian environments. This is the second highest corrosion class 

in ISO 9223. They also specify that only 1.4462 (Forta DX 2205), 1.4529 (Ultra 

6XN), 1.4539 (Ultra 904L), 1.4410 (Forta SDX 2507) and 1.4547 (Ultra 254 SMO) 

are allowed to be used in corrosivity class C5. Such alloys are very corrosion resistant 

and could be considered as “excessive” for atmospheric corrosion conditions. This 

will also impact the price and the life cycle cost of the design. 

3. The use of more fit for purpose alloys, such as 1.4162 (Forta LDX 2101), can based 

on the current Swedish rules only be used under special circumstances and requires a 

case-by-case review for approval for use in road environments. 

Upon further review of the alloy selection procedure from the Swedish Transport 

Administration it is plausible that the C5 requirement on all steel constructions in marine, 

road and pedestrian environment is based on that most of the previous bridges were built in C-

Mn steels. The C5 requirement then guarantee the best possible corrosion protection paint 

system for such an application. However, utilizing the same demands for stainless steels can 

in some cases become unreasonable, resulting in the need to choose a too expensive alloy.  

5.1.1 National regulations for material selection for infrastructure applications in 

Sweden 

The Swedish Transport Administration (Trafikverket) has two main documents defining 

regulations related to design and construction of bridges. These are “Krav Brobyggande [9]” 

and “Råd Brobyggande [10]”. From September 2021 these documents were replaced by 

TRVINFRA 00227 [11] containing roughly the same type of information. The investigation 

reported in this section was performed prior to the changes, and thus based on the older 

documents. These documents give general guidelines for all aspects of building a bridge 

according to Trafikverket’s regulations. For all practical aspects on performing the 

construction, Trafikverket refers to the AMA (Allmän material- och arbetsbeskrivning) 

published by Svensk Byggtjänst. 

Stainless steels 

In “Krav Brobyggande” [9] Trafikverket specify which materials that are allowed to be used 

for bridge building depending on the environment they are being used in. The regulations for 
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stainless steel material selections related to bridge superstructure and substructure are as 

follows (freely translated from Swedish to English): 

 

[3] Steel structures should be designed according to at least corrosivity class C4 according to 

SS-EN ISO 12944-2. The following details should be designed according to corrosivity class 

C5 according to SS-EN ISO 12944-2. 

- Part of a design present in marine, road or pedestrian/bicycle environment. 

- An edge beam (kantbalk) on a road, pedestrian or bicycle bridge. 

If a stainless steel is used the following addition applies:  

Steel grades 1.4462, 1.4529, 1.4539, 1.4410 and 1.4547 according to SS-EN 10088 are 

allowed to be used in corrosivity class C5 according to SS-EN ISO 12944-2 without surface 

treatment for corrosion protection. 

Steel grades 1.4162, 1.4362, 1.4401, 1.4404, and 1.4571 according to SS-EN 10088 are 

allowed to be used in corrosivity class C4 according to SS-EN ISO 12944-2 without surface 

treatment for corrosion protection. 

In Trafikverket’s guideline for material selection there are references to the ISO 12944-2 [7] 

which is a standard for paints and varnishes (i.e. protective paint layers). The standard utilizes 

the same corrosivity ranking system as ISO 9223 [8]. These standards will rank the 

environment in corrosivity classes C1 to CX ranging from Very low to Severe environments 

in relation to atmospheric corrosion. The corrosivity rankings correspond to a certain 

corrosion rate (weight loss per area) for either C-Mn steel, zinc, copper or aluminium. To rank 

an environment according to ISO 9223, one need to expose any of the previously mentioned 

materials (C-Mn steel, zinc, copper or aluminium) for one year and determine the weight loss 

per area on those samples. The standard then gives guidance on how to estimate long term 

behavior of these materials based on initial weight loss values by performing a normative 

corrosivity estimation. There are different models for estimation of a normative yearly 

corrosion rate (rcorr) depending on the material being exposed. 

The rcorr variable is then used to determine the corrosivity class from very low corrosivity 

(C1) to severe environment (CX). 

As commented earlier in this section, this classification system has very little in common with 

the corrosion behavior of stainless steel and instead relies on the performance of C-Mn steel, 

zinc, copper or aluminium in a specific environment as well as models designed for these 

specific materials for estimation of long-term behavior. 

It is not a simple task to determine the corrosivity class for a specific environment, and as 

specified above it normally requires a minimum of one year exposure of material samples. To 
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simplify things, Trafikverket have stated that all steel materials used should fulfill at least 

corrosivity class C4, and material that are part of a design in marine, road or 

pedestrian/bicycle environment should fulfill corrosivity class C5. In other words, it is not 

necessary to measure the corrosivity class according to ISO 9223 to follow Trafikverket’s 

regulations. Instead, one has to determine whether the structure being built is located in 

marine, road or pedestrian/bicycle environment. The definition of these environments is 

provided in the document “Råd Brobyggande” [10] with further references to 

Transportstyrelsens (Swedish Transport Agency) författningssamling TSFS 2018:57 - 

Swedish Transport Agency’s rules and general advice regarding the application of Eurocodes 

[12]. These definitions are freely translated from Swedish to English below. 

 

Marine environment [10]: Brackish or salt water is regarded as marine environment. 

Vertically the marine environment is limited by an area between the level HHW + 5 m and the 

level LLW -1 m. 

In water ways that flow into brackish or salt water the marine environment is limited 

horizontally by an area 1000 m upstream from the coastal line. 

The top surface of a bridge deck that is covered by a sealing layer is not considered as marine 

environment.  

HHW: Highest water level over a 50-year period 

LLW: Lowest water level over a 50-year period 

Road environment [10] [12]: Road environment refers to the area affected by deicing salts 

from a road below or alongside a structure. 

Surfaces within the marked area, in the Figure 5.1, below as well as surfaces on pylons, 

arches and other parts of the design close to the edges/sides of the bridge deck reaching 6 m 

above or 2 m below the level of the bridge deck are considered to be in road environment.  

The top surface of a bridge deck that is covered by a sealing layer is not considered as road 

environment.  

 

Figure 5.1 Road environment as defined in TSFS 2018:57 
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Pedestrian/bicycle environment [10]: Pedestrian and bicycle environment (GC-miljö: Gång- 

och cykelmiljö) refers to an area affected by a mixture of sand/deicing salts and other 

pollutants from pedestrians. GC environment where a pedestrian/bicycle road is located 

below another road is limited by: 

• Limited upwards by a plane located 1.5 m above (and parallel? – not defined) to the 

surface of the pedestrian/bicycle road. 

• Limited downwards 1.0 m below ground. 

• Limited sideways 2.0 m outside the side/edges of the pedestrian/bicycle road. 

• The top surface of a bridge deck that is covered by a sealing layer is not pedestrian/bicycle 

road environment.  

 

According to the definitions of marine, road or pedestrian/bicycle environment one can make 

a few conclusions: 

• All road and railroad bridges that are running over a waterway or land strip and is 

located more than 1000 m from the coastal line fall into corrosivity class C4. 

• Bridge beams in bridges that run over a pedestrian/bicycle road are likely in 

corrosivity class C4 since there is more than 1.5 m from the bridge beam to the road 

surface below. 

• A majority of the bridges that run above another road (vehicle), falls into corrosivity 

class C5. This is due to that the minimum height for bridges in Sweden is around 5m, 

so most bridges have this height. 

• All roads and railroads that run above a railroad fall into corrosivity class C4. 

With these simple rules it is relatively easy to make a good judgement of what stainless steel 

grades that can be used in Swedish bridges according to Trafikverkets regulations.  

A fact that might cause misunderstanding within the bridge building sector is that 

Trafikverket always specify C5 for painted steel construction, independent of the actual 

corrosivity class as defined above. Since most bridge designers and builders are used to work 

with painted C-Mn steel structures, they can mistakenly think that C5 applies for all structures 

independent on what material they use (C-Mn steel or stainless steel).  

Weathering steels 

There is currently no implementation of weathering steels in Trafikverkets rules and 

regulations for bridge building. This means that weathering steels are regarded as any other 

carbon steel and requires painting with a suitable C5 compatible protective layer for use in 

any steel bridge construction. This is expected to change in future updates of the rules. 
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Carbon steels 

In terms of corrosion protection, C-Mn steels are always in need of a protective paint layer. 

Trafikverket define that corrosion protective paint layers always need to fulfill C5-M (old 

designation, new designation C5) according to SS-EN ISO 12944-2. 

There are some situations where corrosion protection is not needed e.g. the inside of hollow 

sections and steel constructions that include dehumidification etc. Any deviations from the 

C5-M requirements for C-Mn steel structured need to be studied case-by-case. 

 

5.2 Eurocode material selection procedure in EN 1993-1-4 -– Supplementary rules for 

stainless steels  

EN 1993-1-4 (Eurocode 3 – Design of steel structures – Part 1-4: General rules –  

supplementary rules for stainless steels) [9]  provide a well-defined procedure for choice of 

stainless steel alloys in steel constructions around Europe. The main purpose of this procedure 

is to choose the correct alloy depending on the location it should be used at to achieve 

sufficient corrosion protection.  

The material selection procedure in Annex A of EN 1993-1-4 is developed specifically for 

load bearing structures in stainless steel. There are some limits to this material selection 

procedure as well as some additional requirements defined in the Eurocode for specific 

environments. Materials selected using the procedure presented below requires no additional 

corrosion protection and is valid providing the following statements are considered: 

o The procedure is suitable for environments found within Europe. The 

procedure should not be used for regions outside Europe and may be 

particularly misleading in certain parts of the world such as the Middle East, 

Far East and Central America.  

o The steel structure is load bearing 

o The service environment will be in the near neutral pH range (pH 4 to 10); 

o The structural parts are not directly exposed to, or part of, a chemical process 

flow stream 

o The service environment is not permanently or frequently immersed in 

seawater 

o Special requirements are defined for materials used in swimming pool 

environments. See EN 1993-1-4 Annex A for more details. 

o The procedure applies to components exposed in external environments. For 

components in internally controlled environments, the CRF is 1.0. 

o The procedure assumes that the requirements of EN 1090-2 are followed in 

relation to welding procedures and post weld cleaning as well as removal of 

contaminants from the stainless steel after mechanical or thermal cutting. 
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The material selection procedure does not consider: 

o Grade/product availability 

o Surface finish requirements, for example for architectural or hygiene reasons 

o Methods of joining/connecting 

The alloy selection procedure in EN 1993-1-4 Annex A involves the following steps:  

1. Determination of the Corrosion Resistance Factor (CRF) for the environment (Table 

A.1 in the Annex, noted Table 5-1 here).  

2. Determination of the Corrosion Resistance Class (CRC) from the CRF (Table A.2 in 

the Annex, in Table 5-2 here).   

3. Chose grades which have a suitable corrosion resistance for the service environment 

(Table A.3 in the Annex, in Table 5.3 here).  

The CRF depends on the severity of the environment and is calculated as follows: 

CRF = F1 + F2 + F3 

where  

F1 = Risk of exposure to chlorides from salt water or deicing salts;  

F2 = Risk of exposure to sulfur dioxide;  

F3 = Cleaning regime or exposure to washing by rain. 

 

The value of F1 for applications on the coastline depends on the particular location in Europe 

and is derived from experience with existing structures, corrosion test data and chloride 

distribution data. The large range of environments within Europe means that in some cases 

the calculated CRF will be conservative.  

NOTE: The National Annex may specify whether a less severe CRF may be chosen when 

validated local operating experience or test data support such a choice.  

Different parts of the same structure may have different exposure conditions, for example one 

part may be fully exposed to rainfall and another part fully sheltered. Each exposure case 

should be assessed separately. 
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Table 5-1. Determination of the Corrosion Resistance Factor (CRF) for the environment 
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Table 5-2 Determination of the Corrosion Resistance Class (CRC) from the CRF (A2) 

 

Table 5-3 Determination of the Grades in each Corrosion Resistance Class CRC (A3)
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5.3 Material selection for stainless steel girders in this project 

Within the scope of this project, a review of existing steel and composite (Steel girder + 

concrete) bridges in Sweden were made. The purpose of this review was to investigate how 

different material selection procedures (Trafikverket vs Eurocode) would influence the choice 

of stainless-steel grade specifically for the case of bridge girders. Just over 1400 road and 

railroad bridges were selected for this review based on data from BatMan – Bridge and 

Tunnel Management database managed by Trafikverket. The detailed review can be found in 

[14]. 

Main conclusions from this review can be seen below. The conclusions are based on the 

application of bridge girders only and some additional assumptions had to be made to 

simplify the investigation. 

• ~92% / 1315 of all steel bridges in Sweden would be classified as corrosivity class 

C4 indicating that the materials 1.4162 (Duplex) & 1.4362 (Lean Duplex) could be 

used when applying Trafikverkets regulations. 

• Applying Eurocode 1993-1-4 increases this number to ~95,7% / 1369 bridges, only 

disqualifying bridges located less than 250 m from the west coast and east coast 

(sheltered condition). 

Based on these results LDX 2101 was chosen as a logical and cost-efficient material choice 

for bridge girders in Swedish road and railroad environment. 

Materials delivered to this project were LDX 2101 in three different thicknesses, all in hot 

rolled condition (1D). Table 5-4 and Table 5-5 below show the typical composition of LDX 

2101 as well as actual mechanical values for the specific batches delivered to this project. 

 

Table 5-4 Typical composition for LDX2101 in weight percent 

Grade C Mn Cr Ni Mo N Other 

LDX2101 / 

1.4162 

0.03 5 21.5 1.5 0.3 0.22 Cu: 0.3 

 

Table 5-5 Actual values from batch certificates. Dashed lines indicate that such tests were not 
performed for those particular batches. 

Grade Thickness 
(mm) 

Heat Rp02 
(MPa) 

Rm 
(MPa) 

A5 
(%) 

A50 
(%) 

Charpy-
V (J @ 
20°C) 

Ferrite 
content 
(%) 

LDX 2101 25 501797-395085:0 489 707 37 38 177 - 

LDX 2101 6 500698-001 574 753 35 35 144 56 

LDX 2101 4 501055-003 579 769 34 34 - 52 
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5.4 Preliminary design  

Four girders with different geometric corrugation parameters were fabricated and tested in 

three-point bending. The girders were made of LDX 2101 Stainless steel supplied by 

Outokumpu. The forming of the web plates was done by Corrugated Plate Industry BV (CPI), 

which specializes in the production of Corrugated Plates located in the Netherlands. 

According to the inquiry made from CPI at the time of production of the test girders, the 

corrugation parameters could vary in the following ranges from the production point of view 

(see Figure 5.2 for explanations): 

The flat fold length (a1): 90-300 mm 

The corrugation depth (a3): 30-200 mm 

The corrugation angle: (α): 30-45 deg. 

 

 

 
Figure 5.2 The corrugation parameters 

  

However, changing a1 needed tools that were not all on stock at that time, and a machine rebuild 

should have been needed, which is quite expensive for small quantities. Therefore, according 

to the producer CPI, keeping a1 to 170 mm and changing a3 (without the need to exchange the 

tools) would be the easiest and most cost-effective solution.  

Based on the limitations mentioned above and considering the typical dimensions for bridge 

girders, the four corrugation profiles were produced as stated in Table 5-6. The ratio between 

the unfolded length of one-half wave and one corrugation length (s/w), which indicates the 

length of the plates used to produce the web per unit length for these four girders, is calculated 

and shown.  

Table 5-6 The corrugation profiles and s/w ratios 

a1-a3-α: s (mm) w (mm) s/w 

170-60-35 274.6 255.7 1.074 

170-60-45 254.8 230.0 1.11 

170-100-35 344.3 312.8 1.10 

170-100-45 311.4 270.0 1.15 

 

𝛼 
𝑎3 

𝑎1 𝑎4 

w = 𝑎1 + 𝑎4 

𝑎2 

s = a1 + a2 
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The girders all had a total length of 4.0 m and height of 1.45 m, see Figure 5.3. They were 

simply supported and loaded in the middle of the span. Lateral restraints (fork supports) were 

provided at both supports and at the point of load application to prevent lateral-torsional 

buckling. The dimensions of the flange plates (250 × 25 mm2) were chosen to eliminate the 

risk of flange buckling and ensure shear failure occurs in the web before other failure modes. 

In addition, 10 mm and 20 mm stiffeners were provided at the supports and under the point 

load, respectively, to prevent the risk of local failure under concentrated forces. 

The web plate thickness could be from 2 to 12 mm from the production point of view. However, 

considering that it is desirable to reduce the thickness of the web as much as possible but stay 

within the Eurocode standard range, it was decided to use 4 mm and 6 mm plates. The thickness 

of the web was different on both sides of the load; 4 mm and 6 mm. Thus, the location of the 

shear failure was limited to the thinner panel.  

 
 

Figure 5.3 A general view of the finite element models of the test specimens of 

corrugated web girders loaded in shear 

 

A typical, expected response, which is obtained from preliminary finite element modelling, is 

shown in Figure 5.4. The behaviour is very imperfection sensitive. Failure is in snap-through 

fashion. The estimated maximum load is about 3000 kN (twice the shear force) but can be 

anywhere between 2000-4000 kN (depends strongly on the magnitude and shape of initial 

geometric imperfections). The expected deflection at failure is about 10 mm. 
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Figure 5.4 Typical shear-force vs deflection curves for a beam with three different shapes of 

initial imperfections (amplitude 4 mm) 

 

According to the Eurocode design model, the shear capacity of all four girders will be about 

2000 kN, and the local buckling mode shape was governing. However, this model is meant to 

be used for girders made of C-Mn steel and the preliminary FEM studies showed that the 

capacity could be much higher, as shown for two girders in Figure 5.5, based on the first 

buckling mode shape with a maximum amplitude of 2 mm. 

 
Figure 5.5 Preliminary (FEM) load-deflection curve for two of the tested girders 
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6 Manufacturing 

6.1 Corrugated web 

Four girders with different geometric corrugation parameters were fabricated. The girders 

were made of LDX 2101 Stainless steel. The forming of the web plates in these dimensions 

and material is not possible in all workshops. Finally, the corrugation was done by Corrugated 

Plate Industry BV (CPI), with production at their sister company in Slovakia.  

As the project wanted small quantities, tool exchanging would be costly. This led to some 

limitations and changes in the intended design of the corrugations. 

 

According to CPI the corrugation parameters could vary in the following ranges from the 

production point of view (see Figure 5.2 for explanations): 

The flat fold length (a1): 90-300 mm 

The corrugation depth (a3): 30-200 mm 

The corrugation angle: (α): 30-45 deg. 

 

Changing a1 needed tools that were not all in stock at time for production, and a machine 

rebuild should have been needed. Therefore, according to CPI, keeping a1 on 170 mm and 

changing a3 (without the need to exchange the tools) was the easiest and most cost-effective 

solution. Table 5-6 shows the finally selected and produced corrugated webs. 

When welding the corrugated webs to the flanges, the initial idea was to use robotic welding 

to reduce the production costs. Though, as this was a very small product series, and due to 

some deviations in the geometries of the corrugated web in this first production, the robot 

programming would have taken longer time than manual welding. The parameters mentioned 

above (fold length, corrugation depth and angle) varied, still within tolerances, but an 

automated seam tracking would have been necessary in robotic welding. Also: the corrugated 

webs were bend in the xy-plane, forcing more tack welds to be placed to correct and better 

fixture the web to the flanges, before actual welding. 

6.2 Welding procedure development 

Qualification of the welds was done with smaller plate sizes but with the same plate 

thicknesses and geometries as the beams, i.e. 4 mm and 25 mm thicknesses. When suitable 

parameters were found, the welds were evaluated in a laboratory to secure the integrity of weld 

microstructure (types, distribution, hardness). Macro evaluations were also made to examine 

the weld penetration depth and -geometry, and the weld metal and HAZ hardness. More details 

about demands and testing for welding procedure qualification can be found in Chapter 6.4.  

Typical test welds for the welding procedure qualification are shown in Figure 6.1.  

Weld data 5a was selected for production, welding information is found in Enclosure 1 and 

macro image and hardness measurements are shown in  Figures 6.2 and 6.3.  
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A challenge for the welding was to establish suitable welding parameters for this “thick-to-

thin” 25 to 4 mm material combination. A good heat input for welding was found around 

0.8kJ/mm, where full weld penetration of the web was achieved without lack of fusion or 

undercut, and fully acceptable structural balance and weld hardness. The welding gun was 

aimed more towards the thicker flange to avoid excessive melting of the (thinner) web plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.3 Hardness testing (Hv) of (mirrored) test weld 5a, hardness values approved. 

Figure 6.1 Test welds for qualification of welding parameters. Right image shows test 5a  
from the corrugation bend (where hardness and weld penetration were investigated. 

Figure 6.2 Macro of weld sample 5a 
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6.3 Manufacturing of the beams 

 

The beams were welded at Stål & Rörmontage under normal industrial conditions. 

Base material: Outokumpu LDX 2101/UNS S32101/EN 1.4162 plates with thicknesses as 

follows: Heat 500698-001 (6 mm), 501055-003 (4 mm) and 501797-395085:0 (25 mm). 

Typical plate analysis is shown in Table 6-1 for the corrugated web, flanges, and stiffeners. 

Welding wire: Diameter 1.2 mm Exaton 22.8.3.L/LSi/EN ISO 14343-A: 22 9 3 N L/ 

SFA/AWS A5.9: ER2209 drawn from Ø5.5 mm wire rod and produced to final dimensions in 

Vamberk, Czech Republic, heat 553580/557341, Lot. PVT145535800/PVU265573410. Wire 

analysis is shown in Table 6-1 and weld data are found in Enclosure 1. 

Table 6-1 Typical chemical composition of base material and welding wire [wt-%]. 

Element Base material  

Corrugated web / 

Flanges / Stiffeners 

Welding wire 

Exaton 22.8.3.LSi 

Web / Flange 

Welding wire 

Exaton 22.8.3.L 

Tack welds / 

Stiffeners 

C 0.03 0.01 0.01 

Si - 0.8 0.5 

Mn 5 1.5 1.5 

P - 0.02 0.02 

S - 0.0007 0.0007 

Cr 21.5 23.0 23.0 

Ni 1.5 8.6 8.6 

Mo 0,3 3.2 3.2 

Cu 0.3 0.15 0.15 

N 0.22 0.170 0.15 

Ferrite 50 (%) 55 (WRC-92) 55 (WRC-92) 

PRE* 26 36 36 

*PRE – Pitting Resistance Equivalent (%Cr + 3.3 x % Mo + 16 x % N) 

Welding technique was manual MIG (Metal Inert Gas), used in mainly horizontal position for 

all fillet welds. Shielding gas was M12 (Argon and 2 ± 0,5 % CO2). No pre-heat was needed 

and the interpass temperature was below 100°C. 

 

For tack welds and welding of stiffeners, Exaton 22.8.3.L was used and Exaton 22.8.3.LSi for 

the fillet welds between the corrugated web and the flanges, see Figure 6.4 and Figure 6.5 as 

examples from the production of the beams. 

Typical welding parameters for the corrugated web/flanges are shown in Table 6-2 . More 

details are found in Enclosure 1. 
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Figure 6.4 Production of beams, stiffeners mounted with 
tack welds before final welding. 

Figure 6.5 Welding. 

 

Table 6-2 Typical welding parameters for the corrugated web/flanges 

Filler Diameter 
[mm] 

Current 
[A] 

Voltage 
[U] 

Welding 
current & 
polarity 

Wire 
speed 
[m/min] 

Welding 
speed 

[mm/min] 

Heat 
input 

[kJ/mm] 

Exaton  
22.8.3.LSi 

1.2 235 29 DC+ 7.9 670 0.8 

 

To remove corrosion prone oxides after welding, post weld cleaning was done according to 

internal procedure with pickling paste until the oxides were completely removed, followed by 

thorough rinsing by pressurized water. The result can be seen in Figure 6.6. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Finished beam, pickled after welding. 
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6.4 On weld quality demands, inspection, and documentation 

 

The project produced the beams in accordance with normal industrial demands, i.e Eurocode 3 

[7] and EN 1090 [31]. Approved welding procedures is required, and the project made the 

procedures and quality assessment work following the standards. 

A general description of these demands is as follows: 

The welding part of the production of bridges designed according to Eurocodes is implicitly 

governed by the standards EN 1090-1 and 1090-2 (through for example AMA Anläggning). 

These, in turn, refer to the welding quality system EN ISO 3834 Quality requirements for fusion 

welding of metallic materials [22]. 

Manufacturers that produce load-bearing components (structural parts) that are dimensioned 

according to Eurocodes must have an EN 1090-1-certification. Actual production must take 

place in accordance with EN 1090-2, for the manufacturer to be allowed to CE-mark its load-

bearing products.  

EN 1090 Execution and fabrication of steel structures and aluminum structures 

In the execution standard EN1090 different classes are noted, that defines the detail level of the 

welding and inspection. The designer is to determine the execution class. How to choose 

execution classes (EXC) can be found in Appendix C in SS-EN 1090-2:2018 [30]. EXC1 is the 

easiest, EXC4 the hardest. Bridges are normally to be placed in EXC3 or EXC4, were EXC4 is 

to be specified only for «structures with extreme consequences of structural failure» 

In the Appendix C, it is stated that the execution class may be «specified for the execution of 

the construction as a whole, of an individual component or a detail of a component», but 

recommended is that the same EXC is chosen for the entire structure, as other requirements 

than weld inspection are also defined by the EXC, ref. EN 1090-2 Appendix A.3 

Welding and welding procedures 

Conventional welding parameters and specifications generally apply (i.e. EN ISO 3834 as 

applicable). “Add-ons” in EN1090-2, may differ (extended demands) regarding EXC-classes 

and welding coordination qualifications. Requirements for bridges are either EXC3 or EXC4, 

therefore ISO EN 3834-2, the most detailed level, is governing. 

Welding (following regulations for bridges) needs to be carried out with qualified procedures 

using a WPS (welding procedure specification), according to EN ISO 15609 [26], and 

deducted from a qualified WPQR (welding procedure qualification record). Ruling standard 

for the WPQR is ISO 15613 or 15614-1 [27]. The test samples are welded under the 

surveillance of an inspector and then sent to a laboratory to be subjected to various tests 

(hardness and compression testing, macroscopy, tensile testing, bending, etc.), to verify that 

the welded joints are technically sound.  
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For the Duplex stainless steel used in this project, demands on hardness according to SS-EN 

ISO 15614-1 only lead to that the hardness demand should be set at a relevant and agreed level 

for this material group for Duplex (group 10 in ISO 15608). After discussions in the project 

group and interviews with experienced welding experts in Outokumpu and ESAB, it was 

concluded that a suitable maximum hardness should be in the range of 300-350 Hv. This was 

achieved in the welding procedure development. See Figure 6.3. 

Welders and welding operators 

Welders need to be qualified to EN 9606-1, welding operators to ISO14732. 

Details of welder qualifications need to be documented and stored. 

Welding coordination 

EXC2, EXC3 and EXC4 require one or more welding coordinator(s) to be appointed. 

Based at the manufacturing site, this person is responsible for overseeing welding operations. 

The welding coordinator needs to be suitably qualified or experienced in the welding 

operations they supervise, as specified in EN ISO 14731. For EXC3 and EXC4, the technical 

knowledge required by the welding coordinator should be C – comprehensive, the highest 

level, as specified in EN ISO 14731. 

Tack welds 

EXC2, ECX3 and EXC4 require that tack welds be included in a qualified welding procedure. 

Acceptance criteria  

According to EN 1090—2:2018-chapter 7.6.1 Routine requirements 

Acceptance criteria for weld imperfections shall be, with reference to EN ISO 5817 and bridge 

demands:   

• EXC 3 Weld quality level B 

• EXC 4 Weld quality level B+ (according to EN 1090-2) 

Welding of ferritic and stainless steels  

Arc welding of ferritic steels and stainless steels should follow the requirements and 

recommendations of EN 1011-1, EN 1011-2, EN 1011-3, with some adjustments: 

Temperature-indicating crayons shall not be used when measuring temperature. 

The approximate microstructure in the weld metal, may be indicated using a Schaeffler, 

DeLong, W.R.C. or Espy diagram. If used, the appropriate diagram shall be specified.  

The Schaeffler, DeLong, W.R.C. or Espy diagrams may be used to indicate if the consumable 

will provide the correct ferrite content, taking dilution effects into account. If used, the 

appropriate diagram shall be specified.  

Welded connections shall not be subject to heat treatment after welding unless permitted by the 

specification. 
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Welding inspection, testing, and correction before and during welding 

An inspection and testing plan needs to be developed and documented according to EN ISO 

3834. The testing and any associated corrections also need to be documented. 

Production tests on welding 

If specified, for EXC3 and EXC4, production tests must be carried out as follows:  

a) Each welding procedure qualification used for welding steel grades higher than S460 must 

be checked with a production weld. Testing includes visual examination, penetrant testing, or 

magnetic particle inspection.  

b) Inspection, ultrasonic testing, or radiographic testing (for butt welds), hardness testing and 

macroscopic examination. The tests and results must be in accordance with the relevant 

standard for welding procedure test. 

 c) If the deep penetration of a welding process is utilised in calculation for fillet welds, the 

penetration of the welds must be checked. The results of the actual penetration must be 

documented. 

  



 

 

 

 

SUNLIGHT – a project in LIGHTer  28 

7 Testing 

7.1 Test setup and testing procedure 

An overview of the three-point bending test setup is shown in Figure 7.1. Four girders with 

some differences in corrugation geometry were tested, the girders were numbered 1001 – 1004. 

  
 

  
Figure 7.1 Overview of the three-point bending test setup (girder No 1004). 

 

7.1.1 Boundary conditions and loading 

The girder was placed on two rollers with a center distance of 3.6 m. The supports were also 

provided with end stops to prevent the beam from rolling off the support at failure. Fork 

supports were used to avoid the upper flange from moving laterally at the ends. The longitudinal 

movement was allowed using Teflon sheets between the flange and the fork support (Figure 

7.2b). The load was applied through a spherical bearing that was placed on top of a steel plate 

(250×250×40 mm) to distribute the load to the upper flange and the vertical stiffeners (Figure 

7.2d). The upper flange was laterally supported by a fixture connected to the loading cylinder. 

In addition, the bottom flange was also laterally supported.  

The tests were performed in a large servo-hydraulic testing machine with a maximum 

capacity of 20 MN. The load was applied quasi-statically in displacement control with a 1.2 

mm/min rate. The tests were conducted in a loading sequence according to 1) Initial preload of 

10 kN, 2) loading to 500 kN, 3) unloading to 10 kN, and 4) loading to failure. During testing, 

the mid-span deflection of the beam was measured using linear variable displacement 

transducers (LVDT). The MTS measuring system acquired the load and displacement values 

with a frequency of 10 Hz. 
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Figure 7.2 Details of the three-point bending test setup (girder 1004): Images (a-c) roller 

support with lateral fork support, (d) loading point with spherical bearing and lateral 

support of upper flange, (e) lateral support of lower flange and LVDT measuring the mid-

point displacement, and (f) LVDT measuring the support displacement. 

 

 

7.1.2 Strain measurement 

Strains were measured during the tests with general-purpose strain gauges. All the four 

girders were provided with two uniaxial strain gauges placed at the mid-span of the bottom 

flange (one gauge at each side of the web) and one triaxial strain gauge in each of the two web 

panels. In addition, girder 1001 was provided with two extra uniaxial strain gauges at the 

bottom flange (ax-3, ax-4) and top flange (ax-5, ax-6). The axial gauges were placed at the 

upper surface of the flanges, 10 mm from the longitudinal edge. The positions of the strain 

gauges are presented in Figure 7.3 to Figure 7.6. Photos of mounted axial and triaxial gauges 

are shown in Figure 7.7.  
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Figure 7.3 Positions of strain gauges for girder 1001. The uniaxial gauges given in 

parentheses (ax-2, ax-4, ax-6) are mounted at the opposite side of the girder. 

 

 
Figure 7.4 Positions of strain gauges for girder 1002. The uniaxial gauge given in 

parentheses (ax-2) is mounted at the opposite side of the girder. 
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Figure 7.5 Positions of strain gauges for girder 1003. The uniaxial gauge given in 

parentheses (ax-2) is mounted at the opposite side of the girder. 

 
Figure 7.6 Positions of strain gauges for girder 1004. The uniaxial gauge given in 

parentheses (ax-2) is mounted at the opposite side of the girder. 

  
 

Figure 7.7 Uniaxial strain gauge at the bottom flange in mid-span and triaxial strain gauge at 

the web panel (1004). 
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7.1.3 Optical full field deformation measurement 

The thinner web panel's full field geometry and deformations were monitored by 3D-DIC  

(three-dimensional Digital Image Correlation (3D-DIC), a non-contact optical-numerical 

technique) using the optical system ARAMIS 12M. Before testing, the DIC system was used 

to scan the initial geometry and imperfections of the web panel (Figure 7.8a). The coordinate 

measurement accuracy was better than 0.01 mm in the plane (x, y) and 0.02 mm out-of-plane 

(z). 

 

  
a b 

 

Figure 7.8 Setup of optical full field deformation measurement (a) at scanning before test and 

(b) during three-point loading test. 

 

7.2 Initial imperfections 

As expected, the four girders failed in shear in the thinner side of the web plate, and their shear 

buckling deformation is displayed in Figure 7.9. In addition, it was observed that the location 

of the buckling varied between one of the two ends of the web panel. Given that the web panel's 

shear force and the perfect geometric properties are constant, the initial geometric imperfections 

can explain the buckling location. 
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1001 1002 

 

  
1003 1004 

 
Figure 7.9 The shear buckling deformation of the four tested girders; 1001-1004. 

The DIC measured mesh (actual data) was compared to the perfect geometry (nominal data) 

in the GOM Inspect software to map the initial imperfections. The results of such a 

comparison for 1002 as an example, is shown in Figure 7.10. It is observed that, the 

maximum amount of imperfection in 1002 is about 8.24 mm. It should be noted that in the 

contour plot of the initial imperfections, the coordinate difference is not only in the out-of-

plane direction but also includes the difference in the other two directions. That is why the 

magnitude of the imperfections can be larger than expected value in the out-of-plane direction 

only. 

It is worth noting that the initial imperfections of the critical web panel are shown in 

Figure 7.10 from the back view of the girders compared to Figure 7.9. It is observed that the 

imperfection magnitude is relatively more significant on the side close to the support. 

Therefore, according to Figure 7.9, buckling occurred on the end side. Such comparison and 

adaptation can be made in other girders. 
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1002 

 
Figure 7.10 Initial imperfection map for thinner web plates of girder 1002. (rear view of the 

web panel relative to Figure 7.9). 

7.3 Test results 

The mid-span vertical deflection is plotted against the total applied load and depicted for 

girder 1003 as an example in Figure 7.11.  

 
Figure 7.11 The experimental load-displacement diagram for girder 1003. 
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The capacity of girder 1003 with the web height of ℎ𝑤 = 1400 𝑚𝑚 and thickness of 𝑡𝑤 =

4 𝑚𝑚 is approximately 3309 kN and the deflection at failure is approximately 11.5 mm. Both 

the values (the failure load and deflection) are within the predicted ranges. After the tests, 

finite element studies were conducted to provide a validated FE tool to analyze the effect of 

geometric parameters, including initial geometric imperfections. The DIC measured real 

geometry of the thinner web plate was imported in ABAQUS and attached to the other 

elements of the girder, such as flanges, stiffeners, and the thicker web plate, which were all 

modeled with a perfect (nominal) geometry.  

In Figure 7.12, the FE mid-span vertical deflection vs. the applied load is plotted and 

compared to the experimental response for girder 1003 as an example. It is observed that the 

initial stiffness and the ultimate load obtained from the experiments and simulations comply 

very well. Also, the conformity between FE and experimental results is confirmed when 

comparing ultimate deformations (buckling), as shown in Figure 7.12 (FEM) and Figure 7.9 

(experimental, beam 1003). Unfortunately, the deformations after reaching the maximum load 

in Figure 7.12 cannot be monitored in the experiment due to the rapid mode of failure. 

However, the nonlinear FE-model can track the post-buckling path reasonably well. 

 

 
Figure 7.12 Comparison between the load-displacement diagram for the girder 1003 

obtained from the experimental and finite element studies 

 

In the end, it should be stated that due to the sensitivity of shear behavior to initial 

imperfections, corrugation parameters and other parameters, evaluating the current design 

models in Eurocode is not possible without extensive parametric studies. According to the 
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validated FE results, it can be claimed that a validated finite element tool is in hand for 

performing extensive parametric studies phase. Next, after comparing parametric studies and 

design models, the final comment on the current shear design regulations will be possible. 

 

8 Design recommendations  

The work on corrugated web beams has been thoroughly investigated. C-Mn steel has been the 

focus of all previous studies in literature. In addition, as part of this research, various design 

areas were studied, and where applicable, the proposed design guidelines were changed with 

reference to this work, as shown in the following sections. 

8.1 Resistance to bending moment 

8.1.1 Resistance to bending moment for C-Mn steel 

 

Figure 8.1 Notations used for trapezoidal corrugated web 

The moment capacity of corrugated web beam should be taken as minimum of the 

following three cases: 

1. Moment capacity of tension flange: 

 

𝑀1 = 
𝑏𝑓2𝑡𝑓2𝑓𝑦𝑓,𝑟

𝛾𝑀0
(ℎ𝑤 +

𝑡𝑓1 + 𝑡𝑓2

2
)

⏟                  
tension flange 

 

 

𝑏𝑓2 is the width of tension flange 

     𝑡𝑓2 is the thickness of tension flange 

𝑓𝑦𝑓,𝑟 is the reduced yield strength of the flange due to transverse moment 

𝛾𝑀0 is the partial factor of resistance of cross-section, see Table 8-1 

ℎ𝑤 is the web height 

Y 

X 
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𝑡𝑓1 is the thickness of compression flange 

 

The reduced yield strength of the flange due to transverse moment is defined as: 

𝑓yf,r = 𝑓yf𝑓T 

𝑓T is the reduction factor due to transverse bending. This factor should be taken as 1 for 

plastic design and from the following equation for elastic design, e.g., Fatigue design, see 

Section 1.3 in [5]. 

𝑓𝑇 = 1 − 0,4√

𝜎𝑥(𝑀𝑧)

𝑓𝑦𝑓
𝛾𝑀0

 

𝜎𝑥(𝑀𝑧)  the normal stress on the flange due to the transverse moment. 

𝜎𝑥(𝑀𝑧) =
𝑀𝑧
𝐼𝑓𝑧
⋅
𝑏𝑓2

2
 

𝐼𝑓𝑧 is the moment of inertia around the strong axis of the flange. 

The maximum transverse bending moment can be defined as the following formula in case 

of absence of detailed analysis [6] 

𝑀𝑧,𝑚𝑎𝑥 =
𝑉

ℎ𝑤

𝑎3

2
(2𝑎1 + 𝑎4)   

𝑉 is the maximum shear force. 

2. Moment capacity if compression flange that is not susceptible to out of plane buckling: 

 

𝑀2 =
𝑏𝑓1.𝑒𝑓𝑓𝑡𝑓1𝑓𝑦𝑓,𝑟

𝛾𝑀0
(ℎ𝑤 +

𝑡𝑓1 + 𝑡𝑓2

2
)

⏟                    
compression flange 

 

 

𝑏𝑓1.𝑒𝑓𝑓 is the effective width of compression flange 

𝑡𝑓1 is the thickness of compression flange 

 

Referring to Section 1.2 in  [5], the effective width of the flange 𝑏𝑓1.𝑒𝑓𝑓 should be 

calculated as following: 

𝑏𝑓1.𝑒𝑓𝑓 = 𝑏𝑓1 ∗ 𝜌 

𝜌 is the reduction factor due to local flange buckling. It can be obtained from: 

𝜌 = 1,0   𝑓𝑜𝑟  �̅�𝑝 ≤ 0,748 

𝜌 =
�̅�𝑝 − 0,188

�̅�𝑝2
≤ 1,0   𝑓𝑜𝑟  �̅�𝑝 > 0,748 

�̅�𝑝 is the slenderness of the flange plate. It is defined as following: 
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�̅�𝑝 = √
𝑓𝑦

𝜎𝑐𝑟
=

�̅�/𝑡

28,4𝜀√𝑘𝜎
   

where 𝜀 = √
235MPa

𝑓y
  and  �̅� = 𝑐f 

𝑘𝜎 is the buckling factor of flange plate. It can be determined as: 

𝑘𝜎 = min (0,43 + (
𝑐f
𝑎
)
2

, 0.6) 

 

where 𝑎 = 𝑎1 + 2𝑎4  and   𝑐f =
𝑏𝑓

2
+
𝑎3

2
 

 

 

 

3. Moment capacity if compression flange that is susceptible to out of plane buckling: 

 

𝑀3 =
𝑏𝑓1.𝑒𝑓𝑓𝑡𝑓1𝜒𝑓𝑦𝑓

𝛾𝑀1
(ℎ𝑤 +

𝑡𝑓1 + 𝑡𝑓2

2
)

⏟                    
compression flange 

 

𝛾𝑀1 is the partial factor of resistance of members to instability, see Table 8-1. 

𝜒 is the reduction factor due to out of plane buckling 

The out of plane reduction factor 𝜒 can be defined using the simplified method in Section 

6.3.2.4 [7] as following: 

𝜒 =
1

𝜙 + [𝜙2 − �̅�𝑓
2
]
0.5 ≤ 1 

where Φ = 0,5 [1 + 𝛼(�̅�𝑓 − 0,2) + �̅�𝑓
2
] 

The relative slenderness for equivalent flange is defined as following: 

�̅�𝑓 =
𝑘𝑐𝐿𝑐

𝑖𝑓,𝑧𝜆1
                

if,z is the radius of gyration of equivalent flange around the minor axis of the section 

(strong axis of the flange) 

if,𝑥 = √
𝐼eff,𝑓

Aeff,f
 

Where: 

Aeff,f = 𝑏𝑓1.𝑒𝑓𝑓𝑡𝑓1 

𝐼eff,𝑓 = 𝑡𝑓1𝑏𝑓1.𝑒𝑓𝑓
3/12 
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𝜆1 = 𝜋√
𝐸

𝑓𝑦
= 93,9𝜀        

𝜀 = √
235

fy
 

kc is the slenderness correction factor for moment distribution between the restraints. It is 

given in Table 6.6 in [7] 

Buckling Curve d should be considered for welded section satisfies 
h

tf
≤ 44𝜀 and curve c 

for other sections 

8.1.1 Resistance to bending moment for stainless steel 

Eurocode provide same reduction factor for flange outstand buckling (Amendment, 2015). 

This factor is same as that for C-Mn steel. However, the rest of the above-mentioned 

equations are developed for C-Mn steel. Until further research, the same procedure is 

recommended for stainless steel but with the following changes:  

1- Buckling curve d should be used for out of plane buckling for stainless steel [8]. 

2- The relevant material coefficients and partial factors are taken from Table 8-1 and 

Table 8-2. 

3- Equation for φ to be replaced for stainless steel. 
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Table 8-1 Design values for partial factors for carbon steel and stainless steel 

Design values for partial factors for carbon steel (EN_1993-1-1, 2005) 

Resistance of cross-section whatever the class is 𝛾𝑀0 = 1,00 

Resistance of members to instability assessed by 

member checks 

𝛾𝑀1 = 1,00 

Resistance of cross-section in tension to fracture 𝛾𝑀2 = 1,25  

(1.2 in (Transportstyrelsens, 2018)) 

Design values for partial factors for stainless steel (EN_1993-1-4, 2006) 

Resistance of cross-section whatever the class is 𝛾𝑀0 = 1,1 

Resistance of members to instability assessed by 

member checks 

𝛾𝑀1 = 1,1 

Resistance of cross-section in tension to fracture 𝛾𝑀2 = 1,25 

 

Table 8-2 Design values for material coefficients for carbon steel and stainless steel 

Design values for material coefficients for carbon steel [7] 

Modulus of elasticity 𝐄 E = 210 GPa 

Shear modulus 𝐆 G =
E

2(1 + v)
≈ 81000N/mm2 

Poisson’s ratio in elastic stage 𝐯 v = 0,3 

Coefficient of linear thermal 

coefficient 𝛂 

α = 12 × 10−6 perK (for T ≤ 100∘C ) 

Material parameter 
ε = [

235

fy
]

0.5

 

Design values for material coefficients for stainless steel [9] 

Modulus of elasticity 𝐄 For ULS calculations: 
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E = 200 GPa for austenitic and austenitic-ferritic 

grades in Table 2.1 in [10] excluding grades 

1.4539, 1.4529, 1.4547 

E = 195 GPa for austenitic grades 1.4539, 

1.4529, 1.4547 

E = 220 GPa for the ferricic grades in Table 2.1 

in [10] 

In the second draft one value for E is given: 

E = 200 GPa [11] 

For SLS calculations: 

The secant modulus of elasticity should be used 

according to section 4.2 in [9] 

Shear modulus 𝐆 G =
E

2(1 + v)
 

Poisson’s ratio in elastic stage 𝐯 v = 0,3 

Coefficient of linear thermal 

coefficient 𝛂 

The values suggested in the second draft [11] are: 

α = 13 × 10−6 perK (for T

≤ 100∘C ) for Duplex stainlesss steel 

α = 16 × 10−6 perK (for T ≤

100∘C ) for austenitic stainless steel  

α = 10 × 10−6 perK (for T

≤ 100∘C ) for ferritic stainless steel 

Material parameter In the current version [9]: 

ε = [
235

fy

E

210000
]

0.5

 

In the second draft [11]: 

ε = [
235

fy
]

0.5
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8.2 Resistance to shear  

8.2.1 Resistance to shear for C-Mn steel 

The shear buckling resistance of corrugated web girders is recommended as defined in 

Annex D in  [12] as follows: 

𝑉𝑏𝑤,𝑅𝑑 =
𝜒𝑐𝑓𝑦𝑤ℎ𝑤𝑡𝑤

√3𝛾𝑀1
 

where the reduction factor is taken as minimum between local and global reduction factors 

𝜒𝑐 = 𝑚𝑖𝑛(𝜒𝑐,𝑙, 𝜒𝑐,𝑔) 

The local slenderness is defined as follows: 

�̅�𝑐,𝑙 = √
𝑓𝑦𝑤

√3𝜏𝑐𝑟,𝑙
 

The local reduction factor is defined as follows: 

𝜒𝑐,ℓ =
1,15

0,9 + �̅�𝑐,ℓ
≤ 1,0 

Where global slenderness is calculated as follows: 

�̅�𝑐,𝑔 = √
𝑓𝑦𝑤

𝜏𝑐𝑟,𝑔√3
 

The global reduction factor is defined as follows: 

𝜒c,g =
1.5

0.5 + �̅�c,𝑔2
≤ 1.0 

The critical local shear stress where isotropic buckling plate theory is used is defined as 

follows: 

𝜏𝑐𝑟,ℓ = 4,83𝐸 [
𝑡𝑤
𝑎𝑚𝑎𝑥

]
2

 

The critical global shear stress where orthotropic buckling plate theory is used, the plates 

that are assumed to be hinges at the edges, is defined as follows: 

𝜏𝑐𝑟,𝑔 =
32,4

𝑡𝑤ℎ𝑤2
√𝐷𝑥𝐷𝑧

34
 

The longitudinal bending stiffness per unit length is defined as follows: 

𝐷𝑥 =
𝐸𝑡𝑤

3

12(1 − 𝑣2)

𝑤

𝑠
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Where “w” is the length of one-half wave and “s” is the unfolded length of one-half wave, 

see Figure 8.1. 

The transverse bending stiffness per unit length is defined as follows 

𝐷𝑧 =
𝐸𝐼𝑧
𝑤
=
𝐸 ⋅ 𝑡𝑤𝑎3

2

12
⋅
3 ⋅ 𝑎1 + 𝑎2
𝑎1 + 𝑎4

 

𝐼𝑧 is the second moment of area of one corrugation of length w. 

8.2.2 Resistance to shear for stainless steel 

The shear capacity of a corrugated web girder in stainless steel can be checked based on 

the above-mentioned model but with specific material coefficients and partial factors for 

stainless steel as in Table 8-1 and Table 8-2 until further research is done [5]. 

8.3 Resistance to transverse force (Patch load)  

8.3.1 Resistance to transverse force for C-Mn steel 

The current version of Eurocode, [12], does not include a design model for C-Mn steel or 

stainless-steel beams with corrugated webs’ resistance to patch loading.  

However, a recent draft of  [6] provides a patch loading design paradigm. Because the 

contribution from the flange is ignored in this model, the results are conservative. The 

flange contribution, on the other hand, was taken into account in other models in the 

literature. Despite this, none of the prior models can accurately predict the patch loading 

resistance of corrugated web beams. As a result, until a more practicable model is created, 

the design model specified in  [6] is suggested. The following is a summary of the model: 

The design resistance for corrugated web girders under patch loading can be calculated as 

follows: 

𝐹𝑅 =
𝜒 ⋅ 𝑘𝛼 ⋅ 𝑠𝑠 ⋅ 𝑡𝑤 ⋅ 𝑓𝑦𝑤

1.20 ⋅ 𝛾𝑀1
 

Factor 𝑘𝛼 that consider the effect of corrugation angle is defined as follows: 

𝑘𝛼 =
𝑎1 + 𝑎2
𝑎1 + 𝑎4

 

The reduction factor due to local buckling is determined as: 

𝜒 = {

1.0, �̅�𝑝 ≤ 1.27

1.9

�̅�𝑝
−
0.8

�̅�𝑝2
, �̅�𝑝 > 1.27

 

The relative slenderness is defined as: 

�̅�𝑝 = √
𝑓𝑦𝑤

𝜎𝑐𝑟
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The critical elastic buckling stress can then be calculated from: 

𝜎𝑐𝑟 =
𝑘𝜎 ⋅ 𝜋

2

12 ⋅ (1 − 𝑣2)
⋅ 𝐸 ⋅ (

𝑡𝑤
𝑎𝑖
)
2

 

This design formula, however, is applicable only in case of a fold length fulfills the 

following condition: 

𝑎𝑖 ≥ (
ℎ𝑤
𝑡𝑤
+ 260) ⋅

𝑡𝑤
11,5

 

where 𝑎𝑖 is the loaded fold length. If more folds are loaded, the maximum fold length (𝑎1 

or 𝑎2) should be taken. 

𝑘𝜎 is a constant set to (𝑘𝜎 = 1.11)  

It can be observed that the model disregards the contribution from the flange as it is in the 

case of flat web girders. 

8.3.2 Resistance to transverse force for stainless steel 

The same model is recommended for stainless steel but with the coefficients defined in 

Table 8-1 and Table 8-2 [5]. 

9 Parametric design & Case studies (incl. LCC) 

The design methods and procedures for bridge girders with corrugated web, which were 

developed in the project (see Section 8) were implemented in a parametric design tool that 

enables a detailed design and optimization of composite road bridges. The tool can be used to 

study both the new concept (corrugated web) and conventional concept (with flat web) both in 

C-Mn steel and stainless steel. This allows for a direct comparison between different 

solutions. 

Four case-study bridges were selected for investigating the performance of the studied 

concept, two simply supported bridges, and two continuous ones. More detailed information 

about these bridges and the different design alternatives investigated can be found in [1] and 

[2]. Figures 9.1 and 9.2 show two of the bridges in the case studies. 
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Figure 9.1 Case-study bridge 1: Bridge 100-262-1 over Delångerbron at Forsån, picture taken 

from BaTMan 

 

Figure 9.2 Case-study bridge 2: Bridge 100-379-1 over a gorge north of Hogsta, picture taken 
from BaTMan 

 



 

 

 

 

SUNLIGHT – a project in LIGHTer  46 

The conclusions from these 4 case-studies are summarized below.  

1. Reduction in weight (material usage) for the steel superstructure ranged between 15 

and 20% for the continuous bridges and 23-30% for the simply supported bridges. 

These values were obtained with restricted available girder depth. If deeper girders can 

be used, higher savings in material and weight are possible to reach. 

 

2. Total material price for the stainless-steel solutions were only 7-10% higher than 

conventional solutions using C-Mn steel. Despite the large difference in material price 

(a factor of 3), the reduction in material usage for the developed concept allowed for 

leveling out the total material price for the entire bridge superstructure. 

 

3. The total production costs were marginally lower to the benefit of the new concept 

developed in the project. The difference stems mainly from lower costs for welding 

(thinner plates) and as a result of omitting stiffeners and other details that are needed 

in conventional flat-web steel girders. 

 

4. In term of total life-cycle cost, the studied concept produced solutions with 30-40% 

lower life-cycle cost compared to conventional solutions. 

10 Conclusions 

A new, more lightweight and sustainable bridge concept has been developed and analysed 

both theoretically and experimentally. The following conclusions can be made: 

Efficiency of concept and its economical potentials 

• The use of a corrugated web offers considerable savings in material and thus reduction 

of total weight of the superstructure of a composite road bridge 

• A major part of weight reduction is the result of using a considerably thinner web 

plate for the corrugated web. Web thicknesses ranging from 4-8 mm are relevant 

compared to 16-22 mm that are typical for conventional bridge girders with flat web. 

• The amount of saving in weight/material is a direct function of the total available 

height of the steel girders, deeper girders being more beneficial to girders with 

corrugated web. This is a result of the extremely high shear buckling resistance of this 

web. The opposite is true for flat webs, where deeper girders result in need for thicker 

web plates and addition of costly vertical stiffeners (to mitigate local shear buckling). 

• For the same reasons as above, savings in production costs can be realized, 

particularly for deep girders by omitting vertical stiffeners in the case of corrugated 

web (the corrugations can in themselves be seen as closely spaced stiffeners). Of 

course, vertical stiffeners will still be needed at bridge supports and where cross 

bracings connect the main bridge girders. 
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• The use of thinner web plate generates additional reduction in production cost as the 

throat thickness of the long welds connecting the web to girder flanges is consequently 

reduced, which results in faster welding. 

• The overall aim of the project was to reach at least 20% reduction in material weight 

through the combination of the efficient corrugated web concept and the high-strength 

stainless steel. 25-40% has been shown possible. 

• The whole life cycle cost of a bridge built with the proposed concept is reduced by at 

least 20%, and up to 40% is possible to reach. 

Production aspects 

Four girders with different geometric corrugation parameters were fabricated. The girders 

were made of LDX 2101 Stainless steel. The forming of the web plates in these dimensions 

and material is not possible in all workshops today. Details on selected beam geometries and 

the production qualification work are found in Chapter 6 in this report. 

The project produced the beams in accordance with normal industrial demands, i.e Eurocode 

3 and EN 1090. Approved welding procedures is required, and the project made the 

procedures and quality assessment work following the standards. A challenge for the welding 

was to establish suitable welding parameters for the “thick-to-thin” 25 to 4 mm material 

combination. A good heat input for welding was found around 0.8kJ/mm, where full weld 

penetration of the web was achieved without lack of fusion or undercut, and fully acceptable 

structural balance and weld hardness were achieved. The production was made by manual 

welding, since there were some deviations in the web geometries that the welding robot 

would have difficulties to handle (without a joint tracking system). It is believed that with 

more experience in forming these corrugated webs, tolerances will improve, and robotic 

welding will be possible. 

The way to application 

To summarize, the use of corrugated plate as web in bridge girders made of Duplex stainless 

steel has been proven to be an attractive concept that enables considerable savings in material 

and production costs. The concept is expected to increase the competitiveness of stainless-

steel materials in composite bridge applications, not only in term of better life-cycle 

performance, but also through a more competitive investment cost. The latter is vital for a 

wider use of this material in bridge projects.  

11 Further research 

Remaining tasks are to quantify the fatigue loading capacity for these corrugated web beams 

and to develop design curves for relevant materials for the beams. This is the scope for the 

suggested continuance project, LONGLIFE, that will be applied for now, when the 

SUNLIGHT project is completed. 
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12 Publications and Dissemination 

The following publications and disseminations have been made in the project: 

Master thesesis:       

Design of Composite Steel-Concrete Bridges using Stainless 
Steel Girders with Corrugated Webs 2020  Chalmers 

ADAM HENRYSSON, 
ELLY YMAN 

Fatigue Performance of Welded Steel Girders with 
Corrugated Web 2020  Chalmers 

 ERIK SAVE, KARL 
ÅKERMO 

Shear behavior and imperfection sensitivity analysis of 
Stainless-Steel girders with corrugated web plates - A 
parametric study to investigate the sensitivity of Stainless 
steel bridge girders’ shear behavior to initial Imperfection 2021  Chalmers 

Fatima Hlal, Naheel 
Mohra 

Design of Continuous Composite Road Bridges Bridge 
girders with corrugated webs in stainless steel 2021  Chalmers 

 JULIA STEFFNER, 
MICHAELA ÖMAN 

Nonlinear finite element analysis of stainless-steel 
corrugated web girders subjected to patch loading - A 
parametric study 2021  Chalmers 

 DANÍEL 
SÆMUNDSSON, SIGNÝ 
INGÓLFSDÓTTIR 

External presentations:       

Corrugated web girders made of stainless steel 2021 
Steel Construction Days 
2021, Gothenburg 

Presenter: Mozhdeh 
Amani 

Corrugated web girders made of stainless steel 
2021 Norwegian Steel Days 

Presenter: Mozhdeh 
Amani 

Material selection procedure for stainless steels – a 
summary of Eurocode as well as national regulations 2021 

Steel Construction Days 
2021, Gothenburg  Presenter: Paul Janiak 

SUNLIGHT final seminar for external participants  
2022 Arr: SBI, Erik Forsgren 

Mozhdeh Amani, Per-
Åke Björnstedt, Andy 
Backhouse 

SUNLIGHT final seminar, published at YouTube and SBI's 
homepage 2022 Arr: SBI, Erik Forsgren   

SUNLIGHT seminar for Swedish Transport Administration  
2022 

Arr: TRV, Robert 
Hällmark 

Mozhdeh Amani, 
Joakim Hedegård, Andy 
Backhouse 

Planned: SUNLIGHT seminar for bridge designers 
2022 Arr: AFRY 

Mozhdeh Amani, 
Joakim Hedegård,  
Paul Janiak 

Magazine articles, journal papers and white papers:       

Corrugated web girders made of stainless steel for 
composite steel - concrete bridges 

2021 

Magazine: Stålbyggnad 
issue 3 2021,  Author: Mozhdeh 

Amani 

Stronger bridges with less maintenance 
2021 

Magazine: Svetsen, 4-
21 Author: Pia Borg 

Stainless Steel bridges 2021 
2021 

Outokumpu White 
Paper 

Paul Janiak, Andy 
Backhouse 

Bridge Design & Engineering Magazine article, UK 
2022   

Participants: Paul 
Janiak, Andy Backhouse 

Preliminary Study on Plate Girders with Corrugated Webs 
2022 Report 

Fatima Hlal, 
Mohammad Al-Emrani 
and Mozhdeh Amani, 

Planned journal papers:       

Shear behavior of corrugated web stainless steel girders 
-part 1: Experimental studies and finite element modeling 

2022 
Constructional Steel 
Research 

Mozhdeh Amani, 
Mohammad Al-Emrani, 
M Flansbjer 

Shear behavior of corrugated web stainless steel girders 
-Imperfection Sensitivity  2023 EUROSTEEL 2023 

Mozhdeh Amani, 
Mohammad Al-Emrani 
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Phase balance test points, sample 5A.  

 

 

 

 

 

                                                                                                                             

 

 

  
Figure 15.15.1 Test point No:3, 
2mm sub-surface of the weld 
 

Figure 15.15.2 Test point in weld 
root, “Rot 2”. 
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Picture 

Austenite 
% 

Ferrite  
%  

HAZ 
39.2 60.8 Weld Right: BM-HAZ 

1 
34.3 65.7 

Weld Right No 1-6: 
2mm under surface, 
top to bottom 

2 
33.7 66.3 

3 
49.4 50.6 

4 
49.2 50.8 

5 
33.7 66.3 

6 
43.3 56.7 

Mid1 
(Mitt1) 30.3 69.6 

Weld Left: Middle of 
weld 

Mid2 
(Mitt2) 31.1 68.9 

Weld Left: Middle of 
weld 

Root1 
(Rot1) 36.1 63.9 Root 1 

Root2 
(Rot2) 37.0 62.9 Root 2  

   
Average  

37.9  62.1  
Standard 
deviation 

6.38 6.38 
 


