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Abstract. This paper addresses the lifecycle cost assessment of a steel girder bridge considering the material costs and
maintenance activities along the bridge’s lifecycle. A reference highway bridge case study is chosen. It was initially designed
using carbon steel S355. Two more steel grades are included in the comparison: high strength carbon steel S460 and duplex
stainless steel EN 1.4162. For each design option, fatigue appears to be the driving design criterion for the following critical
welded details: transversal stiffeners, cope holes and full penetration butt welds in the flanges. In addition to ultimate limit
state verifications, specific attention is therefore given to fatigue through the use of different verification methods: the well-
known nominal stress method and the hot spot stress method. It is concluded that the net present value of the lifecycle cost

of the stainless steel option is attractive compared to painted the carbon steel options.

1 STATE OF THE ART

1.1 General positioning of the problem

The use stainless steel is increasing in several sectors including the construction sector, due to the combination of high
strength, aesthetical appearance, corrosion resistance leading to durability and low maintenance. When considering stainless

steel, four different families may be distinguished based on their respective microstructures: martensitic, ferritic, austenitic



and duplex (an austenitic-ferritic microstructure) and, in recent years, duplex grades have gained popularity in (civil)
structures requiring high strength and corrosion resistance, such as highway bridges, offshore platforms and nuclear power
plants. This is also thanks to their good fatigue resistance (Branco et al., 2001; Zilli et al., 2008). The duplex grades EN
1.4062 and EN 1.4162, included in (EN 10088-2, 2014; EN 1993-1-4 A1, 2015) as well as in the Design Manual for Structural
Stainless Steel (DMSSS, 2017), are characterized by a lower Nickel and increased Nitrogen contents, resulting in a significant
cost reduction (as well as stability) when compared to more traditional austenitic equivalents (EN 1.4404) or more
conventional duplex grades such as EN 1.4462. Furthermore, numerous studies (Iversen, 2006; Merello et al., 2003; Olsson
and Snis, 2007; Wei et al., 2008) have demonstrated superior mechanical properties of duplex grades when compared to
austenitic grades (see Fig. 1) and equal or better corrosion resistance. In addition, duplex grades are today welded with
standard welding processes as for conventional mild steel grades (Baddoo, 2008; Fortan et al., 2020; Karabulut et al., 2020).
All these progresses explain why these grades are more and more used in welded structures in corrosive environment, such

as bridges in coastal areas.
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Fig. 1. Stress-strain curves for different steel grades.

Today, European codes and design books include fatigue design rules for steel and composite structures (EN 1993-1-9,
2005; EN 1993-2, 2006; Hobbacher, 2016; Nussbaumer et al., 2011). In the most recent draft revision of (EN 1993-1-9,
2005), it is stated that fatigue design rules apply to carbon steel, stainless steel and unprotected weathering steels if they
comply with the toughness recommendations given in (EN 1993-1-10, 2005). In (DMSSS, 2017; EN 1993-1-4, 2006), duplex
is said to be characterized by sufficient impact energy down to temperatures of -40 °C and (EN 1993-1-9, 2005) is
recommended for fatigue design of these grades.

As highlighted in the background documentation of Eurocode fatigue design rules (Brozzetti et al., 2018), the fatigue
strength curves (SN-curves) are mostly derived from experiments on carbon steel uncoated details with nominal yield strength
ranging between 235 and 400 MPa. It is widely accepted that fatigue failure in welded components is due to welding-related

imperfections (such as residual stresses, geometrical misalignment, mismatch, lack of penetration, weld convexity, etc.)



leading to concentration of stresses and so it is currently not possible to exploit higher base material strengths in the design
against fatigue. Several studies however show that the proposed detail categories tend to be conservative for details made of
higher strength steels (Branco et al., 2001; Habraken et al., 2019; Karabulut et al., 2020; Liljas and Ericsson, 2002; Zilli et
al., 2008). In this paper, higher strength steels are considered, and their fatigue behaviour carefully taken into account. A
highway girder bridge is investigated where the main girders are made of duplex stainless steel instead of mild carbon steel
(S355 or S460). In addition to the static design aspects at ultimate limit states (ULS) and serviceability limit states (SLS),
fatigue design of three fatigue-prone details is addressed following the nominal stress method (NSM) and the hot spot stress
method (HSSM), where the hot spot (HS) stress is calculated using the finite element method (FEM). All bridges (made of

different steel) are compared and their lifecycle cost are calculated taking into account maintenance activities.

1.2 Fatigue verification techniques

The most popular methods used in fatigue design of critical welded details present in bridges are the stress life methods:
the nominal stress method (NSM), hot spot stress method (HSSM), the notch stress approach (NSA) and fracture mechanics
(Ye et al., 2014). The NSM is the most commonly adopted one as it uses the straightforward SN-curve approach where a
linear or multilinear relationship is defined between the applied stress range and the detail’s fatigue life. Yet, when complex
multi-dimensional loading conditions or complex geometries whose fatigue capacity cannot be represented by a simple detail
category exist, the NSM cannot be used. In that case, one needs to seek for local stress approaches such as the HSSM (Aygill
etal., 2012; Poutiainen et al., 2004; Xiao and Yamada, 2004).

The HS stress is defined as magnified nominal stress with a stress concentration factor (SCF). This factor is calculated
based on either linear or quadratic extrapolation of surface stresses to the weld toe, where the fatigue cracks initiate. Currently
the method is addressed in the Eurocodes (EN 1993-1-9, 2005), however the detailed guidance is available in the International
Institute of Welding (1IW) guidelines (Hobbacher, 2016). The HS stress can be evaluated either experimentally or
numerically. In the case of fatigue design of steel bridges, the finite element method (FEM) is usually preferred, because it
is the least time-consuming method. However, in case of numerical computation of the HS stress, the evaluated value is
highly dependent on the model topology as well as FEM parameters. Therefore, many studies in the literature investigated
the sensitivity of HS stress to these parameters, leading to improvement of the modelling rules and new guidelines (Aygl et
al., 2012; Doerk et al., 2003; Fricke et al., 2017, 2002; Ji et al., 2013; Karabulut et al., 2020, 2018; Lee et al., 2010; Liu et

al., 2014; Morgan and Lee, 1997; Niemi et al., 2018, 2006; Park and Kim, 2014).



1.3 Fatigue behaviour of duplex welded components

The S-N curves of stainless steel details which are included in the background documents of the Eurocodes or in the
scientific papers are usually derived for specimens made of austenitic or conventional duplex grades (Branco et al., 2001;
Ericsson et al., 2003; Liljas and Ericsson, 2002; Zilli et al., 2008). The knowledge on the fatigue behaviour of lean duplex
welded components is today quite scarce, as the existing research on these grades is mostly limited to the material or
microstructural level where toughness, hardness, roughness or the effects of post weld treatment (PWT) on the microstructure
are mostly investigated (Ericsson et al., 2003; Liljas and Ericsson, 2002; Peng et al., 2019). The fatigue behaviour of welded
details made of duplex EN 1.4462 was however investigated in the European Commission (EC) project “BRIDGEPLEX”
(zilli et al., 2008), and some of the detail categories in (EN 1993-1-9, 2005) were shown to be significantly conservative for
these details. Similar observations were published by (Branco et al., 2001) in which the same grade, especially used in welded
transversal stiffeners, turn out to have much higher fatigue resistance than the proposed detail category in the Eurocode (EN
1993-1-9, 2005). However, this was attributed to the fact that these welds were deposited by the Tungsten Inert Gas (TIG)
welding process, and therefore weld concavity led to reduced stress concentration factor (SCF) and thus higher fatigue lives.

The existing limited research data on the fatigue behaviour of the duplex EN 1.4162 grade at the structural level show
that it has similar fatigue strength to that of higher strength steel (HSS) or more conventional duplex grades (Karabulut et al.,
2020; Liljas and Ericsson, 2002). It was also concluded that the Eurocode detail categories are conservative, yet safely

applicable when a fixed slope of m = 3 is considered (Karabulut et al., 2020).

1.4 Weight reduction and lifecycle cost assessment

There is today a demand for the optimization of civil structures, so that more economic, lighter, efficient and
environmentally friendly structures are built. Fabrication of customized complex cross-sections, such as those present in
bridges, often uses welding. The EC project “BRIDGEPLEX” (Zilli et al., 2008) puts emphasis on the economic gain that
can be achieved in an orthotropic deck bridge when carbon steel details are replaced by high strength duplex stainless steel
ones. The beneficial effect of higher strength steel grade was combined with low maintenance costs, and the duplex option
turns out to have a lower lifecycle cost (LCC). Very similar observations were made in (Habraken et al., 2019; Lemma et al.,
2020; Pedro et al., 2018, 2017) where the possible weight reduction when S690 is used instead of S355 in a steel girder bridge
is calculated. The weight reduction of structures via the use of higher strength materials is reported in many other studies
(Budano et al., 2007; Ginther, 2005; Lagerqvist et al., 2007; Sedlacek et al., 2002; Shi et al., 2014) but, to the authors’ best

knowledge, most of these studies did not consider fabrication/maintenance costs.



2 CASE STUDY

2.1 Introduction

The ultimate goal of this chapter is to assess the weight reduction in a girder bridge when higher strength steel grades are
employed instead of the more traditional S355 carbon steel. The higher strength steels considered in this study are the S460
structural carbon steel grade according to (EN 10025-3, 2019) and the duplex stainless steel EN 1.4162 according to (EN
10088-2, 2014). The case study proposed by (Pedro et al., 2018, 2017) is presently chosen as the reference bridge. In the
current paper, the bridge is assumed to be located in a coastal area in Belgium where the needed Corrosion Resistance Class
(CRC) is considered to be 3 with the following points taken into account according to (DMSSS, 2017; EN 1993-1-4 A1,
2015):

e The measured distance from the sea M is between 0.25 km and 1 km, whereas the distance from the roads exposed to
de-icing salts S is smaller than 0.01 km. Therefore, the risk of exposure to chlorides from salt, water or de-icing salts F1
is-7.

e A gas chromatograph measures the average sulphur dioxide concentration below 10 pug/m? thus resulting in low risk of
exposure to sulphur dioxide, and F2 is taken as 0. No specified cleaning regime is envisaged.

The reference design (Habraken et al., 2019; Pedro et al., 2018, 2017) compares two design options made of S355 and
S690. The comparative design studies the midspan of a highway girder bridge (80 m) with 5 spans with a total length of 360
m (Span CD in Fig. 2b). The ultimate objective of their study is to lose weight by reducing the cross-sectional areas, thus
achieving better environmental performance (reduced maintenance areas, less welding volume, less labour cost). The weight
reduction is 25 % in case the main girders are made of S690 instead of S355, and the lifecycle cost (LCC) is 2.2 % cheaper.
However, due to reduced cross-sectional areas, the design option using S690 becomes very susceptible to local buckling as
well as fatigue. Therefore, the authors proposed an alternative design solution, again with S690, but this time using additional
longitudinal stiffeners on the girder webs as well as post-weld treatments (PWT) to improve the fatigue performance. In this
case, the weight reduction reaches 32 % and the LCC becomes 3.2 % cheaper.

The current study elaborates on the designs of the 80 m long internal span (Span CD in Fig. 2b) where the combination
of shear and bending moment is the most detrimental. The designs were performed based on the internal forces obtained from
a finite framed element model of the bridge. The span configuration and the superstructure cross-section considered in the
analysis can be seen in Fig. 2 and Fig. 3. The throat thicknesses of the welds shown in Table 1 are calculated according to

(EN 1993-1-8, 2005) considering the resulting internal forces under the worst-case combination for ULS. In each of the



design options, the bridge deck is made of C35/45 grade concrete, substructure elements such as the piers and the abutments

are made of C30/37 grade concrete.
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Fig. 2. Span configuration: (a) bridge spans (Pedro et al. 2017); (b) analysis model; (c) bending moment distribution along
the bridge superstructure; (d) shear force distribution along the bridge superstructure.
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Fig. 3. Analysis model of the bridge superstructure cross-section: (a) at the support; (b) at the midspan (units in mm).

Table 1. Overview of weld throat thicknesses.

Weld throat thicknesses — a ar[mm] a[mm] as[mm] as[mm] as[mm] as[mm]

S355 10 10 10 10 10 10
EN 1.4162 8 10 8 6 10 10
S460 9 10 8 6 10 10

2.2 Design loads

The factored load and combinations were set according to (EN 1990, 2002) taking into account the requirement of the
Belgian national annexes (EN 1990 ANB, 2012). The following loads were included:
e Self-weight of the steel and concrete components with density of 77 kN/m? and 25 kN/m? respectively.
e 5.1 kN/m is applied as uniformly distributed line load per safeguarding barrier.

e 1.71 kN/m is applied as uniformly distributed line load per main girder representing the haunches.



e 0.72 kN/m? is applied as uniformly distributed surface load representing the permanent form loads.

e 0.30 kN/m?is applied as uniformly distributed surface load representing pouring of the concrete (the finishing layer).

e 1.44 kN/m?is applied as uniformly distributed surface load representing wearing surface (top layer of a sealed road).

e A temperature variation from +15 °C to -18 °C is considered.

e Wind loads are considered according to (EN 1991-1-4, 2005) and Belgian national Annex (EN 1991-1-4 ANB, 2010).

e Load model 1 as defined in (EN 1991-2, 2003) considering the Belgian national Annex (EN 1991-2 ANB, 2011) is
applied for the verifications at the ultimate limit state (ULS).

e Fatigue load model 3 (FLM3) as defined in (EN 1991-2, 2003) is used for verifications at the fatigue limit state (FLS).

e Creep and Shrinkage effects are considered in the material model of concrete following the information given in

(Habraken et al., 2019; Pedro et al., 2018, 2017) where single stage casting is considered.

2.2 Cross-section resistance checks of the main girders

The nominal mechanical strength of the carbon steel grades is provided in (EN 10025-3, 2019), whereas the properties of
stainless steel grades are provided in the most recent design guidelines for structural stainless steel (DMSSS, 2017; EN
10088-2, 2014; EN 1993-1-4, 2006; EN 1993-1-4 A1, 2015). Verifications for the ULS are performed following (EN 1993-
1-1, 2005; EN 1993-1-4, 2006; EN 1993-1-5, 2006) for the cross-sectional resistance checks as well as instability checks
such as lateral-torsional buckling (LTB) and shear buckling (SB). Composite action between the concrete deck and the steel
main girders is considered according to (EN 1994-1-1, 2004; EN 1994-2, 2005). Checks for SLS are carried out for the
midspan deformation of the studied main girders according to (EN 1990, 2002; EN 1993-2, 2006). The deformation at

midspan is analysed under the live load case of load model 1. The maximum deflection 5(y,Q,,) at midspan should not

exceed L/500 where L is the span length. Some of the important differences in the design parameters between the carbon and
stainless steel options are summarized in Table 2. These parameters are: E — the Young’s modulus of the material, p — the
density of the material, & — the non-dimensional coefficient for cross-section classification, ym — the safety factors, A, —the
non-dimensionless limiting slenderness for LTB, and the effective stiffener cross-section according to Chapter 9 of (EN
1993-1-5, 2006). In the designs, the thickness effect on the mechanical strength is considered according to (EN 10025-3,
2019; EN 10088-2, 2014) for carbon steel and stainless steel design options. It is important to note that there is currently no
information available in the norms for stainless steels that are thicker than 75 mm.

The same type of cross-girders is employed for each design option, the dimensions of which is given in Fig. 3. Cross
girders are connected to the T-stiffeners of the web at a distance of each 8 meters. As given in (Habraken et al., 2019; Pedro

et al., 2018, 2017), for the S355 bridge, T-stiffeners were used every 8 m through the entire span. Besides, flat stiffeners



every 2 m are considered over a portion of 24 m from the supports and then spacing increases to 4 m for the rest of the span.
More information about the detailing of that design can be found in the reference case, Annex 7 of (Habraken et al., 2019).
All these verifications are presented in Fig. 5. for the given cross-sections in Fig. 4. In Fig. 5, Mgq refers to the design value
of maximum bending moment, Mcrq is the cross-sectional bending moment resistance, My rq iS the moment resistance of the
cross-section considering instability (lateral torsional buckling for the current case), Veqis the design value of the maximum
shear force and Vuw ra i the shear resistance of the cross-section considering instability (shear bucking for the current case).

The designs of the bridges made of EN 1.4162 and S460 use T-stiffeners for a greater stability against shear buckling.
The positioning of the stiffeners is the same as in the reference design. Those stiffeners are designed according to (EN 1993-

1-5, 2006) considering also Chapter 5.7 of (EN 1993-1-4, 2006) and Chapter 6.4.5 of (DMSSS, 2017) for stainless steel.

Table 2. Differences in design parameters.

Design fy [MPa] E[GPa] p [kg/m®] € Ymo  Ymi Ym2 XLT‘O Effective stiffener cross-
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Fig. 4. Design of the main bridge girders: cross-section geometries made of EN 1.4162 versus S355 and S460.

It is worth noting that the same limiting ratios as those provided by (Pedro et al., 2018, 2017) for S355 are obtained at the

support and midspan as shown in Fig. 5, suggesting that this analysis is validated.
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3 FATIGUE DESIGN OF THE DETAILS

Fatigue is often one of the governing design criteria for a continuous highway girder bridge because of the presence of a
series of critical welded details. Since welding leads to imperfections such as geometrical discontinuities inducing stress
concentrations, residual stresses as well as defects in the form of inclusions or mismatch, the welded spots are more
susceptible to fatigue crack initiation and propagation, followed by fatigue failure. In cases where high strength steels are
employed, the designers put their utmost attention on weight reduction possibilities resulting in increased proneness to fatigue
because of reduced plate thicknesses and increased fluctuating stress ranges.

In this chapter, the fatigue verifications of the selected critical welded details are carried out according to the NSM

following (EN 1993-1-9, 2005; EN 1993-2, 2006) and then based on the HSSM by means of finite element (FE) analysis.

3.1 Selection of fatigue-prone details

Several studies compiling real fatigue damages in bridges have been studied during the last decades (ASCE, 1982; Duga
etal., 1983; Reed et al., 1983). And, more recently, numerous observations concentrating on a series of fatigue prone details
in bridges have been published by (Al-Emrani and Kliger, 2009; Haghani et al., 2012; Kubi$ and Ryjacek, 2017). Those
papers have led to the European Convention for Constructional Steelwork (ECCS) publishing a compilation of all these
observations and a chart of 12 most common fatigue susceptible details in bridges (Lukic and Kiihn, 2020). Based on this
chart, we can conclude that 75 to 80 % of these details are welded ones. In the current paper, 8 of these critical welded details
for bridges applications are present in the bridge. A scheme of these details can be seen in Fig. 6, with the detail categories
of (EN 1993-1-9, 2005), as listed below:

e (a) Cover plate attached to the bottom flange of the longitudinal main bridge girder with the welds all around submitted
to tension;

e (b) Longitudinal fillet welds attaching the web and the flanges;

e (c) Shear studs for composite action between the steel girders and concrete bridge deck;

e (d) Transversal stiffeners with the welds transverse to the loading direction;

e (e) Transversal stiffeners with the welds longitudinal to the loading direction;

o () Tapered flanges inducing additional stress concentration;

e (g) Cope holes on the main bridge girders;

e (h) Full penetration butt welded joints in flanges.

11



Ac =171 - 80
Ac=80
k\
L (©)

Ac=100- 1253 .
Bg. 0

/

t
: Main Girder |
R,
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3.2 Fatigue verifications with the nominal stress method

The NSM is commonly adopted in Europe to design bridges against fatigue, due to its efficiency. It is based on a nominal

(global) stress range computed in the considered detail which is combined with the corresponding SN-curve where the stress

magnifying effects (of for example a weld) are included. The minimum and maximum stress are determined far from the

stress concentration zone where the stress field is homogenous and can be computed using the traditional theories of structural

mechanics for linear elastic material.

For the chosen bridge, the stress ranges acting in each considered detail are obtained under the application of fatigue load

model 3 (FLM3) according to (EN 1991-2, 2003). FLM3 is represented by a maximum truck axle load of 480 kN acting on

4 axles (the load is distributed on a patch of 0.4 m by 0.4 m representing the wheel contact surface area). In accordance with

the national annex, a second truck with a total axle load of 120 kN has also been modelled, following the first truck at a

distance of 40 m. The equivalent stress range is calculated following Equations (1)-(6) using the damage equivalent factors

for the safe life method according to (EN 1993-1-9, 2005).

12
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where 1 is the damage equivalent factor according to (EN 1993-1-9, 2005), 4, and A,,,, are the factors based on the span
length and moments for road bridges specified in Fig. 7, A, factor depends on the traffic volume specified by Q,,,; which is
the mean gross weight of the lorries in the slow lane in kN, N, is the overall number of lorries per year in the slow lane, Q;
is the gross weight of the i lorry in the slow lane in kN, n; is the number of lorries, A5 factor depends on the design life of
the bridge which is ¢, 4, 1, factor depends on traffic on other lanes, Aoy is the equivalent stress range, ogmqx and gy, are
the maximum and minimum calculated stress ranges for the critical detail under the applied fatigue load model, yr and y,
are partial factors for equivalent constant amplitude stress range and fatigue strength respectively and Ao is the nominal
stress of the detail category. Maximum and minimum calculated stress ranges shown in Fig. 9 are determined according to
the influence line analysis, the results of which are given in Fig. 8 for the EN 1.4162 design option.

The following conditions were considered while calculating the damage equivalent factors and equivalent stress ranges:
e Ny is taken as 0.5 10 according to (EN 1991-2, 2003);
e Qp istaken as 445 kN according to (Nussbaumer et al., 2011);
e t.q4 istaken as 100 years;

e yrr = 1.0 and vy = 1.35 according to (EN 1993-1-9, 2005) for high consequence of failure with the safe life approach.

13
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Fig. 9. Fluctuating stress ranges as the live load FLM3 moves on the main girders for design option EN 1.4162: (a) bottom
flange; (b) top flange.

As can be seen in Table 3, the most critical 3 fatigue details could be categorized as transversal stiffeners, full penetration
butt welds of the flanges and cope holes. These details are considered as the most critical ones because they have the highest
applied load versus resistance ratios. The critical locations of each of these details appear to be at the bottom flange at
midspan. These details turn out to be more critical for higher strength design options because of the greater mechanical

strength of the material which allows smaller thicknesses at midspan resulting in higher stress ranges as well.
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Table 3. Fatigue design of all selected details according to the nominal stress method.

Detail Ao, [MPa]  Size effect — ks YrrYmg-A0g2 Location
Ao,

S355 EN1.4162  S460

@) 56 - 0.52 0.58 0.59 Bottom flange at support
(b) 100 - 0.48 0.68 0.68  Bottom flange at midspan
(c) 80 - 0.23 0.25 0.26 Bottom flange at support
(d) 80 - 0.60 0.85 0.85  Bottom flange at midspan
(e) 56 - 0.52 0.58 0.59 Bottom flange at support
0) 112 1 0.09 0.09 0.09 Top flange at midspan

()] 112 0.94 0.50 0.65 0.65  Bottom flange at midspan
()] 112 0.81 0.22 0.22 0.23 Top flange at support

()] 112 0.73 0.36 0.40 0.40 Bottom flange at support
(0) 71 - 0.68 0.95 0.96 Bottom flange at midspan
(h) 80 1 0.13 0.13 0.13 Top flange at midspan

(h) 80 0.94 0.69 0.90 091  Bottom flange at midspan
(h) 80 0.81 0.31 0.31 0.32 Top flange at support

(h) 80 0.73 0.50 0.56 0.57 Bottom flange at support

Both the full penetration butt welds and the cope holes detail categories can be improved straightforwardly as follows:

o  Full penetration butt welded joints can be upgraded from Ao, = 80 MPa to Aa, = 90 MPa by reducing the height of the
weld convexity from 20% to 10 % and by making the welds flush ground;

e The cope holes can be upgraded from Ao, =71 MPato Aa, = 90 MPa by applying a full cross-section butt welds at the
region where cope holes are located. This applies only on the condition that the welds are ground flush and welding is
performed from both sides and checked by non-destructive testing.

When it comes to the transversal stiffeners, they are unfortunately considered to be unavoidable due to susceptibility to
shear buckling phenomenon of slender web in welded girders. Regarding the experimental fatigue behaviour of duplex EN
1.4162 welded stiffeners, a similar trend of fatigue resistance for duplex and high strength steel equivalents was already
reported in the literature (Karabulut et al., 2020), pointing out conservatism of the current design rules in the fatigue

verification of higher strength (stainless) steel grades. However, the higher fatigue resistance of these grades is currently not
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reflected in any fatigue design norm and therefore this paper uses the published recommendations in (EN 1993-1-9, 2005)

for the fatigue verification of high strength steel welded details.

3.3 Fatigue verifications with the hot spot stress approach

The NSM has the obvious drawbacks where the geometry of more complex details, complex multi-dimensional loading
conditions, or size effects need to be captured when computing the local stresses (Poutiainen et al., 2004; Xiao and Yamada,
2004). Therefore, local stress concepts, such as the HSSM has gained a rising interest (Aygul et al., 2012). Thorough guidance

is provided in the ECCS recommendations and I11W guidelines (Hobbacher, 2016; Nussbaumer et al., 2011).

3.3.1 Sensitivity analysis

When calculating the HS stress by means of FE analysis, the results are dependent on the model parameters (Lee et al.,
2010). Therefore, a sensitivity analysis has been here conducted on the following parameters: mesh size, mesh topology,
element type (8-noded linear solid elements vs. 20-noded quadratic solid elements), integration algorithm (full vs. reduced
integration), length of the evaluated detail, extrapolation function (linear vs. quadratic extrapolation), modelling of the butt
weld inside the cope hole, shell vs. solid elements, weld angle (varying between 30° and 60°), weld convexity (45° vs. convex
and concave welds). For this analysis, the cope hole in the main girder webs (detail (g) in Fig. 6) was selected, as this detail
has the most complex geometry and the evaluated HS stress is expected to be sensitive to the previously mentioned FEM
parameters. The FE analysis was carried out using the Abaqus/Standard software. The web, flange and welds are modelled
as in Fig. 10, where both plates’ ends are subjected to a uniform stress state corresponding to the evaluated equivalent stress

range. The boundary conditions (BCs) do not restrain Poisson’s effects. The introduced cope hole has a diameter of 60 mm.

Fig. 10. FEM of the detail depicting the BCs and uniform force corresponding to the equivalent stress range.
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An example of sensitivity analysis on the mesh size can be seen in Fig. 11 for the EN 1.4162 design option. Regarding
the selected model parameters, such as the mesh size, the computational time and accuracy of FE results (convergence) are
interconnected and therefore a compromise should be sought. For the fatigue design of welded details, the IIW guideline
recommends using either fine or coarse meshes, i.e. mesh size relative to plate thickness < 0.4 tand < 1.0 t respectively. As
can be seen in Fig. 11(a-c), three meshes from coarse to very fine were studied. The analysis was performed using 8-noded
linear solid elements (C3D8R in the element library), using at least 4 elements through the thickness as suggested by (DNV-
RPC203, 2011; Niemi et al., 2006). The computed HS stress along the flange can be seen in Fig. 11(d) with the linear
extrapolation according to the 11W guideline given on the vertical axis. The maximum difference in the computed HS stress
between the coarse and very fine mesh group seems to be 1.8% for HS1 and 0.41% for HS2 (see Fig. 12b for HS1 and HS2).
It must be noted that HS2 results in greater SCFs, which is why it is more critical, and therefore Table 4 gives an overview

of sensitivity analysis only for HS2. More details about the sensitivity analysis can be found in (Karabulut et al., 2018).
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Fig. 11. Sensitivity analysis on mesh size for the HS at cope hole in transversal direction (HS1 in Fig 12b): (a) coarse mesh
—size < t, (b) fine mesh — size < 0.4t, (c) very fine mesh — size < 0.1t, (d) variation of the HS stress.
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Based on the overview of sensitivity analysis in Table 4, which evaluates the maximum variation of computed HS stress
between two subsequent sensitivity analysis steps, the optimal FE parameters were chosen resulting in a reasonable trade-off
between convergence and analysis time. In sum, fine meshes were used for the rest of the fatigue design with element size
not exceeding 0.4t, flanges/base plates are modelled with structured meshing and web is modelled with sweep meshing using
the advancing front algorithm providing mapped meshes if appropriate (more details in Table 4), 8-noded linear solid
elements with reduced integration were used (mesh refinement in thickness direction is applied with at least 4 elements), 1
m is used as L shown in Fig. 10 reproducing the BCs of the actual structural detail with no influence from another
neighbouring critical detail (ensuring a homogenous stress field), linear extrapolation is used for the rest of the analysis as no
sudden nonlinear changes in the loading direction is seen; fillet welds are modelled with an angle of 45° without convexity.

The cope holes are present in girders, mostly at the locations of butt welds on the flanges. Therefore, one of the sensitivity
analyses relates to the presence of butt welds next to the cope hole. Guidance for the FE modelling of fillet welds may be
found in the 11W guidelines. However, no further details are provided for the modelling of butt welds (such as on the curvature
for example). In this research, the influence of the butt weld was studied by introducing its geometry in the cope hole with a
radius of curvature of 13.75 mm. 6.90% variation in the HS stress, as described in Table 4, was noticed. As a result, the butt

welds were not modelled together with cope holes but modelled as a separate (detail (h) in Fig. 6).

Table 4. Summary of sensitivity analyses.

Sensitivity analysis Maximum variation between Number of nodes
computed HS stress [%] [Max/Min]

Mesh size (varying between 0.1t and 1.0t) 0.41 66.98

Mesh topology @ 0.34 1.12

Element type (8-node linear vs. 20-node quadratic) 6.37 3.78
Integration method (full vs. reduced integration) 5.87 -

Detail length (L in Fig. 10 varying between 0.5 m and 2 m) 0.26 3.57
Extrapolation method (linear vs. quadratic extrapolation) 7.19 -

Actual modelling of the butt weld 6.90 1.04

Shell vs. solid 14.88 4.98

Weld angle (varying between 30° and 60°) 4.20 1.13

Weld convexity (45° vs. convex and concave welds) 3.34 1.05

@ Because of geometrical discontinuity around the cope hole, webs are modelled with different meshing techniques

(structured meshing vs. sweep meshing and medial axis algorithm vs. advancing front algorithm).
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The HS stress can be calculated based on two extrapolation paths if applicable: in the transversal direction (HS1) and in
the longitudinal one (HS2), as shown in Fig. 12(b). And stress extrapolation is performed via either linear or quadratic
extrapolation function as shown in equations (7)-(8). The nonlinear extrapolation should be preferred over linear extrapolation
if nonlinear structural stress increase is present at the vicinity of the weld bead with various gradients (Aygiil et al., 2012;
van Wingerde et al., 1995).

The fatigue lives are computed according to equations (9)-(10) considering the reference details available in (EN 1993-

1-9, 2005; Hobbacher, 2016) for the HSSM.

Linear extrapolation : oyg = 1.67 644 - 0.67 7, 4, (7)
Quadratic extrapolation : oy = 2.52 644 - 2.24 059, + 0.72 6, 4 (8)
For 10000 < 510%: N = (Ajﬂ)m.z 10° withm = 3 €)
HS
For510° < N: N = (:2)™.510° withm = 5 (10)
HS

where t is the plate thickness, oy is the computed HS stress based on extrapolated stresses at 0.4t (g 4¢), 0.9t (0.9¢), 1.0t
(01.0t), OF 1.4t (014¢), N is the fatigue endurance of the evaluated detail, Agy4r is the reference detail provided in the W
guideline which is FAT100 for transverse weld attachments, Aoy, is the stress at the constant amplitude fatigue limit (CAFL)

for the same reference detail which is 73.68 MPa (m = 3) and m is the slope of the S-N curve

3.3.2 Fatigue life of the bridge details

The fatigue strength of the aforementioned critical details was assessed calculating the fatigue life with respect to HS
stress range. Verification of the details is done by comparing the calculated fatigue endurance to 2 10° cycles which
corresponds to the detail category Acg, according to (EN 1993-1-9, 2005). This comparison for the previously mentioned 3
most critical details can be seen in Fig. 12 for the design option made of EN 1.4162 under the stress state which corresponds
to the equivalent stress range yrs. yms. Ace2. A summary of the results for each of the design options can be found in Table 5.

It can be seen that the fatigue resistance of each of detail is also verified according to HSSM for each design option.
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Fig. 12. Fatigue assessment following HSSM via FEM: (a) fatigue endurance of the transversal stiffener; (b) fatigue
endurance of the cope hole; (c) fatigue endurance of the butt welds.

Table 5. Fatigue design of selected details according to HSSM.

Detail HS stress Comparison with 2 108 [2 10%/ N] — log scale
S365 EN1.4162 S460 S355 EN 1.4162 S460
(d) 5477 7677 7746 086 0.95 0.95
() 5692 8737 8815  0.87 0.97 0.97
() 54.88 76.91 77.60 0.86 0.95 0.95

2 Size effect is considered
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4 FINAL DESIGN RESULTS AND LIFECYCLE COST ASSESSMENT

4.1 Overview of design results

Table 6 gives an overview of the considered limit states and applied load-to-resistance ratios for each design option.
Fatigue is the governing design criterion for the EN 1.4162 and S460 design options when either nominal stress method or

HSSM is considered.

Table 6. Overview of each design result.

Limiting design ratios Controlling equation S355 EN 1.4162 S460

ULS — Positive flexure Med/ Mcra <1 0.73 0.74 0.73

ULS — Negative flexure Med/ Mcra <1 0.89 0.93 0.92

ULS -Shear Ved/ Vowrd < 1 0.90 0.90 0.85

ULS- Positive flexure and shear interaction Med/ Mcra< 1 0.73 0.75 0.73
Is there interaction? - No Yes No

ULS- Negative flexure and shear interaction Med/ Mcra< 1 0.89 0.94 0.92
Is there interaction? - No Yes No

FLS - NSM et . Y. Acg2/ Ace 0.69 0.95 0.96

FLS — HSSM [2 108/N] - log scale 0.87 0.97 0.97

Controlling critical detail® - Detail (g) Detail (g) Detail (g)
SLS 3(y,Q,,) / (L/500) 0.40 0.52 0.50

2 In case the upgrade of the fatigue resistance of the detail categories for butt welds and cope holes is considered, detail (d)

(transversal stiffeners) becomes the most critical detail for each design option.

4.2 Weight reduction

Table 7 provides an overview of the weight reduction resulting from the use of EN 1.4162 and S460 as compared to S355.
The comparison is performed considering the main longitudinal girders of the bridge along the span CD in Fig. 2 with a
variable cross-section distribution along the beam, the stiffeners and the cross beams. The same table also mentions the

surface in need of corrosion protection which excludes the top surface of the girder top flange.
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Table 7. Weight reduction and surface areas to be painted.

Coating Surface area
Design comparison ~ Total weight ~ Reduction vs. S355  Total surface
requirement?  to be coated

[Ton] [%] [m?] - [m?]
$355 435.70 - 2876.62 Yes 2652.15
EN 1.4162 352.54 19.09 2934.84 No 2726.05
S460 365.23 16.17 2949.06 Yes 2740.26

One can see that the use of EN 1.4162 and S460 leads to a quite significant weight reduction of the bridge superstructure,
when compared to the design option using S355. It is important to note that the beneficial influence of strain hardening for
stainless steel that could be taken into account through the use of the Continuous Strength Method (CSM) is not considered
in the current study (Afshan and Gardner, 2013) even though it is today implemented in (DMSSS, 2017). Taking this effect

into account would lead to an even lighter superstructure.

4.3 Comparison of initial costs

The initial costs of all design options were calculated according to (Rossi et al., 2017). While evaluating the carbon steel
design options, the cost of initial painting was evaluated including the labour costs. The painting cost makes up about 30%
of the material costs for the superstructure. In case high strength steel is used, it results in a small reduction of the initial

painting costs of about 5%.

4.4 Comparison of total net present value at the life horizon of the bridge

While calculating the cost of maintenance, only the surfaces prone to corrosion are considered (i.e. the surfaces that are
naturally protected against corrosion are disregarded such as the top surface of the top flanges). The corrosion intensity and
treated surface dimensions are influential factors on the maintenance costs. According to (Rossi et al., 2017), 3 maintenance
activities corresponding to three states can be considered: “Patch-Up” usually on 5% of the bridge surface after 12.8 years;
“Overcoating” occurring after 18.5 years and “Remove and Replace” occurring after 31 years, both of the latter are assumed
to be done over the surface exposed to corrosion. For more detailed information, the reader can refer to Chapter 3.3 of (Rossi
et al., 2017) where average costs and time of occurrence for maintenance activities are given as well as their scatter. The
selected years for the moment at which repair occurs are not gross approximations. They were based on a literature survey
and on interviews with experts as described in (Rossi et al., 2017). It is not the purpose of the present analysis to repeat what

has been done in (Rossi et al., 2017) but to apply the same analysis to the studied bridge.
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The lifecycle cost assessment (LCCA) takes into account the changing value of money throughout the design lifespan
making use of the net present value (NPV) and the net future value (NFV). The NFV predicts how profitable a design option
is at the end of the design lifespan in comparison with a possible investment elsewhere. LCCA herein uses the predicted
escalation rate (i) and discount rate (d). The discount rate makes a correlation between the NPV and NFV as it ensures that
the discounted value of the NFV corresponds to the value at the present (considering the design lifespan of the bridge). The
NFV and NPV for the occurring events in n year(s) can be calculated using Equations(11)-(12):

Net Future Value: NFV = C(1 +i)" (11)
Net Present Value: NPV = C(l%i)" (12)
where C is the present cost, i is the escalation rate, d is the discount rate and n is the occurrence year of the cost
(considering the previously mentioned maintenance activities). Presently the model sequence as defined in (Rossi et al., 2017)
is considered. The NPV is calculated based on an escalation rate of 2 % and a discount rate of 5 %.

The ratios of assumed initial costs of the different design options compared to S355 are given in Table 8, resulting in the
same total lifecycle cost (total NPV) at the life horizon of 75 years. It can be seen that if the initial cost of stainless steel EN
1.4162 is not 3.29 times higher than the cost of mild steel S355, the total NPV of both options are the same. Similarly, if the
initial cost of high strength steel S460 is not 1.13 times higher than the cost of mild steel S355, their total lifecycle cost is the

same. The schematic comparison of lifecycle costs of each design option can also be seen in Fig. 13.

Table 8. Ratio of initial costs of design options EN 1.4162 and S460 to that of S355.

Design comparison EN 1.4162 / S355 S460 / S355

Ratio of initial costs 3.29 1.13
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steel in a welded girder bridge, benefiting both from weight reduction and maintenance costs. The higher strength steels
considered in this study are the duplex stainless steel EN 1.4162 and the structural carbon steel grade S460. The initial designs
of the bridge made of carbon steel S355 was performed by the civil structures design office “GRID International” as published
in (Habraken et al., 2019; Lemma et al., 2020; Pedro et al., 2018, 2017). In the present study, the bridge was re-designed

considering duplex stainless EN 1.4162 and S460 steel and it leads to a significant weight reduction thanks to higher yield

Cost [%] related to stainless steel design option
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Fig. 13. Cost related to stainless steel design option.

CONCLUSIONS AND FUTURE WORKS

This paper investigates the advantages of using higher strength (carbon or stainless) steel members instead of S355 carbon

strength and better fatigue resistance. The following conclusions can be drawn:

A selection of welded fatigue prone details, which are typically seen in highway girder bridges, was done in accordance
with a literature review. Each of them was verified globally using the nominal stress method under the application of the
fatigue load model 3, and also locally using the hot spot stress method. Among each of the selected fatigue prone details,
transversal stiffeners, full penetration butt welds of the flanges and cope holes turned out to be the most critical ones. It
is noteworthy to mention that both the butt welds and cope holes have upgradable fatigue classes by simply modifying
the weld convexity or bringing the welds to ground flush state. However, this statement does not apply to transversal

stiffeners.
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e Interms of weight reduction with respect to the design option S355, the designs made of EN 1.4162 and S460 have a
weight gain of 19 % and 16 % respectively. While assessing the lifecycle cost, maintenance and material consumption
should both be considered, where the maintenance herein mostly consists of activities done on the protective coatings
(such as patching-up the damaged coating). In this case, moving from mild carbon steel S355 to high strength S460 only
provides 3.2 % of reduction of the surface to be painted, which is also taken into account in the lifecycle cost. When the
stainless steel option is studied, the surface needing maintenance is set to zero, which is in agreement with the Corrosion
Resistance Class (CRC) and duplex grade.

e Atthe bridge life horizon (75 years), the LCCA shows that the total net present value of the cost of the S355 and the EN
1.4162 design options are equal if the initial price of stainless steel does not exceed 3.29 times the one of mild carbon
steel, whereas the total NPV of S355 and S460 are equal if the initial cost of the higher strength steel option does not
exceed 1.13 times the one of mild carbon steel. Note that this includes coating costs, which take into account labour costs
as well. It is very interesting to notice that 3.29 is a reasonable multiplying factor which makes the stainless steel EN
1.4162 design option a realistic one. The same cannot be concluded for the design option S460. This therefore leads us
to conclude that hybrid solutions made of EN 1.4162 and S460 combining corrosion resistance of stainless steel to lower

initial cost of S460 would lead to even lower lifecycle cost.
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