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Stainless Steel Bridge Girders with Corrugated Webs

A parametric study to investigate the sensitivity of Stainless steel girder’s shear
behaviour to initial imperfection

Fatima Hlal and Naheel Mohra

Department of Architecture and Civil Engineering

Division of Structural Engineering, Lightweight Structures

Chalmers University of Technology

Abstract

Steel bridges are prone to corrosion, and over the lifetime of the bridge, corrosion is
likely to necessitate maintenance work, re-painting, and inspections. Stainless steel,
on the other hand, is more corrosion-resistant material and can help to reduce the
problem’s negative impacts. Moreover, as these structures are deep in web height,
it is common to use thin webs in steel bridges to prevent utilizing a lot of material
and get the highest strength out of the material with a minimal amount of weight.
The method of manufacturing, however, is complicated due to the thin thickness.
To overcome this problem, corrugated webs, which are lighter than traditional flat
web steel girders, are used. This kind of Thin shell element, on the other hand, is
susceptible to initial imperfection.

The aim of this master’s thesis is to research the shear behavior of bridge gird-
ers with stainless steel corrugated webs and their sensitivity to initial imperfection.
This is done by, firstly, a literature review to decide the most influential parame-
ters on the shear capacity of bridge girders with corrugated webs. Secondly, using
ABAQUS software, a sensitivity analysis to initial imperfection is investigated by
varying the shape and amplitude of initial imperfection on three different girders.
Single eigen shapes and various combinations of eigen shapes have been considered
as the shape of the initial imperfection. Hw/400, Hw /300, Hw /200, and Hw/100 are
used to estimate the amplitude. Thirdly, a limited parametric study, by changing
one-factor-at-a-time, has then been performed to see the effect of each dimensional
parameter on the girder’s shear capacity. Finally, the shear capacity of the in-
vestigated girders has been compared to the shear capacity provided by Eurocode
equations.

The results show that the shear capacity of bridge girders with stainless steel corru-
gated webs is sensitive to both initial imperfection shape and amplitude. The shear
capacity decreases significantly with increasing initial imperfection amplitude. In
addition, the most critical initial imperfection shape is a single-mode shape of Eigen
shapes and not the first positive mode shape. Web height, web thickness and cor-
rugation depth significantly increase the shear capacity. Flat fold length decreases
the shear capacity. However, the shear span has a negligible effect. Finally, using
the design curve of Eurocode with the first buckling mode and initial imperfection
amplitude of Hw/200 is on the safe side.

Keywords: Corrugated web, Shear capacity, Stainless steel, , Steel bridges, Initial
imperfection, Sensitivity analysis, Parametric study.



Rostfria brobalkar med korrugerade liv

En parametrisk studie for att undersoka kansligheten hos balkens tviarkraftsbeteende
i rostfritt stal for initial imperfektion

Fatima Hlal and Naheel Mohra

Sammanfattning

Stalbroar har en benégenhet att korrodera, och under bronslivstid kommer korrosion
sannolikt att krava underhallsarbete, ommalning och inspektioner. Rostfritt stal ar
a andra sidan ett mer korrosionsbestandigt material och kan hjalpa till att minska
problemets negativa inverkan. Eftersom dessa strukturer ar djupa i balkhojd, ar det
vanligt att anvinda tunna balkar i stalbroar for att forhindra att mycket material
anvands och fa hogsta styrka ut ur materialet med en minimal vikt. Metoden for
tillverkning &r emellertid komplicerad pa grund av den tunna tjockleken. For att
losa detta problem anvinds korrugerade liv, som ar lattare é&n traditionella plat-
tbalkar. Denna typ av tunt skalelement dr & andra sidan mottagligt for initiala
imperfektioner.

Syftet med detta examensarbete ar att undersoka tviarkraftsbeteende hos brobalkar
med korrugerade liv av rostfritt stal och deras kanslighet for initial imperfektion.
Detta gors forst genom en litteraturdversikt for att bestdmma de mest inflytelserika
parametrarna for tvirkraftkapacitet med korrugerade liv. For det andra, med
hjalp av ABAQUS-program, undersoks en kénslighetsanalys for initial imperfek-
tion genom att variera formen och amplituden hos den initiala imperfektionen pa
tre olika balkar. Enstaka egenformer och olika kombinationer av egenformer har an-
vants som utformning av den initiala imperfektionen. Hw / 400, Hw / 300, Hw / 200
och Hw / 100 &ar de procentsatser av banh6jd som anvinds for att uppskatta ampli-
tuden. For det tredje har sedan en begridnsad parametrisk studie genom att dndra en
faktor at gangen utforts for att se effekten av varje dimensionsparameter pa balkens
tvarkraftkapacitet. Slutligen har tvéirkraftkapacitet hos de undersokta balkarna
jamforts med den tvarkraftkapacitet som tillhandahalls av Eurocode-ekvationer.

Resultaten visar att tvarkraftkapacitet hos balkar med korrugerade rostfria stalliv
ar kanslig for bade formen och amplituden hos en initial imperfektion. Tvirkraftka-
pacitet minskar avsevirt med okande initial imperfektionsamplitud. Dessutom &r
den mest kritiska initiala imperfektionsformen av en enkel-mod-form av egenformer
och inte den forsta positiva lagesformen. Banhéjd, bantjocklek och korrugeringsdjup
okar avsevirt tvarkraftkapacitet. Platt vikningslingd minskar tvarkraftkapacitet.
Tvarkraftspanning har dock en férsumbar effekt. Slutligen ar det pa den sékra sidan
att anvinda Eurocode-designkurva med forsta knackningsldge och initiala imperfek-
tionsamplitud pa Hw/200.

Nyckelord: Korrugerade liv, Tvarkraftkapacitet, Rostfritt stal, Stalbroar, Initial
imperfektion, Kanslighetsanalys, Parametrisk studie.
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Introduction

Steel bridges are susceptible to corrosion, requiring regular repairs, re-painting, and
audits during their lifetimes, which is expensive. Using stainless steel, on the other
hand, may help to mitigate the problem's negative implications.

Because the beams are deep in web height, it is usual in steel bridges to employ
thin webs to prevent wasting a lot of material and to get the most strength out
of the material with the least amount of weight. However, such thicknesses make
the manufacturing process extremely complex. This challenge was handled by using
corrugated webs instead of very thin at plates. Steel Corrugated webs in [CWGs]
are attached to the two anges by welding [14] resulting in corrugated web steel
girders being lighter than at web steel girders [30].

1.1 Background

Since the early 1960s, corrugated web beams have been used for steel buildings in
Europe and since the 1980s for highway bridges in Europe and Japan. Standard cor-
rugated steel I-beam consists of two steel anges welded to a corrugated steel web.
The most commonly used corrugation pro le is the trapezoidal pro le, although
other web pro les have been used, such as sinusoidal. Many studies and researches
have been performed on the corrugated web and have shown that they have more
stability, improved shear behavior, and better fatigue resistance.[7]

The use of corrugated webs has been proposed for a long time to improve the buck-
ling strength and rigidity out of the plane and replace the use of vertical sti eners. It
was rst used with very thin web panels in aircraft structures and was then applied
for applications in civil engineering in buildings and bridges. It was realized that
corrugated web beams are economical to use and can improve the aesthetics of the
structure.[25]. It was also demonstrated by Li et al. [14] that the corrugated web
steel beams have 1.5 - 2 times more resistance for a shear than the conventional at
web beams.

The rst research to perform the subject of shear buckling behavior was by Easley
and McFarland. Subsequently, several theoretical and experimental studies have
been performed on the buckling behavior and strength of corrugated steel webs,
such as Elgaaly et al. and Abbas et al. in USA, Luo and Edlund in Sweden and
Yoda et al. and Yamazaki in Japan and many other studies. [19]
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Until the mid-1990s, shear buckling modes were only known as local and global
buckling in corrugated steel web girders. Local buckling shows failure in a subpanel,
while global buckling represents a failure of several folds on the entire web. Later
on, experimental specimens indicated that the failure of some of them was initially
shown in one fold and then spread to others. This mode was categorized and consid-
ered a local buckling mode. But after that, this mode of buckling has been de ned
by detailed experimental observations as an interactive buckling mode.[25]

The use of high-strength steels (HSSs) in buildings and bridges have numerous ad-
vantages such as eliminating the use of substantially thick steel plates which cause a
lot of problem in the di erent stages of building. High-strength steels o er designers
the ability to build structures using slender members and more weight-e cient ele-
ments than the normal strength steel (NSSs). That is related to their high strength,
excellent durability, and strong weldability and corrosion resistance. [24]

Currently, stainless steel is not widely used in structures since it is more costly than
standard carbon steel. However, the characteristics of stainless steel, such as corro-
sion resistance and high strength, make it more sustainable to be used in structural
bridge girders in the long run, taking the life cycle cost of LCC into account.

The usage of both solutions, stainless steel bridges with corrugated webs, is expected
to improve the mechanical properties of the bridges and provide lower life cycle costs.

A lot of researches on shear buckling resistance of corrugated web girders can be
found in international literature, but it is still unknown how the changes in geomet-

ric imperfections and the di erent in uential imperfection parameters due to the
manufacturing process and their e ect on the shear capacity have not been studied
and explained yet.[26].

The Chalmers University of Technology initiated this master's thesis and conducted
it at the Department of Bridges at AFRY in Gothenburg.

1.2 Scope

The aim of this project is to prove the shear buckling performance of the corrugated
web using stainless steel and to identify the most in uential imperfection parameters
and their e ect on the shear behavior. The shear buckling occurs in three di erent
modes: local, global and interactive. Results from past tests and from FEM anal-
ysis will be provided and compared with a new FEM modeling wherein all three
modes will be included and observed. Moreover, It has been observed that the shear
buckling behavior is sensitive to the initial imperfections of the corrugated web in
conventional steel, but it is still unknown how it will be e ected using a new steel
material, so the objectives of this thesis can be summarized in three goals.
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The rst objective is a literature study to identify the most critical parameters that
in uence the shear behavior of the steel girders with the corrugated web.

The second objective is to study the sensitivity of stainless steel bridge girders with
corrugated webs to unavoided initial imperfections. The e ect of both shape and
amplitude of initial imperfection will be investigated.

The third objective is to assess the e ect of corrugation con gurations on the ulti-
mate shear capacity of the stainless steel bridge girders with the corrugated web.

The nal goal is to see if the Eurocode design equations can be used to determine

the ultimate shear capacity of the stainless steel bridge girders with the corrugated
web.

1.3 Limitations

1- In this master's thesis, just the steel girder of a bridge will be researched, espe-
cially shear buckling behavior, with the rest of the bridge components such as the
deck, sti eners, and non-steel components left out..

2- Only a single-span, simply-supported beam will be examined..

3- The in uence of the corrugation bend radius on shear behavior will not be taken
into account..

4- In this thesis, the girder's behavior after buckling will not be explored in depth..

5- Only one type of stainless steel will be investigated, and it will not be utilized as
a study variable.

6- To avoid any unusual load routes, the span ratio will be kept less or near to 3.
7- Only trapezoidal corrugations will be investigated.

8- The ratio of ange thickness to web thickness will be considered equal to or larger
than 3 to ensure shear failure and avoid failure due to ange deformation.
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Literature Review

2.1 Bridge girders with corrugated webs

A bridge girder with a corrugated web varies from the conventional I-beam with a

at web in many ways. As per [14], there are many advantages to using corrugated
web girders (CWGSs). Firstly, shear buckling strength is enhanced in the CWGs over
the conventional at web girders. Secondly, CWGs have shown 1.5-2 times more
shear resistance than the conventional at web girders [14].

Moreover, the webs are typically thin corrugated steel plates varying in thickness
from 1 mm to several millimeters. Thus, because of the weight reduction, CWGs are
considered a more economic option compared to at web girders. Corrugated web
girders are 9-13 percent lighter than sti ened at web girders.[14]. And according
to [30], the weight of CWGs can be nearly 20 percent less than the conventional at
web girders if there is no minimum limit for the web thickness. It is also known that
the CWGs with deeper webs are more economically e cient.

Also, the out-of-plane stiness of corrugated webs provides high stability to the
webs, thus, eliminate the need for transverse sti eners that are commonly used in
at web girders [30], and that leads to better fatigue resistance [7]

2.1.1 Corrugation Shapes

There are several shapes of the CWGs. The trapezoidal shape is the most com-
mon. However, there are other corrugation shapes like sinusoidal, triangular, and
rectangular, as shown in gure 2.1 and gure 2.2.
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Figure 2.1: Typical geometric notations for corrugated web girder from Eurocode

[8]

Figure 2.2: Di erent shapes of web corrugation [7]

According to Sauce et al. [30], sinusoidal web girders require thicker webs due to
global buckling. But at the same time, it gives less weight due to shorter lengths. If
the web's minimum required thickness is not considered, the sinusoidal web girders
can give up to 14 percent weight reduction than the trapezoidal web girders. How-
ever, This percentage decreases if there is a minimum limit for the web thickness.

6
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Even though sinusoidal web girders may save some weight, the trapezoidal web gird-
ers are more common due to the ease of fabrication, as stated by Sauce et al. [30]

2.1.2 Shear behaviour di erences between at and corru-
gated web bridge girders

Many di erences can be observed in the shear behavior of at and corrugated webs.

2.1.2.1 Shear stress distribution

Corrugated webs do not carry bending stresses as at webs. The ratio between the
corrugation depth and the web thickness is typically between (10- 30), which gives
exibility of several hundred to several thousand. This phenomenon is known as the
accordion e ect. For this reason, the corrugated webs can not carry signi cant axial
loads like at webs subjected to the same loading. [7]

Due to the accordion e ect, the bending stresses in girders with corrugated webs
are carried mainly by the anges. On the other hand, the shear stresses are carried
totally by the corrugated webs, and consequently, the shear stress along the web
height is constant.[24]

2.1.2.2 Manufacturing-induced residual stresses

The residual stress distribution in CWGs di ers from conventional I-girders due to
the accordion e ect and di erent welding paths. Membrane residual stresses are
main for at web girders while it is bending stresses in CWGs. [28]

Compressive stresses in anges of CWGs increase due to the transverse bending mo-
ment induced by the manufacturing process. Whereas the tensile residual stresses'
magnitude in the web and the ange of CWGs is similar to the girders with at
webs. Moreover, increasing or decreasing the corrugation angle has no e ect on the
width of the tensile zone of the web in CWGs. [28]

Conventional I-girders, except at the ends, can be distinguished by quasi-stationary
residual stress distribution induced by the manufacturing process. Stresses are vir-
tually equal on the top and bottom surfaces of the anges and on both sides of the
web. Whereas due to the negligible axial sti ness of corrugated webs due to the
"accordion e ect," quasi-zero residual stresses emerge in the corrugated webs. [28]

2.1.2.3 Elastic buckling

Conventional I-girder web plates supported by the ange, and the vertical sti eners

show the well-known local buckling mode. At the same time, the girders with
corrugated webs may show three di erent buckling modes as shown in gure 2.3.
The local buckling in one fold and the global buckling mode in many folds extended
through the web height. The last mode, which is called interactive buckling mode,

7
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is in-between the previous two modes. In this mode, the buckle extends over few
folds.[24]

Figure 2.3: Di erent buckling modes of trapezoidal corrugated webs [18]

2.1.2.4 Shear failure mechanism

In general, the webs in the girders with corrugated webs fail under shear due to
buckling or yielding. Moreover, pure shear along the height of these webs is noticed
in the shear tests and no interaction between the shear and bending [15]. However,
from a study performed by Zhang et al. on large-scale specimens, the ange carries
about 7% of the shear capacity, which shouldn't be neglected [20].

The previous studies have shown di erent results regarding stocky webs. Hassanein
et al. showed that stocky corrugated webs do not reach yielding, while others pro-
posed that the stocky webs may reach yielding [15].

Referring to [24] the conventional I-girders show the formation of plastic hinges in
shear failure. These hinges take place due to the di erence in upper and lower ange
movements that end with the plastic hinge formation. But CWGs don't exhibit such
plastic hinges when there are local or interactive buckling modes.

However, recently Zhang et al. pointed out that in the girders with corrugated
webs, plastic hinges may develop, in such cases the shear failure mechanism can be
divided into three types, quasi-mid section mechanism when the girders are narrow
and exible, girder mechanism for deep and rigid girders, and nally mid-section
mechanism for the girders in between the two previous cases [32]. The three failure
mechanisms are shown in gure 2.4

8



2. Literature Review

Figure 2.4: Dierent shear failure mechanisms of corrugated webs [32]

2.2 Shear strength of normal-strength carbon steel
girders

It has been observed that girders with corrugated webs fail mostly due to buckling.
The shear buckling resistance researches started in 1969 [27]. In the beginning,
only global buckling was considered with considering the corrugated web as an or-
thotropic plate. Many types of research followed, and it was observed that the shear
buckling can be governed by local buckling considering isotropic plate or global
buckling considering orthotropic plate. Thereafter, numerous investigations have
been done, and the shear buckling then divided into three di erent modes of local,
global and interactive[27].

The basic theory behind these researches is using isotropic plate buckling theory for
local buckling and orthotropic plate buckling theory for global buckling[27]. Also,
the basic equation for the interaction of local and global buckling is rstly proposed
by Lindner, and Aschinger [25]. It is shown below in equation 2.1. Changing the
value of n gives the order of the interaction, which means that n=1 gives a rst-order
interaction.

(2.1)
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Table 2.1: Order of interactive mode from di erent authors[25]

Author | Bergfelt and Leiva Yi et al. | EI-Metwally Abbas et al. | Hiroshi | Sayed-Ahmed
n 1 1 2 2 4 3

It is worth pointing out that the di erent authors considered di erent orders of
interaction as shown in the table 2.1 [25]. In addition to other interaction orders,
there might be di erent local and global buckling factors (kL and kG). The local
buckling coe cient, which is related to the buckling within one fold, depends on
the aspect ratio of the fold (w/hw) and the boundary condition between the folds
and between the fold and the anges [30]. However, the global buckling coe cient
depends on the boundary conditions of the web [30].

The annotations used in the following equations are illustrated in gure 2.5

Figure 2.5: Geometric notation of one wave of corrugation [23]

2.2.1 Design shear buckling strength according to Moon et
al. [17]

According to Moon [17], the the design shear buckling strength can be calculated
directly from equation 2.2 and no need to calculate local and global buckling sepa-
rately. This formula is based on a rst-order interactive buckling.[17]

The shear strength of the corrugated web according to Moon[17]

% 1.0 56 06
Cf:§ 1 0614(s 06) :06< 36p§ (2.2)
y
P
- ig D 2<

where ¢ is Shear buckling parameter of corrugated web and is de ned in equation
2.3
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s !

=1:.05 L % 2.3
S KE t, (2.3)

pmp

k, is The interactive shear buckling coe cient and de ned in equation 2.4

_ 30,54
5:34 (h,=t,) *°+5:72 (w=h,)?

(2.4)

ki

y Is the shear yielding stress;, is the critical shear buckling stress.

2.2.2 Design shear buckling strength according to Driver et
al. [23]

Driver et al. [12] propose one formula, 2.6, that include the interaction between
local and global buckling. This formula is also applicable when inelastic buckling or
yielding is dominated.

They also recommend lower bound values for the local and global buckling coe -
cients considering a simply supported juncture.[23]. The value of 5.34 for the local
buckling coe cient and the value of 31.6 for the global buckling coe cient are sug-
gested.

Other recommendations for global buckling coe cients are also suggested[23] when
the web length is relatively large in comparison with the web height. Elgaaly et al.
considered that the web is quite long in comparison with its height and proposed
the value of 31.6 for a simple support and the value of 59.2 for a xed support.
Also, Easely, consider the values 36 for simple support and 68.4 for a xed support
condition respectively [23].

Worth mentioning here that the local buckling coe cient is related to the aspect ra-
tio of the fold and the boundary condition at the juncture with ange. However, the
global buckling coe cient is related to boundary conditions, e.g., for long webs lead
to smaller global buckling coe cient, and the boundary condition at the juncture
with ange [30].

In Driver et al. only elastic buckling is considered. However, if the shear stress is
larger than 0:8 y, the inelastic shear buckling coe cient from Elgaaly et al. which

is equal to 2.5 [30], should be used,[23].

The inelastic shear buckling stress, according to Elgaaly et al. [30] for both local
and global buckling is as follows.

q___
( cr)ine| = 08 y( cr)el y (2.5)
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where shear yielding strength by the von Mises yield criterion is de ned as:

<
I
'?'n
wll=<

Fy is the uniaxial yield strength of the web material.

The shear strength of the corrugated web according to Driver et al.[23] is as follows.

U
2
_ !fj ( crL cr:G)

nD = 2.6
7 ( cr;L)2 +( cr;G)2 ( )

In which the elastic local buckling stress is calculated as follows.

2E tw 2

12(1 v w 27

crL = K

is Poison's ratio
E is Young's modulus of elasticity
w is the maximum of the at fold width and inclined fold width

The elastic global buckling stress is calculated according to equation 2.8

Et%5b1:5

crG — kGF(; ) 121%

(2.8)

In which F(; ), the geometric coe cient, is

W—— I o
da+ )sim 3 +1 O
- +CO0S 2( +1)

F(Go)

(2.9)

where is the corrugation angle and is the ratio of the longitudinal fold width
To reach shear yielding capacity, Driver et al. [12] recommended the following limit
on the slendernessh/t,) where h,, is web depth andt,, is web thickness.

V
u
hy b E '
— 6 191 " — — F(; 2.10
» e oL PO (2.10)
Moreover, to maximize the shear capacity assuming (b/c>1) the ratio of longitudinal
fold to web thickness, the ratio of the longitudinal fold width to the web thickness
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must be satis ed as follows: [12].

S ___
b E
— 6 2586 — (2.11)

2.2.3 Design shear buckling strength according to Sause and
Braxtan. [23]

Sause and Braxtan [23] suggest value 36 for global buckling coe cient kG with sim-
ple boundary conditions and the value 68.4 for xed boundary conditions.

Worth mentioning that these equations are derived on the basis of small-scale gird-
ers with very thin webs (smaller than 1mm). Meaning that the stress-strain relation
and the initial imperfections due to the fabrication and welding process could be
considerably di erent from real bridge girders[23].

The shear strength of corrugated web according to Sause and Braxtan [23] is given
in equation 2.12.

T (a2 242

The interactive slenderness parameter can be calculated from the equation below
using n=3 is given as

kn = L G — + — (2.13)

The local slenderness parameter is calculated as follows

s
_ 121 v yw

c ToE L (2.14)

The global slenderness parameter

\
u

_¥ ing
7 keF(; )EtISHts

(2.15)

is the ratio between longitudinal fold width to inclined fold width. Values of 1 to
2 are commonly used [30]. is the corrugation angle. Values of 30 and 45 degrees
are commonly used [30].
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2.2.4 Design shear buckling strength according to Hassanein
et al. [23]

Hassanein et al. proposed an interaction formula between local and global buckling
considering a xed juncture between the ange and the web with n=0.6.

They recommended the value of 8.98 for the local buckling coe cient and the value

of 59.2 for the global buckling coe cient. These values are the upper bound since
the juncture is considered to be xed.

It is worth to point out that Hassanein et al. concluded that the juncture between the
web and ange can be considered xed i{t; =t, > 3:0). However, if (t; =t,, < 3:0),

a simply supported juncture should be considered with changing the interactive
formula with n=0.6 to a rst order interaction with n=1 [27]. Also, the value of
5.34 for the local buckling coe cient and the value of 31.6 for the global buckling
coe cient[30] should be taken into account.

The elastic local buckling stress is calculated Same to equation 2.7

The elastic global buckling stress is calculated as follows

0:25 0:75
DY?D

~ =k 2.1
cr,G G twh\%, ( 6)
The transverse bending sti ness per unit length is calculated as follows
_ 9 Et
x5 o (2.17)
The longitudinal bending sti ness per unit length is calculated as follows
El
Dy= —~ (2.18)
q
The second moment of area is de ned as
|
2
twh?
ly =2bty, — + ' 2.19
Y W 6sin (2.19)

The shear strength of the corrugated web according to Hassanein et al.[23] is de ned
as

crl; 0:6 = OZ;L ene e & (2.20)
( cr;L) ' +( cr;G) oo
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2.2.5 Hassanein et al. also proposed interactive equations
for Driver and Sause equations [23]

The shear strength of the corrugated web proposed by Hassanein et al. based on
Driver equation[23] is de ned as the following equation.

n:D; 0:6 — crl; 0:6 (2.21)

The shear strength of the corrugated web proposed by Hassanein et al. on Sause
and Braxtan equation[23] is de ned as follows.

1

—_— 2.22
g ( I;O:(S)6 +2 ( )

n;S;0:6 —

The proposed interactive slenderness factor for Moon equation is calculated as
below[23]

1;0:6 = Y (2.23)
crl; 0:6

2.2.6 Shear resistance for plate girders with corrugated web
according to Nie et al.[18]

Recently Nie et al. performed a shear test on eight steel H-shape girders with cor-
rugated web and derived a new equation for elastic shear buckling strength through
an extensive parametric study[18]. Then nonlinear buckling analysis is performed
to assess the e ect of initial imperfection on shear strength, and a proposed relation
between the normalized shear strength with shear buckling slenderness ratios is
established[18].

Elastic shear buckling strength according to Nie et al.[18] is calculated as follows.

8
0:0229 2.
_ S B( e genf) 0109 ¢+ B( Lot o) L_'el.f) Lel Lol < 1109 g
el = . L;el» G;els

(2.24)

f (b=h;h=t) =[0:06 (h,=t) + 0 :68]hQ:28(b:k)2 5:95(b=h +1 :63i (2.25)

15



2. Literature Review

q
B (e ceinf)= *A( Ll gennf) 0:00313, +0:0728 g 2y (2.26)

A( Lels cenf)= 0:00313, 0:0728 g, 2 ’ 1:2 105 @ (2.27)

The shear strength for the corrugated web proposed by Nie et al. The three buckling
modes are considered in the equation 2.28.

8
gl 0:328 2 s 075

= 0:137 2+0:9122 211 ¢+1:94 Q75< s 187 (2.28)

?

mN"“

s> 1:.87

Where the normalized shear strength is calculated as follows.

=< (2.29)
y

And the shear buckling slenderness ratio
S

= X (2.30)

el

Due to the corrugation, the shear modulus needs to be modi ed to consider the
reduction of shear sti ness [24]. The elastic shear modulus suggested by Johnson
and Ka ola for corrugated webs gives good agreement with the test results [18].

|
E b+ d

Ce=2a+v) b+ (2:31)
Where b, ¢, d are shown in gure 2.5
The local elastic buckling shear stress is de ned as follows.
=k E (2.32)
LT M2 vy (wet)2 '
The global elastic buckling shear stress is de ned as follows.
| |
_ Et¥h32 p+d Y 3p+c
Gel = Ko 1on2 bt C bt d (2.33)
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The local buckling coe cient for simple juncture is de ned as follows.

Ki.s = 5:34 + 4:0( h=w)? (2.34)

The local buckling coe cient for xed juncture is calculated as follows.

k.t = 8:98 + 5:6( h=w)? (2.35)

The global buckling coe cient for simple juncture is calculated as follows.

Kg:s = 1:2747( hra)® + 0:7603( hra) + 34:176 (2.36)

The global buckling coe cient for xed juncture is de ned as follows.

ke =3:05450=a)2 0:0231f=a) + 64:195 (2.37)

2.2.7 Shear resistance for plate girders with corrugated web
according to Leblouba et al.[13]

The shear strength proposed by Leblouba et al. , using Richard's equation, is based
on a statistical study of 125 previous tests with twelve new conducted experiments
[13].

The shear strength of the corrugated web proposed by Leblouba et al. [13]

1
M 1-— 16 115 (238)

I; 4
1+ 1:58

Where the slenderness ratio

m= —L (2.39)
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The interactive shear buckling is shown in equation 2.40. The factor u is equal to
zero when considering local and global buckling only and equal to an integer value
when shear yield stress is also involved [13].

11 1 u
DO AR ek (2.40)

The model has been adjusted by Leblouba et al. according to 2.41 using Hill's
hyperbolic equation. The improved model gives better prediction to shear strength
comparing to the collected test data [16].

M 2= —————= (2.41)

2.2.8 Shear resistance for plate girders with corrugated web
in Eurocode [8]

. The basis of the Eurocode equation is Hoglund's work [14]. H6glund suggests that
the interaction between the local and global buckling is weak, and considering them
separately is su cient[14]. Thus, Eurocode consider two separate checks for local
and global buckling and select the minimum of them.

Kodvesdi and Kollar [27] mentioned that Leblouba et al. [14] who compared the
models from the existing analytical model that estimated the shear strength and a
database of 125 test results and found that the formula EN 1993-1-5 is conservative
and accurate regarding local and global shear buckling design of girders with corru-
gated webs.

The design rules of sinusoidal and trapezoidal corrugated web girders are given in
section 13 EN 1993-1-5 [8]

The notations in Eurocode equation is shown in gure 2.6
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Figure 2.6: Geometric notation of a. Flat web b. Corrugated web [27]

The shear buckling resistance of corrugated web girders according to Eurocode [8]
is de ned as follows.

fywh
Voo = —pLw (2.42)
3 M1
where the reduction factor . =min( ¢; cg) (2.43)

The local reduction factor is de ned as follows.

11
S LR (2.44)
Y 0; 9+ c;

where local slenderness factor is de ned as follows.

=t (2.45)

The global reduction factor is de ned as follows.

1.5

C, =
9 05+ Zq

1.0 (2.46)
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Where global slenderness factor

cg = t % (2.47)

The critical local shear stress is de ned as follows.

(O
~ =4;83 2.48
- Bmax (2.48)
The critical global shear stress is de ned as follows.
crg = 322 “DyD2 (2.49)
twhZ
For sinusoidal corrugated webs,,- should be calculated from
! 2 2
a; 56 s E tw
e > Nutw 12(1 v?) s (2.50)
The longitudinal bending sti ness per unit length is de ned as follows.
Et3 w
- = 2.51
121 v s (2.51)
Where w is the length of one half wave.
S is the unfolded length of one half wave.
The transverse bending sti ness per unit length is de ned as follows.
El E tyas +
p,=Elz-E W& 3 a+a (2.52)

W 12 ay+ ay

2.3 The parameters that a ect shear buckling strength
The shear buckling strength of the bridge girders with corrugated webs is a ected by

many parameters like the geometry of the corrugations like the depth and the width
of the folds, the boundary conditions between the fold and between the web and the
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anges, the aspect ratio of the web and the aspect ratio of the fold, the thickness
of the web and nally the inevitable initial imperfection due to the manufacturing
process.

2.3.1 Corrugated web con guration

According to Nie et al. the the shear strength is not related to the corrugated
con guration when the inclined and at folds are equal and the parameters that
a ect elastic shear buckling arehP, hT Gels locatel [18] where b is at fold length in
corrugation, h is trapezoidal corrugated web height, t is trapezoidal corrugated web
thickness, h, is the corrugation depth, jcael and .o IS the the elastic local and
global shear buckling strength respectively.

2.3.2 Corrugation depth (corrugation angle )

According to the parametric study that has been done by Hassanein et al. on HSSs
for small corrugation depths (50 to 100mm) the ultimate shear capacity increases
signi cantly [24]. However, with larger corrugation depths (150 to 300mm) the in-
crease in ultimate shear capacity becomes insigni cant and can be neglected [24].

It is been observed that increasing the corrugation depth decreases the possibility to
form shear plastic hinges in HSSs. That is due to the increase of the ange rigidity
and larger shear capacity, which prevent any di erence in the de ection between

lower and upper anges, which is the main cause for forming plastic hinges in the
at web girders[24].

Pointing out that for HSSs and NSSs, using corrugation angle less than 30 degrees
where the web is closer to at are results in global buckling mode. To avoid the
global buckling mode, an increase in the corrugation angle is suggested. That will
change the buckling mode to interactive and local buckling mode.[24] and [30].

To point out here that the global buckling governs the shear failure only in deep, thin
webs with small corrugation depths. Otherwise, the shear yielding is dominaterd[30].
The girders with trapezoidal corrugated webs have residual shear strength about
half of their capacity[14]. Hassanein demonstrated that increasing the depth of
the corrugations in HSSs also results in a higher residual shear capacity beyond fail-
ure. However, initial sti ness is not a ected by increasing the corrugation depth[24].

2.3.3 Web height

According to the parametric study that has been done by Hassanein et al.[24] on
HSSs, the increase in web depth increases the ultimate shear strength signi cantly.
However, that is accompanied by a decrease in the ultimate shear stress. Thus the
smaller depth is more e cient in terms of material usage. Moreover, the corrugated
webs fail suddenly under buckling; however, it is observed that a considerable resid-
ual shear strength after buckling. This can improve the brittle failure after buckling.
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The post-buckling residual strength increases with decreasing the web height also
[24].

Worth mentioning here that the parametric study by Hassanein et al. [24] on HSSs
considered each parameter at a time and did not take into account the interaction.

2.3.4 Web thickness

From the parametric study provided by Hassanein et al. on HSSs considering one
parameter at a time, the increase in the web thickness increases the ultimate shear
load as in increasing the height. However, increasing web thickness means to increase
the web area, and through a comparison of the e ciency of using many thicknesses,

it was observed that the e ciency decreases with larger web thicknesses. Thus,
smaller web thicknesses give higher shear capacity, but less economical solutions
[24].

2.3.5 Flange width and ange thickness

Hassanein et al. [25] investigated the e ect of ange width and founded that the
ange width has a negligible e ect on shear behavior of girders with corrugated webs
[25].

To add here that increasing the ange thickness increases the ange stiness and
thus increases the residual shear capacity [32]

2.3.6 Initial imperfection

Bridge girders with corrugated webs are usually designed in a conservative way,
and that is due to the lack of data about the real initial imperfection of the folds,
imperfection in the geometry of the corrugated webs, the radius of the bend between
the fold, and also the imperfection due to residual stresses [23]

The amplitude and shape of the initial geometric web imperfections play a major
role in the shear strength and behavior of corrugated web steel girders. For exam-
ple, it was observed that the FE results obtained by hassanein et al. [23] are higher
than the corresponding experimental ones conducted by Elgaaly et al. to study the
behavior of steel beams with corrugated webs under shear [23]. The existence of
inevitable out-of-plane initial imperfections in the specimens was the reason for this
di erence.

Furthermore, in the experiments performed to analyze the shear behavior and strength
of corrugated steel webs, Moon et al. [23] calculated the initial imperfection mag-
nitude. It was observed that the initial imperfection had a maximum magnitude of
17.9 mm. Although the experiments were carried out using large-scale specimens, it
was reported that the web thickness of the test specimen (4 mm) was comparatively
smaller than that used for the real bridges[23].
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This is one of the reasons for the extensive study of initial imperfection. Also, the
extent of the real bridges' initial imperfections could be smaller than that of their
study. Therefore, it is concluded that further analysis should be carried out on the
initial imperfections of actual corrugated web bridges [23].

In addition, the results of FE studies performed by Driver et al. [23], showed that
considering the lower bound assumption of simply supported edges at the web panel
boundaries, the shear strength is overestimated, at least in one part of the web folds,
due to the sensitivity of the shear behavior to the existence of initial imperfections
in the web.

2.3.6.1 Imperfection amplitude

Sause et al. [30] studied the change in the normalised shear strength with the nor-
malised amplitude of the out-o-plane imperfection. An imperfection amplitude up
to 10% oft, the shear buckling capacity reaches yielding shear strength. How-
ever, increasing the imperfection amplitude decrease the shear buckling strength
signi cantly[30].

Hassanein et al. suggested that an imperfection magnitude equal to the corrugated
web thickness {,) is realistic considering the size of the panels in the webs of bridge
girders[23].

An amplitude of (hw/200) is suggested by Yi et al. [27] as a realistic amplitude
for the imperfection considering the interaction order of n=0.7. It is observed that
when shear buckling controls, the e ect of the amplitude of initial geometric im-
perfection can be neglected on the post-buckling behavior. However, the geometric
initial imperfection amplitude becomes critical on the post-buckling behavior when
the yielding controls [27].

From a study performed by Kollar and Kévesdi [26], providing virtual manufactur-
ing to verify the deformation and residual stresses with the test results and use them
welding as input for virtual testing to nd the resulted shear buckling resistance,
the imperfection amplitude suggested by EN 1993-1-5:2006 (hw/200) to calculate
the shear buckling strength is applicable but needs more investigation [26].

On the other hand, Kollar and Kovesdi [27] applied virtual manufacturing tech-
nigques to simulate the residual stresses and deformation due to the manufacturing
process, considering di erent web thicknesses (3mm, 2mm, and 1.2mm), presented
that the residual stress in the corrugated webs can be neglected and the realistic
imperfection amplitude is much smaller tharh,,/200 suggested by EN 1993-1-5:2006
[27]. Thus, Kollar and Kovesdi suggested a more advanced modeling that takes into
account the real initial imperfection [27].

To point out here that, according to Kollar's virtual simulation of the manufactur-
ing process, with increasing the corrugation angle (from 30 to 45 to 60 degrees) the
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imperfection amplitude of (hw/200) gives very close load-displacement curves from
virtual manufacturing and equivalent amplitude of (hw/200) [26].

2.3.6.2 Imperfection Shape

The shape of imperfection has a considerable e ect on shear buckling strength. Sause
et al. [30] performed a parametric study for the e ect of the shape of imperfection
where the imperfection amplitude is kept constant (0.1 *tw) and the shear strength

is compared with di erent buckling mode shapes. It is observed that the shear ca-
pacity increases with the buckling mode number. Meaning that the rst mode gives
the lowest capacity [30]. The same conclusion has been reached by Driver et al. that
the most critical mode is the rst mode [12].

The shape of deformation after the manufacturing process was observed to be a sine
wave function [27]. However, the location of the maximum de ection between the
experiment or real bridges can be di erent from what to be modeled in numeri-
cal analysis, and also the shape of out-of- atness could be di erent from simulated
eigenshapes, which could lead to some deviations [12].

2.3.6.3 Shear buckling strength and shear yielding strength as a function
shear slenderness

According to Nie et al., the shear strength of trapezoidal corrugated webs is cor-
related to the shear buckling strength and shear yielding strength [18]. Moreover,
referring to EN 1993-1-5, Johansson et al. propose that with a slenderness ratio
lower than 0.25, the girder's web can reach yielding shear strength (stocky) [14].

When the shear buckling strength less than the shear yield strength i.e. the shear
slenderness is high (e.g. a=h=20q, gure 2.5), the shear strength after buckling
becomes less sensitive to the existence of initial imperfection. Due to the stability of
the boundary conditions, the membrane e ect of the web is fully established, mean-
ing that after the shear buckling strength of the web is reached, the shear loading
capacity will also continually increase.

However, when the shear buckling strength is higher than the shear yield strength
(e.g. a=h=8q), the shear strength becomes more sensitive to the existence of initial
imperfection [18].

2.3.6.4 Imperfections con guration

To propose a design formula for shear buckling, a parametric study should be per-
formed base on linear buckling analysis to nd a suitable elastic buckling strength.
Thereafter, a nonlinear buckling analysis should be performed to assess the sensitiv-
ity of shear strength to unavoidable initial imperfection and propose a safe design

24



2. Literature Review

formula [18].

Material and geometric nonlinear analysis associated with de ning the imperfection
should be performed to analyze the bridge girder with corrugated web, especially
when the buckling controls the design[27].

According to Kollar and Kévesdi there are many possibilities to de ne the imper-
fection in the analysis [27] as shown below:

1- De ning sine wave function as observed after manufacturing process and include
the initial imperfection as an equivalent amplitude for the geometric and residual
stresses due to manufacturing.[27]

2- Considering suitable eigenshapes as buckling shapes and implementing an equiv-
alent amplitude for geometric and residual stresses due to manufacturing. This
method usually gives safe results.[27]

3- Using the conception of Collapse-a ne, where a collapse mechanism is de ned
on the basis of experimental results or previous analysis to de ne the shape of the
collapse. Then updating the initial geometry depending on the de ned imperfect
shape.[27]

4- Considering suitable eigenshapes with amplitude of 80% of experiment imper-
fection measurements accompanied with mean values of residual stresses as stress
pattern.[27]

5- Performing a numerical fabrication simulation to extract the exact displacement
with exact residual stresses (as performed by Kollar and Kovesdi [28] . Then im-
plementing the real values of manufacturing imperfection in the analyzing model.[27]

2.3.7 Combined parameters

Previous parameters were considering one dimension at a time. However, Hassanein
et al. [23] proposes four combined parameters and suggest that these parameters
are the most e ective parameters on the shear strength of corrugated web girders
[23].

1- Corrugation depth to web thickness ratio ( h/ty)

The ratio has value of (14.58 to 29.17) [23]. Hassanein et al. proposed that decreas-
ing h,/t, associated with lowh,,/t,, ratio results in global buckling[25]. However,
the interactive buckling mode was mainly a ected by the ratioh,/t,, and b/h,,. It

is observed that the interactive buckling mode was associated with large values of
b/ h,, (around 0.203) and various values fon,/t,, [25].

To point out here that the minimum value for the ratio h,/t,, is 10 in order to satisfy
the geometric sti ness that are recommended by Easley for girders with corrugated
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webs [25].

For small values of the ratioh,/t,, as 10, decreasing the web height results in a
considerable increase in critical shear stress. However, with large values for the ra-
tio h,/t, like 30, the di erence in critical shear stress is negligible for di erent web
depths [25].

2- Width of the at panel to web depth ratio (b/ hy)

The ratio has value of (0.135 to 0.2) [23]

Hassanein et al. found that an increase in the ratio I, results in an increase of
the critical shear stress, and this increase becomes larger with thicker webs [25].
However, it is suggested that the ratio bh,, should be less or equal to 0.2, and that
is applicable for boundary conditions that are xed or simply supported[25].

3- Aspect ratio of the web panel (a/ hy)

The ratio has value of (2 to 3) [23]

This is also called the "Shear span ratio" &f,, and it resembles the ratio between
the shear span and the web height. While Hassanein [23] considers it as one of the
most e ective parameters, Nie et al. suggest that the shear strength is not related
to the shear span ratio[18].

Hassanein et al. found that increase the ratio &/, results in an increase of the
critical shear stress for the sam@&. Meaning that the most critical case is where
this ratio equal to unity[25].

4- Web plate slenderness ( hy/ ty)

The ratio has value of 133 to 400 [23]. Hassanein et al. observed that increasing
the plate slenderness lead to a reduction in critical shear stress for various web
thicknesses [25]. It is also observed that there is a limit (hw/tw=150) beyond which
the reduction of critical shear stress becomes negligible[25].

It is noticed by Hassanein [25] that local buckling takes place when the rathg,/ t,,

> 250 associated with the plate width to thickness of bi,,=54.

5- Flange thickness to web thickness ratio

According to Hassanein et al. [25], the ratio between the ange thickness and the
web thickness plays a major role in the failure mechanism of the girder. Itis proposed
that the girder fails under shear when the thickness of the ange to the thickness
of the web is larger than three, where the ange provides support that rigid enough
to x the juncture between the ange and the web. On the contrary, when the
mentioned ratio is less than three, the girder will exhibit a failure due to ange
deformation, and the juncture is close to simple support. [25]

2.3.8 Corrugation geometry

Parameters in uencing interactive shear buckling need to be identi ed to predict in-
teractive shear buckling behaviour. As seen in gure 2.7, the geometric parameters
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of a corrugated web are a, d, t, h, ¢, and. In the bridge structure, the width of the

at panel(a) is nearly equal to the width of the inclined panel (c). With taking an
equal to c, the geometric parameters are reduced to just ve aorc, d, t, hand In
this case, The critical stress for a wider variety of steel is similar to the yield stress.
The local buckling strength stated in equation 2.7 suggests that all the sides of the
panels are simply supported[19]. It is possible to rewrite that equation as follows:

Figure 2.7: Notations used by Yi et al. [19]

c = s34e4 0 B U7

criL H 12(71 V2) a (2.53)

Since a/h is a very small ratio for a typical corrugated web, 0.1-0.2, so it can be
neglected in the equation 2.53 and it becomes:

e _ 534°E 2

t
L= —T = 2.54
ik T 12(1 v?) a (2.54)

The elastic global buckling stress given in Equation 2.16 can be expressed as follows:

" Has
1 (d=t)2+1 t 2
E —_ JR—
ac =36 E 20 v2)]1=4 5 H (2.55)
where
a+b
= 2t C (2.56)
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The corrugation angle is between 258-35°and in case a=c, the variable can be
account as a constant due to the very small changes which are less than 5 percent.
The theoretical global shear buckling strength can be simpli ed with less than 1
percent di erence if d/t is greater than 8.66, as given below:

t
66=Cs — e (2.57)

Where Cg is constant and it is equal to

_ 5045E
G

T (2.58)

Previous experiments have shown that the ratio between elastic local and global
buckling strengths in uences interactive shear buckling. The ratio can be expressed
as follows:

E 5 15
. a d
C=c - - (2.59)
criL h t
where:
36E 1 i PR
o= So o T MO g6y 20 V) (2.60)

As seen earlier, the coe cient, C,, has only one geometric parameter which is
almost constant. Therefore, it can be get that only the geometrical parameters a/h
and d/t in uence the interactive shear buckling strength. [19]

2.3.9 Recommendation from literature

According to the static analysis that has been done by Leblouba et al. on a wide
range of dimensions of corrugated web girders, there are some limits where the pa-
rameter has no e ect on shear strength [15] illustrated below.

1- E in range (190 to 210 GPa) has no in uence on shear strength.

2- Fy (360 to 490)

3- hw (1080 to 1315)

4- (1.51t02.21)

5- Corrugation angle (33 to 45)

28



2. Literature Review

Also, Leblouba et al. point out some geometrical recommendations for the corruga-
tion as shown below [14].

1- < 22 degrees. However, Lindner and Huang suggestion isshould not be less
than 30 degrees.

2 Adjacent folds must adequately support each other along the fold line to fully
mobilize the local buckling shear strength > 1.13

3 When > 1, the longitudinal folds are wider and more likely to local shear
buckling.

2.3.10 Summary

The previous sections provide a review of shear buckling behavior for stocky and
slender girders from di erent sources, including numerical and practical tests, and
a summary of the studied parameters with their e ect on shear buckling behavior is
presented below. Due to the complexity of de ning the interaction between the var-
lous a ecting factors besides the exact value for the initial imperfection amplitude,
a numerical parametric study is the most e cient way. Referring to the annotations

in gure 2.5

2.4 Stainless steel

Stainless steel is an e ective alternative to traditional carbon steel if there are cri-
teria for corrosion resistance, as it was invented more than 100 years ago. Stainless
steel has been widely used in steel bridges.[3] More attention has been paid to life
cycle costs in recent years, not just concentrating on investment costs. Stainless
steel is more expensive than carbon steel, but it is still a decent choice with lower
prices for possible repairs and renovations. In addition, stainless steel at the end
of its life cycle is entirely recyclable, creating a new demand for civilian structures [3].

The strength properties of stainless steels are strong, such as carbon steels, see sec-
tion 2.4.2 which indicates that their use in bridge construction is acceptable.[3] The
steel is classi ed as stainless steel if the chromium content is at least 10.5 %. Due
to their transparent passive surface of chromium oxides which are formed on the
surface when oxygen is present, stainless steels are self-healing in several respects.
With increased chromium content, its protection against corrosion improves.[3]

Four major steel types are subcategorized in the material; ferritic, martensitic,
austenitic, and duplex (Stalbyggnadsinstitutet, 2017). Due to their high resistance

to corrosion, formability, and high strength, Duplex and Austenitic are more suitable

for bridge applications.[3] The chromium content, which determines the corrosion
resistance, is one of the di erences between the four types of stainless steel. The
choice of steel depends on the setting in which the structure will be installed, the
investment cost, and the strength needed.[3]
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Table 2.2: Summary of the most in uencing parameters of bridge girder on shear
behavior
Ref. Method Parameter(s) Parametric study Result E ect
Hassan . o : Signi cant
. Imperfection Initial imperfection has
Abbas and | Experiment . - ; e ect on shear
. amplitude signi cant in uence.
Driver strength
Imperfection Increasing the imperfection | Signi cant
FEM amp litude amplitude decrease the shear| e ect on shear
P buckling strength signi cantly | strength
( o/ y) relationship is
Nie et al Experiment ::gizfﬁjar;t(i?n unrelated to the corrugated Unrelated to
' P con urati?)n @ con guration (q) and shear shear strength
9 q span ratio (a/hy)
The ultimate loading capacity
1) Initial decreases signi cantly at the | Signi cant
FEM imperfection descending stage where e ect on shear
2) (&/ q) shear buckling occurs after strength
yielding (a=h=8q)
Increasing bh,, change the
mode from global to local.
Increasingh,/t,, change the
1) b/ hy, Change
mode from global to local. )
2) h,/ty : buckling mode
Increasing both parameters
together fasten the change of
mode from global to local.
_relationship is
1) tw unrelated to the corrugated Unrelated to
2)q . shear strength
con guration (q)
is insensitive to initial
imperfection when
> 2;3duetomembrane
e ect.
Initial (represents shear strength) Signi cant
imperfection decreases fast when e ect on shear
P between 0,75 and 2,3. strength
In this range there is the
largest e ect of initial
imperfection on shear
strength.
and relationship
Shear Span is unrelated to Unrelated to

shear span ratio

shear strength
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Ref.

Method

Parameter(s)

Parametric study

Result E ect

Kollar
and Kovesdi
2018

Experiment
and FEM

Alpha on
initial
imperfection

The maximum di erence is
observed for corrugation
angle of 60, which is

80 m/m and it is within
the tolerance according to
the sensitivity analysis.
The virtual testing and

the experiment give good
agreement with the three
angles, so initial imperfection
is not related to the

angle, Imperfection of
hw/200 is applicable

but needs more research

Alpha unrelated
to initial
imperfection

FEM

Alpha

Shear strength increases
with increasing of Alpha

Normal e ect
on shear
strength

Hassanein
et al. 2017

FEM

1) tw
2) hw

1) Increasing web thickness

and height leads to signi cant increase

in yielding region in the Web, thus
raises the strength of the girders.
2) Small web thicknesses are more
economical,

3) smaller web heights have

higher post buckling strength

4) Smaller hw is more e cient

Signi cant
e ect on shear
strength

hr (Alpha)

Increasing corrugation depth (hr)
decrease the possibility of PHs
which only become visible in
global shear failure due to
increased rigidity of anges
besides the higher shear strength
that does not result in di erential
de ection between upper and
bottom ange to form PHs.
Increasing hr increases shear
strength considerably.

Signi cant
e ect on shear
strength

Jongwon Yi,
Heungbae Gilb

FEM

1) b/hw
2) hritw

1) When b/hw ratio increases,
t.global/t.local increase which
means local buckling

(Not mentioned in the paper).

2) When hrl/t ratio increases,
t.global/t.local increase which
means local buckling

(Not mentioned in the paper).

3) The elastic buckling analysis
results showed that the interactive
shear buckling mode and strength
was not in uenced by material in
elasticity or yielding, but rather by
the geometry of the corrugated
plate.

Change
buckling mode
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range [190 210] GPa

Ref. Method Parameter(s) | Parametric Study Result E ect
1) Increasing Alpha leads to
Moussa 1) Shear span increasing shear strength
Leblouba, P and better usage of material | Normal e ect
. (a) .
Samer Expirement strength and shear capacity. on shear
2) hw .
Barakat, 3) Alpha 2) shear span doesn't have strength
2019 P an e ect the shear
strength
. 1) hr/tw Decrease thickness result
Hassanein . . Normal e ect
2) b/hw in web initial
and Kharoob | FEM : I on shear
2013 3) a’lhw sti ens decrease, initial strenath
4) hwitw imperfection=tw 9
1- b and tw are mostly a ect
then hw
2- E in range (190 to 210 GPa
Moussa has no in uence
Leblouba, 1) Shear span Signi cant
. 3- Suggested ranges where the
Samer Expirement | 2) hw e ect on shear
Barakat 3) Alpha parameters has no e ect strength
2019 ' Fy (360 to 490)
hw (1080 to 1315)
beta (1.51 to 2.21)
Alpha (33 to 45)
Longitudinal fold b and tw are
Moussa . .
Leblouba the most in uential,
' . followed by hw, then the rest | Signi cant
Samer Experiment )
hw of the parameters; e ect on shear
Barakat and FEM o
. the modulus of elasticity E strength
and Zaid Al- . : . .
is nonin uential within the
Saadon

32




2. Literature Review

2.4.1 History of stainless steel in general

In the 19th century, many researchers in many countries worldwide, such as England,
Germany, and the United States, conducted studies and experiments on iron alloys
and various amounts of chromium, nickel, and carbon. Under certain conditions,
alloys with more chromium often proved to be much more resistant to corrosion
than carbon steel.[10]

Harry Brearley from She eld, UK, developed the basic concepts of what would
become known in 1926 in Canton, Ohio, as the stainless steel method. It was a
method of making stainless steel with low carbon chromium that seemed to be
much cheaper than the current process of making the material to be used with low
carbon ferrochrome. The term stainless iron at that time applied to what is now
called ferritic stainless steel. [10]

Until 1930, martensitic, ferritic, and austenitic were the three grades of stainless
steel. For various factors, the austenitic grades, such as 18-8, became the most
popular: their ease of processing, manufacturing, and welding and their superior
corrosion resistance in most environments. On the other hand, the austenitic al-
loys were signi cantly more expensive and vulnerable to intergranular corrosion and
stress corrosion cracking than the martensitic and ferritic grades.[10]

Further changes in stainless steel occurred at a relatively rapid rate after the rst
discovery. Elwood Haynes received a patent for martensitic stainless steel in 1919.
William J. Kroll from Luxembourg was the rst to discover precipitation hardening
stainless steel in 1929, and Avesta Ironworks rst manufactured duplex stainless
steel in Sweden in 1930. [10]

Avesta Ironworks developed two ferritic-austenitic alloys in Sweden to reduce the
intergranular corrosion problem that was common with the austenitic alloys. Grade
453E, which was a chromium-nickel alloy, and grade 453S, which was the same as
grade 453E but also included 1.5% molybdenum, were developed by Avesta.[10].
These alloys had about the same carbon content (0.1 %) as the austenitic grades
but show improved corrosion resistance between the borders. They also had equiv-
alent or greater resistance than the austenitic grades to uniform corrosion.[10].

Payson and Harrison documented the positive e ect of duplex microstructure con-
cerning intergranular corrosion in 1932 and Lindh in 1934. For all corrosion-resistant
materials, duplex stainless steels have some of the highest strength levels. The me-
chanical properties are strengthened by balancing the structure to be about half
ferrite and half austenite, with the improved mechanical properties contributing to
the ferrite. These new alloys have been the subject of a lot of recent research..[10].

By the time, just as various structural and engineering carbon steels meet di erent

criteria for strength, weldability, and hardness, there has also been a large variety of
stainless steels with varying levels of resistance and strength to corrosion.[31] The
properties of stainless steel are the result of controlled alloying element additions,
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each of which a ects mechanical properties and the ability to withstand various
corrosive conditions. Choosing stainless steel that is adequate for the application
without being overly heavily alloyed and expensive is essential.[31]. A clear and
strongly adherent coating of chromium-rich oxide spontaneously forms on the sur-
face of stainless steel with a combination of a chromium content above 10.5%, a
clean surface, and exposure to air or some other oxidizing environment[31]

In the presence of oxygen, if scratching or cutting damages the surface, it reforms
instantly. Although the surface is very thin, it is both stable and non-porous, around
5x10-6 mm.[31] As long as the stainless steel is adequately corrosion resistant for the
service environment, the atmosphere will not respond further. It is called a passive
Im for this purpose. The structure determines this passive layer's stability, the
surface treatment of the stainless steel, and the corrosiveness of its surroundings. If
the chromium content increases and is further strengthened by alloying molybdenum
and nitrogen additions, its stability increases.[31]

2.4.2 Mechanical properties

2.4.2.1 Stress-strain behaviour

For stainless steels, the stress-strain curves dier from traditional carbon steels.

In carbon steel, there is a linear elastic behavior to the yield strength where plas-
tic deformation occurs [3]. As shown in gure 2.8, the change for stainless steel
Is smoother, and due to strain hardening, stainless steel deviates earlier from the
linear elastic behavior with no de ned yield strength.[3]. The stress-strain curve
has a constant slope. Until the yield point for standard hot-rolled carbon steels,
the slope gradually decreases for cold-formed carbon steels and stainless steels after
the stress of proportionality are reached and yielding starts, as seenin gure 2.8. [3].

For stainless steel, the yield strength is generally determined by the stress cor-
responding to 0.2 % of the permanent strain but also depending on the element
thickness. The nominal values for test strength and nal strength are given in table
2.3. According to the recommendations from the Swedish Transport Administra-
tion, the proposed steel qualities are based on recommendations for corrosivity class
C4. [3]

2.4.2.2 Factors a ecting the stress-strain behaviour

Stainless steel is more complicated than carbon steel, and the production process has
an in uence on its properties. Many factors a ect the curve of stainless steel.[31].
Cold working Stainless steel resides in the annealed condition, i.e., it has been heated
up, maintained for some time at that temperature, and then quickly quenched. The
material is given back to a soft and workable state by Annealing. Cold working
improves stainless steel's strength grades during fabrication, especially austenitic,
by increasing the strength of the stainless steel, a reduction in the ductility happens.
However, due to the initial high ductility values, especially for austenitic stainless
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steels, this usually has a slight e ect. Material can be purchased in a cold-working
condition.[31]

As stainless steel is cold-worked, tensile and compressive behavior and anisotropy
tend to exhibit increasing non-symmetry. The longitudinal direction's compression
strength is lower than the tensile strength in both the transverse and longitudinal
directions for cold-worked material. Therefore, in the choice of design strength for
cold-worked material, care is required. Stainless steels can be purchased in a cold-
working condition (see table 2.4).[31].

2.4.2.3 Strain-rate sensitivity

Strain-rate sensitivity in stainless steel is more obvious than in carbon steel. At
rapid strain rates, a proportionally higher strength can be achieved for stainless
steel than for carbon steel.[31]

2.4.2.4 Strength of stainless steel

The characteristic yield strength fy and characteristic ultimate strength fu are taken
in design calculations as the minimum values for the 0,2% test strength and tensile
strength (Rm) speci ed in EN 10088-4 and 5 as shown in table 2.3. These values
apply in the annealed state for stainless steel.[31]

With cold forming, both austenitic steel and duplex steel have higher strength prop-
erties, even if some ductility is lost. However, stainless steel is a ductile material,
so there is no concern about the potential lack of ductility. In addition, the cold
forming of the substance is reversible at some point in its service life. The original
properties can be restored by annealing.[3]

2.4.2.5 Modulus of elasticity

The young's modulus of elasticity E is the slope of the initial portion of the stress-
strain curve and a key parameter determining the deformation of the structural
members of stainless steel and the sti ness of the stainless steel frameworks, as well
as their strength when modes of instability control failure. [3].

A value of 200 kN/mm2 for the modulus of elasticity of all stainless steels is recom-
mended for structural design. The Secant module is more suitable for estimating
de ections. For Poisson's ratio, a value of 0,3 can be taken, and 76,9 kN/mm2 for
the shear modulus, G.[31]
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Figure 2.8: Stress-strain curves for di erent stainless steels and Carbon steel[31]

2.4.3 Suitable stainless steel for structural applications

Stainless steel is classi ed into the following ve basic classes: Austenitic, Ferritic,
Duplex, Martensitic, and Precipitation hardening, each category o ering unique
properties and several di erent degrees of corrosion resistance. According to SCI,
Steel Construction Institute, the Austenitic, duplex, and ferritic stainless steels are
most commonly used in structural applications. In table 2.3, the strengths of
speci ¢ grades suitable for structural applications are given.[31]

2.4.3.1 Austenitic stainless steels

Austenitic stainless steels have a face-centered cubic atomic structure compared to
structural carbon steels, which have a body-centered cubic atomic (crystal) struc-
ture. As a result, in addition to their corrosion resistance, austenitic stainless steels
have high ductility, are readily cold-formed, and are readily weldable.[31]

Austenitic stainless steels also have considerably greater durability over a wide range
of temperatures than structural carbon steels. They can be reinforced by operating
in cold environments but not by heat treatment. Their corrosion e ciency can be
further increased by higher chromium levels and molybdenum and nitrogen addi-
tions. In design and construction, they are by far the most commonly used stainless
steel.[31]

For structural applications that need a combination of good strength, corrosion resis-
tance, formability, excellent eld and shop weldability, and, for seismic applications,
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Table 2.3: Nominal values of the yield strength [fy] and the ultimate strength [fu]
for common stainless steels to [EN 10088 (N/mm2)[31]]

Grade Product form
Cold rolled strip Hot rolled strip Hot rolled plate Bars, r.ods &
sections
Nominal thickness t
t  8mm t  13,5mm t  75mm For?  250mm
fy fu fy fu fy fu fy fu
Austenitic | 1.4301 230 540 210 520 210 520 190 500
1.4307 220 520 200 520 200 500 175 500
1.4318 350 650 330 650 330 630 - -
1.4401 240 530 220 530 220 520 200 500
1.4404 240 530 220 530 220 520 200 500
1.4541 220 520 200 520 200 500 190 500
1.4571 240 540 220 540 220 520 200 500
Duplex | 1.4062| 530 (1)* | 700 (1)* | 480 (2)* | 680 (2)* 450 650 380 (3)* | 650 (3)*
1.4162| 530 (1)* | 700 (1)* | 480 (2)* | 680 (2)* 450 650 450 (3)* | 650 (3)*
1.4362 450 650 400 650 400 630 400 (3)* | 600 (3)*
1.4462 500 700 460 700 460 640 450 (3)* | 650 (3)*
1.4482] 500 (1)* | 700 (1)* | 480 (2)* | 660 (2)* 450 650 400 (3)* | 650 (3)*
1.4662| 550 (1)* | 750 (1)* | 550 (4)* | 750 (4)* 480 680 450 (3)* | 650 (3)*
Ferritic 1.4003 280 450 280 450 250 (5)* | 450 (5)* | 260 (6)* | 450 (6)*
1.4016 260 450 240 450 240 (5)* | 430 (5)* | 240 (6)* | 400 (6)*
1.4509 230 430 - - - - 200 (7)* | 420 (3)*
1.4521 300 420 280 400 280 (8)* | 420 (8)* - -
1.4621| 230 (5)* | 400 (9)* | 230 (8)* | 400 (8)* - - 240 (7)* | 420 (7)*

Note:

The nominal values of fy and fu given in this table may be used in design without taking special
account of anisotropy or strain hardening e ects.

For ferritic stainless steel, EN 10088-4 gives fy values in the longitudinal and transvers direction.
This table gives the longitudinal values which are generally about 20 N/mm2 lower than

the transverse values.

1.4621, 1.4482, 1.4062 and 1.4662 are only covered in EN 10088-2 and 3. 1.4509 bar is only
covered in EN 10088-3.

Ot 64mm
2>t 10mm

3) tor 160mm
4t 13mm
B)t 25mm

(6)tor 2 100mm
(7)tor 2 50mm
8t 12mm
9t 6mm
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Table 2.4: Nominal values of the yield strength [fy] and the ultimate strength [fu]
for structural stainless steels to [EN 10088] in the cold worked condition[31]

Cold Worked Condition
CP350 CP500
fy fu fy fu
Grade | N/mm2 | N/mm2 | N/mm2 N/mm?2
1.4301 350 600 460 650
1.4318 2 2 460 650
1.4541 350 600 460 650
1.4401 350 600 460 650
1.4571 350 600 460 650

Note:

1 According to EN 10088, the CP classi cation de nes only the required
0,2% proof strength, fy. The steels used should have declared properties that
meet the conservative tabulated values for ultimate strength, fu, unless type
testing is used to demonstrate the acceptability of lower values.
2 Grade 1.4318 develops a 0,2% proof strength of 350 N/mm2
in the annealed condition.

very good elongation before fracture, Austenitic stainless steels areThe most com-
monly used regular austenitic stainless steels are grades 1.4301 (known as 304) and
1.4307 (304L) and contain 17.5 to 20% chromium and 8 to 11% nickel. They are
ideal for industrial sites that are agricultural, urban, and light.[31].

Grades 1.4401 (316) and 1.4404 (316L) can be used in marine and industrial areas.
They contain around 16 to 18% chromium, 10 to 14% nickel, and 2 to 3% molybde-
num addition, which increases corrosion resistance.[31]

2.4.3.2 Duplex stainless steels

Duplex stainless steels have a mixed austenite and ferrite microstructure, so they
are also called austenitic-ferritic steels. Usually, they contain 20 to 26% chromium,
1 to 8% nickel, 0.05 to 5% molybdenum and 0.05 to 0.3% nitrogen. Since they con-
tain less nickel than the austenitic grades, they are cheaper than other types. [31].
In the annealed state, they are around twice as strong as austenitic steels that can
make section size reduction possible - in weight-sensitive structures such as bridges
or o shore topsides, and this can be very useful. They are acceptable for a wide
variety of corrosive conditions.[31]. Compared to austenitic, Duplex stainless steels'
higher strength results in more limited formability since they have good ductility.
They can also be improved by working in the cold, but not by treating them with
heat. They have outstanding weldability and good cracking resistance to stress cor-
rosion. As they are more likely to be found in heavier gauges, they can be seen as
complementary to ferritic stainless steel.[31].
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1.4462 is a duplex grade that is highly resistant to corrosion, ideal for the marine
and other hostile conditions. Increased use of stainless steels for load-bearing ap-
plications has led to increased demand for duplex steels, and new 'lean’ duplex
grades have been produced. Due to the reduced alloy content of nickel and molyb-
denum, these grades are de ned as lean, making the grades signi cantly more cost-
e cient.[31].

2.4.3.3 Ferritic stainless steels

Ferritic stainless steels have chromium content between 10.5% and 18%. There are
either no or very minimal nickel additions in ferritic stainless steels, and their body-
centered atomic composition is the same as that of structural carbon steels. They
cost less and exhibit less market volatility than the austenitic grades with equal
corrosion resistance.[31]. Generally, they are less ductile than austenitic stainless
steel and less weldable. Ferritic stainless steel's shaping and machining properties
are identical to those of structural carbon steel S355. They can be reinforced, but to
a more limited degree than the austenitic stainless steels, by cold working. They can
not be improved, like the austenitic grades, by heat treatment.[31]. Typical uses are
atmospheric conditions in the interior and mild exterior. They have good resistance
to cracking stress corrosion, and their corrosion e ciency can be further improved
by molybdenum additions. For several light gauges galvanized steel applications,
they provide a corrosion-resistant substitute. In gauges of 4 mm and below, ferritic
grades are commonly used.[31]

1.4003 (containing about 11 percent chromium) and 1.4016 (containing approxi-
mately 16,5 percent chromium, with higher corrosion resistance than 1.4003) are
the two 'ordinary' ferritic grades appropriate for structural applications and widely
available. Welding signi cantly impairs grade 1.4016's corrosion resistance and
durability.[31].

2.4.4 Application of stainless steel in bridge structures

Stainless steel can be used in various ways like household goods, food processing ma-
chinery, large appliances, medical equipment, and automotive equipment. In several
architectural projects and monuments, steel is also featured.[10] In the transport
industry, where both cutlery martensitic and chromium-nickel austenitic stainless
steels have been used, many of the most signi cant stainless steel applications can
be found.[10]

In many other necessary elds, such as infrastructure, architecture, water applica-
tions, etc., stainless steel is used. Below are some examples of existing bridges of
stainless steel and a short review in tables 2.6 and 2.7 of these examples:
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Table 2.6: Examples of stainless steel bridges, a [1][6][5][4]

Bridge name Location Crosses Inauguration Span
Garrison Crossing Toronto, Canada Rail corridors 2019 52 m
(Fort York)
Helix bridge Singapore Marina Bay 2010 285 m
Story bridge Brisbane, Australia | Brisbane river | 2015 777 m
Soderstrom 1957
. Sweden, Stockholm River Renovated: 174 m
bridge
2017
Fqlke Bernadotte Sweden. Stockholm Djurgardsbrunn 2019 98 m
bridge Bay
Table 2.7: Examples of stainless steel bridges, b [1][6][5][4]
Bridge name | Type Stainless steel products Materials
Garrison Arch bridge . UR 2205
. . All stainless steel
Crossing for pedestrian Duplex
. . Forta
E'ﬁcl;xe nggsetrfizrns All stainless steel DX 2205
g P (plate and tubular)
. Mesh, I-beam, 316/316L,
Cantilever
Story : angle bar, Atlas steels,
. bridge ;
bridge polished tube, Anzor Fasteners,
for roadway . )
coupling cable Ronstan tensile
Soderstrom Bridge for The whole supporting Forta LDX
bridge railway structure 2404 plate
Folke Bridge for Forta LDX
Bernadotte get All stainless steel
bridge pedestrians 2101

2.4.4.1 Garrison Crossing (Fort York pedestrian and cycle bridge)- Canada

Garrison Bridge is the rst stainless steel built-in Canada and designed by Pedelta
Canada Inc. Garrison Crossing consists of two main bridges connecting two rail
corridors. The overall form resembles a Yin Yang shape, expressing a modern, un-
derstated and elegant aesthetic.[6]. From the south extension of Stanley Park, one
bridge structure stretches across the Kitchener rail corridor and falls on the north
side of Ordnance Triangle Park. On the south side of Ordnance Triangle Park, the
second bridge structure starts and stretches across the Lakeshore West rail corridor,
landing on the grounds of Fort York.[6]

Because of its excellent mechanical properties, duplex stainless steel was chosen: it
has a distinctive and beautiful look, has high durability, lightweight and resistant to
corrosion and weather, needs less maintenance, and o ers reduced life-cycle costs.
Garrison Crossing is composed entirely of stainless steel, apart from the concrete
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deck and wood handrails.[6]

Figure 2.9: Picture of Garrison Crossing, photo: courtesy of PEDELTA
[6]

2.4.4.2 Helix bridge - Singapore

The Helix Pedestrian Bridge, which opens into Marina Bay in 2010, crosses the
mouth of the Singapore River. It links the Ra es Avenue district to the new Bay
district, which includes the Sands Resort and Gardens By The Bay and the CBD
Financial District. The bridge is 285 meters long, with three spans of 65 meters and
two spans of 45 meters. The bridge elements are all built from stainless steel.[1]
The DNA molecule was the source of inspiration for the structure. It o ered a dis-
appointingly lightweight solution for a bridge that curves in plan and is tubular in
section, designed to incorporate structure, deck, and canopy within its 10.8-meter
diameter overall. The Singapore Urban Development Authority was prompted to
have the bridge constructed of duplex stainless steel by the economy of materials
encouraged by the DNA-based structure.[1]. A structure with improved mechanical
properties compared to austenitic steels was produced using duplex stainless steel
grade Forta DX 2205. It also quickly met the criteria for corrosion resistance, reduc-
ing the risk of cracking stress corrosion while also providing high fatigue strength.
The high strength of duplex stainless steel for the Helix Bridge resulted in material
savings that meant that the cost of the material was equal to the use of carbon
steel.[1]. In addition, over the structure's 100-year design life, the research found
that stainless steel would o er a lower cost alternative than using carbon steel be-
cause of maintenance savings and frequent inspections and repainting. Naturally,
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stainless steel is corrosion resistant and does not require regular maintenance.[1].

Figure 2.10: Picture of Helix bridge, photo: Andrea Goh
[1]

2.4.4.3 Story bridge - Australia

With advanced stainless steel materials and laser-fusion technology, Brisbane's iconic
Story Bridge o ers enhanced safety measures. As a result of an excellent partner-
ship between various project stakeholders, the 76-year old heritage-listed cantilever
bridge now features three-meter high, stainless steel protective barriers on its pedes-
trian walkways. The bridge cost 8.4 $ and opened in 2015. [5].

Firstly, The idea was to design an anti-climb structure that was functional and aes-
thetically attractive while maintaining the bridge's heritage values. This gave the
engineers a big challenge, including the xation of the barrier structure without per-
manent attachment methods, such as welding or other damaging techniques, to the
existing heritage-listed bridge. There was also a crucial design necessity to ensure
the protection of pedestrian views of the river, Brisbane and surrounding areas, and
the Story Bridge.[5]. A dynamic structural design that met the exacting demands of
the speci cation was the concept solution given. The concept evolved to use laser-
fused open section beams of stainless steel for the posts, placed with a blackened
Carl Stahl X-TEND stainless steel mesh barrier approximately three meters apart.
The structure is a crucial safety addition to the Story Bridge and, in its outstanding
and unique engineered design, exudes functionality. Stainless steel is unmatched for
providing durability, structural performance, low maintenance, corrosion resistance,
and aesthetics in selecting materials.[5]
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Figure 2.11: Picture of Story bridge, photo courtesy of Atlas steel
[5]

2.4.4.4 Soderstrom bridge - Sweden

Four 174-meter long railway bridges form the Séderstrom Bridge network. It rst
opened in 1957. It links the Old Town of Stockholm with its district of S6dermalm.

It is essential for the city's subway tra c to southern Sweden OS, enabling over
330,000 regular passenger journeys, equivalent to one train every three minutes. In
2017, the bridges requested repairs. Not only is the renovated Sdderstrom Bridge
complex more potent, but it is also capable of handling even higher tra ¢ volumes.
And since the carrying capacity of the bridge is essential for freight and commuter
trains entering and leaving Stockholm, this increased ability to handle high volumes
of tra c will provide the city and its inhabitants with a signi cant advantage for
decades to come.[4].

Carbon steel was used in the original bridge. Although it is robust and durable - both
attributes desirable in a bridge - but it is also susceptible to corrosion. Forta LDX
2404 duplex stainless steel beams, which would minimize potential maintenance
needs, were recommended for the material. This new steel gives more resistance
against corrosion and high durability with low maintenance.[4].
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c

Figure 2.12: Picture of Soderstrom bridge, photo courtesy of Stal and
RoOrmontage

[4]

2.4.45 Folke Bernadotte bridge - Sweden

The new bridge adds characteristics to the continued growth of Stockholm's walking
city and enhances mobility for both pedestrians and cyclists. In northern Djurgar-
den, the stainless steel bridge connects the museum park with Rosendal in southern
Djurgarden. The bridge's new location gives Gardet and the new Djurgardsstaden
a great link to Djurgarden and the green oasis of the Swedish capital, the Royal
National City Park. The Folke Bernadotte Bridge was opened by King Carl XVI
Gustaf and Queen Silvia of Sweden in Stockholm on 17 September 2019. The new
bridge is named after Count Folke Bernadotte of Wisborg (1895-1948), the king,
diplomat, and mediator of the Red Cross.[2].

The pedestrian and bicycle bridge, 98 meters long, is constructed from duplex steel
and assembled by Stal och Rérmontage. Then the bridge pieces were transported
for assembly to Stockholm. A steel bridge o ers good possibilities for a high de-
gree of prefabrication which minimizes the on-site environmental e ect and o ers
many other bene ts as a more signi cant part of the development can take place
in a regulated and secure environment. Duplex steel contributes de cient levels of
metal ions to the atmosphere, and no environmentally harmful coating is needed for
bridges made of it.[2]

44



2. Literature Review

Figure 2.13: Picture of Folke Bernadotte bridge, photo courtesy of Stal and
RoOrmontage

[2]
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Parametric design and Numerical
Study

A numerical model using ABAQUS software is employed to predict the in uence of
various parameters on shear behaviour of corrugated web girders. The model was de-
veloped to represent the girder's shear behavior when subjected to pure shear stress.

The FE-model is then validated by the analysis of two specimens exist in literature,
One of High-performance steel (G7A), of grade HPS485W, tested by Driver et al.
[24] and one of Normal strength steel (M12) tested by Moon [24].

Thereafter, a Comparison of HPS485W and normal strength steel shear behaviour
with stainless steel (Duplex 1.4162) has been performed.

After that, a sensitivity analysis for initial imperfection (shape and amplitude) has
been performed on three di erent girders: M12 girder tested by Moon [24], Specimen
S2 presented by Nie et al.[18] and one with inelastic buckling, Matsnoki girder[24].

3.1 The software

ABAQUS-2019 was employed in this investigation. Both material and geometri-
cal non-linearity were considered, and the FE-model was validated using existing
experimental data.

3.2 Mesh setting

The girder was initially modeled with rst-order structural elements (S4R), a four-
node thin-shell structural element with reduced integration points that accounts
for nite strains and may be de ned by the thickness as a section property, and
then with second-order structural elements (S8R), which has additional degrees of
freedom (three displacement components and three rotation components) which can
also be used to describe nite strains. This type of element describes behavior with
a coarser mesh and is utilized in parametric studies to reduce computing time.

A mesh type convergence between the two meshes (S8R and S4R) has been per-
formed for each case.
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Five-degree-of-freedom elements (S8R5) can be more e ective. However, it is not
recommended for nite-strain applications.

3.3 Loading and boundary conditions

A concentrated load is applied on the girder at the center of the top ange. De-
pending on the experiment, this load can be applied at di erent span locations. In
Zhang's specimen, for example, the load was subjected at a distance of 4000 mm
[20], and in Abbas's specimen (G7A) [11], the load was subjected at a distance of
4500 mm from the support, while in Hassanein's FEM-model [24] the load is applied
in the middle of the span.

To ensure a constant stress distribution on the girder and prevent any local buck-
ling, transverse sti eners were added under the point load and over the supports.
When simulating the entire loading process, including the post-critical equilibrium,
the load applied in steps with the modi ed RIKS method available in the ABAQUS
software. In both snap-through and snap-back buckling problems, this method is
successful. Instead of the displacement control system, the RIKS method uses the
arc control system, which capture snap-back instabilities in buckling problems.

To handle the large displacement analysis, the non-linear geometry parameter (NL-
GEOM) is currently included. The models were simply supported (roller support)
at nodes on the bottom ange. To prevent lateral torsional buckling, the load point
was limited in the z-direction, while the symmetrical point in the bottom ange
was limited in the longitudinal direction to give the girder stability. The boundary
condition is illustrated in gure 3.1

Figure 3.1: Boundary conditions and loading point for girder G7A (Test
specimen performed by Driver et al., dimensions are illustrated in section 3.6.1)
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3.4 Material model

3.4.1 Material model for carbon steel

According to Hassanein et al. [24] the three di erent constitutive models for steel
material are elastic-perfect plastic, elastic-plastic with hardening, and tri-linear
curve gives close results with a maximum di erence of 3.5%. In the veri cation
of specimen G7A, an elastic-perfectly plastic is used. Poisson's ratio has been taken
equal to 0.3, and the modulus of elasticity is considered 200 GPa. However, for
stainless steel, a new constitutive material model will consider the true stress-true
plastic strain.

3.4.2 Material model for stainless steel

Stainless steel has di erent behavior compared to carbon steel, and the material
must be treated as elastic-plastic in non-linear analysis. Thus according to the [31],
the stress-strain curve of stainless steel are modi ed using Equations 3.1 and 3.2
[31].

= g+0:002 = for f, (3.1)
!
"2 0:002+ 4 Y 4 b oty < (3.2)
- . E Ey u fu .I:y y u )

where:
is the engineering stress
" is the engineering strain
E, fy andf, are given in the table
n, m are coe cients calculated from Equations 3.3 and 3.4.

A L (3.3)

fy
In Rpo:0s

m=1+2 :8f—y (3.4)
fu
in which:

Rpo.0s is the 0.05% proof stress

E, is the tangent modulus of the stress-strain curve at yield strength, calculated
from Equation 3.5.

S (3.5)

© 1+0:00n E

y

"y is the ultimate strain, corresponding to the ultimate strengthf, calculated from
Equation 3.6.
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=1 (3.6)

The values used to modify the stress-strain curve and to use it in FE simulation are
e and "{’r'ue . These values are calculated from Equations 3.7 and 3.9

e = (1+7) (3.7
"true = In(l + ") (3.8)
e =" fy (3.9)
true true E .

Figure 3.2: True stress-strain curve for stainless steel 1.4162 for web and anges
tw  8mm

Figure 3.3: True stress-strain curve for stainless steel 1.4162 for web and anges
tw  135mm
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Table 3.1:

Input parameters for true stress-strain curve

True stress-strain
Stainless steel 1.4162

FE simulation

tw

8mm

8mm <tw

13:5mm

Stress
true

Strain
true

Strain_
true_pl

Stress_
true

Strain
true

Strain_
true_pl

402,0623

0,00265

0

355,8538

0,0024

0

501,5853

0,00317

0,00052

401,0575

0,00264

0,00024

531,7637

0,00332

0,00067

481,4715

0,00306

0,00066

534,48

0,00465

0,002

487,1504

0,00442

0,00202

552,7883

0,00506

0,00241

502,4129

0,00481

0,00241

612,1744

0,02009

0,01744

535,0011

0,00939

0,00699

732,9631

0,10486

0,10221

559,7509

0,01757

0,01517

873,9319

0,22192

0,21927

641,6333

0,06709

0,06469

805,4513| 0,19916| 0,19676

The strength of stainless steel varies depending on the thickness of the steel plate.
As shown in table 2.3, stainless steels have di erent values of the ultimate yield

strength and the ultimate strength. This is because there are greater possibilities of
deformation and instability in a thicker steel plate.

Duplex steel grade 1.4162 has good mechanical properties and corrosion resistance,
so this type will be used in this thesis. See table 2.3 for speci ¢ mechanical prop-
erties relating to this type of stainless-steel.

Depending on the material thickness, the true stress-strain curves for 1.4162 stain-
less steel vary. The plastic behaviour of the material used in this project is shown
in Figures 3.2, 3.3 and table 3.1.

3.5 Initial imperfection modeling

When buckling occurs, a signi cant drop in shear capacity is observed, making the
post-buckling behavior complex to be studied. Additionally, it has been evidenced
that introducing the initial imperfection to the perfect geometry can decrease the
discrepancies between the experiment data and FEM modeling [25]. In the current
simulation, an elastic buckling analysis has been performed on perfect geometry
then the shape of the rst positive mode is considered as the initial imperfection
shape with the measured amplitude from test results. For Example, the reported
initial imperfection in girder G7A is 4.06 mm.
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3.6 Validation of FEM Modelling

Validation of the current FEM has been done by the analysis of two previous test
specimens, One of High-performance steel (G7A), of grade HPS485W, tested by
Driver et al. [24] and one of Normal strength steel (M12) tested by Moon [24].

3.6.1 Girder of Driver et al., G7A
3.6.1.1 Girder description

Girder G7A was designed with a trapezoidal corrugation pro le. The wavelength is
about 1m and the steel is of grade HPS485W according to ASTM standards [11].
The bend radius was chosen of 120 mm for better fatigue life. However, in this
study, the radius has not been considered. The e ective simply supported span is
11 m. To ensure shear failure, the concentrated load was applied one meter away
from the mid-span, so the shear failure happens in the shorter span. The shear span
ratio was (4.5/1.5=3) to reduce the potential of creating a tension eld that carries
more shear[11]. Also, sti eners were added under the load point and at supports to
avoid any local failure or web crippling. Additionally, the dimensions of the ange
were chosen to ensure failure under shear in the web[11].

The dimensions of G7A are illustrated in gures 3.4 and 3.5

Figure 3.4: G7A girder dimensions [11]

Figure 3.5: GT7A girder corrugation details [24]
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3.6.1.2 Material model

An elastic-perfectly plastic material model is used in this section, refer to gure
3.6. Poisson's ratio has been taken equal to 0.3, and the modulus of elasticity is
considered 200 GPa.

Figure 3.6: Nonlinear material model used in FE-simulation, G7A

3.6.1.3 Mesh convergence

To assess the accuracy of mesh size, a convergence study has been provided using
ve di erent element sizes with the two mentioned types of mesh (S4R and S8R)
and the veri cation has been done comparing eigenvalues for di erent mesh sizes.
The convergence study is illustrated in table 3.2 and gures 3.7 and 3.8

Table 3.2: Mesh convergence study for G7A

S8R

Mesh size | Mesh size [mm] | Eigen value
Hw/15 100 11.305
Hw/20 75 9.4837
Hw/30 50 9.1285
Hw/60 25 9.0987
Hw/120 12.5 9.087

S4R

Mesh size | Mesh size [mm] | Eigen value
Hw/15 100 21.318
Hw/20 75 14.12
Hw/30 50 10.868
Hw/60 25 9.49
Hw/120 12.5 9.2
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Figure 3.7: Mesh convergence study for G7A

It is seen that with mesh (S4R), the element size of 25 mm and 12.5 mm give close
eigenvalues with a di erence of 3%. On the other hand, mesh of 75 mm and 50 mm
give eigenvalues with a di erence of 3.6%, so an element of size 75 mm and type
S8R gives good accuracy to proceed with it.

The shear stress versus mid span displacement has been compared for the two mesh
types, S8R and S4R, and the results are presented in gure 3.8. The two types
of mesh give same initial stiness. The behaviour after ultimate load is di erent.

However, the post buckling residual stresses are similar.

Figure 3.8: Mesh type convergence, G7A

The mesh con guration is shown in the gure 3.9.
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