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ABSTRACT

Using stainless steel corrugated web I-girders in steel-concrete composite bridges has
made it possible to achieve greater sustainability than the conventional designs since
stainless steel has a lower life cycle cost and the corrugation reduces the amount of
needed material. The composite action in the innovative design concept needs
performance assessment, therefore a literature study has been carried out to review the
existing design models for steel-concrete composite bridges and to examine their
application in the case using corrugation and stainless steel. In addition, the composite
action using stainless steel has been modeled, analyzed, and compared with carbon steel
by using ABAQUS software in order to study the nonlinearities effects due to the used
materials, geometries, and boundary conditions. Although the results showed that
corrugation will contribute to a reduced flexural capacity and increase the ductility of
composite cross-section, meanwhile stainless steel could sustain a higher flexural
capacity due to its remarkable strain hardening.

Keywords:

Composite bridges, I-Girders, Carbon Steel, Stainless Steel, Corrugated Web, Strain
Hardening.
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List of symbols

Roman upper-case letters

The steel cross-section area.

area of bottom transverse reinforcement.

The area of bottom transverse haunch reinforcement
The sectional area of the concrete slab.

The transformed area of the concrete cross-section depends
on the loading term.

The total area of reinforcement steel.
The total amount of reinforcement in the slab

The area of transverse reinforcement divided by the spacing.

The area of top transverse reinforcement.

An increased area for the effective beam.
The composite cross-section area.

The area of the cracked composite section
Secant modulus of elasticity of stainless steel

The secant modulus corresponds to stress in the tension
flange.

The secant modulus corresponds to stress in the compression
flange.

Young’s modulus of elasticity of concrete

the tangent modulus of the stress-strain curve at the yielding
point

Shear modulus of elasticity.
Fracture energy.
The moment of inertia of structural steel cross-section.

The moment of inertia for the composite cross-section
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12,sa

Ma,Ed

Mc,Ed

Mel,Rd
My ra
Ml,pl,Rd
M2,pl,Rd
M, 1 Ra

M3 p1v,Ra

Msh

The area and moment of inertia of the cracked composite
section

The transformed moment of inertia of concrete cross-section
A rotational stiffness per unit length of the steel beam
The transferred force to the beam by shear connectors.

The compressive force in the concrete flange associated with
M ra-

An equal compression force will act on the composite
section.

The design bending moment applied to the structural steel
before composite behaviour.

The part of the design bending moment acting on the
composite section.

The elastic bending resistance of composite cross/section
The design plastic bending moment

The plastic moment for sagging bending moment region
The plastic moment for hogging bending moment region
The reduced plastic moments for sagging due to shear forces.
The reduced plastic moments for hogging due to shear forces.

The moment that will make tensile and compressive forces
equal each other.

The vertical shear resistance of headed studs.
The static moment of composite cross-section

The first moment of inertia of the concrete slab with respect
to the center of gravidity of the composite section for the
considered time and load case.

Mean smeared distance
the crushing resistance of the struts

The design of vertical shear force or shear buckling
resistance.
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ZZ,sa

The design shear flow at sagging bending moment sections.
The design value horizontal shear flow

The longitudinal shear develops at the ends of the bridge.
The longitudinal shear resistance of headed studs

The shear resistance of the ties

The distance of center gravity of the composite cross-section
to the center gravity of the concrete slab section.

The gravity centre of the equivalent section calculated with
nS

The center of gravity for the cracked composite section from
the center of reinforcement

Roman lower-case letters

by
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The distance between the centers of the outstand shear
connectors

The value of the effective width of the concrete flange on
each side of the web and taken

The effective width of the concrete flange
The diameter of the shank of the stud

Plasticity damage variable for compressive stress-strain
curve

Plasticity damage variable for tensile stress-strain curve
The longitudinal spacing of connectors

The compressive design strength of concrete

The characteristic value of the compressive stress.

The mean tensile strength of concrete

The characteristic yield strength of reinforcement steel.
The design yield strength of reinforcement steel.

The design yield strength of steel-grades



hSC

lelement

Greek letters

aCC

ar
B
ﬂc(t, tO)

(p(tr tO)

Otrue

etrue

pl
€true

Ps,tot
Ya

Ye

The ultimate strength of steel-grades

The total depth of composite cross/section.

The overall nominal height of the stud.

Length of a finite element

The number of shear connectors at one cross-section
The modular ratio of concrete for short-term loading
The modular ratio of concrete for long-term loading
The long-term modular ratio for shrinkage

The plastic neutral axis

Reduction factor that considers the long-term effects on the

compressive strength.
Coefficient of Thermal expansion

Reduction factor of plastic bending moment.

Creep coefficient

True value of stress in plastic region of stress/strain curve
The autogenous shrinkage strain.

The drying shrinkage strain.

Total shrinkage strain

True value of strain in plastic region of stress/strain curve.
The logarethmic plastic strain

Reduction factor of design strength of structural steel.
The total reinforcement ratio.

Specific weight

The resistance factor for permanent and load variable
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Vs

Yv

Ymo

Ym1

Ym2

The partial factor for reinforcement steel
The partial safety factor for calculating shear stud resistance
Resistance of cross-section whatever the class is

Resistance of members to instability assessed by member
checks

Resistance of cross-section in tension to fracture

Passion ratio
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1 Introduction

This chapter gives a background about the topic of this thesis, the method that is used,
and the limitations of the study.

1.1 Background

Composite bridges are a good example of sustainable bridges as they take the advantage
of steel in tension and concrete in compression. Additionally, having new types of steel
such as stainless steel makes it possible to have more sustainable solutions. Although
stainless steel has a lower life cycle cost compared with carbon steel; nevertheless,
using stainless steel in composite bridges still needs further studies. The reason behind
that is stainless steel’s high initial cost. Furthermore, using corrugated web plates in the
beams will contribute to reducing the amount of needed material and having more
sustainable solutions.

1.2 Aim

Corrugated web stainless steel composite bridges need performance assessments in
different aspects and the aim of this master thesis is to review the existing design models
for composite sections and evaluate their application for the case of design in stainless
steel and corrugated web. The composite action of stainless steel and corrugated web
will be modeled, analyzed, and compared with carbon steel.

1.3 Limitations
Limitations for the thesis are presented as follows:

e The study will consider simply supported plate girder composite bridges.

e The study will focus on the design models for composite sections in the ultimate
limit state. Therefore, construction phase is not included in this study.

e The study will review the design models of flexural capacity of composite cross
section whereas shear capacity is not included in the scope area of the study.
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2 Theory
2.1 Steel-concrete composite bridges

In steel-concrete composite bridges, two or more parallel steel girders are rigidly
connected with a reinforced concrete slab using shear connectors ( Vayas & Iliopoulos,
2014).An example of shear connectors is welded studs that allow the composite action
between steel and concrete. The composite action is essential to generate a stiff cross-
section. Where bending moment is positive, steel will be in tension and concrete in
compression taking the advantage of each material’s superior properties. Thus,
composite bridges can be considered as an efficient and sustainable design solution.
However, at internal supports, concrete will be in tension, and it is considered cracked.
The focus of this thesis will be on a single span where there is no negative moment.

2.1.1 Structural Systems

The structural system of the bridge depends on different parameters, for instance, the
depth of the bridge, the type of the soil, and the potential reconstruction activities in the
future ( Vayas & lliopoulos, 2014).

Choosing a simply supported bridge has many advantages. Thermal effects, creep, and
shrinkage does not affect the internal forces of the bridge. Moreover, no cracking in the
concrete of the slab occurs since the concrete is under compression.

On the other hand, continuous bridges are known for their small deformations, higher
redundancy, and the possibility for moment redistribution. Continues bridges are
efficient for small and medium spans. The focus of this thesis will be on simply
supported plate girder bridges.

2.1.2 Composite Action

Composite action is when steel, which has a high tensile resistance, and concrete, which
has a high compression resistance act as one structural member (Hallmark, 2018). Shear
connectors are important to provide the composite action and they must have sufficient
strength, stiffness, and ductility.

Without the composite action, a slip between steel and concrete will occur when the
beam is loaded. Therefore, the plane section will not remain plane after bending. The
concrete slab defects separately with its own neutral axis while structural steel girders
defect similarly with its neutral axis in the longitudinal direction see Figure 2.1. In fact,
the concrete slab elongates at its bottom fiber whereas the top fiber of the top steel
flange shortens, the differential displacements come up at the interface section between
the concrete slab and the structural steel. Therefore, there is a need to connect both parts
by shear connectors that restrain the differential displacements and make concrete slab
and structural steel girders behave as one composite section with a common single
neutral axis. In that case, full development of moment resistance of the composite
section will be achieved and the connection between the composite section’s
components is denoted as a full connection. ( Vayas & Iliopoulos, 2014).
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When rigid connectors are used, no-slip between steel and concrete will occur, and the
composite action will make the two materials as one structural member as shown in
Figure 2.1. Nevertheless, real structures will always have a degree of slip between steel
and concrete caused by bending of the shear connectors and concrete crashing
(Hallmark, 2018).

If shear connectors have sufficient strength, stiffness, and ductility, Eurocode 4-2 (EN
1994-2, 2005) allows the section to be designed assuming full composite action. In this
case, the strength of the cross-section will be governed by the steel girder or the concrete
slab. However, if the shear connection is the weakest part or if the number of shear
connectors is not sufficient, the design can be based on a partial shear connection, but
the requirements in (EN 1994-1-1, 2005) shall be fulfilled.

| - i

Neutral axis of 4
concrete slab

\

Neutral axis of—
structural steel

Neutral axis of
composite section

Figure 2.1 Girders in flexure with and without full shear connection, redrawn from (
Vayas & lliopoulos, 2014)

2.2 Corrugated webs

The idea of using corrugation in steel and steel-concrete composite beams has been
used in various nations around the world for building structures. Recently, the idea
transfers to bridge structures where it is a beneficial solution to reduce needed materials.
Beam with corrugated web, top and bottom flanges is the traditional model that has
been used instead of conventional flat web beams. There are many advantages of using
corrugated webs specially the trapezoidal webs which are the common type of
corrugated web beams used for bridges, for instance, hight out of plane stiffness due
supporting from both longitudinal and inclined folds to each other according to
(Elammary, Saddek, & Alwetaishi, 2017). Furthermore, corrugated web beams have
higher global and local shear resistance than flat plate webs. Moreover, the corrugated
webs have transverse stiffness greater than conventional flat plate webs. Thus, number
of transverse stiffeners and cross girders that are used in case of flat web beams can be
reduced in case of using corrugated web instead. Additionally, the thickness of
corrugated web is usually thinner due to its sufficient shear capacity and the fact that
corrugated web does not contribute to flexural capacity and flanges only resist the
applied stresses due to bending moment according to (ELgaaly & Seshadri, 1997).
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Therefore, there is no need to increase the thickness of web. Thereby, corrugated web
beams are considered as a sufficient economical solution. This fact is considered as a
disadvantage of using corrugated web that the outstanding length of compressive flange
and web eccentricity forms due to the depth of corrugation. Noteworthy, failure modes
of corrugated web beams are web yielding in shear, flange yielding in compression and
tension, flange buckling in compression, and lateral torsional buckling.

The typical configuration of trapezoidal corrugated web is illustrated in Figure 2.2,
which is used in this study.

t Horizontal fold Inclined fold

h
L A

— d b d b

q

Figure 2.2 : Corrugated web: profile configuration of trapezoidal web from
(Elammary, Saddek, & Alwetaishi, 2017)

2.3 Stainless steel

In structures that have demands for corrosion resistance such as bridges, stainless steel
is considered as a good alternative for its significant high strength, fire and corrosion
resistance. Furthermore, stainless steels give an efficient economical solution for large
construction projects even though the cost of stainless steel is higher than carbon steel
in the construction stage. The real investment of stainless steel appears in the renovation
and maintenance stage. Moreover, stainless steel is considered a recyclable material,
which makes stainless steel an investable material for other applications after its cycle
life is gone (Design manual for structural stainless steel, 2018).

2.3.1 Different types of stainless steel

The stainless steel contains a family of corrosion-resistant and high-strength steels that
have a minimum containing Chromium about 10.5%. There is a wide range of various
types of stainless steel with different grades that give the opportunity to use them in
structural applications that require a specific level of corrosion resistance and strength.
(Design manual for structural stainless steel, 2018)

Austenitic stainless steel contains up t018% of Chromium and 11% of additional
Nickel. This type is relevant to cold forming and is easier for welding in comparison
with carbon steel. It has high ductility and better toughness during variations of
surrounding temperatures. On the other hand, Ferritic stainless steel is without
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additional Nickel. ferritic has less than ductility and toughness that results in the ferritic
type is not suitable for cold forming and less weldable.

Duplex stainless steel has a mixed ferritic and austenitic atomic structure that results in
a duplex type stronger than austenitic type twice. The duplex stainless steel contains up
to 26% of Chromium, up to 8 % of Nickel, and 0.3% Nitrogen. Furthermore, the duplex
stainless steel has good ductility, the resistance of corrosion cracking, and higher
strength than austenitic stainless steel with restricted formability. The most common
application is that duplex stainless steel is used in heavier such as bridges in aggressive
corrosive environments (Design manual for structural stainless steel, 2018).

Duplex stainless-steel grade 1.4462 is the most appropriate for structural elements that
are exposed to corrosive environments. In addition, it becomes more available to use in
constructions that require high strength and good resistance corrosion of cracking
according to Eurocode 3 (EN 1993-1-4, 2020).

2.3.2 Stainless steel behaviour

Different stainless steels have different stress-strain relations. The most important
aspect of stainless-steel behavior is that there is no specific identified point for yielding
strength in the stress-strain curve as shown in Figure 2.3. The shape of the stress-strain
curve is rounded even before reaching to yielding level. Whereas carbon steels have
elastic behavior before they yield at a specific point (Design manual for structural
stainless steel, 2018).

Stress (N/mm?)

------ Austenitic
= - = Duplex
=== Ferritic

— 5355 Carbon steel

000 05 050 075
Strain (%)

Figure 2.3:stress- strain relation for different types of steels, from (Design manual for
structural stainless steel, 2018)
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2.3.3 Corrosion control

Corrosion problem in noble metals like stainless steel is more dangerous than in carbon

steel, this is because the damaged area in stainless steel is larger and deeper. Thus, the
choice of appropriate types and grades of stainless steel are important. It is necessary
to assess the environment of project and study potential accidents for instance, presence
of chloride higher than expected on the stainless-steel member surface. Also, the
manufacturing process has its effect on the corrosion resistance of stainless. Duplex
stainless steel provides increased corrosion resistance with high strength that reduces
the cross-section area and thus needed materials decrease in large projects such as
bridges. It is worth to note that several practical considerations shall be considered to
prevent corrosion problems are listed in Table 3.2 (Design manual for structural
stainless steel, 2018).

2.3.4 Modulus of elasticity

The modulus of elasticity of stainless steel is recommended to be taken as 200 GPa for
Duplex and Austenitic in the ultimate limit state according to Eurocode 3 (EN 1993-1-
4, 2020). Whereas the secant modulus of elasticity should be used in serviceability limit
state where it is considered more accurate than the modulus of elasticity when
estimating the deflections in elastic beams. The secant modulus of elasticity can be
calculated based on the current level of stresses in the flanges of members. The reason
for using secant modulus of elasticity is the nonlinearity stress-strain relation that
appears in terms of the variation of modulus of elasticity with load combinations in
different cross-sections along with the stainless-steel member (Design manual for
structural stainless steel, 2018).

The secant modulus of elasticity of stainless-steel in-service limit state can be
calculated by equation (2.1).

_ Es1 +Egp (2.1)
ST
Where:

Eg; : The secant modulus corresponding to stress in the tension flange.
Es, : The secant modulus corresponding to stress in the compression flange.

Values of Eg;and Eg,for the corresponding serviceability design stress can be obtained
from:

. E 2.2)
Y 140002 —E . (Gupseryn
0i,ED,ser fy

Where:
0, epser: 1Ne serviceability design stress in the tension or compression flange
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E: The modulus of elastici= 200 - 10®> N /mm?
n: The Ramberg Osgood Parameter.

Noteworthy, n is a measure of the non-linearity of the stress-strain curve with lower
values indicating a grater degree of non-linearity.
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3 Design of Composite bridges
3.1 Basis of Design

During the design life of the bridge, it should follow certain basic requirements
regarding structural resistance, serviceability, and durability ( Vayas & lliopoulos,
2014).

The design will be based on consideration of ultimate and serviceability limit states.
The ultimate limit states are related to the safety of people and of the structure. That
includes the loss of static equilibrium of the structure, failure by collapse or large
deformations, failure caused by fatigue, and deformation of the foundation and the
ground. Furthermore, serviceability limit states are associated with the function of the
structure, for instance, deformation, and cracking of concrete. However, the area of this
thesis aims to study the ultimate strength of composite bridges.

Durability is the aspect that ensures the fulfilment of the basic requirements of safety
and serviceability all over the design life. The most important aspect influencing
durability is the corrosion of steel that is affected by the environment. Steel
reinforcement is covered with concrete. On the other hand, a coating system should be
used to protect the structural steel ( Vayas & lliopoulos, 2014).

3.2 Design codes

In general, the design of a new bridge refers to several regulations that concern
materials, loads, cross-sections, capacity verifications, etc. There are several standards
in Eurocode that provide regulations and guidelines to design different types of bridges
(EN 1994-2, 2005) ( Vayas & lliopoulos, 2014). Through every country has a specific
document, called National Annex, which considers several factors that affect the design
requirements, for instance, climate conditions. Krav Brobyggnad is the national annex
that is used in Sweden, and it provides design values of several parameters ( Krona,
2019). A list of the Eurocodes that are used in the design of composite bridges are
shown in Table 3.1.

Table 3.1: list of Eurocode standards that are used in the design of composite bridges

Eurocode Standard Part

EN-1990 Basis of structural design

EN-1991 Actions on structures EN-1991-1-1: General actions
EN-1991-1-4: Wind actions
EN-1991-1-5: Thermal actions

EN-1991-2: Traffic loads on bridges

EN-1992 Design of concrete structures EN-1992-1-1: General rules.
EN-1992-2: Concrete bridges
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EN-1993

Design of steel structures

EN-1993-1-1: General rules
EN-1993-1-4: Stainless steel
EN-1993-1-5: Plate structural element
EN-1993-1-8: Design of joints
EN-1993-1-9: Fatigue

EN-1993-2: Steel bridges

EN-1994

Design of composite steel
concrete structures

and | EN-1994-2: General roles for bridges.

3.3 Structural Materials

Materials used in composite bridges are presented in this section. According to
Eurocode EN 1990, the design values for the strength properties of the material should

be used.

3.3.1 Concrete

According to Eurocode 4 (EN 1994-2, 2005), the recommended concrete classes that
are used for composite bridges are between C20/25-C60/75. The most usual strength
class of the concrete is C35/45 to obtain a suitable cross-section for the concrete deck,
but it can be more beneficial to use concrete classes C30/37 or C40/50 in some design
models. Properties of concrete are listed in Table 3.2.

Table 3.2:Material Properties of Concrete (units in MPa)

Grade fex fem fetm fetk,0.05 feti,0.95 Ecm
x10"3
C20/25 20 28 2.2 1.5 2.9 30
C25/30 25 33 2.6 1.8 3.3 31
C30/35 30 38 2.9 2.0 3.8 33
C35/45 35 43 3.2 2.2 4.2 34
C40/50 40 48 35 2.5 4.6 35
C45/55 45 53 3.8 2.7 4.9 36
C50/60 50 58 4.1 2.9 5.3 37
C55/67 55 63 4.2 3.0 5.5 38
C60/75 60 68 4.4 3.1 5.7 39
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According to Eurocode 2 (EN 1992-1-1, 2005),the compressive design strength of
concrete is obtained from Equation (3.1).
fer (3.1)

fcd =Uec *——
c

Where:

fer: The characteristic value of the compressive stress.

.- The resistance factor for permanent and load variable that has value of 1.5.
a... Reduction factor that considers the long-term effects on the compressive
strength.

ar: Coefficient of Thermal expansion that has value of 10*10"-6 [Per C]

3.3.1.1 Modular ratio of concrete due to creep

The creep coefficient is a time-dependent coefficient that can be determined in the
expression according to (EN 1992-1-1, 2005), Annex B. the creep coefficient can be
obtained from equation (3.2).

(p(t' tO) = Qo * ﬁc(t' tO) (32)

According to EN1994-2 (EN 1994-2, 2005), the modular ratio of concrete is the ratio
between the modulus of elasticity of steel to the modulus of elasticity of concrete. The
modular ratio of concrete depends on time. Therefore, the modular ratio for short-term
loading is ny and for, long-term loading is n;. Moreover, the modular ratio depends on
the type of loading for instance permanent loads, shrinkage, or imposed deformation
Whereupon the effect of creep in the composite bridge can be considered for long-term
loading in the equation (3.3).

n, = no[1 + @, (¢, to)] (3.3)

Where:

@ (t,ty) is the creep coefficient of the concrete slab.

ng is the modular ratio of concrete for short-term loading, for instance, for traffic
loads, wind loads, temperature loads, and earthquakes.

The modular ratio of concrete is given by equation (3.4):

(3.4)

Where:
E; The modulus ratio of steel.
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E ., is the modulus ratio of concrete for short-term loading.

¢, - the creep multiplier depending on the type of loading, which is taken 1.1 for
permanent loads, 0.55 for the primary and secondary effect of shrinkage, and 1.5 for
prestressing by imposed deformations.

Due to creep, redistribution of tension stresses occurs from concrete to steel, where
concrete stresses decrease while steel stresses increase with time. Furthermore, the
stiffness of the concrete slab will be reduced in the long term whereas stiffness of steel
girders. Thus,

3.3.1.2 Shrinkage

According to Eurocode (EN 1992-1-1, 2005), total shrinkage has two components, dry
shrinkage strain that is time-dependent and develops slowly as a function of migration
of the water through hardened concrete, whereas autogenous shrinkage strain is a linear
function of concrete strength that develops at the early age of new casted concrete. Total
shrinkage strain can be obtained in the equation (3.5).

Ecs = €ca T €ca (3-5)

Where:

&.s . The total shrinkage strain.

€.q . The drying shrinkage strain.

€.q - The autogenous shrinkage strains.

3.3.2 Carbon Steel
3.3.2.1 Structural steel

Grades and properties of steel are described in the European Standard (EN10025,
2014). Table 3.3 presents the grades of steel, the yield strength, and the tensile strength
of the steels produced to (EN10025, 2014) in accordance with (EN 1993-1-1, 2005).
The grade of the structural steel is symbolled with the letter S followed by a number
referring to the strength of steel with a thickness that is less than 16mm in MPa and one
or two symbols specifying the material toughness. A sufficient material toughness will
be needed to guarantee a ductile failure under tension and to avoid brittle failure ( Vayas
& lliopoulos, 2014).

Table 3.3:Yield strength of carbon steel grades

Nominal thickness of the element in mm
t <40mm 40mm <t < 80mm
Steel grade to | f; in MPa fu. In MPa fy in MPa f. in MPa
EN 10025
S235 355 510 335 470
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S275 275 390 255 370
S355 N/NL 355 490 335 470
S420 N/NL 420 520 390 520
S460 N/NL 460 540 430 540
S275 M/ML 275 370 255 360
S355 M/ML 355 470 335 450
S420 M/ML 420 520 390 500
S460 M/ML 460 540 430 530

Table 3.4: shows other material properties of structural steel.

Specific weight _ 78.5kN

)/a - m3
Modulus of elasticity E, = 210GPa
Passion ratio v, = 0.3
Shear modulus C = E,

T 2.(1+vy)
Coefficient of thermal expansion a, = 10.10° [per C]

The partial factors for structural steel are given in (EN 1993-1-1, 2005) and listed in
Table 3.5.

Table 3.5: Partial factors for structural steel

Partial factor | description Value
YMo Resistance of cross-section whatever the class is 1
VM1 Resistance of members to instability assessed by member 1

checks
Ym2 Resistance of cross-section in tension to fracture 1.25
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3.3.2.2 Reinforcement steel

Steel grades for reinforcement steel is characterized with two letters and a number
between them for instance B500B ( VVayas & Iliopoulos, 2014). The first letter B refers
to weldable high-bond bars that are used in composite bridges. The number 500 refers
to the characteristic value (5% fractile) of the yield strength f;,. The recommended
value of the characteristic yield strength in composite bridges is between 400 and 600.
The third letter refers to the ratio between tensile and yield strength. In composite
bridges, it is recommended to use class B with a ratio between 1.08 and 1.15 or class C
with a ratio that equals or larger than 1.15 but smaller than 1.35. That recommendation
is to ensure a sufficient ductility. Although, the modulus of elasticity for reinforcement
steel is E; = 200 GPa according to (EN 1992-1-1, 2005), It can be taken as Eg =
210 GPa to make it the same as the modulus of elasticity of the structural steel ( Vayas
& lliopoulos, 2014).

The partial factor for reinforcement steel can be taken as y, = 1.15 According to
Eurocode (EN 1992-1-1, 2005).

3.3.2.3 Shear connectors

Strength classes for shear connectors are prescribed in Eurocode (EN 1993-1-8, 2005)
and given in list of Eurocode standards that are used in the design of composite bridges.
The height of the connector should follow the requirements of sufficient concrete cover
and fulfil the condition h > 3d

Nominal values of the yield strength f,,, and the ultimate tensile strength f,,;, for bolts
are listed in Table 3.6.

Table 3.6:Nominal values of the yield strength and the ultimate tensile strength for
bolts.

Bolt 4.6 4.8 5.6 5.8 6.8 8.8 10.9
Class

_N_ | 240 320 300 400 480 640 900
fyb

mm?2

Fub _N_ 1400 400 500 500 600 800 1000

Note: the national Annex may exclude certain bolt classes.

The partial factor for shear connectors can be taken as y,,, = 1.25 According to (EN
1993-1-8, 2005).
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3.3.3 Stainless steel

Grades and properties of stainless steel are described in the European Standard
EN10088. Table 3.7 presents several grades of Duplex stainless steel, the yield strength,
and the tensile strength of the Duplex stainless steels produced to EN 10088 in
accordance with (EN 1993-1-4, 2020). The grade of the structural stainless steel is
symbolled with the Numbers followed by a number referring to the strength of stainless
steel in MPa with a thickness limitation. 1,2 and 4 symbols specify the material
toughness.

Table 3.7 Yield and ultimate strength of different grades of stainless steel from (EN
1993-1-4, 2020)

Nominal thickness of the element in mm
Duplex t < 8mm 8mm <t 13.5mm <t
< 13.5mm < 75mm

Steel grade to EN | f, in|f, in|fy in|f, in|fy in|f, in
10088 MPa MPa MPa MPa MPa MPa
1.4062 530 700 480 680 450 650
1.4162 530 700 480 680 450 650
1.4362 450 650 400 650 400 630
1.4462 500 700 460 700 460 640
1.4482 500! 700! 4802 6602 450 650
1.4662 550! 750! 550* 750* 480 680

3.4 Structural Analysis

According to (EN 1994-2, 2005), action effects can be calculated by elastic global
analysis. This section reviews some important parameters that affect the structural
analysis of composite bridges.

3.4.1 Effective Width of concrete

According to (EN 1994-2, 2005),5.4.1.2, the effects of shear lag of global analysis are
considered by the effective width of the concrete slab that is used in the composite
cross-section where the effective width is smaller at support regions because of the
higher magnitude of shear forces at these regions. The effective width differs at the
mid-span region with one in the support region as shown in Figure 3.1.In the case of
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using elastic analysis, the uniform effective width b, is used at mid-span for spans
that are supported at both ends as illustrated in Figure 3.1.

The effective width at mid-span or internal support is determined as:

bess = bo + Z by (3.6)

b, : The distance between the centres of the outstand shear connectors
b.;: The value of the effective width of the concrete flange on each side of the web

and taken as %“’ but not greater than the geometric width b;.

L. : The approximate distance between points of zero bending moment but not greater
than geometry width b;

b; The distance from the outstand shear connector to a point midway between
adjacent webs or distance to the free edge.

The effective width at the end support region is determined as:

berr = by + X Bi * beji (3.7)

With: f; = (0.55 +0.025 <) < 1.0

el

b.; : The effective width of the end span at mid-span.

b1 bo b2

bet bep be?2

Zz AL D

1.Le=0.85 L for beg

. } f 212025 (Li+Ly) for by
P I \\ / [ i
~ beffi % beffi - 3.Le=0.70 Ly, for beg
beffo | beffz | beffs | 4.L=2.0 L for by,

Figure 3.1 Equivalent spans for effective width of concrete flange, redrawn from
EN1994-2

3.4.2 Cross-section classification

To check if the bending resistance will be determined by elastic or plastic analysis,
cross-sectional classification is needed. Moreover, cross-sectional classification is
important to determine if the cross-section is subjected to local buckling. If the section
is class 1, the section can develop a plastic bending resistance and the section will have
a sufficient rotational capacity. On the other hand, class 2 can develop plastic bending
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capacity, but it has a limited rotation capacity. However, class 3 can only develop an
elastic bending capacity and class 4 will have a resistance lower than the elastic capacity
due to local buckling ( Vayas & Iliopoulos, 2014).

According to Eurocode (EN 1994-2, 2005), 5.5, the classification that is defined in (EN
1993-1-1, 2005), 5.5.2 applies for composite beams. The cross section should be
classified according to the least favorable class of its steel elements in compression.
However, a steel compression element restraint by attaching it to a reinforced concrete
element may be placed in a more favorable class. For composite sections with structural
stainless steel, (EN 1993-1-4, 2020) can be used for classification of sections.

The classification of the cross section in composite bridges and the corresponding
verifications are listed in Table 3.8.

Table 3.8:most usual bridge section classes from ( Vayas & Iliopoulos, 2014)

Bridge Top Bottom | Web Plate Cross verifications
section | flange flange buckling section
verifications
Plate lor2 lor2 lor2 . lor2 (3.8)
girder
lor2 lor2 3 _ 3 (3.8)
lor2 lor2 4 reduced Treated (3.11)
stress as class 3
method
Ncra = ;‘i for classes 1,2, and 3 cross-sections (3.8)
Mo
(3.9)
Nega = errly for class 4 cross sections
’ Ym1
Where:

A: The area of the gross cross section not allowing for fasteners hole
Agsr: The area of the effective cross section allowing for local buckling.

The buckling resistance of steel members can be obtained from equations (3.10),

A .
NpRrd = XAty for classes 1, 2, and 3 cross sections (3.10)
’ YMm1
Npra = Xhefffy for class 4 cross section (3.11)

YM1
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Where:
x : Reduction factor for flexural buckling that can be determined from Eurocode 3 for
carbon steel or Eurocode 4 for stainless steel.

3.4.3 Sectional constants

The cross-section of a composite bridge consists of the steel girders and the concrete
slab within its effective width. The composite cross-section will be transferred to an
equivalent cross-section of only steel material by reducing the area of the concrete slab
the modular ratio no for the short term and n;, for the long term; see section 3.3.1.1.

For uncracked composite cross-section (state 1), the area of the composite section is
determined based on the modular ratio of concrete that differs depending on terms of
loading according to ( Vayas & lliopoulos, 2014).Whereas in the case of using the
corrugated web in the composite section, the contribution of the web to the area and the
moment of inertia will be neglected for both cracked and uncracked cross-sections. The
area of the composite cross section will be determined from Equation (3.12).

Ac
Al = A, +— (3.12)
ng

Where:

Ay 1, : The composite cross-section area.

A, : The steel cross-section area.

A, : The concrete cross-section area.

n; : The modular ratio of concrete that is determined in Section 3.3.1.1

The distance of the centre of gravity of the composite cross-section from the centre of
the concrete slab is determined by the Equation (3.13):

Ag*Z,

Z 1,L = 2
1,L

(3.13)

Where:
Z, - The distance of the centre of gravity for steel cross-section from the centre of the
concrete slab.

The static moment of composite cross-section is determined as:

Sl,L = AC,L * Z_I,L (3.14)

Where:
A, - The transformed area of concrete cross-section depending on the loading term.
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Zy, : The centre of gravity of composite cross-section from the centre of concrete
slab depending on loading term.

The moment of inertia of composite cross-section is obtained by the equation (3.15):

Il,L = IC,L + Ia + Sl,L * Z_a (315)
beff,l
* %
s . —— — 0
29
Yy _

Gravity center

Figure 3.2 Uncracked composite section, from ( Vayas & Iliopoulos, 2014)

G.C : Gravity centre.

I, : Th transfomed moment of inertia of concrete cross-section.

I
Where: I, = n—‘
L

I, : The moment of inertia of structural steel cross-section.
In cracked composite section (state 11), the concrete slab is considered as cracked. Thus,
the reinforcement steel within the effective width of concrete cross-section is included

to calculate the area and the moment of inertia. They are obetained from the following
equations (3.16), (3.17), respectively.

Az,sa =4, + As,tot (316)

_ _ 2 _ 2
IZ,Sa = Ia + Aa * (ZZ,sa - Za) + AS,tOt * ZZ,Sa (317)

Where:

A ¢or - The total area of reinforcement steel.

The centre of gravity for the cracked composite section from the center of
reinforcement is determined by equation (3.18):

(3.18)
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-r . —
Gravity center of steel section I

Figure 3.3 Fully cracked composite section, redrawn from ( Vayas & Iliopoulos,
2014)

The web will not contribute for corrugated

In support regions, the section can also be considered as ‘semi-cracked’ where the cross
sectional area of the beam is equal the amount area of reinforcement steel that is located
in the centre of slab section for simplicity. The tension stiffening of uncracked concrete
parts between reinforcement bars is taken into account by using an increased area for
the effective beam ( VVayas & lliopoulos, 2014).

_ As,i
1= (05 * form) (3.19)
(ps,tot * fsk)

Agi

where:

A ; : The total amount of reinforcement in the slab

Ps.tot - The total reinforcement ratio.

feem : The mean tensile strength of concrete , see Table 3.2
fsk - The characterstic yield strength of reinforcement steel.

3.4.4 Effects of creep and shrinkage
3.4.4.1 Creep

Creep in composite members will cause a reduction in the bending stiffness that should
be considered using the long-term modular ratio n; ( Vayas & lliopoulos, 2014).The
modular ratio depends on the type of loading that could be permanent, temporary or
shrinkage see Section 3.3.1.1.

In statically determined structures, the reduction in stiffness will result in an increased
deflection and a stress redistribution in the cross section increasing the stresses in steel
girder and decreasing the stresses in concrete see Figure 3.4. Since the concrete is under
compression and the bending stiffness is calculated based on the uncracked section, no
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change in the internal forces will occur, and the secondary effects due to creep will not
be considered.

Initial sectional Redistributions | Stresses |
. forcesat timet,  due to creep
- 5 N, | 3 *AN, «Before creep
— Mg AM, -
D + e
i M N
i L 3 a0 S AN, e After creep
MaO AMaq:»

Figure 3.4 The effect of creep on stresses of a composite girder, from ( Vayas &
Iliopoulos, 2014)

3.4.4.2 Shrinkage

Shrinkage will cause a shortening in the concrete slab. Shear connection with the steel
girder will restrain that shortening developing a tension force in the concrete Ng,. An
equal compression force will act on the composite section and a moment Mg, will make
the two forces in equilibrium ( Vayas & Iliopoulos, 2014), see Figure 3.5

Ny

Ngp = —&cs- . “Ecm - Ac (3.20)
s

Mgy = Nsp " Zy15 (3.21)

Where

n, the short-term modular ratio, see Section 3.3.1.1

ns the long-term modular ratio for shrinkage, section 3.3.1.1.

Z1 s the gravity centre of the equivalent section calculated with ng, section 3.4.4.
E.,, the concrete’s modulus of elasticity.

A, the sectional area of the concrete slab.

€. the shrinkage strain according to section 3.3.1.2.

Self-equilibrating

beff,1 forces and stresses
Nsh [ /
Za It /
Nsh ” o
: GC.CS M
; GCA ~
= +

Primary effect

Figure 3.5 Primary effect due to shrinkage, redrawn from ( Vayas & lliopoulos, 2014)
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The mentioned forces and the equilibrating moment from the primary effects will result
in non-negligible values of stresses and deflections in statically determinate systems
(Vayas and Iliopoulos, 2014). On the other hand, secondary effects due to shrinkage
will not be considered because no change of the internal forces will take place in
statically determined structures.

3.5 Design models

3.5.1 Design of shear connections
3.5.1.1 Dimensions of headed studs and detailing of shear connections

There are various types of headed studs that can be used as a full connection between
concrete slab and structural steel girders in composite bridges. According to EN1994-
2 Section 6.6.5.7, there are a wide number of requirements shall be fulfilled to ensure
that the headed studs are appropriate for a specific composite section. Nevertheless, a
requirement of a sufficient thickness of top steel flange shall be provided to permit well-
proper welding with the studs and smooth transferring of loads from connectors to the
plate without local failure or excessive deformation (EN1994-2.6.6.5.7). A typical
headed stud is illustrated in the Figure 3.6 where dimensions of the stud are presented
according to the standard conditions.

21.5d

e _—>0.4d Head

;—Shank
—for studs located /

directly over web
d<2.5t

hsc23d

—20.2d ~— Welded collar

21.25d t - Steel plate
7~ cd _—

Figure 3.6 Dimensions of headed studs, redrawn from ( Vayas & Iliopoulos, 2014)

The arrangement of the spacing between headed studs has demands according to EN-
1994-2.6.6.5.5. The spacing between connectors is important to be sufficiently close to
ensure the assumed of the stability of concrete slab and structural steel. Therefore,
several requirements are presented in Table 3.9 that presents the case of using solid
slab. In addition, the connectors can be placed as groups without losing sight of the
group spacing is greater than the individual spacing between two connectors, this
requires considering some risks in design such as, the non-uniform of longitudinal shear
flow, buckling of steel flange and local resistance of the slab to the concentrated forces
from connectors (EN 1994-2, 2005), 2.6.6.5.5. (4).
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Table 3.9 Detailing of shear connectors from ( Vayas & lliopoulos, 2014)

Condition

Spacing in longitudinal
direction e;,

Spacing in transverse
direction e and clear
distance between edge
of studs and edge of
flange ep

Distance between
downside of head and
lower transverse slab

reinforcements

Studs on compression
flanges would be class
3 or 4 but are classified
due to shear connection
aslor?

Preventing of
longitudinal splitting of
concrete in edge girders.
If the distance of the
edge of the concrete
flange and the nearest
row of shear connectors
eg < 300mm

Limitations

C2Cnmin _

I I I I hsc230mm

eE

5d<e;
< min{5h,., 800mm}

eps25mm Tor solid slab
er =25x*d

> 30mm for flat slabs

e, < 22.&.ty
ep < 9.¢.tg
For solid slab

Additional U-bars
passing around shear
connectors of the edge
girders  should be
provided.

eg = 6%*d
@y =05xd

3.5.1.2 Shear resistance of headed studs

According to (EN 1994-2, 2005), the resistance of headed stud can be obtained as the
minimum value from equations (3.22) and (3.23). Equation (3.22)correspond to the
shear failure at stud shank toe (Prq7) and equation (3.23) determines the shear
resistance from the crushing of concrete around the shank.

_08fumg (3.22)
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Or

029 a d*\[fo Ecm (3.23)

Rd — Yv
With:
h h
a=0.2 (ﬁ + 1) for 3<—=°<4 (3.24)
d d
a=1 for% > 4 (3.25)
Where:

yyv . The partial safety factor that has a recommended value of 1.25.

d : The diameter of the shank of the stud, 16mm < d < 25 mm.

fu : The specified ultimate tensile strength of the material of the stud but greater than
500 N/mm?,

fer - The characteristic cylinder compressive strength of the concrete at the age
considered of density not less than 1750 kg/m?.

hg. : The overall nominal height of the s

To face any possible inelastic redistribution of shear, the shear connectors shall have
sufficient deformation capacity. In addition, the shear connectors with sufficient
deformation capacity are considered as ductile type if the characteristic slip
capacity &, greater than 6mm (EN 1994-1-1, 2005), Annex E where the ductility of
connectors is important to justify the assumed plastic behavior of shear connectors.

3.5.1.3 Design of headed studs against longitudinal shear

The shear connectors shall be able to transmit the longitudinal shear at the interface
between concrete slab and structural steel according to EN1994-2, 6.6.1.1. The
longitudinal shear develops from the vertical shear forces. The horizontal shear flow
for elastic behavior can be determined from the equation (3.26).

Vep S
Vigp = El} (3.26)

Where

Vep 1s the design vertical shear force

S =8, is the first moment of inertia of the concrete slab in respect to the centre of
gravidity of the composite section for the considered time and load case section 3.4.3.
I = I ; is the second moment of area of the composite cross section for the
considered time and load case section 3.4.3.

Equation (3.26) shows that the longitudinal shear follows the vertical shear forces.
However, for load combination, the longitudinal shear should be calculated separately
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for each load case and then combined since the cross-sectional constants used in
equation (3.26) are different for the various load cases ( Vayas & lliopoulos, 2014).

The direction of the longitudinal shear is associated with sign of vertical shear as shown
in Figure 3.7. That should be considered in the combination of actions in a way that the
longitudinal shears in the same directions will be added and in different directions will
be subtracted ( Vayas & lliopoulos, 2014).

The longitudinal shear resistance provided by headed studs at ULS and SLS are given
with equation (3.27) and (3.28).

v _ PRd n
LRE ™= o, (3.27)
and
_ Pra,ser "M
VL,Rd,ser - e—L (328)
Where

Pgrq : the shear resistance at ULS.

Pra ser The shear resistance at SLS.

n : The number of shear connectors at one cross section.
e, The longitudinal spacing of connectors.

- . :7*#71
arger section

v

Horizontal shear

A

Figure 3.7 Shear forces and horizontal shear, redrawn from ( Vayas & lliopoulos,
2014)

As illustrated in Figure 3.8, the diagram of longitudinal shear V g, should be covered
by an appropriate shear resistance V, 4 by choosing the size of shear connectors, the
number of shear connectors in the cross section, and the longitudinal spacing of the
shear connectors. Those parameters are usually kept constants over a certain distance
to achieve a constant shear resistance over the mentioned distance. The design shear
V1 eq could exceed the shear resistance V, p4 by 10% at a specific point, but the total
resistance force should be larger than the design force ( Vayas & lliopoulos, 2014).
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Figure 3.8 Cover of the diagram of longitudinal shear along the bridge, redrawn from
(Vayas & lliopoulos, 2014)

The longitudinal shear for an inelastic behavior is possible at ULS for class section 1
or 2 when it’s possible to make use of the plastic bending resistance. The design
longitudinal shear V; g, will be determined from the difference of the design axial

forces on the slab at adjacent cross section, see Figure 3.9.

_ ANc,Ed
Viga = Ax (3.29)

Section Section

a b
1lllll$5illl:lll

a-a b-b
L T rrrnaree b e i1 itl g
- ;
- | ¢ & )
I Me=Mg ry

Q'a=fyd
' | maxMgg>Mel,Rd
a b
Elastic region Inelastic region Elastic region maxMg4<Mpl,Rd
Nc=Nc,el,Rd+AN Nc,el,Rd
et 0 10 I O 0
- — _—— —
Region Distribution of studs
Elastic Non-uniform
Inelastic uniform

Figure 3.9 longitudinal shear in inelastic region, redrawn from ( Vayas & lliopoulos,
2014)

Longitudinal shear develops due to concentrated longitudinal forces for instance
primary effects of shrinkage N.;. As shown in Figure 3.10, the longitudinal shear
develops at the ends of the bridge when the force N_, is transferred to the beam by shear
connectors over a length equal to b.sfo. The longitudinal shear is given by Equation

(3.30).
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eff,0
eal distribution
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MDA T NNDENE:
beft Primary stresses

due to shrinkage

Figure 3.10 Distribution of end shear due to shrinkage at an edge support, redrawn
from ( Vayas & lliopoulos, 2014)

3.5.1.4 Design of concrete slab against longitudinal shear

The longitudinal shear at the steel-concrete interface will be transferred from the
concrete slab to the shear connectors and then to the structural steel. A sufficient
transverse reinforcement is important to allow this transfer and to prevent shear failure
or longitudinal splitting. Finally, the shear will be transferred by a struts and ties as
illustrated in Figure 3.11.

Strut and tie mechanism for a
transfer of longitudinal shear 1 . . A s , At
Shear cracks a b | b A,
( a
Ay
T‘ T T — v T ¥
hs i ° M {—l ) i

Vi ra |ﬂ§ D.
Zs

Figure 3.11 Failure mechanism and typical sections for checking shear failure,
redrawn from ( Vayas & lliopoulos, 2014)

Those ties and struts need to be checked at ULS at different sections with the possibility
of shear failure as shown in Figure 3.12.
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At sagging moment area At hogging moment area

Figure 3.12 Design shear flow at section a-a, redrawn from ( Vayas & lliopoulos,
2014)

The design shear flow for various sections can be determined from Equation (3.31) and
(3.32).

For sagging bending:
Acpess

Vicea = ViEa A—ff (3.31)
c,tot,e

For hogging bending, the crushing resistance of the struts can be obtained from
Equation (3.32).

. 1
Vera =V fea Ly sinB-cos@ =v-f,-L,- ot0 + cotd 1 (3.32)
Where:
fck MPa)
=06-(1- 3.33
v=20.6 (1 520 ( )
The shear resistance of the ties is obtained from Equation (3.34).
Agy
Vsra = S, * fsa - cot (3.34)
f

Where

iif is the area of transverse reinforcement divided by spacing as listed in Table 3.10.
f

Table 3.10: ratios of ? from ( Vayas & Iliopoulos, 2014)
f

Type of section for shear a-a b-b c-C d-d
failure
ﬁ Ab + At 2Ab ZAb 2Abh
Sf
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Where:
A, area of bottom transverse reinforcement.A;: area of top transverse reinforcement.
Apy,: area of bottom transverse haunch reinforcement.

The minimum transverse reinforcement ratio is given by Equation (3.35).

Asf _ 0.08 - ka
Sf - h¢ f:ek

min (3.35)

3.5.2 Bending Capacity

According to (EN 1994-2, 2005), the design bending resistance shall be determined by
rigid-plastic theory when the effective composite cross-section is in Class 1 or Class 2.
Furthermore, elastic bending resistance of a composite cross section should be used if
the cross section is in Class 3 or Class 4. However, elastic analysis and non-linear theory
can be used to determine bending resistance to cross section of any class. The three
methods are reviewed in this section.

3.5.2.1 Plastic Bending Capacity

In the case of using Class 1 or 2 for an effective composite cross-section, the moment
due to the applied loads shall be checked by comparing them with the design bending
resistance that is determined based on the rigid-plastic theory (EN1994-2.6.2.1).

To determine plastic bending resistance of a composite cross-section considering the
plastic theory, full interaction between structural steel, reinforcement steel and concrete
shall be assumed. In addition, the stresses in both structural steel and reinforcement
steel are assumed to reach to their design yield strength f,; and f;, respectively in
tension or compression. The contribution of reinforcement can be neglected in sagging
areas. Meanwhile, the compressive stress in the effective area of concrete flange is
taken as 0.85 of the design cylinder compressive strength f.,; of the concrete (EN1994-
2.6.2.2).
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Figure 3.13 Examples of plastic stress distribution for a composite beam with a solid
slab and full shear connection in sagging and hogging bending, from (EN 1994-2,
2005)

In hogging moment area where the concrete is exposed to tension stresses, the concrete
has not contribution to resist bending moment. Thereby, the composite cross-section
will consider the contribution from the reinforcement and the steel girders. Therefore,
there is a condition of minimum ratio of reinforcement in the effective area of concrete
flange that shall be determined from equation (3.36):

A

=—2>m = 1/ .

A,

State |l

Figure 3.14 Minimum reinforcement ratio in hogging moment area, redrawn from (
Vayas & lliopoulos, 2014)

Where:

6 :equal 1.0 or 1.1 for cross sectional Class 1 or 2 correspondingly.
k. :acoefficient equal 1.0 conservatively.

fsk : The characterstic yield strength of reinforcement steel.

fy - The yield strength of structural steel.
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foem - The mean tensile strength of concrete.
A, : The area of tension reinforcement of ductility class B or C.
A, : The area of the concrete flange within the effective width b, .

To prevent crushing of concrete, if the distance between plastic neutral axis and the
extreme fibre of the concrete slab x,, is greater than 0.15 of overall depth h of the

composite cross-section, the design moment resistance My, g, shall be reduced by
factor . The value of £ shall be obtained from graph in Figure 3.15. Nevertheless, if
the ratio of % is greater than 0.4 the bending resistance of moment shall be determined

by non-linear method that considers the stress-strain relation of the materials as in
(EN1994-2.6.2.1.4) or as elastic resistance from elastic method (EN1994-2.6.2.1.5).
This reduction of design moment occurs when using of high strength steels S420 or
S460 where the strain limitation of concrete is smaller than the strain limitations of
structural steel and reinforcing steel of ductility classes B and C. Thereby, there is a
risk that the concrete flange excess its ultimate strain while steels components have
sufficient higher ultimate strain.

=)
—>
Xl

0.15 04 "

S ’ £ M

{ i Tl' ﬁl Tl' ijl ‘_Ma ) 0,85
h

|

Figure 3.15 Reduction factor g for My, g4, from (EN 1994-2, 2005)

In the case when the acting design shear is greater than half of the shear resistance (EN
1993.1.5, 5.1) for carbon steel, (1993.1.4 for stainless steel) and (1993.1.5 Appendix D
corrugated), a part of structural steel resistance can be of use to resist the shear forces.
Thus, the design strength of structural steel shall be reduced accordance to equation
(3.37) (Vayas & lliopoulos, 2014).

fy,red =(1- p)-fyd (3.37)

Where
fya : The design strength of steel.

2.V, z
b= ( ke 1) (3.38)
Rd

Vg4 - The design shear force of the relevant wall resulting from vertical shear and
torsion
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Vra - The design shear of the wall, either the plastic resistance V,,; 4 Or shear
buckling resistance Vyy, rq

: ! 0,85 fed

1 70 B

"4
(1- o |+ l E:) Mra

fyd

Figure 3.16 Plastic stress distribution allowing for the interaction with shear, from
(EN 1994-2, 2005)

In global analysis for a continuous composite bridge, some inelastic rotation with
moment redistribution in the internal support regions are required to develop the plastic
moment resistance in the mid-span regions in cross-section Class 1 or 2. The bending
moment from the elastic global analysis cannot overreach 90% of the plastic bending
resistance in cross-section Class 1 or 2 if the cross-section in the internal support
regions is classified as Class 3 or 4, and if the ratio of lengths between spans
(shorter/longer) is less than 0.6. In fact, unequal lengths require higher plastic rotation
and larger moment redistribution. Otherwise, the global analysis of inelastic behavior
shall be exploited where the inelastic resistance in support regions in Class 3 or 4 is
limited (EN1994-2.6.2.1.3). The limitations of moment resistance for a continuous
beam are illustrated in Figure 3.17.

L L _
L 206, 2206

7~ 7~ 7~
C—b-\—d—b{d—b-l—d—b
L L, Ly L,
Class 3 or 4
F Class 3 or4 ’* Class1or?2

e /777%77 /777%77 /7%7 ‘ 1TTTTTT

M, Ra<0.9-M, pird ‘ ‘ M, pg<0.9:M,; jird ‘ * | MygasMypira
Class 1 or2 Class 1 or 2 Class 1 or2

Figure 3.17 Moment resistance limitation for spans of continuous beams, from (Vayas
& lliopoulos, 2014)

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-22-06 42



Table 3.11:Verifications of class 1 or 2 cross sections for bending moment and shear
from ( Vayas & lliopoulos, 2014)

Field of application Shear Bending moment
Spans of simple or continuous Via < 0.5Vgq Mgq < B * My p1Ra
beams in general Vpg > 0.5Vey Mz < B * My piy ra
Internal supports of continuous Viq < 0.5Vgq Mgq < B * My pa
beams Veq > 0.5Vgq Mgq < B * My 1y Ra
Spans of continuous beams with Via < 0.5Vg4 Mg,

cross sections at adjacent supports
class 3 or 4 and ratios of adjacent
spans< 0.6

< 0.9 % ﬁ * Ml,pl,Rd

Mgq
<09=xpx* M p1v,ra

Vea > 0.5V

Where:

Veq: 1S the plastic resistance or the shear buckling resistance

M; p1ra aNd My, rq - are the plastic moments for sagging and hogging bending
M; piv.ra @Nd My 1,1 v ra - @re the reduced plastic moments for sagging and hogging
due to shear.

The web will not contribute for corrugated

3.5.2.2 Non-Linear Resistance to Bending

The non-linear theory could be used to determine the bending resistance for composite
cross section of any class (EN 1994-2, 2005).The composite cross section is supposed
to keep plane and the strain in bonded reinforcement is deemed to be the same as the
mean strain in the surrounding concrete both in tension and compression (EN 1994-2,
2005), 6.2.1.4. Stress-strain relation shall be considered. The stress in the concrete and
the reinforcement are obtained from stress-strain curves in (EN 1992-1-1, 2005), 3.1.7
and (EN 1992-1-1, 2005), 3.2.7 respectively. For the structural steel, the bi-linear
diagram in (EN 1993-1-1, 2005), 5.4.3(4) should be used.

For composite cross-sections class 1 or class 2 with the concrete flange in compression,
the non-linear bending resistance to bending My, is given as a function of the
compressive force in the concrete N, by the following simplified equations as illustrated
in Figure 3.18.

Nc

Mgy = Mg gq + (Mel,Rd - Ma,Ed) N_z
ce

for N, <N, (3.39)
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NC - Nc,el

Mg = Mejra + (Mpira — Merra) W
c.e ce

forNee < N. < Nf (3.40)

With:

Mel,rd = Ma,Ed +k- Mc,Ed (3-41)

Where:
M, gq is the design bending moment applied to the structural steel before composite

behaviour.

M, g4 is the part of the design bending moment acting on the composite section.
k : the lowest factor that a stress limit in (EN 1994-2, 6.2.1.5(2)) is reached.

N, ., is the compressive force in the concrete flange associated with M, r4.

MRd M
- Rd
.Rd 1 Mo 2
Kh g M
10 10
A/él‘Rd A/gl‘l?d
I.Rd Moird
AAEI‘Ed
bisa Key:
» N » M 1 propped construction
N, g 1,0 Neg N 1,0 Mot ]
Nt Nest 2 unpropped construction

Figure 3.18 Simplified relationship between My, and N, for sections with concrete
slab in compression, from (EN 1994-2, 2005)

3.5.2.3 Elastic Bending Capacity

To determine the composite cross-section bending resistance, stresses should be
calculated using the elastic theory. The effective width of concrete flange shall be
determined accordance to section-3.4.1. The effective cross-section is calculated
accordance to (EN1993-1-5.4.3) for cross-section in Class 4 and 1993.1.4 for stainless
steel. The elastic bending resistance is calculated based on the limiting stresses as
mentioned in (EN 1994-2, 6.2.1.5(2)).

Stresses acting on structural steels at the construction phase shall be considered and
added to stresses due to actions on the composite member. The effect of creep shall be
considered in term of usage of the modular ratio of concrete. The primary effects of
shrinkage should be considered for the concrete in sagging bending areas and neglected
for concrete in hogging areas. However, secondary effects of creep and shrinkage are
neglected for the case of simply supported beams.
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Stresses shall be verified to load combination for short-term and long-term loading.
Where the short-term design indicates to the early age of the bridge, it’s based on the
modular ratio of concrete n,. Consequently, the primary effects of creep and shrinkage
can be neglected at that stage. Bending moments acting on the composite cross-section
with short-term properties can be combined and stresses acting on structural steels at
the construction phase shall be added. Stresses will be combined and compared with
the limits. The short-term design is important for stresses in concrete. The combination
of stresses acting on a composite cross-section that are included in elastic bending
capacity are summarized in Figure 3.19.

1, age of concrete when M’Ee;n:eamm acts

on pure steel (I3) composite section (I, 5) uncracked composite section (I, o)

T Pl

Bending moment acting Short-term bending moments acting on uncracked Secondary bending moments acting on

due to permenant loads acting
atty

P : includes short-term bending moment due to imposed deformations

1 P(0L) Short-tem bending moment LPTID=) Secondary (PT)design

bending moments (Ed) due
to permenant loads

lelts Shrikage forces acting on uncracked composite Short-term bending moments acting on

section (I, ) uncracked composite section (1, ;)

Oseq=fsk/Vs
O £d.0™Tek/Ye

Oa.ed=Tyk/YM

Short-term bending moment
due lo traffic , tempreture

Figure 3.19 Stress distribution for cross section in Class 3 considering loading history,
redrawn from ( Vayas & Iliopoulos, 2014)

3.5.2.4 Lateral torsional buckling

A steel flange that is attached to a concrete slab by shear connection may be assumed
to be laterally stable. However, all other steel flanges in compression “indeterminate
structure” should be checked for lateral stability (EN 1994-2, 2005). In addition, general
methods for checking lateral stability are provided by Eurocode 3. Consequently,
Applicable to the steel section on the basis of the cross-sectional forces on the
composite section, taking into account effect of sequence of construction the lateral and
elastic torsional restraint at the level of the shear connection to the concrete slab may
be taken into account by reducing the moment resistance with y;, where values for y,
can be obtained from (EN 1993-1-1, 2005).

At the level of the top steel flange, a rotational stiffness kg per unit length of the steel
beam may be adopted to represent the U-frame model as illustrated in Figure 3.20.
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Figure 3.20 U-frame model from EN-1994-2(2005)

_ ki k

ks_k1+k2

Where:
k,: The flexural stiffness of the cracked concrete slab in the direction transverse to the
steel beam. It can be taken as:

k1=a'Ea'12/a

a: The spacing between the parallel beams.
E, - I,: The cracked flexural stiffness per unit length (EN 1994-2, 2005), 1.5.2.12.
k,: The flexural stiffness of the steel web, to be taken as:

Ea'tﬁ?’v

T a-won

Where v,is Poisson’s ratio for steel and hsand t,,are defined in Figure 3.20.
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4 State of the art

The concept of composite bridges with stainless steel corrugated I-girders has been
noteworthy because of its economic and environmental advantages. The important
references related to the effect of using corrugated webs and stainless steel on the
flexural capacity of the composite bridges will be reviewed in this section.

4.1 Corrugated I-girders bridges

I-girders with the corrugated web have higher shear buckling strength than that in flat

web girders (Jun , Yuging, Airong , & Teruhiko, 2012).Therefore, smaller web
thicknesses can be used, and the material needed is reduced ( Henrysson & Yman ,
2020).

The flexural behavior of corrugated web girders is different from that of flat web
girders. Figure 4.1 shows the longitudinal stress distribution in a corrugated profile
obtained from an analytical model. It can be noted that stress intensity in
the longitudinal folds is much higher than stress distribution in the inclined folds.
Consequently, stress extension is much higher in corrugated profiles compared with in-
plane webs due to the lower axial stiffness of the corrugated profile which is usually
called the accordion effect of the corrugated web ( Inaam & Upadhyay , 2022).The
accordion effect allows corrugated webs to stretch or contract easily.

iy

Figure 4.1 Axial load and stress intensity of a corrugated profile (Inaam. Q and
Upadhyay. A,2022)

<P = 100kN

——— i»

(ELgaaly & Seshadri, 1997) conducted an experimental study to verify the flexural
capacity of corrugated web beams and suggested that the ultimate moment capacity can
be obtained with the yield stress of the flanges ignoring any contribution from the web.

(Elammary, Saddek, & Alwetaishi, 2017) conducted an experimental, analytical, and
numerical study to define the flexural capacity of conventional steel | beam, and | beam
with corrugated webs. The study concluded that the flexural capacity of a steel beam
with the corrugated web is less than that for the conventional steel | beam in a range
between 10 to 20%. The study was extended to include the flexural capacity of two
steel-concrete composite beams with corrugated webs. The results of the test were listed
in the Table 4.1. The failure mode of the two specimens is a flexural failure with a
ductile behavior as stated in the table.
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Table 4.1 Test results of composite concrete-steel beams, from (Elammary, Saddek, &
Alwetaishi, 2017)

Beam feu P., B, B, / My Mode of
No 2 Fer failure
N/mm kN kN KN.m
Bl 27.5 62 170 2.12 89.25 Flex Comp
ductile
B2 27.5 60 170 2.12 89.25 Flex Comp
ductile

The load-displacement relation of the two beams is illustrated in the Figure 4.2. The
results were compared with the nominal design moment capacity that found to be equal
to 84.3 kN * m. This value is 95% form the maximum moment that the beam resisted.
The study conducted that the flexural capacity of composite beams could be decreased
by 10 to 20% in case of using the corrugated web instead of the flat web.

200 T H
z |
160 é - R S frosmreeaees B
= : H i
=2 H
140 -5 : A /
3 -
120 |- T
&
< : i i i
100 - “L 2 ) S P S PR
N
60
FT/J T (SRR IURRN SSUIRRRS SNSRNRRYES SRR RN, S ——
Mid:span Deflection (mm)
0 t + i o - S
0 5 10 15 20 25 30 35

Figure 4.2 Load-mid-span deflection curve for B1 and B2, from (Elammary, Saddek,
& Alwetaishi, 2017)

( Inaam & Upadhyay , 2022) conducted a numerical parametric study to evaluate the
accordion effect in bridge girders with corrugated webs. The Figure 4.3 shows the
longitudinal stress distribution in a corrugated profile. The longitudinal folds resist
longitudinal stresses, and the inclined folds create discrete discontinuities. Since the
inclined fold varies by changing corrugation angle and fold width, the accordion effect
has a high sensitivity to geometrical parameters.
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Figure 4.3 Longitudinal stress distribution for a corrugated profile, from ( Inaam &
Upadhyay , 2022)

A minimum web contribution of 10%,20% or 30% can be used for the determination
of bending resistance if the conditions of the three key parameters listed in Table 4.2
are satisfied ( Inaam & Upadhyay , 2022).

Table 4.2 Conditions required for web utilization, from ( Inaam & Upadhyay , 2022)

tweff h_W _ (a4 +ay) 0= bs + as
tw tw (a; + 2a4) by bs — az
0.1 <150 <0.18 <16
0.2 <125 <0.13 <12
0.3 <90 < 0.09 <11

Dense corrugation has more axial stiffness than coarse corrugation. Compact webs have
a better ability to contribute to the flexural capacity. Using unequal corrugation folds
(al>a2) results in higher web participation.

4.2 Stainless steel

Stainless steel has very good corrosion and fire resistance, high strength, and ductility
as well as improved durability (Zhou, o.a., 2021). It does not require coatings to be
applied. Therefore, it has a lower life cycle cost compared with carbon steel (Shammas
& Cashell, 2019).Therefore, stainless steel attracted researchers.

(EN 1993-1-4, 2020), use the concept of cross-section classification to treat local
buckling in order to determine the bending resistance of stainless-steel elements.
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However, the concept of cross-section classification used in Eurocode is suitable for
materials with the stress-strain response with an idealized elastic-perfectly plastic
model which is not the case for stainless steel (Afshan & Gardner, 2013).

Stainless steel has a non-linear stress-strain relation from an early stage and a
remarkable strain hardening prior to failure as shown in Figure 4.4 (Shammas &

Cashell, 2019)

Cu

Op.24

» <

0.2% €p2

€u

Figure 4.4 Stress-strain relation for stainless steel, from (Shammas & Cashell, 2019)

The results from 65 bending test of stainless-steel beams were compared. The ultimate
bending resistance M, from the test is normalized with M,, and plotted against the

cross-section slenderness (Afshan & Gardner, 2013) as shown in Figure 4.5.
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Figure 4.5 comparison of 65 beam test results with EN1993-4-1 provisions, from

Cross-section slenderness )Lp

(Afshan & Gardner, 2013)
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This comparison shows the relationship between cross-section slenderness and the
increase of the bending resistance due to strain hardening. The slenderest is the cross
section, the more considerable is the increase of the bending capacity due to strain
hardening. This increase is related to the increase of cross-section deformation capacity
(Afshan & Gardner, 2013).

(Afshan & Gardner, 2013) proposed a new design method called the continues strength

method (CSM) to predict the effect of strain hardening. The CSM replaces the concept
of cross-section classification with a non-dimensional measure of cross-section
deformation capacity.

(EN 1993-1-4, 2020) Annex B presents the continues strength method that consider
strain hardening effect to calculate the resistance of stainless-steel elements. The linear
hardening material model introduced by Eurocode is illustrated in Figure 4.6.

Stress
(o)

<
m

sh

& C& Cé
y Strain (&) t o

Figure 4.6 CSM bi-linear elastic, linear hardening material model, from (EN 1993-1-
4, 2020), Annex(B)

The bending resistance of the steel-concrete composite section is determined according
to (EN 1994-2, 2005) by the rigid plastic theory that is reasonable for carbon steel.
However, that assumption could be incorrect for stainless steel where strain hardening
develops in the lower flange of a ductile cross section before the collapse moment is
reached (Shammas & Cashell, 2019).

Eurocode (EN 1994-2, 2005) limits the bending resistance to the plastic bending
resistance and uses cross-section classification that is suitable for materials with the
stress-strain response with an idealized elastic-perfectly plastic model.

Furthermore, the overall cross-section classification is determined depending on the
slenderest element in which neglects the element interaction. However, the interaction
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between elements enables a flange of class 2 to reach its plastic capacity even though
the web is in class 3.

Then, (Shammas & Cashell, 2019) suggested an analytical solution based on the
continuous strength method to estimate the bending resistance of stainless-steel
concrete composite beams considering the effect of strain hardening. They presented
two models to predict bending resistance, a detailed model and a simplified model.

Figure 4.7 shows the strain distribution through the depth of the cross-section and the
corresponding stress distribution obtained by the detailed model.

Case 3

Figure 4.7 The stress- strain distribution diagrams for composite beam with full
connection, (Shammas & Cashell, 2019)

There are three possible cases for stress distribution as presented in Figure 4.7. In case
1, the location y, , where the strain in the stainless-steel section equals yielding strain
is within the web of the stainless-steel as described in the expression (4.1):

Yoz 2tc—y1ttf (4.1)

where:

y,: The depth of compressive area of the concrete slab

t. : The total thickness of concrete slab

ts . The thickness of top flange of structural stainless steel

Case 2 corresponds to situation where the mentioned location is within the top steel
flange, as described in expression (4.2):

te=Y1=Yoz2Stct+ i (4.2)

Case 3 is when the location lies within the concrete slab as described in the following
expression:

O0<yo2<t.—y (4.3)
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The internal axial forces and the corresponding moments can be calculated for all
cases as presented in Table 4.3.

Table 4.3 Expression for the internal forces and bending moments in the cross-sections
for the three cases from (Shammas & Cashell, 2019).

Case 1 Case? Case3
E. 0.85f..b..y, 0.85f..b.. v, 0.85f..b..y,
M 2 2 2
¢ 085fc.bc.}% 085fc.bc.y71 085fc.bc.%

F

t1 f te— yltc 7 J tc - ylyo'zbfal(s)-dy J- te — yltc 1

+ tfbfo-l(s) dy + tfbfo'z(s) dy
Mtfl f te — yltc_y1 f te— ylyo'zbfal(e)y- dy f te— yltc_yl
+ tfbfal(s)y dy + tfbfaz(s)y dy

F _ _ _

tfz fH - tf_ylH :V1bfo-1(£). dy JH - tf_ylH :Y1bfo-2(g). dy JH - tf_ylH ylbfo-z(g). dy
Mer2 H J H = tr—y,H %be 0y y.d,, H

- tf_yl ylbfal(s)y dy - tf_yl ylbfo-Z(e)y dy

th3 ------------------- fyo_ztc_yl + tftwo'z(g) dy -----------------
) P S —— P [ ——

v fJ’o.z“ Tttty Oy - dy
Feun f te — ¥y, +teo2t,000.4, || T
MtWI f tc _ }’1 ------------------

+ th’o.z twcrl(g). y. dy

F —te— —t—

tw2 fyO.ZH s htwo-z(s)- dy f te =W + tfH te yltwaz(s)- dy tc st

+ tfH_t”_yl twaz(s)- dy

M - —t—

tw2 fyO.ZH s yltwo-z(e)-y- dy f te—n1 + tfH te yltwo-z(a)-y- dy tc 4t

+ t et 00 Y. d,,

The detailed analytical solution to obtain the plastic bending moment requires
numerical integrations to obtain the internal forces and moments that make the
analytical calculation of plastic bending capacity complicated. Therefore, a simplified

analytical model has been proposed to make the calculations easier.

The main assumption of simplified analytical method is that the effective area of
structural steel section is stressed to constant stress value o,,, where o, is defined as the
stress at 60% of the steel beam height. as illustrated in Figure 4.8. Noteworthy, in case
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of using carbon steel in composite cross -section, Eurocode 4 recommends stressing the

effective area of the structural steel to its yield strength.

Figure 4.8 The stress and strain distribution diagrams for composite beams with full
shear connection based on the simplified approach from (Shammas & Cashell, 2019).

As illustrated in Figure 4.8, the distance between the neutral axis and the location for

0, Can be determined as:

yz = tC + 06h _yl

Where:

v, . The height of compressive area of the concrete slab
t. : The total height of concrete slab

h: The total height of structural steel section.

From the horizontal equilibrium of the internal forces:
F. = F = 0.85F. y1 b, = Ag o

Or
Y17 0857 b, ™

Where:
A, : The cross-sectional area of the stainless steel

(4.4)

(4.5)

(4.6)

It is assumed that y, > y, ,, therefore stresses value a,,, can be determined by equation
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0.2 (4.7)

£
afe-
O-m = 0-0.2 1 + 82
1+ (*—1). —ggof "
€0.2

In which &, is the strain in the steel section at y,given by equation (4.8) and k is the
cross-sectional curvature determined from equation (4.9).

& = k.y, = k.(t, + 0.6h — y;) (4.8)

Kk = min( k., Kg) 4.9)

Where:

K —gcuandzc = _u
c— a —
V1 H—-y,

Where the material parameters used in equation (4.7) can be obtained from equations
(4.10) to equation (4.14).

g,
€0z = % +0.002 (4.10)
~ 1—0.00375(n — 5) (4.11)
%u = %25 185
Where:
e = 202
E
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Ey

E, = 4.12
Y 14+ (r—=1.m (4.12)
Where
E = E
27 1+40.002 Y/,
o E;(&y — €0.2)
Oy — 0p.2
(o
m=1+35—2
O-u
i E;. g,
27 02 (4.13)
1—-rn
* = p* 4.14
e (4.14)
Where:
— Eu(gu - 80.2)
“ (0u-00.2)
. 09.2
&, =min(1———_A
w = min (1-—=.4)
The plastic bending capacity of the composite beam can be calculated as:
Mpl = om As[H — h/z - yl/Z] (4.15)
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Where, ¢, is the ultimate tensile strain, A is the stainless-steel elongation, E, and E,,
are the slope of stress-strain curve at &, , and ¢,,, respectively. The parameters r, r,, ™,
1y, P, p*need also to be determined.

(Zhou, et al., 2021) presented an experimental, numerical and analytical study of the
behavior of stainless-steel concrete composite beams subjected to bending. A total of
eighteen full- scale stainless steel-concrete composite beams having various shear spans
and different degree of interaction as listed in Table 4.4 were tested under bending,
shear and combined bending and shear. Eight of them were tested in bending under a
simply support condition as illustrated in Figure 4.9. The geometry and the instruments
for the test are shown in Figure 4.10.

CSSBLBF CS5B2SF CSSBIBP
Figure 4.9 Number of bending, shear, and combined bending and shear tests that were

(SSBASF

carried out by (Zhou, et.al, 2021).
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Fig. 3. Configuration of geometry and instrument setup for stainless steel-concrete composite beam tests.

Figure 4.10 Configuration of geometry and instrument setup for stainless steel-
concrete composite beams tests, from (Zhou, et.al, 2021)
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Table 4.4 Specimen details of stainless-steel composite beams (Zhou, et.al., 2021)

Specimens | Beam L, a Loading | Connector | Connector | Connector |
materials | mm | mm | method | types materials | spacing
mm

CSSB1-BF LD2101 5800 | 2000 | FPL Bolt D2205 200 1
CSSB2-SF LD2101 5800 | 2000 | FPL Stud D2205 200 1
CSSB3-BP | LD2101 | 5800 | 2000 | FPL Bolt D2205 400 0.7
Bending | CSSB4-SP | LD2101 | 5800 | 2000 | FPL Stud D2205 400 0.6
test CSSB5-BF | A304 5800 | 2000 | FPL Bolt A316L 200 1
CSSB6-BF | D2205 5800 | 2000 | FPL Bolt D2205 200 1
CSSB7-BF LD2101 | 2000 | 1000 | TPL Bolt D2205 200 1
CSSB8-SP LD2101 | 2000 | 1000 | TPL Stud D2205 200 1
CSSB9-BF LD2101 | 550 275 TPL Bolt D2205 100 1
CSSB10-SF | LD2101 | 550 | 275 | TPL Stud D2205 100 1
CSSB11-BP | LD2101 | 550 275 TPL Bolt D2205 100 0.7

Shear test
CSSB12-SP | LD2101 | 550 275 TPL Stud D2205 100 0.6
CSSB13-BF | A304 550 275 TPL Bolt A316L 100 1
CSSB14-BF | D2205 550 275 TPL Bolt D2205 100 1
Combined | CSSB15-BF | LD2101 | 1600 | 800 | TPL Bolt D2205 100 1
bending [ CssBi6BF | LD2101 | 800 | 400 | TPL | Bol D2205 | 100 1
test CSSB17-SF | LD2101 | 1600 | 800 | TPL Stud D2205 100 1
CSSB18-SF | LD2101 | 800 | 400 | TPL Stud D2205 100 1

FPL: four-point loading; TPL: three-point loading

Comparing experimental results with design models of carbon steel, the ultimate
bending resistance is 14% to 24% higher than M,,. It’s obvious that stainless steel—
concrete composite beam could sustain higher flexural capacity due to its remarkable

strain hardening effects.
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Figure 4.11 Moment- mid-span displacement curves for bending tests
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Table 4.5 Results of stainless-steel composite beams from bending tests and analytical
models from (Zhou, et.al, 2021)

tii?ding Specimens II?N Ilrll\lljm Ky Mgpa M/MRPA Mgy, M/MSHA Mgyas M/MSHA.S
KN.m/mm | kN.m kN.m kN.m
FPL CSSB1-BF | 107 | 204 2.86 177 1.15 190 1.07 190 1.08
CSSB2-SF | 108 | 206 2.89 177 1.16 190 1.09 190 1.09
CSSB3-BP | 102 | 194 2.45 170 1.14 175 1.11 175 1.11
CSSB4-SP | 101 | 192 2.73 165 1.16 170 1.13 170 1.13
TPL CSsSB5-BF | 73 | 139 2.55 118 1.18 126 1.10 125 1.12
CSSB6-BF | 108 | 205 2.62 177 1.15 190 1.08 190 1.08
CSSB7-BF | 213 | 213 21.74 175 1.22 190 1.12 190 1.12
CSSB8-SF | 218 | 218 22.35 175 1.24 190 1.15 190 1.15

The study concluded that the stainless steel-concrete composite beam could sustain
higher flexural capacity compared with the design codes due to its remarkable strain
hardening effects.
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5 Finite element studies

The purpose of this chapter is to develop parametric studies using the finite element
modeling approach to evaluate the influence of stainless steel and corrugation in the
web on the ultimate bending strength of composite sections with dimensions similar to
those used in bridge construction. First, in section 5.1, the approach adopted for
modeling and analysis by the finite element method in Abaqus software is described.
The considered modeling approach is used to simulate a number of bending tests
performed on composite sections by others, and the results are compared with the
results of the tests with the aim of validation of the modeling approach. Later, in section
5.2, three composite beams with large dimensions were designed and studied using the
described FEM and their bending behaviors when they have a flat web and are made of
carbon steel were compared with other conditions, including stainless steel and
corrugated web plates, with the aim of evaluating the effects of changing the material
to stainless steel and the web configuration into corrugated on the ultimate bending
strength.

5.1 Modelling method

5.1.1 FE element type

The composite steel-concrete bridges are usually modelled as assembled parts of
structural steel and concrete slab. Those parts have individual properties and are
modelled by using different element types. The concrete slab is modelled using 3D
solid elements (C3D8R) available in ABAQUS element library with 8 nodes and
reduced integration points as illustrated in Figure 5.1. This element type allows for
simulating the interfaces accurately.

Figure 5.1 3D solid element (C3D8R), from (Ellobody, 2014)

On the other hand, structural steel plate elements were modelled using conventional
shell element type S4R. If the cross section is classified as a compact section that has
enough thickness to develop its plastic moment resistance without any possibility of
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local buckling, then it can be modelled with solid elements with 8 nodes. But if the
elements, such as the web and the flanges, are classified as non-compact that have
thinner plate thickness than compact sections, then a conventional shell element with
reduced integration points type S4R is suitable to model the structural steel section as
illustrated in Figure 5.2. Reduced integration provides accurate results since the
elements are not loaded in in-plane bending. Conventional shell elements normally
have 5 or 6 degrees of freedom per node, which are S4R5 and S4R6 respectively. Using
S4R5 instead of solid elements facilitates the modelling of metal structures and reduces
the computational time.

x]

[ §]

SR4

Reduced integration

Figure 5.2 Conventional shell element SR4, from (Ellobody, 2014)

The steel rebars were modelled using truss elements T3D2, which are embedded in the
concrete slab. The T3D2 element is shown in Figure 5.3.

Figure 5.3 Truss element T3D2 redrawn from (Agampodi , Safat, & Ashraf, 2018)

5.1.2 Modelling the behaviour of carbon Steel

The carbon Structural steel and reinforcement were modeled using the stress-strain
relation given in (EN 1993-1-5) as illustrated in Figure 5.4. The curve is linear until
yielding, followed by bi-linear behavior after yielding until it reaches the ultimate
tensile stress as shown in Figure 5.4.
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Figure 5.4: Stress-strain relation with strain hardening (EN 1993-1-5, 2005)

The material’s yielding strength, f,,, and the ultimate strength, f,, for the employed
steel grad were obtained from Table 3.3 in section 3.2.2. Furthermore, the engineering
value of yield strain € and ultimate strain &,,. are determined from equations (5.1),(5.2),
respectively, where the equations are integrated from the stress-strain curve that is
presented in Figure 5.4.

_k
& = E_O (51)
fy | = f
&y = E_); + E—Oy (5.2)

100
Where:
E, : Young’s modulus of elasticity

The elastic part of the curve was introduced to ABAQUS with Young’s modulus (Ej)
and Poisson’s ratio v. The non-linear part should be introduced using the characteristic
values according to the recommendations in EN 1993-1-5. Considering that the analysis
of composite bridges is associated with large inelastic strains, the engineering stress-
strain curves should be converted to true curves of stress and strain as illustrated in
Figure 5.5. The true values of stress and strain can be determined from equations (5.3)
and (5.4) respectively.
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1 true stress-strain curve
2 stress-strain curve from tests

Figure 5.5 True stress-strain relation, from (EN 1993-1-5, 2005)

Otrue = 0 * (1 +¢) (5.3)

Erue =M x (14 ¢€) (5.4)

The plastic true strain will be calculated from equation (5.5).

Otrue
Eq

el =nx(1+¢)— (5.5)

In this study, Steel grades S355, S420, HPS-556, and HPS-583 were used for the
modelling of steel plate elements. Additionally, the used reinforcement had a yield
strength of 413.7 MPa and an ultimate tensile strength of 620.5 MPa. The material
properties, including the true stress values, and the plastic true strain values for the used
carbon steel in different strengths are presented in Table A.7 to Table A.11 in Appendix
A. The implemented stress-strain curves are illustrated in Figure 5.6.
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Figure 5.6 True Stress-strain curves for the used steel materials

5.1.3 Modelling the behaviour of stainless steel

The stainless steel was modeled using the stress-strain relation as given in (Design
manual for structural stainless steel, 2018), Annex C. For stainless steel the stress-strain
relation is different from that for carbon steel as mentioned in section 2.3.2. In stainless
steel, the stress-strain curve shows a non-linear behavior from an early stage and is
rounded without a specific yielding point (Design manual for structural stainless steel,
2018). Therefore, the yielding strength, £, of stainless steel is taken as 0.2% proof
stress, g, ,. Furthermore, stainless steel has a remarkable strain hardening as illustrated
in Figure 5.7. The engineering values of stress and strain for stainless steel can be
determined for the cases before and after yielding from equations (5.6),(5.7),
respectively.

£ = % +0.002 <%> foroa<f, (5.6)
y

fy U_fy <U_fy
e=00024+=+——+c¢
E Ey “ fu_fy

) forf, <o <f, (5.7)

The parameters in the above mentioned equations are defined as follows:

o : The engineering stress

€ : The engineering strain.

E.f,, fy are given in section 3.2.3

E,, : The tangent modulus of the stress-strain curve at the yielding point that can be
determined from equation (5.8)
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Ey (5.8)

Where n and m are coefficients that determine the grade of nonlinearity for different
stainless-steel grades and should be calculated as follows:

m=1+2.8-% (5.9)
. In(4)
7T 61 (5.10)
In [Rp:,OS]

Where
Rp0,05 is the 0.05% proof stress.

The true values of the stress and the logarithmic plastic strain can be calculated from
equations (5.3),(5.5) respectively.

In this study, duplex stainless-steel grade 1.4162 was used in the parametric studies.
The stress-strain curve depends on the thickness of the element. Since three different
thicknesses were used in this study, the material properties, the true stress values, and
the plastic true strain values for stainless steel in different thicknesses are listed in Table
A.12 to Table A.14 in Appendix A. The stress-strain for the employed stainless-steel
plates in the current study are illustrated in Figure 5.7.
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Figure 5.7 : True stress-strain curves for the used stainless-steel plates in the current
study

5.1.4 Modelling the behaviour of the concrete material

In ABAQUS, concrete is modeled by using the concrete damage plasticity model. This
model is able to model both plain and reinforced concrete. The damage plasticity model
combines the concepts of isotropic damage of elasticity with isotropic tensile and
compressive plasticity to introduce the inelastic behavior of concrete (Ellobody, 2014).
The two main failure mechanisms that occur in damage plasticity model are tensile
cracking and compressive crushing of concrete.

In this model, the uniaxial tensile and compressive responses of concrete are
distinguished by damage plasticity as illustrated in Figure 5.8 and Figure 5.9. In the
plasticity damage model, the stress-strain curves can be converted into stress versus
plastic-strain curves. That conversion can be done automatically by ABAQUS. When
the concrete specimen is unloaded from any point on the strain softening branch of the
stress-strain curve, the unloading response is weakened, and the elastic stiffness of
concrete seems to be degraded. The degradation of the elastic stiffness can be
characterized by the plasticity damage variables d; and d,. for the tensile and
compressive stress-strain curve, respectively (Ellobody, 2014).
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Figure 5.9 Response of concrete to uniaxial loading in compression, from
(Ellobody,2014)

The variables d; and d. can be determined from equation (5.11), (5.12), respectively
(Hafezolghorani, Hejazi, Vaghei, & Bin Jaafar, 2017)

5.11

g=1- 2t (5.11)
Oto

dc=1- e (5.12)
O-CU_

The compressive response of concrete is obtained from the stress-strain relation for
non-linear structural analysis given by EN 1992-1-1 as illustrated in Figure 5.10, the
response is linear until the limit of 0.4 - f.,,,. The non-linear part of the curve consists
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of an ascending part until the compressive strength, f., followed by a descending part
until reaching the ultimate compressive strain, €.,.

ge )

-
>
&,

Eci EI:I.Ii

Figure 5.10 schematic representation of the stress-strain relation for structural
analysis of concrete (the use of 0.4f,, for the definition of E_,, is approximate) (EN
1992-1-1, 2005)

In this study, concrete classes C30/37, C35/45, and C50/60 were used in the parametric
studies. The material properties, the true stress values, and the plastic true strain values
for the used concrete in compression are listed in Table A.1 to Table A.3 in Appendix
A. The stress-strain curves for the concrete in compression in the current study are
illustrated in Figure 5.11.

Stress-strain non-linear part (Compression)

w B (%] D ~
o o o o o

Stress (Mpa)

N
o

0 0,0005 0,001 0,0015 0,002 0,0025 0,003 0,0035 0,004

Strain

—e—C30/37 C35/45 —@—C50/60

=
o

o

Figure 5.11 The nonlinear part of the stress-strain curve of the used concrete materials
in compression in the current study.
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In concrete specimens under uniaxial tensile test, cracks initiate and propagate when
the tensile stress reaches the tensile strength, f..,,, as illustrated in Figure Figure 5.12.
The softening behavior of concrete can be described by the stress that can be transferred
through the fracture zone. This transferred stress, g, is a function that depends on
the crack opening width w. Furthermore, the area under the softening curve, o, is
denoted as the fracture energy, G, that is an important concept in FE modelling of
concrete cracks (Plus, Zandi, Johansson, & Shu, 2021).

S
Y
> S

&

AL & =W
Wy,

Figure 5.12 Stress-displacement relation for a uniaxial tensile test specimen. The
displacement is separated into a stress-strain relation and a stress-crack opening
relation. The area under the softening curve, o, represents the fracture energy, G.
From (Plus, Zandi, Johansson, & Shu, 2021)

The tensile strength for different concrete classes can be obtained from Table 3.2 in
section 3.3.1. The softening in the stress-strain response can be introduced as a linear
line that can be determined by the fracture energy and the crack band width. The
fracture energy divided by the crack band width (h) will be used to determine the area
under the softening part of the tensile stress-strain curve. From this, the cracking strain
can be obtained using equation (5.13). The crack band width can be taken as the cubic
root of the volume between integration points of a solid element. The fracture energy
depends on the concrete class and can vary between 0.04 N/mm for concrete with a
compressive strength 20 MPa to 0.12 N /mm for concrete with a compressive strength
of 40 MPa (Ellobody, 2014).

26, 1 (5.13)

E =
o fctm h

The tension-stiffening effect in concrete need to be estimated effectively. This depends
on the density of reinforcement, the bond between the rebars, the relative size of
concrete aggregate compared to rebar diameter, and the mesh size. In plane concrete,
mesh refinement causes a narrower crack band. Consequently, failure occurs only in
localized regions and no additional cracks will be able to form. In that case, the analysis
will not converge to a unique solution. In reinforced concrete, the interaction between
the reinforcement bars and the concrete reduces the mesh sensitivity. However, a
reasonable amount of tension stiffening needs to be introduced in the concrete model
to simulate the interaction.
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The tensile behavior of concrete classes C30/37, C35/45, and C50/60 is illustrated in
Figure 5.13.The fracture energy, crack band width, tensile strength, and the ultimate
cracking strain values for the used concrete in tension are listed in Table A.4 to Table
A.6 in Appendix A.

Stress-strain (tension)

4,5
4
3,5
© 3
Q.
225
a 2
g
& 15
1
0,5
O \.
0 0,0005 0,001 0,0015 0,002
Strain
—e—C30/37 C50/60 C35/45

Figure 5.13 : Area under softening curve o,y represents the fracture energy, G, for
used concrete materials in tension behaviour in the current study.

There are other parameters that are included in damage plasticity model to define the
yield surface in concrete. The first parameter is the dilation angle that equals the volume
strain over shear strain. The dilation angle for concrete is usually 20° to 40°, which
affect the material ductility. The flow potential eccentricity of 0.1 is usually used in
concrete. The ratio of initial equiaxial compressive yield stress to initial uniaxial
compressive yield stress was given by fb0/fc0 and its default value is 1.16. Viscosity
parameter enhances the convergence rate of the model when the softening process
occurred and ABAQUS uses a null default viscosity parameter (Hafezolghorani,
Hejazi, Vaghei, & Bin Jaafar, 2017). However, the parameters used by (Jankowiak &
Lodygowski, 2005) were adapted in this master thesis and are listed in Table 5.1:

Table 5.1 Parameters of concrete damage plasticity model (Jankowiak & Lodygowski,
2005)

Dilation angle | Eccentricity fb"/f . k Viscosity
C

38 1 1.12 0.667 0.003
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5.1.5 Modelling of the shear connections

Figure 5.14 shows the load-slip behavior of a headed stud in a pushout test. This
behavior can be modeled in ABAQUS using non-linear springs in the longitudinal
direction by using a cartesian connection. Moreover, the vertical pressure between the
concrete slab and the steel plate of the top flange can be transferred using vertical rigid
springs with high stiffness.

50
_ 40
Zz
=5,
= 30
& 20
;8 10 DEN

—o— Test (Kim er al.)
0 & 1 1 1 1
0 0.5 1 1.5 2 2.5
Slip (mm)

Figure 5.14 Load slip behavior for pushout specimen, from (Ellobody,2014).

A simplification in this master thesis has been done by using a Tie interaction between
steel and concrete. The Tie connection fuses the two surfaces together and cancels any
slip between them. However, real structures will always have a degree of slip between
steel and concrete as discussed in section 2.1.2.

(AJaafer & L.Kareem, 2020) carried out a parametric study to determine the effect of
the degree of interaction between steel and concrete in curved composite plate girders.
The study showed that the slip between steel and concrete affects both the load capacity
and ductility of the beam as illustrated in Figure 5.15. On the other hand, when the
connection degree is higher than 0.9 which is the case for the beams with number of
studs higher than 24, the models showed a close load capacity. However, the beam with
26 studs has 18% larger displacements than the beam with 30 studs.
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Figure 5.15 Partial interaction effect on the load-deflection relationship of the curved
composite beam, redrawn from (A.Jaafer & L.Kareem, 2020)

Based on that, the simplification using tie connection will affect the deflection of the
models about 20% less than the test. However, it will not affect the ultimate bending
moment capacity, and that is why it can be a proper modeling technique in the current
study.

5.1.6 Mesh type

The finite element mesh should have a reasonable size that can lead to convergence and
reasonable results on the other hand, the larger the number of elements, the longer the
computational time for the analysis. Therefore, a convergence study should be done to
choose the best mesh size that provides an acceptable accuracy with reasonable time
(Ellobody, 2014). The aspect ratio can be defined as the ratio of the longest dimension
to the shortest dimension of a quadrilateral finite element. As shown in Figure 5.16,
when the aspect ratio increases, the accuracy of the results decreases.
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Figure 5.16 Effect of aspect of finite element on the accuracy of results (Ellobody,
2014)

A convergence study has been carried out on one of the models considered in the current
study, G1 section 5.2.1.1, and the ultimate load was plotted against the mesh size as
illustrated in Figure 5.17 . It was found that the exact solution for the ultimate load is
attained with a mesh size of 50 mm and the analysis time was reasonable.

Mesh Convergence Study (G1)
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Figure 5.17 Mesh convergence study of bridge G1 in the current study.

5.1.7 Modelling of boundary conditions and loading

The application of boundary conditions in the FE modelling of composite bridges plays
an important role since the analysis should account for geometrical and material non-
linearities (Ellobody, 2014) at the same time
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Boundary conditions can be applied by preventing translation or rotation at specific
DOFs. For instance, applying a roller support can be implemented by preventing
displacements in the vertical direction. This boundary condition can be applied to a
reference point that has a rigid body constraint with the surface where the support
should be applied, as shown in Figure 5.18. By using this method, the concentration of
stresses in the area of the support can be avoided.

Figure 5.18 Boundary Conditions implemented in ABAQUS

The load was applied in increments as a static concentrated load that is applied to a
reference point that is coupled with a specified surface area or a spreader plate by using
a coupling constraint.

For the analysis, the Riks method was used to study the fully non-linear behavior due
to geometrical, and material non-linearities. It’s important to include the non-linear
geometry option to deal with large displacements in the analysis.

It is worth mentioning that ABAQUS treats the load magnitude as an unknown when
the Riks method is used, thus the load and displacement values in each increment are
solved simultaneously. Therefore, the progress of solution must be checked and
measured by using another quantity which is the arc length along the path of the static
equilibrium in the load-displacement domain. In addition, Newton’s method is used to
solve the nonlinear equilibrium equations (Ellobody, 2014).

When a new step is defined, an initial increment of displacement in arc length along the
static equilibrium path is provided. Subsequently, the initial load proportionality factor,
LPF, is equal to the initial increment in a scheme that computes load magnitude by
incremental steps automatically. If the convergence of increment fails, it is
recommended to adjust the maximum and minimum values of arc length increment.
The end of a solution can be determined either by specifying a maximum value of load
or a maximum value of displacement at as specified degree of freedom “DOF” that is
desired to be studied (Ellobody, 2014).

The configuration of the ABAQUS coordinate system is presented in Figure 5.19. This
system has an important role in identifying the directions of the FE model. Thus, the
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results can be taken in the desired direction to predict the failure mode that has occurred
in the model. For instance, S33 shows the stress distribution in z-z-direction and U22
shows the displacements in the vertical direction y-y.

Y 2

A BAI

V4 X

Figure 5.19 Configuration of the ABAQUS coordinate system used in the analysis in
the current study.

5.2 Parametric studies

In the current finite element studies, different composite girder models were simulated
with the aim of verifying their ultimate bending strength and the effects of changing the
material to stainless steel and employing a corrugated web plate on the bending capacity
of composite girders.

Before running the parametric studies, the finite element modeling approach described
in the previous section is verified by simulating two previous bending tests on
composite girders with flat webs and in carbon steel. Subsequently, 12 parametric
models were designed with different geometric parameters, material and shape of the
web in order to study the effects of employing stainless steel and corrugated webs on
the bending behavior.

5.2.1 Verification of the finite element modelling approach

Two bridge girders with a composite girder tested by (Mans, Yakel, & Azizinamini,
2001) are simulated with the aim of verifying the finite element approach. The girders
are called G1 and G2 in the original study. The experiments were a three-point bending
test that had been carried out to evaluate the flexural behavior of the bridge and to
predict the ultimate load and the corresponding displacement at the mid span of the
bridge girder.

5211 G1

The dimensions of G1 are presented in Figure 5.20 and the used materials are listed in
Table 5.2
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Figure 5.20 Composite steel-concrete girder G1 tested by (Mans, Yakel, &
Azizinamini, 2001), redrawn from (Ellobody, 2014)

Table 5.2 Strength of materials used in G1 model in MPa

Gl
Concrete Flanges Web Reinforcement
C30/37 HPS-556 HPS-583 413

G1 has been modelled using ABAQUS and the results are verified against the
experimental test. Figure 5.21 shows the displacement of G1 in the vertical direction,
and Figure 5.22 shows the von mises stresses in G1.

U, U2

+5.117e+00
-2.187e+00
-9.490e+00
-1.679e+01

) 4

-6.062e+01
-6.792e+01
-7.522e+01
-8.253e+01

Figure 5.21 The vertical displacements along the span of G1.
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Figure 5.22 The Von Mises stress distribution along the span of G1

The failure mode of G1 was the simultaneous crushing of concrete and yielding of steel
plates in tension. Figure 5.23 shows the crushing of concrete that is obvious because
the strain in concrete exceeds the crushing strain of the concrete (g, = 3.5 X 1073).
Furthermore, Figure 5.24 shows the yielding of the steel plate in the bottom flange at

the failure (ultimate load).

PE, PE33
SNEG, (fraction = -1.0)
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Figure 5.23 Crushing of concrete in G1

8, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+5.955e+02

Figure 5.24 Yielding of the bottom flange in G1

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-22-06

77



The values of the total applied load and the displacement for G1 are listed in Table
B.1lin Appendix B. The load on G1 is plotted against the displacement as shown in
Figure 5.25. The maximum load and the corresponding displacement in G1 are
compared with the results from the test as listed in Table 5.3. The comparison showed
that the difference in the total applied load is 0% and the difference in displacement is
16.3%.

Table 5.3 Comparison of results from test and FEM model for Bridge G1

Total Applied load

Maximum displacement

G1 test results 1744.4 kN 98.6 mm
G1 FEM model results 1743.7 kN 82.53 mm
Difference 0% 16.3%

The relatively large difference in displacement (16.3%) is caused by using the tie
connection as discussed in section 5.1.5. It will be accepted in this study since it does
not affect the load capacity.

Verification (G1)
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—8—G1-HPS —@—Test (Mans 2001)

Figure 5.25 Load-displacement curve for G1

5212 G2

The second simulated girder for the purpose of FEM verification is G2, a composite
girder which was also tested by (Mans, Yakel, & Azizinamini, 2001). The experiment
was a three-point bending test that was carried out to evaluate the flexural behavior of
the girder and to predict the ultimate load and the corresponding displacement at the
mid span. The dimensions of the girder are presented in Figure 5.26 and the used
materials are listed in Table 5.4.
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Figure 5.26 Composite steel-concrete girder G2 tested by (Mans, Yakel, &
Azizinamini, 2001),redrawn from (Ellobody, 2014)

Table 5.4 Strength of materials used in G2 model in MPa

G2
Concrete Flanges Web Reinforcement
C50/60 HPS-556 HPS-583 413

The composite girder has been modelled using ABAQUS and verified against the
experimental test. Figure 5.27 shows the displacement of G2 in the vertical direction.
and Figure 5.28 shows the von mises stresses in G2.

U, U2
+8.297e+00
-3.859e+00

-8.896e+01
-1.011e+02
-1.133e+02
-1.254e+02
-1.376e+02

Figure 5.27 Vertical displacement (G2)
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+6.300e+02

Figure 5.28 The Von mises stress distribution (G2)

The failure mode of in G2 was the yielding of the steel plate in tension as illustrated in
Figure 5.29.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+6.300e+02

+4.098e-01

Min: +4.098e-01
Elem: BEAM-760-1.2538
Node: 3272

Figure 5.29 Yielding of structural steel (G2)

The values of the ultimate load and the displacement for G2 are listed in Table B.6 in
Appendix B. The total applied load on G2 is plotted against the displacement as shown
in Figure 5.30 and compared with the results from the test as listed in Table 5.5. The
comparison showed that the difference in the ultimate load is 4.4% and the difference
in displacement is 22.8%. As previously discussed, the difference in displacement is
caused by using the tie connection as discussed in section 5.1.5. It is acceptable in this
study since it doesn’t affect the load capacity.

Table 5.5 Comparison of results from test and FEM model for Bridge G2

Ultimate load Maximum displacement
G2 test results 1432 kN 178.2 mm
G2 FEM model results 1438.8 kN 137.6 mm
Difference 4.4% 22.8%
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Figure 5.30 The load-displacement curve in G2

5.2.2. Design of the parametric models

The parametric models in the current study are developed based on the three different
bridge girders geometries. The first two girders are G1 and G2 which are the tested
girders by (Mans, Yakel, & Azizinamini, 2001) and their dimensions were presented in
Figure 5.20 and Figure 5.26 respectively. The third girder selected from bridge 100-
262-1 which is a composite bridge originally designed by WSP and redesigned in
stainless steel having a corrugated web by ( Henrysson & Yman , 2020). The
dimensions of the bridge girder are shown in Figure 5.31 and listed in Table 5.6 and
Table 5.7. Furthermore, the corrugation parameters are presented in Table 5.8 and the
corrugated profile is illustrated in Figure D 1 in Appendix D.

FRI BROBREDD 10,0 m

PPL +46,13 |
VR 0,25 SL VAG 754 | | SEK. 0/300
GC 30 K325 [/ K325 | VR 025

14 m

25 % 25 % 25 %

il
:!1,2 m|

Figure 5.31 Dimensions of bridge 100-262-1 (Henrysson & Yman, 2020)
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Table 5.6 The geometry of the bridge 100-262-1.

Bridge 100- Bridge length Span length Bridge width | Bridge height
262-1

52 meters 51 meters 10 meters 2.37meters

Table 5.7 Sectional dimensions of Bridge 100-262-1 at different section.

Sectional dimensions at x=0-10 | Sectional dimensions at
meters near to support x=10-25.5 meters
Sectional constants Original design | New design %reigiigr?l New design
[mm] [mm] [mm] [mm]
by, 800 850 800 850
tr, 42 45 42 45
by, 1200 1225 1200 1225
tr, 55 50 55 50
ty 17 6 17 6
h,, 1953 1955 1953 1955

Table 5.8 Corrugation shape of new design for Bridge 100-262-1

Corrugation Parameters
a, 120
a, 119
as 70
a, 96
a 36
w 216
s 239
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For each of the bridge geometries, i.e., G1, G2, and 100-262-1, four different parametric
models are developed including Flat web-Carbon Steel (FL-CS), Flat Web-Stainless
Steel (FL-SS), Corrugated Web-Carbon Steel (CR-CS), and Corrugated Web-Stainless
Steel (CR-SS) models. So, in total 12 parametric models were designed and their
ultimate bending behavior were studied using the ABAQUS software package
according to the approach that were verified in the previous section.

Material properties for G1 are presented in Table 5.9, and Table 5.10. Material
properties for G2 are presented in Table 5.11 and Table 5.12. The used materials for
100-262-1 are listed in the Table 5.13. The classification of the cross section for the
models and the ratio of the area of the corrugated web to the total steel area are
presented in Table A 15 to Table A 17 in Appendix A.

Table 5.9 Material properties for G1 with flat web

Concrete G1-FL-CS G1-FL-SS
Flanges Web Flanges Web
C30/37 i
S420 S355 Stainless steel D 1.4162

Table 5.10 Material properties for G1 corrugated web

Concrete G1-CR-CS G1-CR-SS
Flanges Web Flanges Web
C30/37 i
S420 S355 Stainless steel D 1.4162

Table 5.11 Material properties for G2 with flat web

Concrete G2-FL-CS G2-FL-SS
Flanges Web Flanges Web
C50/60 i
S420 S355 Stainless steel D 1.4162

Table 5.12 Material properties for G2 corrugated web

Concrete G2-CR-CS G2-CR-SS
Flanges Web Flanges Web
C50/60
S420 S355 Stainless steel D 1.4162
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Table 5.13 Material properties of bridge 100-262-1

Concrete Original design (100-262-1-FL) | New design (100-262-1-CR)
Flanges Web Flanges Web
S420 S355 Stainless steel D 1.4162

C35/45

The results of the parametric studies for each of the girders will be presented in the
subsequent sections for each of the girder geometries (G1, G2, and 100-262-1) and the
results are compared with the base design in carbon steel and having a flat web.

5.2.1.3 The results of the parametric studies in G1

Load-displacement curves for the four models developed from the bridge G1 are shown
in Figure 5.32 and the values of the ultimate load and the displacement for the
developed models are listed in Table B.2 to Table B.5 in Appendix B.

By comparing the load-displacement curves in G1, it is obvious that the ultimate load
for the models with stainless steel is higher than that for the models with carbon steel.
Furthermore, the ultimate load for the models with the corrugated web is less than that
for the models with the flat web. However, the models with the corrugated web have a
more ductile behavior than those with the flat web and a larger displacement.

Comparision of the developed models (G1)

1800
1600

1400
1200
1000 ’ M
800 /
600

/

Load (KN)

400 j
/4
200 -
0
0 20 40 60 80 100 120 140 160 180
Displacement (mm)
—@— G1-CR-CS G1-CR-SS G1-FL-CS G1-FL-SS

Figure 5.32 Comparison of the developed models from bridge (G1)
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In order to investigate the effect of using stainless steel and corrugated web on the
flexural capacity of composite bridges, a comparison has been done by normalizing the
ultimate moment for each model with the ultimate moment for the model Flat web-
Carbon Steel (FL-CS). The result was plotted as shown in Figure 5.33.

Comparision with M.u.FL-CS (G1)
1,40

1,20
1,15

1,00
1,00

0,80

0,60

Mu/Mu(G1-FL-CS)

0,40

0,20

0,00
G1-FL-SS G1-FL-CS m G1-CR-SS M G1-CR-CS

Figure 5.33 Comparison of ultimate bending moment of different models with
ultimate bending moment of (G1-FL-CS).

The comparison shows that the model with flat web and stainless steel has 15% higher
flexural capacity than the one with carbon steel. That agrees with what is discussed
about the effect of strain hardening on the flexural capacity in section 4.2.

However, the model with corrugated web and carbon steel has 13% lower flexural
capacity than the flat one. That agrees with the effect of corrugation on the flexural
capacity explained in section 4.1. The web in a corrugated plate girder doesn’t
contribute to the flexural capacity due to the accordion effect. Based on that, the
effective area of the steel will be reduced when using a corrugated web plate girder.
Additionally, the height of the beam will affect the effect of corrugation on the flexural
capacity since the corrugated area will be multiplied with its level arm when calculating
the flexural capacity. Additionally, the model with corrugated web and stainless steel
has 6% lower flexural capacity than the flat one. Therefore, using the concept of
stainless-steel corrugated web will relieve the effect of corrugation on the flexural
capacity.

The ultimate moment M,, for each model was also compared with the plastic bending
capacity My, calculated according to Eurocode in order to evaluate the design models
based on EN 1994-2. The bending capacity M; according to the simplified model by
(Shammas & Cashell, 2019) explained in Section 4.2 was also calculated for each
model. Both M,,; and M; are listed in Table 5.14 and the detailed calculations are
presented in Appendix C.
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Table 5.14 Plastic bending capacity for the developed models (G1)

Bridge Gl
sz/ h My Ms My, Mu/ My,
G1-FL-HS 0,21 4635 5315,956 1,146916
G1-FL-SS 0,204 3946 3982 4757,623 1,205682
G1-FL-CS 0,198 3512 4150,035 1,181673
G1-CR-SS 0,181 2969 3165 3881,872 1,303954
G1-CR-CA 0,175 2806 3614,715 1,288209

The ultimate moment M,, was normalized with the corresponding plastic bending
capacity and plotted against the cross-section slenderness (X,;/h) as illustrated in
Figure 5.34.

Comparision with M.pl (G1)
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1,20 1,18 —te—G1-CR-CS

1,18

1,16
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x.pl/h

0,2 0,21

Figure 5.34 Ultimate bending moment normalized with plastic bending capacity
against the ratio of the depth of the neutral axis to total depth.

The comparison shows that the ratio M,,/M,,, is larger than one for all models showing
that the ultimate bending capacity is higher than the plastic bending capacity. This is
because of strain hardening in stainless steel which is neglected when M, was
calculated as discussed in section 4.2. Moreover, safety factors used by Eurocode to
reduce the strength of the concrete when calculating My,;, will contribute to a larger
M,,/My, ratio.

The comparison also shows that the ratio for the models with stainless steel is higher
than the ratio for the models with carbon steel since strain hardening in stainless steel
is significantly remarkable as discussed in section 4.2. Furthermore, the ratio M,,/My,
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for the models with corrugated web is larger than the ratio for the models with flat web
due to the increased ductility caused by corrugation. Since the web in a corrugated plate
girder doesn’t contribute to the flexural capacity and the effective area of the steel will
be reduced, the neutral axis will move upward causing a smaller x,,;/h and a slenderer
cross-section. As a result, the beam will behave in a more ductile manner showing a
more significant effect of strain hardening as discussed in 4.2, and the ratio M,,/M,,; will
be larger also.

5.2.1.4 The results of the parametric studies in G2

The load-displacement curves for the four models developed based on G2 are shown in
Figure 5.35. and the values of the ultimate load and the displacement are listed in Table
B.7 to Table B.10 in Appendix B.

The load-displacement curves in G2 are similar to those in G1 having the ultimate load
for models with stainless steel higher than that for models with carbon steel and the
ultimate load for models with corrugated webs less than that for models with flat webs.
Moreover, models with corrugated webs in G2 has also a ductile behavior and large
displacement. However, models with corrugated webs show a more ductile behavior
compared to those in G1 and the difference in the ultimate load because of corrugation
is more notable in G2 compared to G1.

Comparision Load-Displacment (G2)

1400
1200
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*E 800
Z
X —e— G2-CR-CS
©
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-
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0
0 50 100 150 200 250 300 350 400

Displacment (mm)

Figure 5.35 Load-displacement curves for the developed models (G2)

In order to investigate the effect of using stainless steel and corrugated web on the
flexural capacity of composite bridges, a comparison has been done by normalizing the
ultimate moment for each model with the ultimate moment for the model Flat web-
Carbon Steel (FL-CS). The result was plotted as shown in Figure 5.36.
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Figure 5.36 Comparison of ultimate bending resistance of different models with
ultimate bending resistance of (G2-FL-CS).

The comparison in G2 shows that the model with flat web and stainless steel has 26%
higher flexural capacity than the one with carbon steel. However, the model with
corrugated web and carbon steel has 21% lower flexural capacity than the flat one.
Using the concept of stainless-steel corrugated web in G2 resulted in 11% lower
flexural capacity. The increase of the flexural capacity due to using stainless steel is
more significant in G2 compared to G1. This is because G2 is slenderer than G1 and
strain hardening is more significant as discussed in section 4.2. Moreover, the decrease
caused by corrugation is more significant in G2 compared to G1. Since both beams has
the same height, the larger corrugated area in G2 is the factor causing this significant
decrease.

The ultimate moment M,,, the plastic bending capacity M,,;, and the bending capacity

M.s for G2 are listed in Table 5.15 and the detailed calculations are presented in
Appendix C.

Table 5.15 Plastic bending capacity for the developed models (G2)

Bridge G2

sz/ h My, Mg My, Mu/ My,
G2-FL-HS | 0,168 4101 4383,908 1,0689
G2-FL-SS | 0,106 3423 3810 4033,175 1,178257
G2-FL-CS | 0,088 2907 3188,299 1,096766
G2-CR-SS | 0,053 1788 2168 2852,428 1,595318
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G2-CR-CA | 0,049 1674 2517,514 1,503891

The ultimate load was normalized with the corresponding plastic bending capacity and
plotted against the cross-section slenderness (x.pi/h) as illustrated in Figure 5.37.
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Figure 5.37 Ultimate bending moment normalized with plastic bending capacity
against the ratio of the depth of the neutral axis to total depth

An analogous result to G1, ratios M,,/M,,; obtained from G2 are also larger than one.
Furthermore, models with stainless steel have higher ratios than models with carbon
steel since strain hardening in stainless steel is significantly remarkable. However, the
difference of the ratio M, /M,,; between stainless steel and carbon steel in G2 is about
8% for flat web models and 10% for corrugated web models compared to 3% for flat
web models and 1% for corrugated web models in G1. This is because G2 has a
slenderer cross section. This comparison shows how the slenderness of the cross section
is important to exploit the effect of strain hardening as discussed in 4.2.

An analogous result to G1, the ratio for the models with corrugated web is larger than
the ratio for the models with flat web. However, the difference of the ratio M,,/My,
between flat models and corrugated models in G2 is about 40% compared to 10% in
G1. The ratio of the area of the corrugated web to the total steel area is 49% in G2
compared to a ratio of 38% in G1 as listed in Table A 15 to Table A 17 in Appendix A.
Consequently, the effect of the corrugation on the slenderness of the cross section is
more significant in G2. That agrees with the discussion in 5.2.1.3.
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5.2.1.5 The results of the parametric studies in 100-262-1

The 100-262-1 bridge girders have been also modelled using ABAQUS. The first model
is the original design with Flat web-Carbon Steel (FL-CS), the second is with Flat Web-
Stainless Steel (FL-SS), the third is Corrugated Web-Carbon Steel (CR-CS), and the
fourth is the new design with Corrugated Web-Stainless Steel (CR-SS). The values of
the ultimate load and the displacement for the models (bridge 100-262-1) are listed in
Table B.11to Table B.14in Appendix B. Figure 5.38shows the vertical displacement of
the Corrugated Web-Stainless Steel (CR-SS) model and Figure 5.39 shows the von
mises stresses. The largest vertical displacement in the middle of the span is about 188
mm and the tensile stress of the stainless steel has exceeded its yielding stress of 450
MPa to reach up to 582 MPa.

U, U2
+4.329¢+01

-2.391e+02
-5.998e+02

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+5.817e+02

Figure 5.39 Von mises stress distribution (Bridge 100-262-1- CR-SS)

The failure modes of the model (262-CR-SS) were the crushing of concrete and yielding
of steel plates. Figure 5.40 shows the crushing of concrete that is obvious since the
strain in concrete exceeds the crushing strain of the concrete of 0,0037 for concrete
class C35 as given in table (1) in Appendix A. Furthermore, Figure 5.41 shows the
yielding of the steel plates at the ultimate load.
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PE, PE33

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.726e-04
+2,332e-04
-1.062e-04
-4.456e-04

Figure 5.40 Crushing of concrete (Bridge 100-262-1- CR-SS)

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
+5.819e+02
+5.300e+02
+4.862e+02
+4.425e+02
+3.987e+02
+3.550e+02
+3.112e+02
+2.674e+02
+2.237e+02
+1.79%+02
+1.362e+02
+9.23%+01
+4.863e+01
+4.871e+00

Abaqus/Standard 2022.HF3 Mon Sep 26 12:57:08 W. Europe Daylight Time
SIED-1

ent 106: Arc Length = 2.5644E+04
rimary Var: S, Mises

Figure 5.41 Yielding of steel plates (Bridge 100-262-1- CR-SS)

The load-displacement curves for the four models of the bridge 100-262-1 are shown

in Figure 5.42.
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Figure 5.42 Comparison of load-displacement curves in 100-262-1 models

The load-displacement curves in 100-262-1 behave similar to those in G1 and G2
having the ultimate load for models with stainless steel higher than that for models with
carbon steel and the ultimate load for models with corrugated webs less than that for
models with flat webs. Moreover, models with corrugated webs in 100-262-1 has also
a ductile behaviour and larger displacements. However, the increase in ductility caused
by using a corrugated web is the least in 100-262-1 compared to that G1 and G2 and
the difference in the ultimate load because the effect of corrugation is the least
compared to G1 and G2.

In order to investigate the effect of using stainless steel and corrugated web on the
flexural capacity of composite bridges, a comparison has been done by normalizing the
ultimate moment for each model with the ultimate moment for the model Flat web-
Carbon Steel (FL-CS). The result was plotted as shown in Figure 5.43.
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Comparsision with M.u.FL-CS (Bridge 100-262-1)
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Figure 5.43 Comparison of ultimate bending resistance of different models with
ultimate bending resistance of (100-262-1 -FL-CS).

The comparison in 100-262-1 shows that the model with flat web and stainless steel has
22% higher flexural capacity than the one with carbon steel. However, the model with
corrugated web and carbon steel has 19% lower flexural capacity than the flat one.
Using the concept of stainless-steel corrugated web in 100-262-1 resulted in 4% lower
flexural capacity. The reduction in flexural capacity of 100-262-1 due to corrugation is
19% compared to 13% in G1. Although the ratio of the area of the corrugated web to
the total steel area is larger in G1 compared to 100-262-1, the reduction of the flexural
capacity due to corrugation is 19% in 100-262-1 compared to 13% in G1 since the
height of 100-262-1 is 2.37 m compared to 0.98 m in G1 as discussed in 5.2.1.3.

The ultimate moment M,,, the plastic bending capacity M,,;, and the bending capacity

M for 100-262-1 are listed in Table 5.16 and the detailed calculations are presented in
Appendix C.

Table 5.16 Plastic bending capacity for models of (Bridge 100-262-1)

Bridge Bridge 262-100-2

T M| , ",
262-FL-SS | 0,152 | 73220 76260 | 91273,38 1,246564
262-FL-CS | 0,148 | 64100 75106,47 1,171708
262-CR-SS | 0,142 | 55810 62090 | 72263,22 1,294808
262-CR- 0,14 | 50720 60463,93 1,192112
CA

The ultimate load was normalized with the corresponding plastic bending capacity and
plotted against the cross-section slenderness (x.pl/h) as illustrated in Figure 5.44.
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Figure 5.44 Ultimate bending moment normalized with plastic bending capacity
against the ratio of depth of the neutral axis to the total depth

Compared to G1 and G2, similar results of the ratios M,,/M,,; were obtained from 100-
262-1. The ratios are also larger than one. Furthermore, models with stainless steel have
higher ratios than models with carbon steel since strain hardening in stainless steel is
significantly remarkable. However, the difference of the ratio M,,/M,,; between stainless
steel and carbon steel in 100-262-1 is about 8% for flat web models and 10% for
corrugated web models compared to 8% for flat web models and 10% for corrugated
web models in G2 and to 3% for flat web models and 1% for corrugated web models in
G1. From that comparison, it’s obvious that when the slenderness of the cross section
is less than 0.15 wich is the case in G1 and G2, the strain hardening of stainless steel
can affect the cross section flexural capacity to be increased with about 10% compared
to carbon steel. However, when the slenderness of the cross section was about 0.18
which is the case in G1, the effect of strain hardening in stainless steel was not exploited
effectively and was limited to 3% higher flexural capacity compared with carbon steel
as discussed in 4.2.

An analogous result to G1 and G2, the ratio for the models with corrugated web is larger
than the ratio for the models with flat web. However, the difference of the ratio M,,/My,
between flat models and corrugated models in 100-262-1 is about 4% compared to 10%
in G1 and 40% in G2. The ratio of the area of the corrugated web to the total cross-
sectional area of the steel is 25% in 100-262-1 compared to a ratio of 38% in G1 and
49% in G2. As a result, the effect of the corrugation on the slenderness of the cross
section is the most G2 and it is more notable in G1 compared to 100-262-1. It That
agrees with the discussion in 5.2.1.3.
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6 Discussion

By comparing the results from all the 12 models which were developed based on three
real bridge girders, the bar chart shown in Figure 6.1 shows that models with FL-SS
have 15-22% higher flexural capacity than models with FL-CS. Although, strain
hardening is one reason for that, it can’t be concluded that the increase is only caused
by strain hardening since the yield strength of the used carbon steel is f,, = 355 for the
web and f,, = 420 for the flanges compared to f,, = 480 for the web and f,, = 450 for
the flanges in the used stainless steel. However, the strain hardening effect can be
determined by comparing the ultimate bending capacity to the plastic bending capacity
calculated according to Eurocode.

The comparison also shows that models with CR-CS have 13-21% lower flexural
capacity than models with FL-CS. It has been noted that the larger the ratio of the area
of the web to the area of the cross-section of the steel, the higher is the reduction of the
ultimate load due to the corrugation. The web in a corrugated plate girder doesn’t
contribute to the flexural capacity due to the accordion effect as discussed in section
4.1. Based on that, the effective area of the steel will be reduced when using a
corrugated web plate girder. Additionally, the height of the beam will affect the effect
of corrugation on the flexural capacity since the corrugated area will be multiplied with
its level arm when calculating the flexural capacity.

The effect of the area of the corrugated web on the flexural capacity can be easily noted
by comparing G1 and G2. Since both has the same height of the beam, the difference
of the reduction of the cross-section capacity cause by corrugation is only related to the
area of the corrugated web. The ratio of the area of the corrugated web to the total steel
area is 49% in G2 compared to a ratio of 38% in G1. The reduction of the flexural
capacity is 21% in G2 compared with 13% in G1.

Although the ratio of the area of the corrugated web to the total steel area is 38% in G1
compared to 25% in 100-262-1, the reduction of the flexural capacity due to corrugation
1s 19% in 100-262-1 compared to 13% in G1 since the height of 100-262-1 is 2.37 m
compared to 0.98 m in GI1. This increased height has increased the reduction of the
flexural capacity due to corrugation in 100-262-1 as discussed in 5.2.1.3.

This agrees with the discussion in section 4.1 concluding that using corrugated web
plate girders results in a bending resistance that is about 10 to 20% less than the bending
resistance of the same plate girder with a flat web due to the accordion effect. This
reduction depends on the area of the corrugated web, the height of the plate girder and
the geometry of the corrugated profile as discussed in section 4.1.
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Figure 6.1 Comparison of ultimate bending resistance with M.u.FL-CS for all models

To exclude the effect of the difference of the yield strength of the stainless steel and the
conventional steel on the obtained results, the ultimate bending capacity will be
compared with the plastic bending capacity calculated according to Eurocode.

Figure 6.2 shows that M,, is always larger than M,,;. due to strain hardening and the
conservatism in (EN 1994-2, 2005) that limits the bending resistance to the plastic
bending resistance. One more reason is the safety factors that reduce the strength of
concrete when calculating M.pl contribute to a larger difference between M,, and M,,;.
The larger is the compressed area of concrete, the larger is the ratio M,,/M,,;. Another
reason is that Eurocode neglects the contribution of the reinforcement to the flexural
capacity.

To exclude all the mentioned factors from the comparison and to only keep the effect
of strain hardening, the difference of the ratio M,,/M,,; in stainless steel and carbon steel

can be calculated. Since both ratios are affected with other factors than strain hardening,
the difference of the ratios will reflect the pure strain hardening effect.
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Comparision with M.pl (G1,G2,Bridge 262)

G1-FL-CS
1,80
G1-CR-SS
1,60
1,40 —t— G1-CR-CS
-
1,20 > . G2-FL-SS
=
: G2-FL-CS
s 1,00
S
3 0,80 G2-CR-SS
b=
0,60 G2-CR-CS
0,40 262-FL-SS
0,20 262-FL-
s
0,00 262-CR-
0 0,1 0,2 0,3 0,4 0,5 s
x.pl/h 262-CR-

Cs

Figure 6.2 Mu/M.pl for all models

The difference of the ratio M,,/M,,, between stainless steel and carbon steel models in
100-262-1 is about 8% for flat web models and 10% for corrugated web models
compared to 8% for flat web models and 10% for corrugated web models in G2 and to
3% for flat web models and 1% for corrugated web models in G1. These differences
correspond to the effect of strain hardening in each model. From that comparison, it’s
obvious that when the slenderness of the cross section is less than 0.15 wich is the case
in 100-262-1 and G2, the strain hardening of stainless steel can affect the cross section
flexural capacity to be increased with about 10% compared to carbon steel. However,
when the slenderness of the cross section was about 0.18 which is the case in G1, the
effect of strain hardening in stainless steel was not exploited effectively and was limited
to 3% higher flexural capacity compared with carbon steel. This comparison shows
how the slenderness of the cross section is important to exploit the effect of strain
hardening as discussed in 4.2. It also shows that strain hardening can contribute up to
10% higher flexural capacity.

Compared to the results of the bending tests (Zhou, et.al, 2021) reported in the literature
review section 4.2, the resistance of the cross section using stainless steel is about 15%
to 25% larger than the plastic bending resistance due to strain hardening. Although this
increase is not only from strain hardening since the code neglects the contribution of
the reinforcement to the flexural capacity and reduces the strength of the concrete, but
however strain hardening is expected to be more significant in the specimens of the test
since they have relatively small dimension to be in Class (1) and not near to the common
dimension in bridge girders. G1 has the upper flange to be in Class (1), the lower flange
and the web in Class (3). Moreover, G2 has an upper and lower flange of Class (1) and
a web of class 3. 100-262-1 has a Class (4) web and Class (3) flanges. A stocky cross
section is needed to have a sufficient ductility for strain hardening to develop in the
lower flange of a ductile cross section before the collapse moment is reached (Shammas
& Cashell, 2019). However, 100-262-1 reached an increase in the flexural capacity of
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10% with a lower flange of Class (3) and a sufficient cross section slenderness x,,; /h.
Reaching a higher increase in the flexural capacity need a more ductile cross section.

Moreover, the difference of the ratio M,/M,,; between flat models and corrugated
models in G2 is about 40% compared to 10% in G1. The ratio of the area of the
corrugated web to the total steel area is 49% in G2 compared to a ratio of 38% in G1.
Since the web in a corrugated plate girder doesn’t contribute to the flexural capacity
and the effective area of the steel will be reduced, the neutral axis will move upward
causing a smaller x,,; /h and a slenderer cross-section. As a result, the beam will behave
in a more ductile manner showing a more significant effect of strain hardening as
discussed in 4.2, and the ratio M,,/M,,; will be larger also. However, the difference of
the ratio M,,/Mp,; between flat models and corrugated models in 100-262-1 is about 4%
since the ratio of the area of the corrugated web to the total steel area is only 25% in
100-262-1. It can be concluded that the corrugation increases the ductility of the cross
section and the effect of strain hardening and that increase is proportional to the ratio
of the area of the corrugated web to the total steel area.

Finally, using the concept of corrugated stainless steel plate girder will be affected by
both the accordion effect and the effect of strain hardening of the stainless steel. The
accordion effect reduced the flexural capacity 21% in G2, and the corrugation increased
the slenderness of the cross section x,,/h and provided a sufficient ductility that the
stainless steel reaches a 10% increased flexural strength. The comparison in Figure 6.1
shows that the model G2-CR-SS has 11% lower flexural capacity compared to G2-FL-
CS combining both the effect of strain hardening and the accordion effect. Although the
reduction of the flexural capacity in G1 was less than that in G2 to be 13%, and the
corrugation was not able to provide a sufficient ductility that the increase of the flexural
capacity caused by strain hardening was only 1%. The comparison in Figure 6.1 shows
that the model G1-CR-SS has 6% lower flexural capacity compared to G1-FL-CS. It
can be concluded that the concept of stainless-steel corrugated web plate girders
combines the effect of strain hardening in stainless steel that depends on the ductility
of the cross section having stocky elements and the global slenderness of the cross
section X, /h, the reduction of the flexural capacity caused by corrugation that depends
on the area of the corrugated web and the height of the cross section, and the effect of
the corrugation on the slenderness of the cross section that depends on the area of the
corrugated web.
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7 Conclusion

From the literature review and the numerical study, it can be concluded that using
stainless steel in composite bridges contributes to a higher flexural capacity due to its
remarkable strain hardening. Strain hardening can develop in ductile cross-sections that
has stocky elements and a sufficient cross-sectional slenderness x,,;/h . However, using
a corrugated web in composite bridges contributes to a lower flexural capacity due to
the so-called accordion effect that reduces the axial stiffness of the corrugated web. The
reduction of the flexural capacity increases when the ratio of the area of the corrugated
web to the total area of steel increases. The reduction increases also with the increased
height of the cross section. On the other hand, the corrugated web increases the ductility
of the cross section by increasing the slenderness of the cross section and this increase
depends on the ratio of the area of the corrugated web also. This contributes to a more
significant strain hardening effects when using the concept of stainless steel and
corrugated web. The concept combines the effect of strain hardening, the reduction of
the flexural capacity due to the corrugation, and the increase of the slenderness of the
cross section due to corrugation. Finally, the design models for calculating M.pl
according to Eurocode need to be updated for stainless steel since it neglects the effect
of strain hardening.
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Appendix A

Table A.1 Material properties for concrete strength C30/37 in compression

C30/37
P £ . Otrue d

true inelastic (MPa) c
0,000495 3,38E-05 15,2076117 0
0,00055 4,48E-05 16,6664564 0
0,001099 0,000234 28,5600448 0
0,001649 0,000567 35,6945315 0
0,002198 0,001044 38,0836 0
0,002796 0,001727 35,2937068 0,071218
0,003095 0,002132 31,7925278 0,163355
0,003394 0,002579 26,8901064 0,292366
0,003793 0,003242 18,1775935 0,521642
0,004043 0,003696 11,4465812 0,698774

Table A.2 Material properties for concrete strength C35/45 in compression

C35/45
Etrue €inelastic (7‘;1;!;) dc
0,000532 2,57E-05 17,20901093 0
0,00055 2,85E-05 17,72561829 0
0,001099 0,00018 31,26327976 0
0,001649 0,000473 39,97635895 0
0,002198 0,00093 43,0946 0
0,002796 0,001649 39,00423419 0,092925
0,003095 0,002108 33,5790766 0,219091
0,003295 0,002454 28,5623519 0,335759
0,003494 0,002837 22,33958643 0,480475
0,003738 0,003357 12,95356874 0,698754

Table A.3 Stress and strain values for concrete strength C50/60 in compression

€50/60

gtrue

€inelastic

atrue

(MPa)

de

0,000484
0,0005
0,001
0,001499
0,001998
0,002247
0,002397
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-1,2E-05
-1,2E-05
1,6E-05
0,000123
0,000427
0,000772
0,001129

18,3543626
18,9335715
36,388991
50,8943313
58,116
54,5978418
46,9362977

O O O o o

0,058658
0,190753
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0,002497 0,001488 37,3276543
0,002597 0,002024 21,1779406
0,002614 0,002142 17,4390785

0,35642
0,634863
0,699326

Table A.4 Material properties for concrete strength C30/37 in tension

€ 30/37 (Tension)
Gp 0,12 N/mm
fetm 2,9 MPa
Band width (h) 50 mm
o
¢ (MPa) de
0 2,9 0
0,000827586 1,45 0,5
0,001655172 0 0,99

Table A.5 Material properties for concrete strength C35/45 in tension

C 35/45 (Tension)
Gr 0,14 N/mm
fetm 3,2 MPa
Band width (h) 50 mm
o

€ (MPa) d

0 3,2 0
0,000875 1,6 0,5
0,00175 0 0,99

Table A.6 Stress and strain values for concrete strength C50/60 in tension

€50/60(Tension)
Gr 0,16 N/mm
fetm 4,1 MPa
Band width (h) 50 mm
o
€ (MPa) e
0 4,1 0
0,000780488 2,05 0,5
0,001560976 0 0,99
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Table A.7 Stress and strain values for steel strength HPS-556

High performance steel HPS-556
(M;a) £ (;t;;l;) Etrue Einelastic
0 0 0 0 0
(Il{}}’la) 556 0,002648 557,4721 0,002644 0
(Il{Il’la) 700 0,071219 749,8533 0,068797 0,066149678
E 210000 MPa

Table A.8 Stress and strain values for steel strength HPS-583

High performance steel HPS-583
o o
(MPa) & (Ni‘rf')u;) Etrue Einelastic
0 0 0 0 0
Ty 583 0,002776 584,6185 0,002772 0
(MPa)
fu
(MPa) 656 0,037538 680,625 0,036851 0,0340745
E 210000 MPa

Table A.9 Stress and strain values for steel strength S420

Carbon steel S420

(M;a) € (ﬁgl;) Etrue €inelastic
0 0
(Mf;a) 420 0,002 420,84 0,001998 0
( n{ I’;a) 520  0,049619 5458019  0,048427 0,045779667
E 210000 MPa

Table A.10 Stress and strain values for steel strength S355

Carbon steel S355
(Mtlr’a) £ (:E;l:l) Etrue €inelastic
0 0
(IV{IJ’/a) 355 0,00169 355,6001 0,001689 0
(Mflj;a) 470 0,056452 496,5326 0,054916 0,052140294
E 210000 MPa
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Table A.11 Stress and strain values for steel strength B 500

Carbon steel Reinforcement (413,7 MPa)

o o
(MPa) € (Iv;r};lcel) Etrue Einelastic
0 0
(,J;a) 413,7  0,002069 414,5557  0,002066 0
(Jf)'a) 620,5  0,105469 6859432  0,100269 0,097493037
E 200000  MPa

Table A.12 Material Properties for stainless-steel D1.1462 (t < 8 mm)

Stainless Steel D 1.1462 (t < 8 mm)

()

Stainless steel Parameters | (MPa)

atrue

(MPa)

£true

€inelastic

n 5 0
3.65 50
0.002 100
200000 150
530 199
700 200

Ey 41897.2332 250
0.242857143 300
350
382
420
450
500
525

0
0.000250015
0.000500478
0.000753632
0.001009925
0.001015304
0.001296704
0.001616214
0.002001183
0.002299016
0.002725025
0.003132497
0.003994516
0.004532424

0
50.01250075
100.0500478
150.1130448
199.2009751
200.2030608
250.3241759
300.4848641
350.7004142
382.8782241
421.1445103
451.4096236
501.9972582
527.3795224

0
0.000249984
0.000500353
0.000753348
0.001009415
0.001014789
0.001295864
0.001614909
0.001999184
0.002296377
0.002721318
0.003127601
0.003986559
0.004522183

530
535
550
575
600
625
650
675
685
700

0.00465
0.004769964
0.005225753
0.007622676
0.015844772
0.035951226
0.075626188

0.14400649
0.181699197
0.25156469

532.4645
537.5519307
552.8741643
579.3830389
609.5068631
647.4695162
699.1570219
772.2043808
809.4639501

876.095283

0.004639222
0.004758624
0.005212146
0.007593771
0.015720554
0.035320063
0.072902992
0.134536566

0.1669534
0.224394521

OO O O 0O OO0 Oo o o oo o o

0.002070864
0.002447776
0.004696855
0.012673019
0.032082716
0.069407207
0.130675544
0.162906081
0.220014044
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Table A.13 Material Properties for stainless-steel D1.1462 (t < 13.5 mm)

Stainless Steel Parameters

5
3.470588235
0.002
200000

480

680
38709.67742
0.294117647

Stainless Steel D 1.1462 (t < 13.5 mm)

4 Otrue € € )
(MPa) c (MPa) true inelastic

0 0 0 0 0
50 0.000250025 50.01250123 0.000249993 0
100 0.000500785 100.0500785 0.00050066 0
150  0.00075596 150.1133941 0.000755675 0
200 0.001025117 200.2050235 0.001024592 0
250 0.001326652 250.331663 0.001325773 0
300 0.001690735 300.5072205 0.001689307 0
350 0.002162253 350.7567886 0.002159919 0
382 0.00254847 382.9735156 0.002545228 0
420 0.003125818 421.3128435 0.003120943 0
450 0.003698393 451.6642768 0.003691571 0
480 0.0044 482.112 0.004390348 0
500 0.005016192 502.5080959 0.005003653 0.002491112
520 0.006536609 523.3990366 0.006515338 0.003898343
525 0.007222902 528.7920238 0.007196942 0.004552982
530 0.008085086 534.2850955 0.008052577 0.005381151
535 0.009152609 539.8966457 0.009110978 0.006411494
550 0.013902631 557.6464472 0.013806876 0.011018644
575 0.029059522 591.7092252 0.0286453 0.025686754
600 0.057454593 634.4727556 0.055864693 0.052692329
625 0.10448698 690.3043626 0.099380956  0.095929434
650 0.176117593 764.4764352 0.162218838 0.158396456
675 0.278814574 863.1998376 0.245933535 0.241617536
680 0.303684314 886.5053333 0.265194343 0.260761817
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Table A.14 Material Properties for stainless-steel D1.1462 (t < 75 mm)

Stainless Steel Parameters

o
(MPa)

Stainless Steel D 1.1462 (t < 75 mm)

atrue

(MPa)

strue

Einelastic

5

3.423076923
0.002
200000

450

650
36734.69388
0.307692308

0

50
100
150
200
250
300
350
382
420

0.000250034
0.000501084

0.00075823
0.001034683
0.001355844
0.001763374
0.002319256
0.002791626
0.003516491

50.01250169
100.0501084
150.1137346
200.2069366
250.3389611
300.5290123
350.8117396

383.066401
421.4769263

0.000250003
0.000500958
0.000757943
0.001034148
0.001354926
0.001761822
0.002316571
0.002787736
0.003510323

0
-5.98916E-
08

7.07803E-07
7.37447E-06
3.31135E-05
0.000103231
0.000259177
0.000562512
0.000872404
0.001402938

450
480
500
520
525
530
535
550
575
600
625
650

0.00425
0.005532053
0.008285466
0.014616649
0.017006685
0.019791806
0.023010005
0.035658078
0.069226901
0.123265537
0.203821421
0.317386752

451.9125
482.6553854
504.1427328
527.6006574
533.9285094
540.4896571
547.3103529
569.6119428
614.8054681
673.9593221
752.3883878
856.3013889

0.004240994
0.005516807

0.00825133
0.014510855

0.01686369
0.019598495
0.022749267
0.035037049
0.066935865
0.116240101
0.185501014
0.275650041

0.001981432

0.00310353
0.005730616
0.011872852
0.014194047
0.016896046
0.020012716
0.032188989
0.063861838
0.112870304
0.181739072
0.271368534

Table A 15 Classification of cross section G1

Bridge h.w tw Fy.W c/t Limit Class Aw/A
G1-FL-HS 758,8 8,5 583 89,27059 78,72657 41 0,375173
G1-FL-SS 758,8 8,5 480 89,27059 61,45556 4
G1-FL-CS 758,8 8,5 355 89,27059 67,53017 3
G1-CR-SS 758,8 8,5 480 89,27059 61,45556 4
G1-CR-CS 758,8 8,5 355 89,27059 67,53017 3
tfu Fy.F c/t Limit Class
G1-FL-HS 184,2 19,6 556 4,482143 5,851121 2
G1-FL-SS 184,2 19,6 450 4,482143 6,347103 1
G1-FL-CS 184,2 19,6 420 4,482143 6,732119 1
G1-CR-SS 184,2 19,6 450 4,482143 6,347103 1
G1-CR-CS 184,2 19,6 420 4,482143 6,732119 1
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bfl tfl F.y:F C/t Limit Class
G1-FL-HS 362 19,7 556 8,972081 6,501245 3
G1-FL-SS 362 19,7 450 8,972081 7,052336 3
G1-FL-CS 362 19,7 420 8,972081 7,480132 3
G1-CR-SS 362 19,7 450 8,972081 7,052336 3
G1-CR-CS 362 19,7 420 8,972081 7,480132 3
Table A 16 Classification of cross section G2
Bridge h.w tw Fy.W c/t Limit Class Aw/A
G2-FL-HS 760,4 8,9 583 85,4382 78,72657 410,485984
G2-FL-SS 760,4 8,9 480 85,4382 61,45556 4
G2-FL-CS 760,4 8,9 355 85,4382 67,53017 3
G2-CR-SS 760,4 8,5 480 89,45882 61,45556 4
G2-CR-CS 760,4 8,5 355 89,45882 67,53017 3

bfu tfu Fy.F c/t Limit Class
G2-FL-HS 182,6 19,6 556 4,431122 5,851121 2
G2-FL-SS 182,6 19,6 450 4,431122 6,347103 1
G2-FL-CS 182,6 19,6 420 4,431122 6,732119 1
G2-CR-SS 182,6 19,6 450 4,441327 6,347103 1
G2-CR-CS 182,6 19,6 420 4,441327 6,732119 1

bfl tfl F.y:F C/t Limit Class
G2-FL-HS 182,6 19,6 556 4,431122 5,851121 1
G2-FL-SS 182,6 19,6 450 4,431122 6,347103 1
G2-FL-CS 182,6 19,6 420 4,431122 6,732119 1
G2-CR-SS 182,6 19,6 450 4,441327 6,347103 1
G2-CR-CS 182,6 19,6 420 4,441327 6,732119 1
Table A 17 Classification of cross section 100-262-1
Bridge h.w tw Fy.W c/t Limit Class Aw/A
262-FL-SS 1953 17 450 114,8824 64 41 0,2500056
262-FL-CS 1953 17 355 114,8824 101 4
262-CR-SS 1955 6 530 325,8333 58 4
262-CR-CS 1955 6 355 325,8333 101 4

bfu tfu Fy.F c/t Limit Class
262-FL-SS 800 42 450 9,321429 10 3
262-FL-CS 800 42 420 9,321429 10 3
262-CR-SS 850 45 450 9,377778 10 3
262-CR-CS 850 45 420 9,377778 10 3
bfl tfl F.y:F C/t Limit Class

262-FL-SS 1200 55 450 10,75455 10 4
262-FL-CS 1200 55 420 10,75455 10 4
262-CR-SS 1225 50 450 12,19 10 4
262-CR-CS 1225 50 420 12,19 10 4
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Appendix B

Table B.1 Values for load and displacement for model G1-HPS

High performance steel model (G1-HPS)

Ultimate load Displacements Moment
Py (kN) U (mm) M.y (kN *m)
0 0 0
0,999997 0,0375588 3,04799086
1,99999 0,0751176 6,09596952
3,49996 0,131456 10,6678781
5,7499 0,215964 17,5256952
9,12475 0,342726 27,812238
14,1869 0,532871 43,2416712
21,7798 0,818092 66,3848304
33,1685 1,24593 101,097588
50,2501 1,8877 153,162305
75,8692 2,8504 231,249322
114,29 4,29453 348,35592
171,905 6,4609 523,96644
258,289 9,71087 787,264872
387,768 14,5874 1181,91686
581,683 21,9061 1772,96978
870,024 32,9229 2651,83315
1149,86 44,0414 3504,77328
1218,05 46,8291 3712,6164
1285,5 49,622 3918,204
1385,21 53,8219 4222,12008
1529,13 60,1625 4660,78824
1558,97 61,7902 4751,74056
1583,74 63,4529 4827,23952
1605,9 65,1359 4894,7832
1626,15 66,8277 4956,5052
1644,17 68,5416 5011,43016
1668,13 71,1242 5084,46024
1688,97 73,7311 5147,98056
1707,6 76,3399 5204,7648
1724,24 78,9427 5255,48352
1738,97 81,5638 5300,38056
1742,41 82,2214 5310,86568
1743,3 82,3843 5313,5784
1743,8 82,4755 5315,1024
1744,08 82,5269 5315,95584
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Table B.2 Values for load and displacement for model G1-FL-CS

Flat Web-Carbon Steel (G1-FL-CS)

Ultimate load Displacements Moment M,,; (kN *
P, (kN) U (mm) m)

0 0 0
0,999997 0,0360975 3,047990856
1,99999 0,072195 6,09596952
3,49996 0,126341 10,66787808

5,7499 0,207561 17,5256952
9,12476 0,329392 27,81226848
14,1869 0,512139 43,2416712
21,7799 0,786262 66,3851352
33,1687 1,19745 101,0981976
50,2505 1,81425 153,163524
75,87 2,73949 231,25176
114,292 4,12742 348,362016
171,909 6,20948 523,978632
258,299 9,33294 787,295352
387,79 14,0196 1181,98392
581,732 21,0533 1773,119136
870,303 31,6381 2652,683544
1147,84 42,3355 3498,61632
1269,59 53,8229 3869,71032
1285,05 56,7724 3916,8324
1297,84 59,7435 3955,81632
1309,02 62,7226 3989,89296
1318,75 65,707 4019,55
1327,44 68,7058 4046,03712
1335 71,7273 4069,08
1342,35 74,7331 4091,4828
1349,19 77,7356 4112,33112
1355,49 80,7479 4131,53352
1361,38 83,7705 4149,48624
1361,47 83,8181 4149,76056
1361,56 83,8655 4150,03488
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Table B.3 Values for load and displacement for model G1-FL-SS

Flat Web-Stainless Steel (G1-FL-SS)
Ultimate load Displacements Moment
Py (kN) U (mm) My (kN *m)
0 0 0
0,999997 0,037559 3,047990856
1,99999 0,075118 6,09596952
3,49996 0,131456 10,66787808
5,7499 0,215964 17,5256952
9,12475 0,342726 27,812238
14,1869 0,532871 43,2416712
21,7798 0,818092 66,3848304
33,1685 1,24593 101,097588
50,2501 1,8877 153,1623048
75,8692 2,8504 231,2493216
114,29 4,29453 348,35592
171,905 6,4609 523,96644
258,289 9,71087 787,264872
387,768 14,5874 1181,916864
581,683 21,9061 1772,969784
870,024 32,9229 2651,833152
1149,86 44,0414 3504,77328
1364,41 55,5196 4158,72168
1397,03 58,4916 4258,14744
1424,93 61,4979 4343,18664
1449,64 64,5252 4418,50272
1471,59 67,5716 4485,40632
1491,22 70,6442 4545,23856
1509,19 73,7232 4600,01112
1525,77 76,7954 4650,54696
1541,19 79,8662 4697,54712
1555,41 82,9468 4740,88968
1558,76 83,7208 4751,10048
1559,57 83,9154 4753,56936
1560,83 84,2037 4757,40984
1560,84 84,2041 4757,44032
1560,84 84,2045 4757,44032
1560,85 84,2048 4757,4708
1560,86 84,2053 4757,50128
1560,88 84,2061 4757,56224
1560,9 84,2072 4757,6232
1560,94 84,2088 4757,74512
1560,88 84,2102 4757,56224
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1560,9

84,2111

4757,6232

1560,9

84,2111

4757,6232

Table B.4 Values for load and displacement for model G1-CR-CS

Corrugated Web-Carbon Steel (G1-CR-CS)

Ultimate load Displacements Moment
P, (kN) U (mm) M,,; (kN *m)
0 0 0
0,999997 0,0412363 3,047990856
1,99999 0,0824727 6,09596952
3,49996 0,144327 10,66787808
5,7499 0,23711 17,5256952
9,12474 0,376284 27,81220752
14,1869 0,585048 43,2416712
21,7798 0,898197 66,3848304
33,1684 1,36793 101,0972832
50,2499 2,07255 153,1616952
75,8687 3,12953 231,2477976
114,289 4,71509 348,352872
171,903 7,09367 523,960344
258,284 10,6621 787,249632
387,762 16,0162 1181,898576
581,706 24,0519 1773,039888
870,727 36,1362 2653,975896
941,542 39,1763 2869,820016
973,831 42,4266 2968,236888
990,266 45,7435 3018,330768
1004,5 49,0727 3061,716
1016,02 52,4014 3096,82896
1026,71 55,7325 3129,41208
1036,72 59,0662 3159,92256
1050,08 64,0671 3200,64384
1061,76 69,0634 3236,24448
1072,68 74,0646 3269,52864
1087,69 81,5843 3315,27912
1101,05 89,1096 3356,0004
1113,33 96,6278 3393,42984
1124,85 104,168 3428,5428
1135,79 111,695 3461,88792
1145,94 119,229 3492,82512
1155,3 126,789 3521,3544
1163,99 134,407 3547,84152
1170,06 140,16 3566,34288
1176,05 145,895 3584,6004
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1181,5 151,683 3601,212
1182,63 153,156 3604,65624
1183,69 154,634 3607,88712
1184,81 156,105 3611,30088
1185,91 157,576 3614,65368
1185,92 157,6 3614,68416
1185,93 157,623 3614,71464

Table B.5 Values for load and displacement for model G1-CR-SS

Corrugated Web-Stainless Steel (G1-CR-SS)

Ultimate load Displacements Moment
Py (kN) U (mm) My (kN *m)
0 0 0
0,999997 0,0429686 3,047990856
1,99999 0,0859373 6,09596952
3,49996 0,150391 10,66787808
5,74989 0,247071 17,52566472
9,12473 0,392092 27,81217704
14,1868 0,609626 43,2413664
21,7797 0,935931 66,3845256
33,1683 1,4254 101,0969784
50,2495 2,15962 153,160476
75,8678 3,26101 231,2450544
114,287 4,9132 348,346776
171,898 7,39175 523,945104
258,274 11,1101 787,219152
387,739 16,6894 1181,828472
581,653 25,0632 1772,878344
870,459 37,6603 2653,159032
1077,53 50,7782 3284,31144
1149,8 64,4921 3504,5904
1199,83 78,3404 3657,08184
1236,16 92,3094 3767,81568
1266,24 106,258 3859,49952
1272,75 109,769 3879,342
1272,84 109,824 3879,61632
1272,94 109,879 3879,92112
1273,04 109,934 3880,22592
1273,14 109,989 3880,53072
1273,29 110,071 3880,98792
1273,52 110,195 3881,68896
1273,53 110,201 3881,71944
1273,56 110,203 3881,81088
1273,57 110,203 3881,84136
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1273,58 110,204 3881,87184
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Table B.6 Values for load and displacement for model G2-HPS

High performance steel model (G2-HPS)
P.ul (KN) U (mm) M.ul (KN*m)

0 0 0
0,999995 0,0496082 3,04798476
1,99998 0,0992166 6,09593904
3,49994 0,173629 10,66781712
5,74984 0,285249 17,52551232
9,12459 0,45268 27,81175032
14,1865 0,703829 43,240452
21,7789 1,08056 66,3820872
33,1664 1,64567 101,0911872
50,2453 2,49336 153,1476744
75,8582 3,76497 231,2157936
114,265 5,67255 348,27972
171,849 8,53428 523,795752
258,162 12,8277 786,877776
387,494 19,2696 1181,081712
581,18 28,9367 1771,43664
870,876 43,4643 2654,430048
1129,35 58,2629 3442,2588
1264,88 73,8455 3855,35424
1338,46 89,7726 4079,62608
1384,7 105,963 4220,5656
1393,71 110,043 4248,02808
1401,85 114,138 4272,8388
1409,39 118,243 4295,82072
1416,3 122,36 4316,8824
1423,06 126,473 4337,48688
1429,44 130,596 4356,93312
1435,41 134,733 4375,12968
1436,75 135,773 4379,214
1437,92 136,822 4382,78016
1438,27 137,423 4383,84696
1438,28 137,576 4383,87744
1438,32 137,578 4383,99936
1438,28 137,581 4383,87744
1438,29 137,581 4383,90792
1438,29 137,582 4383,90792
1438,29 137,582 4383,90792

Table B.7 Values for load and displacement for model G2-FL-CS

‘ Flat Web-Carbon Steel (G2-FL-CS)
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P.ul (KN) U (mm) M.ul (KN*m)
0,999995 0,047611 3,04798476
1,99998 0,0952221 6,09593904
3,49994 0,166639 10,66781712
5,74984 0,273765 17,52551232
9,12461 0,434455 27,81181128
14,1865 0,675492 43,240452
21,779 1,03705 66,382392
33,1667 1,57941 101,0921016
50,2459 2,39297 153,1495032
75,8595 3,61338 231,219756
114,268 5,44414 348,288864
171,855 8,1906 523,81404
258,177 12,311 786,923496
387,526 18,4933 1181,179248
581,253 27,7705 1771,659144
831,624 41,9721 2534,789952
923,105 57,1117 2813,62404
936,669 60,936 2854,967112
948,525 64,7724 2891,1042
959,019 68,6226 2923,089912
968,484 72,4838 2951,939232
976,859 76,3629 2977,466232
984,492 80,2559 3000,731616
991,512 84,1594 3022,128576
997,902 88,0748 3041,605296
1003,9 91,9989 3059,8872
1009,54 95,9313 3077,07792
1015,64 99,8404 3095,67072
1021,65 103,746 3113,9892
1030,29 109,609 3140,32392
1038,26 115,496 3164,61648
1040,13 116,973 3170,31624
1041,96 118,454 3175,89408
1043,74 119,937 3181,31952
1044,18 120,309 3182,66064
1044,61 120,68 3183,97128
1045,04 121,051 3185,28192
1045,46 121,424 3186,56208
1045,84 121,798 3187,72032
1046 122,182 3188,208
1046,04 122,277 3188,32992
1045,97 122,376 3188,11656
1046,01 122,473 3188,23848
1045,99 122,57 3188,17752
1045,83 122,67 3187,68984
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1045,87 122,766 3187,81176

1045,8 122,865 3187,5984
1045,78 122,962 3187,53744
1045,85 123,058 3187,7508
1045,91 123,154 3187,93368
1045,94 123,251 3188,02512
1045,92 123,348 3187,96416
1045,88 123,446 3187,84224
1045,93 123,543 3187,99464
1046,03 123,637 3188,29944

Table B.8 Values for load and displacement for model G2-FL-SS

Flat Web-Carbon Steel (G2-FL-SS)

P.ul (KN) U (mm) M.ul (KN*m)

0,999995 0,0496082 3,04798476
1,99998 0,0992166 6,09593904
3,49994 0,173629 10,66781712
5,74984 0,285249 17,52551232
9,12459 0,45268 27,81175032
14,1865 0,703829 43,240452
21,7789 1,08056 66,3820872
33,1664 1,64567 101,0911872
50,2453 2,49336 153,1476744
75,8582 3,76497 231,2157936
114,265 5,67255 348,27972
171,849 8,53428 523,795752
258,162 12,8277 786,877776
387,494 19,2696 1181,081712
581,18 28,9367 1771,43664
865,949 43,5025 2639,412552
1038,37 58,7857 3164,95176
1132,31 74,4435 3451,28088
1195,99 90,2591 3645,37752
1208,84 94,2384 3684,54432
1220,68 98,2336 3720,63264
1231,57 102,245 3753,82536
1241,56 106,27 3784,27488
1255,06 112,331 3825,42288
1267,12 118,423 3862,18176
1278,39 124,524 3896,53272
1289,13 130,62 3929,26824
1299,09 136,731 3959,62632
1312,72 145,935 4001,17056
1315,92 148,241 4010,92416
1319,01 150,551 4020,34248
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1323,13 154,045 4032,90024
1323,19 154,1 4033,08312
1323,25 154,103 4033,266
1323,26 154,104 4033,29648
1323,22 154,105 4033,17456

Table B.9 Values for load and displacement for model G2-CR-CS

Corrugated Web-Carbon Steel (G2-CR-CS)

P.ul (KN) U (mm) M.ul (KN*m)
0 0 0
0,999994 0,0659965 3,047981712
1,99998 0,131993 6,09593904
3,49993 0,230989 10,66778664
5,7498 0,379484 17,5253904
9,1245 0,602228 27,811476
14,1863 0,93635 43,2398424
21,7784 1,43754 66,3805632
33,1653 2,18936 101,0878344
50,2426 3,31716 153,1394448
75,8521 5,00898 231,1972008
114,252 7,54703 348,240096
171,817 11,3548 523,698216
258,091 17,068 786,661368
387,334 25,6414 1180,594032
534,806 38,9671 1630,088688
547,494 42,4995 1668,761712
558,349 46,0379 1701,847752
567,986 49,5797 1731,221328
576,866 53,1229 1758,287568
585,228 56,6631 1783,774944
592,954 60,1962 1807,323792
600,194 63,729 1829,391312
601,95 64,6128 1834,7436
603,685 65,4963 1840,03188
605,39 66,3794 1845,22872
607,064 67,262 1850,331072
609,53 68,5853 1857,84744
611,962 69,9082 1865,260176
614,365 71,2312 1872,58452
616,726 72,5538 1879,780848
619,043 73,8756 1886,843064
621,316 75,1972 1893,771168
623,554 76,5189 1900,592592
626,862 78,5018 1910,675376
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631,717 81,4767 1925,473416
636,432 84,4506 1939,844736
640,992 87,4244 1953,743616
645,419 90,3977 1967,237112
649,688 93,3687 1980,249024

653,79 96,3448 1992,75192
657,927 99,3123 2005,361496
662,037 102,277 2017,888776
666,088 105,243 2030,236224
672,001 109,687 2048,259048
677,693 114,125 2065,608264
683,256 118,562 2082,564288
688,726 122,999 2099,236848
694,082 127,435 2115,561936
701,843 134,086 2139,217464
709,333 140,742 2162,046984
716,495 147,399 2183,87676
723,411 154,047 2204,956728
730,132 160,693 2225,442336
736,523 167,348 2244,922104
742,526 174,009 2263,219248
748,153 180,68 2280,370344
753,479 187,357 2296,603992

758,54 194,035 2312,02992
763,166 200,716 2326,129968
767,775 207,397 2340,1782
772,212 214,092 2353,702176
776,495 220,791 2366,75676
780,595 227,5 2379,25356
784,606 234,207 2391,479088

788,51 240,916 2403,37848
792,282 247,635 2414,875536
795,885 254,368 2425,85748
799,257 261,116 2436,135336

804,07 271,236 2450,80536
808,668 281,368 2464,820064
813,084 291,501 2478,280032
817,244 301,631 2490,959712
821,066 311,773 2502,609168
824,695 321,926 2513,67036
824,752 322,085 2513,844096

824,81 322,244 2514,02088
824,867 322,403 2514,194616
824,925 322,562 2514,3714
824,982 322,72 2514,545136

825,04 322,879 2514,72192
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825,097 323,038 2514,895656
825,155 323,197 2515,07244
825,212 323,355 2515,246176

825,27 323,514 2515,42296
825,327 323,673 2515,596696
825,385 323,832 2515,77348
825,442 323,991 2515,947216
825,499 324,149 2516,120952
825,556 324,308 2516,294688
825,613 324,467 2516,468424
825,671 324,626 2516,645208
825,728 324,785 2516,818944
825,785 324,943 2516,99268
825,842 325,102 2517,166416
825,899 325,261 2517,340152
825,956 325,42 2517,513888

Table B.10 Values for load and displacement for model G2-CR-SS

Corrugated Web-Stainless Steel (G2-CR-SS)

P.ul (KN) U (mm) M.ul (KN*m)
0 0 0
0,999994 0,0688836 3,047981712
1,99997 0,137767 6,09590856
3,49992 0,241094 10,66775616
5,74979 0,396084 17,52535992
9,12448 0,628573 27,81141504
14,1862 0,977312 43,2395376
21,7783 1,50043 66,3802584
33,165 2,28515 101,08692
50,242 3,46228 153,137616
75,8506 5,22814 231,1926288
114,248 7,87726 348,227904
171,81 11,8517 523,67688
258,074 17,8151 786,609552
387,284 26,7647 1180,441632
564,231 40,384 1719,776088
584,176 44,0146 1780,568448
600,82 47,6558 1831,29936
615,44 51,3007 1875,86112
628,798 54,9483 1916,576304
640,83 58,5936 1953,24984
651,793 62,2464 1986,665064
661,859 65,898 2017,346232
671,153 69,551 2045,674344
673,401 70,4648 2052,526248
675,605 71,379 2059,24404
678,849 72,7504 2069,131752
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683,58 74,8081 2083,55184

688,14 76,8661 2097,45072
692,544 78,9233 2110,874112
696,809 80,9802 2123,873832
700,958 83,0378 2136,519984
704,997 85,097 2148,830856
708,957 87,1569 2160,900936
712,827 89,2174 2172,696696
716,588 91,2789 2184,160224
720,227 93,3409 2195,251896
723,762 95,4025 2206,026576
727,203 97,464 2216,514744
730,578 99,5259 2226,801744
733,885 101,589 2236,88148
738,737 104,684 2251,670376
745,825 109,324 2273,2746
756,166 116,268 2304,793968
765,974 123,208 2334,688752
775,327 130,151 2363,196696
784,355 137,1 2390,71404
793,039 144,055 2417,182872

801,36 151,007 2442,54528
809,364 157,96 2466,941472
817,076 164,916 2490,447648
824,492 171,883 2513,051616
831,686 178,844 2534,978928
838,606 185,801 2556,071088
845,204 192,765 2576,181792
851,363 199,74 2594,954424

857,22 206,725 2612,80656
862,823 213,717 2629,884504
868,168 220,715 2646,176064
873,258 227,725 2661,690384

878,12 234,746 2676,50976
882,763 241,781 2690,661624
887,222 248,823 2704,252656

891,53 255,869 2717,38344
895,621 262,923 2729,852808
899,585 269,98 2741,93508
903,449 277,038 2753,712552

907,19 284,098 2765,11512
908,109 285,864 2767,916232
909,021 287,629 2770,696008
910,377 290,277 2774,829096
912,375 294,251 2780,919

915,31 300,214 2789,86488
918,174 306,18 2798,594352
921,008 312,143 2807,232384
923,789 318,102 2815,708872
926,525 324,056 2824,0482
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929,154 330,007 2832,061392
931,664 335,958 2839,711872
934,148 341,906 2847,283104
934,761 343,394 2849,151528
934,793 343,472 2849,249064
934,826 343,551 2849,349648
934,859 343,629 2849,450232
934,892 343,708 2849,550816
934,924 343,787 2849,648352
934,957 343,865 2849,748936

934,99 343,944 2849,84952
935,023 344,022 2849,950104
935,055 344,101 2850,04764
935,088 344,179 2850,148224
935,121 344,258 2850,248808
935,153 344,336 2850,346344
935,186 344,415 2850,446928
935,218 344,494 2850,544464
935,251 344,572 2850,645048
935,283 344,651 2850,742584
935,316 344,729 2850,843168
935,348 344,808 2850,940704
935,381 344,886 2851,041288
935,413 344,965 2851,138824
935,445 345,044 2851,23636
935,478 345,122 2851,336944

935,51 345,201 2851,43448
935,543 345,279 2851,535064
935,575 345,358 2851,6326
935,608 345,436 2851,733184

935,64 345,515 2851,83072
935,673 345,594 2851,931304
935,706 345,672 2852,031888
935,738 345,751 2852,129424
935,771 345,829 2852,230008
935,803 345,908 2852,327544
935,836 345,986 2852,428128
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Table B.11 Values for load and displacement for model 100-262-1-FL-CS

Flat Web-Carbon Steel (100-262-1-FL-CS)

P.ul (KN) U (mm) M.ul (KN*m)
1,02553 0,0520301 10,5116825
2,03723 0,103358 20,8816075
3,04892 0,154687 31,25143
4,06062 0,206015 41,621355
5,57816 0,283008 57,17614
7,85447 0,398498 80,5083175
11,2689 0,571732 115,506225
16,3905 0,831584 168,002625
24,0729 1,22136 246,747225
35,5964 1,80604 364,8631
52,8812 2,68305 542,0323
78,8076 3,99859 807,7779
117,696 5,97193 1206,384
176,024 8,93203 1804,246
263,507 13,3723 2700,94675
394,713 20,0332 4045,80825
591,478 30,0255 6062,6495
886,527 45,0159 9086,90175
1328,88 67,506 13621,02
1991,91 101,251 20417,0775
2985,33 151,892 30599,6325
4471,43 227,908 45832,1575
5913,14 304,865 60609,685

6163,7 324,928 63177,925

6260,1 345,88 64166,025
6335,94 366,9 64943,385
6398,09 387,973 65580,4225
6450,94 409,07 66122,135
6494,57 430,221 66569,3425
6534,23 451,387 66975,8575
6568,82 472,573 67330,405
6615,46 504,39 67808,465
6676,38 552,137 68432,895
6727,36 599,959 68955,44
6775,54 647,743 69449,285
6817,52 695,602 69879,58
6856,61 743,538 70280,2525
6893,72 791,457 70660,63
6928,21 839,417 71014,1525
6960,89 887,355 71349,1225
7008,23 959,187 71834,3575
7054,12 1031,01 72304,73
7098,15 1102,79 72756,0375
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7140,54 1174,59 73190,535
7180,47 1246,45 73599,8175
7217,88 1318,42 73983,27

7250,9 1390,85 74321,725
7281,51 1463,46 74635,4775
7310,43 1536,1 74931,9075
7317,36 1554,29 75002,94
7319,07 1558,84 75020,4675
7320,79 1563,39 75038,0975
7322,49 1567,94 75055,5225
7324,18 1572,49 75072,845

7324,6 1573,63 75077,15
7325,03 1574,77 75081,5575
7325,45 1575,91 75085,8625
7325,87 1577,05 75090,1675
7326,28 1578,19 75094,37

7326,7 1579,34 75098,675

7326,8 1579,62 75099,7
7326,91 1579,91 75100,8275
7327,01 1580,19 75101,8525
7327,11 1580,48 75102,8775
7327,17 1580,48 75103,4925
7327,23 1580,48 75104,1075
7327,32 1580,49 75105,03
7327,46 1580,5 75106,465

Table B.12 Values for load and displacement for model 100-262-1-FL-SS

Flat Web-Carbon Steel (100-262-1-FL-SS)

P.ul (KN) U (mm) M.ul (KN*m)

0 0 0
1,04062 0,05489 10,666355
1,29508 0,0683119 13,27457
1,54953 0,0817337 15,8826825
1,93122 0,101866 19,795005
2,50374 0,132066 25,663335
3,36252 0,177364 34,46583

4,2213 0,222663 43,268325
5,08009 0,267962 52,0709225
6,36826 0,33591 65,274665
8,30051 0,437832 85,0802275
11,1989 0,590716 114,788725
15,5464 0,820042 159,3506
22,0676 1,16403 226,1929
31,8494 1,68002 326,45635
46,5217 2,45401 476,847425
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68,5297 3,615 702,429425

101,54 5,35652 1040,785
151,053 7,96886 1548,29325
225,317 11,8875 2309,49925
336,696 17,7658 3451,134
503,733 26,5839 5163,26325
754,214 39,8127 7730,6935
1129,77 59,6594 11580,1425
1692,72 89,4375 17350,38

2536,3 134,122 25997,075

3799,6 201,19 38945,9
5657,97 302,586 57994,1925

7215,7 406,379 73960,925
7699,67 516,411 78921,6175
7789,49 543,991 79842,2725
7869,91 571,617 80666,5775
7946,98 599,21 81456,545
8016,84 626,877 82172,61
8081,28 654,613 82833,12
8140,59 682,389 83441,0475
8195,63 710,19 84005,2075
8249,09 737,957 84553,1725
8326,93 779,567 85351,0325

8398,8 821,217 86087,7
8463,73 863,037 86753,2325
8539,52 926,367 87530,08
8604,31 989,834 88194,1775
8664,08 1053,3 88806,82

8720,6 1116,83 89386,15
8772,96 1180,61 89922,84
8818,63 1244,74 90390,9575
8857,58 1309,23 90790,195
8874,38 1341,64 90962,395
8889,41 1374,17 91116,4525
8902,39 1406,78 91249,4975
8903,75 1411,41 91263,4375
8904,74 1416,05 91273,585
8904,72 1416,05 91273,38
8904,72 1416,06 91273,38
8904,72 1416,06 91273,38

Table B.13 Values for load and displacement for model 100-262-1-CR-CS

Corrugated Web-Carbon Steel (100-262-1-CR-CS)

P.ul (KN)

U (mm)

M.ul (KN*m)
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0,999999 0,0656998 10,24998975
2 0,1314 20,5
2,99999 0,197099 30,7498975
4,49999 0,295649 46,1248975
6,74997 0,443474 69,1871925
10,1249 0,665212 103,780225
15,1873 0,99782 155,669825
22,7809 1,49673 233,504225
34,171 2,24511 350,25275
51,256 3,36768 525,374
76,8825 5,05156 788,045625
115,321 7,57744 1182,04025
172,974 11,3664 1772,9835
259,445 17,05 2659,31125
389,132 25,5761 3988,603
583,617 38,3665 5982,07425
875,243 57,555 8971,24075
1312,46 86,3443 13452,715
1967,76 129,543 20169,54
2949,56 194,372 30232,99
4416,97 291,69 45273,9425
4779,65 316,131 48991,4125
4975,12 342,23 50994,98
5004,42 369,553 51295,305
5030,41 396,761 51561,7025
5054,84 423,888 51812,11
5078,25 450,961 52052,0625
5100,86 477,982 52283,815
5122,81 504,963 52508,8025
5144,28 531,914 52728,87
5165,24 558,826 52943,71
5185,74 585,713 53153,835
5205,82 612,577 53359,655
5225,51 639,428 53561,4775
5244,68 666,258 53757,97
5263,45 693,078 53950,3625
5268,07 699,784 53997,7175
5269,22 701,46 54009,505
5270,37 703,137 54021,2925
5271,52 704,813 54033,08
5272,67 706,49 54044,8675
5273,81 708,166 54056,5525
5274,95 709,843 54068,2375
5276,09 711,519 54079,9225
5277,23 713,196 54091,6075
5278,36 714,872 54103,19
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5279,49 716,549 54114,7725
5280,62 718,225 54126,355
5281,75 719,902 54137,9375
5283,44 722,417 54155,26
5285,96 726,19 54181,09
5289,72 731,85 54219,63

5295,3 740,341 54276,825
5303,54 753,082 54361,285
5315,75 772,195 54486,4375

5327,8 791,307 54609,95
5339,73 810,409 54732,2325
5351,54 829,505 54853,285
5363,25 848,592 54973,3125
5380,66 877,216 55151,765
5397,82 905,836 55327,655
5414,71 934,453 55500,7775
5439,62 977,383 55756,105
5475,68 1041,84 56125,72
5509,77 1106,39 56475,1425
5542,91 1170,92 56814,8275
5575,27 1235,41 57146,5175
5607,02 1299,86 57471,955
5638,14 1364,27 57790,935
5668,64 1428,64 58103,56
5698,43 1493 58408,9075
5705,76 1509,09 58484,04
5713,05 1525,19 58558,7625

5723,9 1549,33 58669,975
5734,65 1573,48 58780,1625
5745,28 1597,63 58889,12
5761,01 1633,86 59050,3525
5784,16 1688,23 59287,64
5817,69 1769,89 59631,3225
5849,35 1851,84 59955,8375

5856,9 1872,37 60033,225
5864,32 1892,91 60109,28

5875,2 1923,72 60220,8
5890,92 1969,96 60381,93
5894,68 1981,53 60420,47
5898,35 1993,1 60458,0875
5898,54 1993,71 60460,035
5898,73 1994,32 60461,9825
5898,92 1994,93 60463,93
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Table B.14 Values for load and displacement for model 100-262-1-CR-SS

Corrugated Web-Stainless Steel (100-262-1-CR-SS)

P.ul (KN) U (mm) M.ul (KN*m)
0 0 0
0,999999 0,0690805 10,24998975
2 0,138161 20,5
2,99999 0,207242 30,7498975
3,99999 0,276322 40,9998975
5,49998 0,379943 56,374795
7,74996 0,535375 79,43709
11,1249 0,768523 114,030225
16,1873 1,11825 165,919825
23,7808 1,64283 243,7532
35,171 2,42972 360,50275
52,2558 3,61006 535,62195
77,8823 5,38059 798,293575
116,32 8,03645 1192,28
173,973 12,0204 1783,22325
260,443 17,9965 2669,54075
390,127 26,9614 3998,80175
584,607 40,4102 5992,22175
876,223 60,5865 8981,28575
1313,41 90,8582 13462,4525
1968,66 136,282 20178,765
2950,34 204,452 30240,985
4417,11 306,793 45275,3775
5751,35 411,162 58951,3375
5988,82 524,021 61385,405
6186,65 635,925 63413,1625
6351,72 747,617 65105,13
6489,86 859,562 66521,065
6584,86 972,472 67494,815
6669,56 1085,46 68362,99
6749,19 1198,3 69179,1975
6819,88 1311,44 69903,77
6879,15 1425,02 70511,2875
6931,96 1538,84 71052,59
6979,17 1653,04 71536,4925
6989,62 1681,76 71643,605
6999,46 1710,55 71744,465
7013,4 1753,8 71887,35
7026,12 1797,15 72017,73
7037,81 1840,58 72137,5525
7048,43 1884,08 72246,4075
7048,59 1884,77 72248,0475
7048,74 1885,45 72249,585
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7048,89 1886,13 72251,1225
7049,04 1886,81 72252,66
7049,19 1887,49 72254,1975
7049,34 1888,18 72255,735
7049,49 1888,86 72257,2725
7049,64 1889,54 72258,81
7049,78 1890,22 72260,245
7049,92 1890,9 72261,68
7050,07 1891,58 72263,2175
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Appendix C
Bending resistance M,,; of G1-FL-HS

Geometry: Material Properties:
lg = 181mm f, = 30° MPa = 2033x 107Pa
bg := 1524mm 15
bﬂ = 362mm E := 200000MPa
tﬂ = 19.7/mm Fy.F := 556MPa
bgy, = 184.2mm Fy.w = 588MPa
te, := 19.6mm '
hW 1= 758.8mMm
tw = 85mm

Center of steel section:
ha = tﬂ-l- tfu-l- hW

2
AS = bﬂ-tﬂ + h\NtW+ be'th = 0.017m

tu i hy
y bfu'tfu'[ha - 7) + bt + byt i+ —

: = 0.319Mm
a As
Position of the neutral axis:
— . _ _3 2
AF = bﬂ~tﬂ+ bfu'tfu = 0.011m2 AW T hW tW =645x10 "m

-~ 085b, 4 f. = 6
Ny 1= Fy FAE + FywAy = 9733x 10°N Ng = 085D tpfp = 4768x 10°N

Ny := tfu'bfu'Fy.F — 2007x 10°N

N, — N
a~Ne
Naf = ——— = 2483% 10°N

N, — N, — Fy e-bgte — Fy £-bg,
a C FHEIM FHfutu
Now = y y = —5036x 10°N
2

The neutral axis lies at the upper flange of the plate girder
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Selenderness of the cross section:
h:= to+ t+ tey + hW = 0.979m

Naf

= If
0.205m DT — 021

X t

pl.f = %

+
bfu":y.F
Bending Resistance:
te s
Mpifi= Ne{h =Yg =5 |+ Naf'[ha - (xp|_f —tc)} = 4635 103-kN -m

Bending resistance M,,; of G1-FL-CS

Geometry: Material Properties:
{; := 181mm f, = 302 MPa = 2033x 107Pa
bC ;= 1524mm 15
bﬂ = 362mm E := 210000MP3a
tﬂ = 19.7mim
Fy | = 420MPa
bfu = 184.2mm '
tfu 1= 19.6mm Fy.W := 355MPa
hW = 758.8Mm
tW 1= 8.5mm

Center of steel section:
ha = tﬂ-l- tfu-i- h\N

2
AS = bﬂ-tﬂ + h\Nt\N+ be‘th = 0.017m

ty

’ My
v bfu'tfu'[ha - 7) * bﬂ‘tﬂ'—:I * hw'tw‘(tfl * 7)

a:
As

= 0.319m
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Position of the neutral axis:
. . _ _3 2
AF = bﬂ-tﬂ+ bfu'tfu = 0.011m2 AW - h\N tW =645x10 °m

— bt .f = 6
Ng := Fy pAp + Fy yAy = 6801 10°N N¢ := 085D¢-tofo = 4768 10°N

Ny := tfu‘bfu'Fy.F = 1516x 10°N

N, - N
a~ Ne
Ngf = —— = 1017 10°N

N, — N, — Fy, p-beta — Fy, b,
FRHI FRfuY
N = S yr U 239x 105N
2

The neutral axis lies at the upper flange of the plate girder

Selenderness of the cross section:
h := tC + tﬂ+ tfu+ h\N = 0.979Mm

Naf

= 0.194m pl.f

Xplf =t + — =01

bfu'Fy.F

Bending Resistance:

Myl f = NC-(h - Y, - t—;j + Naf'[ha - (xp|_f - tc)] = 3512x 103-kN-m
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Bending resistance M,,; of G1-FL-SS

Geometry: Material Properties:
l; = 181mm fo = 302 MPa = 2033% 107Pa
be := 1524mm 15
bﬂ = 362mm E := 200000MPa
tﬂ = 19.7/mm
Fy | = 450MP3
bfu = 184.2mm '
tfu = 19.6mm Fy.W := 480MPa
hW 1= 758.8Mm
tW = 85mm

Center of steel section:
ha = tﬂ+ tfu+ hW

2
AS = bﬂ-tﬂ + h\NtW+ bfu'tfu = 0.017m

t t
fu fi Py
bfu'tfu'(ha - 7] + bty + hw'tw'(tfl + 7)

Y, : =0.
a Al 0.319m
Position of the neutral axis:
. 4 — 3.2
AF = bﬂ-tﬂ+ bfu'tfu = 0.011m2 AW - h\N tW =645x10 °m
— _ 6
NC = 0.85-bC -tC-fC = 4768x 10°N

Na = Fy pAE + Fy Ay = 793x 105N

Ny := tfu‘bfu'Fy.F = 1625x 10°N

N, - N
& ¢ 6
Ny := —— = 1581x 10 N

N, — N. — F,, g-bg-tg — Fy, g-bg L
Ny = a c ™ Ty.FRIH T Ty FMfuTtu _ _gasax 105N
2

The neutral axis lies at the upper flange of the plate girder
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Slenderness of the cross section:
h:= to+ t+ tey + hW = 0.979m

Naf

=02m pl.f

Xplf =T = 0.204
h

+
bfu":y.F

Bending Resistance:

Mplf = NC(h — Ya - t—ZCJ + Naf-|:ha - (Xplf - tC):| = 3.946x 10°-kN -m

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-22-06 134



Bending resistance M.s of G1-FL-SS

Material Parameters:

00,2 = Fy = 45x 108Pa

o
ee = = 225x 10 3
E
Ey := ———— = 2463x 1019Pa
n
1+ 0.002—
ee
[1 —0.0375:(n —5)]
G, =0 .
u 0.2 5,4 185e0
G .
my =1+ 35 = 3431
Su
E>
E, = = 2135x 10°Pa
1+ (rl - 1) ml

= 6.478x 10%Pa

(¢

+ 0002 = 425% 10”3

€0.2 =

n := 801

€

= 0.233
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Stress in steel S
Giver

Y1 = 304.54Mm

€9 =K y2
. . }
I'2‘ -1
, [80.2 j
Sm =902 1+ ~
)
-1
0.2
1+(rq —1)-
(==
-1
i 0.2
= o — = 304.54-mm
¥4'= om 085, -b,

Yp =t +06-h —y; = 0464m
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Position of the neutral axis:

N, .=

1
as = omAg = 8022x 103— kN -m

m

. _ 6
NC.S = o.zas-bc-tc.fC = 4768x 10°N

Ny ¢ := tr by o m = 1685% 10°N

Noe e Nas—Nes N
afs’= — 5 = 1627x10

) Na.s = Ne.s —omDPitf — o mbrythy 5
Now.s = 5 = —879x 10°N

The neutral axis lies at the upper flange of the plate girder

Selenderness of the cross section:
I\laf S

Xlfs =g+ b = 02m Xpl.f.s

‘G - O- 04

t
c
My := Nc.s‘(h ~ Y, - ?) + Naf.s'[ha - (xpo_S— tc)] = 3982x 10>-kN-m
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Bending resistance M,,; of G1-CR-CS

Geometry: Material Properties:
l; = 181mm fo = 302 MPa = 2033% 107Pa
be := 1524mm 15
bﬂ = 362mm E := 210000MPa
tﬂ = 19.7/mm

Fy | == 420MP3

y.

bfu 1= 184.2mm
te, = 19.6mm Fy_W := 355MPa
hW 1= 758.8Mm
tvv = omm

Center of steel section:
ha = tﬂ+ tfu+ hW

A

bﬂtﬂ + h\NtW+ bfu'tfu = 0.011m2

ty t My
bfu'tfu'(ha - 7) gt + byttt
Yq 1= = 0.271m

A

Position of the neutral axis:
AF = bﬂ-tﬂ+ bfu'tfu = 0.011m2 AW = hWtW =0

— bt .f = 6
NC = 0.85 bC to fC = 4768%x 10°N

Na = Fy pAp + Fy Ay = 4512x 106N

Ny := tfu‘bfu'Fy.F = 1516x 10°N

Na_Nc

— _ 5
Naf = > = —1.28x 10°N

N, — N.—F,, =-bg-tg — F,, =bg -t
Naw :: a C y.F MM y.F~fu™fu — pagux 105N
2

The neutral axis lies at the Concrete
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Selenderness of the cross section:

h := to+ t+ tey + hW = 0.979m

Na
= 0171M pl.c

*pl.c = g
P 085 b = 0475

Bending Resistance:

) XpI.C 3
Mp|_C = Na' h —Ya - )= 2.806x 10°m-kN

Bending resistance M.pl of G1-CR-SS

Geometry: Material Properties:
{p = 181mm f, = 302 MPa = 2033x 10”Pa
bC = 1524mm 15
bﬂ 1= 362mm E := 200000MPa
tﬂ = 19.7mm

F F = 450|\/|Pa

y.

bfu 1= 184.2mm
tfu = 19.6mm Fy.W := 480MPa
hW = 758.8Mm
tW = 0omm
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Center of steel section:
ha = tf|+ tfu+ h\N
AS = bﬂtﬂ+ h\NtW+ bfu'tfu = 0.011m2

t t

fu fl P
bfu'tfu'(ha - 7) + bt + hw'tw'(tfl ry j
Yq = A

= 0.271m

Position of the neutral axis:
AF = bﬂ-tﬂ+ bfu'tfu = 0.011m2 AW = hWtVV =0

= bt f. = 6
Ny = Fy.F'AF " Fy.W'Aw — 4834 16N N¢ := 0850, tf, = 4768x 10°N

Nf = tfu'bfu'Fy.F = 1.625X% 106N

. Na —Ng »
af ‘= T = 3.314x 10
N, —N. - F, cbgta — F, =-be -t
Ny = a ¢ ™ Ty FRITl T Ty FRfutu — o3gax 1N
2

The neutral axis lies at the upper flange of the plate girder

Selenderness of the cross section:
h := tC + tﬂ+ tfu+ h\N = 0.979Mm

N
t+—af = 0.181m Xpl.f
C bg,F

fuy.F

Xolf = —— =018
h

Bending Resistance:

Myl := NC'(h - Y, - t—;j + Naf'[ha - (xpo _tcﬂ = 2969 103-kN-m
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Bending resistance M.s of G1-CR-SS

Material Parameters:

00,2 = Fy = 45x 108Pa

o
ee = = 225x 10 3
E
Ey := ———— = 2463x 1019Pa
n
1+ 0.002—
ee
[1 —0.0375:(n —5)]
G, =0 .
u 0.2 5,4 185e0
G .
my =1+ 35 = 3431
Su
E>
E, = = 2135x 10°Pa
1+ (rl - 1) ml

= 6.478x 10%Pa

(¢

+ 0002 = 425% 10”3

€0.2 =

n := 801

€

= 0.233
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Stress in steel S

Giver

yq = 202.248MmM

8u 1
Kgq = = 0.36—
h _yl m
K = min(K K ) = 0.017—
a’>"cC m
€9 1=K Yy
-
ry- -1
om = ocg2] 1+ 02 o = 495.933-MPa
) .
£0.2
1+(r1 1) o
i £0.2
= opy———— = 202.248-mm
¥ om 085, b,

Yp =t +06-h —y; = 0566m
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Position of the neutral axis:

N, .=

1
as = omAg = 5327x 103— kN -m

m

N¢ g := 085bg tof, = 4.768x 105N
Ny ¢ := tr b0 m = 179% 10°N

Noe e Nas—Nes N
afs’= 5 = 279%x10

_ Na.s = Ne.s —om™Pit — omPrytry 6
Naw.s = 5 = —2.384x 10°N

The neutral axis lies at the upper flange of the plate girder

Selenderness of the cross section:
I\laf S

Xp|.f.S:: t. + b = 0.184m Xp| fs

t
c
My := Nc.s‘(h ~ Y, - ?) + Naf.s'[ha - (xpo_S— tc)] = 3165x 10°-kN-m
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Bending resistance M,,; of G2-FL-HS

Geometry: Material Properties:

t. ;= 181mm 50.5

C fo == ——-MPa = 3367x 10’ Pa
bg := 2184.4mm 15

bﬂ 1= 182.6mm E := 200000MPa

te := 19.6mm Fy.F := 556MPa

bfy, := 182.6mm Fy.w = 583MPa

te, = 19.6mm '

hW 1= 760.4mMm

tW = 8.9mm

Center of steel section:
ha = tﬂ+ tfu+ hW

2
AS = bﬂ-tﬂ + h\NtW+ bfu'tfu = 0.014Mm

t t
fu fl Py
y bfu'tfu'[ha - 7) + bt + hw'tw'(tﬂ+ 7)

a - As =04m
Position of the neutral axis:
—_ . _ _3 2
AF = bf|-tﬂ+ bfu'tfu = 7.158x 10‘3m2 AVV - h\N tW = 6.768x10 °m

= . . . = 7
NC = 0.85 bC to fC = 1.131x 10' N

Na = Fy pAp + Fy Ay = 7.925x 106N

. _ 6
Nf = tfu'bfu'Fy.F = 1.99%x 10°N

N, - N
. a ¢ 6
Nyt = —— = -16%5x 10 N

N, — N. — F,, g-bg-tg — Fy, g-bg L
Ny = a c ™ Ty.FRIH T Ty FMfuTtu N
2

The neutral axis lies at the concrete
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Selenderness of the cross section:

h := to+ t+ tey + hW = 0.981m

Ng X
Xp[ o = ———— = 0127m — = 0129
pl.c 085, b,

Bending Resistance:

) XpI.C 3
Mp|_C = Na' h - Ya - )= 4.101x 10°-kKN -m

Bending resistance M,,; of G2-FL-CS

Geometry:

Material Properties:

t; = 181mm fo = 502 MPa = 3367x 107Pa
bg = 2184.4mm 15
bﬂ 1= 182.6mMm E := 210000MP3a
tﬂ = 19.6mMim

F Fi= 420MPa

y.

bfu = 182.6mm
tfu 1= 19.6mm Fy.W := 355MPa
hW 1= 760.4mMm
tW = 8.9mm

Center of steel section:
ha = tﬂ-l- tfu-i- h\N
AS = bﬂ-tﬂ+ h\Nt\N+ be'th = 0.014m2

fu t My
bfu'tfu'(ha - 7) oAt hwtw it
Ygq = A

=04m
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Position of the neutral axis:
—_ . _ _3 2
AF = bf|-tﬂ+ bfu'tfu = 7.158 % 10‘3m2 AVV - h\N tW = 6.768x10 °m

= b.t.f. = 7
Na := Fy pAp + Fy Ay = 5409x 10°N N = 0850t fp = 1131 10°'N

Ny := tfu‘bfu'Fy.F = 1503x 10°N

Na_Nc

_ _ _ 6
Naf = > = —2.953x 10°N

N, — N, — Fy, p-beta — Fy, b,
FERHA FRfu
N = a ¢ ¥ YT WM 4 4s6x 105N
2

The neutral axis lies at the concrete

Selenderness of the cross section:

h = tc-i- tﬂ+ tfu+ h\N = 0.981Mm

Na X

N pl.c
l.c-=
P 085 b,

= 0.087Tm T = 0.088

Bending Resistance:

Xol.c

Mpl.c = Na(h ~Y, - Tj = 2907x 10%-KN -m
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Bending resistance M.pl of G2-FL-SS

Geometry: Material Properties:
¢ := 181mm fo = %-MPa = 3367x 10’ Pa

bC 1= 2184.4mm

bﬂ 1= 182.6mm E := 200000MPa
tﬂ = 19.6mm

Fy F = 450MPa
bfu = 182.6mm '
tfu = 19.6mm Fy.W := 480MPa
hW 1= 760.4mMm
tW = 8.9mm

Center of steel section:

ha = tﬂ+ tfu+ hW

AS = bf|-tﬂ+ h\NtW+ bfu'tfu = 0.014m2
ty ty hy

bfu'tfu'(ha - 7] +bat S+ ety ot

Ya = = 04m
As
Position of the neutral axis:
—_ . _ _3 2

AF = bf|-tﬂ+ bfu'tfu = 7.158x 10‘3m2 AVV - h\N tW = 6.768x10 °m

= . . . = 7
NC = 0.85 bC to fC = 1.131x 10' N

Na = Fy pA + Fy Ay = 6469x 106N

Ny := tfu‘bfu'Fy.F = 1611x 10°N

Na_Nc

— - _ 6
Naf := > = —2422x 10°N

N, — N.—F,, =-bg-tg — F,, =bg -t
Naw :: a C y.F MM y.F~fu™fu _ _4033x 105N
2

The neutral axis lies in the concrete
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Selenderness of the cross section:

h := to+ t+ tey + hW = 0.981m

Na X

.C
X = 0.103m — = 0.106

l.c=
P 085, b,

Bending Resistance:

) XpI.C 3
Mp|_C = Na' h — Ya - )= 3.423x 10°-kN-m

Bending resistance M.s of G2-FL-SS

Material Parameters:

— _ 8 °0.2
0.2 = Fyp=45x10Pa €00 1= + 0002 = 4.25% 10~ 3
0.2
ee = = 225%x 10”3
E n := 801
E
Ey := ———— = 2463x 10'%Pa .
n .
1+ 0.002-— rz = E2 = 0.233
ee 0.2
1-00375(n —5
oy =0 2~[ (=91 _ 478 10°Pa _
: 0.2 + 185-ee ey = 02

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-22-06 148



(e}
my =1+ 35 — = 3431
Su
E)
EU = ———— = 2135% 108Pa
1+ (rl - 1)m1
pq =T Tl 0.723
1-='1 =Y
rl -1
Stress in steel S
Giver
yq = 116.673Mm
€u
Kg = = 0.324—
h — yl m
min( ) 0.03 !
K = Kaq,K = —
a’®c m
82 =K y2
) . _
|'2' -1
R P Lo.z ]
Gm = 0'02 pl
€2
-1
€0.2
14 (rq —1)-
(19| 2
-1
€0.2

= 523.738-MPa

I’l =E = 34.337
Su~°0.2
r. .= E M = 0.298
u-— -u -
Su~°0.2
Ecu .= 0.003¢
gcu 1
Ko = — = 0.03—
Y1 m

Yp =t +06-h —y; = 0653m
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i =0 = 116.674-mm

m—
0.85-fC -bc

Position of the neutral axis:

1
Nys = oAy = 7.293x 103E-kN-m

N

. _ 7
cs 0.85-bC~tc-fC = 1.131x 10' N
Ng . := te b -6y = 1.874x 10°N
fs = Yy Pfyom = 1874x 10

Na.s N NC.S

— - _ 6
Naf = > = —2.011x 10°N

) Na.s = Ne.s —omPitH — omPrytry 6
Naw.s = . = —3885x 10°N

The neutral axis lies in the concrete

Selenderness of the cross section:

Na.s Xl.c.s

—————— =0117M
0.85-fC -bC

XpI.C.S = = 0119

Bending Resistance:

Xol.c.s
P J = 381x 103-kN-m

Mg := Na.s‘(h —Ya -
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Bending resistance M,,; of G2-CR-CS

Geometry: Material Properties:
f := 181mm fo = 202 MPa = 3367 107 Pa
bg := 2184.4mm 15
bﬂ 1= 182.6mm E := 210000MPa
tﬂ = 19.6mm

Fy | == 420MP3

y.

bfu = 182.6Mm
te, = 19.6mm Fy_W := 355MPa
hW = 760.4mm
tvv = 0omm

Center of steel section:

ha = tﬂ+ tfu+ hW

AS = bﬂ-tﬂ + h\Nt\N+ bfu'tfu = 7.158% 10‘3m2
ty ty hw
bfu'tfu'(ha - 7] +bat S+ ety ot
Ya = = 04m
As
Position of the neutral axis:
Ag 1= brt + byt = 7158x 10 °m’ Aw = Ny ty =0

= . . . = 7
NC = 0.85 bC to fC = 1.131x 10' N

Na = Fy pAp + Fy Ay = 3006x 106N

Ny := tfu‘bfu'Fy.F = 1503x 10°N

N, - N
. a ¢ 6
Nyt = ——— = —4154x 10 N

N, — N.—F,, =-bg-tg — F,, =bg -t
Naw :: a C y.F MM y.F~fu™fu _ se57x 105N
2

The neutral axis lies in the Concrete
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Selenderness of the cross section:

h := to+ t+ tey + hW = 0.981m

Na
= 0.048M pl.c

*pl.c = g
P 085, b, " 0.049

Bending Resistance:

) XpI.C 3
Mp|_C = Na' h —Ya - )= 1.674x 10°m-kN

Bending resistance M.pl of G2-CR-SS

Geometry: Material Properties:
¢ -= 181mm f, = 22.MPa = 3367x 10" Pa
bg = 2184.4mm 15
bﬂ 1= 182.6Mm E := 200000MPa
tﬂ = 19.6mmm
Fy F = 450|\/|Pa
bfu = 182.6Mmm '
tfu 1= 19.6mm Fy.W := 480MPa
hW = 760.4Mm
tW = 0mm

Center of steel section:
ha = tﬂ-l- tfu-i- h\N

A

bﬂ'tﬂ + h\Nt\N+ be‘th = 7.158x% 10~ 3 m2

t t
fu fl Py
bfu'tfu'(ha - 7) +ba iy + hw'[w'(tﬂ + 7)
a-~

Aq

=04m
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Position of the neutral axis:
. _ _3 2 :: . = 0
AF = bﬂ-tﬂ + bfu'tfu = 7158x 10 °m AW hW tW
— bt .f — YU
Ng = Fy FAR + Fy Ay = 3221 16N N := 085-btf, = 1131x 10N

Ny := tfu‘bfu'Fy.F = 1611x 10°N

Na_Nc

— - _ 6
Ngf = > = —4.047x 10°N

N, — N, — Fy, p-beta — Fy, b,
FRHI FRfuY
N = S yr MM se57x 105N
2

The neutral axis lies in the concrete

Selenderness of the cross section:

h = tc-i- tﬂ+ tfu+ hVV = 0.981Mm

Na Xol.c

xp| ci= ——— =0052m —— = 0.053
: O.85-fc-bc h

Bending Resistance:

: “pl.c 3
I\/I|O|_C = Na' h —Ya -— )= 1.788x 10°-kN -m
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Bending resistance M.s of G2-CR-SS

Material Parameters:

00,2 = Fy = 45x 108Pa

o
ee = = 225x 10 3
E
Ey := ———— = 2463x 1019Pa
n
1+ 0.002—
ee
[1 —0.0375:(n —5)]
G, =0 .
u 0.2 5,4 185e0
G .
my =1+ 35 = 3431
Su
E>
E, = = 2135x 10°Pa
1+ (rl - 1) ml

= 6.478x 10%Pa

(¢

+ 0002 = 425% 10”3

€0.2 =

n := 801

€

= 0.233
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Stress in steel S
Giver

yp = 63.146Mm

m
€9 1=K y2
ol ]
ry- -1
omi=ogo| 1+ % = 551.454-MPa
€2
-1
1+(r1—1)~ £02
Eu 1
| ¢0.2
)X&A:= Gm.— = 63.146-mm
0.85-f b

Yp =t +06-h —y; = 0.706m
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Position of the neutral axis:

N, .=

1
as = omAg = 3947x 103— kN -m

m

. _ 7
NC.S = o.zas-bc-tc.fC = 1131x 10’ N

Ny ¢ := tr by o m = 1974% 10°N

Nee e Nas—Nes 6N
afs’= 5 = ~3684x10

_ Na.s = Ne.s —om™Pit — omPrytry 6
Naw.s = 5 = —5657x 10°N

The neutral axis lies in the concrete

Selenderness of the cross section:

Na.s Xpl.c.s
Xpl.C.S:z T = 0.063M = 0.064
0.85-f, b
Bending Resistance:
l.c.s
Mpl.c.s:= Na_s-(h -Y, - XpTJ = 2168% 105-kN -m
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Bending resistance M.pl of 100-262-1-FL-CS

Geometry: Material Properties:
lg = 320mm f = 3 MPa = 2333x 10'Pa
b := 4925mm 15
bﬂ = 1200mm E := 210000MPa
tﬂ = 55mm
Fy | = 390MP3
bfu 1= 800Mm '
tfu = 42mm Fy.W := 355MPa
hW = 1953mm
tW = 17mm

Center of steel section:
ha = tﬂ+ tfu+ hW

A

bﬂtﬂ + h\NtW+ bfu'tfu = 0.133m2

ty t My
bfu'tfu'(ha - 7) gt + byttt
Yq 1= = 0.785M

A

Position of the neutral axis:
Ay = hW-tW = 0.033m2

N

2
AF = bﬂ-tﬂ + bfu'tfu =01m

= b.t.f. = 7
Na := Fy pAp + Fy Ay = 5.063x 10'N ¢ = 085D¢ tpfp = 3126x 10°N

. _ 7
Nf = tfu'bfu'Fy.F =131x 10'N

N, - N
& ¢ 6
Ny := — = 9687x 10 N

N, — N.—F,, =-bg-tg — F,, =bg -t
Naw :: a C y.F MM y.F~fu™fu _ o735% 105N
2

The neutral axis lies in the upper flange of the plate girder
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Selenderness of the cross section:

h := tC-I- tﬂ-l- tfu-l- hW = 237M

Naf

= 0.351m Xplf

X =t.+
pl.f C bfu'Fy.F T — 0148

Bending Resistance:

ke

Mp1 £ := NC-[h ~Ya— j + Naf-[h —te - (xp|_f - tc)] = 641x 10*kN-m

Bending resistance M.pl of 100-262-1-FL-SS

Geometry: Material Properties:
Lz = 320mm f, = 35 MPa = 2333x 10'Pa
b := 4925mm 15
bﬂ 1= 1200mMm E := 201000MP3a
tﬂ = 55mm
Fy F = 450|\/|Pa
bfu 1= 800MmM '
tfu 1= 42mm Fy.W := 450MPa
hW = 1953mm
tW = 17mm

Center of steel section:
ha = tﬂ-l- tfu-i- h\N
AS = bﬂ-tﬂ-i- h\Nt\N+ be‘th = 0.133m2
t t
fu fl hy
bfu'tfu'(ha - 7j + bty + hw'tw'(tfﬁ 7)
Ya = = 0.785Mm

As
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Position of the neutral axis:
2
2 = h,,t,, = 0033mM
AF = bﬂ-tﬂ + bfu'tfu =01m AW hW t\N
— bt .f = 7
Na := Fy pAp + Fy Ay = 5976x 10'N N = 0850 1o T = 3126x 10°'N

Ny := tfu‘bfu'Fy.F = 1512x 10’ N

N, - N
a~ Ne
Naf = —— = 1425x 10'N

N, — N, — Fy, p-beta — Fy, b,
FRHI FRfuY
N = S yr MM g1s8x 105N
2

The neutral axis lies in the upper flange og the plate girder

Selenderness of the cross section:

h = tC+ tﬂ+ tfu+ hW = 237M

Naf

Xplf = tC + = 0.36m Xplf

bfu'Fy.F e = 0.152
Bending Resistance:

Mpl.f = NC-(h -Y, - t_zcj + Naf{h —te - (xp|_f - tc)} = 732x 104kN-m
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Bending resistance M.s of 100-262-1-FL-SS

Material Parameters:

00,2 = Fy = 45x 108Pa

o
ee = = 2239% 10~ 3
E
E, = = 2465x 101%Pa
n
1+ 0.002—
ee
1-00375-(n —5
oy = 002-[ (n —5)] = 65x 108Pa
: 0.2 + 185-e€
G .
my =1+ 35 = 3423
Su
E>
E, = = 2164x 10°Pa
1+ (rl - 1) ml

(e}
€09 = —— + 0002 = 4239 10~ 3

n := 801
€0.2

ry := Ey- = 0232
0.2

Y = 0.2¢

' (“‘u Y )

r = Ey = 33.984
Su=—90.2
(;u=¢02)

ry = Ey = 0.298
Su=—90.2
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Stress in steel S

Giver

yp = 643.348MIM

K = min(Ka ,KC)

€9 1=K Yy

Sm:=og|l+t—

5

P
m
o.85-fC -b

31
= 544x 107 3 —
m

= 473.202-MPa

= 643.348-mm
C

ggy -= 0003t

KC.—

Yp =t +06-h —y; = 1.099m

€cu

Y1

31
= 544x 107 3 —
m
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Position of the neutral axis:

N, .=

1
as = oA = 6.284x 10 = kN -m

m

N¢ g == 085D, to-f = 3126 10'N
Ny ¢ := tr b0 m = 159% 10'N

Noe e Na.s—Ncs _ 7N
afs’= 5 = 1579x10

_ Na.s = Ne.s —om™Pit — omPrytry 6
Naw.s = 5 = —7.773x 10°N

The neutral axis lies in the upper flange of the plate girder

Selenderness of the cross section:

Naf
Xpl.f.s*= e+ s 0.362m Xpl.f.s
bfu"‘m

Bending Resistance:

I

Mj := NC.S‘[h ~Ya-35 j + Naf s Ma — (Xp1£.5 tc) | = 7626 10*KN-m
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Bending resistance of 100-262-1-CR-CS

Geometry: Material Properties:
lg = 320mm f. = 3 MPa = 2333x 10'Pa
b := 4925mm 15
bﬂ = 1225mm E := 210000MPa
tﬂ = 50mm
Fy | = 390MP3
bfu 1= 850mMm '
tfu = 45mm Fy.W := 355MPa
hW = 1955mm
tvv = omm

Center of steel section:
ha = tﬂ+ tfu+ hW

2
As = b tp+ Byt + Dyt = 01m

ty t My
bfu'tfu'(ha - 7) gt + byttt
Yq 1= = 0.795mM

A

Position of the neutral axis:
2 = . =0
AF = bﬂ-tﬂ + bfu'tfu =01m AW h\N tW

= . . . = 7
NC = 0.85 bC to fC =3126%x 10' N

Ng = Fy AR + Fy Ay = 388X 10'N

Ny := tfu‘bfu'Fy.F = 1.492x 10’ N

N, - N
& ¢ 6
Ny := —— =377x 10 N

N, — N.—F,, =-bg-tg — F,, =bg -t
Naw :: a C y.F MM y.F~fu™fu _ 1ssax 107N
2

The neutral axis lies in the upper flange of the plate girder
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Selenderness of the cross section:

h := tC-I- tﬂ-l- tfu-l- hW = 237M

Naf

= 0331M Xpl.f

Xplf = tC + T = 0.14

bfu":y.F

Bending Resistance:

t
C
Mplf = NC.(h - Ya - Ej + Naf-|:ha - tC - (Xp|f - tC):| = 5072x 104kN -m

Bending resistance M.pl of 100-262-1-CR-SS

Geometry: Material Properties:
lg = 320mm f = 3 MPa = 2333x 10'Pa
b := 4925mm 15
bﬂ = 1225mm E := 201000MPa
tﬂ = 50mm

Fy | == 450MP3

y.

bfu 1= 850Mm
tfu 1= 45mm Fy.W := 530MPa
hW = 1955mm
tW = 0mm

Center of steel section:
ha = tf|+ tfu+ hW
2
As 1= byt + iy by + byt = 01m
ty tg hy
bfu'tfu'(ha - 7) gt + w5

Ya = = 0.795m

A
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Position of the neutral axis:

2 = . =0
AF = bﬂ-tﬂ + bfu'tfu =01m AW h\N tW

Ng = Fy AR + Fy WAy = 4478x 10'N

Ny := tfu‘bfu'Fy.F = 1721x 10'N

N, - N
a~ Ne
Ngf = —— = 6759 10°N

N, — N, — Fy, p-beta — Fy, b,
FRHI FRfuY
N = S yr MM se3x 10'N
2

The neutral axis lies in the upper flange of the plate girder

Selenderness of the cross section:

h = tC+ tﬂ+ tfu+ hW = 237M

Naf

Xp”: = tC + = 0.338m Xp|

bfu":y.F Tf = 0.142

Bending Resistance:

t
C
Mplf = Nc-[h - Ya - Ej + Naf~|:ha - tC - (Xp”: - tC):| = 5581 % 104-kN ‘m
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Bending resistance M.s of 100-262-1-CR-SS

Material Parameters:

00,2 = Fy = 45x 108Pa

o
ee = = 2239% 10~ 3
E
E, = = 2465x 101%Pa
n
1+ 0.002—
ee
1-00375-(n —5
oy = 002-[ (n —5)] = 65x 108Pa
: 0.2 + 185-e€
G .
my =1+ 35 = 3423
Su
E>
E, = = 2164x 10°Pa
1+ (rl - 1) ml

(¢

+ 0002 = 4239% 10~ 3

£€0.2 =
n := 8.01
€0.2
ry := Ep- = 0232
50.2
Y = 0.2¢
' (“‘u Y )

r = Ey - = 33.984
Su=—90.2
(;u==02)

ry = Ey - = 0.298
Su=—90.2
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Stress in steel S

Giver

Yy = 500.229mm

. L1
K = mm(Ka,KC) = 6997x 10" 3=
m

F2 =KW
-
Iy -1
omi=op.2] 1+ CO—ZD = 491.075-MPa
E2 !
-1
£0.2
1 —1)-
+(r1 1) .
-1
L £0.2 |
‘= G py-————— = 500.229-Mmm
8= om 085f,-b,
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€

cu 31
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Y1

m

Yp =t +06-h —y; = 1242m
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Position of the neutral axis:

N, .=

1
as = oAy = 4886X 10 = kN -m

m

. _ 7
NC.S = o.zas-bc-tc.fC = 3.126x 10' N

Ny ¢ := tr by o m = 1878% 10'N

Noe e Nas—Nes N
afs’= — 5 = 8802x10

_ Na.s = Ne.s —om™Pit — omPrytry 7
Naw.s = 5 = —1563x 10N

The neutral axis lies in the upper flange of the plate girder

Selenderness of the cross section:

I\laf S

= 0341m *plis _

Xlfs =ty = 0.144

fu°m

Bending Resistance:

t
c
Mpl.f.5:= NC.S-[h -Y, - ?j + Naf.s‘[ha - (Xpl.f.s_ tc)} = 6.209x 10*-kN-m
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Appendix D

Figure D 1 Corrugated profile from ( Henrysson & Yman , 2020)
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