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ABSTRACT

The steel-concrete composite girder is one of the most common supper-structural types for
highway and railway bridges. In composite girders under un-shored construction method,
which is very common for composite girders, first, a steel girder only resists a bending
moment due to dead loads of steel and wet concrete. The local buckling of the top flange plate
in the steel girder due to the initial bending moment critically dominates the flexural
resistance of the composite girders in the construction state. Besides, application of bridge
high performance steels SBHS500, SBHS700 and hybrid steel girders is expected to be an
economical solution for composite girder bridges. Steels SBHS500 and SBHS700, with yield
strengths of 500 and 700 MPa, respectively, have been standardized in 2008 in Japannese
Industrial Standards (JIS). They present the advantage of high yield strength, good weldability.
However, if compared to conventional (normal) steels they possess different inelastic
behavior, such as almost no yield plateau, smaller ductility, and a greater yield-to-tensile
strength ratio. The bending moment capacity of a composite girder largely depends on local
bucking of compressive components, such as flange plates and web plates. Hence, the local
buckling strength of simply supported steel plates and section classifications based on the web
slenderness limits of composite girders with SBHS steels for homogeneous as well as hybrid

sections are investigated in the current study.

In this dissertation, a probabilistic distribution of buckling strengths for compressive plates
with normal and bridge high performance steels was obtained through numerical analyses
to propose nominal design strength and a corresponding safety factor. In the numerical
analyses, Monte Carlo based simulation, which is combined with the response surface
method, was employed to reduce exertion of finite element analyses. For each of 10 width-
to-thickness parameter R values ranging from 0.4 to 1.4, a response surface of the
normalized compressive strength was identified based on 114 finite element analysis results
which include 4 normal and 2 high strength steel grades with different residual stresses and
initial defections. The response surface is approximated as a simple algebraic function of
the residual stress and the initial deflection. For the Monte Carlo based simulation in the
current study, a pair of variables of residual stress and initial deflection is generated
randomly in accordance with the probabilistic characteristics reported by Fukumoto and
Itoh (1984). The LBS is evaluated deterministically by means of the response surface for

the generated random variables. The probabilistic distribution of LBS is obtained from
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simulating 10,000 pairs of the random variables. The mean values obtained from results of
LBS probabilistic distribution in the current study agree to those from experiments reported
by Fukumoto and Itoh (1984). The obtained standard deviations of the current study exhibit
about half of experimental results in a range of 0.6<R<1.2. Regarding each of 6 steel grades,
the mean LBS strength of SBHS steel plates is greater than that of the normal steel plate.
For R>0.55 the standard deviation of LBS regarding SBHS steel plate is lower that that of
normal steel plates. Judging this behavior, the design normalized LBS strength of steel plate
will attain higher value with application of SBHS steels than normal steels for R>0.55. In
the range of 0.4<R<0.85, the variance of LBS is more sensitive with initial deflection than
residual stress. Whereas in the range of R>0.9, the variance of LBS is more sensitive with
residual than initial deflection. For the nominal strength set to the mean value and
probabilistic distribution of LBS is the normal distribution, the partial safety factors are
obtained as 1.11, 1.13, and 1.16 for non-exceedance probability of the probabilistic LBS
with respect to the nominal LBS equal to 5.0, 3.0, and 1.0%, respectively.

For investigation of web slenderness limits for section classifications of composite girders,
the positive bending moment capacity of composite girders is examined through parametric
study employing elasto-plastic finite element analyses. The section classification based on
web slenderness limits for composite homogeneous and hybrid steel girders with bridge high
performance steel SBHS500 are explored. Besides, the effects of the initial bending moment
due to unshored construction method on the web slenderness limit are investigated. For
section classification of composite hybrid girders, the yield moment, which is calculated from
the yield moment of the corresponding composite homogeneous girders and hybrid factor, is
an essential quantity. However, the hybrid factor specified in AASHTO was proposed
without considering the initial bending moment. In the current study, the modified hybrid
factor is proposed to determine the yield moment of hybrid sections from the corresponding
homogeneous sections. Under the effect of different inelastic behavior of SBHS500 steel and
the initial bending moment, it is shown that the compact- noncompact web slenderness limits
in conventional design standards are over-conservative for both composite SBHS500
homogeneous and SBHS500-SM490Y hybrid steel girders. Many composite sections, which
are classified as slender by current specifications, demonstrate sufficient flexural capacity as
noncompact. The compact-noncompact web slenderness limit of composite SBHS500-
SM490Y steel sections is greater than that of composite SBHS500 homogeneous steel
sections. However, the noncompact-slender web slenderness limit for SBHS500-SM490Y

hybrid sections is a little lower than that of SBHS500 homogeneous sections. For composite
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girders with non-compact sections with the initial bending moment, the proposal hybrid
factors are slightly lower than those obtained from FEM analysis results, and the difference is
about 5%. With considering a higher level of the initial bending moment, the hybrid factors
using in AASHTO shows un-conservativeness. The investigation of section classification
based on web slenderness limits of composite girders with SBHS500 steel for both
homogeneous and hybrid steel girders shows that the web plate of steel girder can be designed
with higher slenderness than requirements of current specifications such as AASHTO and

Eurocode.

Keywords: bridge high performance steels, local bucking strength, residual stress, initial
deflection, Monte Carlo based simulation, response surface, partial safety factor, composite

I-girder, web slenderness limit, ultimate flexural strength.
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Chapter 1: Background

CHAPTER 1
BACKGROUND

1.1 Introduction of composite girder bridge

Steel-Concrete composite girder is one of the best structural options for short and medium
Railway and Highway bridge superstructures. This structural type can employ steel and
concrete materials in ultimate strength by assigning a concrete slab part under total
compression and a steel girder under in-plane bending or under tension. Regarding the service
characteristics, the concrete slab works well with asphalt surface layer eliminating the fatigue
problem as in the case of orthotropic deck. The composite superstructure is lighter and more
slender as compared to a concrete bridge with the same span length and width, this
characteristic reduces the mass effect on supports under seismic loads. In Japan, an
industrialized country with priority in environment protection, the employment of steel

material in bridge constructions has been a reasonable trend

Like in Germany and some European countries, in Japan just after the World War II, the total
cost of composite girder bridges was governed by the cost of construction materials, i.e steel.
Saving steel material was prioritized in structural design. However, with the industrial
development, steel production increased rapidly and hence resulted in the lower steel material
cost. Recently the increase of labor cost has changed the total cost of composite construction.
The influence of labor cost increase on total construction cost outweighs the influence of steel
material saving . Thus to reduce the labor work, composite girder bridges have been designed
with the trend of simpler structures such as thicker web plates with minimum amount of

stiffeners.

Fig. 1.1-1 The continuous composite twin I-girder bridges in Europe (Sétra, 2010)
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From 1995 to 2000 in Japan, with the aim of reducing the bridge construction cost, many
research projects, which develop new economical solutions, have started under the leadership
of Japan Highway Public Corporation (JH). Among the study results, a continuous composite
twin [-girder bridge (presented in Fig.1.1-1) has been proposed as a competitive structural
option to conventional multi I-girder with “dense” transverse stiffening members. This
structural bridge type was found to be good structural solution for medium span bridge with
span length within the range from 30m to 60m. The cross-beams are designed with standard
structural steel sections. However, cross-beams at bearing locations bracing 2 main
longitudinal girders against horizontal loads (wind and earthquake) are deeper and fabricated
by shop-welding. The cross-beams could be designed without contact or with contact with the

concrete slab. The design process will be more convenient with non-contact cross-beams.

In 1995, Chidorinosawagawa Bridge was built as a typical composite girder bridge structure
as an economical solution for medium span bridges. The superstructure was designed with
twin steel I-shape girders, continuously over piers. The smaller-sized I steel cross beams are
arranged at the distance from 5 to 10 m without lateral bracing members. For the construction,
the complete steel girder system was launched forward into the design location and then the
concrete slab was casfed-in-situ in sequence segments without un-shored system. For
segments at pier location, the steel girders were jacked up in advance and when concrete
material hardened, the girder was jacked down on bearing level and consequently, the
compression was induced in concrete segments on pier location. With only 2 main
longitudinal girders, simple I cross beams, and without shore system the work of fabrication
and the number of labor was reduced significantly. Since then the application of this bridges
superstructure type has become a popular trend in Japan. Although some design assignments
of this bridge violated several provisions of Japanese Specification for Highway Bridge

(JSHB) the validity has been verified by analytical and experimental studies.

Besides the steel-concrete composite twin I-shape girder structures, recently the composite
box and multi-box girders have been employed popularly in Japan for the range of medium
spans. When subject to bending, steel box and plate girders behave similarly but they are
under a torsional moment due to either eccentric loading or horizontal curvature of the
structure, the box girders present a greater stiffness. The composite box girders also have a
more aesthetical appearance than that of composite I-shape plate girders. Moreover, the
composite box or multi box girders can be placed at small areas available for supports and this

is a common problem in Tokyo and other big Cities in Japan. With these advantages the
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composite box and multi-box superstructure types have been applied commonly for viaducts,

curved bridges, and interchanges in urban areas in Japan.

The construction method for concrete slab is an important issue for designing composite
girders. The unshored construction method with movable formwork system is applied
commonly for casting the concrete slab of composite superstructure. This method is stated in
AASHTO “The unshored construction generally is expected more economical” and preferred
over shored construction. For unshored construction, in the period of casting concrete, only
the steel girder resists acting loads from wet concrete, the self-weight of the steel girder, the
formwork system and construction equipments. Those acting loads induce an initial bending
moment M; (as shown in Fig.1.1-2 and Fig.1.1-3) in the steel girder. In this stage, under a
pure bending moment, the local buckling resistance at the mid-span zone of compressive
flange (Fig.1.1-2 and 1.1-3) is considered as critical strength of the steel girder. Referring
famous assumption for studying local bucking in steel structures, the local buckling strength
of I-shaped and un-stiffened box girders can be determined by corresponding simplified
outstanding plate (simply supported plate with 1 free edge) and 4 edge simply supported plate
respectively as described in Fig.1.1-2 and Fig.1.1-3.

Wet concrete

Outstanding plate under
compression

I-shaped girder

Fig. 1.1-2 Local buckling mode in compressive flange of I-girder under loading of wet concrete and
simplified outstanding plate

When concrete becomes sufficiently hardened, the girder section starts acting compositely
with secondary dead loads, live loads and other service loads. Based on the internal load

distribution, the composite girder can be simply divided into 3 zones as presented in Fig.1-4.

Under the self-weight of the girder and secondary dead loads, zone 1 is dominated by shear

force induced from bearings reaction, zone 3 is mainly affected by pure bending moment and
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zone 2 is the combination of shear force and bending moment. For acting of vehicle loads
zone 1 is also under the domination of shear force, the internal force in zone 2 and 3 is
combination of shear force and bending moment but magnitude of bending moment in zone 3
is more significant than that of zone 2. However, Nagai (2009), based on experiments,
concluded that the moment-shear interaction effect is negligible in designing composite girder,
hence bending and shear strength of composite girders can be studied separately. For typical
composite girders, the span-to-depth ratio is within the range from 18 to 20 (Collings, 2005),
with this dimension scale, the composite girder is classified as flexural structure therefore the

bending moment capacity can be considered as the critical strength of the girder.

Wet concrete

Simply supported plate
under compression

S Steel box girder

Fig. 1.1-3 Local buckling mode in compressive flange of un-stiffened box girder under loading of wet
concrete and simplified simply supported plate

Zonel Zone?2 Zone 3

Concrete slab

| \ ||
\Bearings Stiffeners

Fig. 1.1-4 Simplified design of composite girder

Under positive bending moment, the compressive flange is restrained by hardened concrete
hence the local buckling at that flange no longer affects flexural strength of the composite
girder. The bending capacity of composite girder section is mainly affected by local buckling
in compressive zone of web plate, lateral buckling of the girder and the crushing in concrete

slab. With sufficient distance of web stiffeners or transverse bracing, the lateral bucking can
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be avoided. Ignoring the lateral buckling effect, the interaction of local buckling in the web
plate and crushing in concrete slab of composite twin I and box girders can be studied with
the simplified composite unsymmetrical [-shape girder and concrete slab above as shown in

Fig.1.1-5.

Concrete slab

Pure bending / _ -
moment

Simple support

Pure bending
T moment

Simple support

Fig. 1.1-5 Simplified composite girder structure under pure bending moment

The current study concentrates on studying the local buckling (compressive) strength of
simply support steel plates and bending capacity of composite girders. The study of

outstanding steel plates is implemented simultaneously by another research group.

1.2 Design issues for composite girder bridges

1.2.1 Thicker steel plates and new steel grades

The current design equation of Japanese Specification for Highway Bridge (JSHB, 2002) on
load-carrying capacity of 4-edge simply supported steel plates has been originally proposed in
version 1980 (JSHB, 1980). This design equation is applied for steel grades with o, < 450
MPa. For new requirements of bridge construction practice and by advanced technologies in
Japan, the thicker steel plate with thickness up to 100 m has been produced. Consequently,
since 1996, JSHB allowed to apply the steel plates with the maximum thickness = 100 mm in
steel bridge structures. However for thicker steel plates with thickness > 50 mm, the reduction
of yield values appears if compared to thinner steel plates of the same grade. Hence it is

necessary to study further on steel plate with thickness > 50 mm.

Application of high strength steel plate in steel structures has been always a desire of
consultants and contractors. The high strength steels up to 690 MPa have been produced and
employed in bridge constructions since the early 1940’s in America but with disadvantages as
low ductility and poor weldability due to high carbon content. To fabricate, these steels

required the pre-heating treatment but pre-heating work has significantly influence on the
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fabrication cost of steel bridges. Recently in Japan, new high strength steels for bridge
structures (Bridge High-Performance Steels) have been developed. The carbon content in
steel is about 0.05 — 0.25 %, some alloying elements are included such as about 2%
manganese and small quantities of copper, nickel, niobium, nitrogen, vanadium, chromium,
molybdenum, titanium, calcium, or zirconium, rare earth elements, . . . In 2008 these steels
have been standardized by Japanese Industrial Standars (JIS, 2008) under the name SBHS500,
SBHS700 with design yield strength = 500 MPa and 700 MPa, respectively. The fabrication
of SBHS500 steel doesn’t require pre-heating treatment and minimum preheating temperature
for SBHS700 steel is at 50°C. SBHS steels pose the advantages of high yield strength and
good weldability but their inelastic behavior is different from that of ordinary steels as almost
no yield plateau and greater yield-to-tensile strength ratio (as shown in Fig.1.2.-1). The design

yield strength of these steel grades doesn’t change with the change of the thickness.

900
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SBHS700
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Fig. 1.2-1 The actual test stress-strain relations of normal and high strength SBHS steel grades

By now, the SBHS500 steel has been employed in several steel bridge projects such as Nagata
Bridge and Tokyo Gate Bridge. Nagata Bride is on the highway connecting Fussa and
Akiruno cities in Tokyo over Tama River. The bridge structure comprises 4 continuous spans
with entirely bridge length of about 250 m. The structural type of Nagata Bride could be
classified as steel-concrete composite girder bridge but the space steel pipe truss system is
employed instead of the conventional I-shape or box girder system (shown in Fig.1.2-2).
Thickness of steel pipes employed in this Bridge Project is up to 67 mm. The pipe truss

system was fabricated with cold formability and on-site welding.

The Tokyo Gate Bridge can be seen as a Mega Structure and World’s largest-scale fully

welded continuous truss bridge with 4 traffic lanes, entire length of 2933 m, main span of 440



Chapter 1: Background

m, and marine area of 1,618 m, the ship tolerance of 300m x 54.6m, the maximum height
from water level of 87.8 m. The bridge connects the central breakwater landfill and Koto-City
Wakasu, straddling the Tokyo Port Third Seaway. The general view of Tokyo Gate Bridge is
shown in Fig.1.2-3.

— I

= e

Fig. 1.2-2 Nagata Bridge with application of SBH500 steel grade to the space truss system

Fig. 1.2-3 Tokyo Gate Bridge with application of SBH500 steel grade to the full-welded truss girder

As presented above, the SBHS500 steel was employed in a few steel bridge projects and
SBHS700 has not been applied in any bridge structure yet. Moreover, most these bridges are
considered as steel truss system and steel members are mainly under tension or compression.
Besides, just a few studies on application of SBHS steels on steel bridge structures,
specifically on local buckling resistance of compressive steel plates and flexural girder
structures. To apply the SBHS steel in composite girder bridges, it is necessary to have more

compact studies concerning this issue.
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So far, only a few studies (Tonegawa et al., 2005; Okada and Kato, 2009) have ever tried to
investigate the bending moment capacity of SBHS500 composite girders. Hence, more
intensive studies on designing composite girder bridges with application of SBHS500 and

SBHS700 steels are required.

1.2.2 Allowable Stress and Limit State Design Method

Beside the issue of applying new steel grade to composite girder bridges, the design method
must be considered as well. The current design equations of JSHB were proposed based on
the method of Allowable Stress Design (ASD). For this method, the design resistance of the
structure are specified as allowable stress values. The allowable stresses are usually taken as
yield value of relevant structural materials. The advantage of this method is simplicity
because the calculation bases on the assumption of elastic behavior of material and linear
relation of stress-strain in the structural sections. Because of applying the linear and elastic
assumptions, ASD method can be reasonable for designing steel structures, which behave
linearly once stress states are under yield point, which ensures safely below the ultimate
tensile strength of steel material. Besides, the local buckling stress of compressive steel plate,
one of the most critical design strengths of steel structures, could be dealt by the elastic

buckling theory (Timoshenko and Gere, 1961).

The linear — elastic analysis applied in ASD method might not give the proper assessment of
structures at inelastic or failure states. When the critical structural components attain
sufficient ductility, the plastic hint assumption can be applied for these components and there
is the internal forces redistribution, hence the less critical component must be reconsidered.
The ASD method, based on structural stress evaluation, is impossible to assess the structural
deflection level, sections with yielding or cracking occurrence. In the current study, authors
desire to investigate the bending resistance of composite girders considering the interaction of
yielding in flange, local buckling in web part and crushing in concrete slab, however, it is too
simplified and rough if just based on stress evaluation with assumptions of elastic material
and linear stress-strain relation. For design of steel plates under compression, to identify the
compressive strength of steel plates with considering inelastic range of steel material,
existence of imperfections (residual stress and initial deflection for example) in steel plate, the
non-linear behavior of stress redistribution under the step-by-step compression, the

application of elastic buckling theory is not the best solution.
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On other hand, the Limit State Design (LSD) method evaluates the probability of occurrence
for the state which related to the collapse of the whole or substantial part of structure
(Ultimate Limit State) or disruption of normal use of structure (Serviceability Limit State).

Ultimate limit states are specified by very low probability of failure occurrence.

The common ultimate limit states:
= Loss of static equilibrium of entire structure or part of structure (e.g. overturning, uplift,
sliding)
= Loss of load-resistance capacity of a member due to fatigue, or loading beyond material
strength, or due to buckling instability, or a combination of these two phenomena.
= Overall instability, inducing very large deformation or collapse, caused by, for example,

aerodynamic or elastic critical behavior or transformation into a mechanism

Regarding ULS design, the design resistance can be stress, bending capacity, shear strength,
interaction strength of bending-shear, structural deflection, crack opening level, fatigue ...
And hence, steel plate under compression and flexural composite girder should be designed

according to assessment point of view of Ultimate Limit States.

The LSD method has become the orientation design method as applied in current design
codes such as Eurocode (1996) and AASHTO (2005). Therefore, it is necessary to shift from
ASD method to LSD method to follow the global trend and update the existing Japanese
Design Code.

1.3 Trend of recent design methods

1.3.1. Probability-based design

The resistance and load factors are generally designed to ensure that the acting load reaching
design resistance just with reasonable small probability of failure. The design based on the
probability of failure can be considered as reliability-based design. Considering Load Q and

Resistance R as random variables, the reliability of design Resistance is presented in Fig.1.3-1

The shaded region represents the small probability of failure and quantified by Eq.1.3.1-1.

p,=1-p =P(Q>R) (1.3.1-1)

where p, = P(R> Q) is probability of survival
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The probability of failure can also be understood as

p,=1-p, =PER.Q=0-R>0) (1.3.1-2)

and presented as a random density distribution shown in Fig.1.3-2
The determination procedure of probability failure p, can be classified base on 3 levels of

approximation.

£
falg)

Q Reliability R Q. A
Boundary

Fig. 1.3-1 Probability density functions for load and resistance

T fig)

B Ty

Failure Region

o p"§

s g g
Fig. 1.3-2 Definition of safety index for R and Q

Level 3: The correct answer is obtained by applying full probability methods. This level
method is usually difficult to employ due to the frequent lack of statistical data. It is just used

for some special structures or extreme loads.

Level 2: To reduce the numerical difficulty and overcome the lack of data, idealizations and

reasonable approximations are applied to achieve sufficiently accurate results for most

10
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structural application. The failure boundary of each failure mode is determined by structural

theories with respect to random variables of load and resistance.

Level 1: This is a semi-probablistic method in which proper levels of reliability are achieved
for each structural element by applying a number of partial safety factors to a pre-defined set
of characteristic values of the variables. The characteristic value of each variable has a pre-
defined low probability of occurrence and is determined from statistical information of the
variable obtained by test or measurements. If the statistical information is not available, the
data based on past practice can be applied. The partial safety factors could be determined by a

Level II (or IIT) method depending on the degree of safety.

1.3.2. Allowable stress of JSHB

The format of design equation is presented in Equation

R m
" JC > ) 1.3.2-1
e ;Q, ( )

Where: R, and FS stand for standard ultimate strength (stress) and factor of safety
respectively, I/C stands for the increase coefficient, which depends on the load combination.
The format of design equation applied in JSHB is the improvement from ASD format by
employing the increase coefficient /C. The purpose of employing IC is to consider the

different variabilities of different loads.

For the design equation of compressive steel plates, FS = 1.7 depends on each steel grade and

thickness of the steel plates.

1.3.3. AASHTO - Load and Resistance Factor Design (LRFD)
The format of design equation applied in AASHTO is described in Equation (1.3.3-1)

CDRn =Rd ZzniYiQi (133'1)

Where ®@ and R, are the resistance factor and nominal design resistance respectively; 7;,  are

load modification factor and statistically based load factor, respectively; Q; is force effect.

11
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The Load and Resistance Factor Design (LRFD) applied in AASHTO is classified as level 2
of probabilistic approximation. In AASHTO-LRFD the probability of failure is expressed by
the use of safety index B which shown in Fig.1.3.1-2, the distance from the origin to the mean
value in Fig. 1.3.1-2 becomes the level of safety and the number of standard deviation  in

this level is the safety index.

The format of design equation applied in AASHTO deals with the different variabilities of
different loads by partial load factor y; to attempt to achieve uniform safety over the range of
the proper loads. However, because of applying only one resistance factor this method does

not deal with all the limit states (Chatterjee, 2003).

For the case of designing a steel structure in which its design strength much concerns

compressive simply supported steel plate, the resistance factor @ is equal to 0.9.

1.3.4. Eurocode — Format of partial safety factor format

The format of design equation using in Eurocode is presented in Equation 1.3.4-1

1 Xy
R, =—R{77i - }ZQd ZZVG,/Gk,j +7PP+7Q,1Qk,1 +27Q,iV/0,iQk,i (1.3.4-1)

m,i jz2l Jz2l

The design resistance R, is defined as a function of partial safety factors: jrq covering
resistance model and geometric deviation, characteristic material strength Xy;, conversion
factor i, partial safety factor for material y,;. For steel and reinforcement the conversion

factor 7; is specified =1 and =0.85 for steel and concrete material, respectively.

The design load Q, is defined by the combination presented on the right hand side of
Eq.(1.3.4-1) in which Gy; and yg,; represent permanent actions and corresponding partial
safety factor for unfavorable permanent actions G. P represents prestressing; Oy ; and yp
represent leading variable action and corresponding partial safety factor; Or;, 70, and ¥,
represent characteristic value of the variable action i, partial factor for unfavourable variable

actions 7 and reduction factor for combination value of load effect, respectively.

12
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The partial safety factor design applied in design equation of Eurocode is classified as level 1
of probabilistic approximation. The design resistance regarding this format is based on
combination of separated reliability level of material and prediction model considering the
geometrical information or imperfections of design member. For the design of local buckling
strength of steel plates regarding steel bridges, Eurocode combined 2 partial safety factors

regarding material and geometrical information as Yrg Vi = Yarr = 1.1

The format of partial safety factor applied in Eurocode can help balance the requirements of
safety level and saving of construction cost and the improvements of JSHB have tended
forward this format. The current study aims to obtain the statistical information of local
buckling strength of simply supported steel plates with consideration of geometrical data,
imperfections of the plates, current steel grades employing for steel bridges in Japan and new
SBHS steel grades. Based on these results the relevant partial safety factor ygz; will be
proposed.

1.4 Summary of issues
As mentioned and discussed in the above section, the issues are summarized and necessary to

be considered

First, the thickness of steel plates tends to increase in recent steel bridge construction. In fact,
the regulation for the maximum plate thickness in JSHB has been changed from 50mm to
100mm since 1996. However, the LBS design equation in JSHB has not been revised yet to

account for thicker plate effects.

Secondly, the Steels for Bridge High Performance Structures (SBHS) have been standardized
by Japanese Industrial Standards (JIS) in 2008 (JIS, 2008). SBHS steels possess the
advantages of high yield strength and good weldability, but their inelastic behavior is different
from that of ordinary steels, for example, almost no yield plateau and greater yield-to-tensile
strength ratio. It is therefore necessary to investigate the applicability of current LBS design

equation in JSHB to SBHS steel plates.

Thirdly, recent design specifications, such as AASHTO LRFD specifications and Eurocode,

employ the partial factor format, in which safety factors consider separately the influence of

13
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uncertainties and variabilities originating from different causes. Currently, JSHB has trended

to shift from ASD to LSD method with the format of partial safety factors.

14
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CHAPTER 2
LITERATURE REVIEW AND OBJECTIVES

2.1 Reviews on compressive steel plates

This section reviews important studies on compressive simply supported steel plates,
especially with considering the influence of initial imperfections (residual stress and initial
deflection) on normalized local buckling strength (LBS) o./cy, in which o, and oy are the

critical (local buckling) strength and relevant yield strength of steel plate, respectively.
The literature review in this section is summarized through Fig.2.1-1. The results and
proposals of these studies were plotted as format shown in this figure, in which the

normalized LBS to the yield strength is presented as function of slenderness parameter R.

Fukumoto and Itoh (1984)

1 JSHB Euler, EIasLic buckling
N /
N Kitada (2002), High strength steel plates
0.75 4 Kitada (2002), Mild steel plates
> N
L Fukumoto and Itoh (1984)
G 05 1 M-2S curve
o]
Usami (1993)
025 i 0.3 Gy, b/150
O T T T T
0.0 0.3 0.6 0.9 1.2 1.5

Slenderness parameter R
Fig. 2.1-1 Comparison of current design equation

for compressive steel plate to results of other studies

b [0, 120-v?)
R==|—=2= "/ 2.1-1
t\VE 7k ( )

in which b, t, o, E, u k stand for the plate width, thickness, yield strength, elastic modulus,

poison ratio, and buckling coefficient, respectively.

The LBS of steel plate can be determined by compressive experiment of single plate or

welded box with sufficient short length or by analyzing the FEM models. For compressive
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experiment the measurement of imperfections as residual stress and initial deflection should
be obtained even it is costly, especially for measurement of residual stress. On other hand
with FEM models, imperfections can be assigned without the difficulty. These are two main

methods, which applied in these studies to obtained LBS of steel plates.

Fukumoto and Itoh (1984) implemented an extensive investigation on LBS of steel plates
based on a large collection test data of single plates, welded square box, square tube, welded
rectangular box and rectangular tube, which conducted in Europe, Japan and America. For
this test data, significant percentages of tests were targeted on single plates, about 13% of
tests was conducted with high tensile strength steels (6,>430MPa). The measurement data of
residual stress and initial deflection were recorded and reported as histogram form. There
were 383 plate tests having record of residual stress, and 172 tests without residual stress.
Considering the test with residual stress, the results of LBS were normalized to the relevant
yield values and plotted with corresponding slenderness parameter values. Based on the
nonlinear regression analysis with these results the authors proposed the mean curve and the
mean minus twice of standard deviation (will be presented in following sections). These

curves are presented in Fig.2.1-2.

JSHB
Fukumoto ahd Itoh (1984)

M curve

curve
ic buckling

Fukumoto and Itoh (1984)

04 - M-2S curve
0.2
0 T T T T
0.0 0.3 0.6 0.9 1.2 1.5

Slenderness parameter R

Fig. 2.1-2 Comparison of M, M-2S curves proposed in Fukumoto and Itoh (1984) to

Elastic Buckling curve and current design curve of JSHB

Mean (M) curve
0.968 0.286 0.0338
G = "R +—— for R>R,=0.571 (2.1-2)
oy 1 for R<R,=0.571
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Mean minus twice of standard deviation (M-2S) curve

-0.174 + 0.968 _ 0.286 + 0.0338 for R=R,=0.389
O R R’ R’

= (2.1-3)
1 for R<R,=0.389

In Fig.2.1-2 the M-2S curve showed that the current JSHB design equation is un-conservative

within the range 0.4<R<0.9 and over-conservative in the range R>0.9.

However, to propose the M and M-2S curves of compressive strength, the study considered
the tests with initial deflection level Wy/b > 1/150 which is upper limit specified by the
current JSHB. The histogram of residual stress concluded all steel grades and there were not
any discussion on the difference of normalized LBS between normal (ordinary) steel and high
strength steel. One of conclusions in the study states that further experimental investigations
should be implemented for high strength steel plates with slenderness parameter R near

limiting value Ry

To obtain the LBS scaterness of simply supported steel plates, collecting test data as
implemented in Fukumototo and Itoh (1984) is not the only way. It can be the combination of
measurement data and numerical analyses. The numerical analyses of steel plates under
compression are processed with considering scaterness of geometrical imperfections obtained
from test data, and consequently the LBS scatterness can be obtained. Komatsu and Nara
(1983) collected a large data of initial deflection of steel bridge girders. The measurement was
implemented for members with aspect ratio (a/b) = 0.5; 1.0; and 2.0. The study concluded
that probability density distribution function of the initial deflection Wy/b (W and b are
maximum initial deflection and plate width, respectively) can be well described by Weibull
distribution. Considering scatterness of initial deflection as a random input for numerical
simulation, authors obtained the scatterness of LBS of compression members and proposed
the strength curves corresponding to 90%, 95%, 99% fractile values. The proposal function

corresponding to 95% fractile of LBS is presented in Fig.2.1-3 and Eq.2.1-4.

1.217-0.108R —0.742R* +0.410R* for R=R,=0.5
O,
o= (2.1-4)
y 1 for R<R,=0.5
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These results show that the current JSHB design equation un-conservative within the range
0.5<R<0.75 and over-conservative in the range R> 0.75. The study also states that the
Weilbull distribution is good approximation for the probability density distribution function

of LBS scatterness of steel plates.

The scatterness of LBS results was obtained in (Komatsu and Nara, 1983) based on
scatterness of initial deflection and the constant conservative level of residual stress o,/cy = -

0.4. However, the residual stress level responses stochastically due to welding condition.

1 a JSHB  Eyler, Elastic buckling

0.8 -
B 0.6 -
\'6 O  90% fractile N
b 04 - A 95% fractile

O  99% fractile
024  coe--- 95% fractile curve i
0 w ‘ ‘ ‘
0.0 0.3 0.6 0.9 1.2

Slenderness parameter R

Fig. 2.1-3 Comparison of LBS scatterness of steel plates to

Elastic buckling and current JSHB curves

1 JSHB Euler, Elastic buckling
08 1 Usami (1993)
0.3 5,, b/150
. 0.6 - o WO0/b=1/150
o o WO0/b=1/200 :
504 -
o x W0/b=1/300
& W0/b=1/500 -
0.2 |
A W0/b=1/1000
0 T T T T
0.0 0.3 0.6 0.9 1.2

Slenderness parameter R

Fig. 2.1-4 Comparison of Usami (1992) results to Elastic buckling and current JSHB curves
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With the effort of presenting LBS of steel plates not only as the function of slenderness
parameter R, but also explicitly effects of normalized residual stress and initial deflection,
Usami (1992) processed a significant number of FEM steel plate model analyses. The
normalized initial deflection Wo/b = 1/150, 1/200, 1/250, 1/300, 1/500, 1/1000 and
normalized residual stress level o,/c, = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 were considered. From the
obtained results, the author proposed the equation of steel plate LBS as presented in Fig.2.1-4
and Eq.2.1-5.

%:i[ﬂ_M] (2.1-5)

y

B=1+C(A-A,)+ A

W,
A :A—Bh{f}g.o

where:

(o2

y

A=-0.05-0.542 exp(—11.9 Tre j

o,

W %
C=-157] 20 | Zre 143 2o | 1100 T |40.03
b o, b o,

By plugging values of Wy/b = 1/150 and o,./c, = 0.3, considered as conservative normalized

B=0.09+0.107 exp(—12.4 Tre j

initial deflection and residual stress, into Eq.2.1-5, the result curve of Usami study represents
the un-conservativeness within the range 0.4<R<0.85 and over-conservative in the range

R>0.85

Targeting only steel grade SM490Y with ,=350 MPa and assumption of elastic-perfectly
plastic, the simulation steel plate tests in Usami study did not consider the hardening behavior
and hence it is unreasonable to employ these results for considering high strength steel plates
with small range of yield plateau strain and steel plates with higher yield values. The
assumption of elastic-perfectly plastic for steel material is also unreasonable for considering
the LBS of steel plates with low level of slenderness parameter (R<0.5) because within this
range of R compressive strain of the plates can attain the hardening strain point. Besides, the

assumption of aspect ratio a/b = 0.5 together with conservative level of initial deflection
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W/b=1/150 for steel plates induced the more conservative results. According to measurement
data on compression plates of actual steel bridges reported in Komatsu and Nara (1983), the
mean and standard deviation values of initial deflection level for the case of o=0.5 is much
lower than for the case o=1, specifically mean (Wy/b)e=0s = 1/2069, standard deviation
(Wo/b)g=05 = 1/3132, (Wo/b)o=1 = 1/591, standard deviation (Wo/b),=1 = 1/981. Based on these

actual data of initial deflection level, the LBS of steel plate with o=1 is more reasonable.

Kitada et. al. (2002), by applying FEM models, investigated the difference of steel plate LBS
made by normal steel (SM400) and high strength steel (HT685 and HT785). By referring
Komatsu (1977), authors assigned the residual stress level o,/cy=-0.15 to high strength steel
plates and o./oy = -0.3 to normal steel plates. All steel plate models applied the initial
deflection level W0/b = 1/150. From obtained results authors proposed the design strength
curves to normal and high strength steel plates as presented in Eq.2.1-6 and Eq. 2.1-7.

JSHB Euler, Elastic buckling

Kitada (2002),
© Ro)

Kitada (2002), /

& 0.6 1 Mild steel plates
x
© 04| © SM400
HT785
0.2 1 ¢
0 . . . \ \
0.0 0.3 0.6 0.9 1.2 1.5

Slenderness parameter R

Fig. 2.1-5 Comparison of Kitada (2002) results to Elastic buckling and current JSHB curves

For normal steel plates

1.0 R<035
o, |-052R+1.182 035<R<10
9o _ (2.1-6)
U,V
0.662
i 1.0<R<2.0

For high strength steel plates
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1.0 R<05
o, |-0.58R+129 0.5<R<1.0
o - (2.1-7)
O'y
0.7
i 1.O<R<20

As shown in Fig.2.1-5 the current JSHB design equation appears to be un-conservative within

the range 0.35<R<0.8 for SM400 steel grade and 0.5<R<0.75 for HT785 steel grade

The studies of Usami (1992) and Kitada el al., (2002) were based on the deterministic method
in which obtains conservative results by considering a specific conservative degree of
normalized residual stress and initial deflection, hence the application of this method can not

result in the statistical information of LBS.

2.2 Review on bending composite girder

2.2.1. Hybrid factor

Yield moment is an important quantity in designing composite girders. To determine the yield
moment of composite hybrid steel girders, the hybrid factor as proposed in current AASHTO

design code can be applied.

Based on elastic assumption of stress-strain distribution in beam section as shown in Fig.2.2-1
and Fig. 2.2-2, Schilling (1968) and Subcommittee on Hybrid Beams and Girders (1968)
derived and proposed the hybrid factors for symmetrical I-shaped non-composite beam and

composite hybrid girders as presented Eq.2.2-1, Eq. 2.2-2.

Hybrid factor for non-composite steel section

M, =12+ﬂ(3a—a3)

= 2.2-1
"M, (12+25) ( )
where
o S p- 24,
fyf Af
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M,, M,stand for yield moment of homogeneous and hybrid beams of flange steel respectively,

s fw stand for flange and web yield point respectively

F, F,-F,
wo Dy T 4,
2
o [ ]
7 \ %
h| 2 Stress in web y
2

Neutral axis

Fig. 2.2-1 Stress distribution in non-composite hybrid beam section

Neutral axis

— h A i
x w
N\ K 4
L 1
|
F,-F, F,
Y yw w

Fig. 2.2-2 Stress distribution in composite hybrid beam section

Hybrid factor for composite hybrid beams

r My _Jo | By(-a)B-y+ya)
h

M, f, 6+By(G-vy)

where: y =

> | =

(2.2-2)

Jar stands for allowable bottom — or top-flange stress for hybrid beam ; f; stands for basic

allowable stress for bottom or top flange.

Because of the slightly difference (lower than 5%) and more convenient application

AASHTO (2005) has been employing the hybrid factor steel section only for both case of

non-composite and composite girder. However the hybrid factor for both steel steel non-
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composite and composite beam section in Schilling studies did not consider the effect of

initial bending moment due to un-shored construction method.

2.2.2. Current classification of composite sections

As introduced in Background Chapter, for steel concrete composite girders under positive
bending moment, the influence of local buckling in compressive flange on flexural strength is
eliminated. Web slenderness become an important influence on flexural strength of composite
girder and section classification based on web slenderness limits in current AASHTO and

Eurocode are discussed in this section.

0.85f, 0.851.
I_ M, /I\J M,
/ S
b, .
> (_tw
/,
— 1 —l-f‘\/
Homogeneous section Hybrid section

Fig. 2.2-3 Assumption of full plastic stress distribution in

composite homogeneous and hybrid steel section

0, =Y0, j;z/ = Rhf/
Homogeneous Hybrid section
section (AASHTO)

Fig. 2.2-4 Assumption of yield stress distribution in
composite homogeneous and hybrid steel section refered by AASHTO

Both AASHTO and Eurocode based on the quantities of plastic moment M, and yield
moment My to define section class. The plastic moment M,, is identified with assumption that
section can develop full plastic stress distribution as shown in Fig.2.2-3 The yield moment M,
obtained when yield stress attaining at extreme fibre of either top or bottom flange (as shown

in Fig.2.2-4). The definition of web slenderness employing in AASHTO specification is
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different from that of Eurocode. AASHTO specification considers web slenderness as ratio of
twice the compression depth of web to web thickness 2D/, or 2D./t,, where D, and D,
described in Fig.2.2-3 and Fig. 2.2-4, are compression depths corresponding to plastic and
yield moment stress distributions, respectively. On the other hand, Eurocode defines web
slenderness as width-thickness ratio b,/f,. The comparison of web slenderness limits

proposed by 2 design codes is presented in Table 2.2-1.

Table 2.2-1 Definition and web slenderness limits in AASHTO and Eurocode

Design code Section Class Definition Web slenderness limits
2D, E
Compact M, >M, - <3.76 T
y
AASHTO 2D, E
Non-compact M, >M, > M, - <57 7
y
Slender M, <M, Other than those above
36¢
Mu 2 Mp b , 7 a<0.5
Class 1 —< 306,
sufficient rotation capacity L, a>0.5
13 -1
41.5¢
M, >M, b, o 2<03
E d Class 2 —< 456
urocode limited rotation capacity L, a>0.5
13 -1
42¢
b, _ v >-1
Class 3 M, =M, ’h << 0.67+0.33y
Yoo 62e(l-y)y-(w) w=<-I1
Class 4 M, <M, Other than those above

where ¢=,/235/f, , ¥ stands for stress distribution gradient and is shown in Fig.2.2-4.

2.2.3. Study of Gupta et al., (2006)

With effort of investigating the effect of initial bending moment on composite girder sections
based on web slenderness limits proposed in AASHTO and Eurocode, Gupta et al., (2006)
processed hundreds of non-linear FEM numerical models. The isotropic elasto-plastic
hardening assumption for steel material model and geometrical imperfection were assigned
for web part to deal with local bucking behavior. A special boundary condition was applied

for the end of composite girder model to produce pure bending moment and obtain the
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reaction moment due to the flexural stiffness of the girder. Gupta’s study did not consider the

crushing behavior in concrete slab but the non-linear stress-strain relation is prior crushing by

the assumption of linear-elastic, plastic hardening material. The initial bending moment level

M; =0,0.1, 0.2, 0.4 M, in which M, is yield moment of steel girder section only, were

considered by phase analysis. The study of Gupta investigated various levels compression

depth in web part corresponding to assumption of plastic and yield stress distribution.
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N ™ .
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Fig. 2.2-5 Comparison of compact- noncompact
web slenderness limit design curve proposed by
Vivek, AASHTO and Eurocode
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web slenderness limit design curve proposed by

Vivek, AASHTO and Eurocode with M,=0.2M,,
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In Fig.2.2-5, 2.2-6, 2.2-7 and 2.2-8 , the web slenderness limit equations proposed by Gupta
are plotted along with those specified by AASHTO and Eurocode. As shown in these figures
the compact-noncompact web slenderness limit proposed in Gupta, 2006 has almost no
difference from that specified by AASHTO because, according the study, the initial bending
moment has almost no effect on compact-nonconpact slenderness limit. However the initial
bending moment significantly influences on noncompact-slender slenderness limit. With the
base of numerical results, Gupta proposed the improved noncompact-slender web slenderness
limit regarding the form of Eurocode limit equation and also consider the variable of initial
bending moment. The web slenderness noncompact — slender limit equation is presented in

Eq.2.2-3.

b, < 52eA

<2 -1.0
t, (0.67+0.33y) for > (233)

b
t—“"S775A(1—1//),/—w for w<-1.0

!

2
where A=1.0-0.1 M, +23 M,
M M

However, the study of Gupta targeted only on the most popular steel grade SM490Y and

homogeneous steel section.

2.3 Objectives

LBS of steel plates

Rationalization of design for composite girder with considering the new SBHS steel grades

and thicker steel plates targeting the format of Partial Safety Factor.

] To obtain the statistical information of LBS of steel plates as a base to propose the
standard LBS design equation and corresponding partial safety factor regarding
geometrical data and imperfections.

] To investigate the influence of inelastic behavior of Bridge High Performance steels

on LBS of simply supported steel plates
Section classification based on web slenderness limits

] To develop the hybrid factor with considering initial bending moment and compared

to numerical results.
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] To investigate the influence of inelastic behavior of Bridge High Performance Steels
on flexural resistance of composite girders by comparing web slenderness limit of
composite section classifications proposed in AASHTO and EC to the ones seen in
simulation models applying new steel grade in the case of homogeneous and hybrid

steel girder sections.
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CHAPTER 3
STATISTICAL INFORMATION OF LBS FOR STEEL PLATES

3.1. Introduction

As introduced in the Background chapter, the statistical information of local buckling strength
(LBS) for steel plates, such as mean value and standard deviation, is used as a base to propose
the partial safety factor and standard designed compressive resistance of steel plates. The
statistical information of steel plate LBS can be obtained by conducting or collecting a large

number of experiments or applying the Monte Carlo simulation.

For the method based on experiment data, to obtain reliable mean value and standard
deviation, it is necessary to conduct or collect a sufficiently large number of tests. Besides, it
is also very important to measure all the information, which affects the LBS such as initial
deflection, residual stress, and steel plate dimensions for every test. Among these, the
measurement of residual stress is particularly costly due to special equipments and extremely
scrupulous techniques with highly accuracy requirement. Geometrical information can be
measured on actual structures but residual stress distribution. The reliable measurement
techniques based on destructive methods such as cutting or drilling the target members are
impossible to be applied to actual constructions. Besides, the residual stress level depends on
many factors such as the structure’s condition, technique, temperature of welding, thickness
of steel plate, yielding value of steel material. Consequently, it is very difficult to control the
residual stress level. Therefore, the experimental based method to obtain statistical

information of steel plate LBS is an expensive method.

The other method to obtain statistical information of the steel plate LBS is the Monte Carlo
simulation. The procedure based on this method can be totally programmed and processed by
computer and hence it has been seen as a much less expensive method. This method can be
summarized as following.
= The random causes, which affect LBS of steel plates such as initial deflection,
residual stress, material properties, aspect ratio, boundary condition, plate thickness
are considered as random inputs (variables) and probabilistic characteristics of
random inputs are based on available experimental data.
* From the probabilistic characteristics of random inputs, a large number of random

inputs are generated numerically.
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* In the deterministic step the LBS of steel plates is determined by FEM analyses with
consideration of all generated inputs.
= The statistical information of LBS is obtained from data collection in the

deterministic step

In the current study, the probabilistic distribution is determined by a random simulation,
which 1s based on the Monte Carlo simulation. This Monte Carlo based simulation involves

the steps illustrated by flowchart in Fig.3.1-1

Assigning probabilistic characteristic
of input random variables: Initial
deflection and residual stress

|

Identification of response surface by
mean of FE analyses

A

Generating values of random
variables

Y

A 4

Evaluating LBS deterministically by
using response surface

|

Verification of
convergence for
probabilistic information

Yes

Y

Stop

Fig. 3.1-1 The Monte Carlo based simulation applied in the current study

Step 1
Only initial deflection and residual stress are assumed to be two statistically independent

random variables, which affect variability of LBS. The probabilistic density functions and
their parameters of these random variables are assigned in this step on the basis of previous
works. The variation of yield strength is not considered in this simulation so that probabilistic
distribution of LBS and the associated safety factor can be considered excluding the effects of

the yield strength variation. The variation of steel plate thickness is neglected as well, because
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the effect of thickness variation on LBS is considered less than 0.2% judging from the
statistical report on steel plate thickness (Murakoshi et al., 2008).

Step 2

In this step, a response surface is identified for each steel grade and several specific values of
width thickness ratio parameter. The response surface is an approximate function of
normalized LBS with respect to two variables: the residual stress and initial deflection. In
standard Monte Carlo simulation, a large number of deterministic FEM analyses are required,
and thus it consumes significant amount of time for input data preparation and computation.
To avoid this problem, the response surface method is applied to evaluate the LBS for
corresponding input data of residual stress and initial deflection. The response surface is
identified from a sufficient number of FEM analysis results based on the least squared method.
The FEM simulation model and identification of the response surface will be presented more

details in the 2 subsection 3.3 and 3.4, respectively.

Step 3
A pair of values for the residual stress and initial deflection is generated in accordance with

the probabilistic characteristics assigned in Step 1.

Step 4

The LBS is evaluated by means of the response surface for the generated values.

Step 5
The termination of the random simulation process is decided based on verifying the
convergence of LBS probabilistic information such as a mean value and standard deviation.

The details of the convergence verification process will be presented in subsection 3.6.2.

3.2. Plates properties

In the current study, the structural plates are considered with various quantities of thickness,
edge size and yield strength corresponding to 6 steel grades, SM400; SM490; SM490Y;
SM570; SBHS500; and SBHS700, to consider various values of plate slenderness parameter
R in the range 0.4<R<1.4. The range of plate slenderness parameter R and yield strength of
different steel grades are shown in Fig.3.2-1. Dimension information of all steel plates
considered in the current study is presented in Table.3.2-1.

Table 3.2-1 Plate dimensions and related information
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thickness width length material s){i:;l:s arsz:)t?od th\iltvzllgr?;ss ct;:?f:((iinegnt slen‘iilz"raless
ratio parameter
t [mm] b [mm] a[mm] [N/r?\ymz] a/b b/t k R
S40 -1-78-10 10 776.5 776.5 SM400 235 1 77.65 4.00 1.400
S40 -1-71-20 20 1420 1420 SM400 235 1 71.00 4.00 1.280
S40 -1-64-30 30 1930 1930 SM400 235 1 64.33 4.00 1.160
S40 -1-58-40 40 2308 2308 SM400 235 1 57.70 4.00 1.040
S40 -1-53-50 50 2668 2668 SM400 215 1 53.36 4.00 0.920
S40 -1-46-60 60 2784 2784 SM400 215 1 46.40 4.00 0.800
S40 -1-41-70 70 2840 2840 SM400 215 1 40.57 4.00 0.700
S40 -1-35-80 80 2784 2784 SM400 215 1 34.80 4.00 0.600
S40 -1-29-90 90 2610 2610 SM400 215 1 29.00 4.00 0.500
S40 -1-23-100 100 2320 2320 SM400 215 1 23.20 4.00 0.400
S49 -1-67-10 10 670.7 670.7 SM490 315 1 67.07 4.00 1.400
S49 -1-61-20 20 1226.5 1226.5 SM490 315 1 61.33 4.00 1.280
S49 -1-56-30 30 1667 1667 SM490 315 1 55.57 4.00 1.160
S49 -1-50-40 40 1993 1993 SM490 315 1 49.83 4.00 1.040
S49 -1-46-50 50 2277 2277 SM490 295 1 45.54 4.00 0.920
S49 -1-40-60 60 2376 2376 SM490 295 1 39.60 4.00 0.800
S49 -1-35-70 70 2425 2425 SM490 295 1 34.64 4.00 0.700
S49 -1-30-80 80 2376 2376 SM490 295 1 29.70 4.00 0.600
S49 -1-25-90 90 2228 2228 SM490 295 1 24.76 4.00 0.500
S49 -1-20-100 100 1980 1980 SM490 295 1 19.80 4.00 0.400
S49Y -1-63-10 10 632 632 SM490Y 355 1 63.20 4.00 1.400
S49Y -1-58-20 20 1155 1155 SM490Y 355 1 57.75 4.00 1.280
S49Y -1-52-30 30 1571 1571 SM490Y 355 1 52.37 4.00 1.160
S49Y -1-47-40 40 1877 1877 SM490Y 355 1 46.93 4.00 1.040
S49Y -1-43-50 50 2137 2137 SM490Y 335 1 42.74 4.00 0.920
S49Y -1-37-60 60 2230 2230 SM490Y 335 1 37.17 4.00 0.800
S49Y -1-33-70 70 2275 2275 SM490Y 335 1 32.50 4.00 0.700
S49Y -1-28-80 80 2264 2264 SM490Y 325 1 28.30 4.00 0.600
S49Y -1-24-90 90 2122 2122 SM490Y 325 1 23.58 4.00 0.500
S49Y -1-19-100 100 1886 1886 SM490Y 325 1 18.86 4.00 0.400
S57 -1-56-10 10 561 561 SM570 450 1 56.10 4.00 1.400
S57 -1-51-20 20 1026 1026 SM570 450 1 51.30 4.00 1.280
S57 -1-47-30 30 1395 1395 SM570 450 1 46.50 4.00 1.160
S57 -1-42-40 40 1668 1668 SM570 450 1 41.70 4.00 1.040
S57 -1-38-50 50 1886 1886 SM570 430 1 37.72 4.00 0.920
S57 -1-33-60 60 1968 1968 SM570 430 1 32.80 4.00 0.800
S57 -1-29-70 70 2010 2010 SM570 430 1 28.71 4.00 0.700
S57 -1-25-80 80 1992 1992 SM570 420 1 24.90 4.00 0.600
S57 -1-21-90 90 1867 1867 SM570 420 1 20.74 4.00 0.500
S57  -1-17-100 100 1660 1660 SM570 420 1 16.60 4.00 0.400
H50 -1-53-10 10 532.4 532.4 SBHS500 500 1 53.24 4.00 1.400
H50 -1-49-20 20 973.5 973.5 SBHS500 500 1 48.68 4.00 1.280
H50 -1-44-30 30 1323 1323 SBHS500 500 1 44.10 4.00 1.160
H50 -1-40-40 40 1582 1582 SBHS500 500 1 39.55 4.00 1.040
H50 -1-35-50 50 1749 1749 SBHS500 500 1 34.98 4.00 0.920
H50 -1-30-60 60 1825 1825 SBHS500 500 1 30.42 4.00 0.800
H50 -1-27-70 70 1864 1864 SBHS500 500 1 26.63 4.00 0.700
H50 -1-23-80 80 1825 1825 SBHS500 500 1 22.81 4.00 0.600
H50 -1-19-90 90 1712 1712 SBHS500 500 1 19.02 4.00 0.500
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thickness width length material s){i:;l:s arsz:);oct th\iltvzllgr?;s,s ct;:?f:((iinegnt slen‘iilz"raless
ratio parameter
t [mm] b [mm] a[mm] [N/r?\ymz] a/b b/t k R

H50 -1-15-100 100 1521 1521 SBHS500 500 1 15.21 4.00 0.400
H70 -1-45-10 10 450 450 SBHS700 700 1 45.00 4.00 1.400
H70 -1-41-20 20 823 823 SBHS700 700 1 41.15 4.00 1.280
H70 -1-37-30 30 1118 1118 SBHS700 700 1 37.27 4.00 1.160
H70 -1-33-40 40 1337 1337 SBHS700 700 1 33.43 4.00 1.040
H70 -1-30-50 50 1478 1478 SBHS700 700 1 29.56 4.00 0.920
H70 -1-26-60 60 1543 1543 SBHS700 700 1 25.72 4.00 0.800
H70 -1-23-70 70 1575 1575 SBHS700 700 1 22.50 4.00 0.700
H70 -1-19-80 80 1543 1543 SBHS700 700 1 19.29 4.00 0.600
H70 -1-16-90 90 1446 1446 SBHS700 700 1 16.07 4.00 0.500
H70 -1-13-100 100 1286 1286 SBHS700 700 1 12.86 4.00 0.400

Regarding Fig. 3.2-1, for all steel plate models, 10 thickness values t= 100, 90, 80, 70, 60, 50,
40, 30, 20, 10 (mm) are corresponding to 10 slenderness parameter values R = 0.4, 0.5, 0.6,
0.7,0.8,0.92, 1.04, 1.16, 1.28, 1.4, respectively.

800 : : : : :
_ e6 00600 00 0 o
70 b
R
5 o |edadbabbdn
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> * SM400 ® SM490 A SM490Y

. xsn/;157o | xSBI:lSSOO QOSBH;S700

0.3 0.5 0.7 0.9 11 1.3 1.5
Slenderness parameter -R

Fig. 3.2-1 Slenderness parameter values and yield strength considered in the current study

3.3. Random inputs

This subsection introduces residual stress and initial deflection in steel plates and the
consideration in the current study. Residual stress is always available in welded steel
structures. Referring Dwight and Moxham (1969) the un-resisted thermal expansion of steel
per 100°C is approximately equal to 0.001 of strain level for mild steel at yield. In welding
process, the welding temperature is over 1200 °C and induces the steel in welding vicinity
stressing up to the yield level. For welded structures with longitudinal welding lines, the
middle zone is considered as locking area. For the sections at locking area, because of welded
vicinity zone stressed up to yield level, the rest of section is in compression for equilibrium

condition. An example of residual stress distribution measurement reported in Komatsu et al.
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(1977) is presented in Fig.3.3-1. For initial deflection, it exists when steel plates are supplied
from factories. Furthermore, when welding members together, the initial deflection is induced
by angular distortion of the welded potion. The example of initial deflection measurement on

a steel plate reported in Soares and Kmiecik (1993) is presented in Fig.3.3-2.

The residual stress and initial deflection are considered under normalized quantity

W,=W,/band &, =0, /o, where Wy, b, o, and o, stand for the maximum deflection (out-

of-flatness), plate width, average compressive residual stress and yield strength of steel,
respectively. The bases for generating large random variables of W,and &, are mean value,

standard deviation and density distribution function. In the current study, these values are

identified by reviewing the following studies.

+0.61

.

51‘1%- |

02" : ,
Fig. 3.3-1 Actual residual stress distribution reported in Komatsu (1977)

Fig. 3.3-2 Initial measurement on steel plate reported in Soares and Kmiecik (1993)

As mentioned in Introduction section, a large number of random inputs are generated based

on the probabilistic characteristics of inputs, which can be obtained from available
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experimental data. Practically, not much measurement information of residual stress and
initial deflection of un-stiffened steel plate members has been reported. Among published data,
the test collection reported in Fukumoto and Itoh (1983) shows the greatest number of initial
imperfection (residual stress and initial displacement) measurement. In addition, Fukumoto
and Itoh (1983) collected single plates and box column tests, which agree to research target of
the current study - un-stiffened steel plate. For these reasons, the current study employs the
measurement data of plate initial imperfections reported in Fukumoto and Itoh (1983) as the

base of probabilistic characteristics of random inputs.

The histogram of W, and &, reported in Fukumoto and Itoh (1983) is presented in Fig.3.3-3
and Fig.3.3-4, respectively. From these data, without considering tests with w, >1/150, the
values of mean (W, ) = 1/400, standard deviation (7, ) = 1/520, mean (&,) = 0.23 and standard
deviation (&,) = 0.145 were obtained. The histogram of #, and &, can be well described

with Weibull and Lognormal distributions as shown in Fig.3.3-3 and Fig.3.3-4 respectively.

50

Weibull dist. .
Lognormal dist.

2=0.00280 1 - 1=0.232

r=0 6=0.145

m=1.37

pn=0.00237

0=0.00157

Test number
Test number

W/b =1/150

00 0.002 0.004 0.006 0.008 001 0.012 0.014 0.016 0 0.2 04 0.6 0.8 1
W._ /b c /o
0 rcy
Fig. 3.3-3 Histogram of normalized initial Fig. 3.3-4 Histogram of normalized residual stress
deflection reported in Fukumoto and Itoh (1983) reported in Fukumoto and Itoh (1983)

Komatsu et al., (1977) conducted a series of welding experiments to investigate the

dependence of &, level on yield strength of steel plates. Komatsu’s study considered steel

grades SS 41, SM 58, HT 60, and HT 80. The material properties of these steel grades are

presented in Table 3.3-1. The dependence of &, level on relevant yield strength is presented

in Fig.3.3-5.

The relation curve was proposed based on the upper bound of test results. According to this

relation curve, the &, level reduces for steel plates with higher yield strength. From this curve,
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the author proposed the &, level for steel plates with grade SM 41, SM 50, SM 53, SM58 and
HT 80 with value 0.3, 0.25, 0.23, 0.20 and 0.15, respectively. Practically, SM 41, SM 50, SM
53, and SM 58 are the old steel grade name of current steel grade SM400, SM490, SM490Y
and SM570. The mean value of &, level of SM490Y steel plate obtained from Komatsu
(1977) = 0.23 is coincident with the mean level obtained in Fukumoto and Itoh (1984), it

represents consistency of &, levels proposed in Komatsu et al. (1977).

Table 3.3-1 Steel material properties in Komatsu (1997)

N T
f‘é-ﬁ.ﬁ‘. I R t ay o | E v
1 S5 41 4.4 |2760 |4410 2.1 0.24

~8.3 | ~3090| ~5110] ~2.3 | ~0.30
8.0 [5700 |6780 |

HT 60 } - .
I | (WEL-TENG0) | ~12.4 | ~6050 | ~683p] 2! | 0.26
o _HT8) 9.8 (7760 [8360 | 5, 10.26
(NANKO-HT-80) ~13.0 | ~7920|~8410| 1 |~og.27
- 53 41 15.5 | 2690 | 4480 | 2.1 | 0.31
SM58 16.1 | 5240 | 6320 | 2.1 | 0.27
I
BRE
(&-T&TU |
o
{
020 E 40 40 80
| — Oy (x 103w

Fig. 3.3-5 Normalized residual stress results in Komatsu (1997)

By reviewing the above studies for generating random variable of #,, the current study
employs the data reported in Fukumoto and Itoh (1984) without considering plates with >
1/150 hence it results in mean (#,) = 1/400; standard deviation (%,) = 1/520; Weilbull

distribution is assumed for probability density function. 2 cases of generating random variable

of &, were considered in the current study.

Case 1 of generating random residual stress
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The random variable of &, regarding 6 different steel grades is generated by considering the
same mean (&,) = 0.232, standard deviation (&,) = 0.145, which are obtained in Fukumoto
and Itoh (1984), and Lognormal distribution is assumed for probability density function. As

for this case, a large number of W, and &, variables are generated as presented in Fig.3.3-6

and Fig.3.3-7.

Relative frequancy dist. of Initial Deflectior Relative Frequancy dist. of Grc/Gy

0.10 0.25

Weibull dist. Lognormal dist.
0.09 «=0.00280 1=0.23
=0

0.08 Y_ 0.20 c=0.145
o m=1.37 o,
2 0.07 2
5 1=0.00233 s
g 0.06 5=0.00156 g 01’
& 0.05 =
2 0.04 S 010
= 0.0 £°
z 0.03 z

0.02 005

0.01

0 0
0 1 2 3 4 s 6 7 0 0.2 04 0.6 08 10
W,/b <10° o, /o,
Fig. 3.3-6 Generated random input of initial Fig. 3.3-7 Generated random input of residual
deflection stress

Case 2 of generating random residual stress

The random variable of &, regarding 6 different steel grades is generated by considering the
different mean and standard deviation levels of (&,). For plates regarding SM400, SM490,
SM490Y and SM570, the mean (&,) is the same as that of SM 41, SM 50, SM 53, SM58
reported in Fukumoto et al. (1977). For identifying mean (&,) regarding SBHS500 and

SBHS700 steels, an approximate curve, which is best fit with data of grade SM 41, SM 50,
SM 53, SM58 and HT 80 reported in in Fukumoto ef al. (1977), is employed. This curve is
presented in Fig.3.3-8, the mean (&) levels regarding SBHS500 and SBHS700 steels are

identified corresponding to yield levels equal to 500 and 700 (MPa), respectively.

The standard deviation ( &, ) regarding different steel grades is identified based on the

assumption that Coefficient of Variation (VOC) regarding all 6 steel grades are the same and

equal to 0.145/0.232 - the value obtained in Fukumoto and Itoh (1984). The mean(&,) and
standard deviation (&, ) regarding 6 different steel grades are obtained and presented in table

3.3-2.
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Fig. 3.3-8 The dependence relation function
of normalized residual stress on yield strength of steel plate

Table 3.3-2 Scatterness of normalized residual stress applied for 6 steel grades

Steel grade SM400 SM490 SM490Y SM570 SBHS500 SBHS700

Mean (c,) 0.300 0.250 0.230 0.200 0.185 0.150
Sta.dev.( 5,) 0.189 0.158 0.145 0.126 0.117 0.095

3.4. FE steel plate model
3.4.1. Plate model

1.2
1.15 4
)
CARE
o}
1.05 4
Actual test of SBHS500 steel
1 i
Idealized stress-strain relation
0.95 : : : :
0 10 20 30 40 50

gley

Fig. 3.4-1 Idealized stress-strain relation identified from actual test

For FE simulation model in the current study, both material and geometric nonlinearity are
considered. Prandtl-Reuss equation is employed to model the plasticity of steel material. Von
Mises yield theory, the most suitable one for ductile material as structural steel, is employed

as yield surface criterion. The assumption of strain hardening hypothesis is applied for
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hardening rule. The uni-axial stress-strain relation of different steel grades is idealized from
actual test as shown in Fig.3.4-1 and all idealized stress-strain relations of 6 steel grades
employed in current study are presented in Fig.3.4-1. The inelastic characteristics of these

steel grades are shown in Table 3.4-1 and Fig.3.4-2, Fig.3.4-3.

800
SBHS700 &, =700 MPa 14
g 600 1 SBHS500 6, =500 MPa
SM490Y
= SM570 o, =450 MPa >
Z % o b 1.2 SM570
© 400 - ‘6
" SBHS500
\ SM490Y o, =355 MPa 11 SBHS700
200 7 SM490 o, =315 MPa
SM400 &, =235 MPa
0 B T r T . 0.8 T T T T
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100
strain g g1ley

Fig. 3.4-2 Idealized stress-strain relations of steel Fig. 3.4-3 Inelastic characteristic of 6 steel grades
grades considered in the current study

Table 3.4-1 Inelastic characteristic of 6 steel grades

SHBS700 SHBS500 SM570 SM490Y SM490 SM400

eley oloy eley oloy eley oloy eley oloy eley oloy eley | oloy
1 1 1 1 1 1 1 1 1 1 1 1 1
2 11 1.06 3 1 3 1 10 1 12 1 12 1
3 25 1.06 15 1.1 15 1.12 23 1.14 25 1.16 32 1.26
4 32 1.13 32 1.17 50 1.28 70 1.36 90 1.47
5 45 1.13 50 1.17 100 1.28 130 1.36 200 1.47

E/Est 164 120 100 90.3 81.3 76.9

For the convenient of simulating residual stress distribution and initial deflection in steel plate
models, the idealized residual stress distribution and sinusoidal initial deflection surface is
applied as presented in Fig.3.4-4. The assumption of sinusoidal surface function is applied
popularly in numerical studies on local buckling problem of steel structures. It is also similar
to first elastic buckling mode of square plate. The maximum tensile stress level g;, is usually
assigned equal to yield strength of relevant steel grade. These assumptions ensure the

conservative and similar influence on LBS of steel plates.
The simply supported boundary condition is applied for 4 edges of the plate model by

assigning the proper constraints for all nodes on 4 edges of plate model; the constraint

assignment is described in Fig.3.4-5.
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Fig. 3.4-4 Idealized residual stress distribution and sinusoidal initial deflection surface

The compression in plate model is produced by the displacement control method applied in 1
loading edge as presented in Fig.3.4-5. All nodes on loading edge are assigned to displace
with sufficiently small distance in the necessary direction. This is the famous method for
studying the local buckling behavior on steel structures, it helps stabilizing the solution,
especially in considering buckling problems, nonlinear geometrical effects, which are invoked

with elasto-plastic material models.

Free in x direction

X

displacement
control Freein y
direction

Freein y
direction

Free in x, y direction
y
Fig. 3.4-5 Plate meshing and constrains of 4 edges

The plate FE simulation is modeled by the S4R nonlinear, finite strain, shell elements in
ABAQUS element library. The S4R shell element is shear deformable, both reduced
integration and the strain method assumption are applied to improve the thin-shell behavior of
this element. The particular S4R shell element has been developed based on single integration
point. In the current study, 11 integration points through the plate thickness are assigned for

all steel plate models to produce the finer stress — strain distribution within the element.
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Because of single integration point shell element, the residual stress is volume distribution
within an element. The actual residual stress distribution assigned for FEM steel plate models

is shown in Fig.3.4-6.
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Fig. 3.4-6 Actual residual stress distribution in steel plate model

In the current study the LBS of a steel plate is identified from the ultimate value on relation
curve of average compressive stress vs displacement of loading edge as presented in Fig.3.4-7,
in which average compressive stress is determined by ratio of total in-plane reaction forces on

loading edge to the cross section area of steel plates.
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Fig. 3.4-7 The stress — displacement relation curve of steel plates
for R = 0.8 with mean level of &, and 7,
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A small study on result convergence regarding the mesh size of the plate model is
implemented to identify the application mesh size for the plate model in the current study.
Regarding the dependence of LBS result on the mesh size of the plate simulation, Kiymaz
(2003) reported that the convergent LBS result of square plate model can be obtained with
mesh size 12x12 elements. In the current study the convergent study was implemented on
530x530 (mm) plate model with 10x10, 25x25, 30x30 meshes and the results are presented as
average compression stress vs displacement relation in Fig.3.4-8. The mesh size 30x30

element applied in the current study ensures to obtain the convergent results of LBS.
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Fig. 3.4-8 Convergent investigation for the steel plate FE simulation mesh

3.4.2. Comparison of FE results to experimental results

0.4 { = JSHB <o
& SM400 m  SBHS700
0.2 X DormanlLong © Harrison B
o + Chin A Moxham
0.0 0.5 1.0 1.5
Slenderness parameter R

Fig. 3.4-9 FEM results with conservative level of imperfection plotted along with test results and
current JSHB standard design strength equation

Before showing the stochastic simulation, deterministic FE analyses results are compared
with reported experimental data in this section. The normalized residual stress and initial

deflection are assigned to o, = 0.4 and W, =1/150, respectively. The normalized initial

defection of 1/150 is the maximum tolerance for steel bridges in Specifications of Highway
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Bridges (Japan Road Association, 2012). On the other hand, &, = 0.4 corresponds

approximately to the 90th percentile value for the lognormal distribution of the normalized

residual stress shown in Fig.3.3-4, because the exceedance probability of & = 0.4 is 10.8%.

3.5. Response surface

Response surface method (Guan and Melchers, 2001; Gasper et al., 2012) is employed to
reduce the excessive computational time for Monte Carlo simulation of LBS. A cubic
response function is used to approximate the dependency of normalized LBS on the

normalized initial defection and residual stress,

The response surface is presented as a simple algebraic function

3
5cr :5cr(xl7x2)z Zpyxllxé (3'5_1)

1,j=0
i+j<3

where x, =c . and x, = VI_/Oare the input random variables, and p, (i, j=0 to 3) are coefficients

of the polynomial to be determined through regression analysis using finite element analyses

results.

Case 1 of generating random residual stress

HL—CG | u+o p+20 u+5c
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Fig. 3.5-1 Experimental points to identify a response surface.
FEM results at experimental points are used to identified a response surface

To obtain the unknown coefficients, the experimental points for the input variables should be
chosen. The experimental points are selected as shown in Fig.3.5-1 according to the mean

values and the standard deviations of the input random variables listed in Table 3.5-1. In
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Fig.3.5-1, the labels p and o stand for the mean value and standard deviation, respectively, for
the corresponding input random variables.

The coefficients p;; in Eq.(3.5-1) were determined from a set of 114 deterministic FE results
for a specific R value with considering all 6 steel grades based on the least square method. For
10 slenderness parameter values, 10 response surfaces were obtained employing 1140 FE
analysis results. The obtained response surfaces are plotted along with FEM LBS based
results in Fig.3.5-2 for R=0.8 and appendix Al-1 for R ranging from 0.4 to 1.4.

Table 3.5-1 Mean value and standard deviation of input random variables

Gr/Cy Wy/b
Mean p 0.23 0.0025
Std. Dev. © 0.145 0.0019

Table 3.5-2 R-square values of response surfaces in the range of 0.4<R<1.4

R 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 1.4
R-squared 0.702 | 0.837 | 0920 | 0945]| 0964 | 0964 | 0959 | 0.956 | 0.961 0.964

response surface (R=0.8)
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Fig. 3.5-2 Response surface plotted along with FEM results for R=0.8

The goodness of fitting of the obtained response surfaces is evaluated on the basis of R-square
values, called the coefficient of determination, presented in Table 3.5-2. For R >0.7, the
response surfaces show very good fitting with R-square >95%. For R< 0.5, the goodness of
fitting seems poor, and it can be explained that the difference of normalized LBSs among

different steel grades is significantly affected by different inelastic behavior of individual steel
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grades. The constant values of 10 response surface obtained in the current study for this case
are illustrated in Table.3.5-3.

Table 3.5-3 Coefficient values of 10 response surface functions

R value Poo Po1 Po2 Po3 P10 P11 P12 P20 P21 P30
0.40 1.098 -40.22 5442.0 -248100 0.007 -2.320 -48.4 -0.007 2.25 0.000
0.50 1.034 -15.15 1683.0 -90660 -0.012 -8.400 -42.4 0.069 6.72 -0.057
0.60 1.012 -1.72 -1894.0 100500 -0.087 -21.150 507.9 0.284 11.01 -0.198
0.70 1.037 -34.54 3169.0 -135000 -0.234 -32.100 1465.0 0.568 9.74 -0.342
0.80 1.047 -65.98 8382.0 -389100 -0.584 -0.520 1309.0 1.006 -15.13 -0.492
0.92 0.963 -40.44 3081.0 -112100 -0.937 57.210 -891.1 1.368 -35.91 -0.632
1.04 0.850 -23.31 1188.0 -34700 -0.788 47.270 -769.2 1.169 -29.12 -0.556
1.16 0.757 -12.66 377.6 -11430 -0.567 25.720 46.8 0.856 -20.27 -0.419
1.28 0.697 -10.08 367.4 -12430 -0.435 23.330 -269.2 0.617 -15.11 -0.288
1.40 0.650 -7.44 229.3 -8387 -0.343 18.580 -208.5 0.462 -11.63 -0.211

Case 2 of generating random residual stress

At a specific R value, 6 response surfaces are identified for corresponding 6 steel grades. Each
response surface is determined from a set of 19 FEM results, hence with 10 R values 60
response surfaces are identified and 1140 FEM LSB results are employed. The constant p; of
60 response surfaces are present in Table 3.5-3 and Table A2-1 (appendix A2)

Table 3.5-4 Coefficient values of 6 Response surfaces regarding 6 steel grades for R=0.8

R Grade Poo Po1 Poz Po3 P10 P11 P12 P20 P21 P30
SM400 1.05 -77.08 10010  -469800 0517 9.601 985 0.747 1774 0317
SM490 105  -73.09 9625  -453800 -0.549 2.271 1223 0877 1466  -0.408

0.8 SM490Y 1.05 67.49 8520  -394700 -0.586 2.445 1255 0.987 -16.88 0474
SM580 105 6563 8606  -407600 0624  -5952 1782 1197  -17.36  -0.663
SBHS500 105 6226 8111  -384600 0.641  -10.520 2059 1296  -17.85  -0.757
SBHS700 105 -55.92 7343 -352600 -0.665  -24.480 2861 1586 -18.00 _ -1.095

In Fig.3.5-3 the 6 response surfaces in the case R= 0.8 are plotted along with FEM result-
based. The coefficients of all the response surfaces of this case are presented in appendix A2
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Chapter 3: Statistical information of local buckling strength for steel plates

3.6. Results from random simulation and discussion

3.6.1. Convergence of the random simulation results

The random simulation is implemented with 100, 1000, 10 000, and 100 000 random input
couples of residual stress and initial deflection to check the convergence of random simulation.
Fig.3.6-1 (a) and (b) shows the mean value and standard deviation of LBS as a function of the
number of random input couples N. The mean value and standard deviation converge, as the
simulation cycles are increased. The variation of mean values for all range of R values is less
than 0.2%, while that of standard deviation is less than about 2%. In the subsequent section,

the simulation results with N=100,000 will be adopted for discussion.

1.01

—e—R=0.4
—=—R=0.5
—4&— R=0.6
—%—R=0.7
—*—R=0.8
—e—R=0.92

N /100000

—+—R=1.04
—=—R=1.16
R=1.28

0.99 ——R=1.40

100 1000 10000 100000
Number of random input couples N

(a) Mean value of normalized LBS

1.1
——R=0.4

—8—R=0.5
1.05 —&—R=0.6
—%—R=0.7
—%—R=0.8

—e— R=0.92

oN /g 100000

—+—R=1.04
0.95 ——R=1.16

R=1.28

0.9 - : ‘ —o—R=1.40
100 1000 10000 100000
Number of random input couples N

(b) Standard deviation of normalized LBS
Fig. 3.6-1 Convergence of random simulation. f/,;and o, are mean value and standard deviation of

LBS obtained from N random simulations
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Chapter 3: Statistical information of local buckling strength for steel plates

3.6.2. Results from random simulation

As investigated in the previous sub-section, the statistical information will be obtained by the
random simulation with 10000 random input couples. The direct statistical information results
are histograms of LBS for 10 slenderness parameter R values. From these histograms, the
mean values and standard deviation levels can be determined and the type of probabilistic

distribution functions can be proposed.

Case 1 of generating random residual stress
In this case 10 LBS probabilistic distributions were obtained from Monte Carlo simulation
(MC) with processing 10,000 random couples of residual stress and initial deflection variables,

(shown in Fig.3.6-2 — as an example) . All results are presented in appendix A2 (Fig.A2-1).

p=0.862,5=0.0515
0.05}

o
o
i

Relative Frequancy

0.6 0.7 0.8 0.9 1.0 1.1

c /o
er y

Fig. 3.6-2 Histogram of normalized LBS results
corresponding to slenderness parameter R = 0.8

Table 3.6-1 Mean and standard deviation results in whole range of consideration R

R value 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 1.4
M value 1.039 1.006 0.982 0.938 0.862 0.766 0.701 0.653 0.617 0.586
S value 0.0277 0.0157 0.0212 0.0413 0.0515 0.0399 0.0294 0.0216 0.0171  0.0145
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Fig. 3.6-3 Comparison between current study,
JSHB (2002), and Fukumoto and Itoh (1984) results

0

The mean and standard deviation results obtained from 10 LBS probabilistic distributions are
shown in Table 3.6-1 and plotted in Fig.3.6-3 along with the current JSHB design equation

(JSHB, 2002), Mean and Mean minus twice Standard Deviation curves proposed in Fukumoto

and Itoh (1984) (M and M-2S curves).

As seen in Fig.3.6-3, for the similar scatterness of random initial imperfection inputs, the
mean (M) results of the current study are close to the Mean (M) curve proposed in Fukumoto
and Itoh (1984), it represents that the results obtained from the approximate random

simulation agree with the nature of experimental results.

1 ¢

038 -

=

& 06 - ® =
< ——JSHB SM400

04
© SM490 X  SM490Y

02 | © SM570  + SBHS500 L

© SBHS700
0 T T T T T T

00 02 04 06 08 10 12 14
R

Fig. 3.6-4 Normalized LBS of steel plate
with mean level of normalized residual stress and initial deflection
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Fig. 3.6-5 Normalized LBS of steel plate with mean — twice of standard deviation level of normalized
residual stress and initial deflection
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Fig. 3.6-6 Comparison of standard deviation values obtained in the current study with those reported
in Fukumoto and Itoh (1984)

In this paragraph the following labels will employed: W,, &, , &, where W, =W, /b ;

)

o, :Urc/o-v;

o, =0, /o, Within the range 0.65<R<0.85, the mean values of the current
study are slightly greater than the M curve proposed in Fukumoto and Itoh (1984). The
possible reasons are that the current study just considers the plates with #,<1/150. Besides,

according to FE analysis results, within the range of 0.6<R<0.85, the different of steel plate
LBS regarding different steel grades induced by influence of inelastic behavior of different

steel is more significant than that in the range R> 0.85 (slender range). For R=0.7 and mean
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(W(),Er) levels, o, (SBHS700) is greater than &, (SM400) about 5.5% (Fig.3.6-4) and about

7% with mean-twice of standard deviation level (W,, &, ) for R =0.6 (Fig. 3.6-5).

As shown in Fig.3.6-6, the standard deviation results of the current study are significantly
lower than corresponding results which were reported in Fukumoto and Itoh (1984). Within
the practical range of 0.6<R<1.2, the current study results are about half values reported in
Fukumoto and Itoh (1984). The differences between the current simulation condition and

Fukumoto and Itoh’s experimental data are as follows:
(a) Boundary condition

Fukumoto and Itoh’s experimental data contain LBS of welded boxes as well as single plates
with weld beads, while the present simulation contains only simply supported plates. Flanges
of welded boxes are assumed as simply supported plates in design practice. However, there is

some extent of rotational fixity effect at flange-web junctures, which affects variation of LBS.
(b) Inelastic material property

In the random simulation, variation of yield stresses is not considered, and only 7
deterministic stress-strain curves for different steel grades are employed to account for
material property differences in the inelastic regime. The effect of inelastic behavior on LBS
is considered to be more significant for plates with smaller R vales, which is consistent with

the result show in Fig.3.6-6.
(c) Initial deflection

In the present study, the initial deflection more than the maximum limit specified in a design
specification is omitted from the random simulation as explained before, while Fukumoto and
Itoh’s experimental data contain LBS of plates with initial deflection more than the

specification. This results in larger variation in experimental LBS.

The tendency of standard deviation values can be further explained in subsection 3.6.4

Case 2 of generating random residual stress

In this case, 60 probabilistic distributions of normalized LBS of steel plates, regarding 6 steel
grades separately at 10 specific slenderness parameter R values, are obtained. Consequently,
from these 60 probabilistic distributions, 60 mean values and standard deviation levels are

obtained. The range of 0.7<R<0.92 shows the most sensitive for steel plate LBS; hence,
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following normalized LBS probabilistic distribution for the case of 0.8 are presented in
Fig.3.6-7 as an example. All other probabilistic information results of LBS are presented in

appendix A2-2, from Fig. A2-2.1 to Fig. A2-2.10

The mean LBS results are plotted along with M and M-2S curves proposed in Fukumoto and
Itoh (1984) in Fig.3.6-8. The difference is significant at R=0.4 and within the range
0.55<R<0.95, and almost similar for R>1.0. It shows that the difference of normalized
residual stress scatterness applied to difference steel grades does not induce the significant
difference of normalized LBS of steel plates. The figure also shows that the normalized LBS
of steel plates regarding all 6 steel grades < 1 at R = 0.7 while JSHB specify standard
normalized LBS = 1 at R =0.7.

For R=0.8
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N
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-
a1 N

Relative Frequancy (%)

Relative Frequancy (%)

e
o

11

R=0.8, SM490Y R=0.8, SM570

2.5 1=0.866,6=0.053 E 2.5k 1=0.877,5=0.052
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Fig. 3.6-7 Probabilistic distribution LBS regarding 6 steel grades for R=0.8

11

The obtained mean values and standard deviation level are illustrated in Table 3.6-2 and 3.6-3

Table 3.6-2 Mean values

Grade 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 14
SM400 1.006 0.990 0.968 0.919  0.848 0.759 0.698 0.651 0.614 0.583
SM490 1.011 0.995 0.976 0.931 0.862 0.770 0.706 0.656 0.619 0.588
SM490Y 1.018 0.996 0.978 0.937 0.866 0.775 0.708 0.657 0.621 0.589
SM570 1.069 1.012 0.985 0.944 0.877 0.783 0.715 0.664 0.625 0.593
SBHS500 1.065 1.013 0.988 0.948 0.883 0.790 0.719 0.666 0.626 0.595
SBHS700 1.068 1.027 1.002 0.963 0.900 0.807 0.729 0.674 0.633 0.601
Table 3.6-3 Standard deviation results
Grade 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 1.4
SM400 0.014 0.012 0.027 0.050 0.055 0.043 0.033 0.025 0.019 0.017
SM490 0.016 0.010 0.022 0.044 0.055 0.044 0.033 0.024 0.019 0.016
SM490Y 0.024 0.009 0.021 0.042 0.053 0.044 0.033 0.024 0.019 0.016
SM570 0.045 0.023 0.019 0.038 0.052 0.045 0.033 0.024 0.019 0.015
SBHS500 0.040 0.021 0.017 0.036 0.052 0.046 0.033 0.024 0.018 0.015
SBHS700 0.026 0.020 0.017 0.032 0.048 0.047 0.033 0.023 0.017 0.014
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Fig. 3.6-8 Comparison between mean results of the current study,
JSHB (2002) design curve, and Fukumoto and Itoh (1984) results
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Fig. 3.6-9 Comparison between standard deviation results of the current study
and Fukumoto and Itoh (1984) results

As illustrated in Fig.3.6-9, LBS standard deviation results of steel plates regarding each of all
6 steel grades are almost similar for R>0.9. The difference is more significant for R < 0.8,
within the range of 0.6<R<0.8; the standard deviation results of high strength steel plates are
lower than those of normal steel plates but for R < 0.55 the standard deviation results of high
strength steel plates are greater than those of normal steel plates. Standard deviation of steel

plate LBSs regarding all 6 steel grades attains maximum levels at R = 0.8.
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Compared to LBS standard deviation values reported in Fukumoto and Itoh (1984), the
corresponding results with all 6 steel grades of the current study are significantly lower,
within the practical range of 0.6<R<1.2 the results are about half the results from Fukumoto

and Itoh (1984) and have very clear tendency.

In Fig.3.6-10 for the M-2S level of normalized LBSs of steel plates, results regarding all 6
steel grades obtained in the current study are compared to the M and M-2S curves proposed in
Fukumoto and Itoh (1984) and JSHB current design equation. The difference of the
normalized steel plate LBS regarding different steel grades is more significant, especially
within the range 0.6<R<0.85. The maximum difference is around value R=0.7 and about 8%

for comparing &, (SM400) and &, (SBHS700), it represents the better design LBS value of

SBHS steel plates regarding both absolute and normalized strengths .

1 Fukumoto and Itoh (1984)
/ M curve
0.8 1 Fukumoto and Ttoh
M-2S curve
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o m SM490 <
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Fig. 3.6-10 Comparison between the results of the current study with M-2S levels,
JSHB (2002) design curve, and Fukumoto and Itoh (1984) results

Also for M-2S level the results of the current study are significantly greater than the curve
proposed in Fukumoto and Itoh (1984) and the tendency is different from that of JSHB
standard design equation. At R = 0.8 the normalized high strength steel plate LBS are greater
than standard design value of JSHB but that of normal steel plates. Within the range
0.5<R<0.75, all the M-2S results of current study are lower than standard design values

specified by JSHB.
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3.6.3. Approximate estimation of mean and variance

To obtain the probabilistic distribution of LBS, it is necessary to use a numerical simulation,
such as Monte Carlo method as show in the previous section, because the explicit functional
relationship between LBS and the input variables is not known in the current problem.
However, an approximate mean and variance of LBS can be extract from the mean and
variance of input variables and certain deterministic analysis. In this section, an approximate
mean and variance of LBS will be calculated by using Taylor series finite difference (TSFD)
estimation procedure (Haldarand and Mahadevan, 1999); and method of Response as General

Function of Multiple Random Variables, labeled as D.R.S. (derivative of response surface);

For the first method, the first-order approximation of mean E(c ) and variance Var(c,,) of

LBS can be obtained from Eq.3.6-1 and 3.6-2, respectively

E(c,)~0, (1, H1.,) (3.6-1)

2 2
2 (05 2 (5" -5~
Var(c,, )= Z( ;”’ j Var(x;) = Z[%J (3.6-2)
i=1 i i=1

where 4, (i=1,2) is the mean of two input random variables: x, = u, and g, =y 5 and

—+

O-cr,l = O-cr (qul T O-xl 4 'qu )

. (3.6-3)
O-;r,Z = O-cr (luxlﬂluxz i O-xz)
o (i=1,2) is the standard deviation of two input variables: o, =0 and o, =0y. In Eq.

(3.6-1) and (3.6-2), o, (1,4, ) and o, can be evaluated with deterministic FEM analyses.

Fig.3.6-11 shows a comparison of the mean values of LBS obtained from the random
simulation and those from TSFD. The mean values obtained from the random simulation are
slightly greater than those from TSFD.

In the second method, the second-order mean values
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_ _ 1 & (07 (c,)
E(Gcr) ~ O-cr (ﬂxl’ﬂxZ) + EZ[x—z Var(xi) (36-4)
i=1 i
and first-order variances
2
Var(, )~ Y EVar(x,) (3.6-5)
i=l1

are determined by means of partial derivatives at mean values of input variables in which
second-order mean and first-order variance levels are reasonable for practical engineering

requirement. g, ,u,, stand for the mean levels of normalized residual stress and initial

deflection respectively, g is corresponding response surface.

The results will be presented according to 2 cases of probabilistic characteristic of normalized

residual stress applied to steel plate as in the previous sub sections.

Case 1 of generating random residual stress

The mean values of the steel plate LBS obtained from 3 methods are presented together in Fig.
3.6-11. The difference of results is insignificant. The second-order mean values are slightly
greater than the first-order mean values and mean values obtained from approximate random

simulation are between the others.

0.8
(]
5 06 © o
5
b g4/ ——ISHB
<& Random simulation
0.2 4 O TSFD -
o DRS

0

0.0 02 04 06 038 1.0 1.2 1.4
R

Fig. 3.6-11 Mean values of LBS obtained by 3 methods
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In Fig. 3.6-12 the standard deviation values obtained from 3 methods are presented together.
As shown in the figure, 3 results have the same tendency but different levels. The standard
deviation results from method DRS and TSFD, the approximate methods, are based on
gradient level in vicinity of Mean (W, ,5.) levels while the random simulation considers the
whole range of residual stress and initial deflection levels. At R=0.8 the standard deviation

results obtained from 3 methods all yield the maximum level.

0.100
g —a— TSFD
.§ 0.075 A MC
= — 4+ DRS
[-P]
=
= 0.050
}
[+
=
=
% 0.025 -

0.000 \ T \

0.3 0.6 0.9 1.2 1.5

R
Fig. 3.6-12 Standard Comparison of standard deviation of LBS obtained from Monte Carlo based
simulation, Taylor series finite difference (TSFD) and DRS estimations
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Fig. 3.6-13 Variance values with respect to residual stress and initial deflection obtained from TSFD,
DRS and Monte Carlo based methods

Fig.3.6-13 presents the obtained results of normalized LBS variance with respect to

normalized residual stress and initial deflection individually by employing DRS, RSFD and
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MC methods. At R=0.8 and R=0.92 the results obtained by 3 methods attained maximum
level of variance with respect to normalized residual stress and initial deflection, respectively.
With these R values the results obtained by MC method are the lowest among those obtained
by the 3 methods. The results yielded from 3 methods have the similar tendency.

Fig.3.6-13 also shows that for R<0.8, LBS variances are more sensitive with initial deflection
than with residual stress. For R>0.9 the opposite tendency is observed, the influence of
residual stress on the LBS variances is more sensitive than that of initial deflection. Within
the range 0.8<R<0.9, both variance values with respect to initial deflection and residual stress
attain significant levels but based on the maximum levels it can be concluded that the LBS

variances of steel plates are more sensitive with initial deflection than with residual stress.

Case 2 of generating random residual stress

Fig.3.6-14, Fig 3.6-15 and Fig 3.6-16 present the LBS variances accounting 6 steel grades
with respect to normalized residual stress and initial deflection separately, which was obtained
by D.R.S. (Fig. 3.6-14), TSDF (Fig. 3.6-15) and M.C. (Fig. 3.6-16) methods. All 3 figure
showed that the difference of the LBS standard deviations regarding different steel grades is
significant for R < 0.8. The investigation of the LBS variance with respect to normalized
initial deflection and residual will explain the reason of this difference. As shown from results
of the 3 methods, for R<0.85 the difference of the LBS variances regarding different steel
grades with respect to initial deflection is significant while LBS variances with respect to
normalized residual stress are almost similar. Therefore it can be stated that the difference of
the LBS standard deviations regarding different steel grades is due to influence of initial

deflection, which is much concerned with the different inelastic behaviors of different grades.

All the 3 methods represent the same tendency that the LBS variances with respect to residual
stress regarding high strength steels are greater than those regarding normal steels, especially
within the range of 0.8<R<1.04. This behavior indicates that the influence of residual stress
on high strength steel plates is more sensitive than that on LBS of normal steel plates. With
respect to initial deflection within the range of 0.55<R<0.85 the LBS variances regarding
normal steels are greater than those regarding high strength steel. Hence within this range of
R, the effect of initial deflection on LBS of normal steel plates is more sensitive than that on
LBS of high strength steel plates. However, for the range of 0.40<R<0.55 the LBS variances
with respect to initial deflection regarding high strength steels are greater than those regarding

normal steels. The reason for the change of this tendency might be due to the small range of
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plastic strain of high strength steels. And among the high strength steels, because of the
steepest first strain hardening slope the LBS variances regarding SM570 steel are greater than

those regarding SBHS500 and SBHS700 steels.
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Fig. 3.6-14 Variance of LBS due to individual input random variables: residual stress &, and initial
deflection W,; TSDF method
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Fig. 3.6-15 Variance of LBS due to individual input random variables: residual stress &, and initial
deflection WO; DRS method

Similar to the case in which the response surface considering all 6 steel grades, for R > 1.0,
the steel plate LBS variances with respect to residual stress regarding all 6 steel grades
separately are greater than those with respect to initial deflection. It represents that for this
range of R LBS variances are more sensitive with residual stress with respect to any steel
grade. In contras for R< 0.8 initial deflection mainly effects on LBS variances of steel plates
regarding any steel grade. Within the range of 0.8<R<0.95 LBS variances are sensitive with

both residual stress and initial deflection but the sensitivity of initial deflection is dominant.
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Fig. 3.6-16 Variance of LBS due to individual input random variables: residual stress &, and initial
deflection W,; M.C. method

As discussed in the previous paragraph, for R>1 (slender range) the LBS variances are mainly
influenced by scaterness of residual stress, however, with the different mean levels of applied
normalized residual stress from 0.15 to 0.3 the LBSs variances regarding 6 steel grades
obtained from TSDF and MC methods are almost similar. The reason for this similarity is that
for this range of R the LBS of steel plates is dominant by elastic local buckling behavior and

the influence of residual stress on LBS might be almost the same for different steel grades.

3.6.4. Proposal of partial safety factor

Proposal of partial safety factor employs the results of case 1 of generating random residual
stress, in which all steel plates apply the same probabilistic characteristics of random
normalized residual stress level. The current study presents the proposal of partial safety
factor based on 2 methods: employing the target safety index (assumption of normal
probability density distribution function) and exceedance probability obtained directly from

statistical results.

Assumption of normal distribution

Assumption of normal distribution is applied to describe the probabilistic distribution of
normalized LBS of steel plates and nominal design strength is set to be equal to mean
normalized LBS, partial safety factor y is identifed by solving the Eq.3.6-5, which is
explained in Fig.3.6-17 (for the example case R=0.8).
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u-po =%fN (3.6-5)

The results yield (3.6-6)
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Fig. 3.6-17 Proposal of safety factor from assumption of normal distribution function

where o and g are the mean and standard deviation of normalized LBS, respectively;
p, stands for the target reliability index; yand f, are the safety factor and the corresponding
nominal strength, see Fig.3.6-17 for the probability density function and the approximated
normal distribution at R=0.8. Once the target reliability index and the nominal strength are
specified, the corresponding safety factor is calculated from Eq.(3.6-6) with mean and
standard deviation obtained from the Monte Carlo simulation. The target safety indexes and

corresponding non-exceedance probabilities are presented in Table 3.6-4.

Table 3.6-4 Obtained results of partial safety factors

Sr 1.64 1.88 233

P=®(-f) 5% 3% 1%

Assuming that the probability density of LBS is described by a normal distribution, and
assigning non-exceedance probabilities of LBS to 5.0, 3.0, and 1.0%, then the corresponding

target reliability incises become 1.64, 1.88, and 2.33. Furthermore, setting the nominal LBS
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equal to the mean of LBS as an example, the partial safety factor can be obtained as shown in

Table 3.6-5.

Table 3.6-5 Obtained results of partial safety factors with normal distribution assumption

R 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 1.4
M 1.039 1.006 0.982 0.938 0.862 0.766 0.701 0.653 0.617 0.586
"{(5%) 1.05 1.03 1.04 1.08 1.11 1.09 1.07 1.06 1.05 1.04
y(3%) 1.05 1.03 1.04 1.09 1.13 1.1 1.09 1.07 1.06 1.05
y(1%) 1.07 1.04 1.05 1.11 1.16 1.14 1.11 1.08 1.07 1.06
1.18
—e— 5% fractile
1.16 - °
—m— 3% fractile
1141 —aA— 1% fractile
= 1.12 4
€ 1.0
8
5 1.08 |
8 1.06 |
1.04
1.02
1.00 ‘ ‘ :
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Fig. 3.6-18 Partial safety factors obtained in the range of R 0.4<R<I1.4

As shown in Fig.3.6-18, the maximum partial safety factor values regarding exceedance

probability of 5%, 3%, and 1% are equal to 1.11, 1.13, and 1.16, respectively.

Direct application of exceedance probability

The exceedance probability of a specific normalized compressive value &, can be identified
directly by the numerical random simulation employed in the current study. Because of the
random simulation based method, the results varied for each analysis process. Hence in the

current study the exceedance probability for a specific &, value is obtained by taking the

average value from 10 random analyses.

In the current study the mean result and standard deviation are obtained from the random
simulation with processing 10.000 random variable couples of residual stress and initial
displacement, hence the convergence of statistical results with this number of random input

couple should be investigated. The convergent investigation is processed similarly as
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presented in section 3.6.2. Fig.3.6-19 and 3.3-20 present the investigation for the case R=0.8
with value &, =0.789

7 25
s 9 209
o —
° 5
g f Ry
& 51
°
[
8 51
3
3
4 T T 0 T
1.E+02 1.E+03 1.E+04 1.E+05 1.E+02 1.E+03 1.E+04
number of random input couple number of random input couple
Fig. 3.6-19 The exceedance probability Fig. 3.6-20 The error value corresponding to
corresponding to 100, 1000, 10000 and 100000  random simulation processed with 100, 1000, and
random input couples processed 10000 random input couples

As shown in Fig.3.6-20 the error values (E) decrease with increasing of the random input
number. Corresponding to the simulation with 10000 random input couples, the E value is
equal to 2.24%, this error level is sufficiently small and hence the fractile results can be

employed to the investigation.

y = 4587.5x% - 7692.5x + 3225.2
R2=1

fractile (%)

0 T T T T T
0.845 0.85 0.855 0.86 0.865 0.87 0.875

Gcrloy

Fig. 3.6-21 Identification of c./o, values corresponding to fractile level = 1, 3 and 5 %
for the case R =0.7

To identify the &, values corresponding to 5%, 3%, 1% fractile, 3 average fractile values

within the range from 1% to 5% were plotted with corresponding &, values. Based on these
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values the approximate second order algebraic function is defined as shown in Fig.3.6-21, 3.6-

22 and 3.6-23 hence the &, values corresponding 5%, 3%, 1% fractile levels can be obtained.

y =4429.6x2 - 6661.7x + 2503.9 !

fractile (%)

0 T T T
0.77 0.775 0.78 0.785 0.79

Gcr/Gy
Fig. 3.6-22 Identification of 6/G, values corresponding to fractile level = 1, 3 and 5 %
for the case R =0.8

*
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y = 12000x* - 16611x + 5748
R?=1

w B
L L

fractile (%)

N
L

0.702 0.704 0.706 0.708 071 0712 0.714 0.716
o-crlcy

Fig. 3.6-23 Identification of 6.,/c, values corresponding to fractile level = 1, 3 and 5 %
for the case R =0.92

All results of partial safety factor obtained directly from the random simulation based method
are presented in Table 3.3-6 and Fig.3.6-24

Table 3.6-6 Partial safety factors directly from random simulation based method
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R 0.4 0.5 0.6 0.7 0.8 0.92 1.04 1.16 1.28 1.4

M 1.039 1.006 0982 0938 0862 0766  0.701 0653 0617  0.586
1(5%) 1.04 1.03 1.05 1.08 1.09 1.07 1.06 1.04 1.04 1.04
Y(3%) 1.04 1.03 1.05 1.09 1.10 1.08 1.06 1.05 1.04 1.04
Y(1%) 1.04 1.03 1.07 1.10 1.12 1.09 1.07 1.05 1.04 1.04
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S
o
& 107 ]
s
p =
g 1.05 —— 5% fractile
—a— 3% fractile
103 | —Aa— 1% fractile
1.01 ‘ \ T
0.3 0.6 0.9 1.2 1.5
R

Fig. 3.6-24 Partial safety factors obtained directly from the random simulation and compared to
Eurocode and AASHTO safety factors

The results of partial safety factor obtained directly from the random simulation based method

are lower than those obtained by applying the assumption of normal.

Comparison to AASHTO and JSHB design strengths

It is a most rigorous way to determine the safety factor and nominal strength based on
probability of failure calculated from probability density of LBS. However, the probability of
failure largely depends on a shape of the foot of a probability density function, and
accordingly its high accuracy is not expected. Therefore, the reliability index is used to
specify a safety margin as presented in Eq.3.6-5, the partial safety factor results obtained by

assumption of normal distribution should be employed. The mean &, results can be applied as

standard strengths but should be <1.

Fig.3.6-25 plots the nominal and design LBS of steel plates with assumption of mean results
as nominal (characteristic) strength and safety factor = 1.11, 1.13 and 1.16 along with the
corresponding strength curves specified by AASHTO. The results of the current study
represent the different curvature tendency comparing to that of AASHTO nominal strength

equation, which is based on elastic buckling curve. The design LBSs resulted from the current
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study are significantly lower than those of design strength specified in AASHTO in practical

R ranging from 0,7 to 1.2.

AASHTO nominal
14
_______ ﬁ— § ~ § @ strength
S0
0.8 N
& 5 e
o 0.6
©
\E- .
© 04 e Standard strength AASI;ITO ?lfs‘gn N\
stren
© 5% fractile g
0.2 1 A 3% fractile
X 1% fractile
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
R

Fig. 3.6-25 Comparison of local buckling design resistance of steel plates
specified by AASHTO, JSHB and current study results
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) JSHB standard strength
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Fig. 3.6-26 Proposal standard strength curve for compressive simply supported steel plates

As the current study only considers the scatterness of initial imperfection and without

considering scatterness of steel material yield strength, the Eq.3.6-7, the standard LBS

equation for compressive simply supported steel plates is proposed based on LBS mean

values. The comparison to JSHB standard strength curve is presented in Fig.3.6-26
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! R <0.55

. 00775 0630 0223 (3.6-7)
1039924 22227 R 055
R R

The R-squared value (coefficient of variation) of fitting equation (Eq.3.6-7) is equal to 0.997

and hence shows the very good fitness of the approximation.

The general curvature tendency of proposal standard LBS equation is less steep than that of

JSHB. This behavior represents the difference of the steel plate LBS which is obtained by

considering inelastic material behavior and nonlinear geometrical analysis and the ones which

results from the elastic local buckling theory.

3.7. Conclusions

Probabilistic distribution of the steel plate LBS

The mean results obtained in the current study are similar to the mean (M) curve
proposed in Fukumoto and Itoh (1984), which was based on the experimental data.
Compared to experimental-based curve the mean results of the current study are slightly
greater within the range 0.65<R<0.85 because the current study consider SBHS steel

plates and normalized initial deflection levels W, <1/150.

Compared to the standard deviation obtained from experimental results reported in
Fukumoto and Itoh (1984), the corresponding results of the current study exhibits about
half of that within a range of 0.6<R<1.2 .

The high strength steel SBHS500 and SBHS700 represent better performance than
normal steels in LBS of steel plates.

In the range of 0.4<R<0.85 the influence on the steel plate LBS of initial deflection is
more sensitive than that of residual stress. However, in the range of R>0.9 the influence
on the steel plate LBS of residual stress is more sensitive than that of initial deflection.
For 0.8<R<1.04 the influence of residual stress on the plate LBS regarding high
strength steels is more sensitive than that regarding normal steels.

For 0.55<R<0.85 the influence of initial deflection on the plate LBS regarding normal
steels is more sensitive than that regarding high strength steels.

In the range of 0.4<R<0.55 under the effect of much smaller plastic strain range of high
strength steels compared to normal steels, the influence of initial deflection on the plate

LBS regarding high strength steels is more sensitive than that regarding normal steels.
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Considering among high strength steels (SBHS500, SBHS700 and SM570) because of
the different 1** hardening strain slope, the influence of initial deflection on steel plate
LBS regarding SM570 steel is the most sensitive followed by SBHS500 and SBHS700.
The difference of normalized residual stress within the range 0.15<5,<0.3 does not
induce the significant difference of steel plate LBS.

(M-29S) results obtained in the current study are significantly greater than (M-2S) curve
proposed in Fukumoto and Itoh (1984). However, the compact limits, R value for
6./6y>1, of both results are pretty similar and ~ 0.4

By applying the same mean levels of initial imperfections 7, =1/400 and &,=0.23, the
LBS of high strength steel plates is slightly greater than that of normal steel plates at
R~0.4 and R~0.8. At R=0.4 the difference is induced by hardening behavior of high
strength steel plates and the difference at R=0.8 is due to the difference of elastic-plastic
local buckling behavior.

For R <0.5, the difference of plastic strain range and 1* hardening strain slope between
high strength steels (SBHS steels and SM570) and normal steels (SM400, SM490 and
SM490Y) induces the difference of LBS levels. With mean levels of initial
imperfections w,=1/400 and 7,=0.23, &, (high strength steels) is greater than 1 while
o, (normal steel) is about 1, the difference according to R=0.4 is about 6%.

The difference of LBS corresponding to level M-2S regarding different steel grades is
more significant, it is about 7% between &, (SM400) and &, (SBHS700) within the
range of 0.65<R<0.95.

Proposal of LBS standard strengths and their partial safety factor

With assumption of normal distribution function applying to probabilistic distribution of
steel plate LBS and the LBS mean values considered as standard strengths , the partial
safety factors obtained are equal to 1.11, 1.13 and 1.16 corresponding to 5%, 3% and
1% fractile, respectively.

Applying the obtained partial safety factors considering the mean results as
characteristic design resistance, the obtained designed LBS values are lower than those
specified by AASHTO in the range of 0.6<R<1.3 and greater than those specified by
JSHB in whole range of R.

The tendency of designed LBS results plotted with respect to corresponding R value in
the current study are much less steep compared to those specified by AASHTO and
JSHB, which are based on result of elastic local buckling theory.
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CHAPTER 4
WEB SLENDERNESS LIMITS FOR SECTION CLASSIFICATION OF
COMPOSITE GIRDERS

4.1. Introduction

Application of SBHS500 to hybrid girders is expected to be an economical solution for
composite girder bridges. For I-shape and composite girders the high strength steel plates are
usually applied to the flanges with purpose to improve the bending resistance. The composite
girder with flanges and web made from SBHS500 and SMI0Y steels, respectively, is targeted
in current study. AASHTO Load Resistance Factor Design (LRFD) bridge specifications
(AASHTO, 2005) employs the hybrid factor Ry, to calculate the yield moment M, of a hybrid
section from the yield moment M, of the relevant homogeneous section. This hybrid factor
formula can be applied to both noncomposite and composite hybrid sections. In previous
AASHTO Specifications, separate formulas of the hybrid factor had been specified for
noncomposite and composite hybrid sections on the basis of studies by Subcommittee on
Hybrid Beams and Girders (1968) and Schilling (1968). However, since the calculated hybrid
factor values by both formulas are close to 1.0 for typical cross sections, in current AASHTO
Specifications the hybrid factor formulas have been condensed to a single equation (Eq.4.1-1)
originally proposed for noncomposite sections to apply to composite sections as well. In this
study, the applicability of the current hybrid factor formula in AASHTO specifications to
composite hybrid sections with SBHS500 will be examined, and a new hybrid factor formula

will be developed.

M, 12+pGa-a’)

R, =
M, (12+2p)

(4.1-1)

As mentioned in Literature Review Chapter, the un-shored construction method has been
applied commonly in building composite girder bridges. For this construction method, first, a
steel girder only resists a bending moment due to dead loads of steel and wet concrete. Then,
after hardening concrete, the corresponding composite girder supports the live load. Hence,
the initial bending moment in the construction stage has to be considered. The Eq.4.1-1 is
developed based on the assumption of elastic stress distribution on I-shaped steel section and
doesn’t consider the effect of initial bending moment. Hence, to identify the yield moment
value, the current study will derive a formula, which bases on stress distribution on composite

section and considers the effect of initial bending moment.

69



Chapter 4: Web slenderness limits for section classification of composite girders

The consideration of the initial bending moment in the stress state of a composite girder is
represented as following. The stress state in the service state is the combination of stress state
due to initial bending moment in steel section only and stress state of composite section. The
combination based on elastic assumptions of stress distribution on steel and composite
sections is presented in Fig.4.4-1. The figure shows that with considering the initial bending
moment, the neutral axis of the girder section regarding service stage is located lower than
that of origin composite section hence the composite section resistance might be changed and
it is more favorable for local buckling occurring. Therefore, it is necessary to consider initial

bending moment in designing of composite girder.

hardened concrete

wet concrete . .
composite section

elastic neural axis of
steel section

elastic neural axis of
—— steel section

stress state of stress state of combination
steel section composite section stress state

neural axis of section
considering initial
bending moment

Fig. 4.1-1 Consideration of stress stage due to initial bending moment

The bending moment capacity of a composite section largely depends on a section class and
local bucking of components of steel sections. Since the possibility of local buckling is
restricted only for the upper part of web plates for composite sections under a positive
bending moment, the section classification is governed by a width thickness ratio of web
plates under compression. Summary of the section classification criteria in AASHTO
Specifications and Eurocode is represented in Table 2-1 chapter 2, where M,, is the bending
moment capacity of a composite section; M, and M, are the plastic moment and the yield
moment, respectively. In the current study, the initial bending moment will be considered in
FEM composite girder models and the identification of yield bending moment M,. Regarding
the M), value, Roik el al. (1993) reported that the ultimate loads acting on composite girder
constructed by shored and un-shored method are similar for compact sections, the effect of

initial bending moment can be neglected.
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The plastic moment M, is identified based on the assumption that the entire cross section has
reached its relevant yield stress and inelastic behavior of the steel material obeys the perfectly
plastic assumption. The plastic stress distribution for homogeneous and hybrid section is

presented in Fig.4.1-2.

oy is the yield strength of relevant steel grade in homogeneous section, oy and oy stand for
the yield strength of relevant steel grades in web plate and flanges, respectively. D, is the

compression depth in web plate. f; is design compressive strength of concrete material.

_ﬂ ‘(—0.85& O.SSfc—ﬂ ‘<—

[<—> Oy Cyw
le—>

ISR i SO R
F—)‘ Oy L(—)‘ Oyt
Composite homogeneous Composite hybrid
steel section steel section

Fig. 4.1-2 The plastic stress distribution for homogeneous and hybrid sections

Yield bending moment M, is determined once yield stress attained at either extreme fibre of
flange, however, the current study just considers the case of yielding stress attaining first at
bottom extreme fibre. As mentioned above the determination of yield bending moment in the
current study takes into account of the effect of initial bending moment and bases on stress

distributions presented in Fig.4.1-3

Op1 + Op = O'y Oyt =Rh Oy
combination
stress state

initial bending bending moment
moment M; in M, in composite
steel section section

Yield moment of
hybrid section

Fig. 4.1-3 Yield bending moment of composite homogeneous and hybrid steel section with
considering the initial bending moment
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Gi1, Ob) are the label of stress values resulted by initial bending moment M, in extreme fibre of
top and bottom flange, respectively. oy, oy, are stress value for composite section. In practical
design, the yield stress is intended to attain at extreme fibre of bottom flange hence the figure
illustrates oy + op2 = Gy. D, is compressive depth of the web plate, by, and t,, stand for the
thickness and depth of the web plate. The hybrid factor R; represents the reduction of stress
value in prior yielding flange compared to o, value due to the partly plasticity in the web plate
and results in the value oy As represented above the yield bending moment values are
effected by the level of initial bending moment due to unshored construction method and
hence the R, value should also consider the effect of initial bending moment. According to
this purpose, the improved hybrid factor will be developed and checked with the values

obtained from FEM analysis results. This content will be presented in the following section.

To investigate the web slenderness limit of the composite girder with application of new steel
SBHS500, the information of ultimate bending moment AM,,, compression parameter o and o’,
width-to-thickness ratio by/t,, from sufficient large number of composite girders are required.
This data obtained by experiment must be costly, so application of FEM simulation method is

used in the current study as well.

Plot of ®@p vs Mhp Model PS2 8b-3

< Concrete crushing
.

\ .
2 25 3 35 4 45 =]
@if=p

Fig. 4.1-4 Section classified as compact

In the current study, the plastic moment M, and yield moment M, are considered as the base
of composite girder section classification. For a composite girder, the ultimate bending
moment M, obtained from FEM simulation is compared to the quantities of M, and M,. M, is
obtained from ultimate point at the relation curve of bending moment vs rotation at support
(shown in Fig.4.1-4, 4.1-5 and 4.1-6). The quantities of M, and M, are identified according to

the calculation steps presented in appendix A3.
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Fig. 4.1-5 Section classified as non-compact
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Fig. 4.1-6 Section classified as slender

* If M, < M,, the section is classified as compact
* If M,> M, > M,, the section is classified as non-compact

» If M, <M,, the section is classified as slender

In the figures ®Op and @y stand for theoretical rotation corresponding to plastic and yield

moment, respectively, with considering elastic behavior. Fig.4.1-4, Fig.4.1-5, Fig.4.1-6

represent the compact, noncompact and slender class respectively.

4.2. FEM simulation model of pure flexural composite girder
Material models

Concrete material model

For the concrete material model, it is necessary to consider the cracking mechanism with

tensile cracking strain much lower than ultimate compression strain or also other words the

tensile strength of concrete is much less than the compression strength. For numerical

73



Chapter 4: Web slenderness limits for section classification of composite girders

simulation for cracking in concrete, the discrete crack and smeared crack models can be
employed. The discrete crack model simulates the initiation and development of the dominant
crack. In contrast, the smeared crack model doesn’t simulate every single crack, it capture all
cracks in a finite member through institutive relation, hence smearing out the cracks over
structural body. For reinforced concrete members, without initial and dominant cracks, the

smeared crack model represents the more suitable approach.

For the case of 2D or 3D stress states, in which compressive stress could exceed the
compressive strength of concrete material, the crack model can be combined with plastic
model to describe the crushing within the finite element. This combination model is based on
the flow theory of plasticity, where nonlinear stress-strain states obey the condition of the
yield criterion, the flow and hardening rules and the crushing condition. The yield criterion
specifies the stress states where plastic flow is initiated. For the concrete slab of the composite
girder in the current study, the transverse shear from shear stud connectors are taken into
account and hence the 3D yield criterion must be employed. The Mohr-Coulomb and
Drucker-Prager, for the frictional material such as concrete, soil, rock, etc, yield criteria are
offered. In these materials, the initiation of yield also means the inelastic deformation or

failure.

The yield condition of Mohr- Coulomb with pressure dependence behavior is represented via

formulation of yield function (Eq.4.2-1) and Fig.4.2-1.
1 1 )
F=5(Ul—03)+5(01+(73)sm¢—ccos¢ (4.2-1)

where c is the cohesion and ¢ is the angle of internal friction

oo O (1=sing) (4.2-2)
2cos ¢

o. is the compressive strength of concrete

The Drucker-Prager yield criterion is approximate the Mohr-Coulomb yield criterion (shown

in Fig.4.2-1). Study in (Gupta et al., 2006) reported that with investigating both Drucker-
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Prager and Mohr-Coulomb yield criteria, the numerical model obtained the same ultimate

strength; so current study only Mohr-Coulomb yield criterion is applied.

Drucker-Prager

Fig. 4.2-1 Drucker-Prager and Mohr-Coulomb yield criterions

The current study doesn’t consider the crushing of concrete. Concrete is assumed as isotropic
material prior cracking, the maximum compressive strain = 0.003 is modeled material. The
assumptions of linear-elastic, plastic hardening are employed for the material model. The
uniaxial stress-strain relation for concrete material model in compression applies the equation
proposed by Japanese Society of Civil Engineer (JSCE) and is presented in Eq.4.2-3 and
Fig.4.2-2

N
<)

N w
o o

. 2
Compressive stress gc (N/mm”)
=

o

0.001 0.002 0.003 €cu 0.004

o

compressive strain g

Fig. 4.2-2 Stress — strain relation for concrete material model

0.002\ " 0.002

f -t (20 ée ] (£, <0.002)
o - (4.2-3)

f. (0.002 < &, <0.0035)
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where, o, and g, stand for corresponding stress and strain of concrete, respectively. f,;=40MPa
is characteristic compressive strength of the concrete material. The angle of internal friction ¢

is assigned = 20°.

Steel material model

For steel material, the assumptions of isotropic elasto-plastic hardening, Von Mises yield
surface and strain hardening hypothesis are applied for steel material model. The uni-axial
stress-strain relation of different steel grades is idealized from actual test as presented in
Chapter 3. The idealized stress-strain relations of SM490Y and SBHS500 steel grades are

presented in Fig.4.2-3 The inelastic characteristics of these steel grades are shown in Fig.4.2-3.

1.4
SBHS500
600 7 SM490Y
— T/./-_. 1.2
o >
§4oo 1 A SM490Y b SBHS500
~ 4 :
€ ®
(2] ]
200
0 . . : : 0.8 . . . : :
0 0.05 0.1 0.15 0.2 0 20 40 60 80 100
strain g €11/ey

Fig. 4.2-3 Idealized stress — strain relations for steel material model

The simplified composite girder structure

The simplified composite girder structures in this study are assigned with fixed girder length
= 9m, web depth = 3m and concrete slap thickness = 300cm as presented in Fig.4.2-4. The
concrete slab thickness and web depth are assigned based on the dimensions of actual
composite girder constructions. The girder length of 9m is designed with referring the
distance between cross beams of 5-10 (m) for twin I-section composite girder. Following
practical structural scale can avoid the size effect in concrete members. The current study
analyses hundreds of composite girder models considering various values of concrete slab
width b, upper and lower flange width buf and by, respectively, upper and lower flange
thickness t,r and ti, respectively, and web thickness t,, with the aim to consider various levels
compression web depth D, and D.. The dimensions of investigated simulation girders in the
current study are presented in Table 4.2-1, 4.2-2 and 4.2-3. The calculation of corresponding
values D, and D,, which associating to the compressive parameter o and o’, respectively are

presented in Appendix A3
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Chapter 4: Web slenderness limits for section classification of composite girders

For symmetrical condition, all nodes at symmetrical surface of the composite girder structure
are assigned as simple support according X axis and free displacement according Y and Z axis
as presented in Fig.4.2-5. Under a pure bending load acting at support as shown in Fig 4.2-5,
on the symmetrical surface, there is a reaction of compression and bending moment at axis
coincident with girder support. Because the girder support is assigned to displace on X axis,
the reaction volume compression doesn’t exist and only pure bending moment is produced in
the composite girder structure.

b, |
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Fig. 4.2-4 Simplified composite girder structure and its dimensions
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Fig. 4.2-5 Boundary condition for the simplified structure

The effect of local buckling in web plate on flexural capacity of composite girder is main
issue in the current study; so displacement control method is applied to produce the pure
bending moment in the girder. The application of displacement control method is presented in

Fig.4.2-6.

All the nodes on the end surface of the girder are forced to displace on longitudinal X axis a
sufficient small distance in each increment analysis but all these nodes are control to maintain
on a flat surface, which can rotate around Y axis as illustrated in Fig.4.2-6. Against the

displacement control, by stiffness of the girder, a reaction bending moment is produced in the
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girder support. The reaction bending moment values and corresponding rotations in girder
support at every analysis increment step are collected to identify the ultimate bending capacity

of the girder.

X axis
<]

producing pure
bending moment

Fig. 4.2-6 Pure bending moment produced by displacement control method

The current study will investigate the simplified girders with dimensions presented in table

Table 4.2-1 Girders with compact composite SBHS500 homogeneous steel sections

Girder ID b b by fr by i fe b.

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
PS2.8c 3000 15 460 65 1200 56 300 2800
PS2.9a 3000 15 460 45 1200 58 300 2900
PS2.9b 3000 15 330 100 1200 56 300 2900
PS1.8¢c 3000 19 520 60 800 60 300 1800
PS2.8a 3000 19 520 55 1200 60 300 2800
PS2.8a-2 3000 19 520 55 1200 65 300 2800
CS2.5a 3000 19 520 91 1200 60 300 2500
PS2.5a 3000 25 590 52 1200 60 300 2500
PS2.5a-2 3000 25 590 52 1200 65 300 2500
Cl.2a 3000 25 590 52 800 46 300 1200

Table 4.2-2 Girders with noncompact and
slender composite SBHS500 homogeneous steel sections

Girder ID by L by Ly by Ly f, b,

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
CSl1.2h 3000 15 540 58 1200 35 300 1200
CS1.2h-2 3000 15 540 55 1200 35 300 1200
CS1.2h-3 3000 15 540 55 1200 38 300 1200
CS1.2h-4 3000 15 540 49 1200 35 300 1200
CS1.2h-5 3000 15 540 53 1200 35 300 1200
CS2.2a 3000 15 460 46 1200 55 300 2200
CS2.0e 3000 15 460 47 1200 51 300 2000
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Girder ID b, t, b, Ly by Ly I, b,

C1.5b 3000 19 520 36 800 52 300 1500
C1.5b-2 3000 19 520 36 800 50 300 1500
C1.5b-3 3000 19 520 40 800 50 300 1500
CS1.5¢ 3000 19 520 42 1200 40 300 1500
CS1.2d 3000 19 520 39 1200 36 300 1200
CS1.2d-2 3000 19 520 41 1200 36 300 1200
CS1.5 3000 25 590 42 1200 46 300 1500
CS1.5-2 3000 25 590 44 1200 46 300 1500
CS1.5-3 3000 25 590 43 1200 49 300 1500
CS1.6a 3000 25 590 47 1200 45 300 1600
CSl1.6a-2 3000 25 590 50 1200 45 300 1600
CS1.6a-3 3000 25 590 45 1200 46 300 1600

Table 4.2-3 Girders with noncompact and
slender composite SBHS500-SM490Y hybrid steel sections

Girder D O b by & by y fe b.

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
PS2.8clhy 3000 15 460 60 1200 56 300 2800
PS29alhy 3000 15 460 65 1200 44 300 2900
PS29a2hy 3000 15 460 66 1200 77 300 2900
PS29blhy 3000 15 330 50 1200 88 300 2900
CS2.5alhy 3000 15 520 54 1200 74 300 2500
CSl.5clhy 3000 19 520 51 800 100 300 1500
CS2.5a2hy 3000 19 520 75 1200 52 300 2500
PS2.8c2hy 3000 19 460 58 1200 90 300 2800
PS29a3hy 3000 19 460 64 1200 84 300 2900
PS2.9a4hy 3000 19 460 60 1200 73 300 2900
CS1.5c2hy 3000 25 520 54 800 100 300 1500
CSl.6alhy 3000 25 590 50 1200 92 300 1600
CS2.5a3hy 3000 25 520 61 1200 62 300 2500
PS2.8c3hy 3000 25 460 60 1200 88 300 2800
PS2.9a5hy 3000 25 460 60 1200 80 300 2900

Meshing of composite girder model
The web and flange plates of the steel girder are meshed by four-node quadrilateral

isoparametric curved thin shell element (Q20SH), from DIANA software library, with five
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degrees of freedom (3 translations and 2 rotations) per node in order to simulate the local

buckling deformations and the spread of plasticity effects.

Concrete 8-node solid

.........

{1 4-node shell
-

1 element

I (Q20SH)

...........

Fig. 4.2-7 Cross-section and type of elements

The concrete slab part is meshed by eight-node isoparametric solid element (HX24L), from
DIANA software library, with 3 translations at each node with aim to simulate the plastic
deformation, cracking in 3 orthogonal directions and crushing. Positive bending moment
induces the concrete slab part of the composite girder only under compression. Besides, the
flexural capacity of composite girder is just considered for maximum compressive strain of
concrete = 0.0035, hence the modeling of reinforcement in concrete slab part can be neglected.

The composite girder cross-section with meshing elements is presented in Fig.4.2-7

Initial geometrical imperfection

Fig. 4.2-8 Initial deflection for the web of the composite girder models
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For non-linear analysis concerning the local buckling problem, it is necessary to describe the
initial deflection on area, which is sensitive to the buckling. In the current study, the web plate

is assigned with initial deflection level, which is presented by Eq.4.2-4 and Fig4.2-8.

o, = b, sin| 2z |cos| = x (4.2-4)
Y7250 | b, b,

where b,, is the web depth, x and z are global node coordinates of the web plate.

4.3. Proposal of hybrid factor

Derivation of hybrid factor

In this chapter, a hybrid factor for composite girders, which accounts for the effect of initial
bending moment due to un-shored construction method, will be considered. In this
construction method, first the initial bending moment M; due to the dead load at constriction
stages is applied to steel sections alone, and then bending moment M, due to the live load is
applied to composite sections, as shown in Fig.4.3-1. Since yielding is not allowed at the
constriction stages in design practice, the web yielding due to the initial bending moment is
not considered. The hybrid factor is developed for positive bending moment only, and for

sections where the bottom web yields first.

- EN
1

Op1 T Op2= Oyt

Fig. 4.3-1 Assumption on stress distributions for estimation of hybrid yield moment; (a) Initial
bending moment on steel section alone, (b) Bending moment on composite section, (c) Superposed
stress distribution

Furthermore, the following assumptions are made in the derivation of the hybrid factor:

1) Linear distribution of strain in a section,
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2) Perfect elastic-plastic behavior of steel materials,
3) A flange thickness is negligible compared with a beam depth,
4)  The position of an apparent neutral axis y shown in Fig.4.3-1 does not changed during

yielding.
The yield moment of a composite hybrid section M,y is estimated by subtracting the reduced
contribution due to the prior yielding at web plate M’ from the yield moment of the relevant
composite homogeneous section My:
M= M,— M'=M+M> - M’ (4.3-1)

where M, = M;+M; is the yield moment of the homogeneous steel section.

The hybrid factor is defined as the ratio of M, to M,, and expressed as

Rh ) M) M)
P N I P .
Sz.bf Sl bf G)fSZ.bf

where S;,5 S1s5 and Sy are section modulus of steel section with respect to the top and
bottom flanges, and that of composite section with respect to the bottom flange, respectively.
o,y 1s the yield strength of flange plate. ® represents the ratio of M; to the yield moment M,

of homogeneous steel section only. M’ is calculated from

3
_ (O-)f _O-yw)zyztw(zo-yf + O-yw)

(4.3-3)

2
30_%

=%(2+a)(1—a)2 ! t,o

w oy
1+ <D+(1—q)ysj(h—lj
h=y, \ Y.
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where
_oyf(t,f+bw+t,?,)_ h
o,+o,+o0, ,
o 1+®+(1_cm){h_lJ
h=y, \y.
b= y(ayf - O-yw)
o

¥

Hence R), is yielded as presented in Eq.4.3-4

Q+a)l-a) h

t“’
1+ cb+[1—®yxj(h—1J
1 1 h=y, \y.
R, =®S,,| ———|+1-
s, S 38

25f 2.5¢

(4.3-4)

Lbf

The definitions of y, b, b, ty; and f,rare shown in Fig.4.3-1.

Results and discussion

The yield moment My determined from FEM analysis is the reaction bending moment value at
the model support when yielding strain starts attaining at either extreme steel section fibre of
the girder model. The hybrid factor obtained from FEM results is the ratio of M, and M,
values (explanation of Eq.4.3-2) of composite hybrid steel girder and its corresponding

composite homogeneous steel girder.

In this sub section, the proposal hybrid factors will be examined with those obtained from
FEM analysis results. The composite girders with noncompact sections are employed for the
comparison because M, is important design quantity for noncompact composite sections. For
the comparison, the proposal hybrid factors and the hybrid factors obtained from FEM
analysis results and from the specification of AASHTO are plotted together with
corresponding 3 values, which is explained in Eq.2.2-1. The [ values corresponding to
proposal hybrid factor are determined from elastic assumption and the values obtained from
FEM analysis results are based on actual neutral axis when yielding strain start attaining at
either flange of the numerical composite girder model. For a composite girder section,
because of local buckling occurring in compression zone of the web plate, the B values based

on elastic assumption and FEM analysis might be different.
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The examination simulation models consider the practical range of B value, which resulted
from elastic neutral axis and dimensions of composite section. In Fig.4.3-2, 4.3-3, 4.3-4 and
4.3-5 the lower bound of B value, which is about 0.45, represents the sections with web
slenderness approaching the noncompact —slender limit. By referring to the design of some
actual composite twin [-girder bridges built in France (Sétra, 2010), the practical range of [ is
from 0.65 to 1.0 when the initial bending moment is not considered and from 0.48 to 0.73
with considering pretty high level of initial bending moment M; = 0.6 M,,. Thus the range of
[ value considered in the current study covers the practical range. The composite girders with

their dimensions considered in the current study are presented in following table

Table 4.3-1 Investigation girders for proposal hybrid factor

Girder ID b, t, b, ty by, ty , b,

[mm)] [mm)] [mm] [mm] [mm] [mm] [mm] [mm]
PS2.9a2hy 3000 15 460 66 1200 77 300 2900
PS2.8clhy 3000 15 460 60 1200 56 300 2800
PS2.9alhy 3000 15 460 65 1200 44 300 2900
CS2.5alhy 3000 15 520 54 1200 74 300 2500
CS2.5a2hy 3000 19 520 75 1200 52 300 2500
PS2.9a3hy 3000 19 460 64 1200 84 300 2900
PS2.9a4hy 3000 19 460 60 1200 73 300 2900
CS2.5a3hy 3000 25 520 61 1200 62 300 2500
PS2.9a5hy 3000 25 460 60 1200 80 300 2900

1 M 1 =0
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04 0.6 0.8 1 1.2 14
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Fig. 4.3-2 Comparison of hybrid factors for the case without considering initial bending moment

The case in which initial bending moment is not considered is shown in Fig. 4.3-2, almost all

proposal hybrid factors are lower than those obtained from FEM analysis results. The lower
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bound of proposal and FEM analysis results are similar. The proposal hybrid factors are

slightly lower than those of AASHTO specifications; the differences are about 0.5 %.

Fig. 4.3-3, 4.3-4 and 4.3-5 represent the results with considering initial bending moment. All
the proposal hybrid factors are lower than those of AASHTO specification and FEM analysis
results. For the case with initial bending moment M; = 0.2; 0.4 and 0.6 M, the differences
between the proposal and AASHTO specification values are about 2%, 3% and 5%,

respectively.

M,=0.2M
1.01 L ys
& Proposal
1 M B B FEMresults |
—— AASHTO
0.99
K=
X 598
0.97
0.96
0.95 | | |
0.5 0.7 0.9 ﬁ 1.1 1.3

Fig. 4.3-3 Comparison of hybrid factors for the case with initial bending moment M, = 0.2 M,

1.01 M.=0.4Mys
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Fig. 4.3-4 Comparison of hybrid factors for the case with initial bending moment M, = 0.4 M,
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o M,=0.6Mys
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Fig. 4.3-5 Comparison of hybrid factors when with initial bending moment M; = 0.6 M,

With high level of initial bending moment: M;=0.6 M, the results of which are shown in
Fig.4.3-5, almost all hybrid factors obtained from FEM analysis results are lower than those
of AASHTO specifications , which shows the un-conservativeness of AASHTO specifications

for the case of applying high level of initial bending moment.

4.4. Web slenderness limits in design of composite girders

Composite girders with SBHS500 homogeneous sections

The following figures will present the FE analysis results of composite SBHS500
homogeneous steel sections along with the web slenderness limit of AASHTO, Eurocode and
the previous results (Gupta et al., 2006), in which b,/%, and « stand for the width-thickness

ratio and the parameter of the compression region of web plate, respectively.

In Fig.4.4-1, the black symbols stand for the numerical results judged as compact sections,
while the red ones for noncompact sections. Gupta et al. (2000) reported that the initial
bending moment affects insignificantly on compact-noncompact web slenderness limit of
composite section classification so that in the current study, the investigation of this limit
won’t consider the existence of the initial bending moment. The SBHS500 homogeneous
sections with the initial bending moment M;=0 present significant greater web slenderness
limit than those of AASHTO, Eurocode and the ones proposed in (Gupta et al., 2006). The
inelastic behavior of SBHS500 steel seems to be the main reason. Owing to the higher yield
strength, smaller yield plateau of SBHS500, it can sustain a greater local bucking resistance of
the member in compressive zone of web plate than that of conventional steel. The compact-

noncompact web slenderness limit of composite SBHS500 homogeneous steel sections is
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about 24% greater than that of composite SM490Y homogeneous steel section and AASHTO

specification, and about 50% greater than that of Eurocode specification
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Fig. 4.4-1 Compact-noncompact limit of homogeneous SBHS500 steel section (M,=0)
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Fig. 4.4-2 Noncompact-slender limit of homogeneous SBHS500 steel sections (M;=0)

The evaluation web slenderness limit which is based on normalized value M.,/M, must
consider the change of M, and M, values due to the influence of initial bending moment M, as
well.  Gupta et al. (2006), with considering SM490 steel and M;= 0 — 0.4 M, reported the

considerable effect of M; on the noncompact-slender limit. In this study the decrease of

87



Chapter 4: Web slenderness limits for section classification of composite girders

ultimate bending moment M, is explained due to the increase of compressive depth D, which

refers the local buckling behavior.

Fig. 4.4-2, 4.4-3, 4.4-4 and 4.4-5 present the numerical results for the web slenderness limit
of noncompact-slender boundary for initial bending moments of M; =0, 0.2, 0.4, 0.6 My,
respectively. In these figures, the black symbols represent FE results classified as noncompact
sections and the red ones represents slender sections. When initial bending moment is not
considered, the noncompact-slender web slenderness limit of composite SBHS500
homogeneous steel sections is about 20% greater than that of composite SM490Y
homogeneous steel section and about 50% greater than that that of AASHTO, Eurocode. The
general tendency of noncompact-slender web-slenderness limit function to composite
SBHS500 homogeneous steel section is steeper than that of SM490Y homogeneous steel
section, AASHTO and Eurocode.

For M, = 0.2 My, no simulation girder appears as slender classification. The results of M, and
My in this case (referring appendix A3, table A3-2.2 and A3-2.2) show that the reduction of
yield moment M, values is more significantly than that of corresponding ultimate bending
moment M,. It is concluded that with this level of initial bending moment (M, = 0.2 M) the
significant increase of web slenderness limit is represented compared to the case without

considering the initial bending moment.
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Fig. 4.4-3 Noncompact-slender limit of homogeneous SBHS500 steel sections (M,=0.2M,;)
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For M= 0.4 My the analysis results represent that web slenderness limit of noncompact-
slender to composite SBHS500 homogeneous steel sections remarkably decreases compared
to that of case M= 0.2 M. Under the increase of initial bending moment (from M;=0.2M; to
M =0.2My) 2 simulation girders become slender classification instead of noncompact
classification. The behavior of reducing web slenderness limit once increasing initial bending
moment from M;= 0.2 My to M= 0.4 My represent the opposite tendency reported in Gupta
et al., (2000).
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Fig. 4.4-4 Noncompact-slender limit of homogeneous SBHS500 steel sections (M,=0.4M,,)

However, the web slenderness limit of noncompact-slender to composite SBHS500
homogeneous steel sections for M= 0.4 M, is still about 15 greater than that of composite
SM490Y homogeneous steel sections. Compared to noncompact-slender web slenderness
limits specified in AASHTO and Eurocode, the ones shown in analysis results of composite
SBHS500 homogeneous steel sections with M= 0.4 My, is about 37 and 50 % respectively

greater.

For M= 0.6 My the analysis results (Fig.4.4-5) show the increase of web slenderness limit
compared to that of the case M= 0.4 M, (about 10%). This limit increase represents the
similar tendency as reported in Gupta et al., (2006). And the noncompact-slender web
slenderness limit of composite SBHS500 homogeneous steel sections for M= 0.6 My is pretty

close to that of composite SM490Y homogeneous steel sections reported in Gupta et al.,2006.
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The behavior of decreasing noncompact-slender web slenderness limit of composite
SBHS500 homogeneous steel sections for M; increasing from 0.2 to 0.4 My, opposite
tendency as reported in Gupta et al. (2006), could be explained as following. For this level of
initial bending moment M), and corresponding compressive depth D, values of simulation
girders considered in the current study, the ultimate bending moment M, associates with local
elastic-plastic buckling in compressive zone of web late. The difference of inelastic behavior
would lead the better elastic-plastic buckling resistance of SBHS500 steel plates comparing to
that of corresponding SM490Y steel plates. For M; > 0.4M,, and larger compressive depth D.,
the ultimate bending moment M, might associate with the local elastic buckling behavior in
compressive zone of web late. Hence, the noncompact-slender web slenderness limit of
composite SBHS500 homogeneous steel sections is pretty similar to that of composite

SM490Y homogeneous steel sections but still slightly greater.
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Fig. 4.4-5 Noncompact-slender limit of homogeneous SBHS500 steel sections (M,=0.6M,,)

For actual design of composite girders, the o and o’ values are commonly lower than 0.5.
Within this range of o and o’ values and for high level of initial bending moment with M; >
0.2My,, as shown in Fig.4.4-4 and 4.4-5, almost all composite SBHS500 homogeneous steel

sections are classified as compact.
Composite girders with SBHS500-SM490Y hybrid steel sections

In this sub section, the yield moment M,; of the composite SBHS500-SM490Y hybrid steel

sections is defined by multiplying yield moment M, of the corresponding homogeneous

90



Chapter 4: Web slenderness limits for section classification of composite girders

section and relevant hybrid factor R, which is defined in Section 4.3 - Proposal of hybrid

factor.
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Fig. 4.4-6 Compact-noncompact slenderness limit of hybrid SBHS500-SM490Y steel section (M,=0)

In Fig.4.4-6 the FE results for composite girders with SBHS500-SM490Y hybrid sections are
plotted along with the equation of compact-noncompact slenderness limits of AASHTO and
Eurocode. The FE results present the greater compact-noncompact slenderness limit than
those of AASHTO and Eurocode. In addition, comparing Fig. 4.4-1 and 4.4-6, the web
slenderness limit for hybrid sections is even greater than that of homogeneous SBHS500 steel
sections. Besides, as shown in Fig. 4.4-1 and 4.4-6 as well, the general tendency of compact-
noncompact web slenderness limit boundary of composite girder with SBHS500-SM490Y
hybrid steel sections is steeper than that of the girders with SBHS500 homogeneous steel

sections.

Fig. 4.4-7 shows the noncompact-slender limit without considering the initial bending
moment. Comparing to the case of homogeneous sections in Fig. 4.4-3, the Fig.4.4-7 indicates
that the web slenderness limit for the hybrid sections is shown almost vertically with
unchanged a’~0.375. This tendency of the noncompact-slender web slenderness limit for
composite SBHS500 —SM490Y hybrid steel sections is totally different compared to that of

composite SBHS500 homogeneous steel sections, composite SM490Y homogeneous steel
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sections (proposed in Gupta et al., 2006)) and corresponding equations specified in the current

AASHTO and Eurocode.
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Fig. 4.4-7 Noncompact-slender limit of hybrid SBHS500-SM490Y steel section (M,=0)
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Fig. 4.4-8 Noncompact-slender limit of hybrid SBHS500-SM490Y steel section (M,=0.2 M)

In the Fig.4.4-8, 4.4-9 and 4.4-10, results of investigated composite girders with the hybrid

steel section with considering the effect of initial bending moment are plotted along with

equations of noncompact-slender web slenerness limit specified by AASHTO and Eurocode

and the ones proposed in Gupta et al. (2006). As shown in these figures the general slopes of
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noncompact-slender limit curves for composite girders with hybrid steel sections without and
with considering initial bending moment are steeper than those for the composite SBHS500
homogeneous steel sections, proposal of Gupta et al., (2006), AASHTO and Eurocode. The
noncompact-slender web slenderness limit for composite SBHS500-SM490Y hybrid steel

sections is generally slightly lower than that for composite SBHS500 homogenous steel

sections.
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Fig. 4.4-9 Noncompact-slender limit of hybrid SBHS500-SM490Y steel section (M;=0.4 M)
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Fig. 4.4-10 Noncompact-slender limit of hybrid SBHS500-SM490Y steel section (M,=0.6 M,;)
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As reported in Gupta et al. (2006), the initial bending moment affects on noncompact-slender
web slenderness limit of composite SBHS500-SM490Y hybrid steel sections as well. For
M;=0.2My,, the initial bending moment change one simulation girder from noncompact
classification to slender classification for b,/t,, = 200, and one from slender classification to
noncompact classification for b,/,, = 120. This change could be explained that for the girder
with relevant o value around noncompact-slender limit and b,/f, = 200, the decrease of
ultimate bending M, is significant if compared to the decrease of yield moment M, of the
girder section. The change tendency of 2 these quantities makes the normalization (M,/ M,)
become lower than 1. For the girder with web slenderness b,/,, = 120, the opposite tendency
is observed, which is the decrease of ultimate bending M, is insignificant if compared to the
decrease of yield moment M, , then it makes the normalized quantity (M,/ M,) become greater
than 1. For the change of section classification of 2 girders, the noncompact-slender web
slenderness limit boundary of composite SBHS500-SM490Y hybrid steel sections is no
longer vertical as seen in Fig.4.4-7 corresponding to M;=0. However, the tendency of the limit
boundary is still steeper than that of composite SBHS500 homogeneous steel sections,
composite SM490Y homogeneous steel sections, and the limits specified by AASHTO and

Eurocode.

In the case of initial bending moment level M;= 0.2 M, with o’ = 0.429 and M;=0.4M,; with
o’ =~ 0.472, the noncompact-slender limits of SBHS500-SM490Y hybrid sections are similar
to proposal of Gupta et al., 2006 but lower than that of SBHS500 homogeneous section about
15%. For o’ < 0.429 and 0.472 corresponding to the case M;=0.2 and 0.4M respectively, the
noncompact-slender limits for the hybrid sections are similar to those for homogeneous
sections. And for o’ > 0.429 and 0.472, noncompact-slender limits for the hybrid sections are
lower than those for homogeneous sections and about 10% lower than proposal of Gupta et al.
( 2006). The reduction of noncompact-slender limit for the hybrid sections compared to that
of the homogeneous sections is due to the early yielding in flange vicinity zone of the web

plates.

For M; = 0.6M,,, regarding the analysis results shown in Fig.4.4-10 no simulation girder
appears as slender classification. With considering the effect of high level of initial bending
moment (M; = 0.6M,), all 5 girders become noncompact class instead of slender class. As
explained above, the insignificant decrease of ultimate moment M, compared to the decrease

M, might induce the normalized quantity (M,/M,) of these girders to become greater than 1.
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Chapter 4: Web slenderness limits for section classification of composite girders

In practice, hardly any composite girder is designed with compression parameter o’>0.45.

Besides, for initial bending moment M,;>0.4M,, all simulation girders in the current study are

classified as noncompact and for M;=0.2M,;,, almost all of simulation girders are classified as

noncompact section. Thus, in practice almost all of composite girders, including hybrid steel

girder, are designed with compact and noncompact classification for members under positive

bending moment.

4.5. Conclusions

Applying SBHS500 steel to both homogeneous and hybrid sections can extend
significantly the web slenderness limits for section classification

The compact-noncompact web slenderness limit boundary of composite SBHS500
homogeneous steel sections is about 70% greater than that of AASHTO about 50% and
Eurocode. This behavior represents the better performance of SBHS500 steel on flexural
resistance of composite SBHS500 homogeneous steel sections.

Compared to noncompact-slender web slenderness limit of the composite SBHS500
homogeneous steel sections investigated with M;= 0.4M,, the investigation of
corresponding girder with M= 0.2M,, results in the higher noncompact-slender web
slenderness limit. This behavior represents the opposite tendency reported in Gupta et al,
2006. The investigation of the composite SBHS500 homogeneous steel sections with M;=
0.2M,, and shows M ;= 0.4M, the moderately similar noncompact-slender web slenderness
limit.

For high level of the initial bending moment (M;= 0.6M, ), the noncompact-slender web
slenderness limit increases compared to the case of M;= 0.4M,, , which presents the similar
tendency as reported by Gupta et al.,2006 (composite SM490Y homogeneous steel section)
and similar to the relevant equation of noncompact-slender web slenderness limit proposed
in Gupta et al.,2006 but greater than that about 15%.

For all levels of initial bending moment (4,=0; 0.2; 0.4; and 0.6M,, ) the noncompact-
slender web slenderness limit of composite SBHS500 homogeneous steel sections is
significantly greater than that of AASHTO and Eurocode specifications.

Compared to the investigation of the composite SBHS500 homogeneous steel sections, the
compact-noncompact web slenderness limit for composite SBHS500-SM490Y hybrid steel
sections is greater but much steeper boundary slope.

The noncompact-slender limit of composite girder with SBHS500-SM490Y hybrid girders

considering initial bending moment is greater than that of AASHTO and Eurocode but still
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about 15% lower than that of composite SBHS500 homogeneous steel sections. For
M ;=0.2M,, the web slenderness limit of SBHS500-SM490Y hybrid sections is about 15%
and 30% greater than that of AASHTO and Eurocode specifications, respectively. For
M;=0.4 M,,, the noncompact-slender web slenderness limit of SBHS500-SM490Y hybrid
sections is about 25 and 40 % greater than that of AASHTO and Eurocode specifications,
respectively.

* For initial bending moment level M;=0.6M,, in practical range of o’ (<0.45), none of
composite SBHS500-SM490Y hybrid steel sections is judged as slender classification.

= The general slope of limit boundary curve of noncompact-slender web slenderness limit
regarding the composite girders with SBHS500-SM490Y hybrid steel sections is steeper
than that of composite girders with SBHS500 homogeneous steel sections. Applying initial
bending moment level M;=0.2 and 0.4 M, the noncompact-slender web slenderness
regarding the SBHS500-SM490Y steel hybrid sections limit is about 15% lower than that
of the SBHS500 homogeneous steel sections.

= For composite girders with non-compact sections considering initial bending moment, the
proposal hybrid factors are slightly lower than that which obtained from FEM analysis
results and differences are about 5%

= With considering high level of initial bending moment the AASHTO specification of

hybrid factors shows the un-conservativeness.
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5.1.

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Conclusion remarks

In an effort to investigate the capacity of steel-concrete composite girders regarding un-shored

construction method and accounting for SBHS steels, the current study gives conclusions on

probabilistic information of the steel plate LBS, proposal of the standard LBS equation and

partial safety factor, and web slenderness limit for section classification of composite girders.

Steel plate LBS and its probabilistic information

The mean results obtained in current study are similar to the mean (M) curve proposed
in Fukumoto and Itoh (1984), which was based on the experimental data. Compared to
the experimental-based curve the mean results of current study are slightly greater
within the range 0.65<R<0.85 because of current study considers SBHS steel plates and
normalized initial deflection levels w,<1/150.

Compared to the standard deviation obtained from experimental results reported in
Fukumoto and Itoh (1984), the corresponding results of the current study exhibits about
half of that within a range of 0.6<R<1.2 and clearer tendency.

Regarding the LBS, the high strength steel plates represent better performance than
normal steel plates.

In the range of 0.4<R<0.85 the influence on the steel plate LBS of initial deflection is
more sensitive than that of residual stress. However, in the range of R>0.9 the influence
on the steel plate LBS of residual stress is more sensitive than that of initial deflection.
For 0.8<R<1.04 the influence of residual stress on the plate LBS regarding high
strength steels is more sensitive than that regarding normal steels.

For 0.55<R<0.85 the influence of initial deflection on the plate LBS regarding normal
steels is more sensitive than that regarding high strength steels.

In the range of 0.4<R<0.55 under the effect of much smaller plastic strain range of high
strength steels compared to normal steels, the influence of initial deflection on the plate
LBS regarding high strength steels is more sensitive than that regarding normal steels.
Considering high strength steels (SBHS500, SBHS700 and SM570) because of the
different 1*" hardening strain slope, the influence of initial deflection on steel plate LBS

regarding SM570 steel is the most sensitive followed by SBHS500 and SBHS700.
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The difference of normalized residual stress within the range 0.15<5,<0.3 does not
induce the significant difference of steel plate LBS variance with respect to residual
stress variable.

The difference of normalized residual stress within the range 0.15<5,<0.3 does not

induce the significant difference of steel plate LBS variances with respect to variable of

residual stress.

Proposal of partial safety factor

With assumption of normal distribution function applying to probabilistic distribution of
steel plate LBS and the LBS mean values considered as standard strengths, the partial
safety factors obtained are equal to 1.11, 1.13 and 1.16 corresponding to 5%, 3% and
1% fractile, respectively.

Applying the obtained partial safety factors considering the mean results as
characteristic design resistance, the obtained designed LBS values are lower than those
specified by AASHTO in the range of 0.6<R<1.3 and greater than those specified by
JSHB in whole range of R.

The tendency of designed LBS results plotted with respect to corresponding R value in
the current study are much less steep compared to those specified by AASHTO and
JSHB, which are based on result of elastic local buckling theory.

Web slenderness limit for section classification of composite girders

Applying SBHS500 steel to both homogeneous and hybrid sections can extend
significantly the web slenderness limits for section classification

The compact-noncompact web slenderness limit boundary of composite SBHS500
homogeneous steel sections is about 70% greater than that of AASHTO about 50% and
Eurocode. This behavior represents the better performance of SBHS500 steel on flexural
resistance of composite SBHS500 homogeneous steel sections.

Compared to noncompact-slender web slenderness limit of the composite SBHS500
homogeneous steel sections investigated with AM;= 0.4M,, the investigation of
corresponding girder with M;= 0.2M,, results in the higher noncompact-slender web
slenderness limit. This behavior represents the opposite tendency reported in Gupta et al,
2006. The investigation of the composite SBHS500 homogeneous steel sections with M;=
0.2M,; and shows M= 0.4M,, the moderately similar noncompact-slender web slenderness

limit.
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= For high level of the initial bending moment (M,;= 0.6M,, ), the noncompact-slender web
slenderness limit increases compared to the case of M ;= 0.4M,, , which presents the similar
tendency as reported by Gupta et al.,2006 (composite SM490Y homogeneous steel section)
and similar to the relevant equation of noncompact-slender web slenderness limit proposed
in Gupta et al.,2006 but greater than that about 15%.

= For all levels of initial bending moment (M;=0; 0.2; 0.4; and 0.6M,, ) the noncompact-
slender web slenderness limit of composite SBHS500 homogeneous steel sections is
significantly greater than that of AASHTO and Eurocode specifications.

= Compared to the investigation of the composite SBHS500 homogeneous steel sections, the
compact-noncompact web slenderness limit for composite SBHS500-SM490Y hybrid steel
sections is greater but much steeper boundary slope.

= The noncompact-slender limit of composite girder with SBHS500-SM490Y hybrid girders
considering initial bending moment is greater than that of AASHTO and Eurocode but still
about 15% lower than that of composite SBHS500 homogeneous steel sections. For
M;=0.2M,, the web slenderness limit of SBHS500-SM490Y hybrid sections is about 15%
and 30% greater than that of AASHTO and Eurocode specifications, respectively. For
M;=0.4 M,,, the noncompact-slender web slenderness limit of SBHS500-SM490Y hybrid
sections is about 25 and 40 % greater than that of AASHTO and Eurocode specifications,
respectively.

* For initial bending moment level M;=0.6M,, in practical range of o’ (<0.45), none of
composite SBHS500-SM490Y hybrid steel sections is judged as slender classification.

= The general slope of limit boundary curve of noncompact-slender web slenderness limit
regarding the composite girders with SBHS500-SM490Y hybrid steel sections is steeper
than that of composite girders with SBHS500 homogeneous steel sections. Applying initial
bending moment level M;=0.2 and 0.4 M, the noncompact-slender web slenderness
regarding the SBHS500-SM490Y steel hybrid sections limit is about 15% lower than that
of the SBHS500 homogeneous steel sections.

= For composite girders with non-compact sections considering initial bending moment, the
proposal hybrid factors are slightly lower than that which obtained from FEM analysis
results and differences are about 5%

= With considering high level of initial bending moment the AASHTO specification of

hybrid factors shows the un-conservativeness.
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5.2. Contributions of the current study

The current study contribute to code writers the statistical information of the steel plate LBS
in which considering the new steel grades SBHS500 and SBHS700 as the bases to proposed
the improved standard LBS design equation and partial safety factor covering prediction

model and the initial imperfection (initial deflection and residual stress).

The results of the current study represent the better performance of SBHS steels on steel plate
LBS than that of normal steels. In the practical range of 0.6<R<1.2 LBS mean values
regarding SBHS steels are greater than those regarding normal steels, and LBS standard
deviations regarding SBHS steels are lower than those regarding normal steels. With the
same level of normalized residual stress and initial deflection the normalized steel plate LBS
regarding SBHS steels are greater than that regarding normal steels, especially in the range of

0.65<R<0.85.

The Monte Carlo based method with the usage of the response surface can be applied to
statistically investigate a number of engineering problems without consuming time for

preparing input data and FE analysis processing.

The investigation of web slenderness limits for composite section classifications regarding
composite girders which applying SBHS500 steel to both homogeneous and hybrid steel
girders represents that in practice the web plate of steel girder can be designed with higher

slenderness than requirements of current specifications as AASHTO and Eurocode.

The analysis data of the current study can contribute to code writer as the basic to propose the
improved equation of web slenderness limits for section classification of composite girders in
which considering the application of high strength steel grade SBHS500 to both homogeneous
and hybrid steel girders and also the effect of initial bending moment. Besides, the improved
design equation of hybrid factor which consider the effect of initial bending moment can be

proposed based on the analysis data of the current study.

5.3. Recommendations for future research

Beside proposing a partial safety factor which taking into account the varied steel material
properties as the format of value p, using in Eurocode, the influence of varied inelastic
properties; such as yield strength, plastic range, 1*" hardening strain slope; of steel material on

the design steel plate LBS is necessary to be investigated. The current study found out that in
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the range of 0.65<R<0.90 yield strength value has significant effect on normalized LBS of the
steel plates. For R=0.7, W, =1/400 and & =0.23 the difference of &,k (SM400) and
o, (SBHS700) is about 6%. And in the range of R<0.5 the plastic strain and first strain

hardening slope influence on the normalized local buckling strength of the steel plates as well.

The scatterness of normalized residual stress level need to be further investigated. Rasmussen
and Hancock (1982) stated that the normalized residual stress level depends on the width-to-
thickness parameter R value of the plate, decrease as the plate become more slender. Besides,
some recent study (Uy B., 2001) reported that the average normalized compressive residual

stress (o,) of SBHS500 and SBHS700 is lower than 0.1 and maximum normalized tensile

residual stress (o,/o;, explained in Fig.3.4-4) is lower than 0.5. This degree of residual stress
distribution is significantly lower than that of mean value of normalized residual stress which

employed in the current study (&, =0.23). The low level of &, values would lead the

significant increase of LBS values, especially in the range of R>1.

According to opinion of the dissertation’s author, flexural resistance of composite SBHS500-
SM490Y hybrid steel sections is necessary to further study, especially in investigating the
web slenderness limits for section classification. The design flexural capacity equation of
composite hybrid steel girders of noncompact and slender classes regarding improved web
slenderness limits need to be proposed. For application of SBHS500 and SBHS700 steel to
composite hybrid steel girder, the reasonable material strength of concrete slab needs to be

investigated.
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Appendix 1: Response surfaces

APPENDIX 1
RESPONSE SURFACES

Al-1. Case 1 — regarding all 6 steel grades for each R value
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A1-2. Case 2 —regarding each among 6 steel grades for each R value
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Fig. A 1-2.5 Response surface regarding each steel grade for R
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Fig. A 1-2.7 Response surface regarding each steel grade for R=1.04
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Fig. A 1-2.8 Response surface regarding each steel grade for R=1.16
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Fig. A 1-2.9 Response surface regarding each steel grade for R=1.28
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Appendix 1: Response surfaces

Fig. A 1-2.10 Response surface regarding each steel grade for R=1.40

Table A2-1. Coefficients of 60 Response surfaces

R Grade Poo Po1 Po2 Po3 P10 P11 P12 P20 P21 P30
SM400 103 -19.51 2911 -156100  0.0048 -3.98 5823  0.0075 3.39 -0.0117
SM490 105  -23.94 3454 170000  0.0008 -3.08 68.82  0.0149 2.84 -0.0150
SM490Y 107  -3874 5856  -280000  0.0039 2.25 92.85  0.0037 2.10 -0.0027

04 SM580 116 -61.41 7683 322300  0.0112 1,92 -86.11  -0.0235 2.85 0.0106
SBHS500 115 5517 6915  -290600  0.0116 -1.82 7834 -0.0277 2.87 0.0149
SBHS700 112 -30.32 3035  -116100  -0.0002  -0.56 -4.40 0.0007 0.76 -0.0013
SM400 1.00 372 2047 89230  -0.0267 41052 121.90  0.0915 6.225  -0.0620
SM490 1.00 1.61 1268 48560  -0.02364 947  -1249  0.0938 6.833  -0.0686

0.5 SM490Y 1.01 0.59 971 33370  -0.02166 -9.37 3474 0.0963 7.252  -0.0759
SM580 106 -31.15 4445 220000  -0.002993 957  -8315  0.0616 8961  -0.0651
SBHS500 106 -29.84 4407 -220000  0.001552 936  -13480 00526  10.120  -0.0666
SBHS700 1.07 -28.65 3914 -186300  0.007595 -530 28820  0.0131 10.070  -0.0426
SM400 1.01 -1.41 2812 154900  -0.1019 -20.56 831.7 0.256 6.46 0.147
SM490 1.01 2.12 3007 161200  -0.1022 -20.94 620.3 0.293 8.92 0.184

0.6 SM490Y 1.01 1.15 2588 136300  -0.0982 -22.68 641.9 0.312 10.83 0215
SM580 1.01 1.01 2252 117500  -0.0956 -23.75 504.3 0.359 14.25 -0.283
SBHS500 1.01 115 2034 104200  -0.0892 -24.61 398.6 0.378 17.34 0.328
SBHS700 1.03 .75 -331 18900 -0.0508 -24.04 89.1 0.338 24 55 0392
SM400 103 -40.49 4383 246800  -0.2436 -57.39 3751 0.648 2120 -0.407
SM490 104 -40.20 3815  -162600 -0.266 -25.26 1517 0.578 289 0317

0.7 SM490Y 1.04 -37.91 3707  -163000  -0.2634 -29.39 1540 0.635 6.49 -0.381
SM580 103 -29.13 2192 85330  -0.2899 -34.4 1742 0.807 835  -0.550
SBHS500 103 -24.99 1588  -56550  -0.2912 -39.08 1859 0.890 11.71 -0.660
SBHS700 1.03 -17.93 6451 14670 -0.2872 -51.38 2099 1.175 24.95 -1.118
SM400 105  -77.08 10010  -469800 0.517 9.601 985 0747 774 0317
SM490 1.05 73.09 9625  -453800 0549 2.271 1223 0.877 -14.66 -0.408

0.8 SM490Y 1.05 67.49 8520  -394700 -0.586 2.445 1255 0.987 -16.88 0474
SM580 105 6563 8606  -407600 -0.624 -5.952 1782 1197  -17.36  -0.663
SBHS500 1.05 62.26 8111  -384600 0641  -10.520 2059 1.296 -17.85 0.757
SBHS700 1.05 -55.92 7343 -352600 0.665  -24.480 2861 1.586 -18.00 -1.095
SM400 0954  -47.29 3908  -148500 -0.781 57.01 1042 098  -3203  -0.39
SM490 0.959 4379 3609  -139000 -0.863 55.07 -874 118 3245 0518

0.92 SM490Y 0.961 -41.60 3169  -115000 -0.926 59.33 -919 1.34 -37.39 0613
SM580 0965  -47.35 4617 -190300 -0.940 62.37 1119 142 42068  -0.692
SBHS500 0.974 4134 3259 -119300 -1.067 68.13 1104 172 -50.32 -0.898
SBHS700 0985 4215 3514 130800 -1.184 78.96 -1449 207 6585 1189
SM400 0847  -28.96 1732 -55020 -0.658 48.57 -940 0816  -2664  -0.327
SM490 0.848 2567 1477 -47990 0.728 46.52 790 1.003 -26.81 -0.445

104 SM490Y 0849  -24.15 1251 -36980 0.779 48.56 -800 1.141 2977  -0.537
SM580 0853  -23.20 1225 -37270 -0.882 53.03 -847 1468  -37.17  -0.795
SBHS500 0.855 2265 1116 -30670 0.927 56.26 -925 1.617 -41.65 0.927
SBHS700 0.863 2350 1403 -44090 -1.065 65.04 -1203 2.181 -55.19 -1.511

1.16 ~ SM400 0760  -18.89 9484 -29970 -0.493 3437 5715 0599  -1957  -0.236
SM490 0.760 -16.13 7460  -24260 -0.540 32.10 -450.1 0.732 -19.28 0.322
SM490Y 0.773 2833 47770  -402300 -0.685 56.69  -1966.0 1.081 -37.28 -0.542
SM580 0.761 1353 4865  -13490 0.648 35.50 4454 1.077 2617 -0.588
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SBHS500 0.761 -12.44 308.3 -4229 -0.683 3714 4663 1207 2927  -0.706
SBHS700 0763  -11.19 301.3 -5901 0.796 40.41 481.0 1737 -39.01 1273
SM400 0697  -13.04 5282  -16660 0.377 2578  -378.3 0438 1492  -0.166

SM490 0697  -11.27 4568 16120 -0.410 2380 2914 0535 1448  -0.230

128 SM490Y 0697  -10.40 3580  -11560 -0.435 2436 -284.0 0610 1575  -0.282
SM580 0.698 -9.57 3338  -11390 -0.485 2558 2757 0785  -19.09  -0.426
SBHS500 0.698 -8.77 2205 5656 -0.508 2644 2804 0875 2112 -0.508
SBHS700 0.698 7.44 171.5 -4824 -0.586 2796 2694 1258 2762 -0.925

SM400 0.650 -9.55 290.4 -8504 0.297 2127 3148 0317  -11.81 0.112

SM490 0.650 -8.05 230.0 7936 -0.324 1922 2239 0397 1141 -0.164

1,40 SM490Y 0.650 -7.53 195.4 -6643 -0.343 1929 2113 0458  -12.08  -0.208
SM580 0.650 7.02 210.7 -7960 0377 19.74 -196.0 0.584 -14.39 0312
SBHS500 0.650 -6.43 133.3 -4034 -0.393 2019 1926 0650  -15.81 -0.375
SBHS700 0.651 -5.64 142.3 -5409 -0.443 2075 1703 0.906  -20.34 _ -0.655

R Grade Poo Po1 Poz Po3 P10 P11 P12 P20 P21 P30
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Appendix 2: Probabilistic information of LBS

PROBABILISTIC INFORMATION OF LBS

APPENDIX 2

A2-1 Case 1 —regarding all 6 steel grades for each R value
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Appendix 2: Probabilistic information of LBS

A2-2 Case 2 —regarding each steel grade for each R value
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APPENDIX 3

PROPERTIES OF COMPOSITE SECTION

The calculation of yield moment, My and plastic moment, Mp for concrete - steel composite
girders — homogeneous section was carried out in accordance with the AASHTO
specifications. In all of the following figures, the positive (+) and negative (-) sign in stress

diagrams represents the stress distribution of girders in tension and compression, respectively.

A3-1. Yield moment

|

r?i

Fig. A 3-1.1 Composite section elastic stress distribution under positive bending

As mentioned in Chapter 4, yield moment My is calculated with assumption of elastic stress
distribution in the section once either of extreme steel section firber start yielding. In the Fig.
A3-1.1 The depth of elastic neutral axis from bottom, y,g for composite girders under positive

bending (Fig.A3-1.1) is calculated as given below

Ac
ZA-J/- (njyc T Ay Y+ AY+ Ay yy
Y == (A3-1.1)
” A Ac
pc (j + Au/, + Aw + Al/‘
n ’ :

where 4., Ay, Aw and Ajr are the areas and yc, yyy, yw and yir are the centroidal depth of

each component from bottom of the steel girder and 4, is the total area of composite girder.
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S

ratio of the moduli of steel to concrete n: n =

c

where Fs and E; are the Young’s modulus of steel and concrete, respectively.

The moment of inertia of composite girder, I, is

3 3 3 2 2
bctc3 buftufb twbw b[f.t[f. Ac tc t”f
I, = +— +—= +7 y”T_E + A, Y —t. -

12n 12 12 12 2
(A3-1.2)
2 2

b, Ly

+ A, Yty Y + Ay | V,p )

The section modulus, Sy, is given by

I C
Spin =————"——— (A3-1.3)
ypmax (ypT,ypB)

Hence, the moment of resistance of composite girder, My can be determined as following

M =fS

y y~ min
where f, is the yield stress of steel material.

Yield moment of a composite section accounting for initial bending moment

Calculation of initial bending moment M,

€ buf >
' Ow=fy

Y1s

YBs

e~ E—
L %

Fig. A 3-1.2 Steel section elastic stress distribution under positive bending
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From Fig. the depth of the elastic neutral axis from bottom, yg; is calculated as

= (A3-1.4)

y _ zAiyi Auf'yuf' + Awyw + Alfylf
o A Ay + A, +4,

s

where Ayur, Ay and Ay stand for the areas and yur, yw and yir are the centroidal depth of each

member from bottom of the steel girder and A is the total area of steel girder.

The depth of neutral axis from top, yrs is

Vs =Drp =Yg, (A3-1.5)

where Dty is the total depth of the steel section.

The moment of inertia of steel girder, /; is given by

b.t> b3 bt t Y bV
4/ 4/ wow lf lf !f w
I, =—""+ + +4, Vi —— | +4, yTS—tuf——2

12 12 12 2
, (A3-1.6)
t
+ Alf (y Bs %j
The section modulus of steel section, St
1
S, =— (A3-1.7)
yTS
The moment of resistance of steel girder, My is given by
M, =[S, (A3-1.8)

Hence, the initial bending moment, M, applied only on the steel girder is taken as a

percentage of M.
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M, =¢M (A3-1.9)
The yield moment,My considering initial bending moment is defined once first yielding
attaining at either flange of the steel section. Because the cross section behaves elastically
until the first yielding, superposition of moments is valid. Hence, M, is the sum of moment

applied separately on the steel section (M) and the composite section (M;). The section

capacity is reached when the first element has reached its limiting stress.

- _\

"’yp-r
Yrs 0 L0 U > M.V
W TN DD oY
b,, M,
ypB

ty

VBs X + =
L L\

a. Stress state on steel b. Stress state on c. superposition of 2 stress
section only composite section state M, and M,

Fig. A 3-1.3 Flexural stresses at first yield

For composite sections the yield moment depends on the stress history (Fig. A.3) is
determined from

1 2
M_+_M = A3-1.9
AN Sy ( )

1 2

=M, + M, (A3-1.10)

where M; and S are the initial bending moment and section modulus of steel section only.
The additional moment requires yielding at either of the steel flanges is M,. This moment is
due to composite section modulus, ;. The section modulus S; and S, are depended on the
moment causing first yielding in either flange of the steel section. Therefore, moment M, can

be solved from the eq.(A3-1.11) or .(A3-1.12)

M, :(fy —%JSPB (A3-1.11)
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M, :[ . ——]Sﬂ (A3-1.12)

A3-2. Plastic neutral axis and plastic moment capacity of homogeneous and

hybrid section

The general dimensions and plastic forces at ultimate limit state are represented as shown in
Fig. A3-2.1. The idealized rectangular stress distribution has been adopted in calculation
because it simplifies considerably flexural strength calculations. For the ultimate strength
design calculations, it is assumed that the concrete slab is not reinforced in the longitudinal

direction and there is full interaction between concrete slab and steel girder.

i _>| |<—o.85fc

-------- — Py
ql)

w,com

=D

Fig. A 3-2.1 Stress block for a composite homogeneous steel section at the ultimate limit state

For plastic neutral axis lies in the web of the steel girder because

P +P.>P+P A3-2.1
w If c uf

The plastic forces of different components of composite girders are calculated as follows:

The homogeneous steel section

a. Concrete slab: P =0.85f0b.t, (A3-2.2)
b. Compression flange: P, = f,b,1,, (A3-2.3)
c. Web: P, =fb,t, (A3-2.4)
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P,=f,D,t, (A3-2.5)
P,=f,(b,-D,), (A3-2.6)
d. Tension flange: B, = f,byty (A3-2.7)
The hybrid steel section
a. Concrete slab: P =0.85f0b.t, (A3-2.8)
b. Compression flange: P, = f b1, (A3-2.9)
c. Web: P = fywbwtw (A3-2.10)
P, =f,D,t, (A3-2.11)
P,=f,(b,-D,)t, (A3-2.12)
d. Tension flange: Py = f byt (A3-2.13)

where f stands for yield strength of steel of girder flanges and f|,, stands for yield strength

of steel of girder web.

Force equilibrium equation for assumed plastic stress distribution in the homogeneous

composite sections

P+P;+P, ., =Pt b (A3-2.8)

uf w,com w,ten
The distance from top of the web to the plastic neutral axis is given by

_B-P_B,

c uf

) 1 b (A3-2.9)
! 21.t, 2

where D, is the depth of the plastic neutral axis from the top of the web.
The nominal plastic moment capacity of the composite section, M, is calculated next by

taking moment of the compressive and tensile forces about plastic neutral axis
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t tuf Dcp bw_Dcp
M,=P|=+t,+D,  |+F,|—-+D, |+PF +P, .| —
c 2 u) p u 2 p

(A3-2.10)

Results

Table A 3-2.1 Results regarding girders with compact SBHS500 homogeneous steel section

Girder a M, M, M, M,/M, M,/M,
[N.mm] [N.mm] [N.mm]

PS2.8c 0.280 1.253.E+11  1.368E+11 1.425E+11 1.137 1.041
PS2.9a 0.386 1.282.E+11  1.351E+11 1.381E+11 1.077 1.022
PS2.9b 0.223 1.270.E+11  1.404E+11 1.464E+11 1.153 1.043
PS1.8c 0.325 9.810.E+10 1.107E+11 1.128E+11 1.150 1.019
PS2.8a 0.380 1.365.E+11  1.458E+11 1.485E+11 1.088 1.019
PS2.8a-2 0.432 1.453.E+11  1.513E+11 1.528E+11 1.051 1.010
CS2.5a 0.269 1.374.E+11  1.529E+11 1.582E+11 1.151 1.035
PS2.5a 0.435 1.418.E+11  1.495E+11 1.511E+11 1.065 1.010
PS2.5a-2 0.475 1.504.E+11  1.546E+11 1.551E+11 1.031 1.003
C1.2a 0.378 8.543.E+10 9.870E+10  9.870E+10 1.155 1.000

Table A 3-2.2 Results regarding girders with noncompact and slender SBHS500
homogeneous steel section for M;=0

Girder o M, M, M, MJ/M, Mu/M,
[N.mm] [N.mm] [N.mm]

CS1.2h 0.299 8.302.E+10 9.201.E+10  9.159E+10 1.103 0.995
CS1.2h-2 0.315 8.289.E+10 9.106.E+10 9.008E+10 1.087 0.989
CS1.2h-3 0.415 8.805.E+10 9.445.E+10  9.269E+10 1.053 0.981
CS1.2h-4 0.377 8.262.E+10 8.904.E+10  8.794E+10 1.064 0.988
CS1.2h-5 0.330 8.280.E+10  9.040.E+10 8.948E+10 1.081 0.990
CS2.2a 0.461 1.211.E+11 1.215.E+11 1.203E+11 0.994 0.990
CS2.0e 0.439 1.134.E+11  1.146.E+11 1.083E+11 0.955 0.945
C1.5b 0.359 8.658.E+10 9.273.E+10  9.165E+10 1.059 0.988
C1.5b-2 0.377 8.433.E+10 9.131.E+10 9.082E+10 1.077 0.995
C1.5b-3 0.343 8.453.E+10 9.269.E+10 9.268E+10 1.096 1.000
CS1.5¢ 0.442 9.628.E+10 1.002.E+11 9.812E+10 1.019 0.979
Cs1.2d 0.493 8.771.E+10 9.023.E+10  8.616E+10 0.982 0.955
CS1.2d-2 0.453 8.783.E+10 9.103.E+10 8.729E+10 0.994 0.959
CS1.5 0.486 1.123.E+11  1.149.E+11 1.120E+11 0.997 0.975
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CS1.5-2 0.482 1.125.E+11  1.158.E+11 1.132E+11 1.006 0.977
CS1.5-3 0.523 1174 E+11 1.181.E+11 1.140E+11 0.971 0.965
CS1.6a 0.432 1.117.E+11 1.178.E+11 1.169E+11 1.047 0.992
CS1.6a-2 0.422 1.119.E+11  1.191.E+11 1.185E+11 1.059 0.995
CS1.6a-3 0.450 1.132.E+11  1.180.E+11 1.165E+11 1.029 0.988

Table A 3-2.3 Results regarding girders with noncompact and slender SBHS500
homogeneous steel section for M;=0.2 M,

Girder o M, M, M, M,/M, M,/M,
[N.mm] [N.mm] [N.mm]

CS1.2h 0.299 7.833.E+10 9.201.E+10 9.151E+10 1.168 0.995
CS1.2h-2 0.340 7.781.E+10 9.106.E+10 9.028E+10 1.160 0.991
CS1.2h-3 0.414 8.205.E+10 9.445.E+10 9.268E+10 1.130 0.981
CS1.2h-4 0.414 7.676.E+10 8.904.E+10 8.757E+10 1.141 0.983
CS1.2h-5 0.332 7.746.E+10 9.040.E+10 8.952E+10 1.156 0.990
CS2.2a 0.449 1.066.E+11 1.215.E+11 1.202E+11 1.127 0.990
CS2.0e 0.476 1.005.E+11  1.146.E+11 1.134E+11 1.128 0.989
C1.5b 0.361 7.866.E+10 9.273.E+10 9.220E+10 1.172 0.994
C1.5b-2 0.373 7.681.E+10 9.131.E+10 9.069E+10 1.181 0.993
C1.5b-3 0.345 7.749.E+10 9.269.E+10 9.271E+10 1.196 1.000
CS1.5¢ 0.414 8.736.E+10 1.002.E+11 9.885E+10 1.132 0.986
Cs1.2d 0.496 7.997.E+10 9.023.E+10 8.606E+10 1.076 0.954
CS1.2d-2 0.483 8.033.E+10 9.103.E+10 8.720E+10 1.086 0.958
CS1.5 0.479 1.022.E+11  1.149.E+11 1.124E+11 1.099 0.978
CS1.5-2 0.490 1.027.E+11  1.158.E+11 1.132E+11 1.103 0.977
CS1.5-3 0.530 1.065.E+11 1.181.E+11 1.142E+11 1.072 0.967
CS1.6a 0.435 1.024.E+11 1.178.E+11 1.170E+11 1.143 0.993
CS1.6a-2 0.430 1.030.E+11  1.191.E+11 1.186E+11 1.151 0.995
CS1.6a-3 0.460 1.034.E+11  1.180.E+11 1.164E+11 1.126 0.987

Table A 3-2.4 Results regarding girders with noncompact and slender SBHS500
homogeneous steel section for M=0.4 My,

Girder a' M, M, M, Mu/M, Mu/M,
[N.mm] [N.mm] [N.mm]

CS1.2h 0.461 7.364.E+10 9.201.E+10 7.221E+10 0.981 0.785
CS1.2h-2 0.351 7.273.E+10 9.106.E+10 9.040E+10 1.243 0.993
CS1.2h-3 0.400 7.604.E+10 9.445.E+10 9.275E+10 1.220 0.982
CS1.2h-4 0.391 7.089.E+10 8.904.E+10 8.763E+10 1.236 0.984
CS1.2h-5 0.359 7.212.E+10 9.040.E+10 8.946E+10 1.240 0.990
CS2.2a 0.471 9.214.E+10 1.215.E+11 9.071E+10 0.984 0.747
CS2.0e 0.448 8.765.E+10 1.146.E+11 1.137E+11 1.297 0.992
C1.5b 0.392 7.073.E+10 9.273.E+10 9.185E+10 1.299 0.991
C1.5b-2 0.371 6.928.E+10 9.131.E+10 9.095E+10 1.313 0.996
C1.5b-3 0.431 7.045.E+10 9.269.E+10 9.272E+10 1.316 1.000
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CS1.5¢ 0.498 7.844.E+10 1.002.E+11 9.840E+10 1.254 0.982
CS1.2d 0.482 7.223.E+10 9.023.E+10 8.633E+10 1.195 0.957
CS1.2d-2 0.505 7.283.E+10 9.103.E+10 8.739E+10 1.200 0.960
CS1.5 0.490 9.215.E+10  1.149.E+11 1.121E+11 1.217 0.976
CS1.5-2 0.530 9.283.E+10 1.158.E+11 1.134E+11 1.222 0.979
CS1.5-3 0.442 9.569.E+10 1.181.E+11 1.142E+11 1.193 0.967
CS1.6a 0.431 9.315.E+10 1.178.E+11 1171E+11 1.257 0.994
CS1.6a-2 0.460 9.416.E+10 1.191.E+11 1.187E+11 1.261 0.996
CS1.6a-3 0.392 9.355.E+10 1.180.E+11 1.166E+11 1.246 0.989

Table A 3-2.5 Results regarding girders with noncompact and slender SBHS500
homogeneous steel section for M=0.6 My

Girder o M, M, M, M./M, Mu/M,
[N.mm] [N.mm] [N.mm]

CS1.2h 0.540 6.895.E+10 9.201.E+10 5.165E+10 0.749 0.561
CS1.2h-2 0.366 6.765.E+10 9.106.E+10 9.037E+10 1.336 0.992
CS1.2h-3 0.447 7.004.E+10 9.445.E+10 9.289E+10 1.326 0.984
CS1.2h-4 0.427 6.503.E+10 8.904.E+10 8.770E+10 1.349 0.985
CS1.2h-5 0.517 6.678.E+10 9.040.E+10 6.572E+10 0.984 0.727
CS2.2a 0492 7.767.E+10 1.215.E+11 1.206E+11 1.553 0.993
CS2.0e 0.484 7.475.E+10 1.146.E+11 1.135E+11 1.518 0.990
C1.5b 0.424 6.280.E+10 9.273.E+10 9.173E+10 1.461 0.989
C1.5b-2 0.394 6.175.E+10 9.131.E+10 9.085E+10 1.471 0.995
C1.5b-3 0.480 6.341.E+10 9.269.E+10 9.272E+10 1.462 1.000
CS1.5¢ 0.548 6.952.E+10 1.002.E+11 9.832E+10 1.414 0.981
cs1.2d 0.528 6.449.E+10 9.023.E+10 8.621E+10 1.337 0.955
CS1.2d-2 0.424 6.532.E+10 9.103.E+10 8.715E+10 1.334 0.957
CS1.5 0.498 8.205.E+10 1.149.E+11 1.119E+11 1.364 0.974
CS1.5-2 0.485 8.300.E+10 1.158.E+11 1.132E+11 1.364 0.977
CS1.5-3 0.522 8483.E+10 1.181.E+11 1.142E+11 1.346 0.967
CS1.6a 0.441 8.389.E+10 1.178.E+11 1.171E+11 1.396 0.994
CS1.6a-2 0.424 8530.E+10 1.191.E+11 1.188E+11 1.393 0.997
CS1.6a-3 0.460 8.372.E+10 1.180.E+11 1.166E+11 1.393 0.989
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Table A 3-2.6 Results of hybrid factor obtained from FEM analysis and proposal of the
current study for M=0.0 My

Girder ID bw/tw My Myfrem Rnrem Brem Rhprop. Bprop.
[N.mm] [N.mm]
PS2.9a2hy 200 -1.54E+11 -1.53E+11 0.993 0.522 0.986 0.633
PS2.8c1hy 200 -1.21E+11 -1.19E+11 0.980 0.887 0.982 0.938
PS2.9a1hy 200 -1.01E+11 -9.96E+10 0.988 1.260 0.978 1.278
CS2.5a1hy 200 -1.43E+11 -1.42E+11 0.992 0.492 0.985 0.634
CS2.5a2hy 160 -1.17E+11 -1.50E+11 1.278 1.223 0.977 1.280
PS2.9a3hy 160 -1.64E+11 -1.62E+11 0.987 0.555 0.984 0.707
PS2.9a4hy 160 -1.51E+11 -1.50E+11 0.996 0.720 0.982 0.846
cs25a3 120 -1.38E+11 -1.36E+11 0.987 1.201 0.974 1.310
ps29a5 120 -1.66E+11 -1.64E+11 0.989 0.788 0.979 0.976

Table A 3-2.7 Results of hybrid factor obtained from FEM analysis and proposal of the
current study for M=0.2 My

Girder ID bw/tw My MyfFEM RhFEM BFEM throp. Bprop.
[N.mm] [N.mm]
PS2.9a2hy 200 -1.54E+11 -1.54E+11 1.001 0.510 1.001 0.573
PS2.8c1hy 200 -1.21E+11 -1.19E+11 0.976 0.826 0.976 0.840
PS2.9a1hy 200 -1.01E+11 -9.86E+10 0.978 1.146 0.978 1.132
CS2.5a1hy 200 -1.43E+11 -1.42E+11 0.993 0.492 0.993 0.580
CS2.5a2hy 160 -1.17E+11 -1.16E+11 0.986 1.154 0.986 1.153
PS2.9a3hy 160 -1.64E+11 -1.63E+11 0.989 0.544 0.989 0.646
PS2.9a4hy 160 -1.51E+11 -1.51E+11 1.002 0.707 1.002 0.768
cs25a3 120 -1.38E+11  -1.37E+11 0.992 1.170 0.992 1.197
ps29ab5 120 -1.66E+11 -1.64E+11 0.987 0.790 0.987 0.895

Table A 3-2.8 Results of hybrid factor obtained from FEM analysis and proposal of the
current study for M,=0.4 M,

Girder ID bm/tw My MyfFEM RhFEM BFEM throp. Bprop.
[N.mm] [N.mm]
PS2.9a2hy 200 -1.54E+11  -1.53E+11 0.991 0.491 0.956 0.496
PS2.8cthy 200 -1.21E+11 -1.16E+11 0.959 0.758 0.945 0.737
PS2.9a1hy 200 -1.01E+11 -9.67E+10 0.959 1.065 0.935 0.974
CS2.5a1hy 200 -1.43E+11  -1.42E+11 0.993 0.488 0.956 0.540
CS2.5a2hy 160 -1.17E+11 -1.16E+11 0.987 1.084 0.935 1.075
PS2.9a3hy 160 -1.64E+11 -1.64E+11 0.999 0.549 0.952 0.560
PS2.9a4hy 160 -1.51E+11 -1.51E+11 1.003 0.676 0.947 0.664
cs25a3 120 -1.38E+11 -1.37E+11 0.996 1.093 0.932 1.120
ps29ab5 120 -1.66E+11 -1.66E+11 1.003 0.762 0.941 0.778
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Table A 3-2.9 Results of hybrid factor obtained from FEM analysis and proposal of the
current study for M1=0.9 My

Girder ID bw/tw My Mytrem Rhrem Brem Rhprop. Bprop.
[N.mm] [N.mm]
PS2.9a2hy 200 -1.54E+11 -1.51E+11 0.978 0.453 0.940 0.464
PS2.8c1hy 200 -1.21E+11 -1.16E+11 0.956 0.701 0.926 0.685
PS2.9a1hy 200 -1.01E+11 -9.43E+10 0.936 0.942 0.912 0.905
CS2.5a1hy 200 -1.43E+11 -1.42E+11 0.995 0.446 0.941 0.495
CS2.5a2hy 160 -1.17E+11 -1.10E+11 0.940 0.995 0.913 0.994
PS2.9a3hy 160 -1.64E+11 -1.63E+11 0.991 0.509 0.935 0.520
PS2.9a4hy 160 -1.51E+11 -1.47E+11 0.978 0.620 0.929 0.623
cs25a3 120 -1.38E+11 -1.32E+11 0.957 1.023 0.910 1.043
ps29a5 120 -1.66E+11 -1.62E+11 0.980 0.721 0.921 0.728
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Table A 3-2.10 Results regarding girders with noncompact and slender SBHS500-SM490Y

hybrid steel section for M=0.0 My,

Girder o Rn My Mu Mu/(My*Rp) Clas.
[N.mm] [N.mm]

PS2.8c1hy 0.300 0.982 1.25E+11 1.28E+11 1.043 Non-comp.
PS2.9a1hy 0.250 0.978 1.04E+11 1.08E+11 1.059 Non-comp.
PS2.9a2hy 0.350 0.986 1.63E+11 1.66E+11 1.035 Non-comp.
PS2.9b1hy 0.399 0.987 1.82E+11 1.54E+11 0.861 Slender
CS2.5a1hy 0.375 0.985 1.56E+11 1.57E+11 1.018 Non-comp.
CS1.5c1hy 0.450 0.979 1.41E+11 1.06E+11 0.769 Slender
CS2.5azhy 0.299 0.977 1.22E+11 1.32E+11 1.106 Non-comp.
PS2.8c2hy 0.400 0.985 1.89E+11 1.55E+11 0.832 Slender
PS2.9a3hy 0.375 0.984 1.80E+11 1.79E+11 1.014 Non-comp.
PS2.9a4hy 0.350 0.982 1.60E+11 1.60E+11 1.017 Non-comp.
CS1.5c2hy 0.450 0.974 1.46E+11 1.16E+11 0.811 Slender
CS1.6athy 0.499 0.980 1.89E+11 1.22E+11 0.658 Slender
CS2.5a3hy 0.350 0.974 1.46E+11 1.46E+11 1.030 Non-comp.
PS2.8c3hy 0.400 0.980 1.92E+11 1.64E+11 0.872 Slender
PS2.9a5hy 0.375 0.979 1.78E+11 1.67E+11 0.955 Slender

Table A 3-2.11

Results regarding girders with noncompact and slender SBHS500-SM490Y

hybrid steel section for M=0.2 My,

Girder o Rn My Mu Mu/(My*Rp) Clas.
[N.mm] [N.mm]

PS2.8c1hy 0.373 0.964 1.22E+11 1.27E+11 1.075 Non-comp.
PS2.9a1hy 0.336 0.957 1.01E+11 1.06E+11 1.095 Non-comp.
PS2.9a2hy 0.412 0.971 1.60E+11 1.59E+11 1.019 Non-comp.
PS2.9b1hy 0.450 0.974 1.79E+11 1.41E+11 0.809 Slender
CS2.5a1hy 0.428 0.971 1.53E+11 1.42E+11 0.954 Slender
CS1.5¢c1hy 0.478 0.964 1.38E+11 1.07E+11 0.801 Slender
CS2.5azhy 0.369 0.956 1.20E+11 1.25E+11 1.093 Non-comp.
PS2.8c2hy 0.448 0.970 1.86E+11 1.56E+11 0.866 Slender
PS2.9a3hy 0.429 0.968 1.76E+11 1.72E+11 1.006 Non-comp.
PS2.9a4hy 0.410 0.965 1.57E+11 1.57E+11 1.036 Non-comp.
CS1.5c2hy 0.476 0.957 1.43E+11 1.28E+11 0.932 Slender
CS1.6a1hy 0.521 0.967 1.71E+11 1.35E+11 0.818 Slender
CS2.5a3hy 0.406 0.954 1.42E+11 1.46E+11 1.076 Non-comp.
PS2.8c3hy 0.446 0.963 1.88E+11 1.86E+11 1.027 Non-comp.
PS2.9a5hy 0.427 0.960 1.74E+11 1.75E+11 1.045 Non-comp.
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Table A 3-2.12 Results regarding girders with noncompact and slender SBHS500-SM490Y
hybrid steel section for M=0.4 My,

Girder o Rn My Mu Mu/(My*Rp) Clas.
[N.mm] [N.mm]

PS2.8c1hy 0.427 0.945 1.20E+11 1.27E+11 1.118 Non-comp.
PS2.9a1hy 0.396 0.935 9.87E+10 1.17E+11 1.263 Non-comp.
PS2.9a2hy 0.459 0.956 1.58E+11 1.59E+11 1.054 Non-comp.
PS2.9b1hy 0.494 0.960 1.76E+11 1.42E+11 0.840 Slender
CS2.5a1hy 0.471 0.956 1.51E+11 1.43E+11 0.989 Slender
CS1.5c1hy 0.510 0.949 1.30E+11 1.08E+11 0.876 Slender
CS2.5azhy 0.418 0.935 1.17E+11 1.39E+11 1.272 Non-comp.
PS2.8c2hy 0.488 0.954 1.83E+11 1.57E+11 0.900 Slender
PS2.9a3hy 0.472 0.952 1.73E+11 1.69E+11 1.028 Non-comp.
PS2.9a4hy 0.457 0.947 1.54E+11 1.57E+11 1.078 Non-comp.
CS1.5c2hy 0.505 0.940 1.37E+11 1.31E+11 1.018 Non-comp.
CS1.6athy 0.553 0.953 1.47E+11 1.25E+11 0.894 Slender
CS2.5a3hy 0.449 0.932 1.39E+11 1.47E+11 1.138 Non-comp.
PS2.8c3hy 0.485 0.945 1.84E+11 1.78E+11 1.023 Non-comp.
PS2.9a5hy 0.469 0.941 1.71E+11 1.67E+11 1.043 Non-comp.

Table A 3-2.13 Results regarding girders with noncompact and slender SBHS500-SM490Y
hybrid steel section for M=0.6 My

Girder o Rn My Mu Mu/(My*Rp) Clas.
[N.mm] [N.mm]

PS2.8c1hy 0.472 0.926 1.17E+11 1.18E+11 1.082 Non-comp.
PS2.9a1hy 0.447 0.912 9.61E+10 9.78E+10 1.116 Non-comp.
PS2.9a2hy 0.499 0.940 1.556E+11 1.59E+11 1.089 Non-comp.
PS2.9b1hy 0.556 0.946 1.37E+11 1.41E+11 1.090 Non-comp.
CS2.5a1hy 0.515 0.941 1.39E+11 1.41E+11 1.076 Non-comp.
CS1.5¢c1hy 0.550 0.932 1.07E+11 1.18E+11 1.173 Non-comp.
CS2.5azhy 0.460 0.913 1.14E+11 1.07E+11 1.028 Non-comp.
PS2.8c2hy 0.540 0.938 1.52E+11 1.59E+11 1.115 Non-comp.
PS2.9a3hy 0.516 0.935 1.58E+11 1.51E+11 1.019 Non-comp.
PS2.9a4hy 0.496 0.929 1.50E+11 1.41E+11 1.008 Non-comp.
CS1.5c2hy 0.542 0.922 1.15E+11 1.06E+11 1.007 Non-comp.
CS1.6a1hy 0.590 0.938 1.22E+11 1.25E+11 1.085 Non-comp.
CS2.5a3hy 0.486 0.910 1.35E+11 1.56E+11 1.265 Non-comp.
PS2.8c3hy 0.531 0.927 1.57E+11 1.63E+11 1.118 Non-comp.
PS2.9a5hy 0.510 0.921 1.60E+11 1.56E+11 1.063 Non-comp.

144



