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1 INTRODUCTION TO STROBE

1.1 Background

Steel structures maintain a dominant presence in the construction industry as a result of
continuous advances in material properties, production methods and innovative design
and construction techniques. Modern production techniques, such as thermomechanical
rolling, and quenching and tempering, now enable the economic production of steels with
yield strengths between 500 and 700 MPa and the weldability, fracture toughness and
ductility required for structural applications.

The use of high strength steels (HSS) can lead to significant reduction in the weight of a
steel structure (see, for example, the case studies in the recently completed RFCS
projects RUOSTEM and HILONGI?!) as well as enabling more streamlined and elegant
structures. A lighter structure requires smaller foundations and shorter transportation and
construction times. It also results in lower CO; emissions and energy use (both directly
because less materials are used and also indirectly due to lower transportation costs).

The global HSS market was valued at USD 14.27 billion in 2015, and is projected to
reach USD 21.17 billion by 2021B! at a compound annual growth rate of 8.2% from 2016
to 2021. The increasing applicability of HSS across varied end-use industries,
technological advancements, and the growing demand of HSS in the Asia-Pacific region
are driving the HSS market. Across the automotive, packaging and construction sections,
HSS have led to a 25 to 40% weight reduction over the past three decades, with
corresponding decreases in emissions and energy usel*l. There is a clear but gradual
worldwide trend towards the greater use of higher strength steels in structures,
particularly in large structures for heavily loaded sections. HSS grade S460, S500, S550
and, increasingly, S690 are used for columns in high rise buildings, particularly in Japan
where structures are required to resist large seismic loads. In order to utilise the high
strength, the columns tend to be relatively stocky steel I-sections or hollow sections.
Alternatively, they may be filled with, or encased in, concrete to suppress buckling.
Examples include the Shanghai World Financial Centre, Sony Centre (Berlin),
Yokohama Landmark Tower (Japan) and the Freedom Tower (New York). HSS are also
used in buildings for lateral stability systems, transfer beams and bracing.

In bridges, HSS are used for the tension zones of long spans and for truss bridges, where
self-weight is the dominant load condition. In the US and Sweden, hybrid bridge girders
have been constructed. HSS have been widely used for the tension chord and tension
bracing members in long span roof trusses, for example the retractable roof truss at the
Reliant Stadium, Houston and the Airbus Hangar in Frankfurt Airport. The Friends Arena
in Stockholm used four grades of HSS (S460, S550, S690 and S960) in various structural
forms in the roof trusses which led to a 13% reduction in the weight of steel®!.

Despite the advantages of HSS, the use of steels S460 and above in structures remains
rather low (around 5%) and there is great potential for wider use in building structures in
Europel®’l. A better understanding of how to maximise the benefit of the high strength
will help designers make informed decisions on material selection and related benefits
at the conceptual stage of a project, hence overcoming their reluctance to use a material
they are not familiar with and which is less widely available. The HILONG workshop held
in June 2015 was very well attended by designers who had little knowledge and
experience with HSS but were keen to learn more about how to use it to increase the
cost-effectiveness of future designs.
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EN 1993-1-181 gives structural design guidance for material strengths up to and including
460 MPa, whilst EN 1993-1-12F! provides additional rules for extension of Eurocode 3 to
S700 material, but with a number of restrictions. One of the reasons for these special
rules, and for the upper strength limit of S700, is because there were insufficient test
data on HSS structural elements to justify less conservative rules. Furthermore,
improvements over the last 20 years or so in steel production mean that HSS now have
better toughness and ductility compared to older steels, and so it is also possible that
some of the special rules may no longer be required.

The use of HSS potentially leads to decreased member sizes which are more prone to
instabilities (local and global buckling). Another important aspect of design that becomes
dominant with increasing strength is serviceability, which relates to both deflections and
vibrations under service load. Reduced material ductility with increasing strength also
creates limitations, and the current rules regarding ductility in EN 1993-1-12 significantly
underestimate the actual ductility capacity in HSS structures.

In the light of increased interest in the use of HSS, coupled with conservative European
design rules, the proposed work within STROBE will investigate ways in which the
benefits of using HSS in structures can be maximised by exploiting the actual limits of
HSS in terms of ductility, plasticity and stability. Accompanying issues in terms of
dynamics will be tackled and the sustainability of the developed solutions shown.

1.2  Scope and objectives

This project will study the structural response of HSS from S460 to S700, considering
both hot rolled and fabricated | shaped sections (homogeneous and hybrid). Focus is on
basic issues allowing for usage of HSS with lower ductility values, exploiting plastic
capacity, leading to more slender and highly utilized profiles. The scientific work builds
strongly on the successfully completed RFCS projects RUOSTE and HILONG. The
related issue of dynamic response will also be tackled. The benefits will be quantified by
design comparisons and life cycle assessments. The project focuses on building
structures, both single and multi-storey. However, the results will have generic
applicability to a far wider range of structures. Specialist topics related to fatigue and
seismic loading are outside the scope of this project.

The key technical themes covered within STROBE are:

e Ductility and toughness requirements for HSS material,

e Design of hybrid plate girders,

¢ Plastic design of HSS (homogeneous and hybrid) beams and frames,

e Stability of HSS columns (homogeneous and hybrid), beams and beam-columns,

¢ Dynamic response of HSS (homogeneous and hybrid) floor systems

¢ Weight, carbon and cost savings made possible with HSS systems.

1.3 Overview

The work plan includes the following packages:
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STROBE D7.1 Comprehensive Project Overview

WP1 Ductility and toughness requirements for HSS

A database of standardized flow curves will be developed for use in subsequent WPs to
guarantee lower bound structural responses in numerical simulations. Ductility and upper
shelf toughness material requirements will be derived. Experimental data from RUOSTE
will be used as a starting point.

WP2 Plastic design with HSS

The ultimate rotational capacity of HSS (homogeneous and hybrid) beams and
indeterminate frames will be assessed. The results will enable cross-section
classification limits to be evaluated and the potential for plastic design, which is currently
not permitted for HSS, to be considered. The outcomes of the work will be applicable to
other generic structural systems (continuous beams etc.). Experimental data will be used
from RUOSTE and HILONG, while new experiments will extend the range of parameters
studied.

WP3 Stability design with HSS

The stability behaviour of columns, beams and beam-columns will be studied (S460,
S500 and S690), extending to hybrid (HSS and S355 steel grades) members through a
programme of tests and numerical analyses. Design rules will be developed on a
statistical assessment.

WP4 Optimisation and dynamics of HSS floor systems

The current perception of increased sensitivity to dynamic excitation in HSS beams will
be assessed. Firstly a standalone simple tool for optimised design of HSS plate girders
(homogeneous and hybrid) will be developed. The calculation engine for this tool will
then be used to develop a floor vibration analysis tool to allow the dynamic performance
of a HSS floor system to be determined. The work will aim to prove that objective
standards for acceptable vibration performance can be achieved with HSS floor systems
with either minimal or no changes to the optimum weight design.

WP5 Comparative design studies with life cycle assessment

Comparisons between HSS and S355 solutions in terms of saving weight, costs and
reducing carbon and energy emissions will be performed in a series of design studies
(portal frame, continuous flooring system, long span floor system) to demonstrate the
sustainability credentials of HSS. The designs will take into account the design
recommendations made in WPs 1 to 4.

WP6 Exploitation of results

Proposed amendments to Eurocode 3, with comprehensive supporting information, will
be prepared, alongside design examples of structural components. A seminar, with
formal presentations by researchers and practitioners will be held.

The work plan is summarised in Figure 1.1:
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Figure 1.1 Overview of STROBE

1.4 Deliverables

The key deliverables include:

Reports of tests and numerical analyses,
Series of comparative designs quantifying weight, cost, carbon and energy savings,

Proposed amendments to clauses in Eurocode 3 and other design recommendations
(for design aspects outside the scope of Eurocode 3),

Design examples,
A web tool for designing plate girders (homogeneous and hybrid),
A floor vibration analysis tool for assessing dynamic performance,

A seminar.

Designers, contractors and building owners will be interested in the design
recommendations, the design examples and the comparative designs. They will also
benefit from attending the Seminar. Researchers and members of the Eurocode 3
Working Groups (and other code writers around the world) will find the reports on tests
and numerical analyses and proposed amendments to Eurocode 3 valuable.
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2 DUCTILITY AND TOUGHNESS
REQUIREMENTS FOR HSS MATERIAL

2.1 Background

The Ultimate Limit State (ULS) design of Eurocode 3 is based on engineering models,
referred to as resistance models, which are either related to the yield strength f; or to
the tensile strength f,,. These models require a certain material ductility to enable the
distribution of stresses to develop full plastic capacity and overcome notch effects.
EN 1993-1-1 and EN 1993-1-12 assume the material will have these abilities if the
requirements summarized in Table 2.1 are fulfilled. They concern the tensile strength to
yield ratio f,/fy, the elongation at fracture A and the elongation at the ultimate load ¢,
(known as the uniform elongation).

Table 2.1 Ductility requirements in Eurocode 3

S235 - S460 S500 - S700

(EN 1993-1-1) (EN 1993-1-12)
Yield strength ratio f,/f, =1.10 =>1.05
Elongation at failure A =215 % =210 %
Uniform elongation ¢, 215 f,/IE 215 f,/IE

However, these values were derived from simple coupon tests which do not reflect the
realistic stress strain state of other geometries. Figure 2.1 illustrates the stress strain
distribution in a standardized round bar coupon test (left) and in a plate with a hole (right).
In the latter case, it can be observed that the stress distribution is no longer constant
across the specimen, and a 3D stress strain state has to be taken into account for the
derivation of ductility requirements. It can therefore be concluded that there is no
scientific justification for the applicability of the Eurocode 3 ductility requirements to
practical structural details.

[ 1]
-
() i

Figure 2.1  Stress distribution in a round bar (left) and in plate material with hole (right)

The ductility of steel generally reduces as the strength increases, and so the requirement
for uniform elongation (g, 2 15 f,/E) becomes increasingly difficult to achieve for high
strength steels, as shown in Figure 2.2. However, RUOSTE and the German national
project BESTAI' showed that steel grades S355 up to S960 can reach the full net-
section resistance F, = R, A,e: €ven if their strain capacity in a coupon test is lower than
that required by EN 1993-1-12. Therefore, a revision of these Eurocode 3 ductility
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requirements is justifiable and would certainly lead to greater opportunities for high
strength steel grades.
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Figure 2.2  Uniform elongation and dependency on yield strength®

2.2 Toughness properties

Ductility requirements are closely related to upper shelf toughness properties, although
this is not directly visible in Eurocode 3. The failure mode of a structural member under
tension can be attributed to either plastic instability (necking effects), the occurrence of
cracks or a combination of both phenomena. Since the toughness corresponds to the
crack resistance of the material, there is a link between the resistance of a member and
the available toughness characteristics. To prevent brittle failure at low temperatures,
fracture mechanics approaches are widely used. This is also the basis of the rules
incorporated in EN 1993-1-100""Twhich considers requirements regarding the ‘lower shelf
region’ of the toughness-temperature relationship (Figure 2.3).

>
>

lower shelf | transition| upper shelf
region region region

Material toughness

EN 13445

brittle behavior:
toughness

criterion available,l
e.g. EN 1993-1-10t

@ | ®

@

ductile behavior:
toughness criterion needed tc

meet demands of design

>

>

Temperature

Figure 2.3  Toughness versus temperature behaviour(*?
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At the Ultimate Limit State, EN 1993-1-1 and EN 1993-1-12 assume a ductile failure
mode, i.e. ‘upper shelf region’ behaviour. There are no specific requirements given in
terms of absorbed energy related to the upper shelf toughness (e.g. KVy;5 values) in order
to secure a defined ductile failure, although they are indirectly included in some of the
Eurocode 3 design checks, for example the net section check of a plate in tension.
However, these rules were mainly based on tests on ‘obsolescent’ structural steels
carried out many years ago. Over the last 30 years, there have been major improvements
in steel production processes, especially with regard to cleanliness of the steel. Modern
high-strength low-alloyed (HSLA) steels ensure significantly higher toughness properties
superior to older steels.

The lack of explicit upper shelf toughness criteria is an important omission because small
initial notches/damage can be tolerated in a material with sufficient toughness. Directly
defining upper shelf criteria (KVy;5) would enable the specification of less onerous ductility
requirements which would enable more steels to fall within the Eurocode requirements
and reduce some of the conservatism in EN 1993-1-12 (e.g. the 0.9 factor in the Apet
calculation). In the proposed work, upper shelf toughness criteria will be derived by
numerical simulations using a toughness related damage mechanics model,
implemented in ABAQUS.

2.3 Damage mechanics approach

A damage mechanics approach has advantages compared to a fracture mechanics
approach because it is not necessary to define initial crack sizes: the material damage
is represented by additional parameters implemented in the material model, which
provide a blurred damage in the material model. With this, the changing failure modes of
ductile failure (plastic instability) to material failure (cracking and degradation) can be
modelled. Several damage mechanics models are available nowadays, which include a
choice of loading (monotonic, cyclic), fracture behaviour (cleavage, ductile), techniques
for implementing damage (coupled, uncoupled) and underlying philosophy
(micromechanical based, phenomenological) 131,

In the PLASTOTOUGH RFCS project!', an approximate procedure for the application
of damage mechanics was developed to investigate the plastic resistance of a
component influenced by a potential material failure due to insufficient toughness
characteristics. The damage mechanics material modelling undertaken was based on
the damage curve concept proposed by Johnson & Cook!'5:'6 but only few material data
and possible stress states were taken into account. Material modelling capabilities,
particularly simulation of degradation and fracture, have tremendously improved over
recent years and allow the restrictions faced in PLASTOTOUGH to be overcome. In
RUOSTE, similar damage mechanics simulations of net section resistance in plates
containing specimens with holes under tension made of S700 and S960 showed very
good agreement with the experiments conducted. More sophisticated studies based on
the modified Bai & Wierzbickil'”'8 9 approach within the framework of the BESTA project
confirmed the aforementioned suitability of damage mechanics to consider material
failure in numerical simulations, as illustrated in Figure 2.4. The extensive investigations
on steel grades S355 to S960 using wide plate tension tests proved the applicability for
a broad strength spectrum and the prediction of crack development for specimens with
holes, as well as for the more difficult scenario of specimens with sharp notches.

STROBE D7.1 7
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Figure 2.4  Comparison of experimental and numerical results in wide plate tension
tests[to

2.4 Normalised flow curves

The previously described investigations were mainly based on actual material
characteristics. With regard to toughness and ductility requirements, further analysis
considering artificial ‘lower bound’ model parameters correlated to nominal material
characteristics are necessary. These model parameters consist of a flow-curve (true
stress-strain curve g, (¢,,)) to describe the strength properties and several damage
parameters to incorporate toughness dependent material failure.

Artificial flow-curves can be derived by applying the Considére-criterion to the Hollomon
or Ludwik stress-strain equations!??l. The criterion links the plastic instability (i.e. necking)
with the true stress-strain characteristics. Necking begins when the increase in stress
due to the decrease in the cross-sectional area is greater than the increase in load
carrying capacity of the specimen due to work hardening, i.e. when d o, /d&, = o,. This
is illustrated in Figure 2.5.

This criterion is a mechanical relationship and its usage may lead to Ludwik equation
constants dependent on the EN 1993-1-1 and EN 1993-1-12 ductility requirements
(Table 2.1). The resulting parameters and flow curves are shown in Table 2.2 and
Figure 2.6. It reveals that the stress-strain curves are quite different compared to the
actual ones, especially with regard to low strength steel grades in which the hardening
behaviour and uniform elongation are significantly underestimated. The question arises
as to why the uniform elongation of high strength steels must be larger than that for
conventional strength steels and in which way this material characteristic influences the
ductile behaviour of a component. So far, there is not enough information available to
answer this important question and so investigations focused on this issue are
necessary.
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Figure 2.5  Reduction of uniform elongation with increasing strength according to
Considére and verification by means of FE-simulations?!]

Table 2.2 Ludwik-constants for nominal flow-curves based on Eurocode 3

Steel grade fulfy €y gy k n
(N/mm?)

S235 1.10 1.68 235 53.26 0.158

S355 1.10 2.54 355 103.4 0.223

S460 1.10 3.29 460 160.0 0.273

S550 1.05 3.93 550 2284 0.464

S690 1.05 4.93 690 350.0 0.524
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Figure 2.6 Nominal flow-curves based on Eurocode 3 ductility requirements

2.5 Damage parameters

In addition to the flow curve, damage parameters for each steel grade have to be defined
to model the toughness properties. These parameters are usually determined from tests
on small scale samples with varied geometry, or directly from large scale tests. They
represent the actual material characteristics. To establish toughness based assessment
rules, the derivation of artificial damage parameters related to a certain toughness value
is crucial. Work by Eichlerl'?and in the MATCH RFCS project??led to initial attempts to
develop damage curves and damage loci according to the Johnson & Cook and Bai &
Wierzbicki damage mechanics models. Eichler correlated the required parameters for a
damage curve with actual strength and toughness properties based on a self-compiled
database (Figure 2.7). Via a statistical evaluation, so called ‘lower bound damage curves’
dependent on the yield strength Ry, the ultimate tensile strength R,,, and the upper shelf
toughness KVys were defined. This enables damage curves for arbitrary material
characteristics to be established.
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Figure 2.7  Correlation of damage curve parameters to actual strength and toughness
properties of several investigated materials!!?

Within MATCH, artificial damage loci were derived from numerical simulations of Charpy-
V-Notch tests. Starting from calibrated input variables of a real material with a certain
toughness value, the model parameter was adjusted until a target nominal toughness
value was obtained. The results for seven toughness levels for S355 steel are shown in
Figure 2.8. Due to the nature of this method, an individual calculation for each strength
and toughness level is necessary which makes it more complex than the approach
adopted by Eichler.
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Figure 2.8  Simulated force-displacement curves of Charpy-V-Notch tests and
corresponding nominal damage loci for S355/22

Both methods offer a useful procedure to derive artificial damage parameters related to
nominal toughness properties. Nevertheless, they do not consider the general mesh-size
dependency of locally defined damage mechanics models and further research is
needed to solve this issue.

A damage mechanics model which is able to accurately consider ductile material failure
in numerical simulations would enable ULS behaviour of arbitrary components to be
investigated. Taking into account model parameters for artificial strength and toughness
properties, mechanically justified ductility requirements could be established based on
comprehensive parametric studies. These requirements could remove the unnecessarily
restrictive ductility requirements for HSS and therefore lead to greater economic design
of steel structures.

2.6  Scope of investigation in STROBE

The work related to new ductility and toughness requirements will be carried out in WP1.
A family of standardised flow curves (in terms of true stress-logarithmic strain
characteristics) will be derived in order to define lower and upper bounds of possible
combinations of f,, f, (from S355 up to S700) and ¢, based on with respect to real

material behaviour. The necessary damage parameters for the damage mechanics

ABAQUS model (curve of Egl versus n, Gr and D) will be derived. This tasks aims to

link the (mechanically assessed) Charpy-V notch toughness and the damage
parameters of the ABAQUS material model, with particular focus on the stress-
dependent critical plastic strain and crack initiation (defining the damage curve).

Damage parameters and flow curves will be iteratively adopted until a defined failure and
safety level is reached. If the safety level is not achieved, the input normalized flow curve
will be adjusted, for example a flow curve with a higher level of g, if the safety criteria are
not satisfied. These simulations will lead to a prediction of lower bound failure at the ULS.
Ductility and upper shelf toughness requirements will be defined, leading to safe and
economic assessment for plastic design at the Ultimate Limit State. Recommendations
will be prepared in a suitable format for inclusion in the respective Eurocode Standards.

The sequence of tasks is shown in Figure 2.9.
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3 DESIGN OF HYBRID PLATE GIRDERS

3.1 Background

Although hot rolled I-sections are available in S460 steel, I-sections in higher steel
grades are fabricated from welded plates. Advances in fabrication technologies have
reduced the cost premium traditionally associated with plate girders compared to hot
rolled sections. Additionally, precamber can be cost-effectively introduced into a welded
girder by varying the depth of the web and cambering the lower flange, which can enable
HSS beams to meet Serviceability Limit States (SLS) deflection requirements.

Hybrid plate girders are fabricated from plates of different grades. In most beams the
flanges are sized for strength requirements, while the web is sized to avoid buckling. It
is therefore most economic to use higher strength for the flanges, while relatively cheaper
lower strength steel can be used for the web. Studies in RUOSTE!"! showed hybrid
sections to be around 13% cheaper than homogeneous HSS sections. The main reason
for the increased interest to research hybrid HSS solutions is economy, although
environmental benefits are also relevant, since the use of resources is decreased in
comparison with conventional strength steel solutions and the strength of the HSS is
utilised efficiently.

3.2  Current design rules for hybrid plate girders

In North America, design rules for hybrid girders were introduced into the 1969 version
of AISC 360 Specification for the Design, Fabrication & Erection of Structural Steel for
Buildings(??, although these rules were subsequently removed and are not in the current
version of this specification®?4.. It is thought that the rules were removed because there
was very little interest in designing these types of members. However, for US designers
the AASHTO LRFD Bridge Design Specifications?®! gives the following rules for the
design of hybrid girders for bridge applications:

e the difference in the yield strength of the web f;,, and the higher strength flange
fye should be limited to one steel grade,

* fyw should not be less than the largest of 70 % of the yield strength of the higher
strength flange and 36.0 ksi (= 250 MPa).

In Europe, the design of hybrid plate girders is not covered in a systematic or
comprehensive way in the Eurocodes. The only part of Eurocode 3 that mentions hybrids
is EN 1993-1-5[?81 which only includes one clause (4.3 (6)). No mention of hybrid sections
is made in EN 1993-1-1, which some designers may interpret to mean that hybrid girders
are not allowed. No mention of hybrid girders is made in the rules for steel bridge design
in EN 1993-2271 either.

In EN 1993-1-5, hybrid girders may have flange material with yield strength f;r up to
#, % fyw provided that the increase of flange stresses caused by yielding of the web is
taken into account by limiting the stresses in the web to f,, and f;¢ is used to determine
the effective area of the web. The value for ¢, is specified in National Annexes, with a
value of 2.0 recommended. No further details are provided on the design of sections.

The UK steel design standard BS 595028 (now withdrawn) gives some useful guidance,
including the stress distributions for various cross-section classes (Figure 3.1). BS 5950
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requires that f;,, should be used when considering shear or transverse forces applied to

the web, but both design strengths may be taken into account when considering
moments or axial force. The classification of the web should be based on fyr.

Py Py Pyw Py

Web design strength py, < flange design strength p.¢

Figure 3.1 BS 5950: Cross-sections comprising elements with different design
strengths(?®

In 2017, a comprehensive design example for a hybrid plate girder in accordance with
Eurocode 3 with accompanying commentary was published in New Steel Construction
by Brown(29:30],

3.3  Other research into hybrid plate girders

Veljkovic gives some concise design recommendations for hybrid steel girders, based
on experimental data and some basic rules in Swedish national standards®'3?l, Research
by Chacon et al.l?3l and Wang et al.¥l investigated aspects of hybrid behaviour relevant
to their use in bridge girders.

Lateral torsional buckling of hybrid girders was studied numerically by Nethercot®%, based
on measurement of residual stresses of hybrid | sections. The main points of comparison
were focused on the differences between the behaviour of hybrid and homogeneous
sections, the effects of weld severity, flame cutting and cross-sectional shapes. It was
concluded that early yielding of the hybrid beam’s web had little effect on lateral stability.

3.4 Limitations on the use of hybrid plate girders

Despite their economic potential, hybrid sections have only found limited application to
date, mainly in bridges in the US and Sweden. The reluctance to specify hybrid sections
can be attributed to:

e Lack of expertise/knowledge — designers do not have relevant experience nor design
tools.

¢ Difficulty with fabrication — fabricators do not generally have experience welding HSS.

e Cost — designers assume these sections are prohibitively expensive without carrying
out an assessment of the weight and execution savings arising from the use of thinner
sections (less welding, less fire protection, easier to transport and lift etc).

e Lack of guidance in EN 1993-1-1 — designers may assume that the lack of design
rules means that the use of hybrid girders is not allowed. Designers are often reluctant
to design structures which seem to fall outside the scope of design codes, due to
increased design risk.
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e Lack of a fully developed design methodology — as well as ensuring strain
compatibility at the flange-web interface, the susceptibility to local buckling of hybrid
sections also requires consideration: for homogenous sections, the compression
flange and top part of the web will yield simultaneously, but for a hybrid section, this
will not be the case. This will influence the degree of restraint afforded to the flange
by the web and vice versa, with potential implications on cross-section classification
and the treatment of local buckling. Designers need such issues to be investigated
before they are used in real applications.

Designers will only specify hybrid beams if simple design procedures and design tools are
available, which enable them to easily determine the advantages of hybridisation in terms
of cost savings, taking into account both material and fabrication.

3.5 Scope of investigation in STROBE

The work related to hybrid members will be carried out in WP2, 3 and 4. Hybrid beams
and frames will be tested in WP2 in order to investigate the application of plastic design
methods. Hybrid beams will also be tested in WP3 to investigate the lateral torsional
buckling resistance. A step-by-step design procedure will then be developed. An online
design tool will be created in WP4 which designs the optimum plate girder (both
homogeneous and hybrid) for given geometry, load and deflection requirements.
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4 PLASTIC DESIGN OF HSS BEAMS AND
FRAMES

4.1 Background

Plastic design refers to the analysis and design approach in which a sequence of plastic
hinges form in an indeterminate structural frame under increasing loading, until sufficient
hinges are present to form a collapse mechanism. This design approach assumes full
plastic redistribution of moments once a plastic hinge has formed, and therefore requires
suitably stable moment-rotation characteristics from the constituent cross-sections of the
structural members in the frame. Current European design guidancel® ensures that these
requirements are met by allowing only Class 1 cross-sections to be employed for plastic
design (i.e. local buckling is controlled) and by allowing only material grades up to S460
to be used. HSS are not considered appropriate for plastic design because of their lower
ductility and lower f,/f, ratio and the limited pool of relevant test data.

The exclusion of HSS may, however, be unnecessary. Work by Sause and Fahnestock!®!
in the US studied the performance of | girders made from S690 steel tested to failure under
three-point loading, simulating the condition of negative flexure at the pier of a continuous
span bridge, showing that attainment of the plastic moment resistance was possible with
much lower rotations than R = 3.0. More recently, in RUOSTE, four tests on S700 material
demonstrated Class 1 behaviour, i.e. plastic hinges were formed and the rotation capacity
required for plastic analysis without a reduction in resistance was demonstrated.

Experimental studies have been previously performed on frames of conventional grades
of steel, for example work by Baker and Roderickl®”l, Wakabayashi et al.®8 and Avery
and Mahendrant®d, but there have been no such studies on frames composed of HSS.

In STROBE, focus is on S690 material, enlarging the dataset produced in RUOSTE and
HILONG and also exploring the structural behaviour of indeterminate structures, directly
determining their collapse loads. The structures being studied are a series of HSS beams
and indeterminate frames, with both homogenous and hybrid cross-sections. The beam
tests will enable the determination of the available rotation capacity, while the evaluation
of the behaviour of the indeterminate frames will allow for the assessment of interaction
between plastic collapse and global instability, which is an important consideration in the
design of building structures.

Extension of plastic design to HSS will open up new potential applications for the material
such as in portal frames, where plastic design is essential for efficient material use.
Although some experimental studies have been previously performed on frames of
conventional grades of steel, there have been no such studies on frames composed of
HSS.

The increased load-carrying capacity that can be derived from allowing full moment
redistribution (i.e. plastic design) depends upon the geometry of the structural system,
the loading, the degree of indeterminacy and so on, but for a typical continuous beam
(within a multi-storey building) or portal frame, the ratio of the plastic collapse load to the
first hinge load will range from about 1.1 to 1.4. Provided strength is the governing failure
condition, this reflects the benefits that could be obtained from extending the application
of plastic design to HSS structures.
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4.2  Rotation capacity

Current structural steel design standards, including EN 1993-1-1, adopt the concept of
cross-section classification, categorising all cross-sections into four discrete behavioural
classes, based upon the susceptibility of their most slender element to local buckling. A
Class 1 cross-section is fully effective under pure compression and can develop its
plastic moment capacity My, in bending, having sufficient rotation capacity to allow full
redistribution of moments. A Class 2 cross-section is also fully effective in pure
compression and able to reach its plastic moment capacity M, but with lower (assumed
to be zero in design) rotation capacity in bending. A Class 3 cross-section remains fully
effective in pure compression, but, when subjected to bending and after attainment of its
elastic moment M,,, local buckling occurs, preventing the plastic moment M, to be
reached. Hence, the bending resistance of a Class 3 cross-section is limited to its elastic
moment M, or to a linearly interpolated moment between Mg and My,. Finally, for a
Class 4 cross-section, local buckling occurs prior to either the yield load in compression
or the elastic moment in bending being reached; the effective width method is therefore
employed to explicitly account for the effects of local buckling. The moment-rotation
characteristics of these four behavioural classes are illustrated in Figure 4.1.

MR

=
>

Rotation 6

Figure 4.1  Typical response and cross-section classification of steel sections in
bending

In an indeterminate steel structure, after a cross-section reaches its plastic moment M,
plastic rotation is initiated. Thereafter, a certain amount of rotation is required for a plastic
hinge to form and for full moment redistribution to be achieved, ultimately leading to the
development of a plastic collapse mechanism. The ductility of a steel structure, which is
defined as its capability of undergoing deformations after reaching initial yield without
any significant reduction in its ultimate strength, can be quantified through the rotation
capacity R.,,, determined according to Equation (4.1). Figure 4.2 defines the key
parameters. In this equation, 6, is the elastic portion of the total rotation corresponding
to the plastic moment M, while 6y;,, is the limiting rotation at which the moment drops
below Mp,;.
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Figure 4.2  Generalised moment-rotation curve

The required rotation capacity R, of a steel member is defined as the total rotation that
the first plastic hinge needs to undergo until a collapse mechanism is formed and
depends on the loading arrangement, structural configuration, material properties,
degree of indeterminacy and so on. For the plastic design of structures, the required
rotation capacity R..q should be less than or equal to the rotation capacity of the
structural elements R,;,, as given in Equation (4.2).

Rreq < Reap (4.2)

A series of studies have been conducted for the determination of the required rotation
capacities for typical structures. Kerfoot®! investigated the rotation capacity required in
three-span continuous beams examining how this can be influenced by the material yield
strength while Driscoll*'l proposed a method for the determination of the rotation capacity
of three-span continuous beams and single-span portal frames, comparing the predicted
rotations with those measured in physical tests. More recently, Gardner et al.#2 | after
testing twelve two-span continuous beams comprising both hot-rolled and cold-formed
sections, showed that plastic design is equally applicable to stocky hot-rolled and cold-
formed cross-sections. In current Europeanl® and North American?*l steel design
specifications, R.,, = 3.0 has been adopted as the minimum requirement for plastic

design.

4.3 Plastic design in EN 1993-1

According to EN 1993-1-1, distinction between Class 1 and Class 2 cross-sections is
only made on the basis of their rotation capacity R,, since both are capable of reaching
their plastic bending moment resistance. Plastic design can be employed for steel grades
of up to S460 and only for Class 1 cross-sections, the limit of which has been established
based on a required rotation capacity of at least 3.0. Hence, the collapse load F,; of
indeterminate structures with Class 1 cross-sections is determined by means of global
plastic design analysis, allowing for full moment redistribution, with the plastic bending
moment being reached at each plastic hinge. On the contrary, elastic global analysis is
employed for indeterminate structures of Class 2, 3 or 4 cross-sections, with moment
redistribution not being considered and with their collapse load corresponding to the most
critical cross-section reaching its moment resistance. For frames, second order effects
are deemed to be sufficiently small to be ignored when a.,. > 10 for an elastic analysis
and when «a.. > 15 for a plastic analysis, where «a, is the factor by which the design
loading would have to be increased to cause elastic instability in a global sway mode.
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In accordance with EN 1993-1-1 and in addition to the cross-sectional slenderness limits,
material ductility requirements also need to be fulfilled in order for plastic analysis to be
permitted, since large strains are required for full moment redistribution and hence for
the formation of plastic failure mechanisms (see Table 2.1).

4.4  Scope of investigation in STROBE

In WP2 of STROBE, the structural response and stress redistribution within HSS
indeterminate structures will be studied and relevant plastic design guidance proposed.
An extended experimental programme comprising material tests, stub column and
column tests, simply supported 3-point bending tests and portal frame tests will be
conducted on HSS homogeneous and hybrid sections. Doubly-symmetric I-sections of
S690 and hybrid S690-S355 steel grades will be investigated.

STROBE investigates the formation of plastic hinges in HSS beams only, and not at the
joints. Semi-rigid construction, assuming the formation of plastic hinges at the
connections, has been shown to enable the use of shallower and lighter beams in certain
circumstances, but this is outside the scope of STROBE.

441 Beams

Tests on double-symmetric, single span beams loaded at mid-span will be carried out to
evaluate the ultimate rotation capacity. The focus will be on I-sections made of S690
material and hybrid S355-S690 sections. Two series of 10 tests are planned for different
cross-section slenderness.

As a first step, homogeneous HSS beams will be investigated experimentally in order to
investigate influencing parameters on rotational capacity and enlarge the database
established in RUOSTE. Table 4.1 gives the test schedule for the homogeneous HSS
beams.

Table 4.1 Homogeneous HSS beam test specimens

Specimen ST1[S12[S13|S14[S15]S16]S17]S18]S19]S110

Nominal yield stress 355 355 690 690 690 690 690 690 690 690
[MPa]

Thickness of flange 16 16 16 16 16 16 16 16 16 16
[mm]

Width of flange 260 260 170 170 170 170 170 170 195 195
[mm]

Thickness of web 16 16 8 8 8 16 16 16 16 16
[mm]

Height of web 250 340 160 200 200 160 200 200 200 200
[mm]

Span length 2800 | 2800 | 2800 | 2800 | 4200 | 2800 | 2800 | 4200 | 2800 | 4200
[mm]

Length to height ratio 11.2 8.2 175 | 140 | 21.0 | 175 | 140 | 21.0 | 14.0 21.0
[

Utilisation of CSC1in | 0.85 | 0.85 | 0.85 | 0.85 | 0.85 | 1.00 | 1.00 | 1.00 | 1.00 1.00
flange [-]

Utilisation of CSC1in | 0.25 | 0.35 | 0.44 | 0.56 | 0.56 | 0.22 | 0.28 | 0.28 | 0.28 | 0.28
web []

Required load (3- 688 986 522 658 439 573 737 491 822 548
point bending) [kN]

CSC = Cross-section Class
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In order to validate the test set-up, two S355 beams will be investigated initially.
Subsequently, tests on eight beams made from S690 steel will follow. Among these 10
tests, several influencing parameters will be evaluated:

Width of flange: Beams with a CSC1 utilisation of 1.0 in the flange will be investigated
in order to evaluate the border case. Additionally, tests on beams with a CSC1
utilisation of 0.85 will be conducted in order to confirm or evaluate cross section limits
given in EN 1993-1-1. The web will be clearly classified as CSC2.

Length to height ratio: Roik & Kuhlmannl*344l investigated the influence of moment
gradient on rotational capacity. When using shorter spans, they found higher
rotations. This effect will be studied in these present investigations.

Height of web: Roik & Kuhimann also showed that different slenderness of webs lead
to a different failure mechanisms of the beams. A decrease of web stiffness leads to
a reduction of rotational capacity. This effect is ascribed to the fact that the
compression flange is retained by the web as by a torsion spring. Therefore, the
buckling susceptibility of the flange is enlarged by a decreasing web stiffness.

Thickness of web: Again the web slenderness will be investigated by changing not
only the height but also the thickness of the web, which appears to have a greater
effect on the rotation resistance of the web3441,

For the hybrid HSS beams, similar influencing parameters as named above will be
investigated (Table 4.2). Additionally, a comparison between hybrid and homogeneous
beams will be possible because some specimens of both series exhibit the same
geometry, but different steel grades in the web, for example S1_6 and S2_1 or S1_10

and S2_9.

The homogeneous and hybrid test specimens will enable the evaluation of a wide range
of spans and corresponding requirements in terms of rotation angle and rotation

capacity.

Table 4.2 Hybrid HSS beam test specimens

Specimen S21(S22|S23|S24|S825|S26|S27|S28|8S29]|S2.10
Nominal yield stress of | 690 690 690 690 690 690 690 690 690 690
flange [MPa]
Nominal yield stress of | 355 355 355 355 355 355 355 355 355 355
web [MPa]
Thickness of flange 16 16 16 16 16 16 16 16 16 16
[mm]
Width of flange [mm] 170 170 170 170 170 195 195 195 195 195
Thickness of web 16 16 16 16 16 16 16 16 16 16
[mm]
Height of web [mm] 160 180 200 180 200 180 200 180 200 240
Span length [mm] 2800 | 2800 | 2800 | 4200 | 4200 | 2800 | 2800 | 4200 | 4200 | 4200
I/h ratio [-] 175 | 15.6 14 23.3 21 15.6 14 23.3 21 17.5
Utilisation of CSC1 in 0.85 | 0.85 | 0.85 | 0.85 | 0.85 1 1 1 1 0.998
flange
Utilisation of CSC1 in 0.16 | 0.18 0.2 0.18 0.2 0.18 0.2 0.18 0.2 0.244
web
Required load (3-point | 524 591 660 394 440 669 745 446 497 | 602.8
bending) [kN]
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442 Frames

In STROBE, a series of experiments on indeterminate HSS and hybrid frames will be
carried out to investigate their plastic collapse behaviour. As shown in Figure 4.3, the
frames will be subjected to horizontal and vertical loads, the ratios of which will be varied
between different tests to ensure failure by several mechanisms (i.e. beam mechanism,
sway mechanism as well as a combination of these two). The height and width of the
investigated frames will be 2 m and 3 m respectively. The frames will be fully laterally
restrained using cables to ensure that no out-of-plane instability phenomena are
experienced during testing. Complementary material tests, stub column tests, column
tests and bending tests will also be performed. In total, four tensile coupon tests (two
from the flanges and two from the webs), two repeated stub column tests, two repeated
three-point bending tests, two repeated four-point bending tests and two repeated
column tests will be conducted for each of the three examined cross-section sizes. The
target magnitudes of the vertical and horizontal loading that will be applied to the frames
and their associated mechanisms and buckling load amplifiers o, are provided in
Table 4.3.

Following the experimental investigation, finite element models replicating the tested
specimens will be developed and validated against the experimental results. The
validation will be performed by comparing the numerically obtained load-deformation
responses as well as the exhibited failure modes with the corresponding experimental
ones. A comprehensive numerical investigation will be then carried out to examine the
influence of further key parameters and broaden the pool of existing data for HSS beams
and frames. The variables to be considered will be the cross-sectional slenderness, the
frame slenderness (a.), the steel grade, the degree of hybridity (expressed by the
flange-to-web yield strength ratio) and the moment gradient (expressed by the length-to-
height ratio) while several loading scenarios will be investigated (with point loads and
uniformly distributed loads for beams and variable horizontal-to-vertical loading ratios for
frames).

4_Mii __________ Sway mechanism

“_.1113 llﬁ P,

Combined mechanism

Beam mechanism

Figure 4.3  Collapse mechanisms of frames
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Table 4.3 Frame tests: Loading, mechanisms and a,
H (kN) P, (kN) | P, (kN) Oler Mechanism
0 87.2 87.2 5.22 Beam mechanism
Frame | 65.4 0 0 N.A. Sway mechanism
(S690) | 327 87.2 87.2 5.17 | Combined mechanism
65.4 43.6 87.2 6.14 Combined mechanism
0 161.7 0 19.0 Beam mechanism
Frame Il 121.3 0 0 N.A. Sway mechanism
(S690) | 60.7 161.7 |0 18.3 | Combined mechanism
80.9 121.3 0 30.3 Combined mechanism
0 145.4 0 211 Beam mechanism
Frame Il 109.0 0 0 N.A. Sway mechanism
(Hybrid) | 54 5 1454 |0 20.4 | Combined mechanism
72.7 109.0 0 33.7 Combined mechanism

Finally, based on the obtained experimental and numerical results, the degree of rotation
capacity available in HSS and hybrid beams and portal frames will be evaluated and,
ultimately, their capability of reaching their full plastic collapse load will be determined.
The basis for the establishment of plastic design recommendations for HSS structures
will be formed, and, it is envisaged that the restrictions of current design standards
regarding the plastic design of HSS structures can be lifted, or certainly relaxed, bringing
substantial improvements in the efficiency of these systems.

STROBE D7.1
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5 STABILITY OF HSS COLUMNS, BEAMS AND
BEAM-COLUMNS

5.1 Background

EN 1993-1-1 currently gives stability design rules for columns, beams and beam-
columns up to S460, and EN 1993-1-12 gives additional guidance for steel grades S500
up to S700. For welded | sections, the same flexural and lateral torsional buckling curve
applies for all steel strengths (S235 to S700). The verification of these rules for HSS
material is mainly based on numerical work available at the time that EN 1993-1-12 was
drafted (late 1990s) since few test data were available, especially for welded open HSS
| sections.

5.2 Residual stresses in HSS welded members

The stability design rules in Europe are calibrated against the ECCS9! residual stress
patterns Figure 5.1. These patterns are clearly distinct for hot-rolled profiles and welded
built-up cross sections because of the different fabrication procedure. For hot-rolled
members, the initial stress state arises from differential cooling of an initially more or less
homogeneous temperature field, while for welded members the residual stresses are
induced by localized heat input during welding of the flanges and the web plates. The
most commonly adopted residual stress model is the trapezoidal pattern in Figure 5.1b,
where the maximum tensile stresses in the flanges and web are set equal to the yield
stress and the magnitude of the compressive residual stresses are 25% of the yield
stress.
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a) ECCS residual stress pattern for hot- b) ECCS residual stress pattern for welded
rolled sections sections

oy and o, are the residual tension in the flanges and web respectively
o, and o, are the residual compression in the flanges and web respectively

Figure 5.1  European residual stress patterns!*®

The welded residual stress pattern in Figure 5.1b, however, was established on the basis
of tests on conventional strength steel. Regarding steel higher steel grades, Wang et al.
1461 performed experimental studies on the residual stress distribution of welded H sections.
The specimens were fabricated from flame-cut plates in steel grade S460. The residual
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stresses were measured on three specimens using two different measurement techniques:
the sectioning and hole-drilling methods. The experiments revealed average compressive
residual stresses in the flanges of 19.5 %, 27.1 % and 40.8 % of the yield strength and an
average tensile residual stresses in the web-to-flange junction of 73.1 %, 90 % and 103.9
% of the yield strength. It was concluded that the increase of width-to-thickness ratio of the
outstand flange leads to lower residual compression in the flanges. Based on the results
from the conducted experiments, the authors proposed the residual stress pattern given in

Figure 5.2.
g

+ |
N | St

| b |

gl A

Figure 5.2  Residual stress pattern proposed by Wang et al.[*8]

Ban et al.l“’l, studied the residual stress distribution of 460 MPa steel welded | sections.
Eight different cross-sections were tested, the h/b ratio ranged from 0.5 to 1.4. The plate
thicknesses were 10, 12 and 14 mm. The stresses were measured using the sectioning
method. A new residual stress model was proposed (Figure 5.3). The residual stress
distribution was found to be similar to that of conventional strength steel, however, lower
values for the residual stresses were reported. A magnitude of 75 % of the yield stress
was suggested for the tensile residual stress at the web-to-flange junction. Correlation
between the width-to-thickness ratio and residual stress distribution in the webs and
flanges was identified showing a stress decrease with the increase of the width-to-
thickness ratio or the steel plate thickness.

N e—

Figure 5.3 Residual stress pattern proposed by Ban et al.[*”]

Experiments on the residual stresses of eight | shaped sections are also reported by
Yang et al.*8l. The cross-sectional dimensions were chosen so that the h/b ratio varied
from 1.5 to 2.5 and the plate thicknesses used were 8, 10, and 16 mm. The specimens
were fabricated in steel grade S460. The authors propose the residual stress model in
Figure 5.4 with suggestion for the peak tensile residual stress 0.5 f;, and 0.22 f; for the

maximum compression in the flanges.

STROBE D7.1 24



STROBE D7.1 Comprehensive Project Overview

A

Figure 5.4 Residual stress pattern proposed by Yang et al.[*8]

Beg & Hladnik®® performed residual stress measurements on six | sections fabricated
from high strength steel (490 MPa to 690 MPa). The maximum tensile stress measured
was about 80-90 % of the yield strength and the average compressive stress in the
flanges was about 100 MPa (0.12-0.18 f;). The idealized residual stress pattern is given
in Figure 5.5, where the maximum tensile stress was proposed to be 460 MPa for the
web and 230 MPa for the flanges and the compressive stress in the flanges was
100 MPa.
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Figure 5.5 Residual stress pattern proposed by Beg & Hladnik[®®

Beg & Hladnik also carried out bending tests on beams fabricated in S690 steel. The
average value of the compressive residual stresses in the flanges was found to be
between 73 and 123 MPa (0.09 £, and 0.14 f,).

Li et al.*® performed residual stress measurements on S690 steel welded sections. The
study comprised of 3 box and 3 | sections. The residual stress pattern recommended is
as presented in Figure 5.2. The residual stresses measured for S690 were lower than
those for S460. The compressive stresses in the flanges were found to vary from 0.012 f
to 0.136 f,. The magnitude of the stresses was attributed in part to the slenderness of
the independent welded plates. The range of the tensile residual stresses was reported
to be between 0.286 f, and 0.432 f; at the weld point of the flange and between 0.06 f;
and 0.101 f, at the flange tips.

The new proposed residual stress distributions for steel grades higher than S460
(Figure 5.2 to Figure 5.5) are based on rather limited test data and so will be studied in
further detail in STROBE.
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5.3 Buckling resistance of HSS columns

Rasmussen & Hancock!® carried out experiments on HSS welded box and | section
columns in 1995 and demonstrated that the Eurocode 3 design rules conservatively
predicted the resistance of the tested columns. In 2012 Wang et al.3"%2 performed
experiments on box and | welded columns made from steel grade S460 which indicated
that the buckling curves recommended in Eurocode 3 were rather conservative. Also Shi
et al. performed 8 tests on steel columns fabricated in S690 and S9601%3 studying major
axis flexural buckling of welded | section columns. The investigation concluded that the
buckling capacity of the columns was much higher than the recommended Eurocode
buckling curve b, and that it was possible that curve a, could be adopted for the major
axis flexural buckling of | sections. Also in 2012, Huiyong Ban et al. studied S460
columns and came to similar conclusions®4,

In 2016, 12 flexural buckling tests were performed on S690 box and | section columns
by Li et al. ®%. The experimental campaign focused on flexural buckling about the minor
axis. The outcome of the study agrees with previous investigations - buckling curve a
was found suitable for both welded box and I-sections. In RUOSTE, buckling tests were
performed on HSS welded box columns which demonstrated significantly higher
resistances than the values predicted based on buckling curve c.

In addition, the cross-section class limits for S700 steel beams have been studied by
Beg & Hladnik[®®l, The RFCS project HITUBES® also included an assessment of cross-
section class for HSS tubes.

The work completed to date generally indicates an improved buckling resistance of
higher strength steel sections, probably due to a more favourable distribution of residual
stresses. As these studies are limited in scope (only sections with h/b <1.2) and number
of tests (a total of around 30 experiments for both major and minor axis buckling of |
sections), STROBE will study the stability behaviour (for both major and minor axis
buckling) of | section columns made of HSS up to S700 in greater depth.

5.4  Buckling resistance of HSS unrestrained beams and
beam-columns

The behaviour of unrestrained beams in HSS has not been studied. At present in EN 1993-
1-1, the design rules for lateral torsional buckling of beams are not dependent on the steel
grade, meaning that the code does not distinguish between the stability behaviour of
unrestrained beams in conventional strength steel or HSS. Yet, if the residual stresses
pattern for HSS members is more favourable to the buckling behaviour, this may lead to
improved and more economical designs.

In EN 1993-1-1, the verification of prismatic beam-columns is performed using interaction
formulae (clause 6.3.3), combining the buckling resistances of a beam and a column
through interaction factors. The latter interaction factors were calibrated based on extensive
numerical parametric studies for conventional strength steel members!®8l.

5.5 Acceptance limits for plates exposed to local plastic
buckling

In order to avoid extensive hand-calculations, finite element (FE) analysis can be used
for ULS and SLS verifications of plated structural elements.
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Annex C of EN 1993-1-5%] covers design verification based on numerical methods.
EN 1993-1-12 states that global analysis using non-linear plastic analysis considering
partial plastification of members in plastic zones only can also be applied to steels up to
S700. The Annex consists of several sections, giving information on finite element
modelling, documentation of model characteristics and use of imperfections.
Additionally, information on material properties, loads and partial safety factors are given.
However, there is no clear guidance on acceptable limits in terms of strain and/or
displacement (out-of-plane). When the benefits of post-buckling behaviour are taken into
account, it is essential to limit certain deflections. The only recommendation is given in
section C.8, which limits the principal membrane strain to 5%, but no deflection limits are
given. The 5% strain limitation appears to be an arbitrary value. This single value does
not take into account possible influencing parameters like

o Elastic or plastic local buckling,
e Structural form,

o Steel grade,

e Required performance.

Regarding regulations in different European standards, similarly vague definitions for
limit states can be found. In normative Annex B of EN 13445-35% (pressure vessels) the
principle structural strains are also limited to 5% (section B.8.3 Progressive Plastic
Deformation).

Apart from these regulations, EN 1993-1-616% (Shell Structures) defines a plastic limit
state for design by global numerical materially nonlinear analysis or geometrically and
materially nonlinear analysis, based on the von Mises equivalent plastic strain. This
strain limit (LS1) results in:

fya
€mps = Mmps % (5-1)

where the National Annex can define the value of n,p,. It is recommended to determine
this value as follows:

fyd
Nmps = (66 — 1}’_5) (5.2)
where f,4 is given in MPa. This criterion depends on the steel grade of the analysed
structure, however, higher steel grades do not always lead to higher strain limits by using
this approach. A second limit state in EN 1993-1-66%, the cyclic plasticity limit state (LS2),
considers the value of the total accumulated von Mises equivalent plastic strain. This
limit amounts to:

fya
€p.eqEd = np,eq% (53)

where the National Annex can define the value of n, 4. It is recommended to use

npeq = 25. In this case, a higher yield stress throughout leads to higher strain limits. As

an example, applying LS2 would lead to a strain limit of 4.23% for an S355 steel and to
a limit of 8.33% strain in case of S700.

However, these normative regulations are only based on strains and do not take into
account all important influencing characteristics named above. The background
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document to EN 1993-1-5 emphasises that current rules in Annex C should be seen as
a first attempt to codify the use of nonlinear FEM for design purposes®!l. These rules aim
to make FEM based design comparable to conventional guidelines. However, it is
admitted that the rules in Annex C are not as well developed as the rules in the main text
of the standard. Therefore, it is recommended that the rules should be supplemented
with the experience and good judgement of the designer.

As limitations on both strain and deflection are especially important for high strength
steels, where the elastic range can be significantly higher than in conventional strength
steels, current rules in Annex C.8 of EN 1993-1-5 need to be investigated.

5.6 Scope of investigation in STROBE

The work related to stability of HSS members will be carried out in WP3.

5.6.1 Buckling resistance of columns, beams and beam-columns

The emphasis of the experimental programme is on lateral torsional buckling (LTB) of
unrestrained HSS beams and the extension of the design rules to hybrid applications.
Nevertheless in order to fill-in gaps in existing experimental studies, flexural buckling of
columns about major and minor axes are also studied. As a logical extension, the
behaviour of members loaded with major axis bending moment and axial force (beam-
columns) is also addressed. The experimental programme will investigate:

¢ Influence of the material — three grades of steel will be considered: S460, S500 and
S690;

e Buckling mode for slender columns — flexural buckling (FB) about major and minor
axes;

¢ Influence of the fabrication procedure on the LTB resistance, thus testing S460 rolled
and HSS welded beams;

e LTB of hybrid beams with symmetrical and mono-symmetrical sections;
¢ Various height over width (h/b) ratios for slender columns and beams;

¢ Influence of the cross-section class on the global stability behaviour for unrestrained
beams of Classes 1(2), 3 and 4.

t is expected that the tests will comprise:

4 columns (two for flexural buckling about the major axis, and two about the minor
axis).

14 beams (welded and rolled HSS, including mono-symmetrical and hybrid beams)

2 beam-columns

In addition, a further test programme will measure residual stresses in a range of HSS |
sections.

5.6.2 Acceptance limits for plates and beams exposed to local plastic
buckling

A numerical programme will be undertaken to define strain and deformation acceptance
limits for plates and beams exposed to local plastic buckling for use in numerical analysis.
The limits will depend on:

o Elastic or plastic local buckling
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e Structural form (structural elements, stiffened or unstiffened girders)
e Steel grade (up to S700)
¢ Required performance (SLS or ULS, cross-section-classification

The results will be compared with the experimental tests on beams in WP2, where plastic
buckling effects will occur. Normalized flow curves, developed in WP1, will be
implemented in the simulations.
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6 DYNAMIC RESPONSE OF HSS FLOOR
SYSTEMS

6.1 Background

One perceived weakness of steel framed structures is their susceptibility to excessive
floor vibrations due to walking activities which may cause discomfort to users. Designers
tend not to consider using HSS for beams because there is a preconceived opinion that
lighter floor systems will inevitably suffer from excessive vibrations due to the reduction
in stiffness.

Based on work conducted as part of the HIVOSS RFCS project!®?,SCI published P354
Design of Floors for Vibration: A New approach, Revised Edition3. Equivalent research
in the USA led to the publication of AISC Design Guide 11 Vibrations of Steel-Framed
Structural Systems Due to Human Activity®¥. Both these publications present an
objective methodology for assessing the susceptibility of a floor to a large enough
dynamic response to cause user-discomfort, using either analytical simplified methods
or numerical finite element analysis. These publications apply to conventional strength
steel. Structures designed in accordance with the guidance in P354 have not been
reported to have vibration problems.

Other design guides are also available for checking the dynamic response of floors, such
as the ArcelorMittal’'s Design guide for floor vibrations®® and the Concrete Centre’s
Design guide for footfall induced vibration of structures CCIP-016 661,

6.1.1 Simplified method

The procedure for assessing the dynamic performance of a floor using simplified
methods is as follows:

definition of the fundamental frequency of the floor,

definition of the modal mass for the floor,

evaluation of the response,

verification of the response against acceptance criteria.

The fundamental frequency can be estimated by using engineering judgement to
determine the expected deflected shape of the floor (the mode shape), and considering
how the supports and boundary conditions will affect the behaviour of the individual
structural components. The modal mass is calculated by determining the effective plan
area of the floor expected to participate in the motion.

6.1.2 FE method

For vibration evaluation using FE analysis, the following steps are followed. First, a three-
dimensional model of the structure under investigation is created and then the dynamic
properties of the structure are predicted using modal analysis. A human-induced walking
load is then imposed onto the structure in the form of a Fourier series. The last step is to
calculate the response and compare it with an appropriate limit.

The following sections give recommendations on appropriate modelling techniques in an
FE analysis.
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Concrete slab material properties

For concrete, the dynamic modulus of elasticity is higher than the static modulus,
however, the extent to which stiffness increases is debatable. Two different approaches
can be found in the literature.

In the first approach the static modulus of elasticity is multiplied by a factor greater than
unity in order to represent the enhanced modulus of elasticity under dynamic loads. In
DG11 the multiplication factor is 1.35, whereas the ArcelorMittal guide recommends
1.10.

The second approach is based on two fixed values, one for normal and one for
lightweight concrete. Lack of experimental data on the dynamic modulus of elasticity for
cracked concrete leads to the recommendation that the modulus of elasticity for
uncracked concrete be used. This is justified in DG11 due to the very small displacement
magnitudes of walking-induced vibrations and the presence of major cracks only parallel
to the beam span. CCIP-016 states that if the concrete is thought to be significantly
cracked then a reduced stiffness should be used, but no further advice is provided. In
CCIP-016, 38 kN/mm? is recommended for normal uncracked concrete and 22 kN/mm?
for lightweight uncracked concrete. P354 adopted the same values. This corresponds to
a multiplication factor of 1.15 for C30/37 concrete.

Slab element type

In P354 and DG11, orthotropic shell elements are recommended for modelling the floor
plates when profiled steel decking is present. The flexural stiffness of the slab parallel to
the ribs is significantly higher than the stiffness perpendicular to the ribs. The depth of
the shell elements is set to the depth of the slab above the profile and the mass and the
elastic moduli (of both directions) are adjusted to allow for the extra weight and stiffness
of the rib. The use of orthotropic stiffnesses results in more accurate natural frequency
and mode shape estimation.

Connections

In P354, DG11 and the ArcelorMittal design guide, it is recommended that all connections
are assumed rigid, even if they are assumed as pinned for ULS calculations. Human-
induced loads generate very small member end moments which are easily resisted by
bolt friction.

Beams

In P354, it is recommended that all composite beams are considered as continuous. The
reason for this assumption is related to the connection behaviour discussed above; small
strains do not overcome frictional forces in the connections.

In DG11, it is recommended that beams are considered composite even if shear studs
are not present to transfer shear from the concrete slab to the beam. The shear force
developed due to human-induced vibration can be resisted by the spot welds between
the beam and the steel decking or by the friction between the beam and the concrete
slab, if steel decking is not present. Although not explicitly written, analysis in accordance
with P354 makes this assumption as well.

Columns

In P354, the columns are included in the analysis and pinned at their theoretical inflexion
point, at mid-height between floors. In DG11, it is suggested to extend the length of the
columns in the model to one storey below and one storey above because some natural
modes will have single curvature bending between storeys.
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Cladding

Cladding provides a significant restraint to edge beams that needs to be taken into
consideration in the analysis. P354 and DG11 suggest two different modelling
assumptions.

P354 states that continuous cladding provides full vertical restraint. It is recommended
to restrain all the translational degrees of freedom of perimeter beams when cladding is
present. The beams should be left free to rotate.

In DG11, a more conservative approach is considered. The second moment of area of
the perimeter beams should be multiplied by a factor of 2.5. This is the value
recommended for light cladding and is conservatively extended for all types of cladding,
including stiffer types such as masonry.

Core walls

In P354, core walls are considered to provide rigid restraint and therefore all beams
connected to a core wall should be fully restrained.

Non-structural partitions

Partitions play a significant role in the dynamic response of a structure although the
precise effect is hard to define. Designers need to be confident that the partition will
always be there and not removed due to change of use of the building or even change
of the internal configuration at the design stage.

In P354, the interruption of vibrations by partitions can be taken into account by increasing
the magnitude of damping. This assumption is made in order to simplify the analysis.
However, the partitions need to be located appropriately to interrupt relevant modes of
vibration, i.e. perpendicular to the main vibrating elements. In general, though, it is usually
conservatively ignored.

In DG11, a vertical linear spring is proposed to be used to represent partitions in the
model. A vertical stiffness of 2.0 kip / in / ft of should be assigned on each node along
the partition wall. This value represents a typical drywall and steel stud partition, with
vertical slip tracks. Only drywall partitions that are present above and below the level
under consideration should be taken into account. Concrete or clay masonry partitions
should be modelled as vertical shells or as beam elements with nominal material
properties and in-plane stiffness calculated using simple mechanics.

Mass

The response of a floor due to human-induced vibration is higher when the floor is lighter.
The design loads for ULS or SLS do not represent the worst case scenario when it comes
to vibration.

In DG11 it is recommended to add 4 psf (0.19 kN/m?) of dead load for ceilings and ducts
to the self-weight of the structure or adjust this value to the actual weight. A distinction
between a paper and an electronic office is allowed (live load = 11 psf (0.53 kN/m?) for
a paper office and 6 psf (0.29 kN/m?) for an electronic office). For assembly areas the
live load is completely ignored, since discomfort arising from vibrations are more likely in
an empty open area rather than in a busy, heavily loaded area.

In P354 a more generic approach is followed and no specific values are provided. It is
recommended to take into account the weight of ceiling, services and finishes, in addition
to the self-weight of the structure. Only 10% of the live load should be taken into account.
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This assumption leads to similar values to those found in DG11, since the upper and lower
bounds for live loads in offices are 5 kN/m? and 2.5 kN/m2. There is no suggestion to
ignore the live load completely in assembly areas though, leading to the assumption that
the use of 10% of the live load also applies in these floors.

The ArcelorMittal design guide takes a similar approach to P354, i.e. a value between
10% and 20% of the imposed load should be selected.

Critical damping ratio

Damping is the energy dissipation of a vibrating system. Human-induced energy is
dissipated mainly by non-structural elements (such as furniture and fixings) and friction
at the joints. Human occupation can also cause damping, but this effect is ignored, since
it cannot be guaranteed that a structure will always be occupied. The critical damping
ratio is the minimum amount of damping that will prevent the system from oscillating.

In DG11, the damping ratio assumed in the analysis is taken as the sum of various
components - the structural system itself, ceiling and ductwork, electronic or paper office
fit-out and full-height dry wall partitions.

In the ArcelorMittal design guide a similar logic is followed. A system damping ratio is
obtained by summing up the values of three components; including structural damping
(varying for structures of different materials), damping due to furniture (varying
depending on the use of the building) and damping due to finishes.

In P354 a simplified approach is considered. Floor systems are divided into three
categories, depending on their fittings. For completely bare floors, or those with only a
small amount of furnishing, a damping ratio of 1.1% is considered. For fully fitted out and
furnished floors in normal use, 3.0% is recommended. For floors where the designer is
confident that partitions will be appropriately located to interrupt the relevant modes of
vibration, 4.5% may be assumed. A value of 3.0% is typically used by designers.

CCIP-016 simply states that most floors have a critical damping ratio between 1% and
5%.

6.2  Acceptability criteria

Discomfort to humans as a result of floor vibrations cannot be directly quantified, since
perception and tolerance vary between individuals and are highly dependent on the
circumstances. The following factors are known to influence the human perception of
vibration:

o Type of activity,

¢ Time of day when the activity is being undertaken,

¢ The type of environment where the activity is taking place,
e The direction of the vibration,

e The amplitude of the vibration,

¢ The frequency of the vibration,

e The source of the vibration,

e The level of damping,
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e The duration of the exposure.

The subjective nature of vibrations means that it is not possible to prescribe an exact
limit that will guarantee an acceptable floor response. Instead, the current approach is to
ensure that the building will attract ‘a low probability’ of adverse comment from its
occupants. Current Standards quantify the magnitude of floor vibrations in terms of the
acceleration of the floor, defined in terms of weighted, root-mean square (rms)
acceleration. The acceptability of a floor is assessed by dividing the predicted
acceleration by a baseline value to obtain a response factor, and checking that the
calculated response factor is less than the appropriate factors given in the relevant
Standards 1ISO 10137671 |ISO 2631-268 and BS 6472[%° and other specialist guidance.

6.3 Problems with existing methods

6.3.1 Simplified methods

SCI recently completed an extensive FE study of the susceptibility of a large number of
typical S355 steel floor grids of steel framed buildings to significant vibrations. The key
finding of this study was that for most practical office designs, the lightest sections which
fulfilled the ULS and deflection requirements also satisfied the vibration criteria (i.e. there
was no need to increase the size of members to improve dynamic performance). For
primary beams spanning from about 9 m and longer, the vibration performance is more
sensitive to the depth of the floor slab than to the stiffness of the beam. Hence the most
effective means of reducing the response factor is to increase the slab depth. Shorter
primary beams are lighter and less stiff, and consequently participate in the motion of the
whole floor to a greater extent. The vibration response is therefore more sensitive to the
stiffness of the beam than in the case of longer spans.

This study also compared the predictions from FE analysis with those from the simplified
methods in P354 and DG11. As seen in Figure 6.1, the P354 simplified method gave
extremely conservative results in almost every case studied; floors which were close to
or easily met the criteria according to an FE analysis failed when checked by the
simplified method. Less conservative results were obtained with the simplified method in
DG11, but in some cases it led to unsafe results compared to FE analysis.

The conservatism of P354 is highly detrimental to the economic design of steel framed
structures, especially using HSS, since designers inevitably end up increasing beam and
slab weights in order to satisfy the demands of the simplified method.
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Figure 6.1  Comparison of response factors predicted by FE analysis and simplified
methods
6.3.2 Finite element analysis methods

Having recognised that simplified methods are conservative, designers are now
encouraged to make greater use of FE methods. A number of software packages, such
as Oasys GSAlI'% or MasterSeries!’" incorporate code that can assess the vibration
performance of floors. The cost of these software is high though, and the lack of free
software to carry out this type of analysis is a significant barrier. SCI receives many
questions from small to medium sized designers, who cannot afford the advanced
software.

An online design tool has been developed by SCI which makes an immediate
assessment of the dynamic response of floor systems based on S355 beams. The tool
can be found at http:/bcsatools.steel-sci.org/FloorResponse. 19,000 floor arrangements
were investigated using FE analysis software, with the results stored in XML file format.
The tool picks the closest XML file to the input data and produces a plot of the response.
However, this tool is limited to a pre-set database.

6.4  Scope of investigation in STROBE

The work related to the dynamic response of HSS members will be carried out in WP4.

A floor vibration analysis (FVA) tool will be developed with the capability of predicting the
dynamic response of a floor system with conventional strength and HSS beams. The
user will input information about the floor grid, loading etc via a simple interface. The
beam section sizes can either be user-defined or the FVA tool can determine optimised
primary and secondary beam sizes. The FVA tool will then calculate the critical response
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factor for the floor system by first constructing a stiffness matrix, taking into account the
stiffness of each of the beams and floor slabs. In order to carry out this calculation,
numerical methods will be used. A simplified finite element linear solver will be created,
which will include two types of elements (beams and shells). The element formulations
adopted can be relatively simple because the grid is rectangular and the analysis is
elastic.

Once the matrix has been assembled, an eigenvalue analysis will be performed. The
eigenvalues are then used to determine mode-shapes, frequencies and modal masses
for the floor which are required to calculate the accelerations. In accordance with the
assessment method in P354, the steady state response factor is determined from the
weighted root mean square (rms) acceleration (Eq. 29) and the transient state response
factor from the weighted peak acceleration (Eq. 33). The critical response factors will be
compared against regulatory limits, e.g. those in ISO 10137.

Fy

Awms,e,r,n,h — HenMrn mDn,h Wh Eq (29) of P354
[ F
2
aw,peak,e,r,n — ann 1-& HenHrn M_IWn Eq (33) of P354

n
The FVA tool will be capable of analysing a wide range of floor systems, including:

e Beams — Rolled sections (S355, S460), homogenous and hybrid plate girders in HSS,
(composite and non-composite)

¢ Slab types — Solid concrete, various composite decking products

e Loading types — As-well as normal walking, specialist loading functions will be
allowed, including those relevant to gyms, hospitals and labs

The tool will be limited to rectangular grids. (It is possible to analyse non rectangular
grids using the same method, but meshing of the problem is considerably more complex
and so is therefore outside the scope of this proposal.)

Using the FVA tool, around 5000 typical arrangements of floor grids will then be
analysed, covering a wide range of parameters, in order to develop a detailed
understanding of how the dynamic response is affected by parameters such as the ratio
of primary to secondary span, the utilisation of the beams and slab at ULS, the design
load level etc. From this study, it will be possible to determine at what point the floor
becomes insensitive to the beam weight. Practical guidelines will be developed on how
to obtain a satisfactory dynamic response with HSS beams. In many cases, the optimal
arrangement for satisfying ULS and deflection criteria will also give a satisfactory
dynamic response with no changes necessary. Where this is not the case,
recommendations will be given on the most effective parameter to modify to improve
dynamic performance.
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7 WEIGHT, CARBON AND COST SAVINGS
MADE POSSIBLE WITH HSS SYSTEMS

7.1 Background

Although it is generally understood that a HSS structure will be lighter than its
conventional strength equivalent, there is little quantified evidence estimating how much
weight can be saved in practical structures subject to typical loading scenarios. There is
even less reliable data available about the savings in carbon emissions possible through
the use of HSS. In WP5, life cycle assessments of conventional strength and HSS
structural designs will be compared to demonstrate the benefits of using HSS solutions
for sustainable construction in terms of saving weight, cost and carbon emissions.

Steel properties like strength and toughness depend both on the chemical composition
and processing route; steel producers use a wide range of different concepts to achieve
the required balance of properties in steels. The environmental impact of a HSS therefore
depends on the chemical composition and the processing route and hence varies
between steel producers. The relevant processing routes for HSS include normalizing,
normalized rolling, thermo-mechanical treatment and quenching and tempering.

7.2 Environmental Product Declarations for structural steel

Environmental impacts of buildings are commonly quantified and assessed using life
cycle assessment (LCA) techniques and frequently communicated via environmental
product declarations (EPD). Several European steel producers have published
environmental product declarations on structural steel sections and plates. At a
European level, the EPD published by bauforumstahl” is probably the most commonly
used for structural steel. The scope of this EPD is ‘steel products rolled out to structural
sections, merchant bars and heavy plates, intended for bolted, welded or otherwise
connected constructions of buildings, bridges and other structures’. The data provided
are average data based on the production routes of the largest EU producers of steel
plate and steel sections. As such, the EPD data presented includes both Basic Oxygen
Steelmaking (BOS) and Electric Arc Furnace (EAF) steelmaking, i.e. an average. The
EPD applies to 1 tonne of structural steel (sections and plates) and covers steel products
of the grades S235 to S960.

The EPD produced by AISC for fabricated structural steel sections and sections from
fabricated steel plate, makes no reference to the strength of the steel covered by the
scope of the EPD. The Norwegian Steel Association has published an EPD for hot-rolled
steel plates used in construction works. The scope of this EPD is the ‘standard steel
grade’, i.e. < S355.

A number of producer-specific EPDs are also available. These EPDs either refer to
standard grade steel or make no mention of the scope of the steel grades covered by
the EPD. ArcelorMittal has published an EPDI?! for their HISTAR section range. HISTAR
steel is produced using quenching and self-tempering (QST) processes. However, since
the EPD only covers steel production via the EAF route, it is not possible to compare the
environmental impact of HISTAR with traditional structural steel grades and hence infer
the impact of the additional QST process.
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7.3  Steel Eco-Cycle Programme

The most relevant project investigating the environmental impact of HSS structures is
the Steel Eco-Cycle programme which was undertaken by the Swedish Steel industry
between 2004 and 20124, Of the range of projects conducted under the Steel Eco-
Cycle programme, the project entitled ‘The environmental value of HSS structures’’
specifically addressed the development and validation of LCA techniques to assess high
strength steel structures. This included a number of ‘active’ structures, such as vehicles,
in addition to ‘passive’ building structures.

LCA on the production of different steel grades was performed and relationships between
environmental impact, steel type, steel strength and chemical composition established.
Methods for LCA of HSS structures were developed and the potential for reducing
environmental impact was exemplified via a range of case studies.

Steel grades

The steel grades included Eco-Cycle were carbon steel and stainless steel as hot rolled
and cold reduced sheet material. The high strength carbon steels were micro-alloyed
cold formed steels, dual phase steels and martensitic steels. Hot dip galvanized steels
and structural steel and abrasion resistant steel as heavy plate were also included — the
plates were quenched and tempered steels with fairly low alloying element contents. The
range of steel strengths studied was 220 to 1400 MPa. A total of 53 steel grades were
analysed!"®l,

LCA of steel production

The life cycle assessment of steel production was performed in co-operation with the
Swedish Environmental Research Institute, IVL. It covered raw material extraction, steel
production, heating of slabs, rolling, annealing, quenching, tempering and related
transportation. The life cycle for production of steel starts with the extraction of natural
resources such as iron ore from the ground for use in raw materials such as alloy
materials and other raw material inputs. Most of these raw materials, as well as fuels and
electricity, are traced back from the cradle. The input of external steel scrap has been
considered as “free” from environmental burden. However, a sensitivity analysis in which
the scrap balance is considered was performed in one of the case studies.

General data, sourced mainly from the Gabi databasel’”], was used for the production of
raw materials, alloying elements, generation of electricity and transportation. The
analysis was performed as an absolute analysis and the results expressed as
environmental equivalent parameters of Global Warming Potential (GWP, CO2equiv),
Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone
Creation Potential (POCP), Abiotic Depletion Potential (ADP) and non-renewable energy
resources.

Active and passive structures

When assessing the environmental value of HSS in structural applications, it is
appropriate to differentiate between passive and active structures. For passive
structures, such as buildings, it is the environmental impact during the production of
steels, manufacture of structures and related transport, together with the service life and
end of life features that contributes in the life cycle assessment. For active structures,
such as vehicles, the environmental impact during the use phase also has a substantial
influence on the result of the life cycle assessment.

It is also important to determine whether the use of HSS can improve performance in
terms of higher payload, improved crash resistance, longer life, improved dent resistance
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or improved abrasion resistance, corrosion resistance, etc. For active structures, it is also
important to know how much of the weight reduction can be transformed into lower
energy use during the use phase. It is then important to know, especially for vehicles in
the transport sector, whether the transport is weight critical or volume critical. If the
transport is weight critical, a weight reduction could be directly converted into an
increased payload, with corresponding decreases in environmental impact and a lower
cost for a certain amount of load transported. Some examples of such structures are
different types of vehicles for construction work, e.g. wheel loaders, heavy trucks and
dumpers as well as timber transport vehicles, tanker trucks and cranes.

If the transport is volume critical, the lower weight is used to lower the energy needed for
propulsion and thereby lower the environmental impact. However, it is normally
impossible in this case to convert all weight reduction into reduction in energy used, since
some of the energy supplied is utilized to overcome air resistance (drag) and losses in
transmissions, and to operate auxiliary systems.

LCA model

The model for the analysis in the Eco-Cycle project is shown in Figure 7.1. The different
steps in the life cycle were regarded as separate modules and the total environmental
and cost impact, or actually the difference in impact in using HSS compared to
conventional steel, is the sum of the contributions from each module.
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Figure 7.1  Structure of the Eco-Cycle LCA model

LCA of steel production

The analysis of environmental impact from steel production is reported in detail by
Hallberg!"®l. Figure 7.2 shows environmental data on steel production including upstream
environmental impact as a function of yield strength for SSAB EMEA sheet and strip
steel. The results are presented in terms of Global Warming Potentials (GWP as kg CO.-
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equivalents). The GWP value mainly consists of CO»-emissions but emissions such as
methane and nitrous oxide also contribute. The figure shows that the influence of yield
strength is comparatively small for all these steels - the type of steel influences the GWP
more than the yield strength. In general, the values for cold reduced steel are somewhat
higher than for hot rolled steels, since the process also includes cold rolling and
annealing. The values for hot dip galvanized steel are higher than for cold reduced steel
since more alloying is needed to reach certain strength in the hot deep galvanizing
process.
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Figure 7.2 GWP [kg COzequ/kg steel] as a function of yield strength for steel
production at SSAB EMEA Luled-Borlange

Data on the general level of CO, emissions from Ruukki was evaluated from data
sources at SSAB EMEA in Oxelosund and presented by Sperle et al.[’! in accordance
with the procedure described in Worldsteel methodology reportl’®l in Figure 7.3. The
graph shows that for the carbon steel plate grades there is a clear tendency of increasing
CO2e emissions with increasing strength. (S1100 has lower COze values than S900
steel because of differences in production yield.)
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Figure 7.3  GWP [kg COzequ/kg steel] as a function of yield strength for steel
production - cradle to gate, for plate products of carbon steell"™
Alloy composition

Alloys have a major effect on the environmental impact value of steels. Figure 7.4 shows
emissions of greenhouse gases for different alloying elements.
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Figure 7.4  GWP [kg COzequ/kg steel] for different alloying elements!’®

Steel Eco-Cycle case studies

A number of case studies were undertaken. This included an assessment of the
environmental savings from using HSS in the Friends Arena (Sweden’s national arena).
In this stadium, four 17 m deep space trusses span the 162 m width of the stadium and
carry the load of the retractable roof. They were identified as having most potential to
benefit from the use of HSS. The key elements of the trusses offering the greatest
potential to exploit the advantages of HSS were the top and bottom chords and the outer
diagonal member closest to the support points. The top chords consist of S460 steel
tubes with a diameter of just over a meter. The designers were able to use higher grades
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of HSS in the bottom chords and the outer diagonals (S690 and S900 respectively) as
these are predominantly subject to tensile loading. The bottom chord was a U profile to
simplify welded connections and the outer diagonal members were flat plate. The use of
HSS led to a 17% reduction in the weight of the roof compared to a roof made from
conventional S355 structural steel. Although HSS is more expensive than conventional
structural steels, the reduced tonnage and cost of fabrication (mainly due to the reduced
welding required) led to an overall cost saving of 14.5%.

The three aspects of the life cycle assessment (LCA) which were identified as having the
greatest environmental impact for the roof trusses were steel production, transportation
and recycling at end of life. The environmental impact due to the fabrication of the
structure and during its operating lifetime was deemed to be negligible. Figure 7.5
compares the environmental impact of the HSS roof with a roof fabricated from
conventional structural steel, in terms of an equivalent weight of CO2 (kg CO2)equiv.
and shows that HSS led to reduction of the global warming potential of 17%%2.
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Figure 7.5  GWP [kg COzequ/kg steel] comparison between conventional and high
strength steel for the Friends Arena

Overview of results from Steel Eco-Cycle programme

The life cycle assessment of the production (cradle to gate) of the selected carbon steel
and stainless steel shows, as expected, a slight increase in environmental impact with
increasing steel strength when expressed per unit of steel weight. For carbon steel this
increase can be related to the type of steel and the yield strength.

Environmental impact related to acidification, eutrophication, ozone creation, abiotic
depletion and the non-renewable energy resources are closely related to the CO.e-
emissions - a relationship that is almost independent of the type of steel grade produced
at a specific production site.

The case studies showed that it is possible to achieve the project goal of 20 % weight
reduction for parts in which conventional steel is replaced by high strength steel. The
analysis also indicates that there is an even greater potential, especially for active
structures.
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For carbon steel, the plant-specific element (Gate - Gate) comprises 65-70% and the
production of upstream raw materials and energy 25-30% of the so-called Cradle to Gate
value. The alloying elements only account for about two per cent of the environmental
impact. Figure 7.6 shows how the greenhouse effect, GWP expressed as carbon dioxide
equivalents, CO.e, is distributed for different stages of the process chain in respect of
hot rolled, cold rolled and metal coated plate products respectively of carbon steel.

Typical results carbon steel, Cradle to Gate: Greenhouse gases, CO,,

[l steelworks
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Metal coated
] Rolling and Coating
(site specific)

. Steelworks
I Alloys

(upstream)
[] Rollingand Coating
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0 500 1000 1500 2000
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Figure 7.6  GWP [kg COze/kg steel] for hot rolled, cold rolled and metal-coated plate of
carbon steel™

7.4  Other work comparing the environmental impact of
steels

Starting from identical assessment approaches for crude steel and identical dimensions
after rolling, Stroetmann®!l compared the cumulative energy demand (CED) of HSS with
that for S235 (Figure 7.7). For quenched and tempered steels, alloying constituents such
as molybdenum, chromium and silicon as well as the heat treatment processes increase
the CED to a greater extent than the thermomechanically rolled steels which attribute
their strength micro-alloying elements in combination with thermomechanical rolling.

S 235 J2 S 460 M $690 Q
total 14808 MJ/t total 15449 MJ/t total 18919 MJ/t
353, 1869 126 353 1869 375 1869 1382

53A< 445_ o
2905

7 12407 ' 12407 ‘ F 12407 ‘

crude steel Walloy m continuous casting m pusher furnace
Orolling mill and if applicable heat treatment

Figure 7.7  Cumulative energy demand (CED) for heavy plates (closed-loop-approach)
made of various steel grades!®?
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Figure 7.8 shows the relation of CED, GWP100 and AP for heavy plates made of various
steel grades compared to the cost of S235J2.
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Figure 7.8  Relation of CED, GWP100 and AP of heavy plates for various steel grades
referring to S235J2(82

Based on the data provided in Figure 7.8 and a series of environmental impact weighting
factors, the weight savings required to achieve a reduction in environmental impact are
given in Table 7.1.

Table 7.1 Required weight saving in [%] compared to steel grade S235J2 82

S355J2 | S420N | S460N S420M | S460M | S460Q | S500Q | S550Q | S690Q
Heavy 6.6 9.3 10.6 3.3 4.1 10.2 11.1 13.4 171
plates
Rolled 6.7 8.8 9.9 3.4 4.2 10.0 10.7 12.6 15.6
sections

Figure 7.9 shows a relative price comparison for heavy plates of various steel grades.
The comparison was based on average (2011) prices provided by different producers in
the German market. According to these prices, compared to the increase in strength
there is only a moderate increase in price which it should easily be possible to
compensate for by appropriate weight savings.

steel prices referring to $235J2 in [%] required mass reduction referring to $235J2 in [%)]

140
135
130
125
120
115
110
106
100 -+

0 B
S356J2 S420N S420M S460M S550M S550QL S690QL S700M $355J2 S420N S420M S460M S550M S550QL S690QL S700M

Figure 7.9  Economic efficiency of heavy plates, if only the material price is taken into
account!®?
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7.5 Scope of investigation in STROBE

Assessment of the following structural systems designs will be undertaken:
e A portal frame

¢ A continuous flooring system (within a multi-storey building)

¢ Long span floor systems.

Building designs based on current practice using conventional strength structural steel
will be re-designed using HSS, following the design guidance developed under earlier
work packages. An inventory of the designs will then be assessed using the CEN TC350
standards to compare the performance of the conventional and HSS structures. Metrics
for comparison will include structural weight, embodied carbon impacts, cost and usable
floor area. Different assumptions for the environmental impact of HSS compared to
conventional strength steel will be compared.
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