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An important note for the reader

The NZ Transport Agency is a Crown entity established under the Land Transport Management Act 2003.
The objective of the Agency is to undertake its functions in a way that contributes to an efficient, effective
and safe land transport system in the public interest. Each year, the NZ Transport Agency funds innovative
and relevant research that contributes to this objective.

The views expressed in research reports are the outcomes of the independent research, and should not be
regarded as being the opinion or responsibility of the NZ Transport Agency. The material contained in the
reports should not be construed in any way as policy adopted by the NZ Transport Agency or indeed any
agency of the NZ Government. The reports may, however, be used by NZ Government agencies as a
reference in the development of policy.

While research reports are believed to be correct at the time of their preparation, the NZ Transport Agency
and agents involved in their preparation and publication do not accept any liability for use of the research.
People using the research, whether directly or indirectly, should apply and rely on their own skill and
judgement. They should not rely on the contents of the research reports in isolation from other sources of
advice and information. If necessary, they should seek appropriate legal or other expert advice.
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50MAX heavy vehicle with one more axle than conventional 44-tonne vehicle combinations
AISC American Institute of Steel Construction

AS Australian standard

BS British standard

f'c concrete compressive strength (MPa)

fy tensile strength

fs allowable stress in tension

fv basic allowable mean shear stress on structural steel webs
Fv allowable stress in tension in vertical stirrups

HERA NZ Heavy Engineering Research Association

HPMV high-productivity motor vehicle

MoW Ministry of Works

NZS New Zealand standard

RFP request for proposal

SH state highway

ULS ultimate limit state

WP2 Work Package 2



Contents

Executive summary 7
Abstract 8
1 Introduction 9
2 Review of current design and evaluation practices in New Zealand and overseas for
shear connectors 10
2.1  Historical review of the development of shear connectors for steel-concrete
a0 111 0T 13 1 TN 1= U L3 10
2.2  Historical development of the code defined push-out test........ccooeceeiiiiieiniiieen e 14
2.3 Past research on the theoretical strength of shear connectors .......cccceecevveeeeereeecceveeeeennn. 18
2.3.1  Shear stUdS CONNECLOIS .iiiiiiiiiiiieieiee e e e e e e e e e e e s s e e e e e e e e e s s e sananeeeeeeseennns 18
2.3.2  Channel Shear CONNECLOIS ....icccuuiiiiieee ettt e e erre e e s e rne e e e e e s e eans 23
R S o Y s el 117 Lo o T 28
3 Review of historical forms of shear connectors used in bridges in New Zealand.................. 30
S 0 I 1 ¥4 o Yo [Tt o o T 30
3.2 Canterbury and West Coast CaS@ StUAY ...ccueiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e eeeeees 30
3.2.1  Welded channels ... e e e 31
3.2.2  Welded V-angles ... 32
3.2.3  Mild steel DENt PIAtes ..ooeeeiieiiiie e 33
T B 11 [ L3S 33
3.2.5  RiIVETEA ANGIES it e s ae e 34
R I 1= T - ] o - Ul 1 T PPN 34
3.2.7  Deck reinforCEMENT ......eeiiii it e e e 34
I T o & d o T 3 - g T o £ < 1 o | R 35
3.3.1  Opus database Case STUAY ....ccuieiiiiiiiiiiee e e e e eae e 35
3.3.2 Gisborne and Hawkes Bay €Case STUAY .....cccceeereiiiiiiiiiiiiieis s esirnee e seienee e e 35
R = Voo - U e 1 - 1Y T T SRR 36
3.4.1 Standard MoW H20-S16-44 composite deSigNs .....cceecererrieererriereeeereeeeseeee s 36
3.4.2 Standard MoW HN-HO-72 composite designs post-1978......ccccccceerrrieerrriieennnnnns 37
3.4.3 Standard Works Consultancy Services HN-HO-72 composite designs post-199038
3.4.4  NON-StANdArd deSIgNS..cccuiiiiieiiieeeiiee e e e e e e eeane e e snneeeenanes 38
3.5 Material STreNGURS ..o e e nne e 38
T T B oY el =1 T3 d Y e o o -SSR 38
3.5.2  Structural steel STreNGths ..o.oooueeiiiiiie e 40
3.5.3 Reinforcing steel StreNgths ......cooveciiiiieiee e 41
3.6 Capacity of COMPOSIte Dridges ..cccuuuriiiiiiiiiciiririi e e rrr e 42
T o U1 (U1 I T o 1YY d e =Y o o N 42
3.7.1  Bridges in the regioNs. ... it 42
07 T o B 117 Lo o I 44
3.8 International reports on the performance of shear connectors in composite bridges..... 45
IS T o T ol [ 1] [0 o -3 PSP 46
4 Review of recent research outputs from New Zealand and overseas for shear connectors48

4.1

Overview of capacity factor design and reliability analysis......ccccccceeeiiieciieeeeen e, 48



4.1.1 Design assisted by testing and evaluation of capacity factor ¢......ccccceeecuveerruneen. 50
4.1.2 Target capacity factor for ULS deSign .....cciiecciieiiieii e e e ee e 52
O I B -1 o 1Y = I oo Y [ 4 1Y 3 53
4.2  Evaluation of capacity factor for channel shear connectors embedded in solid
(oo o Lol <1 CIE] - Lo LR 53
e T o o Tef ¥ Y o Y =3 SN 60
5 Basis of proposed design methodology 61
5.1 T g T oo 1UT 1§ Lo SRR 61
5.2 Codified design methods for the bending capacity of composite bridges.......ccccccceeerennee 61
5.3  Design formulae for bending capacity .....ccccooeieiiiiiiinineee e e 64
5.3.1  NON-coOmMposite DeamM d@SIgN ... e 65
5.3.2 Composite beams design with full shear connection ........cccccceevieciiiieeeen e cccciines 66
5.3.3 Composite beam with partial shear connection .......cccoceeeeeeieiieiiiiceeeeeeeeeeeeee, 67
5.3.4 Composite beam with non-linear design .......cccoeeueeiriiiiiiiriieee e 68
Y S @ e Yo Vel [T K=Y 1o I PPN 72
6 Assessment procedure for existing New Zealand composite bridges 73
6.1 T gL oY 1N Y1 Lo o P SPPTN 73
6.2 ASSESSMENT PrOCEAUIES ...oiiiiiiiieieiiie ettt e e ree e e st e e st e e s s e e e e s e e e s ssse e e s snse e e s saseeeeeennnnenean 74
L0 T o T el 13 Lo L= PP URRPR 78
7 Conclusions 80
8 References 81
Appendix A: Canterbury and West Coast case study information 85
Appendix B: Opus database case study information 86
Appendix C: Gisborne and Hawke’s Bay case study information 87
Appendix D: Drawings of composite bridge examples 88
Appendix E: Worked example using the existing design provisions 98
Appendix F: Worked example using new design guidance 112
Appendix G: Historic steel mechanical properties 158
Appendix H: Summary of assessment procedure for bending capacity of the existing
New Zealand composite bridges with channel shear connectors 176



Executive summary

There are approximately 270 bridges on New Zealand’s state highway network and many more bridges on
local roads with steel concrete composite superstructures. Most of these consist of reinforced concrete
decks connected to braced steel I-beams, with welded channels or studs used to provide longitudinal
shear connection. Over 70% of these bridges were constructed between 1950 and 1970, of which
approximately three quarters were designed by the Ministry of Works. Based on their design live loading
(typically H20-S16 or H20-S16-T16), the majority of these bridges are expected to be capable of
supporting full high-productivity motor vehicle loading. However, significant variability currently exists in
the assessed live load capacity of composite bridges, even when they are designed to identical design
loadings.

This report first reviews international experiments for shear connectors and the development of design
equations in different national standards. From an investigation of as-built records, the report also
outlines the types, geometry and material properties of historic shear connectors in New Zealand and
identifies the design standards for the historic bridges. The most common type of shear connector is the
welded channel which was used in more than 67% of the historic composite bridges. A further 24% of
bridges utilised the welded V-angles connector, while the remaining consist of shear studs, bent plates
and riveted angles.

The performance of different existing design models for channel shear connectors is evaluated through
reliability analysis prior to the development of a new equation, which ensures that the target margin of
safety is achieved.

The proposed evaluation procedure for composite bending capacity adopts the Eurocode-based solution
which covers a wide range of application. Developed from modern composite beam theories, the solution
provides more design options for engineers when dealing with full/partial shear connection, ductile/non-
ductile shear connectors, compact/non-compact steel sections and the degree of shear connection.
Further requirements are given for the propped and unpropped construction methods.

The evaluation procedure given is an extension of the existing evaluation steps in the NZ Transport
Agency’s Bridge manual (3rd edition). The procedure incorporates the newly developed design equation of
the channel shear connectors. A self-contained evaluation procedure is prepared in appendix H which can
be used as an independent guide.

Fully worked examples are also given to support the proposed evaluation procedure and enable
comparisons to be made with the existing methods in NZS3404/AS5100.6, where only the rigid plastic
theory-based method is allowed. While similar results are achieved for cases where full shear connection is
provided, for beams with non-ductile shear connectors or a lower degree of shear connection n, the
proposed evaluation procedure provides bending moment capacities between 33% and 100% of that
advised using the current NZS 3404 and AS5100.6 for the range of n between 0.7 and 0.85.



Evaluation of shear connectors in composite bridges

Abstract

There are approximately 270 bridges on New Zealand’s state highway network and many more bridges on
local roads with steel concrete composite superstructures. From an investigation of as-built records, most
of these consist of reinforced concrete decks connected to braced steel I-beams, with welded channels or
studs used to provide longitudinal shear connection. Over 70% of these bridges were constructed between
1950 and 1970, of which approximately three quarters were designed by the Ministry of Works. Significant
variability currently exists in the assessed live load capacity of composite bridges, even when they are
designed to identical design loadings.

This report reviews international experiments for shear connectors and the development of design
equations in different national standards. A new equation for channel shear connectors was developed and
evaluated through reliability analysis to ensure the target margin of safety was achieved.

An evaluation procedure for composite bending capacity is proposed in this report, incorporating the
newly developed design equation of the channel shear connectors and adopting the Eurocode-based
solution, which covers a wide range of application. The evaluation procedure is an extension of the
existing evaluation steps in the NZ Transport Agency’s Bridge manual (3rd edition).



1 Introduction

1 Introduction

Steel-concrete composite construction comprises a reinforced concrete deck slab on top of steel girders. It
is widely adopted in highway bridges since the construction considerably increases the beam load capacity
and stiffness. The shear connectors play an important role in transferring longitudinal shear force between
the deck slab and the steel girders, ensuring the composite behaviour.

Historically the existing bridges in New Zealand carry many different types of shear connectors.
Unfortunately, the majority of these shear connectors are not supported by the standards referenced in
the NZ Transport Agency’s (2014) Bridge manual. Although internationally there is some guidance for the
evaluation of existing shear connectors, eg BD 61/10, this is better suited to a particular country’s
practices. The aim of this report was therefore to develop design guidance for evaluating the capacity of
existing bridges by considering the performance of different historical shear connector types. As a result
of this study, high-productivity motor vehicles (HPMVs) and 50MAX vehicles are expected to be given
wider access to the existing highway network.

The research first studied international design equations and test methods for the resistance of various
types of shear connectors. A review of the shear connector types in existing New Zealand highway bridges
was then carried out by studying databases of international consultants and the NZ Transport Agency’s
(2009) Bridge data system structural guide. The channel shear connector was identified to be the major
type of shear connector. Utilising structural reliability analysis together with the international test data
obtained in the study, a design equation was developed for the resistance of the local channel shear
connectors.

A new design method for composite beam bending resistance, incorporating the proposed new design
equation for channel shear connectors, is introduced in this report. It is to be accepted in the forthcoming
AS/NZS 2327 as a general solution for composite structures in New Zealand.

A revised evaluation procedure, which integrates the new design method, was also developed based on
the existing Bridge manual procedure.

A worked example using the newly proposed evaluation procedure is provided in appendix F of this
report. The worked example is based on an exemplar project in New Zealand. It also compares the results
with the existing methods such as AS 5100.6 and NZS 3404 and demonstrates that the new method gives
a more accurate prediction.
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2 Review of current design and evaluation
practices in New Zealand and overseas for
shear connectors

This chapter reviews current practice for the design of new and evaluation of existing shear connectors in
composite construction. To ensure the review is well focused, particular attention is paid to the shear
connection types used in New Zealand. More information is given about these in chapter 3.

2.1 Historical review of the development of shear
connectors for steel-concrete composite beams

In 1922, the Dominion Bridge Company in Canada conducted tests on two floor panels consisting of a
concrete slab and two steel I-beams encased in concrete. In reporting the results of these tests, Mackay et
al (1923) wrote: ‘While such beams have hitherto been designed on the assumption that the entire load ...
is carried by the steel, it was thought that the steel and concrete might really act together so as to form a
composite beam ...". During this period, tests on encased composite beams were also being carried out in
the UK and USA. In each investigation the experimental results indicated, so long as the bond between the
steel and the concrete was not lost, the encased beam behaved as though there was complete interaction.
However, it was appreciated by the investigators that the strength of such beams would be seriously
impaired by the loss of bond, and once this natural bond had been broken, further composite action was
not possible. Consequently, in order to provide security against premature failure, mechanical connection
devices were introduced to augment natural bond. As bridge construction practice gradually moved away
from full encasement towards a concrete slab supported on top of steel beams, investigations began to
place more emphasis on the mechanical connection between the concrete and the steel and rely less on
natural bond.

The first systematic studies with mechanical shear connectors were made in Switzerland with the
development of the Alpha System. In this form of construction, the transfer of longitudinal shear, from the
steel beam to the concrete slab, was satisfied by the provision of a round bar formed into a helix. The
helix, otherwise known as a spiral connector, was welded to the top flange of the steel section at the
points of contact along the length of the beam (see figure 2.1(e)). Static tests of eight specimens with
helical connectors were reported by Ros (1934). The tests involved two double T-beams tested with two
concentrated loads, four T-beams subjected to axial loads applied at different eccentricities and two
special specimens devised for determining the shear transfer capacity of the spirals. These last two
specimens consisted of a short section from an I-beam and two concrete slabs which were connected to
each flange of the steel beam with a helical connector. The specimens were supported on the ends of the
slabs and the load was applied axially to the steel beam. Slip at the interface between the steel member
and the two slabs was recorded to determine the load-slip characteristics of the mechanical shear
connection. This type of test specimen is now almost universally used for tests on mechanical connectors
and is referred to as the push out or push test, see (figure 2.2).
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Figure 2.1
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In the period between 1935 and 1951, after the early studies on helical connectors, European
investigators turned their attention to other forms of mechanical connection devices, eg Bar and Tee
connectors (see figure 2.1(b) and (d)). These types of mechanical devices, primarily used in British bridge
construction, were denoted as stiff connectors since they provided almost complete interaction by
preventing slip at the steel flange/concrete slab interface by transferring the shear forces primarily by
bearing on the concrete due to their relative stiffness.

11
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In North America between 1939 and 1958, engineers turned towards shear connectors which required less
fabrication, for example, the channel connector shown in figure 2.1(c). These types of mechanical
connecting devices were termed flexible connectors due to the fact they allowed a certain amount of slip
at the steel flange/concrete slab interface and, for design purposes were idealised as a flexible dowel in
an elastic medium. This assumption led to semi-empirical formulae relating the maximum stress to the
concrete strength and the connector width, in addition to the flange and web thickness. In 1952 two
studies were carried out by Siess et al (1952) and Viest et al (1952) to compare the performance of so-
called stiff connectors with that of flexible connectors. From these investigations it was found that, when
considering the load-slip performance obtained from push-out tests, the stiff connectors were superior to
the flexible types. However, the differences were much smaller than had been expected by the
investigators and from beam tests it was found flexible connectors could, in fact, provide adequate shear
connection to develop full composite action.

The development of the electric drawn arc stud welding apparatus in 1954 allowed another type of flexible
connector known as the headed stud connector (see figure 2.1(a)), to be rapidly fastened to the top flange
of steel beams. This development was accompanied by extensive investigations in the USA between 1956
and 1959 at the University of Illinois (Viest 1956a; 1956b) and Lehigh University (Thiirlimann 1959) using
push-out tests, of the type shown in figure 2.2. From these research programmes it was found that the
behaviour of the headed stud connector was virtually identical to that of the channel connector.
Furthermore, due to its advantages over the channel connector (eg the rapid installation technique, and
the fact that they were equally strong and stiff in shear in all directions normal to the axis of the stud), the
stud shear connector became one of the most popular types of connecting device to be used in composite
construction.

During this period, the strength of headed shear connectors was almost entirely found from push-out
tests of the general type discussed above. Although investigators like Viest and Siess (1954)
acknowledged the necessity for an ultimate load design method for connectors, they appreciated that the
contemporary method of designing composite bridge beams was based on working stresses. Therefore,
the design strength of shear connectors was based on a ‘critical load’ or ‘useful capacity’, which was
determined by subjecting a push test specimen to cycles in load until the residual slip reached a specified
value. According to the American Code of Practice at the time (AASHO 1957) this was 0.003in (0.076mm),
which generally corresponded to half of the ultimate capacity.

An important observation is that, up to 1959, no generally agreed guidance was in place with regard to
the suitable proportioning of the push-out test specimens, either on a national or international level. This
fact can at least be partly attributed to the need for research to keep up with the rapid developments
occurring in industry. Consequently, at this point various sizes, configurations and fabrication techniques
for the test specimens had been employed in the examination of the load-slip performance of mechanical
shear connectors. Also, an obvious question regarding the behaviour of shear connectors is whether their
behaviour in push-out tests was comparable to that which would occur in a full-scale beam. In an attempt
to address this question, Thiirlimann (1959) studied the behaviour of headed studs in beams and
companion push-out tests. From the results of these tests Thiirlimann concluded the push-out test
produced essentially the same conditions as normally existed in actual composite beams.

In 1959, investigations in the USA by Culver and Coston (1959), Culver et al (1960; 1961) and UK by
Adekola (1959); Balakrishnan (1963) and Chapman and Balakrishnan (1964) were directed towards the
behaviour of composite beams in buildings. As mentioned above, most previous research had been
concerned with the elastic approach based on specified working stresses in the steel and concrete; these
tests investigated the feasibility of the concept of ultimate strength applied to both the bending strength
of composite beams together with their shear connection. From the studies in the USA at Lehigh University

12
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(Culver and Coston 1959; Culver et al 1960; 1961), it was found that, provided the total strength of the
shear connection was adequate to resist the ultimate compressive force in the concrete, the magnitude of
the slip at the interface did not significantly affect the development of the ultimate moment of resistance.
It appeared that the only limitation to the amount of slip allowed at ultimate load was the amount the
connectors could deform without fracturing. It was shown that since flexible connectors possess sufficient
ductility to redistribute the horizontal shear force, then all the connectors were equally loaded prior to
failure. In addition, the investigation in the USA concluded that using this limit state approach, rather than
the previous elastic permissible stress design, allowed the shear connectors to be spaced uniformly along
the length of the beam, irrespective of whether the applied loading was concentrated or uniformly
distributed (ie elastic perfectly plastic behaviour).

The research programmes conducted in the UK at Imperial College between 1959 and 1964 (Adekola
1959; Balakrishnan 1963; Chapman and Balakrishnan 1964) further confirmed the feasibility and
advantages of the limit state concept, by stating that the ultimate capacity of a shear connector formed a
more satisfactory basis for designing such connectors than the ‘useful capacity’ concept, based on a
limiting residual slip. Moreover, emphasis was placed on ensuring that in practice the shear connection
should not precipitate flexural failure of the beam. It was therefore proposed in 1964 by Chapman and
Balakrishnan (1964) together with Yam and Chapman (1968) that the shear connectors should be loaded
to only 80% of their ultimate capacity at ultimate moment (this recommendation was included in CP 117-1:
1965 and its successor BS 5950-3.1: 1990. Furthermore, the results obtained at Imperial College, like
those at Lehigh University, confirmed that when the shear connectors are designed on an ultimate load
basis, they can be uniformly spaced along the length of the beam, even when the shear force diagram is
triangular, ie when the beam is subjected to a uniformly distributed load. Also, an important phenomenon
was reported by Adekola (1959) in his tests on one-eighth and one-quarter scale T-beams; when low levels
of transverse reinforcement were provided, a splitting related failure of the concrete slab along the plan
centreline of the beams was observed.

In 1960, some questions arose over Thirlimann’s (1959) assumption that the push-out test produced the
same conditions as in full-scale beams. Culver et al (1960), in comparing the results of four beam tests
with their companion push-out specimens, observed that, although the results were too limited to
establish the correct correlation between beam and push-out tests, the connection force in all the beams
with an adequate number of shear connectors exceeded the connector force in the comparable push-out
specimen by 39% or more. Further tests by Culver et al (1961) substantiated the conclusion that the
behaviour of a shear connector in a push-out test was different from that in a beam specimen.

However, an investigation by Slutter and Driscoll (1965) examined in greater detail the behaviour of stud
connectors in beams and push-out tests. The authors accepted that the performance of shear connectors
in a beam and a push-out test were somewhat similar, but suggested there were some basic differences
between the two types of specimens, which affected the test results and the reliability of the test data,
namely:

1 The direct stresses present in the concrete due to bending in the slab of the beam were absent in a
push-out test specimen.

2 The eccentricity of loading in the push-out test might result in low average ultimate connector
strengths.

3 From experimental observations, the amount of slab reinforcement must be greater in a push-out
specimen than in a beam to attain comparable ultimate connector strengths.

13
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As a result of the above, Slutter and Driscoll undertook a careful study of testing techniques, test
specimens and corresponding test results. In addition, to compare the resistance of the headed stud
connectors properly, partial shear connection was employed in some of the beam tests (ie at the limit
state the total compressive force developed from the shear connectors in the shear span would be less
than that which would develop in the concrete flange if full connection were provided to mobilise the full
moment capacity of the composite section). From the general behaviour of the specimens, the authors
concluded that the highest results attained in push-out tests were a conservative approximation of the
ultimate strengths of shear connectors in beams.

From the above summary of previous research work on composite beams with solid concrete slabs, it can
be seen that most of the test data on the load-slip characteristics of shear connectors was as a result of
push-out tests of the general type shown in figure 2.2. Ideally this load-slip curve should be found from
full-scale beam specimens since it seems that in some cases the results from push tests did not fully
represent the behaviour of a stud connector. However, although helpful in evaluating the actual load-slip
performance of shear connectors, it would be difficult to conduct beam tests in sufficient numbers to
investigate the sensitivity of different parameters and evaluate the performance of a design model using
structural reliability analysis. As a consequence of this, it would appear that the push-out test is one of the
only reliable methods for determining the load-slip characteristics of shear connectors and, if suitably
proportioned, should provide a satisfactory means for determining the ultimate strength of headed stud
connectors.

If the limit state concept is adopted, the shear studs may be uniformly positioned along the length of the
beam because at ultimate load it has been shown from the tests discussed above (Culver and Coston
1959; Culver et al 1960; 1961), providing the studs possess sufficient ductility, they will redistribute the
applied shear forces from near the supports to the span (until all the connectors are equally loaded prior
to failure). Consequently, it would appear that a theoretical model based on the failure of a single
connector is justifiable with regards to the limit state concept.

2.2 Historical development of the code defined push-out
test

In 1960, the Drafting Committee for the British Code of Practice for Composite Construction was formed
and began its work by preparing a summary of existing knowledge, specifications and construction
practice (Institution of Structural Engineers 1964). In the last part of this publication the committee listed
various areas of research which urgently needed to be investigated for implementation in the Code of
Practice. The first of these areas was the standardisation of a specimen for determining the load-slip
characteristics of shear connectors. From the review of previous work, the Drafting Committee (Institution
of Structural Engineers 1964) stated that the behaviour of a push-out test could vary considerably
depending on the form of specimen and the method of loading, as well as on the dimensions,
reinforcement and concrete strength of the slabs. For these reasons it was difficult to correlate the results
from the considerable number of push-out tests on various types of shear connector that had been
performed in different laboratories. Consequently, the committee proposed that the following list of
variables should be considered in the definition of a standard specimen:

1 Form of specimen: For this point, the committee acknowledged that by far the most commonly
adopted form was the push-out test shown in figure 2.2, where the central joist is pushed between
two slabs which are firmly bedded at the base. However, concern was expressed that the slabs were
not free to separate, although the committee conceded that separation was not entirely prevented,
since rotation of the slabs typically occurred prior to failure.

14



2 Review of current design and evaluation practices in New Zealand and overseas for shear connectors

2 The number of shear connectors to be employed in the push-out test: In this case the committee
stated that for a shear connector such as a channel or bar, a single shear connector would probably be
satisfactory, but in the case of a headed stud a single connector would not be sufficient. This point
was probably due to the limit state concept discussed above, in that it would be desirable to have a
specimen configuration which enabled redistribution of load to occur between the connectors, as
would occur in the shear span of a composite beam where there is a monotonic distribution of force.

3 The size and quality of the concrete slab: On this point the committee was concerned that an ex
cathedra pronouncement defining the form of the slab would cause unsatisfactory results for
prototype testing of other forms of beam cross-section, eg deck-slab, haunched and pre-cast slab
elements.

4  Reinforcement: In this case the committee was primarily concerned that enough reinforcement should
be specified in the new code so as to prevent secondary failures, ie longitudinal splitting (Adekola
1959; Robinson 1967) from affecting the resistance of the shear connection.

5 The dimensions of the steel member: This last point was concerned with the possibility of the shear
connector being influenced by the thickness of the beam flange. Later, a study made by Goble (1968)
demonstrated that the full static strength of a headed stud connector can be developed if the ratio of
the stud diameter to that of the steel flange thickness is less than approximately 2.7.

The standardised specimen configuration chosen to fulfil the above variables was introduced in the UK in
1965 with the publication of CP 117-1: 1965. A metricated version of this test arrangement was later
introduced in 1979 with the publication of BS 5400-5: 2005 (see figure 2.3) and referred to in 1990 by BS
5950-3.1 without comment on the need to modify it when profiled steel sheeting is employed. This test
has two variables with respect to the amount of reinforcement and the size of slab: it can either conform
to the arrangement shown in figure 2.3 or, should conform to the details which will be present in the
beams to which the test is related (ie point (3) above).

Figure 2.3 Standard push test according to CP 117-1: 1965 and BS 5400-5: 2005
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During the drafting of Eurocode 4 (ENV 1994-1-1) a wide scatter was again found in the results of tests

from previous investigations reported in the UK and overseas on the shear strength of headed stud
connectors. This scatter was attributed by Johnson and Anderson (1993) together with Roik et al (1989) to
the differences in sizes of the test specimens, the methods in casting, the methods of testing and the lack
of reported test data on the ultimate tensile strength of the stud material. The British Standard push-out
specimen in figure 2.3 has been recently criticised by Johnson and Anderson (1993) since, due to the very
small slabs, it has a tendency to split longitudinally as the light, mild steel reinforcement bars are poorly
anchored. In addition, the connectors are only located at one level, which reduces the effects of
redistribution of load from one slab to the other, and so gives the resistance of the weaker of the two
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connectors (Oehlers and Johnson 1987). In an attempt to overcome these shortcomings, Eurocode 4
presents the standard test as shown in figure 2.4.

Figure 2.4 Standard push test according to Eurocode 4 (ENV 1994-1-1)
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The significant changes in this specimen compared with the British standard push-out test are as follows:

1 The slabs have the same thickness of 150mm but have been increased in size from 460 x 300mm to
650 x 600mm. This increased width allows the transverse reinforcement to be better anchored and
avoids the potential of low results due to longitudinal splitting.

2 The transverse reinforcement is increased from four 10mm diameter mild steel bars to 10 high-yield
10mm diameter bars. In addition to the prevention of longitudinal splitting, the increased stiffness
offered by the high-yield bars is intended to simulate the transverse restraint by the in-plane stiffness
of the slab that exists in T-beams (Slutter and Driscoll 1965). Thus, the extra reinforcement is not
intended to reproduce the reinforcement provided in a beam.

3 The flange width of the steel beam is increased from 146mm to 260mm, so that wider channel and
block connectors may be tested, and the lateral spacing of shear studs is standardised.

4  The connectors are provided in two levels in each slab which enables greater load redistribution. The
test therefore gives the mean resistance of at least four connectors and attempts to better simulate
the redistribution occurring in the shear span of a beam.

5 Each concrete slab must be cast in the horizontal position, as would occur in practice. Many
specimens in the past were cast with the slabs vertical, which caused a risk of the concrete below the
connectors to be poorly compacted. This was thought to be one of the reasons for the high scatter of
previously reported results, because in a push test most of the load on a connector is transferred at
the base of the studs, in a region which is most likely to have an air pocket or weak concrete when
vertical casting is employed. This variable was examined in greater detail in Japan by Maeda et al
(1983; Maeda 1996), who studied the effect of concrete placing techniques on headed stud
connectors subjected to fatigue and static push-out tests. The results of these tests, which in turn
influenced the drafting of the Japanese Industrial Standards (JIS B1198-1982) in 1982, confirmed the
Eurocode 4 requirements for horizontal casting.

6 The optional recess at the base of the push specimen slabs. During the drafting of Eurocode 4 (ENV
1994-1-1), members of the committee were unable to agree on a standard base condition for the push
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test, since the adoption of a single country’s test configuration would cause the values of a
considerable number of results from another country to be invalidated. The British standard test
specimen in figure 2.3 typically has a continuous base which causes the shear forces from the
connectors to be more concentrated in the centre of the specimen. However, the German standard
specimen includes a recess at the base of the slab in an attempt to cause a dispersion of shear forces
comparable to that which would occur in a full-scale beam (Roik and Hanswille 1983; 1987) by
distributing the forces outwards from the centre-line of the specimen into the concrete flange.

Like the British Codes of Practice (BS 5400-5: 2005; BS 5950: 1990; CP 117-1: 1965) the Eurocode 4 (ENV
1994-1-1) specimen has two variables with respect to the amount of reinforcement and the size of slab; in
that it can either conform to the arrangement shown in figure 2.4, or it should conform to the details of
the beams to which it is related. In addition, there is again no comment on the need to modify the test
when profiled steel sheeting is employed.

In addition to defining the standard push test, Eurocode 4 also provides rules for evaluating the
characteristic values for shear connectors (based on the lower 5% fractile). According to Eurocode 4, if
three nominally identical tests are carried out, and the deviation of any individual result from the mean
value does not exceed 10%, the characteristic resistance of a shear connector Pz« is defined as 0.9 times
the minimum failure load per stud (see figure 2.5). The ductility of a shear connector is measured by the
slip capacity 6., which is defined in Eurocode 4 as the slip value at the point where the characteristic
resistance of the connector intersects the falling branch of the load-slip curve (see figure 2.5). The
characteristic slip capacity Sux is taken as 0.9 times the minimum test value of 5. Alternatively, the
characteristic properties of a shear connector can be determined by a statistical evaluation of all of the
results according to BS EN 1990: 2002.

Figure 2.5 Determination of characteristic resistance and slip capacity from load-slip curve measured from a
push test
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The rules for partial shear connection given in BS 5950-3.1 and Eurocode 4 are based on extensive
numerical analyses, which considered composite beams over a wide range of spans and section types
(Aribert 1997; Johnson and Molenstra 1991). To enable the designer to assume all of the studs are equally
loaded at the ultimate limit state (ie the shear connection is fully plastic), the minimum degree of shear
connection in these standards is based on an assumed ductility limit. In Eurocode 4, a connector may be
taken as ductile if the characteristic slip capacity du« is at least 6mm.
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From the above, it would appear that previous investigations on stud connector strengths which employed
the standard British test (see figure 2.3), have caused a considerable scatter in the results, which has in turn
lead to lower design values. Therefore the characteristic resistances of stud connectors in solid slabs in both
BS 5400-5 (2005) and BS 5950-3.1 (1990), which were established on results from push tests of this type
(Menzies 1971) may be slightly conservative. Moreover, it would appear that even when the Eurocode 4 test
(see figure 2.4) is employed, a clear case exists for the need to standardise specimens with profiled deck-
slabs. With respect to comments in (i) regarding the form of specimen in figure 2.3, due to the fact that in
both types of code-defined tests, the slab specimens are directly bedded down onto the floor, variations in
the frictional forces which must develop at the interface between the base of the specimen and the floor,
might be a further reason for the high scatter in results (Hicks and McConnel 1997).

More recently, a number of researchers have proposed an improved push test specimen for composite
slabs using profiled steel sheeting (Easterling et al 1993; Bradford et al 2006; Hicks and McConnel 1997),
which delivers more representative load-slip performance of headed studs within a composite beam.
Figure 2.6 shows one example of the improved push test specimen, where a normal force is applied to the
face of the test slabs.

Figure 2.6 Improved push specimen, according to Hicks and Smith (2014)
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2.3 Past research on the theoretical strength of shear
connectors

2.3.1 Shear stud connectors

As discussed in the previous sections, the early design philosophy for composite beams was based on a
working stress approach where the design strength of the shear connectors was described by a ‘critical
load’ or ‘useful capacity’ which was determined by measuring the residual slip from push tests. More
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efficient designs were later achieved by the introduction of the limit state concept where it was assumed
that at ultimate load the shear connectors were all equally loaded in the shear span prior to flexural failure
(ie plasticity theory). To achieve a consistent means of theoretically determining the ultimate strength of
headed stud connectors various research programmes were undertaken in the 1970s in the UK and USA.

One of the first comprehensive attempts in the UK to establish the ultimate strength of shear connectors
in solid concrete slabs was undertaken by Menzies (1971). Menzies carried out push tests of the type
shown in figure 2.3 with specimens employing 229mm deep normal weight and lightweight concrete
slabs. These tests investigated the fatigue and static strengths of three types of shear connector: Stud,
Channel and Bar connectors (see figure 2.1(a) to (c)). The main objective of this experimental programme
was to explain the reason for some discrepancies in shear connector resistance obtained from earlier
reported tests when compared with the linear relationship between the static connector strength and the
concrete strength which at this time was assumed by CP 117-1: 1965 and CP 117-2: 1967. In addition, this
code only presented the linear relationship for cases of composite beams where normal weight concrete
was employed which effectively negated the use of lightweight concrete in building construction.
Moreover, this relationship was established from only a small number of tests where, in some cases the
concrete strength was not a main variable. Thus, in this new series of tests, the strength was varied for
both types of concrete to between 20 and 40N/mm?2.

From the experimental results of this test programme the maximum load per stud was plotted against the
water- and air-cured cube strengths for the normal weight concrete specimens. Whereas, for the
lightweight concrete specimens, the maximum load per stud was only plotted against the water stored
cube strengths. In both cases regression lines with 90% confidence limits were superimposed over these
experimental results to provide a linear relationship between the stud and cube strengths.

With regard to the effect on the stud resistance of varying the density of the concrete, the lightweight
specimens resulted in 10% less strength than studs embedded in normal weight concrete of the same
compressive strength. In comparing the new linear relationship for the normal weight concrete specimens
with the values presented in CP 117, the code strengths were found to be above the 90% confidence
limits. Menzies also corroborated this new linear relationship for both lightweight and normal weight
concrete specimens by comparing the results of other push tests conducted in the UK and USA.
Conversely, when comparing the normal density specimens with the code predictions, Menzies found in
approximately 50% of the cases the connector strength was less than the appropriate values specified in
the code. This led the author to recommend a revision of the values in CP 117. The linear relationship
presented by Menzies between stud and cube strength was later incorporated into BS 5400-5: 2005 and
together with a further 10% reduction for studs in solid lightweight concrete slabs, by BS 5950-3.1: 1990.

Also in 1971, another thorough investigation of the ultimate shear strength of headed stud connectors
embedded in solid concrete slabs was carried out at Lehigh University in the USA by Ollgaard et al (1971).
They undertook 48 push tests of the type shown in figure 2.2 with specimens employing normal weight or
lightweight concrete. The main objective of this experimental programme was to obtain a mathematical
relationship between the ultimate shear strength of the stud connector and the material properties of the
concrete. This mathematical relationship was empirical in nature in that multiple regression analyses were
undertaken using a least squares fit for the results. Since in all 48 tests the stud material was taken from
the same batch, the tensile strength of the shear connectors was not considered to be a factor in the
regression analysis. Therefore, the ratio of the shear strength to the cross-sectional area of the headed
stud connector, Q,/A; was used as the dependent variable while the concrete properties were considered
as independent variables. The initial general exponential model which considered all the concrete
properties was presented by the authors as:
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QU/AS =€ fca fctb ECC w' (Equation 2.1)

Where:

a, b, c and d are the general exponents for the concrete variables

e is a constant

fc is the cylinder strength of the concrete

fr is the tensile strength of the concrete

Ec is the elastic modulus of the concrete and w is the concrete density.

In order to obtain linear equations for the regression analyses the authors linearised equation 2.1 by
making a logarithmic transformation and presented 15 models which represented all possible
combinations of the four independent concrete variables. In comparing the different models the authors
conceded that although the best correlation was found from the model which considered all of the four
independent variables, there was little difference in correlation between two models which considered only
two concrete variables. From this comparison, it was decided by the authors that the combination of
compressive strength and the modulus of elasticity of the concrete provided a reasonable estimate of the
ultimate resistance of headed stud connectors embedded in both normal weight and lightweight concrete,
which in turn led them to present the following equation:

QU/AS =1.106 fco'3 ECO'44 (Equation 2.2)

Since, for design purposes, it is more desirable to use equations with more convenient exponents, the
authors conducted a further series of analyses to determine the effect of rounding off the exponents of
the two models which considered only two independent variables. From this analysis the following
equation was recommended for design purposes:

Q :OSAS If E (Equation 2.3)

Finally, using the results from a previous research programme (Driscoll and Slutter 1961), equation 2.3
was assumed to be valid provided the following condition was met:

h/d = 4 (Equation 2.4)
Where:
h and d is the height and diameter of the stud respectively.

Equation 2.3 was adopted in the AISC Code of Practice (AISC 1986) and later in many other international
codes for composite construction. In some cases an upper limit was added, related to the ultimate tensile
strength of the stud material itself, as:

Qu — O7(ﬂd 2/4)fu (Equation 2.5)
Where:

fu is the ultimate tensile strength of the stud material.

Oehlers and Johnson (1987) also carried out a similar linear regression analysis and presented the
following functional relationship for predicting the shear strength of a stud connector A as:
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Pp = KA(EC/ES)a fcuﬁ fu7 (Equation 2.6)

Where:

a, fand y are the material exponents

K is a constant

A is the area of the shank of the stud

Es is the elastic modulus of the stud material
fou is the cube strength of the concrete.

After calculation of the exponents from the regression analysis the authors suggested the following
formula should be used for determining the mean shear strength of a headed stud embedded in a solid
concrete slab:

0.40 0.35 (Equation 2.7)

P =4.9Af E | | fa
P T E f

S u

Roik et al (1989) conducted a statistical calibration study of push test results to establish satisfactory
safety factors for the draft version of Eurocode 4. In this version of Eurocode 4 the equations used to
determine the predicted strengths of headed studs were essentially based on the work of Ollgaard et al
(1971). For the statistical analysis, Roik et al (1989) required that the predicted values must describe the
shear resistance correctly at the mean. On this basis, equations 2.6 and 2.7 were re-written in the
following form to establish mean shear resistance values:

Pp =0.36d 2 ,chcm (Equation 2.8)

and

Pp = 085(72d 2/4) fu (Equation 2.9)
Where:

Ecm is the mean elastic modulus for concrete.

In the study, 76 test results from other research programmes, which also included the original Menzies
(1971) experimental data, were compared with equations 2.8 and 2.9 in addition to the Oehlers and
Johnson equation 2.7. In most cases Roik et al (1989) found the previously reported experimental data
often neglected to state the mean elastic modulus of the concrete and the ultimate strength of the stud
material itself. Thus, in order to overcome the problem when the strength of the stud material was not
reported, the average value stated by the stud manufacturers was employed. While, for the cases when the
mean elastic modulus of the concrete was not reported, the following Eurocode 2 (DD ENV 1992-1-1)
equation was used:

3 .
ECm = 95( fC +8)1/ (Equation 2.10)

On carrying out the statistical evaluation of equations 2.7, 2.8 and 2.9, it was found that the mean model
factors (experimental failure load/predicted failure load) for the Ollgaard et al (1971) and Oehlers and
Johnson (1987) equations were 1.1 and 1.01 with a variance of 2.2% and 1.6% respectively. Roik et al
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(1989) also found in both approaches there was no dependence on the stud diameter and so in later tests
they made no distinction between experimental values for different stud diameters.

On completing this statistical exercise, the authors concluded there was little difference between the
calculation model for the draft of Eurocode 4 (equations 2.8 and 2.9) and the model according to Oehlers
and Johnson (equation 2.5). However, concern was expressed that both models had the disadvantage of
not being based on a mechanical model and only being derived empirically. Nevertheless, since there was
no alternative model available Roik et al (1989) recommended the draft Eurocode 4 formulae should be
adopted, due to the fact they were more easily applicable and more widely known in current practice.
From the analyses conducted they recommended that for design, equations 2.8 and 2.9 should be used
and divided by a uniform partial safety factor of yu =1.2. However, prior to the publication of the prENV
and ENV versions of Eurocode 4 this material safety factor together with equations 2.8 and 2.9 were
further modified to enable a single value for y., subsequently denoted y, (V for shear), of 1.25 to be
recommended for all types of shear connection. Following this modification the current Eurocode 4 design
equations for establishing the shear strength Aqd of headed stud connectors embedded in solid concrete
slabs took the following form:

0.29d2 ./ f.En (Equation 2.11)

Vv

Rd

or

0.8 fu (ﬂd 2/4) (Equation 2.12)
- Vv

PRd

whichever is smaller.

More recently, Hicks and Jones (2013) conducted a structural reliability study for the draft AS/NZS 5100.6
that extends these earlier studies to include 113 push tests with concrete strengths up to 91MPa. From
considering the performance of the existing design equations for stud failure contained within Eurocode 4
(equation 2.10), AS 2327.1, AS 5100.6, NZS 3404.1 and ANSI/AISC 2010 it was found they may, in
general, be safely extended to include higher strength concretes. However, the existing equations for
concrete failure (equation 2.11) produced predictions that were over-optimistic. From this study, and
considering the variability of material strengths given in both the current Australian and New Zealand
product standards, the following design equations have been incorporated within the current draft of
AS/NZS 5100.6.

de — ¢v 0.29d 2 /chcm (Equation 2.13)

or

PRd = ﬂ/ 089 fu (ﬂd 2/4) (Equation 2.14)

whichever is smaller.
Where:

@ is the reduction factor = 0.8.
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2.3.2 Channel shear connectors

The channel shear connector has a number of advantages over other types of connectors as the use of an
expensive machine is not required for its installation. Also, because of their higher shear resistance, very
few channel connectors are required, which avoids the cluster usually caused by headed studs (Pashan
2006).

Slutter and Driscoll Jr (1962) carried out 17 push-out tests on the fatigue strength of channel shear
connectors in composite beams. The concrete strength used varied from 24.9 to 43.9MPa, and the
specimens were loaded until the shear connectors could no longer support the maximum load. It was
observed that the majority of the failures occurred due to channel fracture. The compressive strength of
the concrete did not have an adverse effect on its ultimate strength; rather, the stress range was the most
important factor. Slutter and Driscoll Jr (1962) proposed using the following equation in calculating the
ultimate strength of a channel connector (in pounds).

Qu=550(h+ O.5t)W\/fT (Equation 2.15)

Where:
h is the average flange thickness (in inches)

tis the thickness of the web (in inches) and w represents the length of the channel (in inches)

fC is the compressive strength of the concrete (in psi).

Equation 2.15 was the basis for the following expression given in the current Canadian standard CSA S16-
01 for evaluating the resistance of a channel shear connector in Sl units:

0. = 45(t +0.5w) Lc\/fj (Equation 2.16)

Where:
tis the flange thickness of the channel (in mm)
w is the web thickness of the channel (in mm)

L. is the length of the channel (in mm)

fc is the compressive cylinder strength of concrete (in MPa).

Menzies (1971) undertook 15 push-out tests on channel connectors embedded in solid concrete having
varying compressive strengths. He also reversed the direction of the channel connectors to extend the
results reported by previous researchers. The results led Menzies to propose a change to CP 117-1: 1965
and CP 117-2: 1967 for the ultimate strength of channel shear connectors. The existing design
recommendation for channel connector specified the connector should be placed in the same direction as
the applied load as shown in figure 2.7; however, the removal of this restriction would be advantageous to
simplifying the design and eliminating the possibility of connectors being welded to beams with the wrong
orientation. The slip measurement indicated there was little difference in the ductility of the channel
connector when placed in a reversed direction.
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Figure 2.7 Geometrical parameters of push-out specimen using channel shear connectors (Pashan and Hosain
2009)
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The ENV version of Eurocode 4 (ENV 1994-1-1 (1994)) did not provide an equation for channel shear
connectors; however, provisions were made for an angle shear connector by equation 2.17.

p 10xbx h¥*x fw?'3 (Equation 2.17)
rd =

YAl
Where:

b is the length of the angle (mm)
h is the height of the upstanding leg of the angle (mm)
fer is the characteristic concrete compressive strength (MPa).

The recommended value for the partial safety factor y is taken as 1.25 for ultimate limit state (ULS)
conditions.

The New Zealand standard (NZS 3404.1: 1997) equation is similar to the equation 2.16 for the ultimate
resistance of channel shear connectors, except that the multiplier is reduced from 45 to 36.5. However,
the use of equation 2.18 was limited to concrete strengths greater or equal to 20MPa and a concrete
density of 2,300kg/m?.

q, =36.5(t, + O.5tWSC)LSC\/fT (Equation 2.18)

Where:

the average flange thickness of the channel is t75. (mm)
the web thickness of the channel is t,,sc (mm)

the length of the channel connector is L, (mm)

f. is the concrete cylinder strength (MPa).

The British Standard (BS 5400-5: 2005) and Australian Standard (AS 5100.6: 2004) provide values for the
static shear strength of channel shear connectors having different concrete compressive strengths in
tabular form as shown in tables 2.1 and 2.2 respectively.
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Table 2.1 Nominal static strength of channel connectors (BS 5400-5: 2005)
Connector size Connector material Nominal static strength per connector (kN) and
properties concrete cube strength
20MPa 30MPa 40MPa 50MPa
127mm x 64mm x | Grade S275 of BS EN 10025-3 351 397 419 442
14.9kg x 150mm (2004)
102mm x 51Tmm x | Grade S275 of BS EN 10025-3 293 337 364 390
10.4kg x 150mm (2004)
76mm x 38mm x Grade S275 of BS EN 10025-3 239 283 305 326
6.7kg x 150mm (2004)
Table 2.2 Nominal static strength of channel connectors (AS 5100.6: 2004)
Channel size (mm) fey = 20MPa fey = 25MPa fey = 32MPa fe¢y = 40MPa
125 TFC 113 118 128 143
100 TFC 95 100 110 125
75 TFC 79 84 93 106

Note: f;, is the characteristic cylinder strength of concrete at the age being considered. The values in the table above

are appropriate for channel shear connectors having a yield stress greater than or equal to 260 MPa and a length in
excess of 50mm.

More recently, a comprehensive research programme on channel shear connectors was carried out by Pashan
(2006) and Pashan and Hosain (2009) where 78 push-out tests were undertaken to evaluate the behaviour of
channel shear connectors embedded in both solid and composite slabs. The testing was done in two
different phases. Phase 1 consisted of 36 push-out tests in three batches of 12 specimens having equal
channel height of 127mm; six specimens in each batch had solid concrete slabs, while the other six had
composite slabs with wide ribbed metal. Phase was 2 similar to phase 1 with the only difference being the
channel height, which was 102mm. The push-out specimen consisted of two identical reinforced concrete
slabs having an average compressive strength of between 21.45 and 40.95MPa attached to the flanges of a
steel section (W200x59) by means of channel shear connectors. Figure 2.7 shows the push-out test setup.

Two types of failure modes were observed: channel fracture and failure by crushing-splitting of the
concrete. The specimens with a metal deck had a common type of failure caused by a concrete shear plane
from the high concentration stresses within a smaller area. The failure mode was mostly governed by the
compressive strength of the concrete for channels having equal lengths. Channel web fracture was
observed for concrete with a higher strength, while those with lower strengths had failure due to concrete
crushing-splitting. A new design equation was proposed after comparing the experimental values with
those predicted using equation 2.16, as this was found to produce very conservative predictions for
channels with smaller lengths. The new proposed design equation 2.19 produced an average of 10%
difference in the predicted values when compared with the experimental data.

(Equation 2.19)

0, = (336W* +5.24LH),/f,

Where:
L is the length of the channel (mm)
w is the web thickness (mm)

fc is the compressive strength of the concrete

H is the height of the channel.
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A regression analysis was carried out to develop a design equation for specimens with wide-ribbed metal
deck slabs. The parameters used were the same as the solid concrete slab with the introduction of width
to depth ratio of the rib metal deck. The results obtained from the statistical analysis of the values
predicted by equation 2.20 showed 11.8% absolute difference from the experimental data with channels
having heights of 102mm only.

_ wd 2 ' (Equation 2.20)
g, = (L7LH ™ +275.4w%) [,

Where:
wd
g is the width to depth ratio of the rib metal deck.

The American code AISC (2010) provides the following equation for calculating the shear resistance of a
hot-rolled channel connector embedded in solid concrete slab, which is claimed to have been adapted
from equation 2.15.

Q, =0.3(t, +0.5t, ).+ f.E, (Equation 2.21)

Where:

l, is the length of the channel connector (mm)
t is the flange thickness (mm)

t,, is the web thickness of the channel (mm)

fcl is the compressive strength of concrete (MPa)

E.is the modulus of elasticity of concrete, taken as E. — 0.043w!° /T

c

w, is the density of concrete (1,500kg/m? < w,. < 2,500kg/m?3).

Maleki and Bagheri (2008) carried out a series of experimental push-out tests on channel shear
connections under monotonic and cyclic loading. The tests were carried out with four different types of
concrete specimen, namely: plain concrete (C); reinforced concrete (RC); fibre reinforced concrete (FRC);
and engineered cementitious composite (ECC). From the test results it was observed that the monotonic
shear strength of most specimens were higher than their cyclic strength by about 10% to 23%, which was
in agreement with research carried out by Shariati et al (2013). All specimens subjected to cyclic loading
could not withstand up to 90% of their corresponding monotonic loading. The experimental results for the
ultimate shear strength were compared with the Canadian CSA S16-01 and American AISC (2010)
provisions given by equations 2.16 and 2.21, respectively. It was concluded the Canadian code was in
better agreement, and more conservative than the American equation 2.21, for all cases. A parametric
study carried out numerically by Maleki and Bagheri (2008) using ANSYS to investigate the variations in
concrete strength, channel dimensions and the orientation of the channel indicated that changing the
orientation of the channel affected the ultimate strength by an average of 16%, which undermined the
previous research done by Menzies (1971). The results also showed that the flange and web thickness of
the channel, length of the channel and concrete strength were very important parameters in determining
the ultimate strength of the channel shear connector.

An equation for the ultimate strength of channel shear connectors was derived after experimental
investigations by Maleki and Mahoutian (2009) on the behaviour of channel shear connectors embedded in
fibre-reinforced concrete. It was predicted that the fibre reinforcement had no adverse effect on the
compressive strength of the concrete, therefore, a comparison was made between results obtained and
the Canadian equation 2.16. The shear capacity was on average found to be 26% lower than channel
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connectors embedded in normal concrete as predicted by the Canadian equation 2.16. Therefore a new
equation 2.22 was proposed for channels embedded in concrete reinforced with polypropylene fibres.

q, =27.2(t; + 0.5tW)LC\/fT (Equation 2.22)

Shariati et al (2011) carried out tests on the behaviour of channel connectors embedded in normal
concrete and lightweight concrete to determine its shear resistance. It was concluded that lightweight
concrete could be used for composite construction, but the resistance tended to reduce when plain
concrete was replaced with lightweight concrete. Also, lightweight concrete has a significant effect on the
ductility and load-displacement performance of the composite beam. Further research carried out by
Shariati et al (2012) on the monotonic and cyclic behaviour of channel connectors embedded in high
strength concrete indicated that in all specimens, failure was due to channel fracture. Specimens with
higher channel connectors had a higher ultimate load value and were more flexible than channel
connections with lower height. Baran and Topkaya (2012) undertook further investigations on the
behaviour of channel shear connectors with different heights and lengths. The result was compared with
the design equation given in the American (AISC 2010) and Canadian CSA S16-01 standards. It was
observed that both equations 2.16 and 2.21 were too conservative in determining the ultimate shear
capacity of the channel connector, so equation 2.23 was proposed which is based on the observed
deformation pattern utilising plastic analysis.

2 Equation 2.23
2xt, xL, (Eq )

f

u

g, =0.25xF, xF,x f_ xL xH+

Fl =7.2-0.023x |_C (Equation 2.24)

F, =1.5—0.005x H (Equation 2.25)
Where:
f. is the tensile strength of steel (MPa).

A study was undetaken in order to investigate the variables that could influence the ductility (slip) of
channel shear connectors. The experiments by Pashan and Hosain (2009) were chosen for the study.
Figure 2.8 shows the effect of the unit web slenderness of channel shear connectors on the ductility of the
connectors. The unit web slenderness is defined as the ratio of the height of the channel shear connectors
H over the web thickness t, per unit length of the channel shear connectors L, ie H/t,/L. Figure 2.8
suggests a rough criterion may be set up by which the channel shear connectors are deemed to be
‘ductile’ (ie slip at failure is larger than 6mm) as long as the unit web slenderness H/t,/L is larger than
0.124.

27



Evaluation of shear connectors in composite bridges

Figure 2.8 Effect of unit web slenderness of channel shear connectors on connector ductility (Pashan and
Hosain 2009)
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2.4 Conclusion

In this chapter, a review of existing tests and design expressions for the main connector types (identified
in chapter 3) has been undertaken. In summary, the following observations can be made:

Although the push test has been widely used since 1934, the form of the test specimen has varied
considerably until the standard test given in ENV 1994-1-1 was published in 1994. As a consequence
of this, some of the historical experimental data must be treated with caution in case the form of the
test may have affected the results; this is particularly true of the test specimen given in BS 5400-5,
where the poorly anchored transverse reinforcement is known to have resulted in low results from
longitudinal splitting.

To enable plastic design principles to be used at the ultimate limit state, the shear connectors should
have sufficient slip capacity, which enables a redistribution of connector forces, and permits the
designer to assume that each connector is loaded equally at failure (thereby allowing him to space the
connectors equally). From the comprehensive numerical analyses that formed the basis of BS 5950-3.1
and Eurocode 4, a shear connector may be taken to be ductile if the characteristic slip capacity du is
greater than or equal to 6mm.

A great deal of testing has been undertaken on headed stud connectors and, because their
performance is well understood, this is one of the reasons why many modern standards only consider
this connector type. Experimental data from 113 push tests were used to calibrate the headed stud
connector equations in the draft AS/NZS 5100.6. By utilising the historical material strengths given in
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chapter 3, it should be possible to evaluate appropriate strength reduction factors for different
periods of construction, so that the equations may be used for the assessment of existing bridges.

In chapter 3, the variety of proposed design equations suggests a unified design model has yet to be
developed. During this review, experimental data from 150 push tests was collected, which will be used to
identify a suitable candidate for the design model, before evaluating the appropriate strength reduction
factor(s) using New Zealand concrete types.
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3  Review of historical forms of shear
connectors used in bridges in New Zealand

3.1 Introduction

There are approximately 270 steel-concrete composite bridges on New Zealand’s state highway network,
mostly consisting of reinforced concrete decks connected to braced steel I-beams, with welded channels
or studs used to provide longitudinal shear connection. Figure 3.1 indicates the distribution of these
bridges throughout the country, showing particularly high numbers in the central North Island and on the
West Coast of the South Island.

Figure 3.1 Map showing number of composite bridges with each NZ Transport Agency territorial region,
according to NZ Transport Agency (2009) Bridge data system structural guide
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Over 70% of New Zealand’s composite state highway bridges were constructed between 1950 and 1970, of
which approximately three quarters were designed by the Ministry of Works. Based on their design live
loading (typically H20-S16 or H20-S16-T16), the majority of these bridges are expected to be able to safely
support full high-productivity motor vehicle (HPMV) loading. However, significant variability currently
exists in the assessed live load capacity of composite bridges, even when they have been designed to
identical design loadings.

Even though design rules for shear connectors are well developed, many existing bridge shear connectors
do not meet current design standards. For example, some shear cleats exceed the maximum spacing
requirements, and more unusual cleat arrangements do not have a method for assessment within current
Australian or New Zealand design standards. There is little guidance on how to assess composite bridges
that do not meet current design standards.

3.2 Canterbury and West Coast case study

Over a quarter of New Zealand’s composite bridges are located within the Canterbury and West Coast
regions. These regions also have extensive as-built records that are readily available. For these reasons a
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case study was undertaken of composite bridges within NZ Transport Agency regions 11 and 12
(Canterbury and West Coast). This case study included an investigation into the type of shear connectors
and the reinforcement layout in concrete decks for composite bridges.

From the current data in NZ Transport Agency (2009), there are 74 bridges with composite
superstructures within regions 11 and 12. However, based on further detailed review, only 60 of these
bridges contain details of composite connections on their available as-built drawings. From these 60
bridges, details of the type of shear connectors and deck reinforcement were recorded. The majority of
the bridges have a steel | beam superstructure. However, a select few have a truss superstructure. Figure
3.2 indicates the percentages of the different types of composite bridges within the Canterbury and West
Coast regions. From the graph, 72% of the bridges contain welded channels while welded V-angles occur
in 18% of the bridges. Shear stud connectors, mild steel bent plates and riveted angles occur in the
remaining 10% of the bridges.

Figure 3.2 Proportion of different types of shear connectors in composite bridges located in the Canterbury
and West Coast regions (out of the 60 bridges sampled)

Type of composite bridges within Canterbury and
West Coast regions
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= Welded V Angles (1957-1964)

To further understand the structural details of the composite bridges, drawings of each type of composite
connection were investigated. This included the type of connector (eg channel), cross-sectional
dimensions and spacing along the beams. A summary of the results is provided in the sections below,
with a more comprehensive list contained in appendix A (published separately at
www.nzta.govt.nz/resources/research/reports/602).

3.2.1 Welded channels

Figure 3.3 indicates the proportion of different cross-section dimensions for the 43 welded channel
composite bridges in the Canterbury and West Coast regions. A large majority of these bridges contain 4”
x 2”7 (102mm x 5Tmm) x 7.09 Ib (10.5kg/m) channels. The spacing of channels along the beams ranges
from 1’-2° (305mm-610mm), with 2’ being the most common spacing. The length of the channels ranges
from 5” (127mm) to 9.5” (241 mm), with 8" (203mm) being the most common length (23 out of 43). The
channels are welded on to the beams with 3/16” (4.8mm) continuous fillet welds; from 1978 these
became 5mm continuous fillet welds. Figure 3.4 shows a typical detail for the 4” x 2” x 7.091b channels.
Only one bridge had two different size channels on one continuous beam.
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Figure 3.3 Proportion of sizes of welded channel shear connectors in composite bridges in the Canterbury
and West Coast regions (out of 44 bridges)
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Figure 3.4 Most common welded channel shear cleat detail (refer appendix D for full drawings) (SH7 Arnold
River Bridge, 1961, HCH 1538/9)
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3.2.2 Welded V-angles

Welded V-angles are the second most common shear connector. They comprise 3” x 3” x 3/8” (76mm X
76mm x 9.5mm) angles, 5” (127mm) high on an angle as seen in figure 3.5 and are typically at varying
spacing along the span of the beam, from 1’ to 2’. The angles are welded on to the beams with 3/16”
continuous fillet welds.
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Figure 3.5 Common mild steel equal angle shear connectors (Refer appendix D for full drawings) (SH7 Black
Water Creek Bridge, 1960, HCH 1776/2)
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3.2.3 Mild steel bent plates

Two bridges have mild steel bent plates as shear connectors. The shape of these plates varies over the
length of the beam; however, all shear connectors are constructed out of 2.5” x 3/8” (63mm x 9.5mm)
plates (see figure 3.6 for details). The spacing between the shear connectors also varies along the length
of the beams. The bent plates are connected to the steel beams with a 3%4” diameter site rivets.

Figure 3.6 Mild steel plate shear connector detail (refer appendix D for full drawings) (SH8 Opuha River
(Skiptons) Bridge, 1953, HCH710/IR)
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3.2.4 Studs

Only two of the bridges have stud shear connectors. Connectors are 3%” (19mm) diameter with a 1”
(25mm) diameter heads. One bridge has four studs at 2.5” (64mm) transverse spacing while the other has
only two studs at 3.5” (89mm) transverse spacing. All welds are 3/16” (4.8mm) continuous fillet welds.
Figure 3.7 shows the detail of a shear stud connector.
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Figure 3.7 Stud shear connector detail (refer appendix D for full drawings) (SH7 Little Grey River (Mawheraiti),
1960, HCH 1436/14)
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3.2.5 Riveted angles

Only two of the bridges sampled have riveted angle shear connectors. These are both 3" x 2” x 4" (76 x 51
x 12.7mm) angles at various spacings. The length of the rivets is either 7.5” or 8” (190 or 203mm). Figure
3.8 shows one of the details for the angle shear connectors.

Figure 3.8 Riveted angle shear connector detail (refer appendix D for full drawings) (SH1 Hurunui River
Bridge, 1927, PWD G3833)
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3.2.6 General spacing

Approximately half the bridges have the shear connectors spaced evenly along the span of the bridge
while the other half have varying shear connector spacings. The most common shear connector spacing is
2’ (610mm). The spacing of channels is generally smaller towards the ends of the span and larger at mid-
span, which corresponds to the elastic longitudinal shear flow distribution at the interface between the
beams and concrete deck.

3.2.7 Deck reinforcement

The majority of all the composite bridges have the following deck reinforcement:

e Transversely: typically 5/8” (16mm) diameter rebar with spacing ranging from 6”’-9” (152-229mm),
with 8” (203mm) the most common spacing.
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e Longitudinally: typically 2" (12.7mm) diameter with spacing ranging from 9”-14” (229-356mm), with
the most common spacing 12” (305mm).

There are a few decks with 4" (12.7mm) diameter rebar both longitudinally and transversely. In these
cases the transverse spacing is approximately 5” (127mm).

3.3 North Island case studies

In addition to the Canterbury and West Coast case study, two North Island case studies were completed:
the first involved a small collection of composite bridges that contained information in the Opus on-line
database; and the second was a case study of the composite bridges in the Gisborne and Hawke’s Bay
regions.

3.3.1 Opus database case study

This case study utilised information within the Opus on-line database, which indicated that the majority of
the composite bridges had channel or stud connectors, with a few angle connectors. The shear stud
connectors were mainly on bridges constructed post-1990 with a typical stud diameter of 17.8 or 22mm.
Almost all the examples of the channel connectors were 6” (152mm) long, 4" x 2" x 7 Ilb (102 x 51mm x
10.5kg/m) channels. This is a very similar result to the Canterbury and West Coast case study. See
appendix B for more details on this study.

3.3.2 Gisborne and Hawke’s Bay case study

A large number of composite bridges are located within regions 5 and 6 (Gisborne and Hawke’s Bay
respectively), with readily available as-built records, from which the type of shear connectors used for
composite bridges was investigated.

From the available data in NZ Transport Agency (2009), there are 50 bridges with composite
superstructures within regions 5 and 6. However, based on further detailed reviews, only 43 of these
bridges contain details of composite connections on their available as-built drawings. From these 43
bridges, details of the type of shear connectors are given in appendix C. The bridge superstructures all
comprise steel girders.

Figure 3.9 indicates the percentages of the different types of composite bridges within the Gisborne and
Hawke’s Bay regions. From the graph 63% of the bridges contain welded channels while welded V-angles
cover 30% of the bridges. Riveted angles and other types of connectors make up the remaining 7% of the
bridges. Other bridge shear connectors include one bridge with a combination of welded channels and
welded vs angles, with another bridge having welded UB halves. The overall proportion of connector types
is very similar to the results from the Canterbury and West Coast case study. See appendix C for more
details of this study.
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Figure 3.9 Proportion of different types of shear connectors in composite bridges located in the Gisborne and
Hawke’s Bay regions (out of the 43 bridges sampled)
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3.4 Standard drawing

Three sets of standard drawings were investigated:

1 Ministry of Works (MoW) (1957 and 1959) Standard plans for highway bridges, folders nos 1 & 2
1957-1959 (H20-S16-44 design loading)

2 Ministry of Works (MoW) (1978) Standard plans for highway bridge components (HN-HO-72 design)

3 Works Consultancy Services (1990) Highway bridge standard plans (HN-HO-72 design).
3.4.1 Standard MoW H20-S16-44 composite designs

For H20-S16-44 design loading there are three different types of standard shear connectors: studs, welded
V-angles and welded channels. In these drawings there is no mention of specific design standards used;
however, they state: ‘This design is based on materials and workmanship being in accordance with current
specifications of the Ministry of Works’.

The normal design stresses (working stress design) for composite bridges are specified as follows:

e concrete: 1,000Psi (6.9MPa)

e« steel beams: 20,000Psi (137.9MPa)
o structural steel: 20,000Psi (137.9MPa)
« reinforcing steel: 22,000Psi (151.7MPa)

Refer to tables 3.1, 3.2 and 3.3 for the corresponding characteristic concrete compressive strength and
steel yield stresses. The above structural steel design stresses include the shear connectors design
stresses.
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The studs are 2 x %” (19mm) diameter with 1” (25mm) diameter heads, 5” (127mm) high at 352" (89mm)
spacing transversely and 1’3” (381 mm) and 2’ (610mm) spacing longitudinally for a 60’ (18m) span.
Figure 3.7 is an example of this type of standard MoW detail.

All the welded V-angles are 3” x 3” x %” (76 x 76 x 9.5mm) angles, 5” (127mm) high with varying spacing.
This is the same as all the Canterbury and West Coast bridges found in the case study as illustrated in
figure 3.5. The spans range from 20’ to 40’ (6-12m).

Welded channel connectors are all 4” x 2” x 7Ib (102 x 51Tmm x 10.5kg/m) RSCs, 8” (203mm) long (or an
alternative American size of 4” x 1 %" x 7.25Ib (102 x 45mm x 10.8kg/m)). The spacing of the channels
depends on the span (which ranges from 35’-100’ (10-30m), with the channel spacing increasing with the
increasing span length and beam depth. It was noted that once the span reaches 50’ (15m) the spacing of
the channels is a constant 2’ (610mm).

All deck reinforcements for these bridges appear to be 5/8” (16mm) diameter rebar at 8" to 9” (203-
229mm) spacing transversely and 1/2” (12.7mm) diameter rebar longitudinally.

3.4.2 Standard MoW HN-HO-72 composite designs post-1978

After 1978, a new type of standard shear connector for the top chord of trusses and back-to-back PFCs
was implemented. Figure 3.10 shows the mild steel plate truss shear connector.

The material strengths for truss bridges with mild steel plate truss shear connectors are specified as
follows:

* concrete compressive strength (f’¢): 25MPa

* structural steel (f): grade 43A or grade 50B as specified
* steel plate shear connector (fy): grade 50B

* reinforcing steel (fy): deformed steel grade 275MPa.

Figure 3.10 MoW standard mild steel plate truss shear connector (refer appendix D for full drawings)
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The only other shear connector used is a channel cleat. This is a 152 x 76 x 18kg/m channel, 150mm
long (125mm long for 8m span). The spacing of the channels ranges from 225mm-500mm with spans
ranging from 8m-22m. There is no obvious trend between the channel spacing and beam length as the
spacing is dependent on a range of variables including the beam steel grade and dimensions. It was also
noted the spacing decreases when the grade of the steel in the beam decreases.

The steel sections are designed to conform to BS 4 or BS 4848. The material strengths for bridges with
channel connectors are specified as follows:

* concrete compressive strength (f’¢): 25MPa
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* steel beams (fy): grade 250LO (or 43C) or grade 350LO (or 50C)
* structural steel (fy): 250MPa (AS 1204) or grade 43 (BS 4360)
* reinforcing steel (fy): deformed steel grade 275MPa.

The above structural steel design material strength includes the shear connector strengths.

3.4.3 Standard Works Consultancy Services HN-HO-72 composite designs
post-1990

Since 1990, the only standard shear connectors are welded channels, which are the same as previously
(152 x 76 x 18kg/m channel, 150mm long). The spacing varies along the length of each beam ranging
from 150mm to 450mm for 8-18m spans. There is no obvious trend between the channel spacing and
beam length as the spacing is dependent on a range of variables including the beam steel grade and
dimensions.

The drawings state ‘this design is based on materials and workmanship being in accordance with
specification CD405’. Steel beams are to conform to the specification given below, while all other steel
sections are to conform to BS 4 or BS 4848. The material strengths for bridges with channel connectors
are specified as follows:

* concrete compressive strength (f'¢): 25MPa

* steel beams (fy): grade 250LO (AS 1204)/43C (BS 4360), or
grade 350LO (AS 1204)/50C (BS 4360)

e structural steel (fy): 250MPa (AS 1204) or grade 43 (BS 4360)

* reinforcing steel (fy): deformed steel grade 300 MPa.

The above structural steel design material strength includes the shear connector strengths.
3.4.4 Non-standard designs

Following the privatisation of the Ministry of Works in 1988, a number of composite bridges have been
designed that do not match any of the historic standard drawings listed above. These typically comprise
welded stud connectors, with steel and concrete specifications varying depending on the specific design
requirements.

3.5 Material strengths
As part of this work package, a brief review of historic material strengths was undertaken, as summarised
below.

The NZ Transport Agency (2014) Bridge manual SP/M/022 (3rd edition) (referred to henceforth as the
Bridge manual) and Transit NZ (2002) Bridge overweight rating and posting weight limits assessment were
used to evaluate historic design strengths for concrete and structural steel.

3.5.1 Concrete strengths

A summary of the historic design standards for concrete production are:
e NZS 2086: 1967 Ready mixed concrete productions

e NZS 3104: 1983 Specification for concrete production - high grade and special grade
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e NZS 3104: 1991 Specification for concrete production - high grade and special grade
* NZS 3104: 2003 Specification for concrete.

The coefficient of variation and minimum target mean strength of various concretes strengths are stated
within the above codes. For certain codes this is based on the frequency of testing used by the concrete
production plant.

A summary of the historic design standards for concrete are:

* NZS 95, Part V: 1939

* BS CP114: 1948 The structural use of normal reinforced concrete in buildings
* BS CP114: 1957 The structural use of normal reinforced concrete in buildings
* NZS 1900: 1964 Chapter 9.3: Design and construction, concrete

* NZS 3010P: 1970 Code of practice for reinforced concrete design

* NZS 3101.1 and 2: 1982 Code of practice for the design of concrete structures
* NZS 3101 Parts 1 and 2: 1995 The design of concrete structures

* NZS 3101.1 and 2: 2006 Concrete structures standard.

Prior to the 1960s New Zealand did not have its own concrete design codes and British standards were
used. Following the 1960s New Zealand standards have been maintained and are still updated and
amended today.

The historic strengths for concrete are summarised in table 3.1. These are based on the standard bridge
design requirements at the time.

Table 3.1 Estimated strengths of concrete based on specification at the time
Construction date Specified strength Normal Allowable
(MPa) design overstress®
stress@

Prior to 1932 14 4.1 6.2

1933 to 1940 17 5.5 7.6

1941 to 1970 21 6.9 9.0

1971 and later 25 - -

1990 and later Varies - -

Note: @ Working stress design method

Target concrete strengths are typically 8MPa higher than the specified strengths shown in table 3.1 above.
Results from concrete cores taken from existing structures have also demonstrated that the actual
strength of concrete is typically much higher than specified in the original design (drawings) and as
suggested in table 3.1, but is also highly variable even throughout the same bridge. Variations of up to
30MPa within a single bridge are not uncommon. However, over time as the methods for concrete mixing
and quality control have improved the variability has reduced. For this reason it is very difficult to
accurately estimate the actual historical concrete strengths based only on the age of the structure. Mean
concrete strengths from testing of actual bridge concrete cores are typically up to 50% higher than the
lower bound strengths specified for design.
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3.5.2 Structural steel strengths

The historic structural steel strength as stated in Transit NZ (2002) are summarised in table 3.2. The yield
stress values approximately align with the values stated in the Bridge manual.

Table 3.2 Historic structural steel strengths

Date built Yield stress Normal design stress® Allowable overstress®

Prior to 1935 30,000 psi (206MPa) fs=16,000 psi (110MPa) 21,000 psi (144MPa)
fv= 11,000 psi (75MPa) 14,500 psi (99MPa)

1936 to 1940 30,000 psi (206MPa) fs= 18,000 psi (124MPa) 24,000 psi (165MPa)
fv=12,500 psi (86MPa) 16,500 psi (113MPa)

1941 to 1970 33,000 psi (227MPa) fs= 20,000 psi (137MPa) 27,000 psi (186MPa)
fv=13,500 psi (93MPa) 18,000 psi (124MPa)

1970 to 1980s 250, 275, 345, 350MPa -

1990s onward Varies

Note: @ Working stress design method
fs= allowable stress in tension, extreme fibre of structural steel
fv= basic allowable mean shear stress on structural steel webs

A summary of the historic design standards for steel structures over the last 100 years are listed below.

* BS 4: Specification for structural steel sections, various editions from 1903-2005

BS 15: 1906 Standard specification for structural steel for bridge and general building construction
* BS 15: 1912 Standard specification for structural steel for bridge and general building construction
* BS 15: 1930 Standard specification for structural steel for bridge and general building construction
* BS 548: 1934 High tensile structural steel for bridges and general building construction

* War emergency amendment to BS 548 1942 (withdrawn in 1965)

* BS 968:1941 (war emergency standard) High tensile (fusion welding quality) structural steel for
bridges and general building purposes.

*  War time amendment no.1 to BS 968 1943

* BS 15: 1936 Standard specification for structural steel for bridge and general building construction
* CF(15)7376: 1941 War emergency revision to BS 15

* BS 15: 1948 Structural steel

* BS 15: 1961 Mild steel for general structural purposes

* BS 968: 1962 High tensile (fusion welding quality) structural steel for bridges or general building
purposes

* BS 4360:1968 Weldable structural steels
* Amendment slip no.1 to BS4360 1968
* BS 4360 Part 2 1969 (metric units issued)

* BS 4848: 1972 Hot-rolled structural steel sections
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* BS 4360: 1972 Weldable structural steels

* BS 4360: 1979 Weldable structural steels

* NZS 3404: 1977 (publisher SANZ Wellington) Code of design for steel structures (with commentary)
* AS 1204: 1980 Structural steels - ordinary weldable grades

* NZS 3404 Parts 1 and 2: 1989 Steel structures standard

* BS 4848: 1991 Hot-rolled structural steel sections

* NZS 3404 Parts 1 and 2: 1992 Steel structures standard

* NSZ 3404 Parts 1 and 2: 1997 Steel structures standard

* NSZ3404.1:2009 Steel structures standard - materials, fabrication and construction.

From the early 1900s until the 1970s these standards were based on the British standards. After 1970
New Zealand standards (NZS) were implemented, which are routinely updated and amended.

From the early 1970s, structural steel strengths used for standard Ministry of Works bridges were typically
specified as either grade 43 (fy = 275MPa), grade 50 (fy = 345MPa), grade 250, or grade 350 (or similar
equivalents). Shear channels and studs were typically specified as grade 250.

Mean steel yield strengths from testing of actual samples of historic steel are typically around 10% higher
than the lower bound strength specified in design.

3.5.3 Reinforcing steel strengths

The historic reinforcing steel strength as stated in Transit NZ (2002) are summarised in table 3.3. The
yield stress values roughly align with the values stated in the Bridge manual.

Table 3.3 Historic reinforcing steel strengths
Date built Bridge Yield stress Normal design stress * Allowable overstress*
manual
Prior to 1932 210 30,000 psi (206 f.=16,000 psi (110 MPa) 24,000 psi (165 MPa)
MPa) f.=16,000 psi (110 MPa) 21,500 psi (148 MPa)
1933 to 1940 250 30,000 psi (206 f.= 18,000 psi (124 MPa) 25,000 psi (172 MPa)
MPa) f.=18,000 psi (124 MPa) 24,000 psi (165 MPa)
1941 to 1966 250/275 33,000 psi (227 f.= 20,000 psi (137 MPa) 27,000 psi (186MPa)
MPa) f,=20,000 psi (137 MPa) 27,000 psi (186 MPa)
1967 and later 275 40,000 psi (275 f.= 20,000 psi (137 MPa) 27,000 psi (186 MPa)
MPa) f,=20,000 psi (137 MPa) 27,000 psi (186 MPa)
1990 and later Varies
Note: *Working stress design method

fs= allowable stress in tension, extreme fibre of main bars in reinforced concrete

Fv= allowable stress in tension in vertical stirrups in reinforced concrete
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3.6 Capacity of composite bridges

Out of the 60 bridges sampled in Canterbury and West Coast, four were rated as restrictive to HPMVs
during the previous 2012 national screening. One of these bridges has subsequently been strengthened
and one has been re-analysed, resulting in a significant increase in the assessed capacity.

Current ULS design methods, also used for assessment require shear cleats to be designed assuming the
full section of the main steel beams reaching yield. Many design codes, including the New Zealand steel
code (NZS 3404: 1997) allow shear cleats to be spaced evenly provided they can resist the ultimate design
force through their connection interface. Partial shear connection is also allowed for within the New
Zealand steel code. Longitudinal shear forces from the serviceability limit state are required to be checked
to ensure fatigue design requirements are met. However, for many low-volume state highways, fatigue of
shear connectors may not be an issue.

Many historic composite bridges designed using working stress methods end up with having significantly
higher live load capacity when assessed using an ULS method. Capacity increases are particularly large for
structures with large dead loads that were not propped during construction. Shorter span structures with
smaller beams designed using working stress methods also often have far more shear connectors than
required using an ULS method of assessment. Conversely, bridges with deep sections that were designed
to be propped during construction may result in lower ULS capacities when compared with their working
stress design.

3.7 Failure investigation

An investigation was undertaken to determine whether any bridges on the New Zealand highway system
exhibited signs of shear connector failure or distress. A request was sent out to the different regions
managed by Opus on behalf of the NZ Transport Agency for feedback on the above matter. The findings of
this request are given below.

3.7.1 Bridges in the regions
The feedback from the responding regional managers was as follows:

3.7.1.1 Regions 5 and 6

Region 5 and 6 covers the Gisborne and Hawke’s Bay area, where the type of shear connector used in
composite bridges was found to be:

*  63% channel connectors

* 30% welded V-angles

* 5% riveted angles

* 2% other forms, such as a combination of welded channels and V-angles, as well as welded UB halves.

There are no signs of distress or failure identified to date on the 45 bridges submitted by the regional
manager.

3.7.1.2 Region 10

Region 10 covers the Nelson, Tasman and Marlborough area, where the type of shear connector used in
composite bridges was found to be:

¢ 55% welded V-angles
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* 33% channel connectors
* 12% horizontal angles.

There were no signs of distress or failure identified on the nine bridges submitted by the regional
manager.

It was noted that in addition to the above bridges, there are 10 steel non-composite bridges over 80 years
old with no shear connectors. It appears they simply rely on the adhesion bond between the steel and
cast-in-situ concrete slab. This indicates the current loading on these bridges is within the original
designed loading, thus there have been no signs of distress or even the breaking of that bond.

3.7.1.3 Region 11 and 12

Region 11 and 12 covers the Canterbury and the West Coast areas, where the type of shear connector
used in composite bridges is given in chapter 2.

There were no signs of distress or failure identified on the 60 bridges submitted by the regional manager.
Two other bridges with signs of distress were identified, but both were originally designed as non-
composite, hence they were not included in this review.

3.7.1.4 Region 13

Region 13 covers the Otago area, where the type of shear connector used in composite bridges was found
to be:

* 32% welded V-angles

* 32% channel connectors

* 16% shear studs

* 20% other forms, such as bolted concrete panels, fishtail plates and welded spiral rebar.

Out of the 50 bridges submitted, six are exhibiting signs of distress and failure of the shear connection.
These are:

* Welded V-angle: cracks in the concrete slab were noted on three bridges. These were erected in 1956,
1958 and 1960. The 1958 bridge has signs of rust staining, while both the 1956 and 1958 bridges,
are exhibiting voids between the steel and concrete slab. See figure 3.11 for details.

Figure 3.11 Examples of distress signs noted

*  While there is no evidence of the failure of the welded angle shear connector, there was breakage of
the grout around the welded angle on the 1960 bridge; which may have been caused by excessive
longitudinal movement between the concrete deck and steel girder. This could be attributed to the
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lack of reinforcement around the shear connector, as shown in figure 3.12. Alternatively, it could have
been caused by serviceability related issues, such as poor specification and/or construction.

Figure 3.12 Breakage of the grout around the welded angle

* Bolted concrete panels: Three bolted concrete panels all exhibited signs of the breakage of the bolts
connecting the concrete panels to the steel girder. These bridges were all erected in 1983, and it is
believed they failed due to lack of an adequate number of bolts to provide a required shear
connection. See figure 3.13.

Figure 3.13 Example of failed bolts providing the shear connection between the concrete slab and steel girder

3.7.2 Discussion

Out of 164 bridges that were part of this review, only six were identified with signs of failure in the vicinity
of the shear connector, which corresponds to less than 4% of the bridges reviewed (all of which are located
in region 13 (Otago)). Three of the affected bridges utilise welded angles, while the other three had failed
bolted shear connectors. These signs may be attributed to poor detailing, specification and/or
construction, in addition to overloading of the bridge at some point in the past.

Based on the above, the majority of composite bridges in New Zealand are performing satisfactorily, with
the three welded angles showing signs of distress only, while the connector is still intact. It should be
noted that none of the bridges utilising channel connectors were identified as having any failure signs or
other related issues.
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3.8 Internationalreports on the performance of shear

connectors in composite bridges

Through membership of the International Association for Bridge and Structural Engineering (IABSE)
Working Commission 2 (IABSE WC2) ‘Steel, Timber and Composite Structures’ and the European
Convention for Constructional Steelwork Technical Committee 11 (ECCS TC11) ‘Composite Structures’, one
of the authors of this report has used the following international network to obtain shear connector
performance data in composite bridges:

Name Company Country
Roman Geier Schimetta AT
Alessio Pipinato University Padova IT
Javier Jordan Pedelta ES
Andrea Frangi ETHZ CH
Tobias Lehnert Dillinger DE
Ulrike Kuhlmann University of Stuttgart DE
Calvin Schrage NSBA us
Wilen Heikki Ruukki FlI
Oliver Hechler ArcelorMittal LU
Gerhard Hanswille University of Wuppertal DE
Thomas Petraschek OEBB AT
Jon Solemsli Norconsult SE
Jon Halden Ramboll NO
Laurence Davaine Ingérop FR
Ilkka Vilonen Ramboll FI
Daniel L6hmus Ramboll EE
Rasmus Walter Ramboll DK
Morten de la Motte Ramboll DK
Mike Needham Ramboll UK
Nirmalya Bandyopadhyay STUP IN
Luigino Dezi Univeristy PM IT
Manuel Escamilla ACL ES
Bert Hesselink Movares NL
Vesa Jarvinen Ruukki Fl
Markus Knobloch ETHZ CH
Roberto Leon Virginia Tech us
Hans Petursson Trafikverket SE
Heinz Pircher TDV AT
Gianluca Ranzi University Sydney AU
Roman Safar CTU Cz
Paul Skelton Hardesty & Hanover us
Richard Stroetmann TU Dresden DE
Jorgen Thor; Brandskyddslaget SE
Tina Vejrum COwI DK
Xin Zhao Tongji University CN
Bert Snijder University Eindhoven BE
Eduardo Batista UFRJ BR
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Name Company Country
Anne Blom Movares NL
Graziano Leoni University of Camerino IT
Shunichi Nakamura Tokai University JP
Marion Rauch Germanischer Lloyd DE
Hans de Backer University of Ghent BE
Chris Hendy Atkins UK
Miguel Ortega IDEAM ES
Peter Collin LTU SE

From the replies received, it appeared there had been no reported failures of channel shear connectors in
composite bridges. In Germany only a very small number of bridges have been constructed using this type
of shear connection. Most of these bridges were erected between 1950 and 1960 and are still under
traffic. Moreover, in the USA, channel shear connectors have been used so rarely, removal of the design
provisions in the AISC specification has been considered.

3.9 Conclusions

A review of historic shear connectors has indicated the following:

* The vast majority (~67%) of the investigated historic shear connectors comprise welded channels
(typically 4” x 2” (102mm x 51 mm)).

* Design and evaluation criteria for shear channels and headed studs are well developed; however,
additional research should be considered. This should include determining the extent of partial
composite action that can be achieved.

*  Most of the remaining bridges (~24%) have shear connectors comprising welded V-angles. Analysis
methods for this type of shear connector are not well documented, and additional research on its
performance and behaviour is recommended.

* Standard Ministry of Works bridge designs make up approximately three quarters of existing
composite bridges constructed between 1950 and 1970 on New Zealand state highways.

* Shear studs have gained more popularity since the late 1990s and have been seen as a more
economical solution than the previously popular welded channels.

e The spacing of shear cleats in many historic composite bridges has been determined to match the
elastic longitudinal shear flow distribution at the interface between the beams and concrete deck
(current New Zealand design practice assumes elastic perfectly plastic behaviour of the shear
connection to enable the shear connectors to be spaced uniformly, which is unique when compared
with other international design standards such as BS 5400-5 and BS EN 1994-2).

The maximum spacing of historic shear cleats is typically less than the maximum spacing limits given for
new design within NZS3404: 1997 (800mm) and AS5100.6:2004 (600mm, or three times the thickness of
the slab, or four times the height of the shear connector, whichever is the least). However, it should be
noted the results of full-scale tests on composite beams recommend, when using plastic design principles
(Hicks 2007; Couchman 2015), that the shear connector spacing is consistent with AS5100.6: 2004 to
prevent uplift effects.

e Actual tested material strengths are highly variable. In particular, the range of concrete strengths can
vary by more than 30MPa even within a single bridge that has been designed assuming one
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type/strength of concrete. However, the mean strength is typically about 50% higher than the
specified concrete strength.

Expected mean steel strengths are typically 10% higher than the lower bound figures given in the
Bridge manual. These design values are outlined in chapter 6 of this report.

ULS analysis of composite bridges often provides significant gains in capacity above historic working
stress design capacities.

More testing is required to determine post-elastic performance at the historic shear connectors and
the overall capacity of composite sections they are part of.

A review of possible failures of the different shear connectors identified six bridges with signs of
failure in the vicinity of the shear connector distressed or failed shear connector. Three bridges
utilising welded angles exhibited such signs via cracks in the concrete, while another three bridges
utilising bolted concrete panels, exhibited broken bolts. These signs may be attributed to poor
detailing, specification and/or construction, in addition to overloading of the bridge at some point in
the past. None of the bridges utilising channel connectors were identified with any issues.

From an international consultation on the performance of channel shear connectors, it appears there have

been no reported failures of this type of connector.
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4  Review of recent research outputs from New
Zealand and overseas for shear connectors

The push test data from the research presented in chapter 2 is considered in this chapter and compared
with the predictions given by the different international design equations. The performance of the
different international design equations is assessed by calculating the values of the required capacity
factor using current material standards and comparing this with the target capacity factor. The intention
of this section is to identify a suitable candidate for the design model that can be used with the historical
material strengths presented in chapter 3, so that assessments of existing composite bridges may be
undertaken.

4.1 Overview of capacity factor design and reliability
analysis

The only rational basis for deciding safety margins for the ultimate resistance of structural components or

members is data from failures. If the design method is probabilistic, the data should be interpreted

statistically; it is only from laboratory testing that failures occur in sufficient numbers for this to be done.

In probability-based design, the probability of failure P: is the basic reliability measure that is used in

international standards such as ISO 2394: 2015. An alternative measure is the reliability index, which is

used in the head code to the Eurocode suite EN 1990: 2002 and is related to the probability of failure P
by:

Pf = q)(_ ﬂ) (Equation 4.1)

Where:
@ is the cumulative distribution function of the standardised normal distribution
Bis the reliability index.

For ULS considerations, the target reliability index given in ISO 2394 and EN 1990 for a 50-year reference
period is #= 3.8. Design values of resistances are defined so that the probability of having a more
unfavourable value is as follows:

P(R<R,)=®(—a.p) (Equation 4.2)
Where:
ar is the first order reliability method sensitivity factor for resistance given in ISO 2394.

Values of gfor a different reference period can be calculated using the following expression:

@(,Bn ) = [Q)( 1)]” (Equation 4.3)

Where:
S is the reliability index for a reference period of nyears
B is the reliability index for one year.

While it is possible to calculate capacity factors for different reference periods using equation 4.3 (or when
a structure has a higher consequence of failure), this is normally considered impractical as it would be
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tedious for designers to implement this in practice. As a result of this, internationally, it is normal to
provide a higher reliability index through using tighter quality control and management measures through
‘execution standards’. The international execution standard for reinforced concrete structures is I1SO
22966: 2009. For steel structures, ISO/CD 17607: 2015 is still under development, but is based on the
widely used European execution standard EN 1090-2: 2008.

The application of the first order reliability method is presented graphically in figure 4.1. The design point
Pis defined by the design value of the effects from actions E; coinciding with the design value for
resistance Ry. According to ISO 2394, if the ratio of the standard deviation of the actions o and resistance
ow is within certain limits (see figure 4.1), the design value is given by the reliability index g multiplied by
the first order reliability method sensitivity factor & and o for actions and resistance, respectively. The
advantage of this approach is that, the load factor » and capacity factor ¢, can be evaluated separately for
actions and resistance, respectively.

Figure 4.1 Design point P and reliability index B according to the first order reliability method for action effect
E and resistance R as random variables having a normal distribution

A

Probability density

If 0.16 < ox/or < 7.6, a = -0.7 and ag = 0.8

Both ISO 2394 and EN 1990 give o = 0.8 for a dominating resistance parameter. Therefore, the design
value for resistance corresponds to the product &= 0.8 x 3.8 = 3.04 (equivalent to a probability of the
actual resistance falling below the design resistance of 1 in 845 = 0.0012). The remaining safety is
achieved in the specification of actions.

The design resistance R, can be derived in two ways, either by direct determination from:
Rd = (Rm - kdno_r ) = Rm (1_ I(dn\/r) (Equation 44)
Where:

R. is the sample mean value
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kdn is the design fractile factor from equation 4.5 or 4.6 (for a probability of 0.0012, ki, = 3.04 when n=.),
o is the sample standard deviation

Vi is the sample coefficient of variation [NB coefficient of variation = (standard deviation)/(mean value)].

Or by assessing a characteristic value, which is then divided by a partial safety factor as follows:

= Wk = ¢(Rm _ knar ) — d?m (1_ knvr) (Equation 4.5)
Where:

R« is the lower characteristic resistance (also known as the fifth percentile resistance in AS/NZS 1170:
2002

kn is the characteristic fractile factor from equation 4.6 or 4.7 (for a probability of 0.05, k, = 1.64 when n = «.)

¢ is the capacity factor which accounts for uncertainties of the basic variables contained within the
equation for the design model, ie material and geometrical uncertainties, as well as uncertainties in the
theoretical resistance function when compared with experimental values from tests (¢ = Ry / RJ).

For design assisted by testing, the design or characteristic value is based on the prediction method, which
is a procedure for estimating a population’s fractile from an available sample of limited size n. If the
coefficient of variation of the population is known, the fractile factor is calculated from:

_ 1/2 (Equation 4.6)
k Up(]/n+1) quation

S=-
Where:

U, is the p fractile of the standardised normal distribution
nis the size of the population.

Alternatively, if the coefficient of variation of the population is unknown, the fractile factor is calculated
from:

kn = —tp(l/n _|.j|_)1/z (Equation 4.7)

Where:
t, is the p fractile of the known student t-distribution (with v=n- 1 degrees of freedom)
nis the size of the population.

In most international standards such as EN 1990, it is preferable to assume that the coefficient of variation
is known (equation 4.6). Therefore, the coefficient of variation of the population is assumed to be known
in the analysis presented in this section.

4.1.1 Design assisted by testing and evaluation of capacity factor ¢

A method for evaluating the design resistance of steel structures from tests was developed by Bijlaard et
al (1988), which is based on the principles of ISO 2394 and has subsequently been implemented within
EN 1990, annex D as the standard evaluation procedure for all materials. This methodology was used as
the basis for the design equations and associated capacity factors within the draft AS/NZS 5100.6 and
AS/NZS 2327 (Hicks and Jones 2013). For brevity, the methodology is not repeated here, but an overview
is given by Hicks and Jones; it is also proposed that the methodology will be implemented within a
normative appendix to AS/NZS 2327.
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Based on observation of actual behaviour in tests and on theoretical considerations, a ‘design model’ is
selected, leading to a resistance function. The efficiency of this model is then checked by means of a
statistical interpretation of all available test data. If necessary, the design model is adjusted until sufficient
correlation is achieved between the theoretical values and the test data.

The variation in the prediction of the design model is also determined from the tests (ie the variation of
the ‘error’ term ¢). This variation is combined with the variations of the other variables in the resistance
function. These include:

e variation in material strength and stiffness
e variation in geometrical properties.
The characteristic resistance is determined taking account of the variations of all the variables.

The design value is also determined from the test data and, hence, the ¢-factor to be applied to the
characteristic resistance function is obtained. The capacity factors and load factors are indicated in figure 4.2.

Figure 4.2 Capacity factors and load factors

Uncertainty in representative values [0
i ——— -
of actions f \
O
Model uncertainty in actions and ) /
: 1
action effects Sd
Model uncertainty in structural resistance —————— () Rd \
cDM
Uncertainty in material properties ———————— (Dm /

From figure 4.2, the capacity factor is given by the following definition, which enables a calibration to be
undertaken for any structural element composed of more than one material:

¢M,i - ¢Rd¢m,i i (Equation 4.8)

Where:

#rd is the capacity factor associated with the uncertainty of the resistance model (according to ISO 2394 ¢
should, in general, be ¢q> 1.0)

#m,i is the partial factor for the material property.
For example, for structural concrete, the basic variable ¢ is considered as a characteristic value based on
the lower 5% fractile, so that:
!
fcd

f)

fem exp(— Ky Vi —0.5V ) _ exp[(k K, )\/f ] (Equation 4.9)

=fne = f., exp(— KV, —0.5Vfi)
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Where:
ks is the design fractile factor from equation 4.5 when n = © (k4. = 3.04)
k- is the characteristic fractile factor from equation 4.6 when n =« (k. = 1.64)

Vi is the coefficient of variation of the compressive strength of the concrete given by the appropriate
territory’s material standard (in New Zealand, NZS 3104: 2003).

4.1.2 Target capacity factor for ULS design

Although the value of the capacity factor is dependent on the permitted variability of a material strength
within a particular territory, the different capacity factors for shear connectors used in international design
standards are presented below. This comparison is useful as it gives an appreciation for the expected
capacity factors that should be delivered by the respective design equations presented in chapter 2.

4.1.2.1 NZS 3404: 1997

According to NZS 3404, the capacity factor (strength reduction factor) for shear connectors is ¢c = 1.0 and
¢sc = 0.75 for positive moment and negative moment regions, respectively. It will be shown below that the
value of ¢sc = 1.0 is extremely optimistic compared with other international standards as, in general, ¢sc <
1.0. This value implies there is a significant amount of conservatism in the design equations compared
with tests.

4.1.2.2 AS 5100.6: 2004

According to AS 5100.6, the capacity factor (strength reduction factor) for shear connectors is ¢c = 0.85,
irrespective of whether they are contained within positive moment or negative moment regions. However,
for other connection components subjected to shear, the capacity factor is ¢c = 0.80.

4.1.23 CSA-S16-09

According to CSA-S16-09, the capacity factor (resistance factor) for shear connectors is ¢ = 0.80,
irrespective of whether they are contained within positive moment or negative moment regions.

4.1.2.4 AISC 2010

According to the AISC specification AISC 2010, the capacity factor (resistance factor) for shear connectors
is ¢sc = 0.75, irrespective of whether they are contained within positive moment or negative moment
regions.

4.1.2.5 BS 5400-5 and BS 5950-3.1

The nominal static strengths of shear connectors presented in tabular for within BS 5400-5 and BS 5950-
3.1 share the same basis, as they were evaluated from push tests undertaken by Menzies (1971) (see
chapter 2). Given that plastic design of the shear connectors in BS 5400-5 is not permitted, BS 5950-3.1 is
the appropriate standard for assessing the appropriate capacity factor. According to BS 5950-3.1, for
shear connectors in positive moment regions ¢c = 0.8. While, for shear connectors in negative moment
regions ¢ = 0.6.

4.1.2.6 EN 1990 and EN 1994-1-1 (Eurocode 4)

In the structural Eurocodes the values of the partial factors yu have been harmonised depending on the
resistance criterion. Therefore, the design equations sometimes have a conversion factor ; included within
them to ensure that, when used with the harmonised partial factor, the equations deliver the correct
design values. For steel structures, for yielding of the cross-section or stability failure, the target value yy =
1.0. For fracture or shear failure, the target value y, = 1.25 (V for shear) and is used in Eurocode 4 for all
types of shear connectors irrespective of whether they are contained within positive moment or negative
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moment regions. This partial factor is equivalent to a capacity factor of ¢gc = 0.80 (4= 1/ ), which is
identical to that used in CSA-S16-09.

4.1.2.7 AS/NZS 5100.6
In the development of the design rules for headed studs (Hicks and Jones 2013), in accordance with

international design standards, it was decided to harmonise the capacity factors for connectors subjected
to shear. Therefore, a capacity factor of ¢c = 0.80 has been selected.

4.1.3 General comments

From the above review of international standards, it appears the capacity factor for shear connectors is
normally taken to be ¢c = 0.80. Given the fact that this value has also been selected in the forthcoming
AS/NZS 5100.6 for headed stud connectors, the target value for channel shear connectors should be ¢c =
0.80.

The above ¢cvalues in different international standards are concluded in table 4.1.

Table 4.1 Summary of gc values in different international standards
Standard Psc
NZS 3404: 1997 Positive moment region: 1.0

Negative moment region: 0.75

AS 5100.6: 2004 In both positive and negative moment regions
Shear connectors: 0.85

Other types of connection in shear: 0.80

CSA S16-09 In both positive and negative moment regions
0.80

AISC 360-10 In both positive and negative moment regions
0.75

BS 5400-5 Positive moment region: 0.8

BS 5950-3.1 Negative moment region: 0.6

EN 1990 In both positive and negative moment regions

EN 1994-1-1 0.80

AS/NZS 5100.6 In both positive and negative moment regions
0.80

4.2 Evaluation of capacity factor for channel shear
connectors embedded in solid concrete slabs

This section considers the 150 push tests collected in the literature review (chapter 2). In some cases, the
concrete compressive strengths were lower than those established by NZS 3101 for structural concrete,
which resulted in these experimental results being removed from the database. In addition, tests were
removed when not all of the variables had been reported so the equations could be used. As a
consequence of this, the database was reduced to 84 push tests (see table 4.2).
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Table 4.2 Pushout tests parameters from the literature
S/N | Specimen [Reference P.(KN) | fcm (MPa) | fu(MPa) | Ecm(Mpa) | tf(mm) [tw(mm)|Lc(mm)| H(mm)
1 Ala Pashan 2006 602.6 32.2 501.15 33436 8.1 8.3 152.4 127
2 Alb Pashan 2006 603.6 32.2 501.15 33436 8.1 8.3 152.4 127
3 A2a Pashan 2006 472.1 32.2 501.15 33436 8.1 8.3 101.6 127
4 A2b Pashan 2006 474.1 32.2 501.15 33436 8.1 8.3 101.6 127
5 A3a Pashan 2006 288.85 32.2 501.15 33436 8.1 8.3 50.8 127
6 A3b Pashan 2006 295.8 32.2 501.15 33436 8.1 8.3 50.8 127
7 Ada Pashan 2006 563.75 32.2 501.15 33436 8.1 4.8 152.4 127
8 A4b Pashan 2006 576.7 32.2 501.15 33436 8.1 4.8 152.4 127
9 AS5a Pashan 2006 436.25 32.2 501.15 33436 8.1 4.8 101.6 127
10 ASb Pashan 2006 464.15 32.2 501.15 33436 8.1 4.8 101.6 127
11 Aba Pashan 2006 250.5 32.2 501.15 33436 8.1 4.8 50.8 127
12 A6b Pashan 2006 256.95 32.2 501.15 33436 8.1 4.8 50.8 127
13 B1S Pashan 2006 368.5 21.5 501.15 30290 8.1 8.3 150 127
14 B2S Pashan 2006 330.15 21.5 501.15 30290 8.1 8.3 100 127
15 B3S Pashan 2006 236.55 21.5 501.15 30290 8.1 8.3 50 127
16 B4S Pashan 2006 408.85 21.5 501.15 30290 8.1 4.8 150 127
17 B5S Pashan 2006 336.65 21.5 501.15 30290 8.1 4.8 100 127
18 B6S Pashan 2006 224.85 21.5 501.15 30290 8.1 4.8 50 127
19 Ci1s Pashan 2006 694.7 41.0 468.9 35190 8.1 8.3 150 127
20 C2S Pashan 2006 516.45 41.0 468.9 35190 8.1 8.3 100 127
21 C3S Pashan 2006 313.75 41.0 468.9 35190 8.1 8.3 50 127
22 C4S Pashan 2006 677.3 41.0 468.9 35190 8.1 4.8 150 127
23 C5S Pashan 2006 486.05 41.0 468.9 35190 8.1 4.8 100 127
24 C6S Pashan 2006 262.95 41.0 468.9 35190 8.1 4.8 50 127
25 D1S Pashan 2006 403.4 21.2 468.9 30236 7.5 8.2 150 102
26 D2S Pashan 2006 326.7 21.2 468.9 30236 7.5 8.2 100 102
27 D3S Pashan 2006 239.05 21.2 468.9 30236 7.5 8.2 50 102
28 D4S Pashan 2006 396.4 21.2 468.9 30236 7.5 4.7 150 102
29 D5S Pashan 2006 301.8 21.2 468.9 30236 7.5 4.7 100 102
30 D6S Pashan 2006 201.2 21.2 468.9 30236 7.5 4.7 50 102
31 E1S Pashan 2006 583.65 34.8 500.265 33960 7.5 8.2 150 102
32 E2S Pashan 2006 488.05 34.8 500.265 33960 7.5 8.2 100 102
33 E3S Pashan 2006 345.6 34.8 500.265 33960 7.5 8.2 50 102
34 E4S Pashan 2006 542.8 34.8 500.265 33960 7.5 4.7 150 102
35 ES5S Pashan 2006 433.25 34.8 500.265 33960 7.5 4.7 100 102
36 E6S Pashan 2006 244 34.8 500.265 33960 7.5 4.7 50 102
37 F1S Pashan 2006 485.05 28.6 500.265 32428 7.5 8.2 150 102
38 F2S Pashan 2006 375.5 28.6 500.265 32428 7.5 8.2 100 102
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S/N | Specimen |Reference P.(KN) |fcm (MPa) | fu(MPa) | Ecm(Mpa) | tf(mm) [tw(mm)|Lc(mm)| H(mm)

39 F3S  |Pashan 2006 268.9 28.6 500.265 | 32428 | 7.5 | 8.2 50 | 102

40 F4S  |Pashan 2006 450.2 28.6 500.265 | 32428 | 7.5 | 47 | 150 | 102

41 F5S  [Pashan 2006 358.55 | 28.6 500.265 | 32428 | 7.5 | 47 | 100 | 102

42 F65S  |[Pashan 2006 222.1 28.6 500.265 | 32428 | 7.5 | 4.7 50 | 102

43| P10(1) |Menzies 1971 264 28.5 500 32428 | 69 | 655 | 102 | 76

44 | P11(1) |Menzies 1971 263.5 28.5 500 32428 | 69 | 655 | 102 | 76

45 | P12(1) |Menzies 1971 267.5 28.5 500 32428 | 6.9 | 655 | 102 | 76

46 P13 [Menzies 1971 178.4 20.2 500 30040 | 6.9 | 655 | 102 | 76

47 P14  |Menzies 1971 176.4 20.2 500 30040 | 6.9 | 655 | 102 | 76

48 PI5  [Menzies 1971 197.3 20.2 500 30040 | 6.9 | 655 | 102 | 76

49 P16 |Menzies 1971 198.8 31.3 500 33253 | 6.9 | 655 | 102 | 76

50 P17  [Menzies 1971 201.3 313 500 33253 | 69 | 655 | 102 | 76

51 P18  [Menzies 1971 194.8 313 500 33253 | 69 | 655 | 102 | 76

52 P19 [Menzies 1971 219.2 40.4 500 35072 | 6.9 | 655 | 102 | 76

53 P20 [Menzies 1971 222.2 40.4 500 35072 | 6.9 | 655 | 102 | 76

54 P21 [Menzies 1971 232.2 40.4 500 35072 | 6.9 | 655 | 102 | 76
Maleki and Bagheri

55| CIM b en: 2008h 83.9 27.5 360 24804 | 85 6 50 | 100
Maleki and Bagheri

RC1-M 120. . 2 . 1

56 | RC 20082: 2008 9.3 36.8 360 8693 | 85 6 50 00
Maleki and Bagheri

57| RC2M | 008t 98.8 34.2 360 27661 8.5 6 30 | 100
Maleki and

58 Ol e g 85 27.5 360 32000 | 8.5 6 50 | 100
Maleki and

59 | RCI 129.5 38.6 360 34720 | 85 6 50 | 100
Mahoutian 2009

60 | Rrcz [Malekiand 99 28.8 360 32520 | 85 6 30 | 100
Mahoutian 2009 ’ '

61 N [Shariati et al 2011 | 128.3 47.1 360 35530 7 5 50 | 100

62 RC1  [Shariati etal 2011 | 131.5 47.1 360 35530 7 5 50 | 100

63 RC2  [Shariati etal 2011 | 92.7 47.1 360 35530 7 5 30 | 100
B Topk

64 | $65-50 zzr]a; and Topkaya) ;¢ 4 31.8 501 33360 | 7.5 | 5.5 50 65
B Topk

65 | $80-50 er]a; and Topkaya) ¢, ¢ 33.3 467 33660 6 6 50 80
B d Topk

66 | $100-50 er]a; and 1opkayal 5916 32.2 470 33440 | 85 6 50 | 100
B d Topk

67 | $120-50 2?)r1a2n and Topkaya 5934 39.9 465 34980 9 7 50 | 120

68 | $140-50 zzr]a; and Topkaya -, ¢ 36.7 451 34340 10 7 50 | 140
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S/N | Specimen [Reference P.(KN) | fcm (MPa) | fu(MPa) | Ecm(Mpa) | tf(mm) [tw(mm)|Lc(mm)| H(mm)
69 | $65-75 g::\)r]a; and Topkayal o, & 34.7 501 33940 | 7.5 | 5.5 75 65
B Topk
70 | $80-75 er]a; and Topkaya - 3, 4 33.8 467 33760 6 6 75 80
B Topk
71 | s100-75 zzr]a; and Topkaya 5, | 36.7 470 34340 8.5 6 75 100
72 | s120-75 g?)r]a; and Topkayal ;o0 5 32.7 465 33540 9 7 75 | 120
73 | s140-75 ggr]a; and Topkayal o, 3 32.9 451 33580 10 7 75 140
B Topk
74 | $65-100 zgr]a; and Topkaya 3, ¢ 34.0 501 33800 | 7.5 | 55 | 100 | 65
B Topk
75 | sso-100 [21% and Topkayal ~ 35¢ 34.5 467 33900 | 6 6 | 100 | 80
76 | $100-100 gzr]a; and Topkayal 34 5 33.4 470 33680 8.5 6 100 | 100
77 | H10050-M [Shariati et al 2011 | 197.7 82.0 410 34677 | 8.5 6 50 | 100
78 | H7550-M [Shariati etal 201 | 196.1 82.0 410 34677 | 7.5 5 50 75
79 | N10030-M [Shariati et al 2011 | 115.5 63.0 410 30376 | 8.5 6 30 | 100
80 | N7530-M [Shariati etal 2011 | 111.1 63.0 410 30376 | 7.5 5 30 75
81 | C10050-M [Shariati et al 2013 | 152.5 35.7 360 20234 | 85 6 50 | 100
82 | C7550-M [Shariati et al 2013 | 139.7 35.7 360 29234 | 75 5 50 75
83 | C10030-M [Shariati et al 2013 | 112.3 35.7 360 29234 | 85 6 30 | 100
84 | C7530-M [Shariati et al 2013 | 109.5 35.7 360 29234 | 75 5 30 75

As the purpose of this research was to present design equations for use in evaluating the resistance of
bridges in New Zealand, the material variability and geometric tolerances were confined to this territory.
As a starting point, the compressive concrete strength variability was based on the requirements given in

NZS 3104 to identify the most suitable equation for use in current design before adjustments were made

to account for the uncertainty in historical material strengths. Due to their being the most widely used the

performance of the following design equations were considered:

NZS 3404 (equation 2.18)

CSA-S16-09 (equation 2.16)

Pashan and Hosain (equation 2.19)

AISC 2010 (equation 2.21)

Baran and Topkaya (equation 2.23 to 2.25).

The results from the reliability analyses are presented in table 4.3, as well as the value of the required
capacity factor gu. The capacity factor associated with the uncertainty of the resistance model ¢rd is also

presented to provide an indication of whether the design model is entirely appropriate (according to ISO
2394 ¢rd it should, in general, be ¢rd < 1.0).
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Table 4.3 Test results

S/N NZS 3404 CSA S16-09 Pashan and AISC 2010 Baran and Topkaya 2012
Hosain 2009
dro o | dro o | dro o dro o dro o
1 0.852 | 0.739 | 0.689 | 0.598 | 0.498 0.464 0.599 0.558 0.555 0.379
2 0.849 | 0.736 | 0.690 | 0.598 | 0.497 0.463 0.601 0.559 0.566 0.379
3 0.851 | 0.738 | 0.691 | 0.599 | 0.497 0.463 0.602 0.561 0.444 0.378
4 0.847 | 0.735 | 0.690 | 0.599 | 0.498 0.464 0.599 0.558 0.440 0.381
5 0.847 | 0.735 | 0.689 | 0.598 | 0.495 0.461 0.599 0.558 0.362 0.379
6 0.847 | 0.735 | 0.689 | 0.598 | 0.494 0.460 0.598 0.557 0.363 0.378
7 0.847 | 0.735 | 0.686 | 0.595 | 0.498 0.464 0.599 0.558 0.480 0.379
8 0.849 | 0.737 | 0.687 | 0.596 | 0.499 0.464 0.599 0.558 0.482 0.381
9 0.846 | 0.734 | 0.686 | 0.595 | 0.498 0.464 0.599 0.558 0.379 0.380
10 0.845 | 0.733 | 0.686 | 0.595 | 0.498 0.464 0.599 0.558 0.377 0.380
11 0.845 | 0.733 | 0.686 | 0.595 | 0.495 0.461 0.598 0.557 0.313 0.379
12 | 0.844 | 0.732 | 0.686 | 0.595 | 0.495 0.461 0.598 0.557 0.312 0.376
13 0.860 | 0.734 | 0.699 | 0.597 | 0.500 0.462 0.602 0.556 0.636 0.375
14 0.860 | 0.734 | 0.698 | 0.596 | 0.499 0.461 0.601 0.556 0.509 0.374
15 | 0.856 | 0.731 | 0.696 | 0.594 | 0.494 0.456 0.600 0.554 0.424 0.373
16 | 0.858 | 0.732 | 0.696 | 0.594 | 0.500 0.462 0.601 0.555 0.547 0.376
17 0.857 | 0.731 | 0.695 | 0.593 | 0.500 0.461 0.599 0.553 0.438 0.376
18 0.855 | 0.730 | 0.695 | 0.593 | 0.496 0.458 0.596 0.551 0.366 0.374
19 | 0.821 | 0.722 | 0.665 | 0.585 | 0.485 0.455 0.585 0.549 0.485 0.368
20 | 0.821 | 0.722 | 0.667 | 0.586 | 0.484 0.453 0.586 0.549 0.380 0.367
21 0.822 | 0.723 | 0.665 | 0.585 | 0.480 0.450 0.583 0.547 0.312 0.366
22 0.819 | 0.720 | 0.665 | 0.585 | 0.486 0.456 0.582 0.546 0.415 0.367
23 0.819 | 0.720 | 0.664 | 0.584 | 0.485 0.455 0.583 0.547 0.326 0.366
24 0.817 | 0.719 | 0.662 0.582 | 0.482 0.452 0.584 0.547 0.269 0.365
25 | 0.856 | 0.730 | 0.694 | 0.591 | 0.497 0.459 0.598 0.552 0.633 0.370
26 | 0.856 | 0.730 | 0.692 | 0.590 | 0.494 0.456 0.596 0.550 0.514 0.371
27 0.851 | 0.725 | 0.690 | 0.588 | 0.490 0.452 0.596 0.550 0.428 0.367
28 0.849 | 0.724 | 0.692 | 0.590 | 0.496 0.458 0.594 0.548 0.536 0.371
29 | 0.851 | 0.725 | 0.691 | 0.589 | 0.496 0.458 0.596 0.551 0.435 0.371
30 | 0.848 | 0.722 | 0.687 | 0.586 | 0.491 0.453 0.592 0.547 0.365 0.371
31 0.810 | 0.711 0.659 | 0.578 | 0.477 0.447 0.576 0.539 0.511 0.357
32 0.810 | 0.711 | 0.657 | 0.576 | 0.475 0.445 0.577 0.540 0.405 0.356
33 | 0.808 | 0.709 | 0.656 | 0.575 | 0.470 0.441 0.576 0.539 0.335 0.354
34 0.806 | 0.707 | 0.655 | 0.574 | 0.479 0.448 0.574 0.537 0.434 0.357
35 0.809 | 0.710 | 0.655 | 0.574 | 0.477 0.447 0.576 0.539 0.344 0.356
36 0.804 | 0.706 | 0.654 | 0.573 | 0.473 0.443 0.574 0.538 0.284 0.357
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S/N NZS 3404 CSA S16-09 Pashan and AISC 2010 Baran and Topkaya 2012
Hosain 2009
dro o | dro o | dro oM dro o dro o
37 0.878 | 0.758 | 0.713 | 0.615 | 0.514 0.478 0.618 0.574 0.611 0.398
38 0.880 | 0.759 | 0.713 | 0.616 | 0.513 0.477 0.620 0.576 0.494 0.400
39 0.876 | 0.756 | 0.711 0.614 | 0.509 0.473 0.617 0.573 0.410 0.397
40 | 0.876 | 0.756 | 0.710 | 0.613 | 0.515 0.478 0.619 0.575 0.520 0.399
41 0.876 | 0.756 | 0.711 0.614 | 0.514 0.477 0.617 0.573 0.417 0.398
42 0.875 | 0.755 | 0.709 | 0.612 | 0.509 0.473 0.617 0.573 0.347 0.398
43 | 0.854 | 0.735 | 0.691 | 0.595 | 0.499 0.463 0.599 0.556 0.493 0.381
44 | 0.852 | 0.734 | 0.691 | 0.595 | 0.498 0.462 0.600 0.557 0.495 0.378
45 0.852 | 0.734 | 0.690 | 0.594 | 0.498 0.462 0.599 0.556 0.491 0.379
46 0.830 | 0.687 | 0.678 | 0.561 | 0.478 0.435 0.568 0.517 0.563 0.337
47 | 0.833 | 0.690 | 0.676 | 0.560 | 0.478 0.435 0.573 0.521 0.563 0.338
48 | 0.833 | 0.690 | 0.677 | 0.561 | 0.477 0.434 0.573 0.522 0.566 0.338
49 0.901 | 0.771 | 0.730 | 0.625 | 0.526 0.487 0.632 0.585 0.567 0.413
50 0.902 | 0.772 | 0.728 | 0.623 | 0.525 0.486 0.631 0.584 0.566 0.415
51 0.900 | 0.770 | 0.727 | 0.623 | 0.524 0.485 0.631 0.584 0.567 0.414
52 | 0.839 | 0.728 | 0.681 | 0.590 | 0.492 0.458 0.592 0.551 0.450 0.374
53 0.837 | 0.726 | 0.680 | 0.589 | 0.492 0.459 0.593 0.552 0.453 0.372
54 0.838 | 0.727 | 0.679 | 0.589 | 0.493 0.459 0.593 0.553 0.452 0.374
55 | 0.868 | 0.741 | 0.705 | 0.601 | 0.500 0.462 0.606 0.560 0.431 0.383
56 | 0.811 | 0.701 | 0.659 | 0.569 | 0.472 0.438 0.573 0.533 0.349 0.349
57 0.853 | 0.735 | 0.692 | 0.596 | 0.490 0.455 0.602 0.558 0.368 0.380
58 0.868 | 0.741 | 0.703 | 0.600 | 0.501 0.463 0.606 0.560 0.430 0.383
59 | 0.831 | 0.719 | 0.673 | 0.583 | 0.482 0.449 0.587 0.546 0.358 0.364
60 0.879 | 0.751 | 0.714 | 0.610 | 0.505 0.467 0.616 0.570 0.409 0.396
61 0.838 | 0.734 | 0.678 | 0.593 | 0.493 0.461 0.597 0.558 0.290 0.383
62 | 0.826 | 0.715 | 0.670 | 0.580 | 0.483 0.450 0.584 0.543 0.304 0.365
63 0.878 | 0.751 | 0.713 | 0.609 | 0.506 0.468 0.612 0.566 0.351 0.397
64 0.839 | 0.728 | 0.681 0.591 | 0.485 0.452 0.592 0.551 0.370 0.375
65 | 0.853 | 0.741 | 0.693 | 0.602 | 0.498 0.464 0.606 0.565 0.334 0.390
66 | 0.845 | 0.733 | 0.687 | 0.596 | 0.492 0.458 0.599 0.558 0.351 0.378
67 0.809 | 0.710 | 0.657 | 0.577 | 0.475 0.445 0.576 0.540 0.311 0.357
68 0.836 | 0.730 | 0.677 | 0.592 | 0.488 0.456 0.594 0.556 0.352 0.372
69 0.810 | 0.705 | 0.657 | 0.572 | 0.472 0.441 0.575 0.537 0.371 0.357
70 | 0.798 | 0.694 | 0.648 | 0.563 | 0.468 0.437 0.566 0.528 0.320 0.345
71 0.832 | 0.727 | 0.677 | 0.591 | 0.490 0.458 0.592 0.554 0.359 0.372
72 0.855 | 0.742 | 0.694 | 0.602 | 0.499 0.465 0.606 0.565 0.398 0.384
73 | 0.861 | 0.747 | 0.697 | 0.606 | 0.502 0.468 0.608 0.566 0.417 0.387
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S/N NZS 3404 CSA S16-09 Pashan and AISC 2010 Baran and Topkaya 2012
Hosain 2009
dro o | dro o | dro o dro o dro o

74 0.803 | 0.698 | 0.650 | 0.566 | 0.471 0.439 0.571 0.532 0.401 0.351
75 0.806 | 0.702 | 0.653 | 0.569 | 0.474 0.442 0.572 0.533 0.358 0.351
76 | 0.864 | 0.751 | 0.701 | 0.609 | 0.506 0.471 0.611 0.570 0.428 0.393
77 | 0.756 | 0.694 | 0.613 | 0.563 | 0.453 0.434 0.555 0.532 0.233 0.344
78 0.753 | 0.691 | 0.611 0.561 | 0.450 0.431 0.553 0.530 0.237 0.345
79 0.797 | 0.713 | 0.646 | 0.578 | 0.466 0.441 0.575 0.543 0.263 0.362
80 0.794 | 0.710 | 0.644 | 0.576 | 0.464 0.439 0.574 0.543 0.265 0.364
81 0.835 | 0.718 | 0.678 | 0.582 | 0.484 0.448 0.587 0.544 0.377 0.363
82 0.835 | 0.717 | 0.675 | 0.580 | 0.483 0.448 0.587 0.544 0.375 0.363
83 0.830 | 0.714 | 0.673 | 0.579 | 0.479 0.444 0.583 0.540 0.353 0.361
84 0.827 | 0.711 | 0.672 | 0.577 | 0.474 0.439 0.582 0.539 0.351 0.364

p 0.914 0.914 0.941 0.921 0.901

b 1.482 1.202 0.83 1.141 0.711

Vrt 7.03% 7.00% 6.51% 8.52% 9.47%
Vo~ 26.15% 26.15% 22.52% 26.11% 27.54%

Vr 27.07% 27.07% 23.44% 27.47% 29.12%
QM* 0.728 0.590 0.456 0.552 0.373

As can be seen from table 4.2, none of the design models performed very well and this is reflected in the
low calculated capacity factors of 0.73, 0.59, 0.46, 0.55 and 0.37 for NZS 3404, CSA S16, Pashan and
Hosain (2009), AISC (2010) and Baran and Topkaya (2012), respectively. The capacity factor of 0.73 for the
design equation given in NZS 3404 is a particular concern as the recommended value is M*=1.0 (see
section 3.1.2), which suggests that the current steel structures standard is on the unconservative side by
almost 30%. From the magnitude of the correction factor b, the predictions given by both NZS 3404 and
CSA S16 (AISC (2010)) are on the conservative side with values greater than unity. However, the reason for
the punishing capacity factors that have been calculated is the very large scatter in the tests compared
with the prediction with a coefficient of variation of the error terms (experimental tests), eg for NZS 3404,
Vs =26.2%. This is unusual as, typically, Vs is relatively low and the main contributing term to the total
coefficient of variation for resistance V, is the theoretical coefficient of variation for resistance V.,
(determined from Monte Carlo simulations by varying the basis variables within the design equation
according to tolerances and statistical properties of material strengths). The proposals by Pashan and
Hosain (2009) and Baran and Topkaya (2012) provide the most unconservative predictions, which is
reflected in the value of the correction factor b < 1.0 and a very punishing capacity factor. Owing to this
poor performance, this design equation is discounted in future work.

From the above, two options exist for selecting a suitable design model for estimating the resistance of
channel shear connectors in composite bridges:

1 On considering push test data, develop a completely new design model for channel shear connectors
that more accurately reflects its behaviour (which will permit higher design capacities to be
calculated).
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2 Retain the existing design model given internationally by NZS 3404, CSA S16-09 and AISC 2010, but
reduce the value of the multiplier so the target capacity factor of ¢. can be used.

Due to budgetary constraints, we pursued the latter option (2) in the next phase of the project.

4.3 Conclusions

e From the database of push test results using channel shear connectors developed in chapter 2
(identified in chapter 3 as the most widely used form of shear connector in existing composite
bridges), 84 tests were selected for analysis.

e« The performance of the design equations given in NZS 3404, AISC 2010 and CSA S16-09, having all
been developed from the same basis, have been evaluated from structural reliability analyses.
Unfortunately, all design models perform badly with calculated capacity factors of #.=0.73, 0.59 and
0.55 (which is substantially lower than the recommended value of ¢.=1.0 given in NZS 3404),
suggesting that current design values are overoptimistic (ie on the unsafe side). The design model
recently proposed by Baran and Topkaya (2012) performed even worse and this model has been
discounted for future work.

e While two options are open for selecting a more appropriate design model for estimating the shear
resistance of channel shear connectors in composite bridges, due to budgetary constraints, it is
proposed that a correction factor is applied to the NZS 3404 equation to ensure the target capacity
factor is delivered. It should be noted, however, that the proposed correction factor will reduce the
existing design capacity of channel shear connectors, but this is expected due to the poor predictions
given by the design model when compared with test data.
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5 Basis of proposed design methodology

5.1 Introduction

With the proposal for HPMV and 50MAX vehicles to have a wider access to the existing highway network,
the capacity of the historic composite bridges based on the allowable stress design philosophy is in
question. However, it can be envisaged that these composite structures will still exhibit higher section
bending capacity than used to be expected. Benefitting from modern limit state design methods for
composite structures, it has been acknowledged that the material plastic strength can be mobilised to
create post-elastic bending capacity to an extent which relies on a collective behaviour of the ductility of
the shear connectors, the degree of the shear connection and the steel section classifications. From
chapters 2 and 3, it is known that in the majority of situations, historic shear connectors in New Zealand
composite bridges may be considered ductile, so that partial shear connection design can be applied. The
bending capacity of the bridges will thereby be governed by the strength of the shear connectors.

In helping engineers assess bridges with appropriate solutions, a brief introduction of the philosophy of
the bending design for the composite beams is presented in section 5.2, followed by the presentation of
design formulae in section 5.3. Remarks are made in section 5.4 as to the application of the design
method to the assessment of existing composite bridges in New Zealand. This leads to an assessment
procedure which is detailed in chapter 6, combined with the outcome of chapter 4 on the design capacity
of channel shear connectors.

5.2 Codified design methods for the bending capacity of
composite bridges

The relevant national standards in Australasia are AS 2327.1-2003 and NZS 3404:1997, which cope with
bending capacity of composite structures assuming ductile shear connectors only with partial/full shear
connection under limitation of the minimum degree of shear connection. On the contrary, Eurocode 4
provides a one-stop design solution covering a full spectrum of different shear connector behaviour and
section classifications. It can be foreseen that this solution will be adopted in the forthcoming AS/NZS
2327: 2015 and be accepted as a general solution for composite design in New Zealand. The design
philosophy from draft AS/NZS 2327 is extracted below.

The bending resistance of composite beams may be evaluated using rigid plastic theory, non-linear theory
and elastic analysis. When the effective composite cross-section is compact, rigid plastic theory may be
used for beams with full shear connection or partial shear connection that have connectors with sufficient
deformation capacity to assume ideal plastic behaviour of the shear connection. The different design
methods permitted are shown graphically in figure 5.1, together with the corresponding stress
distributions for a composite beam with a solid slab.
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Figure 5.1 Design method given in draft AS/NZS 2327
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Curve ABC - rigid plastic theory (equilibrium method)
Line AC - simple interpolation method
Line DEC - non-ductile and un-propped construction method

Line OFC - non-ductile and propped construction method
The degree of shear connection is defined by:

n:Nc/ch (Equation 5.1)
Where:

M is the design value of the compressive force in the concrete given as nfd

Nefis the design value of the compressive force in the concrete with full shear connection (which is the
lesser of Aafd and 0.85f.abeh)

nis the number of shear connectors from the point of zero moment to the point of maximum moment
A, is the cross-sectional area of the steel beam

fyd is the design yield strength of the steel (4 = ¢f)
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fed is the design compressive strength of the concrete (fd = ¢f)
Prd is the design resistance of a shear connector (Fd = ¢vFAk).

Full shear connection occurs at point C in figure 5.1, which corresponds to 7 = 1.0. From equilibrium of
the stress blocks, the three possible positions for the plastic neutral axis are shown by (i), (ii) and (iii) in
figure 5.1c. In this case, the plastic moment resistance Mpird is evaluated using the strength reduction
factors ¢ and ¢, respectively.

The Eurocode 4 rules to evaluate the minimum degree of shear connection 7., are based on two
independent studies (Aribert 1997; Johnson and Molenstra 1991) (point B in figure 5.1a), where the
required slip was determined from numerical analyses of composite beams using various spans, cross-
sections and degrees of shear connection. The rules are limited to situations where the required slip did
not exceed the characteristic slip capacity of a shear connector, which was taken to be 6mm. Shear
connectors were deemed to be ‘ductile’ in those situations.

The minimum degree of shear connection n..»can be obtained from the following expression:

a) For steel sections with equal flanges:

350 (Equation 5.2)
Ly <25M: 77, = mMaxy1- f_ (0.75-0.03L, ); 0.4

y

L, >25m:p,. =1.0

b) For steel sections having a bottom flange with an area equal to three times the area of the top
flange:

350 (Equation 5.3)
Ly <20m: 7y, =maxq1-| == (0.30-0.015L,);04

y
L, >20m:p,. =10

Where:
Let is the distance in sagging bending between points of zero bending moment in metres.

For steel sections having a bottom flange with an area exceeding the area of the top flange but less than
three times that area, 7., may be determined from equations 5.2 and 5.3 by linear interpolation.

For n = n..with a compact steel section and ductile shear connectors, the simple interpolation method may
be used, where the design moment resistance Md is evaluated by finding 7 and linearly interpolating
between points A and C in figure 5.1a (point A is given by the design plastic moment resistance of the
structural steel section Mpiard alone). By comparison, the equilibrium method based on the rigid-plastic
theory can be used with the given convex curve ABC which is a less conservative alternative. Between A and
C, the plastic neutral axis has two possible positions within the steel section given by (ii) and (iii) in figure
5.1d. For beams with partial shear connection and ductile shear connectors, Mrd is evaluated using strength
reduction factorsg, ¢c and ¢, for the structural steel, the concrete and the shear connection, respectively.

The design lines AC and ABC are based on the assumption the effective areas of the steel and concrete can
reach their design strengths before the concrete begins to crush. AS/NZS 2327 and the forthcoming AS/NZS
5100.6 assumes there may be a possibility for premature crushing of the concrete if the nominal steel strength
is £=420MPa or £=460MPa and the ratio xpi/ A is greater than 0.15. In these circumstances, the design
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resistance moment should be multiplied by the reduction factor g given in figure 5.1b. For xp/h beyond 0.4,
the composite beam shall be treated as having a non-ductile shear connection using the methods below.

When 7 < 7., OF for cases when the characteristic slip capacity of an individual shear connector is less
than 6mm, the shear connection is deemed to be ‘non-ductile’. The design line for unpropped and
propped construction is given in figure 5.1a by lines DEC and OFC, respectively based on the non-linear
method. Point F is defined by the design elastic moment resistance for propped construction Meip,rdand
7el,p, Which corresponds to the point where the stresses in the outermost fibre of the section reach fd4 or
fd, as shown in figure 5.1e. For point E, initial stresses from the bending moment applied to the structural
steel section Mayeaduring the construction stage at point D reduce the design elastic moment resistance
Mei,urd and the corresponding value of 7ei,u.

Design lines DE and OF are also referred to as the elastic method which was widely used under allowable
stress design philosophy prior to the genesis of the USL design method. As one of the solutions allowable
in AS/NZS 2327, it applies when the shear connection is designed to resist the longitudinal shear flow
using elastic principles. The non-linear and elastic methods apply for all steel section classifications.

It is recommended table 5.1 of AS 5100.6:2004 be used when deciding the classifications of the
composite bridge sections. It is anticipated that the table will be adopted in the draft AS/NZS 2327.

5.3 Design formulae for bending capacity

Having introduced the design philosophy of AS/NZS 2327 in section 5.2, the design formulae of the
section bending capacity is presented below. Formulae are given for the steel beams with symmetric I- or
H-sections with equal flanges. For other cross sections, the bending capacity may be evaluated using
rectangular stress blocks and bending moments about the plastic neutral axis. This sub-section should be
read in conjunction with the terms given in AS/NZS 2327 and section 5.2 together with the following
supplementary definitions.

N — Aa f Design value of the plastic resistance of the structural steel section to normal
pl.a yd force.

N — 0 85f b h Designh compression resistance of the concrete flange.
pl,c . cd Meff "'c

N =t df Design value of the plastic resistance of the clear depth of the steel web to
pl.d W yd normal force.

N — bt f Design value of the plastic resistance of the steel flange to normal force.
pl, f f lyd

N =N, =N _.+N Design value of the plastic resistance of structural steel section with a class 3
pln pla pl.d plo web to normal force.

N =60st 2 f Design value of the plastic resistance of the remaining portion of the
pl.o w Tyd compression part of a not-compact steel web to normal force.

. /250
fY

N - _2N Design value of the plastic resistance of the steel web to normal force.
pl,w pla pl,f
N _ A§ f Design value of the plastic resistance of the longitudinal steel reinforcement to
S sd normal force.
N Compression force in the concrete determined by the capacity of the shear
¢ connectors nPrq.
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cf

c.el

o = =

_ O

yd

cd

=
[72]
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0

hC
hp
h

S

h

t

Design value of the compressive normal force in the concrete flange with full
shear connection.

Compressive force in the concrete flange corresponding to moment Meird.

Effective breadth of the concrete flange.

Clear depth of the steel web.

Design yield strength of steel (fya=ofy).

Design compressive strength of concrete (faa=dcfc’).

Design yield strength of steel reinforcement (fsa=ofs,).

Depth of structural steel section.

For profiled sheetings, the height of concrete slab above crests, i.e. hc=h-hp.
When solid slab is used, hc=h.

The overall depth of the sheet excluding embossments; h,=0 when solid slab is
used.

Distance from the top flange of the steel beam to the centroid of the longitudinal
reinforcement in tension.

Overall depth of the concrete slab.

A sketch showing section depths and widths using the notations is shown as below.

Figure 5.2

5.3.1

5.3.1.1

Where:

Bridge deck in
concrete slab

Notations for section dimensions adopted in section 5.3

bpf(

Bridge deck with pops

Non-composite beam design

Mpl,a,rd, pOint A in figure 5.1

— (Equation 5.4)
pl.a,Rd — Zep fyd

M

Zep is the plastic modulus of the steel section alone or determined as per Cl.5.1.3 of AS 5100.6: 2004.
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5.3.2 Composite beams design with full shear connection

5.3.2.1  Mpird, point C in figure 5.1

Sagging bending

Case 1: N,.< N, (plastic neutral axis in web - iii in figure 5.1¢)
a) Cross-section is compact:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
compression, is given as (which may be used to classify the web according to table 4.1 of AS
5100.6:2004):

h N,.d (Equation 5.5)
Xpl = ht +—a_ pl, i
Npl,d
h. +h +h N ? (Equation 5.6)
MpI,Rd :Mpl,a,Rd +Np|,c ( . ht P)_ e 9
2 Npl,d 4

b) Cross-section with compact flanges, but with not-compact web that is further reduced to an effective
cross-section into compact section with an effective web according to Cl.5.1.4 of AS 5100.6:2004:

N (ha +h + hp)_ (N p|,c2 +(N o~ NplchN oa — N _2Npl,0))9 (Equation 5.7)

M pl.c
2 N g 4

=M

pl,Rd pl,a,Rd

Case 2: N, > N, (plastic neutral axis in flange

a) Npl,a > Npm (plastic neutral axis in steel flange - ii in figure 5.1¢).
2 .
M N E_FN h _& _(N pl,a_Npl,c) t_f (Equation 5.8)
pl,Rd — pl,a pl,c t
2 2 N ol f 4

b) Np|,a < Np|,c (plastic neutral axis in concrete flange - i in figure 5.1¢).

h N,.h

M pl.Rd — Npl,a[_a+ ht - -

(Equation 5.9)
2 N 2

pl.c
Hogging bending

Case 1: Plastic neutral axis in web

a) Cross-section is compact, N, < Npiw:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
tension, is given as (which may be used to classify the web according to table 5.1 of AS 5100.6:2004):

h N. d (Equation 5.10)
XpI = ht +_a_ > —
2 Npl,d 2
h N 2 (Equation 5.11)
MpIRd MpIaRd+Ns _a+hs - 9
' o 2 Npl,d 4
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5 Basis of proposed design methodology

b) Cross-section with compact flanges, but with not-compact web, which is further reduced to a compact
cross-section with an effective web according to Cl.5.1.4 of AS 5100.6:2004.

Ns < Npio: (Equation 5.12)
2
M =M +N £+h _(Ns +(Npl,d+NSXNpI,d+Ns_2NpI,0))g
pl,Rd pl,a,Rd s 2 S Np| . 4
Where:

M plaRd is obtained from equation 5.4.
Case 2: Plastic neutral axis in flange
a) Cross-section is compact Ns >N pl,w

i)  Plastic neutral axis in steel flange Npl,a > Ns :

N, —N_Jt (Equation 5.13)
=N £+ N h ( pl.a s)

f
pl.a sils ™ T
2 ol 4

M

pl,Rd

i) Np|,a < Ns (plastic neutral axis outside steel beam).

ha (Equation 5.14)
M plRd — N pl.a ?-l_ hs

b) Cross-section with compact flanges, but with non-compact web which is further reduced to a compact

cross-section with an effective web according to Cl.5.1.4 of AS 5100.6:2004 Ns 2 Npl,oi

i)  Plastic neutral axis in steel flange Npm > Ns:

(N pln Ns)z t (Equation 5.15)

h, t
N 4

pl,n ?

M, =N, —2+Nh -

pl,Rd
pl,f

ii) Plastic neutral axis outside steel beam Np|,n < Ns
h j (Equation 5.16)
S

M pl,Rd = N pl,n[?a + h

5.3.3 Composite beam with partial shear connection

5.3.3.1 M rd of any point along curve ABC in figure 5.1 - equilibrium method (rigid-plastic theory)

For sagging bending
Case 1: nN¢s < Ny (plastic neutral axis in web)
a) Cross-section is compact:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
compression, is given as (which may be used to classify the web according to table 5.1 of AS
5100.6:2004):
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h, 7N d (Equation 5.17)
Xpl = ht +2- ——
2 N, 2
h, nN. ¢ h, (chyf)z d (Equation 5.18)
Meg =M apa +1Nc | = +h - - |~ —
2 Npl,c ? Npl,d 4

b) Cross-section with compact flanges, but with web being not-compact, which is further reduced to a
compact cross-section with an effective web according to CI.5.1.4 of AS 5100.6:2004:

_ 7N ¢ E _ ((77Nc,f )2 +(N od — 1IN ¢ XN od — 1IN ¢ —ZNpl,o))Q (Equzfiogr;
2 Npl,d 4

ha
Mgy =M arg +7IN, E"'ht N

pl,c
Where:
M pl.aRd is obtained in equation 5.4.

Case 2: N> N, (plastic neutral axis in steel flange)

N N, —»nN_ . Jt (Equation 5.20)
M Rd = N pl.a h_2a+77NC)f (hl _—'—J—M_f

5.3.3.2 M rd of any point along line AC in figure 5.1 - simple interpolation method

- - (Equation 5.21)
MRd - M pl,a,Rd +77(M pl,Rd M pI,a,Rd) quation

Where:

M plaRd is obtained from equation 5.4 and M pl,Rd is obtained from equations 5.5 to 5.16.

5.3.4 Composite beam with non-linear design
5.3.4.1 M a,Ed » point D in figure 5.1 for unpropped construction method

— (Equation 5.22)
M a,Ed — Ze 1:s

Where:
Ze is the steel effective elastic section modulus

fs is the stress at extreme fibre of the steel section under construction load.

5.3.4.2 MeI,Rd , point E in figure 5.1 for unpropped construction method

_ (Equation 5.23)
Mera =M, g +kM g
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5 Basis of proposed design methodology

5.3.4.3 MeI,Rd , point F in figure 5.1 for propped construction method

— (Equation 5.24)
I\/IeI,Rd - kMc,Ed

Where:
a,Ed is obtained from equation 5.22

Mc,Ed is the part of the design bending moment applied to the composite section
k is the lowest factor such that any of the design stress limit

fcd, fyd , fsd can be reached for concrete in compression, structural steel in tension or compression and

in reinforcement in tension or compression respectively.

5.3.4.4 M rd of any point along line DEC in figure 5.1 for unpropped construction method - non-

linear method

N (Equation 5.25)
Mgq = Ma,Ed +(MeI,Rd - Ma,Ed)N — for Nc s I\lc,el
c,el
N —N | (Equation 5.26)
MRd = MeI,Rd +(M pl,Rd _MeI,Rd )A for Nc,el < Nc < Nc,f
Nc,f - Nc,el

Where:
Ma,Ed is obtained from equation 5.22
MeI,Rd is obtained from equation 5.23

M pl,Rd is derived from equation 5.5 to 5.15.

5.3.4.5 M rd of any point along line OFC in figure 5.1 for propped construction method - non-linear

method
N (Equation 5.27)
MRd =MeI,Rd N ¢ for NCSNC,el
c,el
Nc - Nc el (Equation 5.28)
Meg =My rg "‘(M oird — M eg )—N N’ for I\Ic,el < Nc < Nc,f
c.f = Neel

Where:
MeI,Rd is obtained from equation 5.24

M pl,Rd is derived from equations 5.5 to 5.15.

5.3.4.6 M rd of any point along line DE in figure 5.1 for unpropped construction method - elastic

method

N (Equation 5.29)
Mps =M, g +(Mel,Rd - Ma,Ed)N © for N, < Nc,el

c,el
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Evaluation of shear connectors in composite bridges

5.3.4.7 M rd of any point along line OF in figure 5.1 for propped construction method - elastic
method

N (Equation 5.30)
Mgy = MeI,Rd N_C for Nc < Nc,el

c,el

Table 5.1 summarises the application of design equations to different combinations according to the
ductility of the shear connectors, degree of shear connections and steel section classifications. It also
provides a quick reference for bridge engineers to select assessment options.
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5 Basis of proposed design methodology

Table 5.1 Assessment options for bending capacity of composite beams according to draft AS/NZS 2327

4 Ductility of shear connectors
Ductile Non-ductile
Options® Equations no. | Options Equations no.
N‘,
' N’
0 Neow Newo 7 1.0 .
N, N,
A 5.4 N/A N/A
C 5.5t05.16 C 5.5t0 5.16
ABC© 5.18 to 5.20
DEC 5.25t0 5.26
AC© 5.21
Compact®@
DEC 5.25t0 5.26
OFC 5.27 t0 5.28 OFC 5.27 t0 5.28
| .
Steel section DE 5.29 DE 5.29
classification
OF 5.30 OF 5.30
C 5.5t0 5.16 C 5.5t0 5.16
DEC 5.25t0 5.26 DEC 5.25t0 5.26
Not-compact OFC 5.27t0 5.28 OFC 5.27t0 5.28
DE 5.29 DE 5.29
OF 5.30 OF 5.30
Notes:
@ The not-compact web may be treated as compact if the web section is reduced according to Cl.5.1.4 of AS
5100.6:2004.
® Assessment options are referred to as curves in figure 5.1.
Curve ABC - equilibrium method (rigid-plastic theory)
Line AC - simple interpolation method
Lines DEC/OFC - non-linear method (unpropped/propped construction)
Lines DE/OF - elastic method (unpropped/propped construction)
© These two options (excluding point C) only apply when degree of shear connection is larger than the minimum
value, ie 1 = nm» and when the steel section is compact. The rest of the options in the table apply regardless of this
limitation. The shear connection is deemed to be non-ductile if n < nmn. even if the individual connectors meet certain
criteria and are considered ductile. When steel beam is non-compact, similar rules to those for non-ductile shear
connection apply.
When points A and C are calculated, alternative equations in sections 5.3.1 and 5.3.2 can be used respectively.
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5.4 Conclusions

The review of the historical forms of shear connectors in chapter 3 revealed that the majority of shear
connectors in New Zealand bridges are welded channel shear connectors. They comprise 71% and 63% of
the total bridges studied in the South Island and the North Island respectively. Among the rest of the shear
connectors, welded V-angles account for 18% and 30% of the bridges for the two regions, respectively. It
has already been concluded in chapter 2 that the channel shear connectors are deemed to be ductile if
they have a relatively short length (less than 150mm) with thin webs (less than 8mm). The push tests
shown in chapter 2 have shown the shear studs also exhibit sufficient ductility. It can also be expected
that under the modern traffic loadings, the load resistance of existing bridges may be increased by
utilising partial shear connection theory where the composite bending resistance is limited by the
resistance of the shear connectors.

With the section classifications, degree of the shear connection and the minimum degree of the shear
connection being determined, assessment options can be chosen from section 5.3 and table 5.1. An
assessment procedure in line with the current Bridge manual is presented in chapter 6 incorporating the
assessment options from this chapter.

Consistent with the composite column provisions in AS 5100.6, instead of assigning a single global
strength reduction factor, the design equations have been allocated with individual strength reduction
factors ¢ for the individual material components. As the channel shear connector is the major type for the
historic composite bridges in New Zealand, a reliability analysis has been carried out in this chapter to
identify a formula that delivers the required margin of safety demanded by ISO2327 and AS 5104. The
output of the analysis will also be applied in the assessment procedure given in chapter 6.
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6 Assessment procedure for existing New Zealand composite bridges

6 Assessment procedure for existing New
Zealand composite bridges

6.1 Introduction

The Bridge manual is currently being used for the evaluation of local bridges and culverts. The manual
refers to NZS 3404.1:1997 when the bending capacity of composite steel bridges is assessed. As
discussed in section 5.2, NZS 3404 only addresses the capacity of composite structures made up of
compact steel sections with shear connectors providing partial/full shear connection. These limitations set
up a barrier in choosing appropriate options when engineers encounter various conditions of shear
connectors and steel sections.

Previous sections of this report have identified the majority of composite bridges would have channel
shear connectors providing partial shear connection under modern traffic evaluation loads. Pending
AS/NZS 2327 and AS/NZS 5100.6, section 5.3 and table 5.1 of the report provide engineers with multiple
assessment options dealing with variety of steel section classifications and the degree of the shear
connection. An assessment procedure, adapted from table 7.1 of the Bridge manual, is presented in
section 6.2.

When deciding the capacity of the channel shear connectors, equation 2.18 is recommended. Table 4.2
shows the strength reduction factor ¢..=0.728 has to be applied to the equation to deliver the required
target reliability index. Compared with the reduction factor ¢=0.85 as suggested in table 3.2 of AS
5100.6:2004 (note @s=1.0 in table 13.1.2 of NZS 3404.1:1997 appears to be very unconservative), this
finding indicates equation 2.18 is slightly unconservative. For consistency with the rules for headed stud
connectors, by using the results presented in chapter 4, while still retaining the form of the existing
design equation, the design value of channel shear connectors should be calculated from the following
equation:

PRd = ¢\/ .3]__2(thC +0'5twsc)|—sc\/f7cl (Equation 6.1)

Where ¢,=0.85:

tisc is the average flange thickness of the channel
twsc is the web thickness of the channel

Lsc is the length of the channel connector

f! is the concrete cylinder strength.

For an elastic calculation of the composite cross-section resistance (eg for fatigue design), it is necessary
to ensure elastic behaviour of the beam, and the relative slip between the slab and the steel beam must be
limited. This limitation is achieved by reducing the design value given by equation 6.1 by the factor k, (EN
1994-2), whence:

K,Pay =k, - -31.2(t, +0.5t,. )L/ f, (Equation 6.2)

Where:

k. is reduction factor for the shear resistance of a stud connector, taken as k, = 0.75.
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Owing to the fact that fatigue design is outside the scope of this research report, reference should be
made to AS 5100.6 for further information.

A worked example prepared by OPUS according to the assessment procedures outlined in section 6.2 is
provided in appendix F.

6.2 Assessment procedures

To represent the majority cases in New Zealand, this assessment procedure is for the bending capacity of
the composite bridges and assumes an equivalent span in sagging bending moment as defined in the
forthcoming AS/NZS 2327 and AS/NZS 5100.6. Both headed studs and channel shear may be considered.
For simply supported bridges, the equivalent span is equal to the effective bridge span. Symmetric steel
section is assumed in the equations presented in section 6.3. The evaluation procedure given in table 7.1
of the Bridge manual is replicated here with adaptation made where necessary to suit the purpose of this
section.

Step 1: Carry out site inspection

Identify structural deterioration of the bridge structure, including, among others, the conditions of the
shear connectors. As a reference, the review in chapter 4 concludes that the shear connectors in a majority
of composite bridges in New Zealand perform robustly, with only a very small number of bridges
exhibiting signs of distress at the shear connection.

Step 2: Determine appropriate material strengths

When deciding the material strength, information from sections 3.4 and 3.5 and appendix G of this report
may be consulted alongside section 7.3 of the Bridge manual.

Step 2a: Identify types of the shear connectors and determine the ductility of the shear connectors

Check whether the shear connectors may be considered ductile. Headed shear studs may be considered
ductile when the overall height after welding is not less than four times the shank diameter dbs and
16mm<d,.<25mm. Channel shear connectors may be considered ductile if the channel unit web
slenderness.

H/t./L>0.124 (Equation 6.2)
Where:

H, tw and L are height, web thickness and length of the channel shear connectors, respectively (see figure
2.8).

Step 2b: Identify dimensions of the concrete slabs and steel sections and the bridge effective span
for the calculation of the effective width of concrete flange

Use figure 6.1 to calculate the effective bridge span Ler. For a simply supported bridge, the effective span
equals to the effective bridge span. Figure 6.1 will be introduced within the forthcoming AS/NZS 2327 and
AS/NZS 5100.6.

Step 2c: Calculate effective breadth of the concrete flange
At mid-span or an internal support the total effective width befr (see figure 6.1) may be determined as:

bett = bo + Zbei (Equation 6.3)
Where:
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bo = distance between the centres of the outstand headed stud connectors, or the width of the shear
connector (when channel shear connectors are used).

bei = value of the effective width of the concrete flange on each side of the web and taken as Lef/8 (but not
greater than the geometric width b). The value b, defines the distance from the outstand shear connector
to a point mid-way between adjacent webs, measured at mid-depth of the concrete flange, except that at a
free edge b, is the distance to the free edge. The length Lef is taken as the approximate distance between
points of zero bending moment. For typical continuous composite beams, where a moment envelope from
various load arrangements governs the design, and for cantilevers, Ler may be taken from figure 6.1.

The effective width b at an end support is determined as:
bett = bo + Zpibei (Equation 6.4)
with
Bi= (0.55 + 0.025 Les / bei) (Equation 6.5)
Where:

b, = effective width, see equation 6.3 of the end span at mid-span and Les is the equivalent span of the end
span according to figure 6.1.

The distribution of the effective width between supports and mid span regions shall be assumed to be as
shown in figure 6.1 or calculated by more refined analysis. Note that this rule will be adopted in the
forthcoming AS/NZS 2327 and AS/NZS 5100.6.

Figure 6.1 Equivalent spans for calculation of the effective width of concrete flange

€ of beam
Dt
— | —b,
2 4
‘ ‘ bl bZ |
1 3
| ' bel beZ
i i
/N \ | ==
I
AN !
[ ]
(a) Elevation (b) Cross-section
Ll L2 LS
Lfa L2 L4 La L2 L4
beff‘l _ b i b 1— ¢ of beam

(c) Effective beam width shown in plan

LEGEND:

L, = 0.85 L, for b, insegmentl

L =025( L, + L,)for b, insegment 2
Lg=0.70 L, for b, insegment3

Lgs =2 Lgfor b, insegment 4

75


file:///S:/Standards Development/Drafts/100000-200000/100800-100999/100994/3-2-2-1.eps

Evaluation of shear connectors in composite bridges

Step 2d: Determine steel section classifications

Any section damage observed from step 1 shall be considered. Use table 5.1 of AS 5100.6:2004 to
determine the section classifications.

Step 2e: Identify construction methods - propped or unpropped

Construction method may be identified in the as-built drawings. If the information is not available, it is
reasonable to conservatively assume unpropped construction was used.

Step 3: Identify critical section(s) of the main supporting members and the critical effect(s) on them

Incorporating information from steps 2b and 2c, establish and run global grillage analysis to obtain the
location of the maximum sagging bending moment in the composite beams under evaluation load, (eg
50MAX and HPMV) and bending moment at critical sections under critical vehicle loading closer to the
support.

Step 3a: Determine the total number of shear connectors n between the locations of zero and
maximum sagging moment in the bending moment envelope

For simply supported bridges, locations of zero moment are at supports. Note that under moving traffic
loading, the location of the maximum bending moment of simply supported bridges may shift slightly
from the mid-span. Use the lesser number of shear connectors between two segments either side of the
location of the maximum bending moment.

For continuous beams, the lesser number of the shear connectors from both the location of zero moment
(point of contraflexure) to the location of the maximum sagging moment should be used.

The location of the maximum sagging moment for both simply supported and continuous bridges may be
determined from the envelope of bending moment. The corresponding contraflexture location in the
continuous bridges should be determined from the bending moment distribution when the traffic load
moves to where the maximum sagging moment in the envelope occurs.

Step 3b: Determine the degree of the shear connection 7 at maximum sagging moment location
using equation 5.1 with the number of shear connectors obtained from step 3a if shear connectors
are deemed to be ductile from step 2a.

Step 3c: Determine the minimum degree of shear connection ;,, . at maximum sagging moment
location for shear connection ductility check if step 3b applies.

Use equations 5.2 and 5.3 to calculate the minimum degree of shear connection. The effective bridge span
Lef determined from step 2b may be used as the effective bridge span in the equations. Note that if 5
determined in step 3b is found to be lower than Zemin? ductile shear connection identified from step 2a is
deemed non-ductile in choosing design equations in table 5.1.

Step 3d: Determine the total number of shear connectors n between the locations of zero and critical
sections when the vehicle is closer to the supports

Repeat step 3a but calculate the total number of shear connectors between zero moment and critical
sections.

Step 3e: Determine the degree of the shear connections 7 at critical sections using equation 5.1 with
the number of shear connectors obtained from step 3d

Repeat steps 2b and 2c to derive the effective concrete area of the critical sections in order to use
equation 5.1.
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Step 4: Determine the overload capacity and/or the live load capacity at each critical main member
section

Step 4a: Choose appropriate design curves

With the ductility of the shear connectors determined in step 2a, steel section classification determined in
step 2d, degree of the shear connection obtained in step 3b, minimum degree of the shear connection
determined ,, _ in step 3c and the construction methods identified in step 2e, the engineer can decide
which assessment option in table 5.1 to pursue. If further assuming the steel section is compact (step 2d)
and the construction method is unpropped (step 2e), the available options for assessing the composite
bridge bending capacity are:

1 For ductile shear connectors with n = nmin,
Curve ABC (equations 5.18 to 5.20)
Line AC (equation 5.21)
Line DEC  (equations 5.25 to 5.26)
Line DE (equation 5.29)

Take equation 5.20 for example, it can be further elaborated as below:

77Ncyf h, (N ola _77Nc,f)2 t, (Equation 6.6)
N 2 N 4

ha
R =M, = Npl,a?"‘UNc,f h, —

pl,c pl, f

nPRd hc (¢Aa fyha - nPRd )2 tf

h
—Af 40Py, h ———— R "¢ -
AN $.0.85f b h 2 dot, T, 4

c eff
2 For non-ductile shear connectors or n < nmin
Line DEC  (equations 5.25 to 5.26)
Line DE (equation 5.29)
Take equation 5.26 for example with further assumptions made as shown in figure 6.2, ie:

a The neutral axis of the composite section is located at the interface between the concrete slab and
the steel section under the load increment after the construction stage.

b The design strength of concrete 4 = $c0.85fc" at the outermost compressive fibre is reached
before the design strength of steel section 44 = ¢fy at the outermost tensile fibre of the
composite section is obtained.

Equation 5.26 can now be further elaborated as below:

N —N (Equation 6.7)
R =M, g4 +(M oird — My gg )Nc—Ncel
c,f—"Vcel
P g 0.85f hb,,
Rd ~ Y o
—(Z.f.+4.2,..085f)+(M , .. —(Z.f +4.2, 0.85f.)) 2 .
( e's ¢c e,co c) ( pl,Rd ( e's ¢c e,co c)/ 0'85fchtbeff

mln(¢Ad fy1¢co'85 fclhtbeff)_¢c 2
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Where:

MeI,Rd = Ma,Ed +kM ¢,Ed is from figure 6.2

Ze is the steel elastic section modulus

fs is the stress at extreme fibre of the steel section under construction load

Ze,co is the elastic section modulus of the transformed composite section by taking into account the short
term Young’s modulus ratio between concrete and steel

M pl,Rd shall be obtained from equation 6.6 by substituting min(m fd ,¢00-85 fchtbeﬁ) for nPrq, (ie
bending capacity with full shear connection 7 =1.0).

Figure 6.2 Non-linear method for non-ductile shear connector or | < Nmin

by
¢.0.85f ¢.0.85f,

Fht
a9 o Neu
+ 'p ¢ f“ N.A. f:‘

” ! o = (

\ nat o )

f, fa f+f <df,
2o M, eq Zycor KM g M. rd

To determine the design capacity, strength reduction factors have to be properly assigned to each
material component in the design equations, where the strength reduction factors ¢=0.9, ¢.=0.6, ¢,=0.85
for steel, concrete and shear connectors respectively as per table 4.2 of AS 5100.6: 2004. Prq is obtained
from equation 6.1 for channel shear connectors.

Step 4b: Determine load capacity at critical sections

Use the section properties such as Ze, Mp;rq, Nc,r of each individual critical section in determining the
section capacity when using the equations identified in step 4a. In particular, degree of shear connection
,obtained from step 3b and step 3d should be used respectively for the sections at maximum bending
moment and critical sections under vehicle loading closer to supports.

Steps 5to 11
No adaptations are made to these steps in the Bridge manual and are therefore omitted here.

When assessing the composite bridges, the transverse reinforcement should also be assessed to prevent
longitudinal shear failure of the concrete from the concentrated shear connector forces. In all cases,
sufficient transverse reinforcement is required to ensure that the longitudinal shear resistance in the slab
is greater than the force in the concrete compressive flange from the shear connectors. Cl.6.6.5 of AS
5110.6:2004 may be referred to as rules for the assessment.

6.3 Conclusions

The amended evaluation principles for the bending capacity of the composite bridges for the current
Bridge manual provide bridge engineers with a wider range of assessment options, among which, as
supplementary to NZS 3404, AS 2327.1 and AS 5100.6 in particular, are the non-linear and elastic
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methods applied to any degree of shear connection. These options are derived from the latest
developments in the Australasian national standards including AS/NZS 2327 and AS/NZS 5100.6.

The economic significance of applying these principles is that the level of the repairing strategy relies
entirely on the rating of the bridges, which is strongly influenced by the assessment options being chosen
due to their inherent difference in conservativeness among these options. Both the transportation
authority and consultants will therefore benefit from having more solutions to strike a balance with
limitation of budgets.

The reliability analysis for the shear connectors in chapter 5 assumes material and geometric dimensions
are time independent. Of the most concern in the bridge assessment is how certain safety margins can be
ensured for the remaining service life of the structures under conditions of deteriorating material
properties and damages observed in the assessed structures and whether the rating properly represents
these conditions. The current Bridge manual has addressed this issue by allowing further reduction
factors to the strength reduction factors. This is shown in table 7.5 of the manual. At this stage, it is still
advised to use table 7.5 to adjust strength reduction factor according to the level of the damage to the
channel shear connectors.

A sensitivity study for the comparison among the predictions as per the proposed assessment procedure,
AS5100.6 and NZS3404 is provided in the worked example (see appendices E and F). It is clear that as the
degree of shear connectivity is reduced, the difference of bending capacities between NZS3404 or
AS5100.6 and the proposed assessment procedure increases. The primary reason for this is that, as the
degree of shear connectivity reduces, the connection behaves in a more brittle manner. As a result, the
distribution of stresses in the beam section (steel beam and concrete slab) will not be able to become
plastic, but instead will be elastic. Therefore the proposed assessment procedure assumes an elastic
distribution of stresses when determining the beam bending resistance. This which yields a lower value
than NZS3404 and AS5100.6, which assume a plastic distribution regardless of degree of shear
connectivity.

However, it should be noted that the proposed assessment procedure was developed to assist with
determining the composite bending resistance only. It is therefore possible that, depending on the degree
of shear connectivity, relative dimensions of the concrete slab and steel beam section, the bending
resistance of the bare steel beam may be greater than the composite bending resistance. Therefore, in
such scenarios, it is important for users of the proposed assessment procedure to determine the bare
steel beam bending resistance, giving attention to the degree of lateral support provided by the concrete
slab and/or intermediate bracing between adjacent bridge beams. Users should also consider the
effectiveness of shear connectors which have yielded in providing lateral restraint to the top flange of the
steel section, paying attention to the locations where they may have yielded (eg near support for simply
supported beams).
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7 Conclusions

The bridge assessment method for composite bridges in the Bridge manual referred initially to NZS 3404
and subsequently to AS 5100.6. The design equations in both NZS 3404 and AS 5100.6 are outdated with
inadequate focus on the influence of the ductility and degree of shear connection on the beam resistance.
The corresponding design equations for channel shear connectors, which this study has shown to be the
major type of shear connectors in New Zealand’s historic bridges, have not been calibrated to keep pace
with recent international tests in terms of a safety margin.

This research project identified the types of shear connectors in New Zealand historic bridges from a
substantial database study. The decision was then taken to focus on welded channel shear connectors,
which are used in more than 67% of New Zealand bridges.

A new design equation for the resistance of welded channel shear connectors has been developed as part
of this research. The equation retains the form of that in NZS 3404. The capacity reduction factor,
however, has been re-evaluated through a comprehensive reliability analysis based on EN 1990 appendix
D, against 84 international experiments explored by this research and implementing local material
properties for the Australasian region. The analysis shows that the design resistance should be lower than
the existing equations. A method to identify the ductility of the welded channel shear connectors has also
been developed.

The report introduces a new design method to evaluate beam bending capacity which incorporates the
newly proposed design equation for the channel shear connectors. The Eurocode-based design method is
to be accepted in the forthcoming AS/NZS 2327 which will be a general solution in New Zealand for
composite structures. While the existing NZS 3404 and AS 5100.6 solution assumes ductile shear
connection and adopts rigid plastic theory only, the new method considers multiple design options
depending on the degree of shear connection, ductility of the shear connection, steel section
compactness, minimum degree of shear connection and construction method, ie propped and unpropped
construction methods.

A revised evaluation procedure, adapted from the Bridge manual, has been developed incorporating the

new design method. A worked example for an existing historic bridge located in New Zealand shows that
NZS 3404 and AS 5100.6 overestimate the bridge capacity, the level of which increases with the reduced

degree of shear connection.
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Appendix A: Canterbury and West Coast case study information

Appendix A: Canterbury and West Coast case
study information

This is located at www.nzta.govt.nz/resources/research/reports/602
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Appendix B: Opus database case study

information
Bridge name Location Year of Beams/deck Shear cleat/stud type | Designer Ref
design
Bairds Road SH1 South 1953 27*10*102 RSJ Shear cleats Public Works ADO26766
Overbridge Auckland with cast in situ deck 4*2*7*6inches wide Department
channel
East Tamaki SH1 South 1953 27*10*102 RSJ with Shear cleats 2%4*7 Public Works ADO024608
Overbridge Auckland cast in situ deck channel, 6in wide Department
Puhinui Road SH1 South 1954 27*10*102 RSJ with Shear cleats 2*4*7 Public Works ADO26768-5
Overbridge Auckland cast in situ deck channel, 6in wide Department
Princes Street SH1 South 1954 27%10%102 RSJ with Shear cleats 2*4*7 Public Works ADO24608
Overbridge Auckland cast in situ deck channel, 6in wide alt Department &
& 1997 3-5:3-5:3/8 angle & 1/28/153/71
for repair 102*51*10.4kg 04
channel
Oparau Bridge Okupata- 1955 22*7*75 steel RSJ with | 3.5in*3.5in*3/8 inch Babbage and HDO 7135
Kawhia Omanawa cast in situ concrete steel angle sections Shores
Road deck
Kawhia
Hill Road SH1 South 1960 24*7.5*85 RS) 3/4in Dia*4in shear Ministry of ADO029480
Underpass Auckland studs Works
Te Reinga Wairoa 1974 68in steel girder 6%3*12 channel*14in Malcolm Sweet | 3/135/1/792
Bridge wide Parker and 4
Holland
Waipoua River SH12RD 1 1979 914*308*289UB 152*76*18 *150 long Ministry of 1/47/3/7104
Bridge RS 89 Grade 50C channels as shear Works and
cleats Development
Orewa River SH 1 RS 288 1998 Grade 250 steel 19mm Dia studs, Beca Carter 1/23/115/79
Bridge Orewa to Plate with precast 200mm high Hollings and 14/211
Silverdale concrete deck Ferner
Arapuni Arapuni 2002 Grade 250 steel plate 22mm Dia studs, Opus 2/240/30/72
Headrace Road, South with precast deck 150mm high 04/1
Bridge Waikato units
Parker Lane Buckland 2009 530UB32 19mm Dia *100mm Opus 1/1110/203/
bridge deck Road, shear stud 6104
replacement Franklin
Hamiltons Bucklands 2010 700WB30 steel section | 19mm Dia atuds Opus 1/1042/269/
Bridge Road, with cast in place deck | 100mm high 7104
widening Franklin
Kaituna River Tauranga 2011 Steel transom with 22mm Dia studs URS/Opus S-34-110
Bridge Eastern Link precast concrete deck | 180mm high
Motorway

* Sourced from the Opus online database
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Appendlx C: Gisborne and Hawke’s Bay case study information

6|KARAMU CREEK BRIDGE

1929

traction engine

1 beams

Rivetered Angles

32582 6671 2

33593 2547 5 | 249 5.88| MUNNS BRIDGE 1945 H20_816 1 beams 'Welded Channels
33221 1320 35 | 132 0.02|OWEKA RIVER BRIDGE 1952 H20_816 1 beams ‘Welded V Angles
33275 2630 35 | 263 0|MANGATUNA BRIDGE 1952 H20_816 I beams 'Welded V Angles
32507 4087 2 | 406 2.69|HOLDSWORTH BRIDGE 1053 H2o_S16 1 beams Welded V Angles
33223 1383 35 | 132 6.25| MANGAOMEKA STREAM BRIDGE 1953 H20_8S16_Ti16 1 beams Welded V Angles
33266 2483 35 | 238 | 10.32|WATPUTAPUTA STREAM BRIDGE 1953 H20_816 I beams Welded V Angles
32581 6613 2 | 661 0.25|CLIVE RIVER BRIDGE 1954 H20_816 I beams Welded V Angles
33224 1426 35 | 132 | 10.55|WAITAUKAKARI BRIDGE 1954 H20_816 1 beams Welded V Angles
32515 4475 2 | 443 4.5|WHATATUNA BRIDGE 1955 H20_S16 1 beams 'Welded Channels
32493 3750 2 | 375 O|MORTLEMANS BRIDGE 1956 H2o_S16 1 beams Welded Channels
32545 5317 2 | 516 15.75|AWATERE NO 3 BRIDGE 1956 H20_S16 1 beams Welded Channels
33331 1946 38 | 189 5.6]AWATERE STREAM BRIDGE No.2 1956 H2o0_816 1 beams ‘Welded Channels
33332 1952 38 | 189 6.2|AWATERE BRIDGE NO. 1 1956 H20_816 1 beams 'Welded Channels
32514 4456 2 | 443 2.61|WAIPAOA RIVER BRIDGE 1957 H20_8S16 Plate girders 'Welded Channels
32554 5676 2 | 562 5.62|MANGATURANGA BRIDGE 1957 H20_816 1 beams Other Welded Channels and Welded V Angles
33232 1622 35 | 159 3.17| TAURANGAKOAU BRIDGE 1957 H2o_816 1 beams 'Welded Channels
33239 1910 35 | 190 0.98|PAOARUKU STREAM BRIDGE 1957 H20_S16 1 beams 'Welded Channels
33580 1921 5 | 100 2.07|RUATITI BRIDGE (WAIPUNGA) 1957 H2o_8S16 Plate girders Welded Channels
32588 7138 2 | 7o7 6.82| WAIPAWA RIVER BRIDGR 1958 H2o_S16 Plate girders Welded Channels
33246 2092 35 | 200 9.19|KOPUAROA NG 4 BRIDGE 1958 HN_HO_72 I beams Welded V Angles
33251 2205 35 | 213 7.47|TAKAPAU STREAM BRIDGE 1958 H20_816 Plate girders 'Welded Channels
32501 3948 2 | 390 4.8|WATHUKA No.2 BRIDGE 1959 H20_816 Plate girders 'Welded Channels
32516 4488 2 | 443 5.75|TE ARAI RIVER BRIDGE 1959 H20_816 Plate girders ‘Welded Channels
32518 4560 2 | 443 1§1CALCOTI'S BRIDGE 1959 H2o_816 Plate girders Welded Channels
32539 5160 2 | 516 O|WAIKATUKU BRIDGE 1959 H2o_S16 1 beams Welded V Angles
33245 2052 35 | 200 5.23|MAKATOTE BRIDGE 1959 HN_HO_72 1 beams Welded Channels
33267 2500 35 | 250 O|HIKUWAI BRIDGE NO 4 1959 HN_HO_72 Plate girders 'Welded Channels
32533 5008 2 | 497 3.76]OMANA STREAM BRIDGE 1961 H20_816 1 beams ‘Welded V Angles
33272 2561 35 | 250 6.07|HIKUWAI BRIDGE NO 2 1961 HN_HO_72 Plate girders 'Welded Channels
33273 2563 35 | 250 6.25|HIKUWAI BRIDGENO 1 1061 HN_HO_72 Plate girders Welded Channels
33584 2040 5 | 204 o|WAIONE BRIDGE 1961 H20_816 Plate girders Welded Channels
33622 857 50 | 79 6.73| MANGATEWAI STREAM BRIDGE 1961 H2o_S16 1 beams Welded V Angles
32498 3900 2 | 390 0|PARIHOHONU BRIDGE 1962 H2o0_S16 Plate girders ‘Welded Channels
33271 2556 35 | 250 5.57|HIKUWAI BRIDGENO 3 1962 HN_HO_72 Plate girders ‘Welded Channels
33609 577 50 | 49 B.68|MANGAMATE STREAM BRIDGE (GWAVAS) 1962 H20_816 1 beams 'Welded V Angles
32496 3858 2 | 375 | 10.75]ANZAC BRIDGE 1963 H20_816 Plate girders Welded Channels
33621 831 50 | 79 4.1|TUKIPO STREAM BRIDGE 1964 H20_816_T16 I beams Welded Channels
33290 3000 35 | 300 o|WAIOMOKO RIVER BRIDGE 1965 H2o_816_Ti16 Plate girders Welded Channels
33328 1879 38 | 179 8.91|FRASERTOWN BRIDGE 1970 H20_S16_Ti6 Plate girders Other Welded UB Half
32567 6054 2 | 592 | 13.36|SANDY CREEK BRIDGE 1980 HN_HO_72 1 beams Welded Channels
33326 1802 38 | 179 1.15|DAVIES BRIDGE 1982 HN_HO_72 1 beams Unsure

32562 5938 2 | 592 1.81|KINGS CREEK BRIDGE 1983 HN_HO_72 1 beams 'Welded Channels
33250 2130 35 | 213 0|KOPUAROA No.1 STREAM BRIDGE 1987 HN_HO_72 I beams Welded V Angles
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Appendix D: Drawings of composite bridge examples
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Appendix D: Drawings of composite bridge examples
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Appendix D: Drawings of composite bridge examples
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Evaluation of shear connectors in composite bridges
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Appendix D: Drawings of composite bridge examples
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Evaluation of shear connectors in composite bridges
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Appendix D: Drawings of composite bridge examples
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Evaluation of shear connectors in composite bridges
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Appendix D: Drawings of composite bridge examples
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Evaluation of shear connectors in composite bridges

Appendix E: Worked example using the existing
design provisions

m Job No: 1-C1146,00 | Sheet: 1 of 14 | Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

STEELBRIDGE -
5 - Subject; Assessment example
Tl ephne: 44 Client: HERA Made by: Mehadi Chowdhury Date: 16/02/16
CALCULATION SHIET Checked by: Dejan Novakov Date 17/02/16

This comparative assessment uses NZS 3404 to determine the sagging bending moment at
the midspan of a 23m steel composite girder of Waipoua River Bridge.
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Appendix E: Worked example using the existing design provisions

m Job No: 1-C1146.00 | Sheet: 2 of 14 | Rev: 04
job:. TAR 14/07 Evaluation of shear connectors in composite bridges
»” Subject: Assessment example
A 202 e Client HERA Made by: Mehed| Chowdhury Date: 16/02/16
CALCLLATION SHEET Checked by: Dejan Novakov Date; 17/02/16

Waipoua River Bridge was designed in 1979 by the Ministry of Works and is located on State
Highway 12 in Whangarei. It has three simply supported spans, with span arrangement of 11.485m +
23m + 11.485m. The bridge is on a 25 degree skew. The bridge superstructure consists of a 180mm
thick insitu reinforced concrete slab supported by four structural steel girders at 2.5m c/c spacing.
The main (middle) span girders are 914x305x289 UB with 152x76x18 - 150 long channel shear

connectors with varying spacing (350mm over 6m from the supports and S00mm in the middle
section of the beams),

The bridge elevation, cross section and main span girder elevation are shown below,

Bridge Elevation

45-970

23000

— —DESIGN FLOOD LEVEL 18000 —

jo—— TAPERED COLUMN
1200 m DiA. AT BASE

- e /
——]
S = e = &

2:0m |

Deck Cross Section showing Dimensions and lzeck Reinforcement
BRIDLE

z _7._$'O__ 4«00 . Bl

: | ?.::,,-" ECTEC l— Do m'-}T '["—y—om

1 > p—

—txu v MD&N“ n.m.mn. I"’M"i |

-L 1890 =|1 D e
(=13
DIMENSIONS TYPICAL REINFORCEMEN
Girder Elevation showing Shear Connectors
2., Siann s st o e © sern copnre mwoes-az00  0e wemasasarsoces | g0
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Evaluation of shear connectors in composite bridges

Telephone 464 04 2
Fac 464 Q4] 22 2390

CALCULATION SHEET

17-19 Gladding Mace, Manutau Gy, 25104
22 268

Job No: 1.C1146.00

| Sheer 30f 14

I Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject: Assessment exam

ple

Client: HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

Mo O b
ETIFFENRR

g

Girder Cross Section and Shear connector
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Appendix E: Worked example using the existing design provisions

m Job No: 1-C1146.00 | Sheet: 4 of 14 | Rev: 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
o S b Subject: Assessment example
Thstine oot 0003 A Client. HERA Made by. Mehedi Chowdhury | Date 16/02/16
CALCUSATION SHEET Checked by Dejan Novakov Date: 17/02/16

Example 1: BASED ON AS-BUILT NUMBER OF SHEAR CONNECTORS

As a comparison, the beam bending capacity will now be determined using NZS3404
Section 13...
First checking whether effective concrete slab width is same as before...

Effective slab width b= mm{O,ZS-ch,z,Sm) = 2500-mm

So effective slab width is unchanged. Section properties therefore unchanged

2
Area of steel section Ag = 36514mm”
Yield strength of steel section f, = 345-MPa
Maximum tenslle force In steel beam Fpeam = 12597-kN

(when plastic)

Compressive strength of concrete slab f,= 25MPa

Concrete slab thickness (from before) Lyjapy = 180:mm

Maximum compressive force in concrete slab Fopah = 085 £ bt = 9563-kN
Strength reduction factor for shear connector b =10

Shear capacity of single shear connector e i= Ppy = 288-kN

{from before}

Number of shear connectors between midspan  n - 28

and end support of beam

Nominal total capacity of shear connectors Ry 1= n-q = 8069-kN

As the shear connector capacity ¢, R is less than both Fio,and F.p , the beam

section may be considered to be partially composite, Therefore Case 3 and
Eqn 13.4.5(6) is applicable.

Cl13.4.2.1.1

Using Clause 13.4.5.2 the bending capacity of the composite section can be determined. However
first need to determine whether shear connection provides full or partial composite action.

Table 13.1.2(1)

Cl 13.4.5.2(c)
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Evaluation of shear connectors in composite bridges

Job No: 1-C71146.00

[ Sheet: 5 of 14 l Rev: D4

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

o an ) b

Subject. Assessment exam

ple

F219 Claddng Pace, Manuss Oty 2104
Telsctinm «84 N2 18RS

Far o84 ) 362 2856
CALCLRATION SHEET

Client. HERA

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by Dejan Novakov Date: 17/02/16

Internal compression force from area of
concrete in compression

Internal compression force from area of
steel section in compression

Depth of equivalent rectangular stress block

Steel beam flange area

Thickness of flange in compression

(assuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

Depth of web

Area of web of steel beam

Height of centroid of steel beam in tension

dyeb

o ‘ .
Af'? " A“,{tt ) ) : Aﬂangetensmn'[d

R = b Ro, = BU69-KN Eqn 13.4.5(7)
Af, -
R 20y S 2264-kN Eqn 13.4.5(8)
R,
8o = ———— = 151 88-mm Eqn 13.4.5(9)
0.85-f. by

bl
Ap = witf = 9846-mm”

$C
t = e— = 21.33.mm
feomp R

I f},-“

Less than flange thickness (32mm)
so assumption valid

[ﬁensicrn = - l(comp = 10.67-mm

Aﬂargclcnslm = ension WV

2
Aﬂmgclcnskm = 3284-mm

dw = h~ 24f = 862.6-mm

,\w;= dw-tw = 16821-mm2

fension
07, R S crom
web ~

J = 364-mm

el 3=
Ap+ Ay + Mlangetension

Height of centroid of steel beam in compression
Height of centrold of compression block in slab

Lever arm between steel area in tension and
steel area in compression

Lever arm between steel area in tension and
compression block in slab

e2:=h 5= 916-mm

'fcomp'()'
e3:= h+ typ — 0.5a, = 1031-mm
L1

e2— el = 552.-mm

L2:= €3 - ¢l = 667-mm
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Appendix E: Worked example using the existing design provisions

STEELBRIDGE

Rt

Telatinm « 4 (04
Far o84 () 162 2856

CALCURATION SHEET

1219 Claddng Place, Manus Oty 2104
62 28RS

Job No: 1-C1146.00

| sheet 60f 14

Rev: D4

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment example

Client. HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by Dejan Novakov

Date: 17/02/16

Nominal moment resistance

(from Table 13.1.2)

Design moment resistance

Design flexural capacity using the NZTA research report

Design flexural capacity using NZS 3404

Ratio of capacities between AS5100.6 and NZTA research report

Phexure *

Mpe = RgoL1 + R L2

Mg = 6628-kN-m

The strength reduction factor for composite slabs subject to flexure is

= (.85

Mpd Nzs = Pfiexure MR = 3633 kN-m

COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Mgd Nzs = S633-KN-m

Mpd NzZS
MRd NZTA

MRdﬁNZTA = S687kNm

Eqn 13.4.5(6)

103




Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00

| Sheet: 7 of 14 | Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

AR Y b

Subject. Assessment example

Internal compression force from area of
concrete in compression

Internal compression force from area of
steel section in compression

Depth of equivalent rectangular stress block

Steel beam flange area

Thickness of flange in compression
{assuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

Depth of web

Area of web of steel beam

Height of centroid of steel beam in tension

dyebl

tf
Aflangel 5 + Swebl | o+
cll = -

] a Aﬂmxgelensiml’('f + dygebt +

Tasiny o4 GHST SR Client. HERA Made by. Mehedi Chowdhury | Date 16/02/16
CALCURATION SHEET Checked by Dejan Novakov Date: 17/02/16
= i d g wiid e L I e penaing
connectors would be required to achieve this

Using section 13.4.5.2 of NZS3404. As F,;, is less than Fy,, ., Case 2 is applicable.

Rep = Figapy = 9563-kN Eqn 13.4.5(7)

Ryq) i= =t = 15174 Eqn 13.4.5(8)
R
ag) = . T = 180-mm Eqn 13.4.5(9)
U.SS-fc-bec
"\flm)gel =witl = 9846nun:
Rscl
Yeompl ** : = 142%.mm

Less than flange thickness (32mm)
s0 assumption valid

tensiont = tf - teomp) = 17.71-:mm

Aﬂangctcnsmnl = Ytensionl ™
A “4-‘%li$-mm2
Mlangetensionl ~ -

dyepy = b= 240 = 862.6-mm

2
Ayebl = dweh]'“" = 16821-mm"~

tension]
7 ]

)

= 400.83-mm

Height of centroid of steel beam in compression

Height of centroid of compression block in slab

Aﬂangcl + Ayebl * Al'l.'mgclr:nsmnl

e2l:=h 0.5 = 919.mm

tfcompl

e31:=h+ tejab — U525 = 1017-mm
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Appendix E: Worked example using the existing design provisions

m Job No: 1-C1146.00 | Sheet: 8 0f 14 | Rev: 04
ob: TAR 14/07 Evaluation of sh ctors in composite brid
] ; i u n of shear connectors in composite bridges
s wmraast ke Subject. Assessment example
119 Claddng Manus Gty 204

Telagtin: « 4
Far +84 ) &

2 18RS Client. HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by Dejan Novakov

Date: 17/02/16

Lever arm between steel area in tension and
steel area in compression

Lever arm between steel area in tension and
compression block in slab

Nominal moment resistance

Design moment resistance

Folab

req a

L1l := €21 — ell = SI1R62-mm

L21 := &3] - ¢l1 = 615.77:-mm

Mgy = Rgop-L11 + R gy-L21

MRcl = 6675 kNm

PexureMRep = 3674-kN-m

To achieve fully composite be haviour we need the shear connector capacity to equal the concrete slab
compression force. Back calculating the number of shear connectors required to achieve this...

1= —— = 3318 so say 34

Eqn 13.4.5(6)
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Evaluation of shear connectors in composite bridges

m Job No: 1-C1146.00 [ Sheet: 9 of 14 [ Rev: D4
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
y WA DN Subject: Assessment example
Tasine 04 GHS SR Client. HERA Made by. Mehedi Chowdhury | Date: 16/02/16
CALCULATION SHEET Checked by Dejan Novakov Date: 17/02/16

Example 2: 70% SHEAR CONNECTION

As a comparison, the beam bending capacity will now be determined using NZS3404
Section 13...

First checking whether effective concrete slab width is same as before...

Effective slab width bag = min((l ZS-l.cr,l.ﬁm) = 2500-mm Cl13.4.2.1.1
So effective slab width is unchanged. Section properties therefore unchanged

Using Clause 13.4.5.2 the bending capacity of the composite section can be
determined. Howeer first need to determine whether shear connection provides full
or partial composite action.

Area of steel section Ay= 365l-l'mm2
Yield strength of steel section f) = 345.MPa
Maximum tensile force in steel beam Fream = 12597-kN

(when plastic)

Compressive strength of concrete slab f = 25MPa

Concrete slab thickness (from before) tylah = 180-mm

Maximum compressive force in concrete slab Fglab = 085-febag by ap = 9563-kN

Strength reduction factor for shear connector by = 1.0 Table 13.1.2(1)
Shear capacity of single shear connector g, = Ppy. = 288-kN

(from before)

Number of shear connectors between midspan  n= 20

and end support of beam

Nominal total capacity of shear connectors Rgq = noq, = S7T63-kN

As the shear connector capacity ¢, R, is less than both Fy.,,and F;,, . the beam Cl13.4.5.2(c)

section may be considered to be partially composite. Therefore Case 3 and
Eqn 13.4.5(6) is applicable.

Check for composite action compogite_test ;= | "Composite” if R . = O’S'm"'(Fslab-‘Fbeam)

g "Non-composite”  otherwise
composite test = "Composite”

Therefore, compsite action is considered in determining the fle xural capacity
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Appendix E: Worked example using the existing design provisions

2
= 9846.mm

Steel beam flange area :\nwgc

Rso
Thickness of flange in compression Yoomp = = 32.19.mm
(assuming web is not in compression) fy‘“’

Less than flange thickness (32mm)
50 assumption valid

Thickness of top flange in tension =tf - = —0.19-mm

'ftension * tfcornp

Area of top flange in tension Anmctmmm = tension™

2
"\ﬂang,clcnsnm = —58-mm
Depth of web dyep = 862.6:mm
Area of web of steel beam Ayl = 16821 e
Height of centroid of steel beam in tension
- d, 1
1f . web G {lension
Aﬂange'? y “\web{u \ ] g ““ﬂangetemion'(ﬂ * dyeb * - )

= 297-mm

el =
Aﬂange + Ayl Af’langetens;on

Height of centroid of steel beam in compression ¢2:= I .0.5= 911-mm

feomp

Helght of centroid of compression block inslab  e3:= h + g — 0.5-a; = 1052-mm
Lever arm between steel area in tension and Ll := ¢2 - el = 614-mm
steel area in compression

Lever arm between steel area in tension and L2:= €3 - ¢l = 756.-mm
compression block in slab

m Job No: 1-C1146.00 | sheet 10 of 14 | Rev 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
N Subject. Assessment example
Tusehinn o4 (053 Client. HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCURATION SHEET Checked by Dejan Novakov Date: 17/02/16
Internal compression force from area of Roo =&, R, = 5T63kN Eqn 13.4.5(7)
concrete in compression )
As'fy = Roc a
Internal compression force from area of Rgpi=———— = 317:kN Eqn 13.4.5(8)
steel section in compression 2
ROO
Depth of equivalent rectangular stress block 8= v 108.49-mm Eqn 13.4.5(9)
085.f..
¢ “ec
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00 | sheet: 11 of 14 | Rev 04
b: TAR 14/07 Evaluati f sh tors in ite brid
3 Jo i aluation of shear connectors in composite bridges
e rastbene Subject. Assessment example

1209 Claddng Pace, Manukss Oty 204
Tlsgtsion A (05 oz 08¢ Client. HERA Made by Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16
Nominal moment resistance Mpe = RgeLl + RioL2

Mp, = 6451-kN.m Eqn 13.4.5(6)

The strength reduction factor for composite slabs subject to flexure is
(from Table 13.1,2)

Pexure = 185

Design moment resistance Mga Nzs = Phexure MRe = 83 kN:m

COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Design flexural capacity using the NZTA research report MRrd NzTA = 1859-KN-m
Design flexural capacity using the NZS 3404 Mid Nz§ = 5483 KNm
Mpd Nzs
Ratio of capacities between NZS3404 and NZTA research report —_— 2R
Mgd NZTA

UURUUSUNUSSIUUUININRUO. . .., (", RO —

108



Appendix E: Worked example using the existing design provisions

Job No: 1-C1146.00 [ Sheet: 12 of 14

| Rev 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment example

1219 Claddng
Telaptinm « 84
Far o84 £ 5

204

Client. HERA Made by: Mehedi Chowdhury

Date: 16/02/16

CALCURATION SHEET

Checked by Dejan Novakov

Date: 17/02/16

Example 3: 85% SHEAR CONNECTION

As a comparison, the beam bending capacity will now be determined using NZ53404
Section 13...

First checking whether effective concrete slab width is same as before...

Effective slab width b=

0.25. 2.5m) = 2500
o6 mm(..... Lef.-.bm) 2500.mm

So effective slab width is unchanged. Section properties therefore unchanged

Using Clause 13.4.5.2 the bending capacity of the composite section can be
determined. Howewer first need to determine whether shear connection provides full
or partial composite action.

"
Area of steel section A, = 36514.mm”

Yield strength of steel section f, = 345-MPa

Maximum tensile force in steel beam

F = 12597-kN
(when plastic) wewrn

Compressive strength of concrete slab f,=25MPa

Concrete slab thickness (from before) tgjah = 180-mm

Maximum compressive force in concrete slab F = 0.85-f +b

slab* ¢ Peclslal

b = 9563-kN

Strength reduction factor for shear connector dyo:= 1.0

Shear capacity of single shear connector

.= Ppy = 288.kN
(from before) ok

Number of shear connectors between midspan n=24
and end support of beam

Nominal total capacity of shear connectors Rgg = n-q, = 6916-kN

Cl13.4.2.1.1

Table 13.1.2(1)

As the shear connector capacity ¢, .R,, is less than both Fy.,,, and F,,;, , the beam Cl13.4.5.2(c)
section may be considered to be partially composite. Therefore Case 3 and

Eqn 13.4.5(6) is applicable.

Check for composite action composite_test:= | "Composite” if Ryg = 0.5-min(Fy ... Fy )

"Non-composite” otherwise

compogite test = "Composite"

Therefore, compsite action is considered in determining the flexural capacity
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00

| sheet: 13 of 14 | Rev 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment exam

ple

1219 Claddng B,
Teletian « 84 {
Far o84 £1)

CALCULATION SHEET

Manuss Oty 2104

Client. HERA

M

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by Dejan Novakov Date: 17/02/16

Internal compression force from area of
concrete in compression

Internal compression force from area of
steel section in compression

Depth of equivalent rectangular stress block

Steel beam flange area

Thickness of flange in compression

(assuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

Depth of web

Area of web of steel beam

Height of centroid of steel beam in tension

d

web

tf
Al]angc’? ! ch.b'('f i ) = Aﬂung::lcns

R = $, Ry, = 6916:KN Eqn 13.4.5(7)

AL, - R

Ry i= =t = 2841 kN Eqn 13.4.5(8)

2

R

a_ iw ————— = 130.19-mm Eqn 13.4.5(9)
€ 085 by,

; 2
"\ﬂmge = 9846.mm

Rgo o

‘fcump = = = 26.76-mm

s

Less than flange thickness (32mm)
so assumption valid

Lftension -~ & — Yeomp ~ 5.24-mm

"\ﬂal'gctcnsmn = rension'W

2
"\ﬂmlgclens:m = 1613-mm

dweb = 862.6-mm

Ayweb = 16821 -mm2

1
ftension
tf + d“ e

o )

el =

Height of centroid of steel beam in compression

Height of centroid of compression block in slab

Lever arm between steel area in tension and
steel area in compression

Lever arm between steel area in tension and
compression block in slab

= 332-mm

"\ﬂungc + Ayl 7 Aﬂangclcmion

e2:=h- 'fcomp'”‘s = 913.-mm

e3:= h+ Llah — 0.5, = 1042-mm
Ll = &2

¢l = S81.mm

L2:=e3 - el = 709-mm
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Appendix E: Worked example using the existing design provisions

m Job No: 1-C1146.00 l Sheet: 14 of 14 Rev: 04
b: TAR 14/07 Evaluati f sh tors i ite brid
GE Jo / aluation of shear connectors in composite bridges
-------- ; Subject: Assessment example

Tlsgisine: o3 (%) 2 . Client. HERA Made by Mehedi Chowdhury Date: 16/02/16

CALCURATION SHEET Checked by Dejan Novakov Date: 17/02/16
Nominal moment resistance Mpo = Ry Ll + R L2

Mg = 6555 KN-m Eqn 13.4,5(6)

The strength reduction factor for composite slabs subject to flexure is
(from Table 13.1.2)

Phexure = 085

Design moment resistance MRd N78 = PhexureMRe = 3572kN-m

COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Design flexural capacity using the NZTA research report Mpy NZTA = S680KN:m

. " MRd Nzs
Ratio of capacities between AS5100.6 and NZTA research report —_— (98

Mgd NZTA
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Evaluation of shear connectors in composite bridges

Appendix F: Worked examples using new design
guidance

Job No: 1-C1146,00 | Sheet: 1 of 46 | Rev. 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
Subject: Assessment example

Client: HERA Made by: Mehedi Chowdhury
Checked by: Dejan Novakov

Date: 16/02/16
Date 17/02/16

This appendix presents worked examples where sagging bending moment is calculated at the midspan of a
23m steel composite girder of Waipoua River Bridge, which is representative of the typical composite girder
bridge stock in New Zealand These examples also provide a comparative assessment of the bending
resistance determined in accordance with the NZTA research report TAR 14/07 and AS 5100 .6 (as referred to
for bridges by the current NZ Bridge Manual) for different degrees of shear connection (v7). For comparative
purposes only, the same examples is recalculated to NZS 3404

The following shear connection cnitena were considered:

- The first example considers the as-bullt number of shear connector which provides full composite action
based on the degree of shear connection greater than or equal to one (v7 > 1.0), as per the NZTA research
report

- The second example considers 70% connectivity of the ariginal as-built shear connection (v7 < vimin)
-The third example considers 85% connectivity of the original as-built shear connection (vimin < v7 <1.0)

For consistency in the bending moment calculation, capacity of the shear cannectors was determined using

Equation 5.1 of the NZTA research report for all the examples, irrespective of the design standards. Note that
both AS 5100.6 and NZS 3404 recommend different equations for shear connector's capacity.

The summary of the assessment is presented below

No. gl shewr comoectors | Degres of
Summary of sensitivity study
m:. e m" betweenpowtrotrers | shaw | ASSI00S bending capacity [N2S3404 bending capecity
. | and maimum saggin hea t beod oo, bendi %
{Line DEC of seport figwre 4.1) | UM SIEIING | connectiety | Regcont bending capscty | Report banding Capacty
| moment -
NO. in onpval esamgte (Dasad » art 103 03
00 23-Dullt drawegs)
Mo, assurmed i second
example |“T0% of a5 built 0r-2 N Nuy ER T 255
drawings)
No. aatmed In thitd essmple
Qas*M~24 TS 104 ose
[83% of ax-bustt ceawings) end

Based on the above assessment, it is clear that as the degree of shear connectivity is reduced, the difference
between the bending resistance obtained using NZS3404 or AS5100.6 and NZTA report guideline increases
The primary reason for this is that, as the degree of shear connectivity reduces, the connection behaves ina
more brittie manner. As a result, the distribution of stresses in the overall beam section (steel beam and
concrete slab) will not be able to become plastic, but instead, will be elastic Therefore the NZTA report
guidelines assume an elastic distribution of stresses when determining the beam bending resistance, which
yields a lower value than NZS3404 and AS5100.6 The latter standards assume plastic distribution of stresses
regardless of degree of shear connectivity,

However, it should be noted that the NZTA Report guidelines were developed to assist with determining the
composite bending resistance only. It is therefore possible that, depending an the degree of shear connectivity
and relative dimensions of the concrete slab and steel beam section, the bending resistance of the bare steel
beam may be greater than that of the composite beam. In such scenarios, it is important for users of the NZTA
report to determine the bare steel beam bending resistance, giving attention to the degree of iateral support
provided by the concrete slab andfor intermediate bracing between adjacent bridge beams. Users should alsa
consider the effectiveness of shear connectors which have yielded in providing lateral restraint to the top flange
of the steel section, paying attention to the locations where they may have yielded {eg. near support for simply
supported beams.
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00 | Sheet 2 of 46 | Rev: 04
job:. TAR 14/07 Evaluation of shear connectors in composite bridges
S I Subject: Assessment example
e o4 (e Client: HERA Made by: Mehedi Chowdhury | Date: 16/02/16
CALCLEATION SHEFT Checked by: Dejan Novakov Date: 17/02/16

Waipoua River Bridge was designed in 1979 by the Ministry of Works and is located on State
Highway 12 in Whangarei. It has three simply supported spans, with span arrangement of 11.485m +
23m + 11.485m. The bridge is on a 25 degree skew. The bridge superstructure consists of a 180mm
thick insitu reinforced concrete slab supported by four structural steel girders at 2.5m c/c spacing.
The main (middle) span girders are 914x305x289 UB with 152x76x18 - 150 long channel shear

connectors with varying spacing (350mm over 6m from the supports and S00mm in the middle
section of the beams),

The bridge elevation, cross section and main span girder elevation are shown below,

Bridge Elevation

g 45-370 )
[
ABUT?'A' vnsn*‘s' Pu:n+‘c' ABUt+‘D'
| u-ass | 23.000 | 11485 =\l
r T i M
| | | |
— —DESIGN FLOOD LEVEL 18-000 — I — a) r
jo——— TAPERED COLUMN H
i : 4 1200 m DiA. AT BASE ﬂ 2 lm
" ~—_ TJ ||.|.j
B s mmp’ N

Deck Cross Section showing Dimensions and Deck Reinforcement
BRIDLL

. ’9° 4600

F:x‘u-r‘ 7D“m'—=pir‘g‘ D isot
I_ i
i

_‘-”““ woé-u"n u.m.mnl I I’"""“'

12N

o

3

o 1280 J R
o
DIMENSIONS TYPIC INF MEN
Girder Elevation showing Shear Connectors
150, rmam:.sv«sufaeom 390 £O BHEAR CLEATS AT 500 CAS ~ 3200 L = ﬁ-q,wgﬁw_ﬁgw LEO
20 .. | ol atC
*‘ﬂ- || L | i
z x:(LLLer:::L;zLLLLLr:nL-J--1;1s~;~11111:~~~:~::;44;1‘»
18 I |1E)S
[ s 308n 208 UB—) | PTUWEDATE STRTEREAS Bn
l 4 | 3150 ' 3780 '
2008 Ho RO 22000 NOMINAL BEAM AN - o mmeet 200
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Evaluation of shear connectors in composite bridges

m Job No: 1-C1146.00 l Sheet: 3 of 46 [ Rev: 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
STEEL BRIDGE -
" SN Subject; Assessment example
1 Cladding Mace Manubau Cay 21
f:”&"’éﬁ?‘;“o“m Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCULATION SHEET Checked by: Dejan Novakov Date: 17/02/16

Girder Cross Section and Shear connector

i r e lBC s D LG
0 - 0 Tuk & / L AR CLEATS WELDED

's"l?w.t&u .'—\ | /- STIFFLNLR / CENTRALLY TO FLANGE
;! !

==3

bo—— GUTLR. BEAMS ONLY

'
& e 1AD # WD THHC R
\ LTEPENCRS (O
PACKUNTING, CROSS -
] FRAME 2
|

L)
po——— — 140 0 1O THICK @
| ST FONECAS DR
' BEAME DALY
o p==3
2 - w
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00 | sheet: 4 of 45 | Rev: 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
STEEL!
Subject. Assessment example
[ N v 2704
" a2 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCIAATION ST Checked by: Dejan Novakov Date: 17/02/16

Example 1: BASED ON AS-BUILT NUMBER OF SHEAR CONNECTORS
Part 1 : COMPUTATION OF SAGGING MOMENT CAPACITY USING THE NZTA RESEARCH REPORT

The ste ps outlined below follow the procedures outlined in Section 5.2 of the report, which are
largely based on Table 7.1 of the NZTA Bridge Manual

Step 1 - Carry out site inspection_
This would be undertaken as per NZTA Bridge Manual guidelines,
Step 2 - Determine appropriate material strengths

The design material stre ngths for the bridge components were obtained from the bridge drawings.
No deterioration in the material strengths was assumed.

Structural steel yield strength (Grade 50C) [> = 345MPa
Structural steel ultimate tensile strength f,:= 45S0MPa
(Grade 50C)
Concrete compressive strength fo = 25MPa
Yield strength of slab reinforcement f,:= 275MPa
Density of steel Vg:= 78&'\1'&
3
m
Unit weight of concrete o = :4ﬁ
COnC 3
m
Steel young's modulus Eg = 205GPa
fC -0
Concrete young's modulus E, = 3320 10 GPa+ 6900MPa
(based on NZS3101) MPa
E.=235.GPa

For the bridge beams, 152x76x18 channel shear connectors are used with the following dimensions;

Height of channel h = 152mm

Width of channel W = T6mm

Flange thickness of channel tgi= 914mm

Web thickness of channel ty, = 6.35mm

Channel thickness considered toi= 1ty t, = 6.35-mm
Length of channel I, = 150mm

Channel connectors are deemed to be ductile if H/t,/L > 0.124 (Equation 5.2)
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00 | sheet 50f 46 | Rev: 04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
STEEL BRIDGE
e — Subject. Assessment example
17-79 Claddn: sy Oty 2704
;;','tj;;»;ﬂ-yjls 22885 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCURATION SIRTT Checked by: Dejan Novakov Date: 17/02/16
ho) 1 . ] )
Ductility Test ;= | == || = DuctilityTest = 0. 16.=——  which is greater than 0.124
le le mm

Therefore, channel connectors are considered to be ductile.

o)

ep < e n gimen r O con ete el Pl Se 0 Ded
effective span for calculation of effective width of concrete flange

Effective bridge span (equal to simply Lgg = 22m
supported span between bearings)
Concrete slab tributary width (consider h‘ﬁbmm}, = 2.5m
inner beams)
Concrete slab thickness Lgjah = 180mm
Steel beam section height h := 926.6mm
Steel beam section width w = 307 7Tmm
Steel beam web thickness tw := 19.5mm
Steel beam flange thickness tf = 32.0mm
Step 2c - Calculate effective width of the concrete flange
Distance between outstand shear connectors by =15 = 150-mm
{or length of channel connector)
btrihumry B b() 3
Geometric width of concrete flange on b = = = 1.18 x 10%:mm

each side of the web -

Effective width of concrete flange on _Llr e
each side of the web (limited by geometric ] m
width}
L
. of
be! = '""{T‘bi)
Note: in our example, this is
b..=1175mm the same for each side of the
el
inner beam web
Total effective width bagr = bg + 2 (Equation 5.3 which determines
effective width at beam
midspan)

bcff = 25m

Note that equation 5.3 was used for two reasons (i) critical bending demand for a simply supported
beam will be at midspan (ii) using equation 5.4 would yield a lower effective width value, a lower
maximum potential compressive force in the concrete slab, and therefore potentially a higher degree
of shear connectivity - therefore it is conservative to use equation 5.3
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00

| Sheet 6 of 45

[ Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment example

Client: HERA

F
CALCIRATION SIET

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

|OQ Elguge

Flange outstand

Flange slenderness

Flange vield slenderness limit
(From Table 5.1 AS5100.6)

Flange plasticity slenderness limit
(From Table 5.1 AS5100.6)

Flange slenderness ratio

Web

Web outstand

Web slenderness

Web yield slenderness limit
(From Table 5.1 AS5100.6)

Web plasticity slenderness limit
(From Table 5.1 AS5100.6)

Web slenderness ratio

Step 2d - Determine steel section classifications

In this step, using Section 5.1 of AS5100.6 (2004), the section is classified as either compact or
non-compact. Note that universal beams are hot-rolled sections,

w— tw
bﬂange = 5

bﬂangc = 144.1-mm

N - bﬂﬂnge ;
e_flange ™ "o ] 250MPa

Xe. flange = 529

x¢3,’_l'langc: =16

>‘ep flange 2

BN
e flange 033

>‘c}'_ﬂallge

bwcb:: h— 24

bet, = 862.6-mm

N - Byveby '}
e web ™ T 0T 250MPa

Ne web= 5197

BN = 115

ey web
Nep. web = 82
X @
e web 045
)‘ey web
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Evaluation of shear connectors in composite bridges

b edey=a
17-19 Claddng Flace, Menue s Oty 270
Telephons. « 28885
Foc o 64 109) 262

=6
CALCIRATION SIET

o

Job No: 1-C1146.00

| Sheet: 7 of 46

[ Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment exam

ple

Client: HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

Overall section

Web has higher slenderness ratio, therefore section slenderness properties are based on web

Section slenderness

Section plasticity limit

Section yield limit

A= Ne web
A =52

Xsp = )‘cp_wcb
A = 82

Asy = Moy web
A, = 115

As the section slendemess is less than the section plasticity limit, the section may be classed as

being "compact”

Step 2e - Identi

constr

tion methods - propped or unpropped

The drawings do not provide any information on the construction methods used for
the beams. Assume unpropped construction (conservative).

critical effect(s) on them

This step involves determining the maximum sagging moment in the composite beams

under the evaluation load. This would involve undertaking a grillage analysis.

Typically for a simply supported bridge, maximum sagging moment would be at midspan. However as
the bridge has a skew, the maximum moment will tend to be closer towards the obtuse corners. For
the purposes of this example, will assume that maximum moment occurs at midspan of the beams.
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00 [ Sheet: 8 of 46 | Rev: 04
Job: TAR 14/07 Evaluation of shear connectors In composite bridges
2 Subject: Assessment example
| 7119 Cladayyy Race, Manuled Cry, 2104
Tehephae B (om) 262 2653 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCULATION SHEET Checked by: Dejan Novakov Date: 17/02/16
Step 3a - Determine the total number of shear connectors "n" between the
ocations o d imu i omen
1, e 18 SEaR n_;::% ardsocan. 398 30 snEAR CLEATS AT 500 GRS + 3800 ,,"’_e':.'@ E’Q"..‘_.%i;g: AT 390 U?._.T..E-’
» ,'l ! . ’W 80 ‘.‘__M ‘ - r.u-L
11 1] P P 333332 -:a:;;x:“u.
‘flll‘llLLLLLLLI'(:K‘ Lli'lLrttll 2 ll"'
F Nh e IOBA 20N LB ' \_m' :mrrum—/ Tf
{1 2700 [ 3150 i
aggiproear 00000 22000 noMiAlL pEAM wen Hasou § 200
Number of shear connectors "n” n= 18+ 0520
n=28

" "

Step 3b - Determine the degree of the shear connection "n" if the shear
connectors are deemed to be ductile

Determining design resistance of shear connector (Equation 5.1 of the NZTA research reprot)...

e

Py = 31.2{t: + 0.5¢ )1 - MPa
Rk (t i ‘w) CH VT

Ppic= 288:kN
dy = 0.80
Pra= by Pri
PRy = 231:kN
Dete rmining the design value of the compressive force in the concrete...
Nep = nPpy

Ny = 6455:kN
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00 | sheet g of 46 | Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment example
o
;S 5228385 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCURATION SIRTT Checked by: Dejan Novakov Date: 17/02/16

Determining the design value of the compressive force in concrete slab when
not limited by the shear connection...

Cross sectional area of steel beam Ay = (h—2:4f)tw + 2ewetf

Ay = 3651 4-11\1112

Strength reduction factor for steel b= 09 (AS 5100.6 Table 3.2)
Design yield strength of steel f),d s 4)-!').

fyg = 310.5MPa
Strength reduction factor for concrete b= 06 (AS 5100.6 Table 3.2)
Design compressive strength of concrete fog= &l

fog=15-MPa

Design compressive force in concrete with Ngpi= mir{“\s'ryd'O‘gs'rcd'bcl'l"tslah)
full shear connection
Nop = 5738-KN
Ncl
Therefore the degree of shear connection is 1) = — (Equation 4.1)
ch
=113 as n is greater than or equal to 1, shear

connection capacity does not govern
(Full shear connection)

Therefore N, = min(Nc].ch) = 5738 kN

Step 3¢ - Determine the degree of the shear connection "n;,"

The minimum degree of shear connection n;,, can be determined as shown below for
steel sections with equal flanges.

5 La¢e
SOMP
Nmin -~ '"&‘{1 - [w}(w\ - 0403L‘J.u_4] ( Equation 4.2 since L,;< 25m)
r m
Nnin = 091 therefore shear connection is ductile as > 1,
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00 | sheet: 10 of 46 | Rev:04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
STEELBRIDGE
i ) en Subject. Assessment example
17-19 Claddng 71, v Oty 2704
;';'."T;-_i}';,,;',":'ﬁ'f 2885 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCURATION SITT Checked by: Dejan Novakov Date: 17/02/16
4 - Determine the overload capac ive load ity at each

critical main member section

The beams were classed to be "compact” with ductile shear connectors. As n>n_,,. the shear
connection is also deemed to be ductile as per note 3 of Table 4.1. Also, as n > 1, full shear
connection can be achieved, so equations in section 4.3.2 of the report apply. Which equations to
use depends on the location of the plastic neutral axis.

Depth of concrete slab heg == tqp = 180:mm

s
hyi= oy = 180-mm ignoring “pops”

The height of "pops” varies along the girder length from 50mm at support to 25mm at mid span,
Inclusion of "pops” will marginally increase the bending capacity.

Depth of structural steel section hy = h = 926.6-mm

Design value of plastic resistance of Nplﬂ o= A{fyd = 11337.kN

steel section to normal force ;

Design compression resistance of the Nplc = 085, ybopphg = 5738-kN

concrete flange

Design plastic resistance of steel section I\'pu- = w-lf-fyd = 3057-kN
flange
Design plastic resistance of steel section Nplw 1= Nplu - Z'Nplf = 5223.kN
web
As Nye > Ny, and N, > Ny, equation 4.8 applies
2
h h Nota — Noto) ™
Beam bending resistance Mled:f Npla‘_..g + Np]c{ht = g] - (_plal\_'"&c)_%'_
= = P

I\lele = 5687.kN-m

For comparison, will assess the bending resistance using the "non-linear method” of the report

Using the non-linear method should yield the same bending resistance as Equation 4.8 as full shear
connection is achievable

Look at construction loading...

Construction pressure loads: Live load LLcon:= 1kPa
Wet concrete  DLconc = Yeonetslab = 4.32-kPa
UDL for bare steel beam DLsteel 1= .‘.‘89l\j--g =2 83-E
m m
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Evaluation of shear connectors in composite bridges

m Job No: 1-C1146.00 | sheet: 11 of 46 | Rewvo04
Job: TAR 14/07 Evaluation of shear connectors in composite bridges
STEEL! =
e e Subject: Assessment example

1710 Gladding Place, Manukau City 2104
Telephone + 04 00) 262 2835
Fac 04 O0) 202 20350

CALCULATION SHEET

Client: HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

Load tributary width

Point D in Figure 4.1 of report
(Equation 4,22)

example, this demand will be assumed.

Design bending moment applied to composite
section {assumed for example purposes)

Centroid . .
Shear Cantre

Plastic Neutral Axis

"

Construction load UDL UDLcon
(Load factors are taken from
T 3.2, Bri Manual

able 3.2, Bridge Manual) O
Construction load moment Mcon =

TribWidth = 2.5m

kN
2213-—
m

2
UDLcon-L ¢

8

Mcon = 1339-kN-m

Mg = Mcon = 1339kN-m

M gq:= 1500kN-m

87.9235E3

"
W sn

NG M

L [

x—x:uz:-:_,uunl'
x

X

LU (I 1 I I [}

21.6053E6
5.19417E6

=
5.99231E6
0

= (1.49LLcon + 1.35DLconc) TribWidth + 1.35DLsteel

For equation 4.23, need to determine the design bending moment applied to the composite section.
Normally structural analysis would be done to determine this demand, however for the purposes of this
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Made by: Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16

Design conc. slab compressive strength
(from before)

Design yield strength of steel beam
(tension and compression, from before)

Strength reduction factor for concrete
slab reinforcement

Design yield strength of slab reinforce ment

Modular ratio

Equivalent width of effective concrete slab

Composite section second moment of area

Steel beam section elastic modulus
(non composite)

Composite section centroid height
(within steel beam height)

Height of steel beam extreme tension fibre
Height of steel beam extreme comp. fibre

Helight of concrete extreme comp. fibre

Height of concrete extreme comp.
reinforce ment bar (bar mark D1203)

For equation 4.23, "k" value also has to be determined, which is governed by whether concrete reaches
design compressive limit (fcd), structural steel reaches yield stress (fyd), or slab reinforcement reaches
yield stress (fsd). Need to use the composite section properties to determine "k”,

foq= 15MPa

f,q = 3105 MPa

by = 085 (NZS 3404 Table 13.1.2)
fiq:= by = 23375 MPa

Composite section properties (based on equivalent steel section)...

By
modular_tatio = r— =872

)

c

by
... S— 287-mm
modular_ratio
G refer transformed section
Ixx:= 11.65 % 10°mm properties picture on

previous page

3
Zbeam = 10833000mm
vei= 787mm

hst := Omm
hse:= h = 927-mm

hee := g, + h = 1107-mm

12 -
hre := hee — 40mm — 16mm - —mm = 1045-mm

-
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STEEL

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

[ty

1719 Claubing Plaze, umulw My, 2104
385

Subject; Assessment exam

ple

Tolsghone: 404 DY 2022 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCULATION SIEET Checked by: Dejan Novakov Date: 17/02/16
- bgﬁ -
$.0.85F $,0.85¢,
3 :.:c h, (] Neo
e_Fe i N.A. f
¢ ik ¢ = { (Figure 5.2 of report)
f. fa £+, <df,
Zo M, 14 Z, o kM, ¢y M, a4
; Magqd
Stress in top and bottom of beam fs 1= ——— = 123.6.MPa
due to construction loading Zbeam

Additional
moments acting
on composite
section required
to reach design
limit stresses;

Steel beam tension

Steel beam compression

Conc. slab compression

Slab rebar compression,

From above, it is clear that under bending action, the concrete slab will reach its design compression
limit first. Therefore "k" value will be based on this limiting stress/moment.

Mcce

=031

¢ 103
S0 Mgrg=Mgpg+kMgg=18x 107kN-m

For equation 4.25 or 4.26, the compressive force in the concrete slab when M, gq is applied needs

to be determined.

Stress at bottom of concrete slab

— I5) Ixx
Mst := T =277 % 10°-kN-m

{yc - hst)
(£ vd~ fs) Ixx
Msc == = 15598-kN-m
(hv: yel
0.85f_,Ixx
Mcc = ——— = 46476 kN-m
(hee — ye)
JIxx
Mrc == = 10571-kN.-m
thre - ye)

{(Equation 4.23)

KM pqth - yo
Stress btm := -L—
= Ixx

{check: less than or

Strcs_wn = 5.57-MPa equaj to fed > OK)
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CALCURATION SIETT Checked by: Dejan Novakov Date: 17/02/16

kMg (b + tsjab - ¥¢)
Ixx

Stress at top of concrete slab Stress: top =

{check: less than or

Stress_top = 12.75-MPa equal to 0.85f -> OK)

Stress btm + Stress top

2

Average stress in concrete slab Stress_average :=

Stress_average = 9.16:MPa
2
Effective concrete slab area ConcSlabArea i= bygptylap, = 0.45m™

Slab concrete force, N g Negpi= ConcSlabArea-Stress_average
Nop = 4122:kN

From before N_ = 5738.kN

Therefore as Nc is greater than N, ¢ need to use equation 4.26 to determine beam moment resistance

N.-N
(S cEl - .
MRd = Mele + (Mpu{d - Mele)'ﬁ = 5687-kN-m (ChECk same &S plastic benc!lng
of — NeEl resistance previously determined

using Equation 4.8 -> OK)
Step 5 onwards

No changes to Step 5 and onwards has been made by the report. Therefore following the end of Step 4
the engineer would follow the steps outlined in Table 7.1 of the NZTA Bridge Manual. i.e. undertake
rating or posting analysis etc.
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Part 2 : COMPUTATION OF SAGGING MOMENT CAPACITY USING AS 5100.6

Steel section classification - compact or non-compact
As per AS5100.6 section 5.1

Top Flange
Flange outstand L‘nange = 144.1.mm
Flange slenderness e flange = 529
Flange yield slenderness limit N o= 16
(From Table 5.1 AS5100.6) ey flange
Flange plasticity slenderness limit p 4 =9
(From Table 5.1 AS5100.6) ep_flange
A
Flange slenderness ratio e flange  _ 033
)‘ey_flangc
Web
Web outstand byap, = 8626:mm
Web slenderness e web: = 3197
Web yield slenderness limit xey web =115
(From Table 5.1 AS5100.6) -
Web plasticity slenderness limit xep wob= 82
(From Tablk 5.1 AS5100.6) =
A
Web slenderness ratio s o =045
)‘e}'kweb

Overall section

Web has higher slenderness ratio. therefore section slenderness properties are based on web

Section slendemess A =5197
Section plasticity limit \zp =382
Section yield limit \zy =115

As the section slendemess is less than the section plasticity limit, the section may be classed as

being "compact’
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o
C Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCAATION SINET Checked by: Dejan Novakov Date: 17/02/16
Effective width of concrete flange

As per AS5100.6 section 4.4.1
For girders which have composite flanges on both sides of the web, effective width shall be the least of:

L
one-fifth of the effective span length of the girder by := %f = 4.4m

the distance centre-centre of girders by = 25m

twelve times the least thickness of the slab by = 124, = 2160-mm

Effective width of concrete flange beff_z\S = min(h] .bz,b3) = 2160-mm
Dearee of shear connectivity

Based on Equation 5.1 of the NZTA research report, the characteristic resistance of shear connectors

Ppy = 288.kN

Considering a capacity reduction factor (Table 3.2) ¢, =085

The design value of the shear connector Ncl_AS = ey Py = 6858-kN

Determining the design value of the compressive force in concrete deck slab with full shear connection

,
Cross sectional area of steel beam A, = 36514-mm”
Design strength of structural steel fyd = 310.5:MPa
Design compressive strength of concrete foq = 15:MPa

Design compressive force in concrete with full shear connection
Neg As = minfAg g 085G by AStyiab)
Nog As = 49574N

Nol As
ch_AS

as n is greater than or equal to 1, shear
connection capacity does not govern
{Full shear connection)

Degree of shear connector NAg =

=138
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ple

Client: HERA
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As per AS5100.6 section 6.3 >

As per AS5100.6 section 6.4 >

beam moment capacity (Mb) = section capacity (Ms)

Determining the plastic moment capacity (Ms).

Thickness of composite concrete slab

Effective width of concrete slab

Depth of equivalent rectangular stress block

Area of steel beam cross-section

Maximum possible tensile force in steel beam

Compressive force in steel beam
(As Fpeam > Fsjap)

Area of top flange

Thickness of flange in compression
(assuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

Maximum possible compressive force in concrete slab

Force transferred to concrete slab via shear connectors

For compact beam, section capacity (Ms) = plastic moment capacity (Mp)

For beams continuously restrained by deck at compression flange level,

As per Clause 6.3.3, simple plastic theory shall be used to determine Ms.

tgiab = 180:mm
btﬂl."\s = 216:m

FBIHh_AS = ‘).85'f'c'bcn'-“\s"s]nb = B262- kN

Ree AS+= Fslab a5 = 8262:KN

R .
AS
8, AgF _OC_ = 180.mm
= D'8>'lc'bcﬂ"_.~\s
2
A, = 36514-mm
B = r\‘f} = 12597 .kN
Ayly - Ree As
Rge g i= Y- Roe A gein

Aﬂangc =wetl = 9846-mm2

Rsc AS
l\ w

Yfeomp_AS = = 20.42-mm

Less than flange thickness (32mm)
so assumption valid

Yfen AS™ tf - Ycomp AS = 11.58-mm
2
Al'hcn.AS = hen ASW = 3564-mm

2
Aﬂlcll_AS = 3564-mm
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Depth of web

Area of web of steel beam

Height of centroid of steel beam in tension

t dweb

dyepy = h— 2:4f = 862.6-mm

2
Ayeb = dyepytw = 16821-mm™

¢1-AST

Height of centroid of steel beam in compression
Height of centroid of compression block in slab
Lever arm between steel area in tension and

steel area in compression

Lever arm between steel area in tension and
compression block in slab

Nominal moment resistance

Strength reduction factor (Table 3.2)

Design moment resistance

f 'ften AS
Aflange' S * “\web'('f R e J ' Aﬂlcn.AS'(‘r Fdyeh + =, J
- - — = 369-mm

Aflange * Aweb * Miten AS

€ AS = h - ‘fcemp_z\S'“‘f' = 916-mm
€3 AS = h+tyn — 053, aq= 1017-mm
L1 As*= ©2 A5~ €] Ag=47T-mm

L'Z,_A‘\S =AY TR ASF 647-mm
!‘lq_Ag = Rsc_Ang_Ag v ROC_ASLZ_AS
Mg a5 = 6536kN-m

¢ =09

Mkd__-\s = ¢'Ms_1\S = 5882.kN.m
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Part 3 : COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Design flexural capacity using the NZTA research report Mpd NZTA = MR = S687kN-m

Design flexural capacity using AS 5100.6 Mpg aAs = S882:KkN:m
Mpd AS
Ratio of capacities between AS5100.6 and NZTA research report — - 103
MRd NZTA
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Example 2: 70% SHEAR CONNECTION (n<n,; )

Part 1 : COMPUTATION OF SAGGING MOMENT CAPACITY USING THE NZTA RESEARCH REPORT

The steps outlined below follow the procedures outlined in Section 5.2 of the report, which are
largely based on Table 7.1 of the NZTA Bridge Manual

Step 1 - Carry out site inspection_
This would be undertaken as per NZTA Bridge Manual guidelines,
Step 2 - Determine appropriate material strengths

The design material strengths for the bridge components were obtained from the bridge drawings.
No deterioration in the material strengths was assumed.

Structural steel yield strength (Grade 50C) f) = 345MPa
Structural steel ultimate tensile strength f, = 450MPa
(Grade 50C)
Concrete compressive strength fc 1= 25MPa
Yield strength of slab reinforcement f,:= 275MPa
Density of steel Vg:= 78.'\“&
3
m
Unit weight of concrete A o= :4ﬁ
COne " 3
m
Steel young's modulus ig i= 205GPa
fC —
Concrete young's modulus E, = 3320 0 GPa <+ 6900MPa
(based on NZS3101) MPa
E.= 235.GPa

For the bridge beams, 152x76x18 channel shear connectors are used with the following dimensions:

Height of channel h, = 152mm

Width of channel W, = 76mm

Flange thickness of channel tg:= 9.14mm

Web thickness of channel ty = 6.35mm

Channel thickness considered toi= 1ty t, = 6.35-mm
Length of channel I, = 150mm

Channel connectors are deemed to be ductile if H/t, /L > 0.124 (Equation 5.2)
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h
Dugctility Test := (_c. (]_)
te ) huds

S -

Effective bridge span (equal to simply
supported span between bearings)

Concrete slab tributary width (consider
inner beams)

Concrete slab thickness

Steel beam section height

Steel beam section width

Steel beam web thickness

Steel beam flange thickness

Distance between outstand shear connectors
{or length of channel connector)

Geometric width of concrete flange on
each side of the web

Effective width of concrete flange on
each side of the web (limited by geometric
width}

Total effective width

DuctilityTest = 0 I(r]—

which is greater than 0.124

mm

Therefore, channel connectors are considered to be ductile.

S

ch = 22m

b 2.5m

tributary ©
tylah = 180mm
h:= 926.6mm
wi= 307.7mm
19.5mm

tw :=

tf := 32.0mm

Step 2¢ - Calculate effective width of the concrete flange

by = 1, = 150-mm

bmhmary - by
bi e
L
= 27sm
8

L

of
b, = min| —
el { 8

L‘ei = 1175 mm

y

bagr = b + 2:by

= 2%
l’cﬂ’ 25m

2b - Identify di . f lat I i i}
effective span for calculation of effective width of concrete flange

= 118 x 10> mm

Note: in our example, this is
the same for each side of the
inner beam web

(Equation 5.3 which determines
effective width at beam
midspan)

Note that equation 5.3 was used for two reasons (i) critical bending demand for a simply supported
beam will be at midspan (ii) using equation 5.4 would yield a lower effective width value, a lower
maximum potential compressive force in the concrete slab, and therefore potentially a higher degree
of shear connectivity - therefore it Is conservative to use equation 5.3
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IOQ flguge

Flange outstand

Flange slenderness

Flange vield slenderness limit
(From Table 5.1 AS5100.6)

Flange plasticity slenderness limit
(From Table 5.1 AS5100.6)

Flange slenderness ratio

Web

Web outstand

Web slenderness

Web yield slenderness limit
(From Table 5.1 AS5100.6)

Web plasticity slenderness limit
(From Table 5.1 AS5100.6)

Web slenderness ratio

Step 2d - Determine steel section classifications

w— tw

bﬂange =
hﬂangc = 144,1-mm
N . bﬂange l}
e_flange =™ "y ] 250MPa
Xegnange = 539
Mey fange = 16
Nep flange = 2

bN
e flange. _ a3
)‘cy_ﬂange
bely s= h— 241
l’w.:h = R62.6-mm
N - Byvely ’}

e web ™ T 250MPa
)‘efweb = 5197
>‘e-y web = 113
ch_wch = 82

2 e
L“’l =045

)‘ey web

In this step, using Section 5.1 of AS5100.6 (2004), the section is classified as either compact or
non-compact. Note that universal beams are hot-rolled sections.
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Qvera tion

Web has higher slenderness ratio, therefore section slenderness properties are based on web

Section slendemess X\

37~ “e_web
A =52
Section plasticity limit Asp = Aep_web
Ap = 82
Section yield limit Ay = Ney web
=115

As the section slenderness is less than the section plasticity limit, the section may be classed as
being "compact’

Step 2e - Identify construction methods - pro or un ed

The drawings do not provide any information on the construction methods used for
the beams, Assume unpropped construction (conservative),

Step 3 - Identify critical section(s) of the main supporting members and the
critical effect(s) on them

This step involves determining the maximum sagging moment in the composite beams
under the evaluation load. This would involve undertaking a grillage analysis.

Typically for a simply supported bridge, maximum sagging moment would be at midspan. However as
the bridge has a skew, the maximum moment will tend to be closer towards the obtuse corners. For
the purposes of this example, will assume that maximum moment occurs at midspan of the beams.
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| 719 Cladary) Race, Mandial Cry, 2104
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| n f I . n
1601, I SRR CLERTE AT 300 Cte. 352 35 slCAR CLEATS AT SO0 CAS + 9800 7016 SEARCLEATS AT 350 GRS B0
o 1 g | g T eee
NS il LR . 1.
[l’l‘rrr[leK_L'L'rrY'rL'LLLLLtj"‘JJ) 22 2 ‘IR T 1)3!11’14
:_ 8 | ] I -
I A D08 . 289 uo-——‘ p - mmn-_’ 51'1&1")‘35—‘/ 7.| r
‘ 3780 | 20 o

§ 40 BouT 22000 NOMINAL BEAM SR . w

200

Number of shear connectors "n = 18 + (:5:20 Mashuilt = 28

Mashuilt *
However for the purpose of this example consder a lower number of shear connectors  n:= 20

e - rmine ree of t hear co ion"n" i

Determining design resistance of shear connector (using NZS3404 Eqn 13.3.2.2)...

E
Prici= 31.2(tp + 054, - ‘I;? MPa

Ppi = 288N
(b\, = (.80
PRa= Py PRy
Prg= 231-kN

Determining the design value of the compressive force in the concrete...
Ney = 0Py

Ngj = 4611-kN
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Determining the design value of the compressive force in concrete slab when
not limited by the shear connection...

= (h — 2+ 2w
Crossectional area of steel beam Ag= (h—2tf)tw+ 2ewetf

A, = 36514.mm’
Strength reduction factor for steel &= 09 (AS 5100.6 Table 3.2)
Design yield strength of steel foa:= &,

fyd = 310.5-MPa

Strength reduction factor for concrete b = 0.6 (AS 5100.6 Table 3.2)
Design compressive strength of concrete fogi= b l;

f,q= 15MPa
Design compressive force in concrete with Ngpi= mm(,\s-fyd.().85-fcd-bcﬂ--tﬂ,ab)

full shear connection

Nep = S738-KN
Therefore the degree of shear connection is 0= ‘NL‘ (Equation 4.1)
cf

shear connection capacity governs

n=08 as n is less than unity

Therefore N, = miu(Nc] .ch) = 4611-kN

"

S - Determine the de of the shear connection "

The minimum degree of shear connection n,, can be determined as shown below for
steel sections with equal flanges.

L.¢
350N
Nenin =~ mm{l - [r—m’){u‘-s -~ 0.03il}.u.4] ( Equation 4.2 since Lgs< 25m )
y m
Nypin = 091 therefore shear connection is non-ductile as 1 <,
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Step 4 - Determine the overload capacity and/or live load capacity at each

critical main_member section

The beams were classed to be "compact” with ductile shear connectors. However, as <1, the
shear connection is deemed to be non-ductile as per note 3 of Table 4.1.

Using the non-linear method with partial shear connection, the design bending capacity is as follows.

Look at construction loading...
Construction pressure loads: Live load I.Lcon:= 1kPa

Wet concrete  DLeonc i= v ot gon = 432:kPa

UDL for bare steel beam DLsteel := Z‘XQE-g =12 83-ﬂ
m m
Load tributary width TribWidth := 2.5m
Construction load UDL UDLeon := (1.49LLecon + 1.35DLeone) TrnbWidth + 1.35DLsteel
(Load factors are taken from
Table 3.2, Bridge Manual
? ) UDLcon = 22.13-1\l
m
2
UDLcon:L ¢
Construction load moment Mcon = -
g
Mcon = 1339.kN-.m
Point D in Figure 4.1 of report M4 = Meon = 1339.4N.m

(Equation 4.22)

For equation 4.23, need to determine the design bending moment applied to the composite section.
Normally structural analysis would be done to determine this demand, however for the purposes of this
example, this demand will be assumed,

Design bending moment applied to composite M g = 1500KN-m
section (assumed for example purposes)

For equation 4.23, "K" value also has to be determined, which is governed by whether concrete reaches
design compressive limit (fcd), structural steel reaches yield stress (f,4), or slab reinforcement reaches

yleld stress (f.4). Need to use the composite section properties to determine "k".

Design conc. slab compressive strength foq= 15MPa
(from before)

Design yield strength of steel beam Gy =3105Pa
{tension and compression, from before}
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Strength reduction factor for concrete
slab reinforcement

Design yield strength of slab reinforcement

Modular ratio

Equivalent width of effective concrete slab

Composite section second moment of area

Steel beam section elastic modulus
(non composite)

Composite section centroid height
(within steel beam height)

Height of steel beam extreme tension fibre
Height of steel beam extreme comp. fibre

Height of concrete extreme comp. fibre

Height of concrete extreme comp,
reinforcement bar {bar mark D1203)

Stress in top and bottom of beam
due to construction loading

o= 0.85 {NZS 3404 Table 13.1.2)

fgi= befy=233.75.MPa

Composite section properties (based on equivalent steel section)...

Eg
modular_ratio == — = 8.72
(8

b,
A‘ = 287.mm
modular_ratio

refer transformed section
properties picture on
previous page

IXX = 11.65 % 10°mm"
Zbeam = 10833000mm’
ye = 787mm

hst == Omm
hsc:= h = 927-mm

hee = tgan + h = 1107-mm

5
hre := hee — 40mm — 16mm — -l_z—'mm = 1045 mm

b,
$.0.85f, $,0.85f,
! : e o Ny
+ Mo ‘. N.A. f,
¢ i ¢ = ( (Figure 5.2 of report)
f, fa £.41, <0,
zr' Mn.(d Za,roc ko,Ed M.I Rd

5= — _ 123 6.MP
Zbeam
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Job: TAR 14/07 Evaluation of shear connectors in composite bridges

STEEL
Subject. Assessment example
c o
s 285 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCLIRATION SITT Checked by: Dejan Novakov Date: 17/02/16
(rvd - fs)-Lx.\
Additional Steel beam tension Mst = =— = 2767-kNm
moments acting (ye— hst)
on composite
section required (f - fs)vl‘(.\‘
to reach design Steel beam compression  Msc = —————— = | 5598-kN-m
limit stresses: (hse — ye)
0.85{ 3 Ixx
Conc. slab compression Meg = =————— = 464.76-kN-m
{hee — ye)
rsd'[‘“\
Slab rebar compression, Mic := = 10571 kN-m
(hre - ye)

From above, it is clear that under bending action, the concrete slab will reach its design compression
limit first. Therefore "k” value will be based on this limiting stress/moment.

o A8 G5

Mpq

So }dCle = LiﬂFA’l + k}"ICFA'l = 1804-kN-m (Eq uation 423)

For equation 4.25 or 4.26, the compressive force in the concrete slab when M, g4 is applied needs
to be determined.

KM g (h - ye)

Stress at bottom of concrete slab Stress. btm := =
X

(check: less than or

Stress_btm = 5.57-MPa equal to fcd > OK)

k-?\vfcb;d.(h + b — yc)

Ixx

Stress at top of concrete slab Stress. top :=

(check: less than or

Slrcss_lop = 12.75-MPa equal to fed = on

Stress btm + Stress top

Average stress in concrete slab Stress_average ;= =

Stress average = 9.16-MPa

Effective concrete slab area ConcSlabArea = bygrtgpan = 45000(‘»mm2
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STEELBRIDGE
S ——— Subject. Assessment example
1719 Claddng 30 Oty 2704
;'}'.".’.-_'3.'7,.5,":'5: Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCIAATION SINTT Checked by: Dejan Novakov Date: 17/02/16
Slab concrete force, N. g N.gy = ConcSlabArea-Stress_average
NcEl = 4122.kN

From before N = 4611-kN

Therefore as Nc is greater than N, ., need to use equation 4.25 to determine beam mome nt resistance
Ng
Mg ai=M g+ (M M_ g )= = 1859-kN-m
Rd = Magd * (Melrd ~ Magd) -

This capacity is much less than the non-composite elastic capacity M, o= f-Zbeam = 3737-kN-m

Step 5 onwards

No changes to Step 5 and onwards has been made by the report. Therefore following the end of Step 4
the engineer would follow the steps outlined in Table 7.1 of the NZTA Bridge Manual. i.e, undertake
rating or posting analysis etc.
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STEEL
S Subject. Assessment example
17-19 Claddn ¢ 2704
i Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCUUATION SINTT Checked by: Dejan Novakov Date: 17/02/16

Part 2 : COMPUTATION OF SAGGING MOMENT CAPACITY USING AS 5100.6

Steel section classification - compact or non-compact
As per AS5100.6 section 5.1

Top Flange
Flange outstand b“ange =144 1-mm
Flange slenderness e flange. = 529
Flange yield slenderness limit Aavr =16
(From Table 5.1 AS5100.6) ey_flange
Flange plasticity slenderness limit bN =9
(From Table 5.1 AS5100.6) ep_flange
)\e_ﬂangc
Flange slenderness ratio —_— =033
)‘ey_ﬂsmgc
Web
Web outstand byeh = 8626-mm
Web slendemess Ne weh =197
Web yield slenderness limit Aoy web = 115
(From Table 5.1 AS5100.6) :
Web plasticity slenderness limit xc[, web = 82
(From Table 5.1 AS5100.6) i
»
Web slenderness ratio B 5 043
>‘e}' web

Overall section

Web has higher slenderness ratio, therefore section slenderness properties are based on web

Section slenderness A, =5197
Section plasticity limit xsp = 82
Section yield limit xsy =115

As the section slenderness is less than the section plasticity limit, the section may be classed as
being "compact”
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STEEL
S Subject. Assessment example
17-19 Claddng & o
r'i'."fi}'?,,éf’:'a' Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCUUATION SIRTT Checked by: Dejan Novakov Date: 17/02/16

As per AS5100.6 section 4.4.1

For girders which have composite flanges on both sides of the web, effective width shall be the least of

Lef

one-fifth of the effective span length of the girder by = = 44m

the distance centre-centre of girders by = 2.5m

twelve times the least thickness of the slab by = 12+, = 2160-mm

Effective width of concrete flange befr AS = mir(bl.h:.h_;) = 2160-mm

Degree of shear connectivity

Based on Equation 5.1 of the NZTA research report, the characteristic resistance of shear connectors

PRk = 288-kN
Considering a capacity reduction factor (Table 3.2) &, = 085

The design value of the shear connector Ne1 As = oy Ppy = 4899-kN

Determining the design value of the compressive force in concrete deck slab with full shear connection

Cross sectional area of steel beam A= 365|4-mm2
Design strength of structural steel fyd = 310.5-MPa
Design compressive strength of concrete foq= 15-MPa

Design compressive force in concrete with full shear connection

Net A= minApfq, 085-6rb g agtyyay)

Nog as = 4957kN

Degree of shear connector NAS = — = 099
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Job No: 1-C1146.00
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Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment exam

ple

Client: HERA

CALCIRATION SIET

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16

Bending capacity of composite beam

As per AS5100.6 section 6.3 >

For compact beam, section capacity (Ms) = plastic moment capacity (Mp)

As per AS5100.6 section 6.4 ->

For beams continuously restrained by deck at compression flange level,

beam moment capacity (Mb) = section capacity (Ms)

Determining the plastic moment capacity (Ms).

As per Clause 6.3.3, simple plastic theory shall be used to determine Ms.

Thickness of composite concrete slab
Effective width of concrete slab

Maximum possible compressive force in concrete sl

Force transferred to concrete slab via shear connectors

Depth of equivalent rectangular stress block

Area of steel beam cross-section

Maximum possible tensile force in steel beam

Compressive force in steel beam
(As Fpeam > Fsjan)

Area of top flange

Thickness of flange in compression
{assuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

lslab = 180-mm

hoff_AS =216m

ab Fslab_AS = '-"85'fc'heﬁ'_.—\5"slab = 8262-kN

Ree AS™ MasTalb AS = BI65. KN

Ree AS
8: AS*< ‘cc__ = 177.88.-mm
- 085-fbef AS
“
Ay = 36514-mm”
Fleam = Agfy = 12597-kN
Agf, - R
s cc AS >
Ry Ag ™ — 5 = R16kN
- 2
Aﬂangc = wotf = 9846-mm
Rsc AS
feomp AS = = 2088-mm

[y-w
Less than flange thickness (32mm)
so assumption valid

lllcn_:\S = |fcomp_AS = 11.12-mm

2
Aﬂten_As = lt‘ten_AS'w = 3423.mm

2
"\ﬂten_;\s = 3423.mm
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00
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STEELBRIDGE

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

ety
17-19 Claddng Flace, M

Subject. Assessment example

pnue sy Oty 2704
28885

2888 Client: HERA

CALCIRATION SIET

Telephone. « 58 2

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16

Depth of web

Area of web of steel beam

Height of centroid of steel beam in tension

tf dieh
Aﬂangc'? U chb{tf N

] W Aﬂtcn_f\S'(tf + dyeb 5

dygep = h — 24f = 8626.mm

"
Ay oy = dweb-(w = 16821-mm"”

lﬂcn_AS]

81 A8

Height of centroid of steel beam in compression
Height of centroid of compression block in slab
Lever arm between steel area in tension and

steel area in compression

Lever arm between steel area in tension and
compression block in slab

Nominal moment resistance

Stre ngth reduction factor (Table 3.2)

Design moment resistance

= 367-mm

Aflangc * Ayeb * Miten AS

e:_'_\s =h- th(an_AS.U'S = 916.mm
c3 7.‘.\5 =h+ 'slab -0 5'8‘:7‘,\8 = 1018-mm
S50-mm

L1 AS™ 2 AS— ¢ AS™

L2 KB7= 25 A8 9 AR Slmm
Mg As*=Rse as'l1 As* Ree asla as
M, pg = 6533:KN-m

¢ =09

Mpd As = $M Ag = S880-KNm
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STEELBRIDGE
e o Subject. Assessment example
) Oty 2704
T Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCAATION SINTT Checked by: Dejan Novakov Date: 17/02/16

Part 3 : COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Design flexural capacity using the NZTA research report MRrd NZTA = MRq = 1859-KN-m
Design flexural capacity using AS 5100.6 Mpg As = S8BO0-KN-m
MRd As

Ratio of capacities between AS5100.6 and NZTA research report =316

Mgg NZTA
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STEEL
Subject. Assessment example
o
Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
Checked by: Dejan Novakov Date: 17/02/16

Example 3: 85% SHEAR CONNECTION (n,; < n < 1.0)

Part 1 : COMPUTATION OF SAGGING MOMENT CAPACITY USING THE NZTA RESEARCH REPORT

The steps outlined below follow the procedures outlined in Section 5.2 of the report, which are
largely based on Table 7.1 of the NZTA Bridge Manual

Step 1 - Carry out site inspection_
This would be undertaken as per NZTA Bridge Manual guidelines,
Step 2 - Determine appropriate material strengths

The design material stre ngths for the bridge components were obtained from the bridge drawings.
No deterioration in the material strengths was assumed.

Structural steel yield strength (Grade 50C) [> = 345MPa
Structural steel ultimate tensile strength fi, = 450MPa
(Grade 50C)
Concrete compressive strength fc = 25MPa
Yield strength of slab reinforcement f,:= 275MPa
Density of steel Vg:= m:_‘“ﬁ
%
m
Unit weight of concrete = ‘htﬁ
9 Veone = 3
m
Steel young's modulus 1 1= 205GPa
fC — O
Concrete young's modulus E, = 3320 A0 GPa <+ 6900MPa
(based on NZS3101) MPa
E.=235.GPa

For the bridge beams, 152x76x18 channel shear connectors are used with the following dimensions:

Height of channel h, = 152mm

Width of channel W, = 76mm

Flange thickness of channel tg:= 9.14mm

Web thickness of channel ty = 6.35mm

Channel thickness considered toi=ty, t, = 6.35mm
Length of channel I, = 150mm

Channel connectors are deemed to be ductile if H/t, /L > 0.124 (Equation 5.2)
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Job No: 1-C1146.00

| Sheet: 36 of 46

[ Rev: 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment example

Client: HERA

CALCURATION SIET

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

h
Dugctility Test := [_c. (’_)
te ) ds

S -

Effective bridge span (equal to simply
supported span between bearings)

Concrete slab tributary width (consider
inner beams)

Concrete slab thickness

Steel beam section height

Steel beam section width

Steel beam web thickness

Steel beam flange thickness

Distance between outstand shear connectors
{or length of channel connector)

Geometric width of concrete flange on
each side of the web

Effective width of concrete flange on
each side of the web (limited by geometric
width)

Total effective width

DuctilityTest = 0 16-]— which is greater than 0.124

mm

Therefore, channel connectors are considered to be ductile.

S

effective span for calculation of effective width of concrete flange

ch = 22m

b 2.5m

tributary *
Lylah = 180mm
h:= 926.6mm
w = 307. 7Tmm

tw := 19.5mm

= 32.0mm

Step 2¢ - Calculate effective width of the concrete flange

by = 1, = 150-mm

VTP,
= —-—'"h‘“‘:" Y - 118 10

Note: in our example, this is
the same for each side of the

bei = 1175 mm
inner beam web

(Equation 5.3 which determines
effective width at beam
midspan)

bagr = bg + 2:by

= 2%
bcff 25m

Note that equation 5.3 was used for two reasons (i) critical bending demand for a simply supported
beam will be at midspan (ii) using equation 5.4 would yield a lower effective width value, a lower
maximum potential compressive force in the concrete slab, and therefore potentially a higher degree
of shear connectivity - therefore it is conservative to use equation 5.3
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Job: TAR 14/07 Evaluation of shear connectors in composite bridges

Subject. Assessment examp

e

17-13 Claddng #
Telephone « 64 (
Fac o 64 109 26

CALCIRATION SIET

Client: HERA

Made by: Mehedi Chowdhury

Date: 16/02/16

Checked by: Dejan Novakov

Date: 17/02/16

Step 2d - Determine steel section classifications

|OQ EE!]QE

Flange outstand

Flange slenderness

Flange vield slenderness limit
(From Table 5.1 AS5100.6)

Flange plasticity slenderness limit
(From Table 5.1 AS5100.6)

Flange slenderness ratio

Web

Web outstand

Web slenderness

Web yield slenderness limit
(From Table 5.1 AS5100.6)

Web plasticity slenderness limit
(From Table 5.1 AS5100.6)

Web slenderness ratio

w— tw

bﬂange =
bﬂ:mgc = 144.1-mm
N - bﬂange __l)_
e_flange =™ "y ] 250MPa
Xe;llang_e =529
ch_l'lange:; 16
Nep flange = 2

bN

e flange 033

)‘c) flange

bel == h— 241

bwch = 862.6-mm

N - byveb ’}

e web ™ Ty 250MPa
Ne web= 5197

)‘ey web = 113

ch_wch = 82

AL s

e web _ .45

>‘ey web

In this step, using Section 5.1 of AS5100.6 (2004), the section is classified as either compact or
non-compact. Note that universal beams are hot-rolled sections.
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ey

Subject. Assessment example

Client: HERA Made by: Mehedi Chowdhury

Foe +64 109) 262 2856

Date: 16/02/16

Checked by: Dejan Novakov

Overall section

Web has higher slenderness ratio, therefore section slenderness properties are based on web

Section slendemess X\

Section plasticity limit

Ap =82
Section yield limit Mgy = Moy web
=115

As the section slendemess is less than the section plasticity limit, the section may be classed as
being "compact’

Step 2e - Identify construction methods - pro or un ed

The drawings do not provide any information on the construction methods used for
the beams. Assume unpropped construction (conservative),

Step 3 - Identify critical section(s) of the main supporting members and the
critical effect(s) on them

This step involves determining the maximum sagging moment in the composite beams
under the evaluation load. This would involve undertaking a grillage analysis.

Date: 17/02/16

Typically for a simply supported bridge, maximum sagging moment would be at midspan. However as
the bridge has a skew, the maximum moment will tend to be closer towards the obtuse corners. For
the purposes of this example, will assume that maximum moment occurs at midspan of the beams.
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Job: TAR 14/07 Evaluation of shear connectors In composite bridges

STEEL BRIDGE

e

Subject: Assessment exam

ple

| 7.19 Cladayy Race,
Telephone <ot 2
Fax 84 (0] 2

Manue Cry, 2104
2 2845

Client: HERA

CALCULATION SHEET

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16

won

1§

o .
60, I BHEAR CLERTEAT 350 CR%. 350 30 siChR CLEATS AT SO0 AL 9800  TTUIS SHEAR CLEATL AT 350 GRS 180

‘ e RIS 80 280 TR I| _eec
‘.‘Q.r : [ | T,\
1 ! 3
frrrfr[(‘LLL’L”rf'PL’LLLLF!;!"JJ) l]ﬁ""ll)A‘}ll]"”‘
|
1

1

2780

S NTURMELATE | STIFFEACRS |

)

W bk 308288 U0 —
200 |§ = 0 BoAT R 11, =%

Number of shear connectors "n”
(to examine case with ny,, < n<1.0)

C ctors ee to

T
’ C
Ppi=31 2(!{ + ‘lS-lw)-lc- m MPa

ka = 288.kN
by = 0.80

PRa= by Ppi

Ppg= 231kN

Noy = n-Pgy

Ny = S533-kN

22 OO0 NOMINAL SEAM Sihid

nashu'h = 18 + (65:20

However for the purposes of this example consider a lower number of shear connectors

Nashuilt = 2%

ni= 24

"on 5

Dete rmining design resistance of shear connector (using NZ53404 Eqn 13.3.2.2)...

Determining the design value of the compressive force in the concrete...
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STEEL
Subject. Assessment example
c o
" 885 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCLIAATION SITT Checked by: Dejan Novakov Date: 17/02/16

Determining the design value of the compressive force in concrete slab when
not limited by the shear connection...

= (h = 20)tw & 2owetf
Crossectional area of stee| beam T el

i
Ay = 36514mm"

Strength reduction factor for steel b= 09 (AS 5100.6 Table 3.2)
Design yield strength of steel f},d = 4>-l'y

fyd = 3105 MPa
Strength reduction factor for concrete b= 06 (AS 5100.6 Table 3.2)
Design compressive strength of concrete fog= bl

fog=15-MPa

Design compressive force in concrete with Nepi= mi’('\s‘fyd'("gs'fcd‘bcn"‘slah)
full shear connection

N = 5738:kN
Ncl
Therefore the degree of shear connection is 1) = N— (Equation 4.1)
cf
=09 shear connection capacity governs

as n is less than unity

Therefore N = mil(Nc] 'ch) = 3533.kN

. Juilitig

The minimum degree of shear connection n,, can be determined as shown below for
steel sections with equal flanges.

5 Lag

50! -
i = "m{l . (ﬂ]_(u?j 003 %).04] ( Equation 4.2 since L,;< 25m)
Tnin = 091 therefore shear connection is ductile as v > 1,
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Subject. Assessment example
o
Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
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he overloac

critical main member section

The beams were classed to be "compact” with ductile shear connectors. As n=n,,.. the shear

connection is deemed to be ductile as per note 3 of Table 4.1, Also, as n < 1, partial shear connection
can be achieved, so equations in section 4.3.3 of the report apply. Which equations to use depends
on the location of the plastic neutral axis.

Depth of concrete slab hey = ) = 180-mm
hy = tgap = 180-mm  ignoring "pops”

The height of "pops” varies along the girder length from S0mm at support to 25mm at mid span.
Inclusion of "pops”™ will marginally increase the bending capacity.

Depth of structural steel section h, = h = 926.6-mm

Design value of plastic resistance of Npla = As-f),d = 11337-kN
steel section to normal force

Design compression resistance of the N

¢ = “85'fcd'heﬁ"hcs = 5738-kN
concrete flange

pl

Design plastic resistance of steel section Nplf = wetfof g = 3057-kN
flange s
3:;Ign plastic resistance of steel section Nplw = Npla = 2-Npyp = 5223-kN

Design compression resistance of the concrete

flange considering degree of shear connection N-Negp = S533KN

As nNgs > Ny, plastic neutral axis in steel flange, equation 4.20 applies

=
h IR Noja — NNup)

Beam bending resistance Mord = Ny — 4N ¢ by of o ( pla cf) L

P P 2 ¢ Npje 2 Npjg 1

f\«lled = 5680-kN-m

Step 5 onwards

No changes to Step 5 and onwards has been made by the report. Therefore following the end of Step 4
the engineer would follow the steps outlined in Table 7.1 of the NZTA Bridge Manual. i.e. undertake
rating or posting analysis etc.
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STEEL
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o
Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
Checked by: Dejan Novakov Date: 17/02/16

Part 2 : COMPUTATION OF SAGGING MOMENT CAPACITY USING AS 5100.6

Steel section classification - compact or non-compact

As per AS5100.6 section 5.1

Top Flange
Flange outstand bmmge = 144.1.mm
Flange slenderness e flange = 5.29
Flange yield slenderness limit Nev flanpe = 16
(From Table 5.1 AS5100.6) ey flange
Flange plasticity slenderness limit A =9
(From Table 5.1 AS5100.6) ep_flange
BN :
Flange slenderness ratio Liwge | _ 0.33
"ey_ﬂﬂnge
Web
Web outstand byeh = 8626:mm
Web slenderness Ne web = 3197
Web yield slenderness limit Xc)_ web = 115
(From Table 5.1 AS5100.6) =
Web plasticity slenderness limit Nepy wab = 82
(From Table 5.1 AS5100.6) P-
Ai
Web slenderness ratio Sweb, 45
ch_“ch

Overall section

Web has higher slenderness ratio, therefore section slenderness properties are based on web

Section slenderness A, =5197
lasticity iimi i

Section plasticity limit )\Bp 82

Section yield limit > WIEE=2 ((

W

As the section slenderness is less than the section plasticity limit, the section may be classed as
being "compact’
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Effective width of concrete flange
As per AS5100.6 section 4.4.1

For girders which have composite flanges on both sides of the web, effective width shall be the least of

one-fifth of the effective span length of the girder by = = 4.4m

the distance centre-centre of girders b= 2.5m

twelve times the least thickness of the slab by = 1245, = 2160-mm

Effective width of concrete flange beff_AS s min(b] .b:.b3) = 2160-mm
Degree of shear connectivity

Based on Equation 5.1 of the NZTA research report, the characteristic resistance of shear connectors

PRk = 288.kN
Considering a capacity reduction factor (Table 3.2) by = 085

The design value of the shear connector Ncl_.‘\s = e Py = SR79UN

Determining the design value of the compressive force in concrete deck slab with full shear connection

R
Cross sectional area of steel beam A, = 36514-mm"”
Design strength of structural steel fq = 310.5:MPa
Design compressive strength of concrete foq=15-MPa

Design compressive force in concrete with full shear connection
Nep as ™= min(Ayfyg 085-fybegr Astylab)

ch‘ As = 4957-kN

Degree of shear connector Nag =
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Subject. Assessment example

Client: HERA

CALCURATION SIET

Made by: Mehedi Chowdhury Date: 16/02/16

Checked by: Dejan Novakov Date: 17/02/16

Bending capacity of composite beam

As per AS5100.6 section 6.3 ->

As per AS5100.6 section 6.4 ->

Determining the plastic moment capacity (Ms).

Thickness of composite concrete slab

Effective width of concrete slab

Depth of equivalent rectangular stress block

Area of steel beam cross-section

Maximum possible tensile force in steel beam

Compressive force in steel beam
(As Fyeam > Fslap)

Area of top flange

Thickness of flange in compression
fassuming web is not in compression)

Thickness of top flange in tension

Area of top flange in tension

Maximum possible compressive force in concrete slab

Force transferred to concrete slab via shear connectors

For compact beam, section capacity (Ms) = plastic moment capacity (Mp)

For beams continuously restrained by deck at compression flange level,
beam moment capacity (Mb) = section capacity (Ms)

As per Clause 6.3.3, simple plastic theory shall be used to determine Ms.

tslap = 180:mm

bcﬂ'ﬁAS = 216:m

Folab As = U85-fobog Agtslay = 8262°kN

Ree AS = MasFaab As = 9798KN

R Q
AS
uc ‘\S‘:: OC_ = 213.46.mm

= OBSMobofy as

5
A, = 36514-mm”

Ficam = Ay = 12597kN

"\:&'rv' Rec AS
Rsc_Ab B m———— 1400-kN

5
Aﬂangc = wtf = 9846:mm”

Rse As

fy W

fcomp AS = 1318 mm

Less than flange thickness (32mm)
so assumption valid

Uten AS ™ tf - Yeomp AS = 18.82-mm
" g 2
Aﬂtcn_AS = len ASW= 5789-mm

2
Aﬂlcn_AS = 5789-mm
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Evaluation of shear connectors in composite bridges

Job No: 1-C1146.00

| Sheet: 45 of 46 | Rev:04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

e

STEEL
it e Subject. Assessment examp
17-19 Claddng Place, Menue sy Oty 2704
Telephone. +&4 (0%) 262 2885 Client: HERA

Made by: Mehedi Chowdhury Date: 16/02/16

Area of web of steel beam

Height of centroid of steel beam in tension

tf

dyveb
Aﬂaugc'? F Ayep| U+ — t AﬂlanXS' 4 dyop * =

Fo o644 109) 262 2856
’ CALCLIAATION SITT Checked by: Dejan Novakov Date: 17/02/16
Depth of web dyely i= h — 2:1f = B62.6:mm

2
Ayab = ey tw = 16821-mm"™

fren AS)

°1 AS*T

Height of centroid of steel beam in compression
Height of centroid of compression block in slab
Lever arm between steel area in tension and

steel area in compression

Lever arm between steel area in tension and
compression block in slab

Nominal moment resistance

Strength reduction factor (Table 3.2)

Design moment resistance

= 406-mm

Aﬂange * Ayeb * Aﬂten-.»\s

2 AST h - ‘fcomp_AS-(.b,S = 920.-mm
e3_AS =h+ tS]ﬂb - (,‘S.RC_AS = 1000-mm
L1 As*=¢2 A5~ €] Ag = Sl14-mm

Lo K§ =03 K50y gg™ H-mm

M As™= Ree Asly As+ Ree Asl2 As

Mg g = 6536KN.m

& =09

MRd_AS U ¢'NIS_;\S = 5882.KN-m
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Appendix F: Worked examples using new design guidance

Job No: 1-C1146.00 | Sheet: 46 of 46 | Rev 04

Job: TAR 14/07 Evaluation of shear connectors in composite bridges

a0 Subject. Assessment example
17-13 Claddn: o
3 Client: HERA Made by: Mehedi Chowdhury Date: 16/02/16
CALCIRATION SIRTT Checked by: Dejan Novakov Date: 17/02/16

Part 3 : COMPARISON OF FLEXURAL CAPACITIES COMPUTED ABOVE

Design flexural capacity using the NZTA research re port MRd_NZT.—\ = Mled = 5680-kN-m
Design flexural capacity using AS 5100.6 Mpd As = S882:kN-m
) 2 MRd As
Ratio of capacities between AS5100.6 and NZTA research report ~ ————— - 104
MRd NZTA
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Evaluation of shear connectors in composite bridges

Appendix G: Historic steel mechanical properties

G1 New Zealand Standards 1989-1997 references

Table G.1 List of steel standards referenced in NZS 3404 from 1989 to 1997
Hot-rolled products
Structural steel Structural steel Rolled steel | Weldable for non-alloy
Structural Hot-rolled flat
Year Standard shall comply - weather for general structure structural steel and
i i steel products i i
with: resistant structures steels their technical
delivery conditions
AS 1204 -
NZ and Australian | AS 1205 - refer refer to
steel to table G.13 tables G.7 &
8 _
1
989 BS 4360 -
British steels BS 4 refer to .
table G.3
Japanese steels JISG 3101 JISG 3106 JISG 3193
NZ and Australian | AS 3678 - refer AS 1594 - refer to
NZS 3404 Steel to table G.9 table G-10 & 11
1992 . BS EN 10 025 - refer
British steels BS 4
to table G.6
Japanese steels JISG 3101 JISG 3106 JISG 3193
NZ and Australian | AS 3678 - refer AS 1594 - refer to N
Steel to table G.9 tables G.10 & 11
1997 British steels BS 4 BS EN 10 025 - refer
to table G.6
Japanese steels JISG 3101 JISG 3106 JISG 3193
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Appendix G: Historic steel mechanical properties

G2 British Standards 1906-2004

Table G.2 Historic British steel standards’ mechanical properties up to 1979
Yield stress fy Tensile strength f,
Thickness
Year Standard N/mm? N/mm? N/mm?
mm min min max
1906 386.12 441.28
BS 15
1912 386.12 455.07
1930 BS 15 386.12 455.07
1936 BS 15 386.12 455.07
1941 CF(15)7376 386.12 455.07
<19 247.04 386.12 455.07
1948-1961 BS 15 38 231.6 386.12 455.07
>38 227.74 386.12 455.07
1934-1942 BS 548 <31.75 355.12 510.23 592.97
Bridge 44.45 339.68 510.23 592.97
57.15 324.24 510.23 592.97
w/d 1965 69.85 308.8 510.23 592.97
>69.85 293.36 510.23 592.97
1941 BS 968 Mechanical properties the same as BS 548
1941 Bridge Same as BS 548
<19.05 324.24 482.65 565.39
1943
>19.05 293.36 455.07 537.81
<15.88 355.12 441.28 537.81
BS 968
31.75 347.4 441.28 537.81
1962
50.80 339.68 441.28 537.81
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Evaluation of shear connectors in composite bridges

Yield stress fy Tensile strength f,
Thickness
Year Standard N/mm? N/mm? N/mm?
mm min min max
This standard supersedes BS 15, BS 968, BS 2762, BS 3706. Four different ultimate tensile groups of steel were included.

358.54

1968
386.12
441.28

BS 4360

496.44

1969 Metric units were issued without any technical alteration

1972 The scope of specification was extended to include weathering steels

1979 Weldable structure steel is currently under review

CF(15) 7376: 1941 - War emergency revision to BS 15

Table G.3 Historic steel mechanical properties to BS 4360 from 1968 to 1990
Min yield (N/mm? ) ) ) Min elongation - on a gauge length
Year Grade Thickness (mm) M(Is/tr:::)le M(a’\)l(/tn(:::zzle mm

<16 16<x<40 | 40<x<63 | 63<x<100 100<x<150 80mm® | 200mm® 5.65/So

40Az - 22% 25%

408B 231.7 223.9 220.1 208.5 401.6 478.8 22% 25%

40C 231.7 223.93 220.1 208.5 401.6 478.8 22% 25%

40D 262.6 247.1 239.4 223.9 401.6 478.8 22% 25%

40E 262.6 247.1 239.4 223.9 401.6 478.8 22% 25%

1908 S0 - i 432.4 509.7 i 20% 22%

43A 247.1 239.44 231.7 216.2 432.4 509.7 20% 22%

43B 247.1 239.44 231.7 216.2 432.4 509.7 20% 22%

43C 247.1 239.44 231.7 216.2 432.4 509.7 20% 22%

43D 278 270.3 254.8 239.4 432.4 509.7 20% 22%
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Appendix G: Historic steel mechanical properties

Min yield (N/mm?

Min elongation - on a gauge length

Year Grade Thickness (mm) M(i;/t:]r:zi)le M?;/::::zi)le mm
<16 16<x<40 | 40<x<63 | 63<x<100 100<x<150 80mm® | 200mm® 5.65+/So

43E 278 270.3 254.8 239.4 432.4 509.7 20% 22%
50A - 494.2 617.8 18% 20%
50B 355.2 347.5 339.8 324.3 494.2 617.8@ 18% 20%
50C 355.2 347.5 339.8 324.3 494.2 617.8@ 18% 20%
50D 355.2 347.5 339.8 - 494.2 617.8 18% 20%

1969 Metric units were issued without any technical alteration

1972 The scope of specification was extended to include weathering steels

1979 There were no alterations to mechanical properties of plates
40A 235 225 215 205 185 340 500 25% 22% 25%
40B 235 225 215 205 185 340 500 25% 22% 25%
40C 235 225°¢ 215 210 185 340 500 25% 22% 25%
40D 235 225 215 215 205 340 500 25% 22% 25%
40EE 260 245 240 225 205 340 500 25% 22% 25%
43A 275 265 255 245 225 4309 580@ 23% 20% 22%
43B 275 265 255 245 225 4309 5809 23% 20% 22%
43C 275 265 255 245 225 4309 580@ 23% 20% 22%

1986 43D 275 265 255 245 225 4309 5809 23% 20% 22%
43EE 275 265 255 245 225 4309 5809 23% 20% 22%
50A 355 345 340 325 305 490M0 640MO 20% 18% 20%
50B 355 345 340 325 305 490 6400 20% 18% 20%
50C 355 345 340 325 305 490 640 20% 18% 20%
50D 355 345 340 325 305 4900 640 20% 18% 20%
50DD 355 345 340 325 305 49000 64000 20% 18% 20%
SOEE 355 345 340 325 305 490 640 20% 18% 20%
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Evaluation of shear connectors in composite bridges

Min yield (N/mm?

Min elongation - on a gauge length

Min tensile Max tensile
H mm
Year Grade Thickness (mm) (N/mm? (N/mm?
<16 16<x<40 40<x<63 63<x<100 100<x<150 80mm® 200mm® 5.654/So
50F 390 390 490 640 20% 18% 20%
40EE 260 245 240 225 205 340 500 25% 22% 25%
43EE 275 265 255 245 225 4309 580@ 23% 20% 22%
1990 , ,
SOEE 355 345 340 325 305 490 64000 20% 18% 20%
50F 390 390 - 490 640 20% 18% 20%

@ Min tensile strength 478.8N/mm? for material over 63.5mm

® Min yield stress values for material over 63.5mm thick to be agreed between the manufacturer and the purchaser

© Min yield stress 230N/mm? for material up to and including 19mm thick
@ Min yield stress 247.1N/mm? for material up to and including 19.1mm thick

© Up to and including 9mm thick, 17% for grades 40A-43EE and 16% for grades 50A-50EE
® Up to and including 9mm thick, 16% for grades 40A-43EE and 15% for grades 50A-50EE
©@ Min tensile strength 410N/mm? for material over 100mm thickness

M Min tensile strength 480N/mm? for material between 63mm and including 100mm thickness

0 Min tensile strength 460N/mm? for material over 100mm thickness

0 Min tensile strength 480N/mm? for material between 63mm and including 100mm thickness
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Appendix G: Historic steel mechanical properties

Table G.4 Historic steel mechanical properties to BS EN 10113-3:1993
Crade Min yield (N/mm?) Min elongation - on a
Thickness (mm) Min tensile Max tensile gauge length mm
. (N/mm?) (N/mm?)
According EN 10027-1 and .
ECISS IC 10 According EN 10027-2 <16 16<x<40 40<x<63 5.654/So
S275M 1.8818
275 265 255 360 510 24%
S275ML 1.8819
S355M 1.8823
355 345 335 450 610 22%
S355ML 1.8834
S420M 1.8825
420 400 390 500 660 19%
S420ML 1.8836
S460M 1.8827
460 440 430 530 720 17%
S460ML 1.8838
40E 260 400 480
43E 275 430 240
50E 355 490 620
50F 390 490 620 -
55C 450 550 700
55E 450 550 700
55F 450 550 700
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Evaluation of shear connectors in composite bridges

Table G.5 Historic steel mechanical properties to BS 7668: 1994

Min yield (N/mm?)

Min elongation - on a gauge length mm

Grade Thickness (mm) Min tensile N/mm2
<12 12<x<25@ 25<x<40 5.65/So
S345JOWPH 345 325 325 480 21%
S345)JO0WH 345 345 345 480 21%
S345GWH 345 345 345 480 21%

@ QOnly circular hollow sections are available in thicknesses over 20mm
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Appendix G: Historic steel mechanical properties

Table G.6 Historic steel mechanical properties to BS EN 10025-4: 2004

Min yield® (N/mm?)® Tensile strength (N/mm?)® Min
Grade elongation -
Thickness (mm) Thickness (mm) on a gauge
length mm
Accordi
b, | i
and CR EN 10027- | <16 | 16<x<40 | 40<x<63 63<x<80 80<x<100 | 100<x<120 | <40 | 40<x<63 | 63<x<80 | 80<x<100 | 100<x<120 5.654/S0©
2
10260
S275M 1.8818 370
275 | 265 255 245 245 240 o | 00to | 350to | 350to 350to 24%
S275ML 1.8819 520 510 510 510
530
S355M 1.8823 470
450 t 440 t 440 t 430t
355 | 345 335 325 325 320 to ° ° ° ° 22%
S355ML 1.8834 630 610 600 600 590
S420M 1.8825 520
500 t 480 t 470 t 460 t
420 | 400 390 380 370 365 to ° ° ° ° 19%
S420ML 1.8836 680 660 640 630 820
S460M 1.8827 540
530 to 510 to 500 to 490 to
460 440 430 410 400 385 to 17%
S460ML 1.8838 720 710 690 680 660

@ For plate, strip and wide flats with widths > 600mm the direction transverse (t) to the rolling direction applies. For all other products the values apply for the direction parallel (I)
to the rolling direction.

® 1MPa = N/mm2.
© For product thickness < 3mm for which test pieces with a gauge length of L, = 80mm shall be tested, the values shall be agreed at the time of the enquiry and order.
@ For long products of thickness < 150mm apply.
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Evaluation of shear connectors in composite bridges

G3 Australian Standards 1972-1996

Table G.7 Historic steel mechanical properties to AS 1204:1972

Min yield (N/mm?)

Min elongation-- on a
. @ Min tensile Max auge length mm
Year Standard Grade Thickness (mm) (N/mmz)® tensile gaug 9
N 2
<8 8<x<12 | 12<x<20 | 20<x<40 | 40<x<50 | 50<x<150 N/mm? 5 0omm© | 56545,

250
250 L0 280 260 250 230 230 230 410 20% 22%
and L15

300
300 LO

300 LO
and L15

350
350 LO

310 300 280 280 280 280 450 19% 21%

360 360 340 340 340 330 480 18% 20%

1972 AS 1204 35010 -
and L15

400
400 LO

410 410 520 16% 18%
400 LO
and L15

500

500 LO

480 - 550 14% 16%
500 LO
and L15

@ Tensile test requirements for plate over 150mm thick in grades 250, 300 and 350, over 12mm thick in grade 400 and over 10mm thick in grade 500 are subject to negotiation
between the purchaser and manufacturer.

® The minimum tensile strength requirement does not apply to plates under 6mm thick for grade 250.

© The minimum elongation on 200mm gauge length for thicknesses up to and including 8mm is 16% for grades 250 and 300 and 15% for grades 350 and 400.
166



Appendix G: Historic steel mechanical properties

Table G.8 Historic steel mechanical properties to AS 1204:1980
Min yield (N/mm?) Min elongation
; ; - on a gauge
Year Standard Grade Thickness (mm)® I:’I,\;?r:::;g? length mm
<8 8<x<12 12<x<20 20<x<40 40<x<80 80<x<180 5.654/So
200 200 200 - 300 24%
250 280 260 250 240 240 230 410 22%
1980 AS 1204 ZSOL']()Sa”d 280 260 250 250 240 240 410 22%
350 360 360 350 340 340 330 480 20%
35°LL105"“”d 360 360 350 340 340 330 480 20%
@ The minimum tensile strength requirement does not apply to plates under 6mm thick for grade 250.
Table G.9 Historic steel mechanical properties to AS 3678 from 1990 to 1996
Min yield (N/mm?) Min elongation - on
Min tensile
i a gauge length mm
Year Standard Grade Thickness (mm) (N/mm2)@
<8 8<x<12 | 12<x<20 ‘ 20<x<32 I 32<x<50 I 50<x<80 ‘ 80<x<180 5.654/So
200 200 200 300 24%
250© 280 260 250 250 240 230 410 22%
250 L15 280 260 250 250 240 240 410 22%
300
320 310 300 280 280 280 430 21%
1990 AS 3678 300 L15
350
360 360 350 340 340 330 450 20%
350 L15
400
400 400 380 360 480 18%
400 L15
1996 200 200 200 300 24%

167




Evaluation of shear connectors in composite bridges

Year

Standard

Min yield (N/mm?)

Min elongation - on

Min tensile
i a gauge length mm
Grade Thickness (mm) (N/mm2)@
<8 8<x=<12 | 12<x=<20 | 20<x=<32 | 32<x<50 | 50<x<80 | 80<x<180 5.65/So
2500 280 260 250 250 250 240 230 410 22%
250 L15 280 260 250 250 250 240 240 410 22%
300
320 310 300 280 280 270 260 430 21%
300 L15
350
360 360 350 340 340 340 330 450 20%
350 L15
400
400 400 380 360 360 360 480 18%
400 L15
450
450 450 450 420 400 520 16%
450 L15

@ So is the cross sectional area of the test piece before testing

® Elongation need not be determined for floorplate

© For grade 250, the minimum tensile strength requirement does not apply to material under 6mm thick
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Appendix G: Historic steel mechanical properties

Table G.10  Historic mechanical properties for extra formability, structural and weather-resistant grades for AS 1594
Elongation, % min®
Mini ield Mini tensil
Nominal thickness fnimum up|(::&)=_r e inimum tenstie Gauge length (Lo)
Year Standard Grade stress strength
mm
mm MPa MPa 50 80 200
>3 28 26 20
XF300 300 440
>3 31 29 23
1992 >3.5 380 460 25 23 18
XF400
>3.5 360 440 25 23 18
XF500 <13 480 570 18 16 14
AS 1594
>3 300 440 28 26 20
XF300
>3 300 440 31 29 23
1997
XF400 <8 380 460 25 23 18
XF500 <8 480 570 18 16 14
2002 Same as AS 1594: 1997

@ If a product does not exhibit a well-defined yield point, the 0.2% proof stress should be determined (see AS 1391).

®) L, = Original gauge length of the test piece.
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Evaluation of shear connectors in composite bridges

Table G.11  Historic mechanical properties for formability, structural and weather-resistant grades for AS 1594
Min elongation (% as a proportion of gauge length)@(®)
Min vield Min tensil Thickness (mm)
Year Standard Grade@ e ' tensiie
(N/mm?) (N/mm?) <3 >3
L.=50 L,=80 L,=200 L,=50 ‘ L,=80 ‘ L.=200
HD1 (see note ©) (see note ©)
HD2 (see note (©) (see note ©) 30 28 20 34 32 22
HD3 (see note ©) (see note ©) 34 32 22 38 36 24
HD4 200 320 36 34 24 40 38 26
HD200 200 300 24 22 17 28 26 19
1992 HD250 250 350 22 20 16 26 24 17
HD300 300 400 20 18 15 24 22 16
HD300/1 300 430 20 18 15 24 22 16
HD350 350 430 18 16 14 22 20 15
HW350 340 450 - 15 15
AS 1594 HD400 400 460 16 14 13 20 18 14
(© (c)
HA 1 (see note '¢) (see note '¢)
200 300
HA 3 200 300 34 32 22 36 34 24
HA 4N 170 280 36 34 24 38 36 26
1997
HA 200 200 300 24 22 17 28 26 19
HA 2
>0, HU 250 350 22 20 16 26 24 17
250
HA H
?;%%' v 300 400 20 18 15 24 22 16
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Appendix G: Historic steel mechanical properties

Min elongation (% as a proportion of gauge length)@(®)
Min viel Mi il Thickness (mm)
Year Standard Grade® n ylezd 'n tenszl €
(N/mm?) (N/mm?) <3 >3
L.=50 L.=80 L.=200 L.=50 L.=80 L.=200
HA 300/1 300 430 20 18 15 24 22 16
HA 350 350 430 18 16 14 22 20 15
HW 350 340 450 - - 15 - - 15
HA 400 380 460 16 14 13 20 18 14
2002 Same as AS 1594: 1997

@ |, = Original gauge length of test piece.
®) Elongation testing is not required for floorplate.
© For design purposes, yield and tensile strengths approximate those of structural grade HA200. For specific information contact the supplier.

@ The letter 'D' indicates deoxidisation practice, which may be U, R or A
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Evaluation of shear connectors in composite bridges

G4 Historical mechanical properties for grade 55 plates

Table G.12  Historic mechanical properties for grade 55 plates for BS 4360 1968-1990
Min yield (N/mm?) Min elongation - on a gauge length
Year Standard Grade Thickness (mm) M(i;/t:\r::)le M:‘J/::nmii)le mm
<16 16<x<25 25<x<40 40<x<63 80mm 200mm 5.654/So
55C 447.9 432.4 417 - 556.0 695.0 17%@ 19%
1968 55E 447.9 432.4 417 401.6 556.0 695.0 17%@ 19%
55C 450 430 415 - 17% 2 119%
1972
55E 450 430 415 400 - 17% 3 219%
55C 450 430 415 - - - 17% 19%
1979 55E 450 430 415 400 17% 19%
BS 4360 55F 450 430 415 - 17% 19%
55C 450 430 - - 550 700 19%®) 17%© 19%
1986 55EE 450 430 415 400 550 700 19%®) 17%© 19%
55F 450 430 415 - 550 700 19%® 17%© 19%
55C 450 430 - - 550 700 19% 17% 19%
1990 55EE 450 430 415 400 550 700 19% 17% 19%
55F 450 430 415 - 550 700 19% 17% 19%

@ynder 19.1mm thick, 16% for grades 40 and 43 and 15% for grades 50 and 55
® Up to and including 9mm thick, 17% for grades 40A-43EE and 16% for grades 50A-50EE
© Up to and including 9mm thick, 16% for grades 40A-43EE and 15% for grades S50A-50EE
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Appendix G: Historic steel mechanical properties

G5

Mechanical properties for weather resistant steel plates

Table G.13  Historic steel mechanical properties for weather resistant steel plates BS 4360 from 1972 to 1994
Min yield (N/mm?) Min elongation - on a gauge
Year | Standard Grade Thickness (mm)® M(i;:/tr::fzi;e length mm
<12 12<x<25 | 25<x<40 40<x<63 63<x<100 200mm®@ 5.65/So

WR50A1 340 325 325 480 19% 21%
WRS50A 340 - - i i 480 1% 21%
1972 WR50B1 345 345 345 340 By agreement 480 19% 21%
WR50B 345 345 - 480 19% 21%
WR50C 345 345 345 480 19% 21%
WRS50AT 345 325 325 i 480 1% 21%
WR50A 345 - - 480 19% 21%
WR50B]1 345 345 345 340 480 19% 21%
1979 BS 4360 WR50B 345 345 345 340 480 19% 21%
WR50C1 345 345 345 340 480 19% 21%
WR50C 345 345 345 340 B 480 19% 21%
WR50A 345 325 325 480 19% 21%
1986 WR50B 345 345 345 340 480 19% 21%
WR50C 345 345 345 340® 480 19% 21%
S345)JOWPH 345 3250 325 480 21%
1994 S345)O0WH 345 3250 345 - 480 21%
S345GWH 345 3250 345 480 21%

@ Min elongation of 17% for material under 9mm

® yp to and including 63mm

© Only circular hollow sections are available in thicknesses over 20mm
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Evaluation of shear connectors in composite bridges

Table G.14  Historic steel mechanical properties for weather resistant steel plates to AS 3678 from 1990 to 1996
Min yield (N/mm?) Min tensile Min elongation - on a
Year Standard Grade Thickness (mm) (N/mm?) gauge length mm
<8 8<x<12 12<x<20 20<x<32 32<x<50 5.65/So
WR350/1
1990 340 340 340 340 450 20%
WR350/ 1LO
AS 3678
WR350/1
1996 340 340 340 340 340 450 20%
WR350/ 1LO
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Appendix G: Historic steel mechanical properties

Table G.15 Historic steel mechanical properties for weather resistant steel plates to AS 1205 from 1972 to 1980

Yield stress N/mm* Min elongation - on
Year Standard GRADE Thickness of material (t) mm M(:‘/:::::)Ie a gauge length mm
10 12 20 50 200mm 5.654/So
WR350/1 340
WR350/1L0 i 340 i
WR350/2 340 340 480 18% 20%
WR350/2L0 i 340
WR350/2L15 i 340
WR400/1 i 410
WR400/1L0 410
1972 WR400/2 410 520 16% 18%
AS 1205
WR400/2L0 410
WR400/2L15 410 -
WR500/1 480 )
WR500/1L0 480
WR500/2 480 - 550 14% 16%
WR500/2L0 480
WR500/2L15 480
1980 Same as 1972 version
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Evaluation of shear connectors in composite bridges

Appendix H: Summary of assessment procedure
for bending capacity of existing New Zealand
composite bridges with channel shear connectors

This appendix provides a stand-alone assessment procedure for design engineers without need to cross-
reference other parts of this report.

Step 1: Carry out site inspection

Identify structural deterioration of the bridge structure, including, among others, the condition of the
shear connectors.

Step 2: Determine appropriate material strengths
Refer section 3.4 and 3.5, appendix G of this report and section 7.3 of the Bridge manual, 3rd edition.
Step 2a: Identify types of the shear connectors and determine the ductility of the shear connectors

e Headed shear studs may be considered ductile when the overall height after welding is not less than
four times the shank diameter dbs and 16mm<d,.<25mm.

e Channel shear connectors may be considered ductile if the channel unit web slenderness
H/tw/L>0.124 (where H, tw and L are the height, web thickness and length of the channel shear
connectors, respectively).

Step 2b: Identify dimensions of the concrete slabs and steel sections and the bridge effective span
for the calculation of the effective width of concrete flange

Use figure H.1 to calculate the effective bridge span Lef for calculating the effective width of concrete slab.
For a simply supported bridge, the effective span equals the effective bridge span.

176



Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

Figure H.1 Equivalent spans Ler for calculation of the effective width of concrete flange

2
|

N ==
AT A

AN
(a) Elevation (b) Cross-section
Ll L2 LS
L4 L2 L4l L4 L,/2 L,/4
Sag—— ~Beo b ¢ of bean

(c) Effective beam width shown in plan

LEGEND:

L= 085 L, for b, insegmentl

L, =025( L, + L,)for b, in segment 2
L =070 L, for b, insegment3

Ly =2 Lyfor b insegment4

Step 2c: Calculate effective breadth of the concrete flange
At mid-span or an internal support, the total effective width b.« may be determined as:
bett = bo + Zbei (Equation H.1)

Where:

bo = distance between the centres of the outstand headed stud connectors, or the width of the shear
connector (when channel shear connectors are used).

bei = value of the effective width of the concrete flange on each side of the web and taken as Lef/8 (but not
greater than the geometric width £) The value b defines the distance from the outstand shear connector
to a point mid-way between adjacent webs, measured at mid-depth of the concrete flange, except that at a
free edge biis the distance to the free edge. Ler is taken from step 2b.

The effective width befr at an end support is determined as:

beft = bo + Zfibei (Equation H.2)
with
Bi= (0.55 + 0.025 Ler / bei)

Where:
bei = effective width and Ler is taken from step 2b
Step 2d: Determine steel section classifications

Any section damage observed from step 1 shall be considered. Use table 5.1 of AS 5100.6:2004 to
determine the section classifications. The section is deemed to be compact if section slenderness Ae<Aep
otherwise non-compact section should be considered.
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Evaluation of shear connectors in composite bridges

The table is replicated below.

Table H.1 Values of plate element slenderness limits (table 5.1 of AS 5100.6:2004)
Plate Longitudinal | Residual Plasticity Stress distribution Yield limit, Stress distribution
element | edges stress limit, Aep rey
type supported (€))
Flat One SR 10 COMPRESSION 16 COMPRESSION
HR 9 [T 16 [T
[ Se—] [ Se—]
LW, CF 8 15
HW 8 14
———— 1 ———— 1
(Uniform compression)
Flat One SR 10 COMPRESSION 25 COMPRESSION
HR 9 TENSION 25 TENSION
LW, CF 8 I 22 I
HW 8 22
— 1 | —
(Maximum compression
at unsupported edge,
zero stress or tension at
supported edge)
Flat Both Any For z For z
1.0>rp>0.5 7] 1.0>re>0 g
(5]
111 g i 5 i
_ —_— o
4.7r, -1 < r NA s
p o € o
g © ©|® 3 ©
Forrp < 0.5 = See note 2
4 & i
— = =
s
See note ®

(Web of beam with
neutral axis not at mid
height)

SR = stress relieved; HR = hot-rolled or hot-finished; CF = cold-formed; LW = lightly welded longitudinally; HW = heavily
welded longitudinally

Notes:

@  Welded members whose compressive residual stress are less than 40MPa may be considered to be lightly welded.

®) . is the ratio of the distance from the plastic neutral axis to the compression edge of the web to the depth of the web.

©  reis the ratio of the distance from the elastic neutral axis to the compression edge of the web to the depth of the web.
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Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

Step 2e: Identify construction methods - propped or unpropped

Construction method may be identified from the as-built drawings. If the information is not available, it is
reasonable to conservatively assume that unpropped construction was used.

Step 3: Identify critical section(s) of the main supporting members and the critical effect(s) on them

Incorporating information from steps 2b, 2c and 2d, establish and run global grillage analysis to obtain
the location of the maximum sagging bending moment in the composite beams under evaluation load (eg
50MAX and HPMV) and the bending moment under critical vehicle loading located closer to the support.

Step 3a: Determine the total number of shear connectors n between the locations of zero and
maximum sagging moment in the bending moment envelope

For simply supported bridges, locations of zero moment are at supports. For continuous beams, zero
moment is located at either end supports (or points of contraflexture).

For continuous beams, the lesser number of the shear connectors from both the locations of zero moment
(ie points of contraflexure or at supports, when simply supported) to the location of the maximum
sagging moment should be used.

The location of the maximum sagging moment for both simply supported and continuous bridges may be
determined from the bending moment envelope.

Step 3b: Determine the degree of the shear connection 5 at maximum sagging moment location if
shear connectors are deemed to be ductile from step 2a.

— (Equation H.3)
n= Nc/Nc,f

Where:

Nc is the design value of the compressive force in the concrete given as nPq,
N¢ris the design value of the compressive force in the concrete with full shear connection (which is the
lesser of Aafs and 0.85fuberh)

nis the number of shear connectors from step 3a
Aa is the cross-sectional area of the steel beam

fya is the design yield strength of the steel (fya = ¢f}), fcd is the design compressive strength of the concrete
(fad = ¢f). Pra is the design resistance of a shear connector (Prd= ¢vPrx). $=0.9, $c=0.6, dbv=0.85 should
be used.

For channel shear connectors:

Pog = -31.2(t + 0.5, )L/ . (Equation H.4)
Where ¢v=0.85:
trsc is the average flange thickness of the channel
twsc is the web thickness of the channel

Lsc is the length of the channel connector\f, is the concrete cylinder strength.
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Evaluation of shear connectors in composite bridges

Step 3c: Determine the minimum degree of shear connection 77 _ . at maximum sagging moment
location for shear connection ductility check if step 3b applies.
The minimum degree of shear connection nmincan be obtained from the following expression:

a) For steel sections with equal flanges:

(Equation H.5)

Ly <25m:7,;, = max{l- ? (0.75-0.03L, ); 0.4

€
y
L; >25m:n,,, =1.0
b) For steel section shaving a bottom flange with an area equal to three times the area of the top

flange:

(Equation H.6)

L, <20m:7. ., =max{1l- % (0.30-0.015L,);0.4

y
L; >20m:n,,, =1.0

Where:

Lef, in metres,is obtained from step 2b.
For steel sections having a bottom flange with an area exceeding the area of the top flange (but less than
three times that area), 7min may be determined by linear interpolation from equations H.5 and H.6.

Note that if 7 determined in step 3b is found to be lower than #smin, ductile shear connection identified
from step 2a is deemed non-ductile in choosing the evaluation equations in table H.1.

Step 3d: Determine the total number of shear connectors n between the locations of zero and critical
sections when the vehicle is closer to the supports

Repeat step 3a, but calculate the total number of shear connectors between zero moment and critical
sections.

Step 3e: Determine the degree of the shear connections 7 by repeating step 3b but with the number
of shear connectors n obtained from step 3d for the critical sections

Repeat steps 2b and 2c¢ to derive the effective concrete area of the critical sections in order to use
equation H.3.

Step 4: Determine the overload capacity and/or the live load capacity at each critical main member
sections

Step 4a: Choose appropriate design curves
The options for design curves are sketched in figure H.2.

With the ductility of the shear connectors determined in step 2a, steel section classification determined in
step 2d, degree of the shear connection obtained in step 3b, minimum degree of the shear connection
determined zminin step 3c and the construction methods identified in step 2e, the engineer can decide
which assessment option in table H.1 to pursue. Relevant expressions of the equations are presented
following the table.
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Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

Figure H.2 Design curves for composite beam bending capacity

fya
(i) PNA in slab

(c) Point C

(iii) PNA in web
(d) Point B

<085,
-

—
M
085fy 1.0 <f 4
cf
k- fi == 0.85 (iv) ENA in steel beam
>
- I ) (e) Point E or F
} N, /Mgeq
fyd M,
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Evaluation of shear connectors in composite bridges

Table H.2 Assessment options for bending capacity of composite beams according to draft AS/NZS 2327

4 Ductility of shear connectors
Ductile Non-ductile
Options® Equation no. Options Equation no.
P A
5 n
0 N, .. N_‘,‘ n, 1.0 .
N, N,

A@ H.4 N/A N/A

c@ H.5 to H.16 C H.5 to H.16
ABC© H.18 to H.20
DEC H.25 to H.26
AC© H.21
Compact®@
DEC H.25 to H.26
OFC H.27 to H.28 OFC H.27 to H.28
| .
Steel section DE H.29 DE H.29
classification

OF H.30 OF H.30
C H.5 to H.16 C H.5 to H.16
DEC H.25 to H.26 DEC H.25 to H.26
Not-compact OFC H.27 to H.28 OFC H.27 to H.28

DE H.29 DE H.29

OF H.30 OF H.30

Notes:
@ The not-compact web may be treated as compact if the web section is reduced according to Cl.5.1.4 of AS
5100.6:2004.
® Assessment options are referred to in figure H.2.

-Curve ABC - equilibrium method (rigid-plastic theory)

-Line AC - simple interpolation method

-Lines DEC/OFC - non-linear method (unpropped/propped construction)

-Lines DE/OF - elastic method (unpropped/propped construction)
© These two options, i.e. Line ABC and Line AC but excluding point C, only apply when degree of shear connection n
obtained in step 3b is larger than the minimum value, ie n > nmin and when the steel section is compact. The
remaining options in the table apply regardless of this limitation. The shear connection is deemed to be non-ductile
if n < nmin even if the individual connectors meet certain criteria and are considered ductile. When the steel beam is
non-compact, similar rules to those for non-ductile shear connection apply.
@ When points A and C are calculated, alternative equation H.4 and equations H.5~H.16 can be used respectively.

The equations in table H.2 are shown below together with the following supplementary definitions:

N — Aa f Design value of the plastic resistance of the structural steel section to normal
pl.a yd force.

182



Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

N pl,c = 085 fcd beﬁ hc

N,y =t,df
N, =bt, f,

NpI,n - |\Ipl,a - Npl,d + Npl,o

N, =60et,’f,,

=
I
=

pl,w

= Z
w
Il
&
m—h
o

Q
P x4y

cel

— — —hQ- (DU Z Z
Q < =Y
Q. o

(%2
o

=)

Design compression resistance of the concrete flange.

Design value of the plastic resistance of the clear depth of the steel web to normal
force.

Design value of the plastic resistance of the steel flange to normal force.

Design value of the plastic resistance of structural steel section with a class 3 web
to normal force.

Design value of the plastic resistance of the remaining portion of the compression

250

part of a not-compact steel web to normal force. ¢ = [——

f

y

Design value of the plastic resistance of the steel web to normal force.

Design value of the plastic resistance of the longitudinal steel reinforcement to
normal force.

Compression force in the concrete determined by the capacity of the shear
connectors nPgq

Design value of the compressive normal force in the concrete flange with full
shear connection.

Compressive force in the concrete flange corresponding to moment Meird.

Effective breadth of the concrete flange

Clear depth of the steel web

Design yield strength of steel (fya=fy)

Design compressive strength of concrete (foa=dcfc’)

Design yield strength of steel reinforcement (fsa=ofs,)

Depth of structural steel section

For profiled sheetings, the height of concrete slab above crests, ie hc=ht-hp. When
solid slab is used, hc=ht.

The overall depth of the sheet excluding embossments; hp=0 when solid slab is
used.

Distance from the top flange of the steel beam to the centroid of the longitudinal
reinforcement in tension.

Overall depth of the concrete slab.

The geometric variables using the above definitions are presented graphically in figure H.3.
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Evaluation of shear connectors in composite bridges

Figure H.3 Composite beam with basic variables

bt b.s

Bridge deck in Bridge deck with haunch
concrete slab

Non-composite beam design
Mpi,a,ra, point A in figure H.2

f (Equation H.7)
ep yd

M pl,a,Rd - Z
Where:
Zepis the plastic modulus of the steel section alone or determined as per Cl.5.1.3 of AS 5100.6:2004.
Composite beams design with full shear connection
Mpl,rd, point C in figure H.2
Sagging bending
Case 1: Npi,c < Npiw (plastic neutral axis in web - iii in figure H.2(c))

a) Cross-section is compact:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
compression, is given as (which may be used to classify the web according to table 4.1 of AS
5100.6:2004):

h N,.d (Equation H.8)
Xp| = ht BT LA
2 NpLd 2
h. +h +h NI (Equation H.9)
I\/IpIRd:NlplaRd_'_Nplc(a hl P)_ Bl 9
Y a Y 2 Npl,d 4

b) Cross-section with compact flanges, but with not-compact web that is further reduced to an effective
cross-section into compact section with an effective web according to CI.5.1.4 of AS 5100.6:2004:

(ha + hl + hp) (N pl c2 +(N pld Npl,cXN pld Npl,c _2Np|‘0)) d (Equation H.10)

+ N, - hal
2 A\ 4

M pl.Rd — M pl.a,Rd

Case 2: Npi,c = Npiw(plastic neutral axis in flange

a) Np|,a > Nch (plastic neutral axis in steel flange - ii in figure H.2(c)))

", he (N . —N c)z t (Equation H.11)
M pl.Rd — N pl,a ?—F N pl,c(ht —7j pl, pl, f
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Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

b) Np|,a <N ol (plastic neutral axis in concrete flange - i in figure H.2(c)).

h N,  h ] (Equation H.12)

a la 'l
M re = Np|,{7+ h, —ﬁ?

Hogging bending
Case 1: Plastic neutral axis in web
a) Cross-section is compact, Ns < Npjw:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
tension, is given as (which may be used to classify the web according to table 5.1 of AS 5100.6:2004):

h N. d (Equation H.13)
Xy =h +—F——"—
2 N i 2
h, st d (Equation H.14)
M plRd — M pl,a,Rd + Ns -t hs - -
2 Npl,d 4

b) Cross-section with compact flanges, but with non-compact web which is further reduced to a compact
cross-section with an effective web according to Cl.5.1.4 of AS 5100.6:2004: Ns < Npi,o:

h, (N52+(Np,,d + NS)(Np,,d +Ns—2Npu,o))d (Equation H.15)
Mpl,Rd :Mpl,a,Rd +Ns _+hs - —
2 Npl,d 4
Where:
M plaRd is obtained from equation H.7.
Case 2: Plastic neutral axis in flange
a Cross-section is compact Ns >N pl,w
i) Plastic neutral axis in steel flange Npl,a > Ns :
h (N . —N )2 t, (Equation H.16)
M pl,Rd — N pl.a ?a-l_ Nshs _LZ

pl,f

ii) Np|,a < Ns (plastic neutral axis outside steel beam).

ha
M plRd = N pl,a(?—l_ hs)

b) Cross-section with compact flanges, but with non-compact web, which is further reduced to a compact
cross-section with an effective web according to Cl.5.1.4 of AS 5100.6:2004 Ns 2 Npm:

(Equation H.17)

i)  Plastic neutral axis in steel flange Npm > Ns:

ha N h (N pln Ns)2 t (Equation H.18)
_+ )

f
pl.n sils D
2 ol f 4

M =N

pl,Rd

ii) Plastic neutral axis outside steel beam Np|,n < Ns
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Evaluation of shear connectors in composite bridges

ha (Equation H.19)
M pl,Rd — Npl,n[? + hsj

Composite beam with partial shear connection

M rd of any point along curve ABC in figure H.2 - equilibrium method (rigid-plastic theory)

For sagging bending
Case 1: 71N.s < N,,.. (plastic neutral axis in web)
a) Cross-section is compact:

The depth of the plastic neutral axis, measured down from the extreme fibre of the concrete flange in
compression, is given as (which may be used to classify the web according to table 5.1 of AS
5100.6:2004):

h. 7N d (Equation H.20)
X =h +*- ——
2 N, 2
h, MNg¢ h, (77Nc f)z d (Equation H.21)
Meg =M ars +Ng | Z+h ——=F |- ——
2 Npl,c 2 Npl,d 4

b) Cross-section with compact flanges, but with web being not-compact, which is further reduced to a
compact cross-section with an effective web according to CI.5.1.4 of AS 5100.6:2004:

_ 77Nc,f & _ ((77Nc,f )2 + (N ol.d _nNc,f XN ol.d _77Nc,f —2N pl,o))g (Equ:Tizozr;
2 Npl,d 4

E'ﬁ'ht

Meg =M arg +7IN, ¢ 2 N

pl,c
Where:
M pl.aRd is obtained in equation H.7.

Case 2: 71N s> N, (plastic neutral axis in steel flange)

f
N 2 N 4

h N., h N,.—-nN_, JFt (Equation H.23)
MRd:NPI'a?_F?]Nc,f(hI_'] = _CJ_( e 1 'f)

pl.c pl, f

M rd of any point along line AC in figure H.2 - simple interpolation method

_ _ (Equation H.24)
MRd—Mpl,a,Rd+77(Mp|,Rd Mpl,a,Rd) auation

Where:
M pl.a,Rd is obtained from equation H.7

M pl,Rd is obtained from equations H.8 to H.19.
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Appendix H: Summary of assessment procedure for bending capacity of existing New Zealand composite bridges with
channel shear connectors

Composite beam with non-linear design

M a,Ed » point D in figure H.2 for unpropped construction method
— (Equation H.25)
M a,Bd — Ze fs

Where:
Ze is the steel effective elastic section modulus
fs is the stress at extreme fibre of the steel section under construction load.

MeI,Rd , point E in figure H.2 for unpropped construction method
_ (Equation H.26)
MeI,Rd - |vIa,Ed +ko,Ed
MeI,Rd , point F in figure H.2 for propped construction method

— (Equation H.27)
MeI,Rd - ko,Ed

Where:
Ma,Ed is obtained from equation H.25
Mc,Ed is the part of the design bending moment applied to the composite section.

k is the lowest factor such that any of the design stress limit fcd1 fyd , fsd can be reached for concrete in
compression, structural steel in tension or compression and in reinforcement in tension or compression
respectively.

M rd of any point along line DEC in figure H.2 for unpropped construction method - non-linear
method

N (Equation H.28)
Mgg = Ma,Ed +(MeI,Rd - Ma,Ed)N  for Nc < Nc,el
c,el
N, — N, (Equation H.29)
Meg =My rg "‘(M oird — M rg )A for I\Ic,el < Nc < Nc,f
Nc,f - Nc,el

Where:

Ma,Ed is obtained from equation H.25

MeI,Rd is obtained from equation H.26.

M pl,Rd is derived from equations H.8 to H.18.

M rd of any point along line OFC in figure H.2 for propped construction method - non-linear method

N (Equation H.30)
Mgy = MeI,Rd N = for Nc S Nc,el

c,el

Nc_Nce
Mgy = Mg rg +(M plRd My e )ﬁfor Nc,el < Nc < Nc,f

c,f cel

(Equation H.31)

187



Evaluation of shear connectors in composite bridges

Where:
MeI,Rd is obtained from equation H.27.
M pl,Rd is derived from equations H.8 to H.18.

M rd of any point along line DE in figure H.2 for unpropped construction method - elastic method

NC

(Equation H.32)
Mps =M, g +(MeI,Rd -M, e ) N

for Nc < Nc,el

cel

M rd of any point along line OF in figure H.21 for propped construction method - elastic method

NC

(Equation H.33)
MRd = MeI,Rd N

for Nc < |\Ic,el

c,el
Step 4b: Determine load capacity at critical sections

With assessment options determined in step 4a, use the section properties such as Ze, Mpi,rd, Ncf etc of
each individual critical section in determining the section capacity. In particular, degree of shear
connection 7(obtained from step 3b and step 3d), should be used respectively for the sections at
maximum bending moment and critical sections under vehicle loading.

To determine the design capacity, strength reduction factors have to be properly assigned to each material
component in the design equations, where the strength reduction factors ¢=0.9, ¢.=0.6, ¢,=0.85 for steel,
concrete and shear connectors, respectively as per table 3.2 of AS 5100.6:2004.

Steps 5to 11

No amendments are made to these steps in the Bridge manual and are therefore omitted here.
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