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Abstract

This thesis focuses on the behaviour of composite beam using the Australian Code
in which creep and shrinkage play the main role in long term response. The main

aims of the thesis are:

i) design of composite beam using AS/NZS 2327:2017

ii) parametric analysis to understand the behaviour of the beam and check

the parameters which influence most the service behaviour

iii) built a Finite Element Model to check the response of the beam and make

a comparison with the Australian code

In the first part of the thesis, a state of the art shows the history and the behaviour
of composite beam from 1961 since 2018 which analyses: the time-dependent
behaviour of composite slab and beam, the shear lag effect, the shear deformability
and the models used to describe this behaviour. Subsequently, the project of the
composite beam is implemented using the new Australian code which focuses more
on the effect of shrinkage during the serviceability limit state. To understand how
much the effect of creep and shrinkage influences the behaviour of composite beam
a parametric analysis is performed which analysed the displacements of several
types of steel beams in function of the span and the effect on this beam due to
creep, shrinkage and construction phases. In the last part, a Finite Element Model
is developed to predict the service response of composite beam and make a

comparison between the displacements related from the code and the model.
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Sintesi

Questa tesi si concentra sul comportamento delle travi composite usando il codice
australiano in cui fessurazione e rilassamento svolgono il ruolo principale nella

risposta a lungo termine. Gli scopi principali della tesi sono:

i) progetto della trave composta usando AS/NZS 2327:2017

ii) analisi parametrica usata per comprendere il comportamento della trave e

definire i parametri che influenzano maggiormente lo stato limite di servizio

iii) costruzione di un elemento finito usato per validare la risposta della trave

e creare un confronto con i risultati ottenuti dal codice.

Nella prima parte della tesi, uno stato dell'arte mostra la storia e il comportamento
delle travi composite dal 1961 dal 2018 ed analizza: il comportamento nel tempo
della soletta e della trave composita, l'effetto di shear lag, la deformabilita a taglio
e 1 modelli usati per descrivere gli effetti a lungo termine. Successivamente, il
progetto della trave composita viene implementato utilizzando il nuovo codice
australiano che si concentra maggiormente sull'effetto del rilassamento durante lo
stato limite di servizio. Per comprendere quanto l'effetto dello scorrimento e del
rilassamento influenzi il comportamento delle travi composite; quindi viene
eseguita un'analisi parametrica che analizza gli spostamenti di diversi tipi di travi
d’acciaio in funzione della campata, dell'effetto dovuto a scorrimento, ritiro e fasi
costruttive. Nell'ultima parte, un modello ad elementi finiti e stato sviluppato per
prevedere la risposta allo stato limite di servizio e fare un confronto tra gli

spostamenti del codice e del modello.
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Chapter 1: Introduction

Chapter 1 Introduction

1.1 Introduction

The thesis investigates the behaviour of composite beams in the serviceability limit state.
Composite beam consists of a concrete slab (with or without a steel sheeting) connected
by shear connectors with a profiled steel beam (Figure 1.1). During the action of the
load, the two elements due to the effect of shear connectors guarantee a certain common
behaviour which should be assimilated like a T-beam. Using this construction method,

the advantage is maximizing the use of the two materials.

This technique is largely used in framed buildings, industrial buildings, hospital and
multi-storey buildings and present this advantage:

1) speed of construction

2) saving in weight

3) saving in transport

4) faster construction phases because of the use of pre-fabricated components

5) concrete and steel are utilized effectively
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6) higher stiffness which reduces the deflection respect to a steel beam

7) span bigger without the use of intermediate columns

8) if steel sheeting is used no additional formwork need to be used

Concrete slab

Steel sheeting

Shear connector

™~

Steel beam

Figure 1.1 Composite beam

The use of this system increases during the years and also application in bridges are
developed due to the fast construction procedures and the low value of deflections.
However, some problems related to long-time effect are found related to the effect of creep

and shrinkage especially when profile steel sheeting is used.

1.2 Objectives of the thesis

The objectives of the thesis should be defined as follow:
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1) understand the design of a composite beam using the AS/NZS 2327:2017

2) to perform a parametric analysis able to define the main parameters engaged in

the serviceability limit state
3) define the strength design actions along the constructions stages

4) build a Finite Element Model used to predict the response of composite beam
during serviceability limit state and valeted using the Australian/New Zealand

Standard

1.3 Layout of the thesis
This thesis is divided into 6 chapters and 2 appendices as detailed below:
Chapter 1 showed an introduction of the thesis.

Chapter 2 present a literature review about composite beams in which is described the
researches carried in these years related to the time-dependent behaviour, the shear lag
effect, the shear deformability of steel beam, the use of prestressing and the models

adopted for considering the long-term effects.

Chapter 3 describes how the design of composite beam for strength and serviceability is
developed using the Australian/New Zealand Standard AS/NSZ 2327:2017 in which the

long-term effect due to shrinkage play a big role in the serviceability limit state.

Chapter 4 Parametric analysis, using different types of steel sections and spans, is
developed to understand the parameters which influenced most the serviceability

behaviour.
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Chapter 5 A simplified Finite Element Model is developed on the composite beam and

validated with the results obtained by the Australian Code

Chapter 6 Presents the conclusion of the thesis and some recommendation for future

works which should be carried.

Appendix I Presents the main passage carried out for the design of the composite beam

using AS/NSZ 2327:2017

Appendixz Il Shows the flowcharts used for helping the development of the MATLAB

scripts related to the project of the composite beam and the Finite Element Model
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Chapter 2 Literature review

2.1 Introduction

This chapter will outline the state of the art of composite beams and the works carried
out from analysis and testing of it. In this chapter the time dependent behaviour is
analyzed for composite slab and beam and subsequently the effects of shear lag and shear
deformability are considered. In the final part a study related to prestressing beam is

showed and the models used to describe the time dependent behaviour are defined.

2.2 Background

In many buildings and bridges, it is common to have a concrete slab supported by steel
beams. To guarantee a good distribution of action from concrete slab to steel section, on
the top flange of the steel beam are welded or bolted shear connectors that permit a

common work of the concrete slab with the steel beam. Moreover, composite beam, in
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sagging moment regions, has the advantage that the concrete in the slab takes all or most
of the compression (for which it is best suited), while the steel beam takes all the tension
in the overall system, so with this type of scheme, thereby we have the best use of the
materials. Time-dependent behaviour of the concrete exhibit a great role because the
concrete properties are affected by different drying conditions provided by the presence

of profiled sheeting [1]

Moreover, the randomness about creep and shrinkage model is caused by different
parameters:

a) compressive strength

b) elastic modulus

c) ambient humidity

d) the stiffness of shear connector

e) the magnitude of sustained load

2.3 Time-dependent behaviour

To analyze the history of the time-dependent behaviour it is possible to focus on the

composite slab and on the composite beam.
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2.3.1 Composite slab

During the 70s some experiments related to the time-dependent of composite slab were
done. Bazant analyzed the effects of the creep and predicted creep effects using the age-

adjusted effective modulus method [2].

The analysis of creep and shrinkage in the following years showed a continuous evolution
due to the experimental tests, carried out on composite slabs, and due to the new concrete
analysis models. An analytical model was proposed by the researchers based on theoretical
model performed by Gilbert considering a uniform shrinkage profile and full shear

interaction caused by the steel sheeting and the concrete [3] [4].

It was common to consider a constant shrinkage distribution through the depth of the
concrete slab during the computation of the deflection [5] [6]; but in reality, a non-uniform
shrinkage appears due to the effect of the steel sheeting which introduces an additional
curvature and a consequent deflection in composite slabs that should be included in the
calculations of the deflection predictions. Therefore some experiments were performed on

composite slabs with different drying conditions [7] [8] [9].

Afterwards time-dependent analysis were performed to predict the non-uniform shrinkage
through the slab thickness and the results obtained were compared with the experimental
observation. These works shown the main role of the shrinkage gradient in predicting

shrinkage deformation [10].

During the experiments were noticed a different behavior if it was used the profile steel
sheeting. This element prevents moisture egress and causes a non-uniform shrinkage

which were analyzed with a simplified method [11].
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A parametric study was performed for long term: strains, deflection and stresses. It has
been noted that the stresses increase during time from concrete to steel especially when

it was considered a variation of the load history [12] [13].

Fem and parametric analysis were performed to understand how change the behaviour of
the composite slab in function of the shape of steel deck, the presence of intermediate
stiffeners and the length of span [14]. The presence of this elements produced a reduction
in deflection, stresses and a variation of stiffness in the composite slab if is present a

change in shape of cold formed deck.

Some models which describe the full interaction were described by Gilbert. He compared
the age-adjusted effective modulus method (used to include the effects of creep) the
Dischinger's differential constitutive relationship for concrete and a rate of creep solution

procedure (RCM) to understand the in-service behaviour of the structure [15].

The influence of drying shrinkage in composite slab was analyzed with the presence of
the steel sheeting which create an impermeable layer which causes redistribution of

internal action and variation of long term deflection [16] [17].

In 2018 these studies were implemented with a Hydro-mechanical analysis carried to
understand, in a clearer way, the development of non-uniform shrinkage during the depth

of the composite slab [18] [19].

2.3.2 Composite beam

In 1971 for understanding the importance of the serviceability limit state some case
studies were performed. In those studies. Cracking on the top surface of the concrete slab

over supporting steel girders appears and also excessive deflections of beams were noticed.
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Besides, during the design of the element in analysis deflection the component of shrinkage

was uncertain and this underestimate the measured deflections in structures [20] [21].

The model started with a full shear interaction theory [22] [23] [24] [25] between concreate

slab and steel beam (Figure 2.1).

(a) (c)

Figure 2.1 Full shear interaction (a), Partial shear interaction (b), No shear interaction (c)

After this stage, Bradford and Gilbert tried to analyze the non-linear behaviour involving
a Newton Raphson method to investigate the response of composite cross-sections during
the service load. At typical service load levels, the effect of creep and shrinkage cause a

stiffness reduction [26] [27] [28] [29] [30] [31] [32].

In 1980 a ductile behaviour of the shear connector was noticed and the first model was

implemented in the next years [33] [20].

In the early '90s, the effect of flexible shear connectors were performed by Tarantino and
Dezi with a viscoelastic analysis of composite steel-concrete beams with flexible shear
connectors. The effects of the connection device's deformability caused a migration of the
stresses which occurs with time due to creep and shrinkage [34] [35] [36] [37] [38] [39] [40]

[41] [42].
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A distributed spring model is used to account the shear deformation at the interface of

the two materials and long-term test was carried out [43] [44] [45] [46] [47] [48)].

In the next years numeric method was performed to describe in a more accurately way
the long-term experiments conducted before [49] [50] [51] [52] [53] [54] [55] [56] [57] [58]
[59] [60]. The first method was the Effective Modulus Method (EMM) [2], however, Trost
modified it with an age adjustment (AEMM). With this method, two analysis need to be

carried out [10].

Analytical solution and stiffness method appear with the study of Ranzi e Gilbert [61]

[62] [63] [64] [65].

In 2006 Ranzi proposed a closed form solution for predicting the behaviour of composite
beams using algebraic representations of the viscoelasticity (AEMM and MSM) and a

second-order linear differential equation [66].

To describe the main parameters involved in the behavior two different analysis were

performed: Latin Hypercube and a Montecarlo method [67].

Concrete is less susceptible to creep and shrinkage at higher ages, in fact, Criel et al.
show that the deflection due to creep and shrinkage is underestimated when the fully

cracked section properties are assumed [68].

Some experiments also notice that the shrinkage stresses in steel-concrete interface reduce
the stresses from external load and permit to neglect concrete adhesion to steel girder

flange because its influence is lower respect to the shrinkage stresses [69].

Hydration heat and shrinkage developing in concrete at an early age and are responsible
for cracking [70] which can be caused also by thermal effects, due to the heat, produced

by cement reaction and shrinkage deformations affecting concrete result in stresses [71].

10
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In 2015 Furtak settled some analysis to define the time-dependent behaviour. Creep and
shrinkage models are randomness and depends on various parameter like: compressive
strength, the elastic modulus of concrete, humidity, type of load, the presence of shear
connectors and also some studies are related to the fatigue strength [72]. During the same
year Ban and Uy used blind bolts in steel-concrete composite beams and demonstrated
that time-dependent behaviour changed due to the stiffness and the bolt-to-hole clearance

of connectors which causes lower deflection for the effect of creep and shrinkage [73].

In 2018, Tong et al. and Yuan et al. developed some experiments related to prestressed
structure and their effects on creep, shrinkage and cracking. Parametric study and
tridimensional model and non-uniform shrinkage were developed to controlling the

concrete behaviour [74] [75].

The new researches focus also on the structure durability and the effect of corrosion
caused by the external environment which accelerates the effect of creep and shrinkage

[76].

2.4 Shear lag effect

When a flange is subjected to a bending moment, the stress distribution differs from the
one given by the classic theory of the beam; this is caused by the effect of the "shear-lag

action", which permits the development of shear deformations on it [77].

Theoretical models and experiment were performed to define the distribution of the load

in the concrete flange [78] [79] [80] [81].

Partial interaction was introduced in the model with a flexible shear connector to analyze
the shear lag effect by Dezi [82]. More refined finite element introduces a three-

dimensional non-linear analysis which permits to define the actual effective slab width of

11
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steel composite bridge girders [83]. Other studies were performed also when a negative

moment is applied [84].

Analytical and fem model was compared and shown a shear lag effect in the composite
slab and slip effect in the interface are coupled. The shear lag effect decreases when appear
a reduction of shear stiffness of interface or when slip deformation and deflection of
composite beam increase or when the thickness of the concrete slab has little impact [85]

[36].

Moreover, the accuracy in calculating the effective flange width has a pronounced effect
on the computed ultimate moment and serviceability limit states, such as deflection,

fatigue, and overloading.

Long term analysis was also performed considering the shear lag effect [87] [88].

Closed form solution was implemented and validated by experiments showing the
necessity of accounting for the shear deformation of composite beams. In addition, it is
found that significant errors result from employing Timoshenko beam elements for the

steel beam [89] [90].

Using stiffeners reduced the magnitude of the top flange longitudinal stresses by 40%, but

didn’t affect the shear lag [91].

2.5 Shear deformability of steel beam

An analytical model for the analysis of steel-concrete composite beams with partial shear
interaction including the shear deformability of the steel component was proposed by

Ranzi and Zona. This model is obtained by the sum of a Euler-Bernoulli beam for the

12
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reinforced concrete slab and a Timoshenko beam for the steel beam. Extensive numerical
simulations are carried out to evaluate the effects of the shear deformability of the steel

member on the overall structural response [92].

More models by Dezi et al. was investigated for the analysis of composite beams with the
constrained kinematics encompasses the overall shear deformability, warping of the slab

cross-section and steel beam and partial shear interaction between slab and girder [93].

An analytical model for the short- and long-term analysis of steel beams with partial
shear interaction considering the shear deformability was defined by Ranzi, Zona and
Vrcelj. The time-dependent behaviour of the concrete was considered using a step-by-
step procedure while the steel of the reinforcement and joist is assumed to remain in the
linear-elastic range. The analytical model and the numerical solution was obtained using
the principle of virtual work and the finite element method. Extensive numerical
simulations are carried out on realistic simply supported composite beams to evaluate the
effects of the shear deformability of the steel member on the overall structural response

[94].

2.6 Internal and external prestressing

It is possible to use composite beam with external and internal prestressing. Internal
prestressing is installed in the slab of the composite beam while external is installed in
the bottom part of the steel section. This type of composite beam offers some advantages

[95]:

a) limit tensile stress in concrete

b) prevent the occurrence of cracking

13
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c) smaller values of concrete stresses due to the effect of creep

d) less steel and less deflections

In the positive moment region, the steel beam is prestressed along the bottom (tension)
flange before the concrete deck is cast. In the negative moment region, the steel beam
and the concrete deck can be prestressed either separately or jointly along with the top

(tension) flange [96].

A time-dependent analysis for prestressed composite beams with a flexible shear
connection was performed. Cable anchorages produce peaks on the shear force distribution
at the beam-slab interface and stiffness of shear connection has only a local influence in
the proximity of the inner supports, the cable anchorage cross sections and the beam
ends. Shrinkage influence on the prestress losses is low, so the time evolution of the slab

axial force is strongly modified [97] [98].

Numerical models, used from 2007 to 2010 by Uy, Xue and Giussani, were based on the
Age-Adjusted Effective Modulus Method and parametric analysis were performed for

various level of pre-stressing and their effects on deflection [99] [100] [101].

To investigate the effects of material nonlinearity on structural behaviour, an analytical

model of the continuous composite beams, under sustained service loads, is useful [102].

2.7 DModels for time effects

In 90s century few material researchs was defined related to the study of creep and
shrinkage. The models were simple (caused by fewer materials research) and some
simplification of analysis which avoids the complexities of real analysis were done. The

most widespread method since 1972 was the Effective Modulus Method (EMM) that

14
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increase its error when we considered the ageing of concrete; however, guarantees good

result when:

{ o = cost (2.1)

e =¢go[1+ ¢(t,1y)]

Therefore, if strain varies linearly with the creep coefficient and instant strain in the first

loading being admissible this type of method gives good results.

Trost defined another simplified method that gives an exact solution in many cases with

constant o, constant € and in case of straining of a structure with differential creep [2].

A time analysis using the Effective Modulus Method is an elastic analysis in which E,
(t, 7,) is used instead of E.(10). Moreover, the creep strain is only the function of current
stress in the concrete; consequently, we lost the previous stress history and creep recovery
is also assumed (that is a wrong hypothesis and represents the limit of this approach).
Therefore, creep is overestimated for an increasing stress history and underestimated for

a decreasing stress history.

Trost proposed an adjustment of this method (AEMM) and then Neville and Bazant gave
their essay in the formulation. It was defined a new creep coefficient x t,7, ¢(t,7,) that
considers a gradual application of stresses because their value is less than one and reduce

the creep strain as shown in Figure 2.2:
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Figure 2.2 Variation of stress and strain caused by creep coeflicient

Using the AEMM, the total strain at time t may be expressed as the sum of the strains

produced by o.(7,) (instantaneous and creep), the strains produced by the gradually

applied stress increment Ao, (t) (instantaneous and creep), and the shrinkage strain:
U(:<T()> AU(:(t)

et = + +e,,(t) 2.2
E. (trTo) E, (taTo> ’ 22

where E, t,7, is the effective modulus and E, t,7, is the age-adjusted effective
modulus. With the AEMM, two analyses need to be carried out: one at first loading (time

T,) and one at time ¢ after the period of sustained stress [103].

In 2001 Dezi et al. used a finite difference method to analyse the shear lag effect with
deformable shear connectors with long term behaviour. They define a variational

approach to handle the differential equations [88].

In the 2002 Oechlers et al. introduced a criterion to determine the strength of a shear stud
at partial composite state, and proposed the load—slip relation of the shear stud. Bradford
and Gilbert analysed partially composite beams using an equivalent transformed section
approach, with the linear load-slip relation of a shear connector. In addition, Dezi and
Tarantino directly solved the governing differential equations by using the finite
differential method to calculate the deflection change caused by the slip between the steel

beam and concrete slab. Besides, many mathematical models based on the differential

16
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equations have been introduced for simply supported composite beams with the partial
shear connection. These methods give an exact solution and are very useful for analysing
partially composite beams, but they have some restrictions in applications. Since these
methods are greatly affected by the boundary conditions, only the symmetric structures
with zero slip at midspan can be analysed. To overcome those limitations and to account
for the slip effect in the partially composite beams, a few numerical models have been
proposed. This requirement leads not only to a considerable increase in the number of
degrees of freedom but also to a complexity in mesh definition. In addition, the use of a
double node makes it difficult to analyse a multi-span continuous composite structure

because of the increasing number of nodes and elements [104].

Finite difference procedures give an estimated solution of the analytic model and it can
give problem in statically indeterminate structures for instance in continuous beams.
Moreover, finite element procedures lead to approximate solution present a degree of
accuracy depending on the choice of the shape functions. Newmark’s differential equation
can solve this problem evaluating the flexibility coeflicients of the simply support

composite beam analysing the problem with a force approach (Figure 2.3).
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Figure 2.3 Newmark force approach

Faella et al. during 2002 used the exact solution of the matrix stiffness and the vector of
equivalent nodal forces given by Newmark’s equation and define a finite element model

more accurate [105].

In 2004 Ranzi used a direct stiffness formulation based on an element possessing SDOF
to describe vertical displacement, rotation and slip. It is usual to try to minimize (rather
than to eliminate) the locking phenomenon by using elements with larger numbers of
degrees of freedom (10-DOF and 16-DOF elements), but these elements only produce a
gradual improvement on the results as the degrees of freedoms increase. While the direct
stiffness technique eliminates the locking phenomenon, it can produce numerical
instabilities for low values of the shear connection stiffness, owing to the manipulation of
exponential terms of highly disparate magnitude in the stiffness relationships. This
difficulty was shown to be overcome adequately by recourse to a truncated Taylor series
expansion of the exponential function for the slip within the stiffness matrix for an

element [106].

Subsequent studies focus on the effect of shear connects on the composite beam.
Numerical simulation performed by Jurkiewiez and Braymand observed that the effects
of slip and strains in studs depends on the shrinkage crack and need to be considered

[107).
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In 2006 Ranzi modified the generic solution defined for the composite beam with PI for
instantaneous or short-term loading into the time domain for including viscoelastic
behaviour of a concrete slab. He proposed a closed form solution for predicting the
behaviour of composite beams using algebraic representations of the viscoelasticity

(AEMM and MSM) and a second-order linear differential equation [66].

In 2007 Chaudhary et al. propose a hybrid procedure has been presented to take into
account the effect of concrete cracking and time-dependent effects of creep and shrinkage
in composite beams of the composite frames subjected to service load. The procedure is

analytical at the element level and numerical at the structural level [108].

In 2009 some research tries to blend the effect of creep and shrinkage with the behaviour
of shear connectors; when creep and shrinkage arise the shear connectors are affected by
the stiffness and strength of shear connectors and the stiffness and strength of the

surrounding concrete that is reduced during the time.

In 2010 to prove that an accurate finite element model has been developed to investigate
the behaviour of the shear connection in composite steel-concrete beams for both solid
and profiled slabs when creep and shrinkage are examined, and the FE models were

compared with push test experimental.

The structural steel beam, profiled steel sheeting and steel reinforcing were each modelled
in a piecewise linear fashion as an elastic-plastic material with strain hardening. The shear
connectors were also modelled in a similar fashion as the structural steel beam, profiled

steel sheeting and steel reinforcing but without the inclusion of strain hardening.

They observed that for the solid slab, the failure mode is shear connector failure, whilst
failure in the profiled slabs can be attributed to concrete failure. It also can be observed

that the solid slab generally had a higher ultimate shear capacity and slip capacity when
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compared with the profiled steel sheeting slab. Lastly, it is concluded that creep caused
by the slip of the shear connectors was noticeable in the first 400 days, and the Young’s
Modulus of the concrete is reduced accordingly, leading to significant reduction in the
shear resistance of the headed stud shear connection. After 400 days, creep did not have
a major influence on the mechanical behaviour of composite steel and concrete structures

[59].

In 2010 Nguyen et al. define a time-discretised formulation for the time-analysis of
composite beams adopting a step-by-step procedure for the discretization in time of the
concrete constitutive relationship, the time-discretised governing equations of the problem
are analytically solved. The solution is approximate in time and exacts in space. The
space-exact expression of the stiffness matrix and the vector of equivalent nodal forces
are deduced for a generic composite beam element. The proposed space-exact finite
element model is used in a displacement-based procedure for the time analysis of
continuous beams with partial interaction. The concrete cracking effects in the slab are
taken into account by neglecting the concrete's contribution along 15% of the beam length
on each side of the internal support as suggested by Eurocode 4 so this model is able to
perform a cracked and uncracked analysis. The numerical results have been indicated
that the effects of concrete cracking must be considered for continuous composite beams
even under serviceability loads. Furthermore, it has been observed that the choice of the
creep and shrinkage models has a certain influence on the time-deflection responses and
give the best result up to 340 days furthermore the numerical results show that shrinkage
of the concrete slab plays an important role in the behaviour of composite beams. It leads

to a large increase in deflection and significant redistribution of internal forces [64].

In 2012 Wenbin Yu proposed a new method: the GEBT. The Geometrically Exact Beam

Theory (GEBT), is developed as a general-purpose tool for nonlinear analysis of composite
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beams. It can capture all geometric nonlinearities due to large deflections and rotations,
subject to the strains being small. GEBT not only effectively analyses geometric nonlinear
static or dynamic behaviour of composite beams but also can carry out eigenvalue analysis
of the linear system or a linearized state of the original nonlinear system to obtain

eigenvalues and mode shapes of the composite beam [109].

In 2015 was developed analytical model and closed-form solution are derived for the long-
term effect [110]. The time-dependent analysis with partial interaction was refined using
a three-dimensional numerical model [111]. Gholamhoseini et al. developed a time-
dependent deflection of composite concrete slabs with a simplified design approach and

analysed the effect of drying shrinkage [112].

In 2016 most of the model was compared with the behaviour of real structure like truss
bridge span or prestressed bridge; two-dimensional model and crack width was defined
due to shrinkage and gravity load [113] [114] [115]. For considering the non-linear time-
dependent, mixed finite element model was used in which a viscoelastic model was used
for the concrete slab and a nonlinear constitutive relationship is utilized for the shear
stud [116]. Also, Bernardi et al. developed non-linear analysis for showing that shrinkage

in short term, which is always neglected, in service condition is relevant [117].

In 2017 an efficient one-dimensional finite element model is developed for an accurate
prediction of the inelastic response of steel-concrete composite beams with partial shear
interaction using a higher-order beam theory (HBT). This is achieved by taking a third
order variation of the longitudinal displacement over the beam depth for the two layers
separately. The deformable shear studs used for connecting the concrete slab with the
steel girder are modelled as distributed shear springs along the interface between these

two material layers.



Chapter 2: Literature review

In reality, the materials of these beams are having inelastic deformations even with a low
to moderate range of loading; in order to address this issue, Yasunori incorporated the
effect of inelastic material behaviour in their finite element model of composite beams
using the von Mises yield criterion. The proposed model is based on a 3rd order beam
theory (HBT) but it can easily be converted to a lower order beam theory by eliminating
the higher order terms. The model based on TBT is able to predict the global response
satisfactorily with the help of the shear correction factor. The model based on TBT
doesn’t predict the distribution of stresses across the beam section but the major
advantage of the proposed model is it can predict results very close to those produced by
a detailed finite element with a less computational cost. The proposed model is also used
to examine the effect of different levels of shear interaction between the concrete and steel
layers of the composite beam. It is observed that the full shear interaction condition

predicted deflection less than that for the partial interaction as expected [118].

During 2016 the effects due to creep cracking of concrete and shrinkage were analyzed by
Kelvin chain model. It was noticed that deflection became bigger when nonlinear
behaviour of concrete is combined with creep and shrinkage and time effect produce

redistribution of internal action under serviceability load [119] [120].

The new analytical solution was proposed which is able to simulate the effect of slippage,
shear lag and time-dependent effects which show the importance of considering the creep

and shrinkage effects [121].

In 2017 Altoubat et al. made experiments considering the different amount of fibres in
concrete and for developing in a faster way the experiments they use a high value of w/c
for aggravating the drying shrinkage. They notice that that the shrinkage stabilizes
between 75 and 100 days and an increase of fibre causes a decrease of the average crack

width and displacement in midspan if we considered long term results [122]. In the same
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year Zhu et al. propose a new solution method to solve the one-dimensional analytical
model of composite beams which is able to simulate the effects of interface slippage, and

shear-lag and time-dependent effects [123].

In the same year, real case study of temperature and shrinkage was analyzed because
they cause damage of structure during its life. A case study was analyzed starting from
the observation of cracking which permitted to define stresses in the slab caused by

shrinkage and temperature change [124].

In 2018 some analysis on the effect of the long terms were done. Cao et al. investigate the
effect of corrosion of the studs and load with a test of 200 days. They notice that long
term load influences the development of strain and creep in concrete structures and
corrosion of studs strongly affects the stiffness of connectors but have a neglectable effect
on concrete strain [125]. To modify the thermo-mechanical behaviour of concrete
Klemczak et al. tried to modify the type of cement and aggregate to limit the early age

deformation and possible crack in the beam [126].
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Chapter 3 Design of composite beams

3.1 Introduction

The purpose of this chapter is to describe the steps provided in the code for the design of
composite beams using the Australian Standard AS/NZS 2327:2017. The composite
beams analyzed in this thesis are composed by a beam in steel and a concrete slab or a

composite concrete slab place on it. The design starts choosing:

a) a steel beam
b) a concrete slab or a composite slab

Then, analyzing the effective section which carries the loads, the design of the load is
performed on the composite beam. Subsequently, the design of strength and serviceability
are performed. If both the design satisfy the verification limits the project is finished but
if one of it does not respect the limit imposed by the code another section will be

considered and the analysis will be performed a second time.

At the end of the thesis are defined some flowcharts which shows an overview of all the

process.
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3.2 Elements requirements

A description of the elements which compose the composite beam is developed.

3.2.1 Steel beam

The code is defined for different use of profile steel beams as shown in Figure 3.1:

a) a hot-rolled I-section, or channel section

b) a welded I-section

c¢) a rectangular cold-formed hollow section

d) a fabricated I-section, Tee section, channel section or rectangular hollow section

e) any of the above sections where an additional plate is welded to the bottom flange

R A ST

—

() ()
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Figure 3.1 Steel beams types
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3.2.2 Shear connectors

Shear connectors are the elements that connect the beam with the top slab, it is possible

to use three types of connectors as shown in Figure 3.2:

a) head studs
b) channels

c¢) high-strength structural bolts

(gl Headed studs

¥
i
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[zl High-strength structural bolts

Figure 3.2 Shear connectors types
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3.2.3 Concrete slab

It can be used two different types of reinforced concrete slabs as shown in Figure 3.3:

a) solid slab

b) composite slab using a profiled steel sheeting

(&l Solig slab

\Prc-f led steel sheeating

(bl Composite slab

Figure 3.3 Types of slabs

3.2.4 Profiled sheeting

It is possible to choose every profiled sheeting in commerce but they need to satisfy some

requirements as shown in Figure 3.4:
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a) the overall height of a steel rib (h:) shall be not greater than 80 mm, excluding

any embossments

b) the width of the opening at the base of a steel rib shall be not greater than 20

min

c) the area of the voids formed by the steel ribs in the concrete shall be not greater

than 20% of the area of the concrete within the depth of the steel ribs

d) the width of the concrete between the mid-height of adjacent steel ribs (b.) shall

be not less than 150 mm

e) the cover slab thickness shall be not less than 65 mm

—lDh, 1265 r

ﬂ_ﬁk

Longitudinal stiflenears

Figure 3.4 Limits of profiled sheetings

The meaning of this profile is to transmitting horizontal shear at the interface between

sheet and concrete as shown in Figure 3.5 that is ensured by:

a) mechanical interlock
b) frictional interlock

c) end anchorage
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(e} End anchorage
by through-deck
welded studs

(b} Frictional interlock

Figure 3.5 Interlock types in composite slabs

3.3 Design process

The design process starts with the definition of constructions faces that permit the birth
of composite action in the structural system. For any construction stages are defined some

load arising by the construction procedure.

3.3.1 Design stage

Before defining the design process, it is suitable to make some assumptions:

a) the beams are assumed to be simply supported during all the construction stage

and during the service condition

b) the sheeting is unpropped throughout all the construction phases and there is a

limitation on the deflection

c) the slab is one way continuous
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d)

deflection limits are: total deflection of the beam/slab < L/250 and incremental

deflection after installation of partition < L/500

After this assumption is useful to choose a trial dimension of the element that we want

to use and then verify if the pre-dimension is correct. The design stages are:

a)

choose a trial steel beam and a concrete slab

determine the construction loads and the deflection limit for the profile sheeting

steel
define detail for durability

design the composite beam by prototype testing or not

if we don’t want to design it by prototype testing

calculate the design load
determine the effective section and calculate the design action effect

verify the strength of the beam cross-section and if it is not satisfying change the

steel beam or the concrete slab

verify the serviceability limit and if it is not satisfying change the steel beam or

the concrete slab
design and detail the shear connection

detail concrete slab for durability (if we design the composite beam with prototype

testing we pass from point d to point j)

design for fire resistance
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3.3.2 Construction stage

To permit to improve the correct behaviour there are some steps for the construction

stages to follows for guarantee the birth of the composite action.

a) Stage 1: erection of steelwork and installation of falsework, then we make the
placement of formwork and fix the profiled steel sheeting to steel beams (this is
put in position with a certain curvature opposite to the deflection that will have

the slab in order to have a plane slab)
b) Stage 2: attachment of shear connectors and fixture of reinforcement

c) Stage 3: commencement of casting slab until initial set of concrete and sample of

concrete for laboratory test
d) Stage 4: Hardening of concrete until it reaches a compressive strength of 15 MPa
After Stage 4 begin the commencement of composite action.

e) Stage 5: Hardening of the concrete slab that reaches a design value of f

After Stage 5 the composite action is fully developed.

f) Stage 6: Commencement of in-service condition

After this stage, the construction procedures are finishes and start the composite beam

design stage.

3.4 Design load

After the definition of all the constructive phases, it is possible to consider the design due

to the different types of load and the combinations for strength, serviceability and fire
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limit state. In this part are defined all the combination of load at ultimate limit states,

serviceability limit state and fire limit state.

When the ultimate limit state is analyzed we need to verify that the design capacity is

not less than the design action for all critical cross section.

When we consider the serviceability limit state: deflection, vibration and control of the

crack are checked.

The actions that operate on the structure are:

a) permanent and imposed, wind, snow, earthquake
b) construction load
c) any other specific loads

Other actions that it is necessary to consider in strength or serviceability are:

a) removal of construction props

b) foundation movement

¢) temperature changes and gradient
d) dynamic action

e) shrinkage and creep of concrete
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3.4.1 Load combinations at limit state

The load combination for strength at an ultimate limit state is:

W=12G+15Q (3.1)

Where: wind, snow and earthquake are not relevant.

For the serviceability limit state, for short term effect:

W=0G+4,Q (3.2)

For long term effect:

W =G +,Q (3.3)

Where the value of 9, and 1, are scheduled in Table 3.1:
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Table 3.1 Value of ¢, and v, in AS/NZS 1170.0:2002 R(2016)

SHORT-TERM, LONG-TERM AND COMBINATION FACTORS

Character of imposed Short-term Long-term Combination Earthquake
action factor factor factor combination factor

(p) () (o) (¥%)

Distributed imposed actions, @

Floors

Residential and domestic 0.7 0.4 0.4 0.3

Offices 0.7 0.4 0.4 0.3

Parking 0.7 0.4 0.4 0.3

Retail 0.7 0.4 0.4 0.3

Storage 1.0 0.6 0.6 0.6

Other 1.0 0.6 0.6 0.6

Roofs

Roofs used for floor type 0.7 0.4 0.4 0.3

activities

(see AS/NZS 1170.1)
All other roofs 0.7 0.0 0.0 0.0

Concentrated imposed actions (including balustrades), O

Floors 1.0 0.6 0.3
Floors of domestic 1.0 0.4 as for 0.3
housing distributed floor

Roofs used for floor type 1.0 0.6 actions 0.3
activities

All other roofs 1.0 0.0 0.0 0.0
Balustrades 1.0 0.0 0.0 0.0
Long-term installed 1.0 1.0 1.2 1.0

machinery, tare weight

3.5 Effective section and action effect

To understand the behaviour of the composite beam it is necessary to define the portion

of slab and steel that carry the loads. Two analyses are performed:

a) the effective width of concrete in compression

i) solid slab
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ii) composite slab

b) the effective portion of steel beam

3.5.1 Effective width: solid slab

For the internal support or midspan the total effective width is defined by the current

relation:

ber = by + Zbe'zﬁ (3.4)
where:

a) b, is the distance between the centers of the outstand shear connectors

b) b, value of the effective width of concrete flange on each side of the web and
taken as Lé'f but not greater than b,

If it is analyzed an end support:

b“ff = b() + Zﬁ]b” (35)

where:

Ley
b(:i

B; = (0.55+0.025 ) is the distance between the centers of the outstand shear

connectors

b, usually during the analysis is assumed to be zero
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3.5.2 Effective width: composite slab

For composite slabs with ribs parallel or within 15° respect to the steel beam axis the
effective width is calculated like the previous paragraph instead if the angle is bigger than
15° only the contribution of concrete above the ribs shall be considered based on the
effective width calculated before and the first formula is used. Figure 3.6 shows the

evolution of b, ;.

If the slab is voided the code give another formulation of b, .

I:-"nnll
—] | —b,
i ! | B b, |
1 3
| : | I ‘ "Ji' BH‘ ‘
N =
PERN ///:\ LI T [ ]
e 7 A !
{a) Elevation {b) Cross-section

« L N

by ':‘.;n:--—':'»;lu—q of beam
{c) Effective beam width shown in plan

LEGEMND:

L= 0.85L, for b, in Segment 1

Ly=0.25(L, + L) for b, in Segment 2

L,=070L,torb_, in Segment 3

L,=2L, forb, in Segment 4

Figure 3.6 Effective spans for effective width of concrete
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3.6 Effective portion of steel beam

In function of S that represent the degree of shear connection it is possible to define the

effective section of composite beam cross section.

3.6.1 B<1

This is the case when part of the top flange or the top flange and part of the web of the

steel beam is in compression so the plate slenderness of the flange and the web are:

A

b [,
e.flange = 3 '\[ 95

/\c,wcb = ; 250
with:

a) b is the clear width of the element

b) d is the height of the beam

c) tis the element thickness

d) [, is the yield stress of plate element used in design

Then it is possible to calculate the depth of compressive stress zone in steel beam using

rectangular stress block theory.

Then define the slenderness for the flange and the web and compare it with the plasticity

limit of the element A, permit to observe that:

a) A, > A, the plate element is compact

b) A, > A, > A, the plate element is non-compact
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c) A, > A, slender plate element

Where A, A, are given by table and is function of the residual stresses, part of the steel

beam, longitudinal edge support and stress distribution.

Comparing A, fange and A, 0, With A, A, 1t is possible to define the effective width of

steel beam top flange and the effective thickness of non-compact web of steel beam.

Ultimately if the top flange and web are compact, the entire steel section shall be assumed
to be effective; or if the outstand of the flange is non-compact, the effective flange width
shall be the maximum width for which the flange is compact. If the web is not compact,
the effective portion of the web shall be determined in accordance with the Figure 3.7

in which the length “x” is ineffective.

MNote 2
o J 2 -
[ [ EEX | r | LI |
r 15t,& s
Note 1 X
Lw_ﬂ’al axis ] 15_r““8 Neutral axis
15t
2 Vote 1 ' X
l ; 15t,.&

) Note 1
€ = (250/f,)*

Effective steel section . . . .
Simplified effective steel section

Figure 3.7 Effective portion of steel beams with non-compact section in sagging /hogging bending

If there are any compressive stress in the steel beam web we need to determine the new

effective portion of the steel beam like the case defined before.
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3.6.2 B=1

It is possible to assume all the steel beam effective. Then it is possible to calculate the
depth of compressive stress zone in steel beam using rectangular stress block theory. If
there are any compressive stress in the steel beam web we need to determine the effective
portion of the steel beam like done before, on the other hand the whole of the steel beam

section at a cross section of a composite beam shall be assumed to be effective

3.6.3 B in unknown

It is conservatively able to ignore the composite action and calculate depth of compressive
stress zone assuming only steel beam is present and determine the effective portion of

steel like in the case of 5 < 1.

3.7 Design for strength

The first verify is the strength design. The first step is defining the potentially critical
cross sections that are some particular parts of the beams defined in 3.7.1. Composite
beams are designed for strength and they need to satisfy some limits at every potential

cross section:

a) the design vertical shear capacity ¢V, is to be not less than the design vertical

shear force V*

PV, > V* (3.8)
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b) the design moment capacity ¢M,, is to be not less than the design bending

moment M* during construction and service condition

My > M (3.9)

c) the effect of combined design moment and shear action shall remain within the

design moment shear interaction diagram

3 6
(ﬂ) N (L) —1 (3.10)
MRd ‘/comp

where:

My, is the positive design moment resistance of the composite section
V is the shear strength of the composite section

comp

Another requirement is needed:

d) the flexural-torsional buckling requirements for hogging moment regions are

satisfied

After defining the critical section, it is necessary to calculate the effective section of the
potentially critical cross-section as shown in Chapter 3.5 -3.6 and then calculates the

design action effects M* and V* and the design vertical shear capacity ¢V,,.

Defined the two shears the shear ratio at composite beam cross section is:

<1 (3.11)
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After the evaluation of the shear, the design of nominal moment capacity of a composite
beam is performed in function of v and S that need to be included in the range [0, 1].

The new moment is compared with the design action M™* to satisfy the following relation:

oM, > M* (3.12)

If this relation it is not satisfied we need to change the section choose when the design

started.

Now to guarantee a connection from the steel beam and the concrete slab it is chief to
outlines the minimum number of connectors between each potentially critical cross-

section and ends of beam using:

n, = -t (3.13)

where:

F, ; is the maximum compressive force in concrete in each section

Pr,. is the capacity of a single shear connector

At this point, it is possible to distribute the shear connectors along the beam and do the

design of longitudinal shear reinforcement to complete the design of strength.
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3.7.1 Potentially critical cross-sections

A critical cross section is a portion of the composite beams in which one of this critical
event occurs:

a) section of maximum design bending moment

b) section of maximum design vertical shear force

c) a heavy concentrated load occurs with a positive moment region

d) a sudden change of cross section occurs

e) the member is tapered

f) the concrete flange is unusually large

3.7.2 Design of the moment capacity

In the computation of the moment capacity the following assumption shall be made in

the design of full shear connection:

a) full interaction between structural steel, reinforcement and concrete

b) the effective area of the structural steel member is stressed to its design yield

strength in tension or compression (f,)

c) the effective areas of longitudinal reinforcement in tension and compression are

stressed to its design yield strength in tension or compression (f,,)

d) the effective areas of concrete in compression resists a stress of 0.85 f. constant

over the whole depth between the plastic neutral axis and the most compressed

fiber of the concrete
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The design axial force resisted by the steel section in full shear connection is:

Foe = min(Ny,q,Neg) (3.14)
where:
Ny 4 = fy,a A is the design axial force by steel section at yield
fy,a = ¢ fy with ¢ capacity reduction factor listed by the code
Neqg =085 feahe b

fea = ¢, f( with ¢_ capacity reduction factor listed by the code

Mp= M (3.15)

P

Where the possible plastic stress distribution in sagging and hogging bending as shown

in Figure 3.9 and Figure 3.8 are:

- —_l___::::::""iﬁ::::::

{2) PMA In slab (1) PNA In flange () PMA In web

Figure 3.9 Plastic neutral axis in sagging bending for full shear connection

e oy

D

/1

Figure 3.8 Plastic neutral axis in hogging bending for full shear connection
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In the computation of the moment capacity made in the design of the partial shear
connection My will be function of 8 that represent the degree of shear connection. The
location of the plastic neutral axis shall be determined by F,, that is a second plastic

neutral axis which shall be used for the classification of the web as shown in Figure 3.10.

_________ SRS EES——

(a) PMA in flange  (b) PNA in waeb

Figure 3.10 Plastic neutral axis in sagging bending for partial shear connection

The relation between My and 3 is given by a curve where M, is determined by the line
that join the two extreme points. For this reason, the value of M can be approximate

as:

&

MR = Ms' + (MI) + Ms) FCP (316)

>C

If it is used high strength steel for the beam the bending capacity presents a reduction.
The code gives also some requirement for define My, if the material is in non-linear case

due to the effect of shear connectors as shown in figure Figure 3.11.
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DEGREE OF SHEAR CONNECTION, B

Figure 3.11 Relationship between design moment capacity and the degree of shear connection

To define the capacity moment it is possible to use two different approaches: analysis
with continuous function (linear interaction) or a bilinear approximation. It can be

possible to define two cases in which the value of v can changes.

CASE 1: v < 0.5

The design moment capacity is independent of the shear ratio so it is constant as shown

in figure Figure 3.12:
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f‘lf'.‘ufh,‘,— PMyor BMy.

®M,, as per Egs. D3.2{1) or D3.2(2)

‘I‘Mbr

mMUfc

C‘-O 0 5 | '-..J

Figure 3.12 Relationship between design moment capacity and the shear ratio

If B =1 it is the case of full shear connection and the moment M, is defined with the

equilibrium of forces using stress block theory. If the neutral axis cuts the solid slab:

Ce

Mb(i =F (dsr - %) (317)

If the neutral axis cuts the part of concrete between two ribs:

D —h. D.—h,
Mb(: = E:l |:d8’l‘ - (Th,:| + F(i(i - F(fl |:dsr - % - (Th,] (318)

If the neutral axis cuts the flange of the steel beam:

D —h,
Mbc = Fcl |:ds7’ _4] +F’s(5 |:d$r -

D, + dh]
2

2 (3.19)

h
+F(32 |:dsr_Dc+ T:|

If the neutral axis cuts the web of the steel beam:
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M. D.—h, D.+d, +t;
be cl |:dsr (T7j| + 1 b |:dsr —%]
(3.20)

h. h.
+F(32 |:ds7’ - D(z +?7] +2 ‘Fscf |:ds7’ - D(z +?7]

where:
F,, is the tensile force in steel beam

F,, is the compressive force in concrete

F., is the longitudinal compressive capacity of concrete cover slab within slab effective

c

width

F, is the longitudinal compressive capacity of concrete between the steel ribs within slab

effective width

F,.; is the compressive capacity of the top flange of steel beam

8

If 0 <pB <1 itis the case of partial shear connection and the moment M, is defined

considering a double neutral axis.

CASE 2: 0.5<~v< 1

The design of moment capacity depends on the shear ratio, for defining ¢pM,, ; and ¢M,
is possible to use a continuous function of g with which it is possible to express the

moment capacity ¢ M, like the previous
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3.7.3 Design of vertical shear capacity

The shear strength of composite section is a function of the shear capacity of the steel

beam alone V; p; and the shear capacity of the concrete slab Vy;,,

chomp = %l,Rd +Vslab (321)

where:

Vi, ra = ¢ Vi, is the shear strength of steel beam alone

Viab = @5 [rsa (bf Dslab)o'7 \/f

D is the depth of slab

slab
Sasa =110 Ay +13

For the calculation of the strength of a partially connected composite beam:

_ DS
Asd - D

comp

and for <1

_ 1-8
O =GFrga, 4002 T B

v, aV, (3.22)

comp,3 — comp

3.7.4 Design of shear connectors

The function of the shear connection is to transmit the longitudinal shear force between
the concrete and the steel beam ignoring the effect of the bond. They will be ductile and

this property is defined with the slip capacity J,,; that can be at least 6 mm.

49



Chapter 3: Design of composite beams

Moreover, if different types of shear connectors are used on the same beam it needs to be

considered for the different load slip that they produce.

Due to the effect of the force applied on the shear connectors longitudinal shear failure
and splitting of the concrete slab is prevented. The number of shear connectors will be at

least equal to:

. — L (3.23)

ci
PRk:

For full shear connectors. For partial shear connectors, the previous relationship is
multiplied for a coeflicient 3,, that represent the degree of shear connection at the

maximum moment cross-section of a composite beam:

TZ/4 — /5 E:(: _ FCP (324)

m -
P Rk P Rk

For stud connectors shall be the number of shear connectors is defined in a different way.

If it is considered a solid slab the value of shear capacity is:

PRk; = min <ash,cu,'r f(',u dgb '029 dl?b \/ E(: f(/] > (325)

where:

dy, is the nominal shank diameter of a shear stud and 15.9 mm < d,, < 25 mm
fow is the strength of the shear connector

fi; is the characteristic strength of concrete

gy oar assume a value of 0.7 for headed stud connectors welded and 0.5 for hish strength

structural bolts
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If it is considered a composite slab the value of shear capacity with ribs parallel to the
supporting beam (Figure 3.13) is the same as the previous but multiplied for a reduction

factor k;:

by (h,,
k=06 -~ (A—1> <1 (3.26)

where:

hg. is the overall height of the stud after welding, and it cannot be greater than h, +

sc

75 mm
EC‘ D:\
L. Ny
I'1I= I'II=

Figure 3.13 Beam with profiled steel sheeting parallel to the beam

If the ribs are in transverse position respect to the supporting beams:

0.7 b h,
k — 0 s¢ 1] < k o (327)
l \/TL77 hp ( hp ) —= tymar

where:

n,. is the number of stud connectors in one rib at a beam intersection that it is not bigger

than two

k is the upper limit of reduction factor given by table and function of the number?

t,max
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It is useful to notice that if the shear connectors in near the edge of the slab transverse
reinforcement is provided to prevent longitudinal splitting of the concrete flange and if
the distance from the edge of the concrete flange to the centerline of the nearest row of
the shear connectors is less than 300 mm it is necessary to put U-bars passing around the

shear connectors.

The total number of shear connectors shall be distributed along the length of the beam,
in continuous beam they will be placed more closely in hogging moment zone to suit the
curtailment of tension reinforcement and in cantilevers the spaced shall be based on the

curtailment of tension reinforcement.

The number of shear connectors considered to contribute to the design moment capacity
of potentially critical cross section and shall be equal or less of the number of connectors

provided on each side of the cross-section.

3.7.5 Design of longitudinal shear reinforcement

The design shear stress acting on the interface of concrete slab and steel beam for full

shear connection is:

s _ P (3.28)
vy = .
For ductile shear connection is:
F,
Vi = SCP (3.29)
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For non-linear resistance is:

VZ — At yc V* (330)

where:
V* is the design shear force at the cross section
A, is the area of the section to one side of the shear plane under consideration

1. is the distance from the neutral axis of the composite section to the centroid of area

Ay
I, is the second moment of area of the transformed composite cross-section

Distributing this area along the affected shear plane defined in figure permit to define the
design longitudinal shear force per unit length v; , as shown in Figure 3.14 and Figure

3.15.
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Figure 3.15 Transverse reinforcement
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Figure 3.14 Potential; surface of shear failure with profiled steel sheeting
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This stress will be compared with the longitudinal shear strength on the surface

considered:

Vzp S ¢ T’u, (33]‘)
: Db, ra (3.32)
Tu = (/,L Ars f.s’y + k(:o f(it At(:) + T ’
This will be lesser than:
{0-2 fir Ae (3.33)
10 AC’U

where:

4 is the coefficient of friction

k., is the cohesive coefficient given by the table

A,, is the cross-sectional area of transverse reinforcement per unit length of beam
A,. is the cross-sectional area per unith length of beam of the concrete shear surface

Py, ra is the design bearing resistence of a headed stud welded through the profiled steel

sheet.
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Table 3.2 Shear plane surface coefficients

SHEAR PLANE SURFACE COEFFICIENTS

Coefficients
Surface condition of the shear plane
i3 kres
A smooth surface, as obtained by casting agaimnst a form, or fimshed to a simmlar 06 0l

standard

A surface trowelled or tamped, so that the fines have been brought to the top. but
where some small ndges, mndentations or undulations have been left; shp-formed 0.6 0.2
and vibro-beam screeded; or produced by some form of extrusion technique

A swface deliberately ronghened—

(a)} by texturing the concrete to give a pronounced profile;

(b} by compacting but leaving a rough swface with coarse aggregate protruding 0.7 0.4
but firmly fixed in the matrix;

(¢} by spraving when wet, to expose the coarse aggregate without disturbing 1t

Monolithic construction or mechanical shear keys. 0.9 0.5

HNOTE: Where a beam 15 subjected to high levels of differential shrinkage, temperature effects,
tensile stress or fatigue effects across the shear plane, the values of & and k. in the above table do

not apply.

If more reinforcement is required to increase the longitudinal shear strength the maximum

centre-to-centre spacing shall not exceed the maximum:

8777,0,:17

where:

t; is the thickness of flange anchored by the shear reinforcement 30 mm <,

3.8 Design for serviceability

In this design stage the focus is on the deflection of the composite beam that shall be

calculated in accordance with AS 4100 and there are two methods:

a) refined calculation
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b) simplified calculation applied only in case of steel section of the beam classified as

compact or non-compact

3.8.1 Refined calculation

The step to follow are described below:

a) cracking and tension stiffening of the concrete

b) shrinkage and creep properties

c) shear lag effect

d) slip between slab and steel

e) load history

f) construction procedure and changes in cross section
g) deflection of formwork

h) inelastic behaviour of the steel and reinforcement
i) torsional and distortional warping

j) yielding in steel beam

k) residual stresses in steel beam

1) temperature changes

m) end restraints

n) precambered of the steel beam

o) flexibility of the joints
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3.8.2 Simplified calculation

For using this method, the maximum stress in the steel beam must be less than 0.9 f,

yb*

The step to follow are described below:

a)

determine which of the deflection components defined are relevant to the design,

and calculate the corresponding serviceability design loads

identify the different cross-sections along the steel beam during Construction
Stages 1 to 3, and along the composite beam during Construction Stages 5 and 6
and the in-service condition. Calculate their elastic section properties, which in
the case of the composite beam shall initially be performed assuming full

interaction

calculate the maximum stress that occurs in the steel beam during Construction

Stages 1 to 6 and the in-service condition

identify the maximum moment cross-section of the composite beam during the in-

service condition and calculate the degree of shear connection at this cross-section

calculate the effective second moment of areas I.,; (for short-term) I, (for long-
term) of the different composite beam cross-sections identified in Step (b)

accounting for the degree of shear connection B m calculated at Step (d)

calculate the magnitude of the relevant deflection components assuming linear-
elastic behaviour, accounting for changes in cross-section along the length of the

beam and the magnitude and distribution of applied loads

calculate the corresponding values of the total and incremental deflections

according to the following equations as appropriate:

i) Total deflection measured from slab top face:
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517(;1‘, - 505’6 + (511 + (51’[ + 5_[.‘;}1, (335)
ii) Total deflection measured from steel beam soffit:
040t = Ociz +0cs,6 + 05 + 075, — Precamber (3.36)

iii) Incremental deflection calculated assuming formwork/falsework or

props removed before installation of brittle finishes

0 Sy 465,406 5;,, (3.37)

iner T

h) check that the limits chosen for the total and incremental deflections are not

exceeded

where:

0cys 1s the immediate deflection of steel beam during Construction Stages 1 to 3 and
represent the deflections arising from the weight of the steel beam, formwork, concrete

and reinforcement

d¢cs ¢ is the immediate deflection of composite beam during Construction Stages 5 and 6
and represent the deflections arising from removal of formwork /falsework supporting dead

loads and from the addition of any superimposed dead loads

O

; is the immediate deflection of composite beam during in-service condition and

represent the deflection arising from the short-term component of the live load

05, is the long-term creep deflection of composite beam during in-service condition due to
Creep deflections arising from the dead loads and the long-term component of the live

load and for propped construction
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0745, 1s the long-term shrinkage deflection of the composite beam during the in-service

condition

3.8.3 Short-term deflection, creep deflection and shrinkage deflection

The short-term deflection is analyzed diving the beam in cracked and uncracked zone as

shown in Figure 3.16:

5 uncr s uncr

Figure 3.16 Inclusion of cracking regions in simplified approach

The envelope of the internal action should be defined using E, and I,

uner and in region

where the extreme tensile fiber exceeds the value of 1.4 f(’:t,f, the stiffness should be
reduced by E, and I,. If we consider a continuous composite beam in which the ratios
of the length of adjacent spans the cracked zone is the 15% of each span and elsewhere is
defined the uncracked zone. On the internal support the bending moment defined by the
uncracked analysis is multiplied by f; which has a reduction function. This reduction

function is shown in Figure 3.17:
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Figure 3.17 Reduction factor for bending moment at support

We can notice that curve A is used for internal span when the uniformed distributed load
is equal in all the spans and the length of all the spans do not differ by more than 25%

otherwise curve B is used.

The deflection component due to creep shall be determined with the effective modulus

method using the corresponding modulus of elasticity:

E — c (3.38)

where:
E. is the elastic modulus at 28 days
¢, is the creep coefficient

The deflection component due to shrinkage shall be determined by the corresponding
modulus of elasticity:
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E
B,  =—2%:"
efes T 1 4 0.55 ¢,

The strain caused by shrinkage is defined by:

hc
Ees,ef = Ecs,top — Kes ?
o Ecs,top — Ecs,btm
Keg = h
C
where:
E.s.top 18 the shrinkage in the top part of the slab

€ is the shrinkage in the bottom part of the slab

cs,btm

K., is the curvature of the shrinkage profile

The moment generated by the shrinkage effect is:

where:

N, ,=h bE

ef,cs Ecs,ef

l,, is the distance between the line of action of N
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After, we calculate the deflection component of total and incremental deflection which

should be compared with the code values in Table 3.3 and Table 3.4:

Table 3.4 Suggested limits for deflection

Deflec tion
limitation (& L) for
cantilevers™eio I-£

Deflection limitation

Type of member Deflection to be considered (&L.;) for spamsMotes 16

All members The total deflection 17250 1125
Members supporting The deflection that occurs 1750 where provision is | 1/230 where
masonry partitions after the addition or made to minimize the provision is made to
attachment of the partitions | effect of movement, minimize the effect
otherwise 1/1000 of movement,

otherwise 17500

Members supporting The deflection that occurs L/500 17250
other brittle finishes after the addition or
attachment of the finish

Members subjected to | The imposed action (live /800 1/400
wvehicular or load and dynamic impact)

pedestrian traffic deflection

Transfer members Total deflection /500 where provision is | 1/250
(see MNote T) made to minimize the

effect of deflection of the
transfer member on the
supported structure,
otherwise 1/1000

Table 3.3 Limits for deflection of profiled sheeting

LIMITS FOR CALCULATED VERTICAL DEFLECTIONS OF PROFILED
SHEETING USED IN STEEL FEAMED CONSTRUCTION

Soffit requirements Deflection imitation for spans

when the soffit requires a good | the lesser of L./240 and 20 mm when the
wvisual guality finish effects of ponding are taken into acooumt

when there iz no reguirement |the lesser of L./180 and 20 mm when the
for the visual quality finish effects of ponding are mot taken into account

when there is no reguirement | the lesser of Lo/130 and 30 mm when the
for the visual quality finish effects of ponding are taken into account
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Chapter 4 Parametric analysis

4.1 Introduction

In this chapter is implemented a parametric analysis based on different types of
longitudinal spans of composite beams and on different types of steel sheeting and size of
the steel beams. The aim is to understand which types of sections satisfy the design limits

under selected conditions.
In this chapter two types of analysis are performed:

a) parametric analysis in which different types of sections are considered for several
lengths of spans under service limit state for AS/NZS 2327:2003 and AS/NZS

2327:2017. For this type of analysis three sets of beams are considered:
i) Setl represent big steel sections analyzed with the code of 2017
ii) Set2 represent small steel sections analyzed with the code of 2017

iii) SetO represent small steel sections analyzed with the code of 2003
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b) performance analysis in which deflections, stresses and design capacities actions

are calculated

4.2 Parametric analysis

The parametric analysis is performed to speed up the design process and choose the

section of steel beam in function of the problem.

This analysis is performed considering a beam with a span from 6 meters to 20 meters
increasing every meter, so fifteen different spans are evaluated with likewise sections. The
other parameter analyzed are the steel sections: different types of steel sections with

different shapes are compared to evaluate what is the limit usage of the elements.

This study permits to investigate the behaviour of the different size of steel sections using
AS/NZS 2327:2003 and AS/NZS 2327:2017. It is possible to notice that with the old
version of the code small section can be used. Otherwise, in the new code, the behaviour
of bigger sections and the same small sections, used previously, is observed to understand
if something is changed and which parameters influenced more the serviceability limit

state for a composite beam.

This parametric analysis is useful to comprehend which are the parameters that govern
the service behaviour. In function of these elements more refined analysis are performed
to understand the difference between the two codes in which the deflection due to the

effect of shrinkage play a significant role.

Therefore, a more refined analysis of the shrinkage effect developed in the new code
change the behaviour of the small steel sections beams used before and define a more

restricted limit of usage. In fact, as is possible to read in this paragraph, small steel
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sections should not be used in the service stage of AS/NZS 2327:2017 due to the huge

effect of displacement which do not permit to stay in the imposed limit.

To make this comparison are taken into consideration:

a)

the ratio between the design bending moment for a cross-section and the design
moment capacity

M*

(4.1)
¢Mb'u

the ratio between the design vertical shear force for a cross-section and the design

shear capacity

V*
o (4.2)

(73

the ratio between the total deflection and the limit deflection imposed by the code

(=2

*L“f (4.3)

250

the ratio between the incremental deflection and the limit deflection imposed by

the code (£-):

=9

SN
)
-

To understand better the behaviour, another comparison is made between the old version

of the code AS 2327.1:2003 and the new version AS/NZS 2327:2017 which present

difference in: creep coefficients (used during the design of service), in the computation of

I.; and in the consideration of curvature.
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In fact, in the new code a different relation between I ; and the different modular ratio
a is only function of the ratio between FE, and E,., while in the new code it is function

of the effective modulus of elasticity for creep and shrinkage deflection as show in Table

4.1:
Table 4.1 Difference between the two code in service limit state
AS/NZS 2327.1 2003 AS/NZS 2327 2017
M\
Lot = I + 06 (s = I, )(1 = 5, Loy = Ier + Chuner = o) (3)
s
ES
ch,(:(:
E.‘i
EC
ES
Eef,cs
Where:
E.
E(’f ce — < (45)
A 1 + ¢CC
E.
Bopop=—o (4.6)
14055 @,

In this analysis are also fixed some parameters like:

a) D, =150 mm the overall depth of concrete slab in compression flange including

the steel sheeting
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b) @ = 3 kPa the minimum value of variable loads in service condition
c) fl. =32 MPa the characteristic compressive cylinder strength of concrete
d) precamber equal to zero
e) [ = 0.5 the degree of shear connection at cross section
All the elements in Figure 4.1 are dimensionless and this trick permit to define which

are the parameters that govern the problem in the service condition.

In Table 4.2 are represented all the steel sections used for the different level of spans; in
the first column are shown the small sections analyzed with the code of 2003 and in the

second column bigger section are evaluated using the code of 2017.

Figure 4.1 shows which types of section verify the serviceability limit for the two codes
analyzed. This graph compares composite beams with different types of sections, smaller
sections are used for the oldest code and biggest section for the new code as shown in the

table; moreover, the last section is the same for the final value of the span:

Table 4.2 Steel sections used for Figure 4.1

Span .
Steel sections

[m]
6 360 UB 44 610 UB 101
7 410 UB 53 610 UB 113
8 460 UB 67 700 WB 115
9 460 UB 74 700 WB 115
10 530 UB 82 800 WB 122
11 610 UB 101 800 WB 146
12 610 UB 113 800 WB 146
13 700 WB 115 800 WB 168
14 800 WB 122 900 WB 175
15 800 WB 146 1000 WB 215
16 800 WB 146 1000 WB 215
17 800 WB 168 1000 WB 215
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18 900 WB 175 1200 WB 249
19 1000 WB 215 1200 WB 249
20 1200 WB 249 1200 WB 249

AS2327.1-2003 AS2327-2017

When we use the new code, we consider big sections to verify the limit imposed by the

code in respect to the oldest.

The black line represents the sections analyzed with the code of 2003 while the red
represents the new code. It is noticed that the total and incremental deflection governs
the problem. In fact, they are close to the parameter one; moreover, the new code is more
strict respect to the oldest, in which only the total deflection has a relevant role. This
behaviour is caused by the effect of shrinkage which is underestimated in the computation
of deflections. The values of moment and shear do not govern the design in service

condition, but are more conservative in the oldest code.

A relevant aspect to take into account is that for every spans, the sections compared
present different geometry properties and different weight so the comparison shows that
for a smaller section, the ratio of moment is bigger because of the gap between: the design
bending moment for a cross-section and the design moment capacity. This gap is little
due to the high value of the design action used for big steel section, however the moment
is not the most relevant parameter during the design project and the same reasoning are

applicable to the shear.

70



Chapter 4: Parametric analysis

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Beams span [m]

—8—set_ 0. M*/oM —o—zset_0_V*/pV —>—set_ 0 dtot/(L/250)
—A—set_ 0 diner/(L/500) —>—set_1_3tot/(1/250) —A—set_ 1 &iner/(L/500)
limit —8B—set_1_M*/oM —o—set_1_V*/oV

Figure 4.1 Percentage of influence in service condition using AS/NSZ 2327:2003 and 2017

Another analysis is performed when the same profiled steel sections are subjected to AS

2327.1:2003 and AS 2327:2017. The sections are defined in Table 4.3:
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Table 4.3 Small sections analyzed with AS/NZS 2017

Span Steel
[m] Sections
6 360 UB 44
7 410 UB 53
8 460 UB 67
9 460 UB 74
10 530 UB 82
11 610 UB 101
12 610 UB 113

13 700 WB 115
14 800 WB 122
15 800 WB 146
16 800 WB 146
17 800 WB 168
18 900 WB 175
19 1000 WB 215
20 1200 WB 249

Steel beams smaller than the acceptable cannot be used in the code of 2017 because the
design is controlled by the serviceability limit state, like it is possible to demonstrate in
Figure 4.2. This graph, in fact, shows how the total and incremental deflections which
arise in the composite beams are in the limit with the oldest code and cannot be used in
the new. For this reason, in the previous figure, we increase the geometry of the sections
for the analysis performed by the new code. This displacement problems are related to
the effects of long term and shrinkage which are bigger in the new formulation. Only the

last sections which are the same to the previous section is verified.
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1,8

1,6

1,4

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Beams span [m]
—B—set_0__M*/oM —o0—set_0_V*/oV ——set_0_dtot/(L/250)
—A—set_0_diner/(L/500) ——set_2_dtot/(1./250) —A—set_2_dincr/(1./500)

Figure 4.2 Percentage of influence in service condition using AS/NSZ 2327:2017

The new study on the creep and shrinkage effects change much the code and it is possible

to appreciate the effect in the Figure 4.3 and Figure 4.4:
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0,1
0,08
2 0,06
2
a
Span [m]
—o—set 0 5C13 —*—set 0 5C5H6 —+—zget_0_dlong —>—get 0 Sshort
—A—set 0 3sh —HB—set 0 dtot —O—set 0 diner
Figure 4.4 Deflections component of little sections using AS/NZS 2327:2003
0,08
=)

6 8 10 12 14 16 18 20
Span [m]
—o—set 1 5C13 —H—set 1 5CHO —+—cget_1_dlong —>*—get 1 &short
—A—set 1 3sh —6—set 1 Sincr —H—set 1 Stot

Figure 4.3 Deflections component of big sections using AS/NZS 2327:2017
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The behaviour of the total deflection is quite the same, with the different sections, but
different aspects are related to the displacement of long term due to shrinkage and the

incremental displacement that is bigger in the new code.

The same sections with different code show that the computing of moment and shear is

the same in contrast with deflection (Figure 4.5).

0,7

0,6

0,4

Design ratio

6 8 10 12 14 16 18 20

Span [m]

—6—set, 0 M*/oM —6—set_ 2 M*/pM —A—set 0 V¥/oV —A—set 2 V*¥/oV

Figure 4.5 Comparison between little sections using AS/NZS 2003:2017 (moment and shear

ratio)

In the project of composite beam, when the same section is used and when the behaviour
of composite beam with the two code is analyzed, it is possible to observe that the value
of shrinkage deflection changes a lot and increase the value of total deflection. 9,,_5 does

not change and the others deformations are in the same range.

75



Chapter 4: Parametric analysis

Another aspect, important to notice, is related to the shrinkage because in the new code
it decrease when the span becomes bigger while in the oldest code it increases with the
spans. This is caused because, in the AS/NSZ 2327:2017, the deflection component shall
be determined by evaluating:
a) the deformation produced by the equivalent actions
b) the deformation induced by the effective shrinkage strain
i) shrinkage strain in top slab
ii) shrinkage strain in bottom slab
iii) curvature of the shrinkage profile (equal to zero for solid slab)

Moreover, the modulus of elasticity of concrete is replaced with the effective modulus of

elasticity F

ef.cs

E

. 4.7
“fee T T 055 ¢, h

E

where:
@, is the creep coefficient

Figure 4.6 shows the huge gap related to the total deflection which represent an amount

of underestimate of the oldest code as shown in the Table 4.4:
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Table 4.4 Variation of total and shrinkage deflections

Span Db Ab.,
[m] [%] [%o]
6.0 394.5 208.2
7.0 302.4 156.9
8.0 238.2 116.3
9.0 196.7 105.2
10.0 162.2 84.5
11.0 1334 62.0
12.0 115.0 56.0
13.0 98.7 48.2
14.0 83.9 39.5
15.0 73.0 32.8
16.0 66.5 32.8
17.0 58.7 28.3
18.0 51.2 24.6

19.0 42.4 18.4

20.0 33.5 12.5
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0,1

0,08

0,06

Deflection [m]

0,04

Span [m]

—o—set 0 5C13 —¥—set 0 5CH6 —+—set_0_dlong —>—set 0 Sshort
—A—set 0 &sh —HB—set 0 dtot —o—set 2 5C13 —H—set 2 5CHO

Figure 4.6 Comparison between little sections using AS/NZS 2003:2017 (displacements)

In Figure 4.7 we need to notice that the shrinkage deflection, when the span increase in
the new code, decrease due to the change of section. Both incremental and total
deflections decrease when we increase the geometry property of the steel sections. Other
differences are related to the evolution of the shrinkage, in fact, it increases with the old
code and decreases with the new. This behaviour of deflections is caused by the reasons

defined before.

We need to notice that the deflection due to shrinkage is bigger respect to the incremental,
because in the incremental deflection is computed only a part of the effect of shrinkage.

The gap between the incremental and shrinkage deflection are shown in the Table 4.5:
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Table 4.5 Variation of total and shrinkage deflections

Span iy iy
[m] [%] [%o]
6.0 1154.3 208.2
7.0 865.5 156.9
8.0 653.4 116.3
9.0 565.1 105.2
10.0 460.9 84.5
11.0 355.1 62.0
12.0 310.3 56.0
13.0 265.9 48.2
14.0 222.4 39.5
15.0 187.2 32.8
16.0 178.1 32.8
17.0 154.9 28.3
18.0 137.1 24.6
19.0 110.8 18.4

20.0 83.7 12.5
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Deflection [m]

0,1

,
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0,02
—t——n] EMM
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6
Span [m]
—+—set_0_dlong —>—gset_ 0 Sshort —A—set 0 &sh —B—set 0 dincr

—+—sget_2_3Slong —>—set_ 2 Sshort —A—set_ 2 Ssh —H—set 2 Sincr

Figure 4.7 Comparison between little sections using AS/NZS 2003:2017 (displacements)

In the project of composite beam in service condition for the new code we need to adopt

steel section bigger than the previous used in the 2003 code, however the total and

incremental deflection represents the main critical parameters in the service design, the

effect of the shear is neglectable and also the effect of the moment except for big value of

span as shown in Figure 4.8.
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Design ratio

6 8 10 12 14 16 18 20
Span [m]

—A—set_ 1 M*/pM —B—set_ 1 V*¥/oV —6—zset_1 dtot/(L/250)

—o0—set_ 1 &iner/(L/500) =====- Limit

Figure 4.8 Percentage of influence using big sections in AS/NZS 2327:2017

Figure 4.9 shows the comparison between small sections computed with the 2003 code
and big sections computed with the 2017 code. It shows the incremental deflections of
different sections which satisfied the two codes. Bigger section shows a relevant
incremental deflection caused by the shrinkage. We can notice that the incremental
deflection for the same section, analyzing the last span, is bigger than 83% respect to

AS2327.1-2003.
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—+—sget_1_3dlong —>—set 1 Sshort —A—set 1 3sh —H—set 1 dincr

Figure 4.9 Comparison between little and big section using AS/NZS 2003:2017

In ultimate analysis, Figure 4.10 clarify the comparison between different sections
computed with the 2017 code. The use of big sections permits to decrease the effects of
incremental and total displacements. Moreover, with the smallest sections, total
displacements, is always in the same range; however, increases when we considered the

biggest sections due to the effect of shrinkage.
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Figure 4.10 Comparison between little and big sections in the new code
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4.3 Performance analysis

To analyze the performance of the composite beam a MATLAB script was developed.
From the beams defined before it was chosen a steel beam with a span of 7 m divided in

21 elements with the profile steel 610 UB 113.

For this beam it was developed a strength design during the construction stage 3 where

the slab is not casting yet and after the strength design is defined the in-service condition.

During the stage 3, the concrete does not reach the compressive strength of 15 MPa, so
the design moment capacity and the shear capacity are constant along all the length

(Figure 4.11).
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Figure 4.11 Stage 3 strength design actions and capacities
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The value of the moment from the stage 3 to the in-service condition starts to develop as
well as the design moment and shear due to the interaction of concrete with the shear
connectors which guarantee a common behaviour of the two materials. The born of
composite action permits to define the design moment capacity which, in this case,

presents the same shape of the design moment (Figure 4.12).
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kNm or kN]
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—o—\I* —A— oV —— oM —— v

Figure 4.12 Composite strength design actions and capacities stage in service

In Figure 4.13 the strength design is also satisfied in fact the stress after all the
construction stage being less than the limit yield stress of 0.9 f,,. Moreover, the
reductions of stresses in the middle span of the beam is due the fact that is the sum of
the initial stress in the beam with no composite action and the additional stress that

results when the composite beam is loaded ignoring creep and shrinkage effects.
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Figure 4.13 Top and bottom fibre flexural stresses

To validate the previous deflection analysis now are computed the various displacement

for the effects of construction stages, creep and shrinkage. Shrinkage represents, like

before, the worst amount of deflection which can occur (Figure 4.14).
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Figure 4.14 Deflection results
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Chapter 5 Finite Element Model

5.1 Introduction

The objective of this chapter is to build a Finite Element Model with 7 degrees of freedom
(dof). A span of 20 m discretized in 20 elements permitted to derive the displacement in
service condition and to validate the Finite Element Model a comparison between the

results obtained by the analysis and the code is done.

5.2 FEM

Finite element analysis (FEA) is a simulation of a phenomenon which occurs in a beam

using a numerical technique.

The model used in this chapter is the Euler-Bernoulli beam model which is performed for

statically and indeterminate beam. The differential equations are derived from:
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a) equilibrium equations

b) constitutive equations

c) kinematic equations
The model used is the kinematic ones, in which we consider a prismatic section with these
properties:

a) plane sections remain plain and perpendicular to the beam axis before and after

any deformation

b) beam segment of length L

c) cross section assumed to be symmetric respect to the y-axis

d) no torsional and out of plane effects

During the kinematic analysis, if is considered a section of the beam (Figure 5.1), it is
possible to find two types of displacements: axial displacement at the level of the level of
the reference axis u(xp) and its deflection v(xp) (function also of the rotation 6 xp )

where xp defines the position of a generic point P of the beam in the undeformed situation.

If we analyze also the displacements of a point (), which is not positioned on the member

axis it is possible to derive the horizontal and vertical displacements dx(xQ, yQ) and

dy(xq. ¥):
dy(x9,¥9) = u(xg) — yosiné (xp) (5.1)

dy(xq.7q) = v(xq) — ¥g + ¥qcos8 (xq) (5.2)
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’ = P
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Q| w
P,

w(x)
/‘\

Figure 5.1 Displacement field

To simplify these expressions, it is useful to consider little displacements becouse this
assumption is common for several typologies of structures which are commonly analyzed.
In this way the sine is approximated by the angle and the cosine by one, so the generalised

displacements are re-written like:

dy(x,y)=u —y6=u—yv' (5.3)
dy(x,y) =v (5.4)
d,(x,y) =0 (5.5)

Deriving the previous elements, the strain fields are obtained:
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0
ad
Y _
v=Ty "
ad
SZ—aZZ=0
od, 0d,

od, ad
_ 94y z _
=", T 5, =0
_ddy 0d,
Yz =5, T ox T

(5.8)

(5.9)

(5.10)

(5.11)

For analyzing the weak form, it is useful to consider a beam with a vertical distributed

load w(x) and horizontal n(x), in which the edges are defined by the nodal action which

can represent external load, internal action and support reactions.

We start comparing the work of internal stresses to the work of external actions:

-[Jaxsdidx=f (w? + nil) dx + -
L Ja L

. +S v, +Nu, + M0, + Spvg + Nyup + M6,

Recalling the axial force and the moment expression as:
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N:f o, dA (5.13)
A

M= —f y oy dA (5.14)
A

It is possible to write the integral force like:

j (NO'"+MD")dx = -
L

(5.15)
e :f (W‘,’]\ + nﬁ) dx+SLﬁz +NLﬁL + MLéL + SRI/JE +NRﬁR + MRéR
L
And using matrix relation:
N, 1|1 Np1[%ir
A A~

[ D& = [ 0%+ sL] |+ |0 |7 (516

L L M; éL Mg é\R

If the virtual displacements at the end are put equal to zero, we simplify the equation:

[ G- I e o1

If we want to describe this expression in function of linear elastic material properties the

internal action will be:
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N:f O'di=f E(gr—y}c)dA:RAgT—RBK (518)
A A

Mz—f yodiz—f Ey(e,— yk)dA = —Rge, — R/ k (5.19)
A A

Changing the notation:

=[] |[ o | 6
l_.[A yadiJ

D=[_R£B _;;B] (5.21)

=[5 2 - o2

We can rewrite Equation 5.17 in:

f rAeédx =f p édx (5.23)
L L

p= [Z}] (5.24)

And substituting the constitutive properties in 13.13 in 13.18 we have the general solution

of the weak form:

_[ DeAédx =_[ p édx (5.25)
L L
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Now it is possible to describe a finite element formulation, which permits to describe the
displacement, using polynomial functions; by means of a parabolic function for describing

the axial displacements and a cubic polynomial for the deflections:

{ U = ag+ a; x + ax? (5.26)

v = b0+ b1x+b2x2+b3x3

For evaluating the coefficient a; and b, it is possible to substitute the displacements with

the displacements on the left, middle and right node:

u(x=0)= qy= y (5.27)

L L Ly? (5.28)
u(x=§>=a0+a1§+a2<z) = Uy

u(x=L)=ap+a;L+a,(L)*= ug (5.29)

And reassembling according to the displacements:

ao = uL (530)

3u; — 4uy +ug (5.31)

a1=_

_ 2(up — 2uy +ug)

. (5.32)
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Collecting the term in the Equation 5.26

3u; —4uy + up

Z(U.L - ZUM + U.R) 2 5.33
u=u; — I 2 x ( )
collecting all with the nodal displacements:
3x 2x? 3x 2x? 3x 2x? (5.34)
u= 1—T+7 ’U,L+ 1—T+7 ‘U.M+ 1—T+L—2 UR :
So in a compact way:
u= NuluL + NuzuM + Nu3uR (535)
where:
3x 2 x2 5.36
2
N, =X _ (5.37)
v L L?
N TX, 2 (5.38)
WET T

N, in Figure 5.2 represent the shape functions of the element and describe the possible

shape related to the nodal displacement, which is equal to one in the node with the

displacement and zeroes in the other.
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£

Figure 5.2 Shape functions for the approximation of u

In the same way, it is possible to define the displacement v:

3x% 2x3 2x% x3
v = 1—74'? UL+ X—T+ﬁ 9L+"‘

(5.39)
3x%2  2x3 x?  x3
.+ L—Z—? Vp + —T+L—2 1.9R
v = Nvle + NUZGL + Nv3vR + NU4I9R (540)
where:
3x2 2x3
Nyy=1- "+ (5.41)
L2 L3
2x*  x* 5.42
sz =X — T ? ( . )
3x% 247 (5.43)
Npz = —5—— 13
L L
x? x° 5.44
NU4- = — T + ﬁ ( )

where N, in Figure 5.3 represent the shape functions of v:
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; M, N
o L2 L 4] Lz L
Nys Ny
1
1} Lz L o Lz L

Figure 5.3 Shape functions for the approximation of v

Using a matrix formulation and remembering to use a 7-dof beam model as shown in

Figure 5.4:

Vi

= — -

[u]z[Nul 0 0 Ny Nys

0 0
Uy | = 5.45
v 0 Nyu Ny, 0 0 Ny Nv4—] M Nede ( )
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The strain can be expressed with this notation:

e=AN,d, =Bd, (5.46)

And substituting all in 13.20 we can define the stiffness relation of the finite element:

qe = ked, (5'47)

5.3 Results of FEM and comparison with the code

The analysis developed is a FEA with 7 dof. The procedure involved in the calculation
are defined by the following step:

a) assign a global system of coordinate

b) number the node

c) assign freedom at the node

d) calculate the stiffness matrix and the vector of force for each element in local

coordinate
e) expand matrix and vector at the dimension of the structure
f) assemble all the elements in the global coordinate
g) solve respect to unknown displacements and reactions

For having a good comparison, it was used the same beam of the previous chapter with
the same length and the same section and the only simplification concerns the position of

the shear connectors.
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The finite element model formulated is a simplification respect to the calculation defined
by the code. The aim of this part is to understand the goodness of this element and

demonstrate if the result of the code should be compared with the model adopted.

Inside the model was loaded:
a) the uniformly sitributed loads derived from stage 3, stage 5 to 6, short term, long

term and shrinkage
b) the section properties of the beam
c) the material property

The model is implemented to give in output:

a) constraining reactions
b) unknown displacements

Table 5.1 shows all the displacements obtained by the FEM for all the length of the
beam. In this case are defined all the component derived by the construction phases of
the composite beam which subsequently need to be combined to obtain the total and

incremental displacements.
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Table 5.1 Displacements for

all the construction phases defined by the FEM

Span Oci3 Ocse Siong Oshort
[m]  [m] [m] [m] [m] [m]

FEM FEM_s FEM_c FEM_s FEM_c FEM_s FEM_ c FEM_s FEM_c
0 0 0 0 0 0 0 0 0 0
1 -0.00517 -0.00109 -0.00047 -0.00197 -0.00085 -0.00218 -0.00094 0.00996 0.00429
2 -0.01019 -0.00215 -0.00093 -0.00387 -0.00167 -0.00431 -0.00185 0.01964 0.00845
3 -0.01494 -0.00315 -0.00136 -0.00568 -0.00244 -0.00631 -0.00271 0.02878 0.01238
4 -0.01929 -0.00407 -0.00175 -0.00733 -0.00315 -0.00815 -0.00350 0.03716 0.01599
5 -0.02314 -0.00489 -0.00210 -0.00879 -0.00378 -0.00977 -0.00420 0.04458 0.01918
6 -0.02641 -0.00558 -0.00240 -0.01004 -0.00432 -0.01115 -0.00480 0.05087 0.02189
7 -0.02902 -0.00613 -0.00264 -0.01103 -0.00475 -0.01226 -0.00527 0.05591 0.02405
8 -0.03093 -0.00653 -0.00281 -0.01175 -0.00506 -0.01306 -0.00562 0.05958 0.02563
9 -0.03209 -0.00678 -0.00292 -0.01220 -0.00525 -0.01355 -0.00583 0.06181 0.02660
10 -0.03248 -0.00686 -0.00295 -0.01234 -0.00531 -0.01371 -0.00590 0.06256 0.02692
11 -0.03209 -0.00678 -0.00292 -0.01220 -0.00525 -0.01355 -0.00583 0.06181 0.02660
12 -0.03093 -0.00653 -0.00281 -0.01175 -0.00506 -0.01306 -0.00562 0.05958 0.02563
13 -0.02902 -0.00613 -0.00264 -0.01103 -0.00475 -0.01226 -0.00527 0.05591 0.02405
14 -0.02641 -0.00558 -0.00240 -0.01004 -0.00432 -0.01115 -0.00480 0.05087 0.02189
15 -0.02314 -0.00489 -0.00210 -0.00879 -0.00378 -0.00977 -0.00420 0.04458 0.01918
16 -0.01929 -0.00407 -0.00175 -0.00733 -0.00315 -0.00815 -0.00350 0.03716 0.01599
17 -0.01494 -0.00315 -0.00136 -0.00568 -0.00244 -0.00631 -0.00271 0.02878 0.01238
18 -0.01019 -0.00215 -0.00093 -0.00387 -0.00167 -0.00431 -0.00185 0.01964 0.00845
19 -0.00517 -0.00109 -0.00047 -0.00197 -0.00085 -0.00218 -0.00094 0.00996 0.00429
20 0 0 0 0 0 0 0 0 0

To validate the model a comparison between: the value obtained and the deflection

components found during the design computed by the code it was done.

Consulting Table 5.2 it is possible to notice that only for the displacements related to

the construction stage 3 and 5 to 6 the displacements are equal, so we obtain a good

approximation in this case. However, there is a little gap among the other displacements

due to the reason defined before.
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Table 5.2 Different between displacements defined by the code and the FEM

Span Oci3 Ocse Siong Oshort 8sh
[m] [m] [m] [m] [m] [m]
FEM code FEM code FEM code FEM code FEM code

0 0 0 0 0 0 0 0 0 0 0

1 -0.0052 -0.0052 -0.0006 -0.0006 -0.0012 -0.0008 -0.0013 -0.0009 -0.0059  -0.0095
2 -0.0102 -0.0102 -0.0013 -0.0013 -0.0023 -0.0015 -0.0025 -0.0018 -0.0115 -0.0177
3 -0.0149 -0.0149 -0.0018 -0.0018 -0.0033 -0.0021 -0.0036 -0.0025 -0.0167 -0.0248
4 -0.0193 -0.0193 -0.0023 -0.0023 -0.0042 -0.0027 -0.0046 -0.0032 -0.0213  -0.0308
5 -0.0231 -0.0231 -0.0028 -0.0027 -0.0050 -0.0031 -0.0055 -0.0038 -0.0252  -0.0357
6 -0.0264 -0.0264 -0.0031 -0.0031 -0.0056 -0.0035 -0.0061 -0.0043 -0.0284  -0.0396
7 -0.0290 -0.0290 -0.0034 -0.0033 -0.0061 -0.0037 -0.0066 -0.0046 -0.0308 -0.0424
8 -0.0309 -0.0309 -0.0035 -0.0035 -0.0064 -0.0038 -0.0070 -0.0049 -0.0324  -0.0442
9 -0.0321 -0.0321 -0.0036 -0.0036 -0.0065 -0.0038 -0.0071 -0.0050 -0.0331  -0.0451
10 -0.0325 -0.0325 -0.0036 -0.0035 -0.0065 -0.0037 -0.0071 -0.0050 -0.0331  -0.0450
11 -0.0321 -0.0321 -0.0036 -0.0036 -0.0065 -0.0038 -0.0071 -0.0050 -0.0331  -0.0451
12 -0.0309 -0.0309 -0.0035 -0.0035 -0.0064 -0.0038 -0.0070 -0.0049 -0.0324  -0.0442
13 -0.0290 -0.0290 -0.0034 -0.0033 -0.0061 -0.0037 -0.0066 -0.0046 -0.0308 -0.0424
14 -0.0264 -0.0264 -0.0031 -0.0031 -0.0056 -0.0035 -0.0061 -0.0043 -0.0284  -0.0396
15 -0.0231 -0.0231 -0.0028 -0.0027 -0.0050 -0.0031 -0.0055 -0.0038 -0.0252  -0.0357
16 -0.0193 -0.0193 -0.0023 -0.0023 -0.0042 -0.0027 -0.0046 -0.0032 -0.0213  -0.0308
17 -0.0149 -0.0149 -0.0018 -0.0018 -0.0033 -0.0021 -0.0036 -0.0025 -0.0167 -0.0248
18 -0.0102 -0.0102 -0.0013 -0.0013 -0.0023 -0.0015 -0.0025 -0.0018 -0.0115 -0.0177
19 -0.0052 -0.0052 -0.0006 -0.0006 -0.0012 -0.0008 -0.0013 -0.0009 -0.0059  -0.0095
20 0 0 0 0 0 0 0 0 0 0

In Table 5.3 there is a combination of the displacements obtained before to derive the

total and incremental displacements like done in Chapter 4. In this way we obtain a

comparison between the most important parameter of the beam which govern the project

in service condition. As well in this case, the difference between the result obtained by

the code and by the model are comparable.
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Table 5.3 Comparison between total and incremental displacements

Span Sincr Otot

[m] [m] [m]

FEM code FEM code
0 0 0 0 0
1 -0.006 -0.007 -0.014 -0.017
2 -0.012 -0.014 -0.028 -0.032
3 -0.017 -0.020 -0.040 -0.046
4 -0.022 -0.024 -0.052 -0.058
5 -0.026 -0.028 -0.062 -0.069
6 -0.029 -0.032 -0.070 -0.077
7 -0.031 -0.034 -0.076 -0.083
8 -0.033 -0.035 -0.080 -0.087
9 -0.034 -0.036 -0.082 -0.090
10 -0.033 -0.036 -0.083 -0.090
11 -0.034 -0.036 -0.082 -0.090
12 -0.033 -0.035 -0.080 -0.087
13 -0.031 -0.034 -0.076 -0.083
14 -0.029 -0.032 -0.070 -0.077
15 -0.026 -0.028 -0.062 -0.069
16 -0.022 -0.024 -0.052 -0.058
17 -0.017 -0.020 -0.040 -0.046
18 -0.012 -0.014 -0.028 -0.032
19 -0.006 -0.007 -0.014 -0.017
20 0 0 0 0

In Figure 5.5 are graphed the displacements in Table 5.3 to check the difference.
Despite the approximation of the model the values of total and incremental deflection are

quite the same, in fact the max percentage variation for both case is about 10%.
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Deflection

Span

—6— dtot,FEM —6— 3tot,code —&— Jincr,code —A— dincr, FEM

Figure 5.5 Deflections comparison between FEM and code results

To understand which parameters are more different, it is possible to analyze the ratio

between the displacements obtained by the code and the FEM (Table 5.4).
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Table 5.4 Ratio between displacements defined by code and FEM

Span  Ocizcode/Oc13rem  Ocsecode/Ocserem  Olongcode/SlongreM  Oshort,code/ Oshortrem  Oshcode/ Ssh,code
[m] [-] [-] [-] (-] [-]
0 1 1 1 1 1
1 1 0.998 0.672 0.700 1.599
2 1 0.996 0.662 0.700 1.539
3 1 0.993 0.652 0.700 1.490
4 1 0.991 0.641 0.700 1.451
5 1 0.989 0.630 0.700 1.420
6 1 0.986 0.619 0.700 1.396
7 1 0.984 0.608 0.700 1.378
8 1 0.981 0.596 0.700 1.367
9 1 0.978 0.584 0.700 1.361
10 1 0.976 0.572 0.700 1.361
11 1 0.978 0.584 0.700 1.361
12 1 0.981 0.596 0.700 1.367
13 1 0.984 0.608 0.700 1.378
14 1 0.986 0.619 0.700 1.396
15 1 0.989 0.630 0.700 1.420
16 1 0.991 0.641 0.700 1.451
17 1 0.993 0.652 0.700 1.490
18 1 0.996 0.662 0.700 1.539
19 1 0.998 0.672 0.700 1.599
20 1 1 1 1 1

And the ratio of the total and incremental deflection are presented in Table 5.5. It is

possible to notice that the incremental deflection presents a good approximation, however,

the some sentence is not correct for the total displacements.
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Table 5.5 Ratio of total and incremental displacements defined by code and FEM

Span 6incr,code/6incr,FEM 6tot,code/6tot,FEM

[m] [-] [-]

0 1 1

1 0.816 0.519
2 0.842 0.501
3 0.864 0.485
4 0.883 0.473
5 0.899 0.462
6 0.912 0.453
7 0.923 0.445
8 0.930 0.439
9 0.935 0.435
10 0.937 0.431
11 0.935 0.435
12 0.930 0.439
13 0.923 0.445
14 0.912 0.453
15 0.899 0.462
16 0.883 0.473
17 0.864 0.485
18 0.842 0.501
19 0.816 0.519
20 1 1

In Figure 5.6 present a summary of all the concept defined previously. The ratio of the
displacements permit to define the parameters which during the two analysis present a
bigger gap respect to the other. At the end the effect of shrinkage, short and long term
play a main role in the definition of the total deflection which cannot be approximated in

a very precise way.
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0,8
0,6

0,4
0 2 4 6 8 10 12 14 16 18 20

Span [m]
—8—5(C13,code/5C13,FEM —8— 5C56,code/8C56,FEM —0— 3long,code/dlong, FEM

—8— Sshort,code/dshort, FEM —8— 5sh,code/sh,code —8— dincr,code/dincr, FEM
—8— 5tot,code/dtot, FEM

Figure 5.6 Comparison between displacement ratio of FEM and code
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Chapter 6 Conclusions

6.1 Introduction

The results related to this thesis are summarized in this chapter followed by the

recommendations for future work.

6.2 Concluding remarks

This thesis represents an evaluation of the design of composite beam and the behaviour
in service condition. Particular attention is given to the long-term effect due to shrinkage

in service limit state.

In Chapter 3, an evaluation of all the phases related to the design of a composite beam
are demonstrated. The main parts are the design of strength and the design of
serviceability which govern all the project. However, the design of serviceability is the
most critical part; in fact, the deflection can create problems during the service life of this

element. So, it is useful to analyse the history of displacements from the first construction
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faces to the service condition and understand which parameters are the most dangerous.
In the new Australian code, it is possible to notice that the effect of shrinkage played an
important role and it is evaluated by the deformation produced by the equivalent actions

and induced by the shrinkage strain.

In Chapter 4, a parametric analysis is carried out. The parameters involved in this case
are: different level of spans, the ratio between moment, shear and displacement. It has
proven that the main parameters which govern the serviceability design are the total and
incremental displacement while the other will not influence a lot the problem. Moreover,
in the new version of the code it not possible to use little steel sections like in the previous
version because they suffer a lot of deflection and will not respect the limit. A comparison
between all the deflection component of the two version of the code is done. It shows the
bigger influence of shrinkage in AS/NSZ 2327:2017 due the new formulation of the code.
In this chapter also, a stress analysis is performed to observe the behaviour of the stress

along the beam.

In Chapter 5, a Finite Element Model is developed used to define the displacement during
the service state of the composite beam. This element is validated using the results
obtained before using the code. In fact, the values of displacements are quite the same
and the gap between the two trends is related to some simplification adopted in the

model.

Ultimately, by this work it is possible to understand that the effect of shrinkage in long-
term changes a lot the displacement of a composite beam and the formulation of the new
code is able to predict with good accuracy the value of shrinkage deflection respect to the

old code in which this parameter did not influence the behaviour of the system.
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6.3 Recommendations for future works

Considering this thesis possible future works should be defined as follow:

1) more refined Finite Element Model.

2) considering a nonlinear analysis using the Newton-Raphson Method which permit

to define the development of curvature and stresses using an iterative procedure.

3) comparison between the model and real experiments for validate the model and
understand if the model developed is suitable for predict the long-term effects in

a composite beam.
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Appendix I

In this appendix is provided the calculation of a composite beam for a single case in which

are shown all the passage for the design of a composite beam.

The first step is to choose the type of steel section and concrete slab and the related

property.

a) span of the primary beam L,
b) span of the secondary beam L,

c) define tributary area:

After it is possible to define all the loads and the combo acting on the beam:

d) define the loads acting on the beam:

G

superimposed 2 — L2 stuperimposed

1.5

in which fy(s”u,pc’rv'/rn,po(s’rid =

Gsla,h 2 = L2 Pe t

C

in which p, is the density of concrete and ¢, is the thickness of the slab
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Gslab,ponding 2 = Gslab 2 ¢p0nd7ﬁng

G,., = 0.08 (1— Pe )L2

reo 7350
Gadjust for deck — 0.29
GSte‘)'l sheeting — Vsteel sheeting L,

G

superimposed slab 2

- Gsupc’r’i,'rn,p()sad 2 + Gslu,b 2 + Gslu,b,p()'n,d’[lng 2 + G’rao - Gu,djust for deck
Ry =Q Ly
e) define all the geometry properties of the steel beam

f) define the lever of residual stress: LW (Lightly welded)

g) define the combinations of loads

G2 tot — SWs’taal + G + G

steel sheeting superimposed slab 2

i) for stage 3:

Gsta,ga 3= SWstccl + Gstccl sheeting + Gslu,b 2 + Gslu,b,p()'n/d'/l'n,g 2 + G’re(}

- Gadjust for deck
Qstage 3= f(At)

for strength:

COMB 135G

strength stage 3,1 = stage 3

COMBstrength stage 3,2 = 12 Gstage 3 + 1.5 Qstage 3
COMBS?‘?’I‘(’,’H/Q'/Z}I, stage 3,3 — 1.2 Gsta,gc 3 +1.5 wl Q

stage 3

in which ¢, = 0.4
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COMB

strength stage 3

= max(COMB COMB COMB

strength stage 3,1; strength stage 3,2; strength stage 3,3)

for serviceability:

COMB G

service stage 3,1 = stage 3

COMBSG’I“U’[,(:G stage 3,2 — ws Qstu,ga 3

in which ¢, = 0.7

COMBS@T'U'IZCG stage 3,3 = wl Qstage 3
in which ¢, = 0.4

COMB max(COMB COMB COMB

service stage 3 service stage 3,19 service stage 3,2 service stage 3,3)

ii) combo strength for design

COMB 1.35 Gy 1

strength,l —
OOMBstrength,Q = 1.2 GQ tot +1.5 QQ

COMBst'rc'n,gth,S = 1.2 GZ tot +1.5 wl QZ

in which ¢, = 0.4

COMB

strength

= mcw:(COMB ; COMB 3 COMBst’r‘cxngth,,S)

strength,1 strength,20

iii) combo serviceability for design

COMB G o

service,l —

COMB = ¥, Q,

service,2 —
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in which ¥, = 0.7
COMBS@T'U'IZCG,?» = @Z)z QQ
in which ¢, = 0.4

COMB max(COMB : COMB

service, 1)

service — service,2 ; COMBS(%’!’WZ(:@,QS)

To understand where the load is loaded it is possible to analyze:

h) define effective section of the composite beam:

i) in midspan or near an internal support:

bcff = b(’) + Z ba’i,

ii) end of support:

baff = bO + Zﬁlb(l

i) define effective portion of steel beam:

it is agssumed 8 = 0.5

A b
e, flange — ; 250
d | f,
)‘e,web = ? 250

in which t is the thickness of the element

and compare with A, and A, derived from the table in function of the part of

the plate element and the residual stress

Now start the design of strength in which we need to do some verification:
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3 6
% > 1
]\/[1?11,> <‘/(:()7nvp

We start defining the design of composite action:

1) n; =52 which represent the minimum number of connectors
) Rk

After we define on the beam the potentially critical cross section and the design the design

for full shear connection:

m) FCC = min(Ny,d , NC,d)

Then we define the design of vertical shear capacity:

Il) ‘/(iomp = ‘/pl,Rd + ‘/sla,b

In function of v and f it is possible to calculate:

o) Mp,

Now it is possible to define the design of the shear connectors:

p) n/ — F(:(:
ct Pry,

where Pp, = k; Pp,, in a composite slab

Now we define the design of longitudinal shear reinforcement:

* _At Ye v
(l) Vp =1,

r) Then we compare the design shear stress with the longitudinal shear strength
Vz;; < ¢ Tu

After we use the minimum transverse reinforcement:
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_0.08\/fl
S) Prmjin = -fm/ -

Now it is possible to start the design of serviceability:

t) Deflection for stage 1 to 3 and 5 to 6 is defined as in Science of Constructions:

5 _ 5¢q 4
Cii T 384 F, I,

For stage 1 to 3 we consider only the steel part for the elastic modulus and the moment

of inertia.

For stage 5 to 6 we consider the immediate deflection of steel beam and the immediate
deflection of the composite member with complete interaction in which change the value

of the moment of inertia. In this case, we define:

ii) é¢ 5,6¢

And after we define the total deflection for this stage:

iii) O 5= (1+0.3 (1—0.85 ) (32%) — 1) 865 40

- 1y d¢ 5,6¢

u) For the creep deflection we need to follow the same step but the value of the

elastic modulus is:

And:

1) 5.5’11,()7‘75 = (1 +0.3 <1 - %) (g\ho—r“) - 1> 6511()”,(1

short,c

v) For the shrinkage deflection, we need to follow the same step but the value of the

elastic modulus is:
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Eetee =TT 055 0
ef,cc 1+0.55 ¢(:c

And define the equivalent load which permit to define:

1) 68}1"’”’7”0]‘?‘1/9“ = (1 +0.3 <1 —0.85 il_;) (M) - ]‘) 6sh,’r’i,'n,k:(l,gu,(:

shrinkage,c
Then we define the cracked and uncracked section which permit to define the I, and

I

uncr
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Appendix II

In this appendix are provided the flowcharts related to the project of the composite beam
used for developing the MATLAB script. The main flowchart shows the general
procedures to follow and the other flowcharts show the procedure to follow for complete

all the steps.
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Input <

v

Choose type ofdesign

—

Project:

YES

Design of serviceability

Design load
O freenneennnn]
2 ¥
> PCCS;

Design of strength

................ J,

YES

Nominal shearcapacity

y

NO

NO

YES

v

Detail concrete

v

Finish
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Input data

v v v ¥

Material property Section property Construction load Deflection

* .= compressive cylinder strength
of concrete [kM/m?]

* = o+ BO00

* . .=09f_.=590% of the main
value of the cylinder strength

* .= density of concrete [kN/m?)

* p.= density of steel [kN/m?]

*  E.= elastic modulus of concrete
(function of femi) [kN/m?]

*  E.= elastic modulus of steel
[kN/m?]

*  t=thickness of slab depth Slab:

* = degree of shear connection

* | ,=span of beam [m]

* | ;=span of secondary beam [m)

* | .=span of secondary beam [m])

+ (Consider internal beam

* pdgefinternal beam

*  bysge= dimention of width overhang [m]

+ solid (C)/composite slab (D)

* connector type: welded head stud [A), strength structural

¥ Bypaied= 1200 =deflection limit stage 3
* B 17250 =total limit deflection
b= 17500 =incremental limit deflection

* (= live load [kN/m?]

*  W=0.4 = long term coafficient for load combination
¢ UY.=0.7 = short term coefficient for load eombination
¢ p..~5teel sheating weight [kg/m®]

* .= 0 precamber coefficient

*  thponaeg= 0.7 ponding slab coefficient

% huess o= 1.5 slab superimposed dead load

* G aae= La pete [kNSm]

*  Gupeimposs= Lz Dlopernmposed

bolt (B) - = Gz, um
*  fu,=410000 tensile strength of ) 2, slak pondleg= "2, slsb (Piponging
shear connector [kN/m?] * ::dﬂilia} 0.020 (8} [m] nominal shank diameter of a . gw: 0.08 {lE’pl:;?ﬂ.Sﬂ} Ls
* choose residual stresses (SR, HR, i . acfustior decc= 0.
. ( *  hsc=0.092 (A) = 0.1 (B) [m] overall height of a shear Gy e st Goupert o+ Ga, gan* G2, uab ponding®
- _________r ____________________ o connector Grﬁr Gtel,‘usnlnr deck
*  spe= transverse space of the ribs [m] s =0l

* by = width of steel rib in a composite slab at its mid
height [m]

* by ree= Seins = berres =width of concrete rib in a composite
slab at its mid height of the steel ribs [m]

I
i
I
I
]
I
i
I
I
I
I
]
I
I
I
I
]
I
I
I
I
I
I
]
I
I
I
I
]
I
I
I
i
I
I
]
I
|
i
: . Gmﬂ shesting™ ¥ siesl stheeting Lz
I

I

I

i

! * by o= 0.054 (D} 0 [C) height of steel ribs in profiled steel
i

I

i

I

I

]

I

I

I

I

]

I

I

I

i

I

I

]

I

i

I

I

]

I

i

I

I

I

I

]

I

I

I

I

]

I

I

I

i

I

I

]

I

i

I

I

]

I

i

Composite beam [slab + stesl beam)

*  Goer= 5Woee +HOsteel sheatingt (52, seperimgossd gab

sheeting [m] Stage 3:
*  Bun= acute angle between sheeting ribs and steel beam [°]

* Ou =a Ls [a function of A
* A= L Lstributary area [m?] mparary stape3=Ct L3 [ i )

*  Garages™ SWaeertGuee sheetingt G, start G2, stab pending
Gres~ Gadpestior seck

- qmmﬂ= ql:n-wn'wv staged

Steel beam properties:

*  SWoew= selfweigth of steel section [kg/m]
* b= width of flange

¢+ d.;=depth of section

*  ty= thickness of flange

+ d;= depth between flange

*  t.=thickness of web

* f=vyeld stress flange

* .= yeld stress web

* A= gross area cross section

* L= moment of inertia about x axis
* |L=moment of inertia about v axis
. 7

*  |=torsional constant

*  |,=warping constant

|
lr
=

e i
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Combo stage 3:

i |
I 1
I 1
I 1
i ®  1.35 Ggages i
: hd 1.2 Gstage3+ 1.5 oétage3 :
: d 1.2 GstageS"‘ 15 lestage3 :
! N.B. use the max combo H
L 1
i

I

I

I

I

I

I

I

I

I

I

I

I

Combo end construction:

d

1

i

' ®  1.35Gotot

H * 12Gut+15Q
i ® 1.2Gux+1.5WQ,
]

! N.B. use the max combo

L
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Gstage3
l'IJs Oétage3
° l'IJI Qstage3
N.B. use the maxcombo

1

1

]

1

]

]

]

1

]

1

]

1

]

:

I Combo endconstruction:
i

: ®  Goot

: kIJs QZ

i * UQ

H N.B. use the maxcombo
L



: Effective section

¥ ¥

Concrete section Steel section

e S O O S D S S S e e e

* by, ber=berin function of imternal or external

I
I
I
Ty
support i * J..nlﬂmw % -";
* h|.|= hr‘l.+ hlll I Illr_
* Bl i * Aewes =T\
*  A=[0-1] | ¥ R Munge, Ay tusge dfined by table
i 0 b= 111
________________________________________ N Tep e 4Tr,—1
. az;

1

1

1

1

1

1

1

1

i

1

1

1

1

1

i ey.web = THr, i1

i *  hun=effective width of steel beam top
i flange

- * o= effective thickness of non-compact
i wib of steel beam

! * 5= plastic section modulus

i *  I=elastic section modulus

! * 7= effective section modulus

i *  Mi=2Z.f;, =moment capacity

i *  HM=05M;

1
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l---------------------------------.

Design action at support:

. M.ﬂaﬂFﬂ
L] r‘l'!sugjq]
*  V zapes= Compostrengtn sege L2

-~

'] B:ﬂ

e !

Design action at mid-span:

- M.cham-ﬁm g 3'—2.']'3
. I'I.I!ms.j= Camw szg

. Y stape3= 0

L] V:tusr_l:ﬂ

« B=B

N.B. use the max moment and shear

l[lesign member moment capacity

y<05

* Fa= (e Arr) Tyr® Ao e
*  Op= Dettatdy/2=0r

*  Fu=0.85f.be (Dehy)

» Fua=085f.bahh

v=1

*  Fo= (Bes An) Fot A
*  dy=Dettutdy/2=d=

* Fu=0.85fbz(D-h)

* Fo=085fbahh

pe=————

1
! ! ) * Fer=fabaitn * Fo=Tpbntn
{ ® Ap=areatop flange ! -------------|---------------' e B i
i *  Aq=area bottom flange i
[]
i ® A,=areawebinfunctionof !
i redial stresses H
[]
I . Vu=l.6*1,* A Shear capadity !
i = GV=09"a* V. !
e YV e OV i 0<pel !
L o o o o S
I~
1 -
p=1 { = Define: | = Define:
i 1
{ If PNA in solid slab Fz<Fg i Faa i Fecr, Far, Fe: (like B=1 and y<0.5)
i PMNA between ribs and composite slab Fo< Fa <Py + Foo | i i * I PNA in solid slab Fs<Fo i = |fPMAin solid slab F==F
o
! i . i PNA between ribs and composite slab Fo< Fa<{Foa + Fz ) !
i ;ﬁ in tonbsteFel ﬂaF_ngf:{rFFi: +F Fez ﬁF Fsr;f?: #Fa+2 For) i I P o ? “F ';-F - i PNA between ribs and compaosite slab F;y< Far <(Fo + Fo |
+ <) + + + “Fo[Feq + Foo + .
EhAnmwel S oot S S oot i lingstes farss oot Lo Somtieet : PNA in top steel flange (Fo + Fo | <Fut(Fu + Futd F
1 Fe 1 PNA in web For(Foy+ Fo 2 !
i 1 | Fezr, de, dn
i e i Fa |
! ! ! ! +  Define:
I d|-| : : - Drefine: I W= Fn:ﬂ'r Fn:
! Ma i i Fe=B F in function of connector ! = When WeR<lif FosFy or Fos Ferd(Fo+Fo) or[Fo s Fo)
i T —— - Fo= Foar Foo ! “FgpalFg + Fg+2 Fog)
! I Mare
< i < |
i - EE_FE‘LFFFE_FE : s When O<p< W
i d: i if P Py oF if P P
! = Define : Fepr, Foc, de
i F | " fFy<? Fgor F>2F
: o | dh
i - - 1
| EEgdFgor 2 P <Faxd Fg#d Fplor Fo22 Fig 42 F : & Fare? Fu® Far< 2 Furor FrarFea & Fi22 Furor
i th i Foo*Fes & Foc < 2 For O Foo>Fs & Fo 2 For
! & fFo<2Fa&F.<2FeorFuFad2FocF<(2 Fat2F : Mor
1 -
; OF FoeFu B F > (2P P OT PP & P < 2 Fogor FeFg 1 1 *  Define
! B FoeFor 2 (2 Foz+2 Fon) OF FoFoy 8 Foe <2 Pt F i M zpacit=max (M, Mee:)
1
: Mh : 1
1 1y
o e . | PR

M ¥
0.5ap<1
-
i
"~ Define Meapacey for y=1 EHE}T:EE';
N 1
Feg, Fecpr Mapacy i




Nominal shear

capacity
Solid slab Composite slab
e Define:
a=0.7

Prk1= o dps fuc

Pria = 0.29 ds (fccy Ec)o'5

v v

eribs:;t 0 Bribs=0

o

e Define: e Define:

a=0.7 a=0.7
Prk1= ot dps fuc

Pra= 0.29 dzbs (fccy Ec)(l5

Prk1= ot dps fuc
Prka = 0.29 d?%ps (feey Ec)%°
k1= 06 (bcr / hr) ((bcr/ hr)'l)

Py = k1 min(Prkl ’ Pka)

n-=number of studs
ka= (0.7/n:%%) (ber / hr) ((ber / hr)-1)

Pek = ke min(Pr1 , Prc2)

e Define:

Prg = 0.85 P

1

- |

i 1

i 1

i 1

i i

! ni= Fep/ Praminimum number of shear connectors |
1

1

' n¢= Feo/ Pranumber of connectors for full shear |
1

1

L 1
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e Define:
deeb in function of f.
o Define creep coefficient:
Ag= Dbt
Ue= exposed perimeter
To=age concrete at time of loading
th=hypothetical thickness
0p=1+1.12 e 0008t
ko= ap t08/( t%8+0.15*ty,)
k3=2.7/(1+lg10 To)
ks=0.5
03=0.7/(ks )
ks=1 (if f.<50000) or 2- 03-0.002(1- as) f
bec= ka ks ka ks dech
e Define:
Eefee= E/(1+ ¢cc) effective modulus for creep deflection
Eefee= E¢/(14 0.55 &) effective modulus for shrinkage deflection
a=[ Es/Ec, Es/Eefcc, Es/Eefcs]
€1=2 As/(bcr dsg)

Mer

|uncr, slab section

lef= |cr+( luncr- |cr)('\/ICI'/|v|*)3

1
1
1
1
1
1
1
ler, slab section :
1
1
1
1
1
1
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Deflection component

Define:
Betaze3=Gistage 3/(24 Eal)(Ux-2065+x%) Larying=3
Gs5to6= Gouperimposed_2/(24 Esls){L¥x-2 L} %) (deflection steel) t=tfnal-tarying
55006 B zuperimpozed_2/(24 E.1J(L3x-2%4x%) [deflection concrete) Ecse=Ecze1|1-2 1Y) zautogenous shrinkage strain
Baree=P02/(24 Eol){L3%-2L%+x°%) (deflection steel in service stage) Eceabt=1000 107 final drying basic shrinkage strain
Baror=02/[24 E)[Lx-26%+x%) (deflection concrete in service stage) @1=0.8+1 .2 0005
Bsione=| Gruperimpezes 2+102)/(24 E-lo){L3%-215C +x%) (deflection steel in service stage) ky= oy t25/( t2540.15%,)
Gelong=( Gsuperimposed_z+Wniliz) /(24 Esli)( 1/le2-1/1:0)( Px-2 L6 +x%) (creep deflection concrete in service stage) ke=0.5
B recamber™ Precmber coe I:B,.EE;,=_3,,|"{ZlflEsls:I{LEI x-2 L) Eczg=k1 ka Bcen drying shrinkage strain
Define long-term shrinkage deflection in service condition: EeTEmetEcg design shrinkage strain
Ece1=(0.06 foy 107%)-1)*50*10® = final autogenous shrinkage strain ¥Ye=centroid of the composite cross-section

Bo=M.f(2 E. I._now) (L x-x2)

Besr=Man/(2 E= k)L x-7); ko= | EcstopmEcshem ) tc curvature of the shrinkage

Solid slab Composite slab
S —— L SR N 20—
! + Define: i # Define
I 1
1 he te-hr i Ecsbm=0.2 £ shrinkage strain in the bottom of
I
i Hev=hc b Eesiz Ecs | the slab
I I
| l== lever arm | Ecstop=1.2 Ec shrinkage strain in the top of the
: H slab
1 M z=H:p l= :
: 1 h:: t|:'hr
1 1
I I
1 1
1 1
L

profile
Ecsef~Ecsogke*ho/2 effective shrinkage strain

Hshzh: brl:F Eafer Eqzaf

le== lever arm

Ma=Hu I

+ Define:
Been=Menf(2 E: lo_now) (L x-x%)

Beah=Mi/(2 E; L)(L x-x7);

1
B5pa6=1+0.3({1-Peroc Nif 1) s5t06/ O5e06-1) Besios !
Behor=1+0.3 (1-Buror: Nif )| Szshortf Geshort -1) Beshort !
Blorg=1+0.3(1-Bunors N/ Butong / Bciong 1) Bcong |
1
i
i

1
1
1
1
1
1
[
1
1
1
1
1
1
1
1
1
1
[
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
L

Bspriricage=140.3(1-Bon Nifm)| Bzzn / Bezn-1) S

Ster= 6##3 + B5m6 + Bohorr + E‘In-ng + 'sshrinkagt - '5pr|:|=r|1b|=r

Biner= Bznort + Dlong + 0.6 Bhrinkage
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