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ABSTRACT 

This thesis describes the concept behind a new long-span composite floor system and the 

experimental and numerical verification of that concept. Externally, the floor looks like a 

nine-metre-long double-Tee floor with hanger systems at its supports, but with unusually 

thin ribs. Internally, a new load-carrying system has been developed, using a centrally 

placed perforated light-gauge steel sheet. By providing a continuous medium for internal 

force transfer, the steel sheet offers some significant advantages over conventional shear 

reinforcement. It is envisaged that the floor unit would be produced as a precast, top-hung 

element that can be installed with top of concrete level on deforming supports and with no 

requirement for a topping slab. 

 

Experimental testing has verified the constructability and behaviour of three 4.5-metre-

long floor specimens, built in accordance with the proposed concept. Causes of premature 

failure in the first test were reviewed and the floor concept improved for the following 

tests, although it is envisaged that further improvements could be made before the concept 

was commercialised. The tests showed that the steel sheet, which was perforated with 

holes to improve the connection to the concrete, was able to replace common stirrups and 

generate full composite action with the surrounding concrete. 

 

A first-principles theoretical model has been developed and implemented in the form of 

Microsoft Excel spreadsheets, using the “solver” add-in for optimisation purposes. 

Different stress-strain curves for the concrete’s behaviour under tension have been 

modelled and investigated, based on the results of small-scale material tests. Incorporating 

the concrete material model to theoretical models of the experimental floor test specimens 

have been developed which showed good agreement with the load-deflection curves 

observed in the large-scale experimental testing, especially in the test in which the failure 

mode matched that on which the theoretical model was based. 

 

To model the floor behaviour more accurately than the theoretical model could achieve, 

including more precise modelling of the actual experimental support condition, a numerical 

model was constructed using Abaqus finite-element software. The results closely 

supported the outcome of experimental testing and theoretical modelling. 



 

 iv

 

The research demonstrated that the proposed floor type is viable and suggests further 

topics of research and testing that would be required prior to commercial implementation. 
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NOTATION 

Latin letters 
a   Depth of equivalent rectangular stress block 
A   Cross-sectional area 

compA   Composite area 

cvA   Effective shear area 

sA  Shear area or cross-sectional area of reinforcement or area of flexural 

tension reinforcement 

wA   Gross sectional area of the steel web 
b   Width 

effb   Effective width 

wb   Width of web 

c   Distance from extreme compression fibre to neutral axis 
d   Effective depth of a cross-section 
E   Modulus of elasticity 

cE   Modulus of elasticity of concrete 

sE   Modulus of elasticity of steel 

EI   Bending stiffness 

cf   Compressive strength of concrete 

concF   Force in the concrete 

machineF  Force of the actuator which loads the slab in the experimental test 

nf   Natural frequency 

cF   Compression force in cross-section 

rF   Force in the reinforcement 

reinfF   Force in the reinforcement 

sF   Force in the steel sheet 

sheetF   Force in the steel sheet 

tF   Tension force in cross-section 

cdf   Design value of concrete compression strength 

ckf   Characteristic compressive cylinder strength of concrete at 28 days 
*

vaf   Average design shear stress in a web 
*

vmf   Maximum design shear stress in a web 

yf   Yield strength of reinforcement 

ydf   Design yield strength of reinforcement 

g   Standard gravity or line load 



 

 xx

cG   Shear modulus of concrete 

sG   Shear modulus of steel 

h   Height 
I   Second moment of area 

compI   Second moment of area for the composite section 

ak   Factor allowing for the influence of aggregate size on shear strength 

dk   Factor allowing for the influence of member depth on shear strength 

l  Length 
m  Mass 
M   Bending-moment 

*M   Design moment at section at the ultimate limit state 
M   Virtual bending-moment 

nM   Nominal flexural strength of section 

sM   Nominal section moment capacity 
n   Ratio of the elastic modulus of steel to the elastic modulus of concrete 

Gn   Ratio of the shear modulus of steel to the shear modulus of concrete 

wp   
s

w

A

b d
  

q   Line load or area load 
*t   Constant steel sheet thickness if the holes in the sheet are smeared over the  

length 
u   Deflection 

bendingu   Bending deflection 

shearu   Shear deflection 

V   Shear force 
V   Virtual shear force 

*V   Design shear force at section at the ultimate limit state 

bv   Factor to calculate the shear resisted by concrete 

cv   Shear resisted by concrete 

cV   Nominal shear strength provided by concrete 

nV   Total nominal shear strength of section 

,pl RV   Plastic shear resistance 

sV   Nominal shear strength provided by the shear reinforcement 

vV  Nominal shear capacity of the web 

vmV  Nominal web shear capacity in the presence of bending moment 

(interaction) 

vnV  Nominal shear capacity of a flat plate with non-uniform shear stress 

distribution 



 

xxi 

vuV   Nominal shear capacity of a web with uniform shear stress distribution 

wV   Nominal shear capacity of a web 
z   Vertical distance to the top surface of the floor 

concz   Rectangular distance between concF  and the neutral axis 

reinfz   Rectangular distance between reinfF  and the neutral axis 

sheetz   Rectangular distance between sheetF  and the neutral axis 

 
 
Greek letters 
   Coefficient 

1   Factor for flexural strength calculation 

1   Factor for flexural strength calculation 

   Shear angle 

c   Partial factor for concrete 

s   Partial factor for reinforcing 

   Strain 

b   Strain at the bottom surface of the cross-section 

reinf   Strain of reinforcement 

t   Strain at the top surface of the cross-section 

   Strength reduction factor 
   Curvature 

Eds  Coefficient for calculating the cross-sectional area of reinforcement for a 

reinforced concrete beam 

c   Poisson’s ratio for concrete 

s   Poisson’s ratio for steel 

   Density 
   Stress 
   Shear stress 
  Coefficient for calculating the cross-sectional area of reinforcement for a 

reinforced concrete beam 
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1 INTRODUCTION 

1.1 RESEARCH MOTIVATION 

Decades ago, buildings tended to be broadly categorised according to their material of 

construction, such as masonry, timber, structural steel or reinforced concrete. More 

recently, the construction industry has tended to use a variety of materials in combination 

that are both structurally efficient and supportive of architectural innovation. These 

benefits have increased the number of composite constructions significantly. Newly 

developed materials, such as high strength and light-weight concrete and geopolymers, or 

the use of steel and synthetic fibres are promoting this trend. 

 

Against this background, the brief for the research that is described in this thesis has been 

developed. The objective was established by a consortium of: four industrial companies; 

two research providers, namely the University of Auckland and the Auckland University of 

Technology; and the New Zealand Heavy Engineering Research Association (HERA). The 

consortium was established to develop a range of advanced Composite Structural 

Assemblies (CSA) for use in the building industry and with potential to export. 

 

This thesis is about the development and analysis process of a new composite floor system, 

comprising concrete and light-gauge steel acting together to resist bending and shear 

actions. Generally, the term “composite floor” indicates a floor type based on a formed 

steel sheet and in-situ concrete supported on a grid of secondary and primary steel beams. 

In this project “composite” stands for a material combination of thin formed steel sheet and 

concrete, but used in a different manner to concrete poured onto formed steel deck. The 

brief for the floor unit was further refined as the result of discussions with industry partners 

to include the requirement of being precast with no topping layer and being capable of 

spanning nine metres or more. 

 

The proposed floor concept is new and innovative. From the outside it looks similar to a 

common double-Tee floor, but inside the floor, a perforated steel sheet replaces 



Introduction 

 2

conventional stirrups for reinforcement and also for development of flexural strength and 

anchorage of support forces. 

As this research is part of the CSA-project, some thesis objectives might be part of or even 

identical with some CSA objectives. However, the thesis is focused on some individual 

aspects only and, therefore, the CSA objectives and thesis objectives are not identical. 

 

Key CSA objectives of any new floor element are: 

1. To develop a floor system that uses light-gauge sheet-steel for construction and 

which should be able to be produced as a precast element. 

2. To verify the feasibility of the proposed floor slab with an experimental test on a   

9-m long floor specimen. 

3. To verify and analyse the experimental test data with theoretical models based on 

simplified hand calculations or FEM-analysis. 

4. To analyse competing floor systems and to show the international export market for 

the finished product. 

5. The floor system should not require any additional concrete topping on site. 

 

However, not all of these CSA objectives are also the objectives of this thesis: 

1. Same as CSA objective 

2. The maximum span length for experimental tests was limited to 4.5 m by the 

capabilities of the laboratory. Therefore, the objective was to verify the proposed 

floor system on test specimens with a length of 4.5 m only. However, only the 

length is scaled down and not the cross-section. Therefore, the shear and flexural 

strength of 4.5-m and 9-m long specimens have to be the same. 

3. Same as CSA objective 

4. This is a CSA project objective which is not part of this thesis. 

5. During discussions within the CSA group some ideas were developed on how to 

achieve this point, such as a levelling support system at the SHS, however, this 

research is out of the scope of this thesis. 

 

Generally, this thesis aims at developing and proving the concept of a new floor system. 

On the basis of three experimental tests with a specimen span of 4.5 m the workability of 

the concept idea was shown and the critical parameters which could lead to premature 
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failure identified and improved. An analysis based on first principles flexural behaviour 

has been made and compared with the experimental results. The load-deflection curve has 

been theoretically deduced with Excel spreadsheets and FEM-analysis and has been 

compared with the results from experimental testing. 

 

The intended market for the floor system could be office buildings or car parks. However, 

this thesis does not complete the research on this floor concept necessary to bring it to 

market readiness. Before a prototype can be built, further research and experimental testing 

is necessary. For example, this thesis does not investigate the panel to panel connection on 

the long side of the floor, the levelling support system at the SHS or prove the acceptance 

for vibration, thermal, fire or acoustic behaviour for different environments. These are part 

of follow-up investigations by other CSA researchers. Therefore, no target parameters for 

these topics were given. As this research is focused on the strength and constructability of 

the floor system, a target live load of 5kN/m2 was specified by the CSA partners. 

Specification of serviceability parameters, such as those relating to vibrations and 

acoustics, was deferred until research on strength provision had progressed. 

 

1.2 THESIS OUTLINE 

Apart from chapters 1, 8 and 9, the Introduction, Conclusions and References respectively, 

this thesis is organised into the following main chapters: 

 

Chapter 2: FLOOR SYSTEMS OVERVIEW AND LITERATURE REVIEW 

This chapter gives a brief overview of all relevant floor systems and orders them into 

categories. Two groups, the composite floors and the precast floors, are described and 

analysed in more detail. Current literature is referenced and discussed. 

 

Chapter 3: CONCEPT DEVELOPMENT 

The third chapter describes and explains the decisions made when developing the new 

floor system, named “F1”. It illustrates the development process of the new F1 system. All 

structural parts of the system are explained, and all dimensions are given in engineering 
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drawings. Some unique advantages of the new floor system are listed in the last section of 

chapter 3. 

 

Chapter 4: EXPERIMENTAL TESTS 

This chapter describes all the experimental tests that were conducted. These included three 

large-scale floor specimens, of length of four-and-a-half metres, which were tested to 

destruction in bending under a central point load. The differences between these tests are 

explained in the corresponding sections. Before the floor elements were tested under 

loading, their natural frequencies were measured. Small-scale material tests were 

conducted for the concrete and for the steel sheet. The end connection was separately 

tested once, as this part of the floor element contains a key novelty and was not damaged 

by the bending test. 

 

Chapter 5: THEORETICAL MODELLING 

Important results sought in a floor test include the strength and stiffness properties, which 

can be effectively summarised by a load-deflection curve. This chapter explains the 

theoretical modelling considerations which are necessary to develop this curve by hand 

calculations. In order to be more efficient, the Microsoft Excel spreadsheet program was 

used for automation. The results are discussed and compared with the floor’s behaviour in 

experimental testing, see especially section 5.2 for this comparison. 

 

Chapter 6: FINITE-ELEMENT ANALYSIS 

The finite-element program Abaqus was used to investigate the behaviour of the 

experimental test specimens. With Abaqus, some details can be modelled with more 

accuracy and detail than the theoretical model, which had to make some simplifications. 

However, some aspects are difficult to model in a finite-element program, which is 

discussed at the beginning of the chapter. The load-deflection curve produced by Abaqus is 

analysed and compared with the results from the experimental test and from the Excel 

model. 

 

Chapter 7: DISCUSSION AND SUGGESTIONS FOR FURTHER WORK 
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This chapter provides a critical discussion of the findings of the research, and gives 

suggestions for possible improvements and further work. Detailed discussions of chapters 

4, 5 and 6 can be found in those chapters. 

1.3 CSA 

CSA stands for Composite Structural Assemblies. The CSA project is a research project 

which consist of a partnership between the Heavy Engineering Research Association 

(HERA), New Zealand industrial companies, such as New Zealand Steel, Fletcher 

Composite Research, Grayson Engineering and Tandarra Engineering and two academic 

institutions: the University of Auckland and Auckland University of Technology. 

 

In the funding round from the Foundation for Research Science & Technology (FRST) in 

2004/2005, the partnership secured government support for a six-year research programme 

to develop a range of advanced Composite Structural Assembly products. 

 

The research goal was to develop new composite building products, such as wall or floor 

elements that use locally produced thin sheet-steel. The initial focus was on the 

development of a high performance wall unit. While this was being developed, a second 

line of research was begun to develop an advanced floor unit. The research for the 

development of the floor unit was conducted by the author and forms the basis of this 

thesis. Unlike the wall unit, which had numerous researchers working in parallel, the floor 

unit was entirely the work of the author, assisted by his supervisors. 

 

The CSA project brings the industry partners and research institutions together to work on 

a common goal of new product development. As a result, the focus is on meeting market 

needs, cost and constructability, as much as understanding a predicted structural behaviour 

and developing appropriate design procedures. 

 

Academic institutions, such as universities, have the role of undertaking research projects 

and analysing problems with academic precision. However, in order to solve industry 

needs, the combination of industry knowledge and academic research expertise is required. 
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A special challenge in this thesis was to meet the different requirements of the industry 

partners and the universities involved. 

 

The involvement of industry partners and their need to protect new ideas and intellectual 

property meant that all project personnel were bound by confidentiality agreements. As a 

consequence, it was not possible to publish in the technical literature during the time of 

research. This thesis will also be subject to a two-year embargo on publication. However, 

due to the fact that HERA and other leading companies and Universities were involved in 

the project, it was possible to present the ideas and outcomes to them. This internal 

feedback and advice from the CSA partners helped very much during the development 

process. 
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2 FLOOR SYSTEMS OVERVIEW AND 

LITERATURE REVIEW 

2.1 INTRODUCTION 

Many different floor systems have been developed. The main differentiating factor 

between the various floor types is the floor’s spanning capability under working loads, 

meeting strength and stiffness criteria. Systems can be difficult to compare when their 

spanning capabilities are very different, however, typically more than one system can be 

used. Section 2.2 gives a brief overview of the most common floor types, and arranges 

them into categories. 

 

As this thesis is describing a new floor system using novel combinations of materials, 

literature directly relevant to this new system does not yet exist. However, the two most 

important categories relating to the present research are composite floors, which use a steel 

deck and concrete poured on the construction site (in-situ concrete) and precast floors. The 

two main types of prestressed precast floors are hollowcore slabs and double-Tee floors. 

 

The floor systems presented are not all competing directly with the new system. They were 

chosen in this chapter to show the variety of general floor solutions and provide an insight 

into the development process of the new floor element. Each new floor element is typically 

not totally new; instead, it is often a combination of different floor types which have been 

used separately beforehand. During development of the first ideas of this research it was 

actually hard to find a totally new idea which made sense to investigate further, as by 

closer analysing and improving the promising new ideas, often one already existing floor 

type was the outcome. 

 

The four criteria given for the floor development in section 3.2 are not a result of the 

analysis of the existing floor types in this chapter. They were given by the CSA-project as 

required criteria. Therefore, this research had to meet these requirements which placed 

some constraints on the solution developed. 
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Two of the criteria were that the new floor type should be a precast element and should 

also involve a steel sheet as a structural component. The new floor element is essentially a 

combination of two existing floor system concepts, the composite light steel deck/ concrete 

floors and the precast floors. Therefore, the composite floors and the precast floors are 

reviewed in more detail in section 2.3 and 2.4. 

 

2.2 FLOOR SYSTEMS OVERVIEW 

 

Concrete floors using in-situ concrete can be built as one-way or two-way systems. They 

can also be built as single or multi-span systems. These floor types can be compared by the 

span length as shown in Figure 2-3 or by square bay sizes as shown in Figure 2-1. 

 

Precast elements are typically one-way, single span systems only, which makes the span 

length in one direction the most important parameter for these systems. As the developed 

floor system in this thesis should also be a one-way, single span precast system, the 

analysed floor systems in this thesis are best compared by span length rather than bay size. 
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sometimes makes it difficult to define the main floor system and to compare the span 

length. With supporting beams every floor system can be used to span 9 m, which is the 

target length as discussed in section 3.2, as the beam is spanning the 9 m and the floor is 

spanning, perpendicular to that, the smaller distance between the beams. As the main 

interest of this chapter is to find new ideas for a new floor system, only different one way 

spanning floor solutions are analysed and not the supporting beams, which could be in 

most cases standard I-beams. 

 

Figure 2-8 is organised into two main categories and four subcategories. The two main 

categories are the floors which have to use in-situ concrete and the floors which are built as 

precast concrete slabs. The in-situ category itself can be separated into two subcategories: 

the floor types which use a steel deck and which are commonly named composite floors 

and the floor types which are built up from any kind of beams with infill between them. 

 

The two subcategories of the precast slabs are the non-prestressed and the prestressed 

floors. Most precast elements are not totally independent of in-situ concrete, as they use in-

situ concrete for their topping. 
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10 http://www.bubbledeckatlantic.com/content/home 

11 Hollowcore (Stahlton) 

12 (Concrete Institute of Australia. and National Precast Concrete Association Australia., 

2002) 

 

The products chosen companies for the pictures in Figure 2-8 are examples for each 

category that have been selected by the author. Many competing products from different 

companies may exist, differing in trivial ways very often. Even for different countries, the 

trapezoidal composite floors or hollowcore slabs appear very similar, that there is no 

benefit from listing the companies’ products separately. It is likely that most products are 

only slightly different because of patent rights. 

 

Category: In-situ Concrete 

Strictly speaking, a composite floor is a floor with a minimum of two different materials. 

However, both in the construction industry and in this thesis, the term is used to define 

those floor types which consist of profiled steel sheets, reinforcement and in-situ concrete. 

The illustrations numbered one to four from Figure 2-8 show examples of this flooring 

type. 

 

The profile height and shape of the steel sheets depends mainly on the area of application. 

The re-entrant deck profile, which is commonly referred to as dovetail profile, is shown in 

illustration one from Figure 2-8. This type is a very effective composite section. During 

bending, the concrete and steel sheet wedge together so that they form a connected 

composite section. Due to the small steel section height, this profile can only span three to 

four metres. Therefore, this construction could not be used for the main span of 9 m. 

However, in combination with a supporting beam the whole system would be able to span 

9 m. In this case the beam would span the 9 m and the dovetail profile would span the 

shorter distance perpendicular to the beam. But as discussed beforehand, this chapter is 

looking for a new floor solution that can span 9 m itself and is not analysing the standard 

supporting beam. 

 

Some profiles with a longer span of up to about six metres are shown in illustrations two to 

four from Figure 2-8. These are normally trapezoidal profiles with a profile height of 
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300 mm to 400 mm. Because of patent rights, every company produces its own profile 

with its own unique shape. However, many products from different companies look very 

similar. Typically, the trapezoidal steel profile is placed on the top flange of the steel beam. 

Two exceptions are made for the products in illustrations three and four from Figure 2-8. 

To reduce the construction height, Corus places its product ComFlor 210 on the bottom 

flange of the supporting steel beam. In Germany, Hoesch hangs its unit down from the top 

flange of the steel beam with the same effect. Composite floors are analysed in more detail 

in section 2.3. 

 

Floors with beams and infill include all kinds of beams which span the large distances and 

infills or other smaller floor slabs between the beams, which fill the gaps. Number five in 

Figure 2-8 shows a typical example of this category with a span of up to nine metres. If the 

height of the beam is not too big, the beam and the slab may be considered as a combined 

floor system. But, if the height of the beam is very large, as for example number six in 

Figure 2-8, the cellular beam becomes a supporting beam and the actual floor slab is 

spanning perpendicular to this direction. The inclusion of a flooring system in this category 

can depend on whether the supporting beams are deemed to be part of the floor system or 

not. The Speedfloor system shown in Figure 2-8 has a similar construction to the cellular 

beam and was developed in New Zealand. 

 

Category: Precast Concrete Slab 

The non-prestressed floors category includes solid and permanent formwork slabs as 

shown in number eight and nine of Figure 2-8. Both systems do not need a formwork. The 

solid slab usually only needs a thin concrete topping. The permanent formwork is a similar 

system to the solid slab, but has a thinner slab thickness and uses much more in-situ 

concrete on site. In return, the permanent formwork system is cheaper to transport. The 

picture of the BubbleDeck, number ten of Figure 2-8, shows what different floor systems 

can look like. It is not widely used, but due to its hollow balls, this system effectively saves 

weight. 

 

Prestressed floors involve two main floor types: hollowcore slabs and T-beams or double-

Tees. Both systems are widely used and normally prestressed. These two flooring systems 

can span up to 20 metres, along with the cellular beams or other large beams which are 



Floor Sy

 

also abl

metre h

bridge 

project. 

 

Individ

Figure 2

every fl

steel an

projects

individu

uses a tr

Another

combina
 

2.3 C

Metal d

the 196

ystems Ove

le to span th

height or m

design. Thi

Precast flo

dual floor sy

2-8 sorts the

loor type fi

nd concrete

s are often

ually. One e

rapezoidal s

r example 

ation of two

COMPO

decks first em

60s (Nether

erview and L

his distance

more is requ

is is outsid

ors are disc

ystems not 

e most com

its into thes

e products, 

n a combin

example of 

steel profile

is the flo

o steel deck

Figure 2-

OSITE F

merged in t

rcot, 2003)

Literature R

e. To span d

uired. Thes

de the scop

cussed in mo

mentioned

mmon floor t

se categorie

wooden flo

nation of s

such a floor

e in combina

oor concept

ks, as shown

9: Floor syste

FLOOR

the 1950s in

). It took 

Review 

20

distances ov

se huge pre

pe of the f

ore detail in

d in the dia

types on the

es. Due to t

oors have b

several floo

r type is the

ation with a

t by Hillm

n in Figure 2

em by Hillman

RS 

n America a

about two 

ver 20 metre

ecast eleme

floor produc

n section 2.4

gram 

e market in

this researc

been exclu

or types w

e work from

a prestressed

man and M

2-9. 

n and Murray 

and quickly

decades b

es, a T-beam

ents are use

ct being de

4. 

to categorie

ch being ma

ded. Furthe

which have 

m Bailey et a

d rebar and 

Murray (199

(1994) 

y spread arou

before the 

m of aroun

ed frequent

eveloped in

es. Howeve

ainly focuse

ermore, res

to be ana

al. (2006), w

hollow sec

94), which 

 

ound the wo

floor was 

d one 

tly in 

n this 

er, not 

ed on 

search 

alysed 

which 

tions. 

is a 

orld in 

more 



frequ

steel 

 

Ther

profi

50 m

240 m

large

cond
 

For m

1.5 m

uently used 

sheet and t

re are two p

iles. The do

mm. The com

mm. Figure

est profile, 

ditions. 

Fig

most applic

mm and wit

in construc

the concrete

profiles wh

ovetail prof

mmon rang

e 2-11 show

the “ComF

Figure

gure 2-11: Tra

cations, col

th a yield s

ction. In ord

e, the steel p

hich are use

files (Figur

e of height

ws the sma

Flor 225”, c

e 2-10: Dovet

pezoidal profi

ld-rolled ste

strength fro

21 

der to optim

profiles hav

ed widely: 

re 2-10) ha

s for trapez

allest and la

can span up

tail profile Co

file ComFlor 4

eel sheets a

om 350 N/m

mise the com

e been cont

the dovetai

ave a relativ

zoidal profil

argest profi

p to 6 metre

mFlor 51 (Co

46 and ComFl

are used wi

mm2 and 55

2.3

mposite conn

inuously im

il- and the 

vely consta

les is appro

ile availabl

es under ty

rus, 2008) 

or 225 (Corus

ith a thickn

50 N/mm2. 

3  Composit

nection betw

mproved. 

trapezoidal

ant height o

oximately 5

le from Cor

ypical build

 

 
s, 2008) 

ness of 0.75

The profile

te Floors 

ween the 

l-formed 

of about 

0 mm to 

rus. The 

ing load 

5 mm to 

e can be 



Floor Systems Overview and Literature Review 

 22

formed from galvanised sheet or, if the environment is more aggressive, from precoated 

sheet. 

 

The steel deck of a composite floor is the building formwork for the wet concrete during 

the construction process. The steel deck carries the load of the wet concrete to the supports. 

For longer spans a certain amount of effective floor thickness is necessary. At the same 

time, the dead load of the floor has to be kept down as much as possible. A floor element 

with a trapezoidal profile combines these two requirements, similar to a double-Tee floor. 

The profile is mainly designed for the construction process to resist buckling during the 

period when the concrete is wet. In order to increase the load-carrying capacity and to 

improve the connection between the steel sheet and the concrete ribs, embossments are 

placed into the steel profile. The amount of steel for the bending-moment resistance can be 

increased by adding rebars at the bottom of the profile. 

 

After the concrete has cured, the steel sheet works together with the concrete as a 

composite section. In a composite section with only one neutral axis, the effective height of 

the total floor can be taken into account. However, this is only the case if a full horizontal 

shear connection between the concrete and the steel sheet is achieved. If the concrete is not 

connected to the sheet, the two materials work as two separate elements. Each of them has 

its own neutral axis and its own effective height. This results in a much smaller total 

bending resistance. Therefore, it is very important for the concrete to work together with 

the steel deck as a composite unit. In practice, the degree of composite action is usually 

less than 100 %, meaning some slip occurs between the steel sheet and the concrete. 

 

The different behaviour for composite beams, with or without slip, are analysed in a 

numerical simulation conducted by Poh and Attard (1992). In this paper, the investigated 

composite floor shown in Figure 2-12a is simplified to obtain the model shown in Figure 

2-12c. The concrete in tension is neglected, and the concrete-steel shear interface is 

simplified to a two-dimensional model. The performance of the different composite beams 

is summarized in one diagram and is shown in Figure 2-13. This diagram shows the load-

deflection curve for complete interaction, which simulates the floor behaviour without slip. 

The other graphs with a mechanical interlock strength m  of 0 MPa to 0.55 MPa represent 

floor systems with different amounts of slip. The graph at the very bottom with 
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concrete cures. This bond type is relatively weak and brittle. It works only as long 

as there is no slip at the steel-concrete interface. Once there is slip, the chemical 

bond is broken and cannot be re-established. Therefore, this bond type is not very 

reliable and is normally excluded from calculations. 

 Friction forces. Friction forces act tangentially to the steel sheet with a value 

proportional to the pressure between the concrete and the steel sheet. Consequently, 

the friction forces are greatest at the support, where the high shear forces press the 

two materials together. One exception is the dovetail profile with its re-entrant 

form. During bending, the dovetail profiles produce a clamping action, which 

generates some pressure horizontally in addition to vertically. This horizontal 

pressure also generates friction forces, which help to keep the system connected. In 

Eurocode 4 (BS EN 1994-1-1, 2004) this clamping action is called “frictional 

interlock”. 

 Mechanical interlocking. Mechanical interlocking is a very important type in this 

category and is defined by the steel sheet shape. Indentations or embossments 

which are punched into the steel sheet and linearly distributed over the floor length 

produce a mechanical interlocking system which is able to prevent slip and to carry 

horizontal shear forces. Furthermore, the indentations or embossments of the 

profile stabilise the steel sheet during the construction process as the concrete is 

poured. 

 End anchorage. With additional end anchorage methods, the shear connection can 

be improved further. End anchorage devices are placed at each end of the 

composite floor. Normally, shear studs or rib deformations are used for anchorage. 

 

Figure 2-14 shows some typical forms of interlock systems mentioned in Eurocode 4 with 

the following allocated numbers. 

1. Mechanical interlock, indentations or embossments 

2. Frictional interlock, re-entrant form (dovetail) 

3. End anchorage by shear studs 

4. End anchorage by deformation of the ribs 
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 Vertical shear failure. Vertical shear failure occurs mainly near the support or at a 

location with high, concentrated loads and has to be considered in the calculation. 

 

While the flexural and the vertical shear failure are easy to calculate, the horizontal shear 

failure is not. Therefore, current design methods rely heavily upon full-scale test data. The 

usual design method is the m-k method, which is the most common testing method used in 

national standards around the world, for example in Eurocode 4 (BS EN 1994-1-1, 2004). 

 

The m-k method is also known as the shear bond method and is a semi-empirical method 

that strongly relies on experimental test data. The test is defined as a full-scale composite 

floor test with two applied line loads at ¼ L and ¾ L, with L being the length of the floor 

element (Figure 2-15). The results of the test are displayed in a diagram, where the 

parameter m is the slope and k is the point of intersection with the y-axis (Figure 2-16). 

The design shear resistance can be calculated by combining these parameters with some 

other information about floor geometry. The result of this should be higher than the actual 

maximum design vertical shear force. Six floor tests have to be established for each floor 

type. Three tests with a preferred long shear span (area A in Figure 2-16) and three with a 

short shear span (area B in Figure 2-16). 

 

As this method is not based on a theoretical model, new floor tests have to be arranged for 

each floor assembly with different floor span or depth. This is the biggest disadvantage for 

this model. 
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refers in some parts to the British Standard (BS 5950-4, 1994): “Until a design procedure 

which utilizes the partial shear connection method of design becomes available for 

trapezoidal decking profiles, the recommended limit state Standard for design of composite 

slabs is BS 5950: Part 4” (NZS 3404, 1997, section C13.2.1). 

 

The partial connection method is already used as a standard method in the European 

standard Eurocode 4 (BS EN 1994-1-1, 2004) as an additional possibility to the m-k 

method. In Europe, the Eurocodes have replaced all relevant national standards. Useful 

background information to Eurocode 4 can be found in the Designers’ Guide (Johnson and 

Anderson, 2004). Bode and Sauerborn explained the current design procedure already in 

1992 (Bode and Sauerborn, 1992). During this research, more than 80 full-scale tests were 

carried out at the University of Kaiserslautern in Germany. 

 

The partial connection method is a new method for the design of composite floors. It is 

also known as the partial shear connection method or -method. This method is based more 

on a theoretical model than the m-k method and gives a better understanding of the failure 

mode. This method can reduce the number of full scale tests, which reduces the costs and 

time required to develop composite floors. 

 

For the partial connection method, a diagram is used to represent different connection 

situations, from 0% (only the steel caries the load) to 100% connection (full composite 

action) as shown in Figure 2-17. The same full-scale tests as used in the m-k method are 

carried out for the partial connection method. The maximum bending-moment of the 

experimental test is used in Figure 2-17 to measure the degree of shear connection in the 

test ( test ). With this value, a new diagram can be drawn showing the design bending 

resistance at any part of the floor length. Finally, the design bending-moment is also 

included in the same diagram and should not exceed the design bending resistance at any 

location. 

 

If only one new floor type is investigated, the partial connection method requires the same 

number of full-scale tests as the m-k method. When testing multiple similar floor types, the 

partial connection method requires significantly less tests than the m-k method, because 

the partial connection method allows modelling of parameter changes using theory. This 
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3 CONCEPT DEVELOPMENT 

3.1 INTRODUCTION 

The development process for this new floor system, termed F1, is explained in section 3.2. 

During this process, four criteria, which are stated in the next section, had to be achieved. 

Two criteria were to use a steel sheet as part of the structural system and to be able to span 

a distance of nine metres unpropped. The use of steel sheet was a requirement of the CSA 

project, and the span of nine metres was recommended by the industry partners as the most 

common span for precast concrete floor units. The starting floor system in the development 

process was a composite floor. However, in the end, the F1 unit externally resembled a 

double-Tee floor. 

 

Section 3.3 introduces the floor concept behind F1. All important parts of the floor system 

are explained and visualised in drawings. In this section, the dimensions of the floor 

system are given and the materials used are defined. 

 

Section 3.4 lists some unique advantages of F1. 

 

3.2 DEVELOPMENT OF F1 

At the beginning of this research project, the floor unit which is now called F1 and which 

is explained in detail in the next section did not exist. The challenge was to develop a new 

floor element which could meet or exceed the performance of traditional systems and 

which could fulfil the following four criteria: 

1. The floor system must use light-gauge steel sheet as part of its structural system. 

2. The floor system should be able to span at least nine metres unpropped. 

3. The floor element should be produced as a precast element. 

4. The system should not require any additional concrete topping on site. 
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As explained in chapter 2, composite floors are made up of profiled steel sheets and 

concrete which is poured on site. Due to the fact that the profiled steel sheet has to carry 

the load of the fresh concrete, the unpropped spans for these systems are limited to about 

6 m. In order to span longer distances economically, the new unit should be fabricated as a 

precast element. This creates the opportunity of producing more complex and more 

efficient systems than would ever be possible on site. 

 

The starting cross-section was a common trapezoidal composite floor section, as can be 

seen in Figure 3-1. A high bending-moment resistance together with a high flexural 

stiffness is generally most important for long floor systems. In order to build a formwork 

for the concrete, composite floors need an uninterrupted steel deck. That means that the 

steel deck must underlie the total floor area, without interruptions or holes, in order to 

contain the wet concrete. After the concrete has cured, some parts of the steel deck are 

more useful for the composite floor than others. Precast elements have the advantage that 

the cross-section can be optimised and that steel parts only have to be placed where they 

are necessary and most efficient, as the steel parts do not have to work as a formwork. 

Therefore, holes or gaps in the steel sheet are possible, allowing steel sheet to be placed 

only where needed for structural performance. 

 

In terms of high contribution to flexural strength and stiffness, the steel at the bottom of the 

trapezoidal profile is most effective. The horizontal steel at the top of a trapezoidal steel 

sheet is closer to the neutral axis of the composite section and so the contribution to the 

bending-moment resistance is smaller. Therefore, it is more effective for the development 

of F1 to take the top horizontal steel parts (Figure 3-1) out and to add them to the more 

effective bottom area. At this stage the cross-section is only analysed generally for the 

most effective shape. It has to be clarified later if the area at the bottom is large enough to 

contain the amount of steel sheet or additional reinforcement that is necessary for the 

moment capacity. 
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After analysing the cross-section in more detail, it was observed that the steel sheet at the 

bottom needed either to have a thickness of several millimetres or to be placed in multiple 

layers. Considering only the bending-moment resistance, it turns out that rebars can satisfy 

the requirements in a more economical way than the steel sheet at the bottom could do. 

Therefore, rebars were chosen to carry the majority of the tension force at the bottom in the 

floor element F1.  

 

Although cost is a very important parameter, it was not initially given close consideration, 

because factors such as the cost benefit resulting from not needing to pour an in-situ 

topping and being able to install floor units that have full flexural and shear strength 

immediately. The focus was more on performance in flexure and shear (strength and 

stiffness), constructability, robustness of support and potential fire resistance. After a new 

floor system is found and the system has proven its workability it can still be checked for 

cost improvements. In this thesis the structural workability is analysed but the product 

development process is not finished. Before the floor can be produced as a prototype 

further requirements will have to be analysed and experimentally tested, as listed in chapter 

7 for further work. Therefore it is too early to say if the new floor element will be cost-

competitive as this depends on a number of details. However, as the floor system is very 

similar to existing double-Tee floors the price range should be about in the same area. 

 

The embedded top steel sheet was not replaced by rebars as it has the following advantages 

over the stirrups, which are used in double-Tees and which were intended to be replaced by 

this sheet. 

1. The sheet is able to carry forces at any location and in any direction in its plane. On 

the other hand, stirrups can carry loads in a vertical direction only. 

2. The strut-and-tie model is only an auxiliary calculation model which helps to 

understand the load flow and to design the floor. The steel sheet can carry forces in 

its plane and will develop both direct and shear stress fields to resist the varying 

proportions of shear force and bending-moment along the length of the floor unit. 

3. Continuously distributed forces, as in the steel sheet, are generally better for the 

concrete cracking behaviour than forces concentrated only at the places where the 

stirrups are placed. 
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4. Usually, closely spaced stirrups are needed close to the support. This can lead to 

compaction problems as the concrete cannot find its way through the rebars. By 

contrast, the thickness of a steel sheet can easily be increased to reach a higher 

shear resistance without any compaction problems. 

5. The support is a critical location, where, especially with dapped ends or hanger 

systems, the force distribution is very complex. Cracks can occur here, if the rebars 

are not located in the correct direction. By using the steel sheet, which is 

automatically located in the correct direction and can be readily fixed into the 

supporting hanger, a strong and stable load path between the unit and the support 

hanger is achieved, as verified be testing (section 4.5). 

6. The main role of the steel sheet is to carry the shear load. However, unlike stirrups, 

the steel sheet also increases the bending-moment resistance. 

 

Because of these advantages, the top steel sheet is also used in the F1 specimen. Instead of 

the draft shapes illustrated in Figure 3-2 or Figure 3-3, a plane steel sheet in the middle of 

the web was chosen for efficiency reasons. In order to enhance the connection from the 

steel sheet to the concrete, the sheet is perforated with holes as explained in section 3.3. 

 

An alternative cross-section at the support and at midspan was discussed, but not realised. 

If the cross-section changes over the length as shown in Figure 3-4, it is possible to 

optimise the floor element for the different requirements at midspan and the support. This 

is most helpful for uniformly distributed loads, but not for concentrated loads, which may 

produce high shear forces at locations away from the ends. 

 

A similar effect can be achieved if the sheet height stays constant, but the sheet thickness 

varies. Steel sheets with variable thicknesses are not commercially available at the 

moment, as the requirement of complex forming machines makes this option infeasible. 
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strength of normal weight concrete and the priority in the CSA-project was to use a light 

weight concrete, the option of prestressing was not considered in this thesis. 

 

Figure 2-24 shows a web width of 197 mm for a double Tee floor. The width of the web is 

not too important for the bending stiffness. The width is normally chosen to accommodate 

the necessary tension and shear reinforcement, maintaining sufficient concrete cover. As 

no stirrups are used in the new floor system the web width may be reduced to 100 mm. 

This gives enough space to include the necessary tension reinforcement of four or two 

rebars with a diameter of 20 mm. However, the 100 mm web thickness is sufficient for 

structural requirements only, fire resistance has to be checked separately, depending on the 

desired fire resistance rating. According to (NZS 3101, 2006, Table 4.1), the floor is 

sufficient for a fire resistance rating of 30 minutes, which requires a minimum width of the 

web of 80 mm and a minimum axis distance of the longitudinal reinforcement of 25 mm. 

For a fire resistance rating of 60 minutes, the web thickness has to be increased to 120 mm. 

 

According to (NZS 3101, 2006, Table 4.3 and 4.4), the slab thickness of 100 mm as used 

in the third test with its reinforcement axis distance of 30 mm would reach a fire resistance 

rating of 90 minutes. However, these fire ratings are based on normal weight concrete, for 

the used light weight concrete, further analysis or fire tests might be necessary. 

 

The rebar amount was chosen to resist a live load of 5 kN/m over a span of 9 m. In section 

4.3.4.1 it is shown in a simple hand calculation, without considering the positive influence 

of the steel sheet that 4 rebars are sufficient. As the first test showed a rebar anchorage 

problem, the number of rebars for subsequent tests was reduced to two rebars to analyse 

and solve this anchorage problem first. However, in section 4.3.1 it is shown that the result 

from the second experimental test, which used only two rebars of 20 mm, is also strong 

enough to resist a live load of 5 kN/m. 

 

For the steel sheet thickness in this project a standard thickness from New Zealand Steel of 

1.6 mm was chosen for all experimental tests. Section 5.2.3 shows the theoretical 

calculated shear strength reached with this thickness. 
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The holes or “windows” in the steel sheet were made to increase the bonding between the 

steel sheet and surrounding concrete. Their shape, size and distribution were chosen as 

starting parameters to be able to conduct first experimental results. It was intended to 

optimise these parameters by further test if necessary. However, the steel sheet openings 

did not seem to be the critical part after the first test as the debonding of the rebars was the 

main concern, and the holes’ geometry was not changed. The holes’ geometry in the steel 

sheet had to be cut by hand, which dictated their shape. However, in a floor prototype for 

commercial production, the holes would be cut or punched by machines such that their 

final look could be very different, as long as the composite action is guaranteed and that no 

concrete parts debond from the steel sheet until development of the desired strength. 

 

Another criterion was that the floor units be no heavier than existing precast double-tee 

units. This required the use of light-weight concrete, as these units include the full depth of 

slab, whereas double-tees have a topping placed after erection. Depending on the definition 

used, light weight concrete density can range between 800 and 2000 kg/m3. The CSA-

project did not specify a particular target density, however, the intention was to start with a 

density slightly lower than normal weight concrete and to reduce the density from test to 

test if the structural behaviour is sufficient. Densities under 1500 kg/ m3 are not considered 

in this project as the concrete strength of these densities are much lower than normal 

weight concrete and the risk of vibration problems of the floor is significantly higher. 

 

The floor should also not be much heavier than comparable other floor types. The intention 

for the new floor element is to use light weight concrete. As most other floor types use 

normal weight concrete this criteria is fulfilled. The use of light weight concrete was also 

chosen for its enhanced thermal and acoustic properties. 

 

The common width of a double-Tee floor is 2.4 m as shown in Figure 2-6. The new floor 

element should not be much heavier than existing double-Tee floors. However, due to the 

use of light weight concrete the width could be increased in the new system. This has the 

advantage of less joints in the overall construction and this could save money and time in 

construction. Therefore, the width was chosen to be 3.0 m, which is the maximum width to 

handle easily with a truck for transportation. 
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The thickness of 150 mm for the slab was mainly chosen by acoustic requirements rather 

than by structural requirements. In section 5.2.5 it is shown that the necessary rebar 

amount for the slab is not critical. The ‘Airborne and Impact Sound’ document prepared by 

the Department of Building and Housing (2006) suggests for concrete floors a minimum 

thickness of 150 mm. Therefore, a slab thickness of 150 mm was also used as a starting 

value in this research. However, the acoustic requirements are dependent on the final use 

of the floor element. Car parks, for example, have less strict requirements for acoustic 

behaviour than office buildings. Therefore, the third floor test was conducted with a slab 

thickness of 100 mm only, even if this might not be suitable for office buildings without 

any detailed acoustic analysis. However, the proof of the acoustic behaviour was not part 

of this thesis. Fire resistance would also be affected. 

 

With all the preceding considerations in mind the idea for a new floor system was arrived 

at and is explained in detail in section 3.3. As the idea of using a steel web sheet inside a 

double-Tee floor had never been tested or developed before, it was not clear at this stage if 

the idea had any potential or if the concept was workable. 

 

3.3 FLOOR CONCEPT F1 

3.3.1 Concept Overview 

The integral part of the floor development program comprised three full scale experimental 

floor tests. Some parameters and dimensions were slightly different between the tests and 

are explained in section 4.3. All the drawings in this section are based on the dimensions of 

the third floor test. 

 

F1 was conceived as a precast element in the shape of a double-Tee floor. From the 

outside, the element looks very similar to existing double-Tee floors with a hanger system. 

Figure 3-6 shows the entire floor element, which was developed and investigated in this 

thesis. The originality of this work is hidden in the inside of the floor element as shown in 

Figure 3-7. This drawing shows a floor element with a totally new load-carrying system. 
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-6: Double-Teee floor 
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Figure 3-22: Stress-strain diagram, 6-mm steel plate 

 
Figure 3-23: Stress-strain diagram, SHS 

The maximum values for the material diagrams are used from manufacturer information or 

from the corresponding Australian/ New Zealand Standards. The two-line material 

diagrams used are a simplification of the material’s real behaviour, however this 

simplification allows an easy implementation in the theoretical and finite-element model 

and differs only slightly from the exact stress-strain curves. 
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3.4 ADVANTAGES OF F1 

Not every floor system is able to span nine metres or more. The two most common floor 

types with this span width are hollowcore slabs and double-Tee floors. However, the F1 

system has still some unique advantages: 

 Weight: The F1 element uses lightweight concrete. Therefore, it is lighter than 

conventional floor systems, so saving transportation costs. Also, the total weight of 

the building will be lighter. This has a positive impact on the design of the 

supporting system, such as beams, columns, walls and foundations. Additionally, 

the foam in the concrete results in better thermal and acoustic behaviour compared 

to conventional concrete products. However, it has to be noted that using light 

weight concrete will make vibrations occasioned by walking activities more 

perceptible compared to cases when normal weight concrete is used. 

 High shear capacity: Due to the fact that hollowcore slabs do not use stirrups, they 

are limited to the shear capacity of the concrete. The shear capacity of concrete is 

hard to control, because it decreases rapidly after the concrete starts cracking. At 

failure the mode is brittle. For these reasons hollowcore slabs are not recommended 

for high shear forces: Hollowcore slabs “… are not recommended for highway 

loadings, in truck docks or similar areas with high shear loads.” (Stresscrete, 2007). 

However, the F1 unit is designed for high shear forces. The thickness of the steel 

sheet can easily be increased to support higher shear loads. The failure mode is not 

brittle. 

 Ability to carry high local shear forces without compromising bending 

capacity: In reinforced concrete beams or in double-Tee floors, the load flow is 

constrained by the way that the shear forces can only be carried at the places where 

the stirrups or shear reinforcement are located. In a steel sheet, the load path is not 

constrained. The steel sheet will resist changing bending and shear forces in an 

optimal manner. 

 Better cracking behaviour in shear: In reinforced concrete beams or floors with 

stirrups, the internal forces are concentrated at the stirrups. In terms of the cracking 

behaviour, it is generally better to carry the forces by stirrups with a small diameter 

and small intervals as opposed to stirrups with a higher diameter and larger 

intervals. Therefore, a steel sheet has a very good cracking behaviour, because it 
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distributes the forces evenly over the floor length, similar to very small stirrups 

with an infinitely small spacing interval, assuming no slip behaviour between the 

steel sheet and the concrete. 

 Additional bending-moment capacity: Normally, the tasks are separated: The 

rebar cross-section at the bottom of the beam controls the bending-moment and the 

vertical stirrups are responsible for the shear force. Increasing the number of 

stirrups does not increase the bending-moment capacity. However, with the F1 

element, the steel sheet is able to both carry shear forces and to increase the 

bending-moment. 

 Robust and direct load path from unit into supporting hanger: In section 2.4, 

details of recent problems at the support of hollowcore slabs and at the support of 

some double-Tee floors were presented. These have raised questions about the 

integrity of the systems. Both floor systems showed a brittle failure mode in 

experimental tests. A brittle failure mode for a floor system in a multi-storey 

building is very critical. If one floor element loses its support and collapses to the 

floor element one level below, this bottom floor element will most likely also fail, 

which in turn may lead to a total collapse of the building. The brittle total failure 

mode, as seen by the hollowcore floors in Figure 2-22 and Figure 2-23, is mostly 

caused by the fact that no steel crosses the failure plane. The support detail of the 

F1 unit is very robust. As the steel sheet always crosses the failure plane, the failure 

mode will never be as brittle as seen by the hollowcore floors. 

The support detail at double-Tee floors with hanger system is very complex. Figure 

3-24 shows a typical end support from Peikko. With its grid of vertical and 

horizontal rebars, it tries to carry all occurring tension forces. But the force 

distribution at supports is difficult to predict and may change at different load 

situations. Cracks often occur close to the supports, because the rebars were placed 

at wrong positions. This underlines the importance of well-constructed floor ends. 

Because a steel sheet can carry a load in any direction, the steel sheet in F1 is able 

to carry this complex load behaviour. For very high shear forces, the thickness of 

the steel sheet can easily be increased. 

Double-Tee floors with very high shear forces need a high amount of rebars, which 

leaves only small gaps for the concrete. This can lead to compaction problems in 

the concrete. The problem does not exist with a steel sheet. 
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4 EXPERIMENTAL TESTS 

4.1 INTRODUCTION 

This chapter describes the experimental testing conducted in the development of the F1 

floor. The main objectives of the experiments were to: 

 Verify the constructability of the proposed floor concept. 

 Demonstrate the viability of the concepts proposed in section 3.3, especially the 

behaviour of the perforated steel sheet and the end supports. 

 Observe failure modes, especially any splitting tendency in the web due to the 

presence of the steel sheet. 

 Capture displacement and strain response data due to the applied vertical loading 

applied for comparison with theoretical and finite-element analysis models. 

 Measure relevant properties of the materials for use in numerical models. 

 Measure the natural frequency of the floor for comparison with theoretical 

calculations. 

 

Three large-scale floor tests (4.5 m long) were carried out to support the development of 

the F1 floor concept, which has been described in chapter 3. In section 4.2, the component 

materials used for each of these floor tests are investigated separately. Each time one of the 

three floor specimens was poured, several concrete test cylinders and beams were taken 

from the concrete mix for verification. The steel sheet was only tested once, because all 

sheet material used came from the same steel coil. 

 

Section 4.3 describes the experimental testing and examines the results for the three floor 

specimens subjected to applied vertical loading. The individual characteristics of each floor 

element are explained. The results of the tests are critically investigated and compared with 

each other. Inadequate outcomes are reviewed and improvements made as appropriate for 

the next test. 

 

After 28 days of concrete curing, and before each floor specimen was tested to ultimate 

load, a natural frequency test was conducted as described in section 4.4. 
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28, instead they were tested on day 32. The calculated strength should therefore have been 

slightly greater than the strength at 28 days; however, the difference would be minimal and 

is not considered significant for the purpose of our experiment. 

 

Table 4-1 to Table 4-3 present the density and compression strength of all cylinders for 

each floor test. For a better and quicker comparison, the average values after 28 days are 

calculated and printed in blue in the last row of each table. 

 

Table 4-1: Floor test 1, density and concrete compression strength 

      Saturated Density Diameter         

Date Tested Days Cylinder Weight Weight
Density 1 2 Mean

Height Area Breaking  Compression

    No  in Water in Air     Load Strength 

      g g kg/m3 mm mm mm mm mm2 kN MPa 

30/11/2007 7 1 start 1772.8 3359.8 2117 100.3 99.9 100.1 203.8 7870 190 24.1 

30/11/2007 7 4 middle 1772.7 3350.5 2124 100.1 100.1 100.1 201.8 7870 215 27.3 

30/11/2007 7 7 end 1798.4 3380.8 2137 100.5 100.2 100.4 201.6 7909 215 27.2 

21/12/2007 28 3 start 1802 3392 2133 99.2 100.5 99.9 202.9 7830 264 33.7 

21/12/2007 28 5 middle 1767 3326 2133 99.5 100.3 99.9 200.7 7838 270 34.4 

21/12/2007 28 8 end 1785 3353 2138 100.0 100.1 100.1 201.0 7862 274 34.9 

     2135       34.3 

 

Table 4-2: Floor test 2, density and concrete compression strength 

      Saturated Density Diameter         

Date Tested Days Cylinder Weight Weight
Density 1 2 Mean

Height Area Breaking  Compression

    No  in Water in Air     Load Strength 

      g g kg/m3 mm mm mm mm mm2 kN MPa 

17/04/2008 7 1 start 1247 2788 1809 99.5 100.9 100.2 197.6 7885 116 14.7 

17/04/2008 7 4 end 1403 2950 1907 99.9 100.2 100.1 198.8 7862 128 16.3 

12/05/2008 32 2 start 1269 2835 1810 99.4 100.7 100.1 199.0 7862 142 18.1 

12/05/2008 32 3 start 1258 2807 1812 100.0 100.2 100.1 198.2 7870 161 20.5 

12/05/2008 32 5 end 1425 2990 1911 100.2 100.5 100.4 199.4 7909 150 19.0 

12/05/2008 32 6 end 1396 2950 1898 99.8 100.6 100.2 200.0 7885 165 20.9 

     1858       19.6 

 



Experim

 

  

Date Teste

  

  

23/10/200

23/10/200

13/11/200

13/11/200

13/11/200

13/11/200

13/11/200

13/11/200

13/11/200

 

 

The dis

compres
 

The resu

40% of

compres

(0.2%). 

mental Tests

T

    

ed Days Cyli

  N

  

08 7 4

08 7 5

08 28 1

08 28 2

08 28 3

08 28 6

08 28 7

08 28 8

08 28 9

 

splacement 

ssion test as

ults are pro

f the final 

ssion tests 

This is less

s 

Table 4-3: Flo

Satu

nder Weight 

No  in Water

  g 

4 973 

5 964 

1 1006 

2 1030 

3 1034 

6 994 

7 1055 

8 1059 

9 1022 

  

for at least

s well. A pi

Figure 4-2

ovided in Fi

compressi

are shown

s than the p

oor test 3, dens

rated Density

Weight
Dens

r in Air 

g kg/m

2539 162

2532 161

2573 164

2603 165

2604 165

2559 163

2632 166

2624 167

2595 165

 165

t two cylin

cture of the

2: Compressio

igure 4-3. T

ion strength

n up to the

peak compre

70

sity and concr

Diam

sity 1 2

m3 mm mm

21 100.1 100

15 100.0 100

42 100.0 10

55 100.0 10

59 100.1 100

35 100.1 100

69 100.2 100

77 100.2 100

50 100.2 100

55  

nders in eac

e extensome

on test with re

The elastic 

th. The str

e peak load

ession strain

rete compressi

meter   

2 Mean
Heig

  

m mm mm

0.3 100.2 200

0.2 100.1 201

00 100.0 200

00 100.0 200

0.3 100.2 199

0.1 100.1 200

0.2 100.2 200

0.3 100.3 200

0.2 100.2 201

 

ch floor tes

eter is shown

ecorded displa

modulus is 

ress-strain d

d, which is 

n, but cover

ion strength 

    

ght Area Brea

  Lo

m mm2 k

0.7 7885 7

.1 7870 7

0.6 7854 11

0.2 7854 11

9.9 7885 11

0.7 7870 10

0.9 7885 10

0.4 7893 10

.4 7885 10

 

t was meas

n in Figure 

cement 

measured b

diagrams f

around 20

rs the range

  

aking  Compre

oad Stren

kN MP

79 10.

72 9.1

14 14.

18 15.

11 14.

02 13.

03 13.

04 13.

03 13.

 13.

sured durin

4-2. 

 

between 0%

for the con

000 micro 

e of compre

ession

ngth 

Pa 

.0 

1 

.5 

.0 

.1 

.0 

.1 

.2 

.1 

.7 

ng the 

% and 

ncrete 

strain 

ession 



4.2  Material Tests 

71 

strains generated in the concrete during the experimental testing. Showing only the 

relevant part of the concrete compression stress-strain curve allows the slope and values 

reached to be more clearly displayed. 
 

 
Figure 4-3: Stress-strain diagram of concrete compression tests 

To simplify the curves, they are reduced to three straight lines. The first line represents the 

same elastic modulus as drawn in Figure 4-3. The second line indicates the elastic modulus 

between 40% and 80% of the final average compression strength, and the third line 

represents the area between 80% and 100%. Each elastic modulus with its corresponding 

starting and ending point is specified in Figure 4-4. 
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Figure 4-4: Simplification of stress-strain curves 

 

Flexural Tensile Strength Test (NZS 3112, 1986) 

The model of the testing machine used to calculate the flexural tensile strength is a TT-D 

manufactured by Instron Ltd. A typical example during the test is shown in Figure 4-5. 

According to (NZS 3112, 1986), the load is applied continuously at a constant rate of 

increase in extreme fibre stress within the range 1 to 2 MPa/min. 
 

0

5

10

15

20

25

30

35

40

0 500 1000 1500 2000 2500

Strain in [10^-6]

S
tr

e
ss

 in
 [

M
P

a
]

 = 567 
= 14.8 MPa

Floortest 3

 = 1370 
= 29.6 MPa

 = 2121 
= 37.0 MPa

 = 494 
= 8.3 MPa

 = 1173 
= 16.6 MPa

 = 1780 
= 20.8 MPa

 = 483 
= 5.4 MPa

 = 1086 
= 10.7 MPa

 = 1876 
= 13.4 MPa

Floortest 2

Floortest 1

E1 = 26143 MPa

E2 = 21629 MPa

E3 = 17466 MPa

E1 = 16816 MPa

E2 = 14178 MPa

E3 = 11677 MPa

E1 = 11118 MPa

E2 = 9895 MPa

E3 = 7156 MPa



The t

at 28

 

  

Date

  

30/1

21/1

 

  

Date

  

12/0

12/0

 

test results 

8/32 days ar

  

e Tested Day

  

    

11/2007 7

12/2007 28

  

  

e Tested Day

  

    

05/2008 32

05/2008 32

  

Figure

are listed in

re printed in

T

    

ys Beam De

No   

  m

7 1 start 10

8 3 end 10

 

T

    

ys Beam De

No   

  m

2 1 start 10

2 2 end 10

 

e 4-5: Exampl

n Table 4-4

n the last lin

Table 4-4: Floo

  

epth Width

  

mm mm 

00.2 100.8 

01.7 100.9 

  

Table 4-5: Floo

   

epth Width L

   

mm mm 

01.0 99.5 

01.3 99.4 

  

73 

le of a Flexura

4 to Table 4

ne. 

or test 1, flexu

   

Length Loa

   

mm kN

400 9.68

400 14.3

 

or test 2, flexu

  

Length Load

  

mm kN 

400 10.80

400 9.50

  

al Tensile Stre

4-6 and, as 

ural tensile str

   

ad Flexura

T

N 

8 

31

ural tensile str

    

Flexural T

Tf=

ength Test 

previously, 

rength 

    

al Tensile Stren

Tf=P*L/(b*d2) 

MPa 

3.8 

5.5 

5.5 

rength 

    

Tensile Strengt

P*L/(b*d2) 

MPa 

4.3 

3.7 

4.0 

4.2  Mater

 

 the averag

ngth Com

  

with

th Com

  

with 

with 

rial Tests 

ge results 

  

mments 

  

  

  

h diagram 

 

  

mments 

  

  

diagram 

diagram 

 



Experimental Tests 

 74

Table 4-6: Floor test 3, flexural tensile strength 

                        

Date Tested Days Beam Depth Width Length Load Flexural Tensile Strength Comments 

    No         Tf=P*L/(b*d2)   

      mm mm mm kN MPa     

13/11/2008 28 1 100.5 101.0 400 6.78 2.7 with diagram 

13/11/2008 28 2 100.7 100.9 400 7.93 3.1 with diagram 

13/11/2008 28 3 100.7 100.8 400 6.89 2.7 with diagram 

       2.8  

 

For all of the 28-day tests, the load-displacement diagram is recorded and shown in Figure 

4-6 and Figure 4-7. Caution must be taken when interpreting these results, as the values 

differ substantially, even for samples with the same concrete compression strength. 
 

 
Figure 4-6: Floor test 1 and 2, Flexural Tensile Strength Test diagram 
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Figure 4-7: Floor test 3, Flexural Tensile Strength Test diagram 

In some tests, e.g. floor test one beam three, the graph trend declines after the crack further 

down than expected and inclines again in a very short time increment. As the crack 

happens suddenly causing a big jump in the strength over a very short time, the amplitude 

of the deflection for the specimen at that point is probably higher than it would otherwise 

be in a slower cracking process. 

 

The load-displacement curves are transferred to stress-strain curves and displayed in 

Figure 4-8 to Figure 4-10. For further investigations and theoretical modelling purposes, 

the graphs are simplified for each floor test to three straight lines. 
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Figure 4-8: Floor test 1, stress-strain diagram simplification 

 
Figure 4-9: Floor test 2, stress-strain diagram simplification 
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The test machine was an Instron 5567 with the following load cell: Instron 30 kN, 

autoranging, SN: UK110. The extensometer used was an Instron Advanced Video 

Extensometer, model 2663-821. 

 

The stress-strain curves for the three longitudinal and the three perpendicular specimens 

are plotted in Figure 4-12. By analysing this diagram, it can be observed that the average 

final tensile stress for the perpendicular specimens is slightly higher than the average final 

tensile stress for the longitudinal specimens. This is a common phenomenon due to the 

cold rolling process of the coil. It is also evident that the strain values differ highly 

between the tests. The reason for this is that the strain gauges used were not able to 

measure the total 120 mm parallel length of reduced width at once. When the final failure 

occurred outside of the strain gauge length, the strain gauges are recording only the region 

of uniform strain outside the region in which necking and final failure occurs, making the 

recorded values much lower than the final uniform failure strain. In the conducted tensile 

tests only the specimen designated L2 broke inside the gauge length, resulting in the low 

strain data shown in Figure 4-12 for all except L2. For this reason, the strain values must 

be interpreted with care, especially in the inelastic range. The tensile stress is not affected 

by this problem and displayed relative good conformity throughout the tests. 

 

 

Figure 4-12: Stress-strain diagram, longitudinal and perpendicular specimens 
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floor system consist of two T-beams by a width of 3 m, the corresponding distributed load 

is given by: 

 

kN
20.7

m
1.5 m

q  
2

kN
13.8

m
 (4.1) 

 

The equivalency of bending moment and shear force in the two situations given in Figure 

4-16 and Eq.(4.1) is correct if the moment due to the dead load of the 9-m floor is the same 

as the moment due to the dead load from the experimental test. This is not the case, as the 

length of the floor is different and the floor width for one “Tee” in the experimental test is 

only 1.2 m compared to 1.5 m in the real-size test. If the dead load in Eq.(4.1) should be 

considered the total bending moment for the 4.5-m long floor specimen in Figure 4-16 

would be: 

 
 2

total

kN
4.35 * 4.5 m

m209.3 kNm 209.3 kNm 11.0 kNm
8

M      220.3 kNm  (4.2) 

The value of 4.35 kN/m for the dead load was used from Eq.(4.25) which assumed a width 

of 1200 mm as used in the experimental test. For a width of 1500 mm and the density of 

the concrete from Table 4-2 the weight will increase by: 

 
3

kg
2*0.3 m*0.15 m*4.5 m*1858

m
 752 kg  (4.3) 

Therefore, the total line load will be: 

 
2

m
752 kg 9.81kN kN kNs4.35 4.35 1.64

m 4.5 m m m
q


    

kN
5.99

m
 (4.4) 

This leads to a total bending moment due to dead load for the 9-m floor to: 

 
 2

2

dead load, 9m

kN
5.99 9 m

m
8 8

ql
M    60.6 kNm  (4.5) 

This moment has to be subtracted from the total moment in order to calculate the line load 

in Eq.(4.7) or the linear distributed load in Eq.(4.8). 

 live load total dead load, 9m 220.3 kNm 60.6 kNmM M M     159.7 kNm  (4.6) 

 
 

live load
22

8kN 8 159.7 kNm

m 9 m

M
q

l

      
kN

15.8
m

 (4.7) 
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2

kN
15.8 kN m

m 1.5 m
q
      2

kN
10.5

m
 (4.8) 

 

Therefore, a 9-m floor should be able to resist a distributed load of 10.5 kN/m^2 additional 

to its own dead load based on the experimental test results from a 4.5-m floor and 

constructed with the same material properties used for the second tested floor specimen. 

 

In this research project, the unfactored live load required to be developed was not specified 

by the CSA group. A value of 5.0 kN/m^2 as imposed action was adopted, being a typical 

upper limit value for commercial floors. The design equation for the flexural strength 

according to NZS 3101 (2006, Eq. 7-1) is given as: 

 *
nM M  (4.9) 

where *M  is the design bending moment, nM the nominal flexural strength and   the 

strength reduction factor. The value of 10.5 kN/m^2 from Eq.(4.8) is a load prediction 

calculated without any safety factors. Therefore, it is an area load which could be reached 

in an experimental test. The value of 5.0 kN/m^2 is often used as a live load for a floor 

system which is calculated according to the New Zealand Standard. Therefore, load and 

strength reduction factors have to be included in the calculation. According to (NZS 3101, 

2006, 2.3.2.2) the strength reduction factor should be 0.85 for flexure with or without axial 

tension or compression. According to (NZS 1170: Part 0, 2002) a load factor of 1.2 is used 

for permanent action (dead load) and a factor of 1.5 is used for imposed action (live load). 

Therefore, the design bending moment may be calculated to: 

 

 

 

2
dead load live load*

2

2

1.2 1.5

8

kN kN
1.2 5.99 1.5 5 1.5 m 9 m

m m
     

8
     

q q l
M




         

 186.7 kNm

 (4.10) 

 

With the total bending moment from Eq.(4.2) the design equation for the flexural strength 

according to NZS 3101 (Eq. 7-1) yields to: 
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*

186.7 kNm 0.85 220.3 kNm
nM M

  
 186.7 kNm 187.3 kNm

 (4.11) 

 

Eq.(4.11) is just fulfilled. Therefore, the 9-m floor specimen using 2 rebars of 20 mm 

should be able to resist a live load of 5 kN/m^2. 

 

Further points to note regarding the validity of testing a 4.5 m span with central point load 

in place of a 9 m span with quarter point loads are as follows: 

 Although peak bending moment and shear force are matched, the 4.5 m span 

reaches peak bending moment at just one section (mid-span) compared with the 

central 4.5 m of the 9 m span case. 

 Strength of the 4.5 m span depends on strength at the central section and is likely to 

result in a higher standard deviation if repeated tests were carried out (depending 

on local defects at the critical section). 

 A 9 m test subjects half the span to maximum bending moment (apart from dead 

load effects), although this is combined with maximum shear force only at the 

loaded points, the remainder having zero shear force. The pre-failure response will 

depend on the average flexural properties over the central half. 

 The longitudinal shear flow is twice that of a 9 m section under UDL, which 

increases the likelihood of a reinforcement embedment failure within the narrow 

rib. However, the experimental test more accurately covers the real-life case of 

applied point loading and ensures high point load performance is determined. 

 

4.3.2 General Information 

As the floor with the formwork had to be moved through a door from the pouring location 

to the testing actuator, the width had to be reduced further from 1.5 m to 1.2 m. This, 

however, should not have affected the maximum load capacity of the floor much. 

 

In Figure 4-17 the cross-section and main dimensions of floor test three can be compared 

to floor tests one and two. 
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two, the rebars were also spot-welded to the steel sheet. In order to check if these spot-

welding points are necessary, the third floor test was conducted without them. 

 

Furthermore, some additional minor changes were made, which are mentioned in the 

corresponding sections. 

 

Before the detailed descriptions of the three floor tests are given in sections 4.3.4 to 4.3.6, 

section 4.3.3 summarises all general preparations that were the same for all tests. 

 

4.3.3 General Preparations 

4.3.3.1 Formwork 

The formwork needed to be designed for several uses. Three distinct floor elements were 

planned to be produced using the same formwork. Throughout these floor tests, the target 

dimensions of the formwork could be changed, e.g. a thicker or thinner web or slab 

thickness. Therefore, the formwork needed to be flexible enough to match these changes. 

Due to the absence of overhead crane access, the entire formwork needed to be moveable 

on rollers or reachable by a pallet truck after the concrete had been poured. 

 

To meet these requirements, the final formwork was built from several separated formwork 

elements. The elements were connected with threaded bolts to each other. This way, it was 

not only easy to build up the formwork, but it was also very easy to disconnect the 

elements from the floor after the concrete had cured. Figure 4-18 illustrates the different 

formwork elements, which are numbered from 1 to 7. 
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4.3.3.4 Test Setup 

Testing Actuator 

All three floor tests were undertaken with the MTS testing actuator in the Civil Material 

Laboratory at the University of Auckland. The load cell had a capacity of 500 kN (model 

661.23B-02). 

 

Strain Gauges/ Instrumentation 

The number and placement of the strain gauges varied slightly between the tests. The exact 

position of each strain gauge can be found under each test description. Four different types 

of gauges were used for every test to measure the floor behaviour under loading. Electric 

resistance strain gauges of the following types were attached to the steel and were 

eventually immersed in fresh concrete: 

 Uniaxial Strain Gauges (Figure 4-26) 

Company Name:   KYOWA 

Type:     KFW-5-120-C1-11L5M2R 

Strain limit at room temperature: 28000e-6 

These gauges were used to measure the strain of the steel sheet horizontally at 

midspan or on the rebar. Figure 4-26 shows some strain gauges glued to the steel 

sheet and one glued to the rebar. To get a better connection to the rebar, the rebar 

was locally smoothed with an angle grinder, before the strain gauge was glued onto 

it. 

 Triaxial Stacked Rosette Strain Gauges (Figure 4-27) 

Company Name:   KYOWA 

Type:     KFG-10-120-D17-11L3M3S 

Strain limit at room temperature: 50000e-6 

These gauges were used at the end of the floor to monitor the strain in the steel 

sheet close to the bearing. 
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4.3.3.5 General Test Procedure 

The test procedures for all three tests were similar. Detailed information for each 

individual test can be found in sections 4.3.4 to 4.3.6. 

 

Before the final load was reached, a small number of load cycles were carried out to 

analyse the floor behaviour at load relieving and reloading. However, it was still a static 

test with an increasing load and not a cyclic load test as defined in Eurocode 4 (BS EN 

1994-1-1, 2004) for example. 

 

According to Eurocode 4, the cyclic load for testing a composite floor slab should be 

between 0.2 Wt and 0.6 Wt and should be applied for 500 cycles in a time not less than 

three hours. Wt is the measured failure load conducted from a preliminary static test. 

Therefore, a static test to failure is necessary first to determine the measured failure load 

Wt, which will then define the cyclic loading range. As the three conducted experimental 

floor tests were the first floor tests for each situation, they were all conducted as a static 

test. The measured failure load could be used to define the load range for further cyclic 

tests which are not part of this thesis. This cyclic test would be necessary for the final 

prototype product testing. 

 

All observed cracks in the concrete were marked at different load levels with varying 

colours. 

 

Photographs and written notes were taken during the course of each test. 

4.3.4 Test 1 

4.3.4.1 Floor Properties 

In order to get some realistic floor dimensions, it was specified for the first floor test that 

the nine-metre-long floor should be able to resist a service load of 
2

kN
5.0

m
. 

 

For one T with a width of 1.5 m this would be: 
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 service load 2

kN
5.0 1.5 m

m
q   

kN
7.5

m
 (4.12) 

The dead load was measured in the first experimental test with a width of 1.2 m in 

Eq.(4.21) to 5.01 kN/m. For a width of 1.5 m the additional slab width of 0.3 m is added. 

 dead load 3 2

kN kg m
5.01 0.3 m 0.15 m 2135 9.81

m m s
q      

kN
5.95

m
 (4.13) 

 

According to NZS 1170 Part 0 (2002) the total or design load is calculated by multiplying 

the dead load by a load factor of 1.2 and the live load by 1.5. 

 total dead load service load

kN kN
1.2 1.5 1.2 5.95 1.5 7.5

m m
q q q        

kN
18.39

m
 (4.14) 

For this load the design bending moment would be: 

 
   2

2

*

kN
18.39 9 m

m
8 8

   186.2 kNm
q l

M  (4.15) 

 

For simplification, it is assumed that the distance between the compression force and the 

tension force is about 0.9 d. The effective depth, d, is taken as 0.44 m. Therefore, the 

tension force in the cross section may be calculated to: 

 
* 186.2 kNm

0.9 0.9 0.44 m
  


470.2 kNt

M
F

d
 (4.16) 

 

Therefore, the area of flexural tension reinforcement, sA , has to be: 

 
470.2 kN

500 MPa
t

s
y

F
A

f
   2940.4 mm  (4.17) 

This amount can be reached for example by four 20-mm rebars with the amount, sA , of: 

 sA  
2

2mm
1257 940.4 mm

m
 (4.18) 

 

This simple calculation provided an estimate of the required rebar area. A more detailed 

calculation which includes the positive influence of the steel sheet is presented in section 

5.2. 
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The weight of the floor used in the tests may be calculated with (4.19), where the parts in 

this equation are the mass of the concrete, the steel sheet, the rebars, the 6-mm steel plates 

and the square hollow sections. 

 

 

 

3

3

2

3

3

kg
4.5 m 1.2 m 0.15 m 0.35 m 0.1 m 0.05 m 0.05 m 2135

m
kg

      0.0016 m 0.44 m 4.4 m 7850
m

kg
      4 0.01 m 4.4 m 7850

m
kg

      2 0.006 m 0.07 m 0.44 m 7850
m

kg
      12 1.4 m

m
  2089.6 kg 24.3 

m



      

   

    

    

 

  kg 43.4 kg 2.9 kg 16.8 kg

  

  
 2177 kg

 (4.19) 

This mass equals a self-weight of: 

 
2

m
2177 kg 9.81

s
4.5 m

q


 
kN

4.75
m

 (4.20) 

 

The weight on one end of the floor was also measured with a load cell to 1150 kg. 

Therefore, the total weight of the floor should be 2300 kg, which equals a line load of: 

 
2

m
2300 kg 9.81

s
4.5 m

q


 
kN

5.01
m

 (4.21) 

 

The measured weight of the floor is about 6% higher than the calculated value. From 

Eq.(4.19) it can be seen that the concrete density has a big influence on the total weight of 

the floor. As the concrete in the floor specimen was compacted by a vibrator and the test 

cylinders were not, it is assumed that the concrete density in the test specimen was slightly 

higher than measured by the test cylinders. Therefore, the weight measured by the load cell 

is used for further calculations. 
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4.3.4.2 Strength Test Procedure 

The test was conducted after the concrete had cured for 28 days. The floor was loaded with 

two cycles to 40 kN and back to zero. Then, the load was increased steadily, until the 

maximum floor capacity was reached. After the peak load was reached, loading was 

continued under displacement control. To analyse the behaviour after the peak load, the 

gauges kept recording, until a significant part of the load-displacement-curve after the peak 

load was logged. The locations of gauges inside and outside the floor are shown in Figure 

4-38. 
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4.3.4.3 Test 1 Results 

The load-deflection curve for floor test one is plotted in Figure 4-39. The load is the 

actuator load applied at midpoint to the floor, and the deflection is the measured vertical 

displacement in the middle of the slab.  

 

 
Figure 4-39: Floor test 1, load-deflection diagram 

The concrete started cracking at about 70 kN. At 100 kN the load was held constant to 

permit the marking of established cracks at this stage. 121 kN was the maximum load 

which the floor carried in this test. 

 

Small hair cracks were observed and marked during the test only in the web of the T-

section. The crack widths were very small, of about 0.1 mm to 0.2 mm during the section 

of the test up to the peak load. The big crack, seen in Figure 4-40, appeared and increased 

rapidly after the final load of 121 kN was reached. 
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it was not known whether the concrete and the steel sheet would work together as one unit. 

If the concrete had spalled off the steel web, the entire floor system would have required 

revision. 

 

After the test, the concrete was removed from the steel sheet at midspan as shown in 

Figure 4-42. As the floor specimen remained visibly straight until the maximum load was 

reached (Figure 4-40), it is most likely that the crack in the steel sheet occurred after this 

maximum load point. Therefore, the crack in the steel sheet has nothing to do with the 

failure at peak load of the floor. It is only a result of the high curvature supplied to the floor 

after the maximum load was reached. 

 

As the low density of the concrete did not seem to be a problem, it was decided to reduce 

the density further in the next experimental test, given that light weight is a desired 

attribute of this floor system. 

4.3.4.5 Test 1 Conclusions 

The outcomes of the first experimental test can be concluded as follows: 

 The connection of the rebars to the concrete was not satisfactory. As a result, the 

rebars were able to separate from the floor element. This behaviour led to 

premature failure of the floor element in an unexpected mode, requiring 

modification of the connection detail for the next test. 

 The concrete workability was poor, resulting in poorly compacted concrete with 

visible holes at the surface. The mixing time of the concrete in the concrete truck 

had been too long, and the concrete had begun to cure. This was caused by a 

communication problem with the concrete supplier and was not expected to recur. 

 The main concern that the concrete would separate from the steel sheet under load, 

proved baseless, and it was demonstrated that the sheet provided a viable means of 

resisting shear, its primary role. 

 The low density of the concrete did not cause any identifiable problems, and it was 

resolved to reduce the density further in subsequent tests. 
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unstable. The sheet buckled and it took considerable effort to keep the steel sheet straight. 

This was achieved by using small wood pieces as spacers between the formwork of the 

web and the steel sheet. The wood pieces were left in place during the concrete pour. 

 

After the rebars were tack welded to the steel sheet, the assembly was much easier to 

handle. It was easy to lift the steel assembly into the formwork and only a few spacers 

were necessary to keep the steel sheet in place. Another reason for the tack welds is that a 

good connection between the rebars and the steel sheet helps to prevent disconnection of 

individual parts of the composite construction during testing. This occurred in the first 

experimental test where the rebars were not properly connected to the surrounding concrete 

such that they separated during testing. 

 

At each tack-weld location, a short length of 3-mm thick wire (about 10 mm long) was 

placed between the steel sheet and the rebar to ensure access for the welding procedure. 

This small wire was welded with the rebar and steel sheet together and left in place. 

Therefore, a space of about 3mm between the rebar and the steel sheet was created which 

would improve the bond of the rebars to the surrounding concrete. The NZS 3101 (2006) 

requires for a minimum cover distance for rebars in section 3.11.2.2 the maximum nominal 

aggregate size. As this research project do not uses any aggregates apart from sand, this 

point is not critical. The standard also requires in section 8.3.1 that the clear distance 

between parallel bars should be equal or greater than the largest of the nominal diameter of 

the bars. This would be 20 mm in this test and is not fulfilled if the rebars are not 

considered as bundled bars. However, at this stage it is considered to be more important to 

achieve a solid steel part which can be lifted easily in the formwork at once and stays 

stable during the concrete pour. The possibility still exists to improve this connection with 

steel clips to ensure a larger distance from the steel sheet. 
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3

3

2

3

3

kg
4.5 m 1.2 m 0.15 m 0.35 m 0.1 m 0.05 m 0.05 m 1858

m
kg

      0.0016 m 0.44 m 4.4 m 7850
m

kg
      2 0.01 m 4.4 m 7850

m
kg

      2 0.006 m 0.07 m 0.44 m 7850
m

kg
      12 1.4 m

m
  1818.5 kg 24.3 

m



      

   

    

    

 

  kg 21.7 kg 2.9 kg 16.8 kg

  

  
 1884 kg

 (4.23) 

This mass equals a self-weight of: 

 
2

m
1884 kg 9.81

s
4.5 m

q


 
kN

4.11
m

 (4.24) 

 

The second floor specimen was also weighed with a load cell, giving a mass of 1994 kg 

and a self-weight per unit length of: 

 
2

m
1994 kg 9.81

s
4.5 m

q


 
kN

4.35
m

 (4.25) 

 

As with the first test, the measured weight from the load cell is used for further 

calculations. 

 

4.3.5.2 Strength Test Procedure 

A few load cycles were conducted in order to compare the floor behaviour before and after 

load release. For the first cycle, the floor was loaded up to 30 kN, before the load was 

released back to 0 kN, as in each of the other cycles. The maximum values in the other 

load cycles were twice 60 kN and once 100 kN. After this, the load was increased up to the 

peak load. 

 

The quantity and positions of the recording gauges are similar to test one, and they are all 

marked in Figure 4-48. 



Figure 4-48: Fl

117 

loor test 2, strrain gauge possitions 

4.3  TT-Section 

 



Experimental Tests 

 118

4.3.5.3 Test 2 Results 

The load-deflection curve of floor test two can be seen in Figure 4-49. 

 

 
Figure 4-49: Floor test 2, load-deflection diagram 

 

After several load cycles to 30 kN, 60 kN and 100 kN, the maximum load reached for this 

floor was 186 kN. At 150 kN, where the cracks marked in red or at the stage where the 

LVDT under the floor at midspan (number 13) needed a readjustment, the actuator was not 

only stopped, instead, the actuator slowly decreased the load. This was necessary for a safe 

working environment under and close to the specimen. 

 

Figure 4-50 shows the strain behaviour at midspan, measured directly on both rebars. The 

strain increases in the bars linearly with the load of the testing machine. At 171 kN and 

2924  the graph at rebar two abruptly changes its direction, and the strain is 

significantly increasing at nearly a constant load level. Rebar 2 yields before the peak load; 

rebar 1 starts to yield when the peak load is reached. The load-strain history for rebar 1 is 

shown in Figure 4-51 for the entire test. 
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Figure 4-50: Strain measured on both rebars at midspan up to the peak load, floor test 2 

 

 
Figure 4-51: Strain measured at rebar 1 at midspan for the entire test, floor test 2 
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The reduction in the concrete density had little effect on the load-deflection curve. 

However, the area of the reinforcing steel bar used in each test had a direct quantitative 

effect on the load-deflection diagram. In floor test one, four rebars of a diameter of 20 mm 

were used. Therefore, the floor was significantly stiffer in the first test than in the second, 

where only two 20-mm rebars were used. This can be seen in the different slopes of the 

graphs in Figure 4-56, indicating a reduction in initial elastic stiffness of about 50% for the 

second floor test compared to the first. 

 

Another important difference was that the second floor test exhibited very ductile 

behaviour after achieving its ultimate load. After the maximum load was reached, the load-

carrying ability dropped off by about 10% at a displacement ductility factor of about two. 

Further decreasing of the load-carrying ability led to a constant load plateau. At this 

plateau, the load resistance was maintained at or above 80% of the ultimate load up to a 

displacement ductility factor of 6.5. This ductile behaviour with yield plateau could only 

be reached, if the rebars still made a contribution to the flexural strength after peak load, at 

which parts of the rebar debonded from the surrounding concrete as shown in Figure 4-53. 

This was achieved by the connection of the rebars to the steel sheet with tack-welding 

points and 3-mm wire (Figure 4-45) and by the end anchorage to the 6-mm steel plate. The 

floor was able to carry the load of about 150 kN over a substantial displacement, before the 

maximum load decreased to a second plateau of about 45 kN. At this stage, the floor had 

developed a plastic hinge in the middle of the slab which was clearly visible. The 

maximum deformation of the actuator was reached, and the floor behaviour could not be 

recorded any further. At this time, the floor could still carry its own weight. 
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Figure 4-56: Floor test 2 load-deflection diagram compared with floor test 1 

The concrete showed a very good performance during the entire test. The concrete was 

very well attached to the steel sheet, with no concrete spalling observed during the test. 

The cracks in the web concrete were very small and well distributed over the floor length. 

 

The horizontal crack at the height of the rebars, shown in Figure 4-53, resulted from the 

slip between the rebars and the concrete, which appeared at the ultimate load of the floor. 

After the bond between rebars and concrete was lost, the final load could not be further 

increased. 

 

After the test, the concrete at midspan was removed from the steel sheet as shown in 

Figure 4-55. The vertical crack revealed in the steel sheet occurred with increasing plastic 

rotation after the maximum load was reached, and the floor was further deformed to the 

stage shown in Figure 4-54. At peak load, strains in the steel sheet were just above yield, 

so that the steel sheet should not have been cracked. At this point, the mid-deflection was 

so small that the floor still looked straight, and the bending of the floor was hardly 

noticeable. 
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In sections 5.6.5 and 6.5, the load-deflection curve is analysed in more detail in 

comparison to the theoretical and analytical model. In order to find the reason for small 

strain value differences between these models, which occurred especially at a higher load 

level, all recorded data from the experimental test were reinvestigated. During this process, 

it was found that the strain in the rebar at each end of the floor specimen did not increase 

proportionately with the load as expected. The recorded data is shown in Figure 4-57 and 

Figure 4-58 for the strain gauges located at each end of one rebar, named end A and end B 

respectively. In the second floor test, only one rebar was prepared with strain gauges at 

both ends and in the middle. At the other rebar (rebar 2), the strain was only measured at 

midspan. 

 

Both diagrams show a relatively constant increase of strain proportional to the applied load 

in the beginning, indicated with the red line. Due to the fact that the floor is a simply 

supported beam, the bending-moment and the strain in the rebar should theoretically be 

zero at the end, if load distortion at the support is neglected. And indeed, in the beginning, 

these strain values were very small as expected. If the load increases further, the slope of 

the diagram changes significantly at one particular point. This is the point, where the rebar 

ceases to be connected properly to the surrounding concrete, and slip occurs at the 

interface between rebar and concrete. 
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Figure 4-57: Recordings from strain gauge on channel 14 (end B rebar 1), floor test 2 

 
Figure 4-58: Recordings from strain gauge on channel 15 (end A rebar 1), floor test 2 
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location, this part of the floor cannot have much influence on the load-deflection curve. 

However, the strain was measured on one rebar just at the ends and in the middle. No 

strain data were available for parts between these locations. 

 

In order to calculate the maximum bending-moment resistance of the floor, only the 

location where the maximum bending-moment exists is of importance, given that the 

cross-section details are uniform. This will occur at midspan for the conducted tests. As the 

strain increased proportionally with the load in both rebars at midspan, it can reasonably be 

concluded that no slip between rebar and concrete occurred in the vicinity. This will be 

further confirmed in section 5.6.5 and section 6.5 by the fact that the maximum load from 

the experimental test is very similar to the calculated maximum loads from the theoretical 

and finite-element models, neither of which allowed slip between rebars and concrete. 

 

However, for the midspan deflection, all sections in the floor are important and have their 

influence on the final deflection. If, for example, the rebar is not connected properly at 

about one quarter of the floor length from the support, the maximum floor load capacity 

will still be the same, but the deflection will be higher compared to a floor specimen with 

no slip. 

 

For the second floor test the strain gage results show that no slip occurred at midspan, and 

very minor slip occurred above a load of approximately 92 kN in the vicinity of the 

supports, which is the expected location of maximum slip. Closer to midspan, the influence 

of slip decreases, until an area close to midspan is reached where no slip occurs at all. It 

can also be assumed that up to a load level of 78 kN, which is the load when the slip 

started in Figure 4-57, no slip occurred at all in this rebar. This is helpful in that, up to this 

point, the results from the theoretical model, which assumed no slip, should be similar to 

the results from the experimental test. It is expected that the slip behaviour of the second 

rebar is similar to the first rebar, given that they occupy symmetrically identical positions 

and have the same connection details. 

 

For modelling the theoretical behaviour in chapter 5, the Bernoulli hypothesis, that plane 

sections remain plane, is used. For this to apply to all components (rebar, concrete and 

steel sheet) no significant slip between these components should occur. In order to analyse 
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the accuracy of this statement, the results from the strain gauges attached to the steel sheet 

and rebars and the portal gauges attached to the concrete surface at midspan are analysed. 

Figure 4-59 to Figure 4-65 show the readings from the experimental test for each 

approximate 10-kN step (using the nearest recorded data point to each step).  

 

The dark blue line (channel 30 to 34) represents the strain readings on the steel sheet at 

midspan (see Figure 4-48), the light blue line (channel 37 to 39) represents the strain 

readings for the concrete at midspan and the two black crosses on red background are the 

readings for the two rebars at midspan. For each load case, the theoretical strain behaviour 

based on plane strain theory (as used in the Excel sheets and presented in section 5.6) is 

shown as a red line in the diagram for comparison. 
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Figure 4-59: Strain measurements for test 2 from 10 to 30 kN 

 

 

 

 

Channel 30

Channel 31

Channel 32

Channel 33
Channel 34

Channel 37

Channel 38

Channel 39
0

50

100

150

200

250

300

350

400

450

500

-50050100150200

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 9.0 kN

Channel 30

Channel 31

Channel 32

Channel 33
Channel 34

Channel 37

Channel 38

Channel 39
0

50

100

150

200

250

300

350

400

450

500

-100-50050100150200250300350400

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 20.4 kN

Channel 30

Channel 31

Channel 32

Channel 33
Channel 34

Channel 37

Channel 38

Channel 39

0

50

100

150

200

250

300

350

400

450

500

-200-1000100200300400500600

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 28.9 kN



Experimental Tests 

 130

 
Figure 4-60: Strain measurements for test 2 from 40 to 60 kN 
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Figure 4-61: Strain measurements for test 2 from 70 to 90 kN 
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Figure 4-62: Strain measurements for test 2 from 100 to 120 kN 
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Figure 4-63: Strain measurements for test 2 from 130 to 150 kN 
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Figure 4-64: Strain measurements for test 2 from 160 to 180 kN 
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Figure 4-65: Strain measurements for test 2 for 187 kN (peak load) 

 

The diagrams show that the strain in the steel sheet generally matches the strain in the 

concrete and the rebar and therefore, no major slip between the composite components can 

be inferred. Further, the results of the theoretical model matches the experimental test data 

well and the adoption of the Bernoulli hypothesis is justified over most of the loading 

history. 

 

However, some recorded data, especially at high load levels, does not match the theory. 

Details are as follows: 

1. One rebar strain at the load level of 180 kN is much higher than the other. This can 

be explained with Figure 4-50. At 171 kN one rebar starts yielding and therefore, 

the strain gauge results show inelastic strain is concentrated into that region. 

2. Channel 34, which is the bottom strain gauge on the steel sheet, has very high strain 

values at high load levels. They can be explained with reference to Figure 4-66. 

The steel sheet at this point starts yielding at approximately 106 kN and exhibits no 

strain hardening, therefore, once yielding starts at a given location, it concentrates 

into that location rather than spreading away from there, due to strain hardening of 

the yielding region. This means that the difference to the theory for this channel is 

increasing for the diagrams with the load of 110 kN and over. 
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Figure 4-66: Load-strain diagram for channel 34 (steel sheet), test 2 

3. Up to 170 kN the concrete data matches the theory reasonable well. However, at 

180 kN all three recorded values are higher than the theory or the measured strain 

from the steel sheet. The measured displacements for all three concrete channels 

are shown in Figure 4-67 to Figure 4-69 with similar behaviour. Up to a load of  

171 kN the displacement or strain increases relatively linearly, after that load, the 

displacement increases much more rapidly. It is believed that a vertical crack in the 

concrete between the connection points of the portal gauges (which are 120 mm 

apart, see Figure 4-48) appearing at 171 kN is the reason. At this load level, bigger 

vertical concrete cracks were observed at midspan during the experimental test. 
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Figure 4-67: Load-displacement diagram for channel 37 (concrete), test 2 

 

 
Figure 4-68: Load-displacement diagram for channel 38 (concrete), test 2 
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Figure 4-69: Load-displacement diagram for channel 39 (concrete), test 2 

 

4.3.5.5 Test 2 Conclusions 

The results and discussion from the second experimental test can be summarised by the 

following points: 

 The floor in the second test showed a much better performance than the floor in the 

first test. As the rebars were better connected to the floor specimen, they could not 

separate from the concrete, as happened in the first test. This was achieved by 

welding the rebars at each end to the 6-mm steel plate, and by tack-welding the 

rebars to the steel sheet at 500-mm intervals. 

 Due to the better rebar connection, the floor was able to reach a load capacity very 

close to the prediction of the theoretical model. The behaviour relative to the 

predictions of the theoretical and finite-element models is investigated further in 

sections 5.6.5 and 6.5. 

 The strain gauge readings for the second test do not indicate any significant 

horizontal slip before yielding in the midspan region, thus the assumption of full 

composite action with one neutral axis is supported. 

0

20

40

60

80

100

120

140

160

180

200

-0.5 0 0.5 1 1.5 2 2.5 3 3.5

L
o

a
d

 [
kN

]

Displacement [mm]

Channel 39

F = 171 kN











4.3.

4.3.6

 The con

specifica

the lightw

 The floo

to the co

to yield, 

 When th

height of

plateau. 

 Sudden 

measure

has an in

5.6.5 and

.6 Test 3

6.1 Floor 

ncrete qua

ations. The 

weight conc

or behaviour

oncrete and 

such as occ

he maximum

f the rebars

increased s

d at the end

nfluence on 

d 6.5. 

 

Properti

ality and 

fibres were

crete did no

r after failu

the steel sh

curred in tes

m load was 

, resulting i

strain, indic

ds of a rebar

the deflecti

es 

Figure 4-7

139 

workability

e well distri

ot produce a

ure was duct

heet preven

st one. 

reached, a 

in a 10 to 20

cating slip b

ar. This has 

ion. This be

70: Floor test 

y was this

ibuted in th

any problem

tile. The go

nted a brittle

horizontal c

0% decreas

between th

no influenc

ehaviour is 

3, dimensions

s time in 

e concrete. 

ms. 

ood connect

e rebar debo

crack occur

e in load do

e rebar and

ce on the ma

investigated

s 

4.3  T

n accordanc

The low de

tion from th

onding failu

rred sudden

own to a sta

d the concr

aximum loa

d further in 

T-Section 

ce with 

ensity of 

he rebars 

ure prior 

nly at the 

able load 

rete, was 

ad, but it 

sections 

 



Experim

 

Aside f

location

that the

reduced

 

As a sec

were on

two. In 

the bott

was no 
 

mental Tests

from the co

n of the neu

e 150-mm 

d to 100 mm

cond modifi

nly welded 

order to we

tom as seen

longer nece

s 

oncrete den

utral axis in

slab thickn

m as shown i

fication, the 

at each end

eld the reba

n in Figure 4

essary. Figu

Figure 

nsity, two 

n the theore

ness was n

in Figure 4-

rebars were

d to the 6-m

ars to the 6-

4-71. There

ure 4-72 illu

4-71: Detail o

140

other chan

etical and f

not necessa

-70. 

e no longer 

mm steel pl

-mm steel p

efore, the ad

ustrates the f

of 6-mm steel

nges were m

finite-eleme

ry; therefor

welded to t

late, as this

plate, the pl

dditional ste

finished we

l plate, floor te

made for f

ent analysis

re, the slab

the steel she

s was a grea

late was wid

eel plate fro

lded steel a

est 3 

floor test 3.

s section sh

b thickness

eet. Instead

at benefit i

dened sligh

om floor tes

assembly. 

 

. The 

howed 

s was 

, they 

n test 

htly at 

st two 



Simi

indic

steel 

manu

 

In or

off th

resul
 

lar to test o

cated in Fig

sheet in t

ufactured fo

rder to estab

he surface o

lt, the rebars

Figure

one and two

ure 4-73. T

test one an

or reinforcem

blish a good

of the steel 

s were bette

e 4-72: Finishe

o, the rebars

The relativel

nd two, wa

ment bar as

d shear bond

sheet. This

er embedded

141 

ed welded ste

s were conn

ly thick wir

as very har

ssembly was

d, it is requ

s was achiev

d in the con

eel assembly, f

nected every

re, used for 

rd to bend.

s used. 

uired to posi

ved by usin

ncrete as dis

floor test 3 

y 500 mm t

connecting

 Therefore

ition the rei

ng 5 mm wo

splayed in F

4.3  T

 

to the steel 

g the rebars 

e, the thin 

inforcement

ooden space

Figure 4-73.

T-Section 

sheet as 

with the 

tie wire 

t slightly 

ers. As a 

 



Experim

 

The ste

position

assembl

section 
 

The wo

two, cau

mental Tests

F

el sheet its

n, however,

ly proved to

could easily

F

orkability of

using some 

s 

Figure 4-73: D

elf tended t

 after the r

o be a solid 

y be lifted a

Figure 4-74: S

f the concre

compaction

Detail of conn

to be a littl

rebar and th

element. Th

at each end o

tiffness demo

ete in floor 

n problems 

142

nection rebar t

le bit unsta

he steel she

his is demo

of the SHS 

onstration of st

test three w

during the 

to steel sheet, 

able to hand

eet were co

nstrated in F

sections by

teel assembly,

was not as 

concrete po

floor test 3 

dle while no

onnected to

Figure 4-74

y the two tec

, floor test 3 

good as it w

our and som

 

othing held

ogether, the

4, where the

chnicians. 

 

was in floo

me small ho

d it in 

steel 

e steel 

or test 

oles in 



the fl

meas

cond

was m
 

Altho

than 

conc

 

For t

misse

The p

steel 

 

floor after th

sured at 22

ducted which

measured at

ough the av

normal-we

rete. 

the third flo

ed. Therefo

parts in that

plates and 

he formwork

20 mm. Ad

h is general

t 430 mm. 

Figur

verage conc

ight concret

oor test the o

ore, the weig

t equation a

the square h

k was remo

dditionally, 

lly used for 

re 4-75: Detail

crete densit

te, the steel

opportunity 

ght of the fl

are the mass

hollow secti

143 

oved. This c

a spread t

high slump

l of compactio

ty for floor 

l fibres were

to measure

loor has to b

s of the conc

ions. 

can be seen 

test accordi

p concrete. T

on diversity, f

test three w

e well distri

e the weight

be taken fro

crete, the st

in Figure 4-

ing to NZS

The diamete

floor test 3 

was a lot li

ibuted in thi

t of the floo

om the calcu

teel sheet, th

4.3  T

-75. The slu

S 3112 (19

er of the sp

 

ighter, at 16

his particular

or by a load 

ulation in E

he rebars, th

T-Section 

ump was 

86) was 

read test 

3

kg
655

m
, 

r type of 

cell was 

q.(4.26). 

he 6-mm 



Experimental Tests 

 144

 

 

 

3

3

2

3

3

kg
4.5 m 1.2 m 0.1 m 0.35 m 0.1 m 0.1 m 0.1 m 1655

m
kg

      0.0016 m 0.44 m 4.4 m 7850
m

kg
      2 0.01 m 4.4 m 7850

m
kg

      2 0.006 m 0.07 m 0.44 m 7850
m

kg
      12 1.4 m

m
  1228.8 kg 24.3 kg

m



      

   

    

    

 

   21.7 kg 2.9 kg 16.8 kg

  

 
 1295 kg

 (4.26) 

This mass equals a self-weight of: 

 
2

m
1295 kg 9.81

s
4.5 m

q


 
kN

2.82
m

 (4.27) 

 

4.3.6.2 Strength Test Procedure 

The entire test procedure was very similar to test number two. The floor was loaded first in 

three cycles to 30 kN, 60 kN and 100 kN. Cracks were marked at 60 kN, 100 kN and 

150 kN. The strain gauges were placed at similar positions as in test one and two as shown 

in Figure 4-76. 
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4.3.6.3 Test 3 Results 

The load-deflection curve of test number three is plotted in Figure 4-77. In the beginning, 

the deflection at midspan increased proportional to the load. At about 120 kN, the 

deflection rate increased. Therefore, the graph changed from approximately a straight line 

to a curve. After the maximum load at 157 kN was reached, the load capacity of the floor 

decreased steadily to around 40 kN. 
 

 
Figure 4-77: Floor test 3, load-deflection diagram 

The crack pattern was similar to test one and two, and all cracks were below 0.2 mm as 

long as the floor behaviour remained in the elastic range. Figure 4-78 illustrates a crack 

measured with a crack table card at 0.1 mm. 
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3. The behaviour after passing the peak load is not ductile as in floor test two. Instead, 

the load decreases rapidly after the maximum load was reached. The load shedding 

is about 70% of the floor strength, before the floor stabilises at a load plateau of 

about 30 kN. 
 

 
Figure 4-83: Floor test 3 load-deflection diagram compared with floor test 1 and 2 

Due to the fact that the concrete compression strength and the slab thickness do not have 

much influence on floor strength and stiffness, the reasons for the differences in behaviour 

compared with floor test two can be found in the slip behaviour of the rebar. 

 

Figure 4-84 to Figure 4-87 show the recorded strain data from the two rebars. Similar to 

floor test two, the proportional part at low load levels is marked with a red line. Figure 

4-85 to Figure 4-87 show the rebar behaviour at the ends of the bars. In each diagram, the 

rebar starts slipping at a certain load level, indicated by the rapid increase in strain. This is 

the same behaviour as discussed in section 4.3.5.4 for floor test two. 

 

The major difference to floor test two can be seen in Figure 4-84. The strain at midspan in 

rebar one increased proportionally with the load, until the load level of 123 kN was 

reached. From this point onwards, the strain stayed relatively constant during the time 
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when the load was increased. The short blue line parallel to the red line in the range of 

130 kN to 150 kN is the result of removing the load at this time for marking the cracks and 

then reapplying it. 
 

 
Figure 4-84: Strain measured on both rebars at midspan, floor test 3 

The rapid change in strain at 123 kN can be interpreted as the time when the slip in rebar 

one reached the region at midspan. It is a similar effect to the slip described in section 

4.3.5.4 for the end parts of the rebar. The difference is that this time the strain values do 

not increase compared to the behaviour before the slip starts, instead, they decrease. This 

can be explained as follows: when the region of slip reaches midspan, the effective 

anchorage of the rebar ceases, which results in less tension and therefore, less strain in the 

rebar. At the end of the rebars, instead, the tension in the rebar should be close to zero for 

the entire test if the embedment does not fail. At the time slip occurred, the tension in the 

rebar was increasing, because the rebar was still welded to the 6-mm steel plate. The 

increasing tension was, of course, accompanied by increasing strain. 
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Figure 4-85: Recordings from strain gauge on channel 36 (end A rebar 1), floor test 3 

 
Figure 4-86: Recordings from strain gauge on channel 15 (end B rebar 1), floor test 3 
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Figure 4-87: Recordings from strain gauge on channel 28 (end B rebar 2), floor test 3 

As a result of the slip extending to midspan, the theoretical bending-moment capacity 

could not be reached. This is the reason why the maximum load for floor test three is less 

than the maximum load for floor test two as shown in Figure 4-83. 

 

The slip extending to midspan also resulted in a higher deflection in floor test three when 

compared to floor test two. In particular, after 123 kN, when the slip area reached midspan, 

the deflection was increasing significantly as seen in Figure 4-83. 

 

The very ductile behaviour in floor test two clearly required a good connection between 

rebar and steel sheet. In floor test three, the rebar was only connected with small gauge-tie-

wire to the steel sheet as shown in Figure 4-73. This was adequate during construction to 

connect the steel parts as a single, stiff, stable unit. However, during the test, the wire 

connection proved too weak to keep the rebar connected to the steel sheet. After the 

horizontal shear failure occurred at the maximum load, as shown in Figure 4-79, the rebars 

debonded from the concrete. Therefore, the tension forces from the rebars were missing, 

leading to a large decrease in the bending-moment capacity and the load capacity of the 

floor. 
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In floor test two, the horizontal shear failure occurred in a similar way as shown in Figure 

4-53. However, the tack-welding of the rebars to the steel sheet in this test resulted in a 

much better connection than was achieved with the wire only. It is considered that the 

rebars were still able to carry loads after the horizontal shear failure occurred, because they 

were connected to the steel sheet. The connection directly to the concrete might be 

destroyed, but the spot-welded points to the steel sheet were still intact. As the steel sheet 

was connected to the concrete, the rebars were indirectly also still connected to the 

concrete. The additional anchorage provided by welding the rebar ends to the 6-mm steel 

plate also contributed to the strength retention after peak load was passed. 

 

Therefore, the system in floor test two could carry a very high load of about 150 kN for a 

long period, even after the maximum load was reached. After the capacity of the spot-

welded points was reached, the load level in floor test two decreased to about 40 kN, a 

similar load level to that of floor test three at the same stage. 

 

The connection between a rebar and the concrete is generally better when using a high, 

rather than low, density concrete. Therefore, the concrete type used in floor test two 

certainly helped to achieve a better connection compared to test three. As the concrete type 

and the tack-welding points were both changed between test two and test three, it is not 

totally clear which had the greater influence on the different results. Probably, it is a 

combination of both. If the concrete compression strength is too weak, the concrete at the 

member ends, where the ends of the rebars are anchored, becomes prone to crushing, 

leading to a reduction in strength. Therefore, it is recommended not to use a weaker 

concrete type than that used in the second floor test, until the suitability of the concrete 

type is verified by further testing. 

 

Similar to the strain analysis at midspan for floor test two (Figure 4-59 to Figure 4-65), the 

following diagrams (Figure 4-88 to Figure 4-93) show the recorded strains of the rebars, 

steel sheet and concrete compared to the theory in 10-kN steps for the third test. 
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Figure 4-88: Strain measurements for test 3 from 10 to 30 kN 
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Figure 4-89: Strain measurements for test 3 from 40 to 60 kN 
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Figure 4-90: Strain measurements for test 3 from 70 to 90 kN 
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Figure 4-91: Strain measurements for test 3 from 100 to 120 kN 
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Figure 4-92: Strain measurements for test 3 from 130 to 150 kN 

 

 

 

 

Channel 16

Channel 21

Channel 17

Channel 19

Channel 37

Channel 38

Channel 39

0

50

100

150

200

250

300

350

400

450

500

-3000-2000-100001000200030004000500060007000

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 130.4 kN

Channel 16

Channel 21

Channel 17

Channel 19

Channel 37

Channel 38

Channel 39

0

50

100

150

200

250

300

350

400

450

500

-3000-2000-100001000200030004000500060007000

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 139.5 kN

Channel 16

Channel 21

Channel 17

Channel 19

Channel 37

Channel 38

Channel 39

0

50

100

150

200

250

300

350

400

450

500

-4000-200002000400060008000

H
ei

g
h

t 
[m

m
]

Strain [10^-6]

Load = 149.8 kN



Experimental Tests 

 160

 
Figure 4-93: Strain measurements for test 3 for 157 kN (peak load) 

 

In each graph the dark blue line represents the strain readings from the steel sheet, the light 

blue line the concrete strain and the two black crosses on red backgrounds the strain in the 

rebars at midspan. The red line shows the strain distribution in the cross-section according 

to conventional theory as implemented in the Excel sheets. 

 

The readings of channel 17 look suspect in the shown diagrams. If the readings were 

correct, it would show that the Bernoulli hypothesis does not hold even for the steel sheet 

alone and would indicate a horizontal crack in the steel sheet even before the floor is 

loaded (or at a very low load level of 9.2 kN). This is very unlikely. It is more likely that 

channel 17 has failed and is not measuring the correct strain on the steel sheet. Therefore, 

this channel is not investigated further and is taken out of the analysis, leaving the steel 

sheet strain to be interpolated between channels 21 and 19 by the dashed line in Figure 

4-88 to Figure 4-93. The diagrams appear to indicate that the readings for channel 17 are 

zero for the entire test. However, this is not true, they are only very low as Figure 4-94, 

drawn to a different scale, shows. A possible explanation is that while compacting the 

concrete with a rod, the rod may have accidently hit and de-bonded the strain gauge, 

channel 17, from the steel sheet. If this has happened, channel 17 would not have recorded 

the strain in the steel sheet, instead, it may have recorded the strain in the concrete, 
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assuming it bonded to the wet concrete as it cured. This theory is supported by the fact that 

the values of channel 17 match very well with the strain readings in the concrete (light blue 

line in Figure 4-88 to Figure 4-93). 

 

 
Figure 4-94: Load-strain diagram for channel 17 (steel sheet), test 3 

 

The biggest change in the strain gauge measurements compared to test 2 is that the light 

blue line, the concrete strain, does not match closely with the steel sheet strain, as it was 

the case in the second experimental test. Whereas the steel sheet and rebar strains agree 

well up to a load of 110 kN with the predicted theory line, the concrete readings do not. 

The readings indicate that straight from the beginning of the test the cross section is not 

working as a fully connected composite section without slip. The Bernoulli hypothesis 

does clearly not hold over the entire composite section. It is apparent that components of 

the cross-section are bending more or less independently, rather than in a combined, 

composite mode as intended. The strain readings show that there is incompatibility 

between the strains in the steel sheet and the surrounding concrete. The steel sheet, 

considered in isolation, has a strain distribution that is close to linear up to a load of about 

120 kN, indicating that it is bending in accordance with engineering beam theory and in 

close agreement with the theoretical model. The weak, lightweight concrete was unable to 
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provide connectivity and strain compatibility between the different components and 

developed a compression region in the concrete web, extending to within 200 mm of the 

beam bottom from the start of the loading (Figure 4-88). 

 

The beam action initially consists of tensile forces developed in the lower part of the sheet 

steel web and the two rebars, in equilibrium with compressive forces in the upper part of 

the web sheet and in the concrete from the top of the beam down to 200 mm above the 

beam bottom. In Figure 4-91 it can be seen that the strain in the bottom of the web sheet 

(channel 19) begins to decrease, eventually going into compression at loads above 135 kN 

(Figure 4-92). The sudden change in behaviour can be seen more clearly in Figure 4-95. 

 

Possible reasons for the observed behaviour are that the steel sheet cracked at a load of 108 

kN (Figure 4-95), with the crack initiating at the web opening closest to the channel 19 

strain gauge (Figure 4-96). The strain at channel 19 was 1217 µε when the crack appeared 

to start, compared with a yield strain of 2000 µε. The stress raisers at the corners of the 

web opening would have created conditions suitable for crack propagation. Such a crack 

would explain the drop-off in strain shown in Figure 4-95. 

 

The increasing difference between the web sheet strain and the concrete strain are 

indicative for the debonding and slip occurring between the steel and concrete. Slip was 

also measured in one rebar, starting at 123 kN (Figure 4-84). Debonding and slip of the 

steel (rebars and lower web sheet) and degradation of the concrete would result in the 

rebars relying increasingly on the 6 mm steel brackets at each end for anchorage. The 

return path of the compressive forces generated at the end anchorages would no longer be 

able channelled through the concrete and would instead find its way through the lower web 

sheet (stabilised to remain in plane by the surrounding concrete), resulting in the observed 

compression strain at channel 19. 
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In parallel, when channel 19 is changing from tension to compression, the strain-to-load-

ratio is increasing at 133 kN for channel 21 (Figure 4-97 and Figure 4-88 to Figure 4-93). 

This can be explained as a resulting action from the behaviour mentioned before. If the 

bottom part of the steel sheet is not in tension anymore, cracked or de-bonded from the 

concrete, the entire cross-section is less effective and the remaining smaller steel sheet at 

the top has to carry higher strains. 

 

 
Figure 4-97: Load-strain diagram for channel 21 (steel sheet), test 3 

 

4.3.6.5 Test 3 Conclusions 

The following conclusions can be made from the third experimental floor test: 

 The maximum applied load is smaller in test three than in test two. The reason for 

this is the measured slip between rebar and concrete at midspan. In test two, no slip 

at midspan occurred, and the theoretical maximum value was reached. 

 Because of the slip at midspan, the deflection begins to increase significantly at 

load levels higher than about 120 kN, as seen in Figure 4-83. The recorded slip at 

midspan with 123 kN, seen in Figure 4-84, matches this finding. 
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 The Bernoulli hypothesis is not fulfilled for the third test. The concrete chosen for 

the third test is apparently too weak to keep the cross-section together as one 

composite section. Therefore, two separated neutral axes (one for the concrete and 

one for the steel sheet) were recorded during the test. This is reducing the stiffness 

and the strength of the floor. 

 Slip was also measured at the ends of the rebars, similar to test number two. This 

slip behaviour also contributes to the deflection increase. 

 The behaviour after the peak load was much less ductile. Instead, the load 

decreased quite rapidly after the maximum load was reached. It is considered that 

the inadequate connection between the rebars and steel sheet (provided by tack-

welds in test two) was the main reason for this behaviour. 

At the point of maximum load, the concrete cracked rapidly at the height of the 

rebars in the same way as in the second experimental test. As a result, the 

connection between rebar and concrete was destroyed. But in the second test, the 

rebars were still tack-welded to the steel sheet. As the steel sheet was very well 

connected to the concrete at all times, the rebars were also still indirectly connected 

to the floor and held in their intended positions in the cross-section. Therefore, the 

rebars were able to carry tension forces, even after the floor failed and the rebars 

were disconnected from much of the surrounding concrete. 

In the third floor test, this connection was missing. After connection failure, the 

rebars were no longer able to carry the tension forces, leading to an overall brittle 

failure mode. 

 The connection to the rebar is generally better in a high density concrete than in a 

low density concrete. Because the concrete density and the tack-welding points 

were changed at the same time, it is not totally clear how big the influence of each 

factor, concrete density and strength, is on the resulting behaviour of test three. 

 The smaller slab thickness of 100 mm instead of 150 mm did not seem to have any 

adverse effects on performance. 
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Figure 4-99: Floor test 1, free vibration response to impulse (vertical axis proportional to acceleration) 

 
Figure 4-100: Floor test 2, free vibration response to impulse (vertical axis proportional to acceleration) 
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Figure 4-101: Floor test 3, free vibration response to impulse (vertical axis proportional to acceleration) 

4.5 END-CONNECTION 

At the completion of the test of the second floor specimen, the slab was broken in the 

middle. Due to the horizontal crack at the bottom as shown in Figure 4-53, one half of the 

slab was destroyed. However, the other half appeared as it did before the test. The hair 

cracks in the web of the floor were, of course, still present, but they had closed again after 

unloading, and no bigger concrete pieces were chipped off. 

 

One of the big advantages of this floor type is the simple and strong end connection. As the 

floor slab had failed as intended in the middle, one half remained intact, and it was decided 

to test the end connection separately on the same specimen. 

 

The idea was to clamp and hold the floor together at about half a metre from the end, as a 

jack pushed the SHS from the bottom upwards. A sketch of the end section is shown in 

Figure 4-102. Therefore, the static system was a cantilever, which was vertically pushed 

upwards at the end. Figure 4-103 demonstrates the setup before the test. 
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5 THEORETICAL MODELLING 

5.1 INTRODUCTION 

Objectives of this chapter are: 

 To describe the assumptions and theory used to analyse a floor element, consisting 

of a composite assembly of fibre-reinforced concrete, conventional steel reinforcing 

bars and thin-gauge cold-formed steel sheet. 

 To apply the theoretical model to the specific cases of the three experimental floor 

tests described in chapter 4 and to compare the model predictions with the observed 

results. 

 Of special interest, to examine the load-deflection curve at midspan as measured in 

the experimental tests. 

 

The approach taken to the development of a theoretical model was to make a small number 

of generally well-tested assumptions and then, apply them very carefully and precisely to 

the analysed floor units. The resulting model should then be simple and easily understood, 

and preferably capable of use in a largely manual calculation mode. Due to variable floor 

behaviour under different load levels and complex modelling effects such as the concrete 

cracking, on individual section properties, it became necessary to employ computational 

assistance in the form of an Excel spreadsheet. Initially used just to check hand 

calculations, the Excel spreadsheet’s facilities were gradually exploited to enable more 

precise calculations and optimisations to be made. Eventually, the spreadsheet was able to 

calculate the entire load-deflection curve. The use of Excel had the following benefits: 

 Although a hand calculation was theoretically possible, for complex situations and 

for optimising processes it becomes too time-consuming. Excel is able to organise 

the theory from the hand calculation more effectively. 

 Excel spreadsheets are essentially transparent, enabling users to view or to change 

the data or calculation process, unlike finite-element programs, which operate more 

like “black boxes”. All equations in the Excel program are programmed into cells 

of the worksheet. By clicking on the cells, it is easy to review or to change the 
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equations. A general understanding of Excel spreadsheets is necessary, and for 

different floor assumptions, manual adjustments of Excel cells may be required. 

 Excel is very fast for the relatively simple model developed here. As the equations 

for each cell are generally simple, the results can be observed immediately. This is 

very helpful for optimisation processes, where a range of different input values 

have to be investigated. When using a finite-element program, it is invariably more 

time consuming to obtain results. 

 

Section 5.2 shows the calculation of the floors according to the New Zealand Standards 

and compares the results with the experimental tests. 

 

In section 5.3, an example to determine the bending-moment capacity is given in terms of a 

hand calculation. The neutral axis determined by the Excel program is recalculated by 

hand. 

 

The composite section properties are analysed in section 5.4. This section describes how 

the bending stiffness, EI , or the moment of inertia, I , can be calculated for a composite 

section. The calculation method for the shear area, sA , is given, which is used for the 

calculation of shear deformation. 

 

The calculation of the flexural and shear deflections using the unit load method is 

explained in section 5.5. 

 

Section 5.6 describes the Excel program developed on the basis of the theory presented in 

the previous sections. 

 

Section 5.7 calculates the natural frequency by theoretical equations and compares the 

results with the measured values in the experimental tests. 
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5.2 DESIGN ACCORDING TO NEW ZEALAND 

STANDARDS 

5.2.1 Introduction 

The New Zealand Standards are applicable for specific types of structures, e.g. NZS 3101 

for concrete structures or NZS 3404 for steel constructions. The proposed composite floor 

construction does not fit entirely in any one of New Zealand’s Standards. However, in the 

following sections it is attempted to design the proposed floor concept according to the 

New Zealand Standard by combining several standards and by adjusting some equations to 

the proposed concept. 

 

For the flexural design in section 5.2.2 NZS 3101 (2006) is used as the basic standard. The 

equations are adjusted accordingly to consider the influence of the steel sheet on the 

bending moment capacity. 

 

The resistance to shear is generated both by the concrete and the steel sheet. NZS 3101 

determines shear capacity in a reinforced concrete member from a concrete contribution 

and a shear stirrup contribution. The concrete contribution is based on experimental testing 

of reinforced concrete with longitudinal and transverse (stirrup) reinforcement. For this 

floor product, the assumption is made that the steel will provide sufficient support to the 

concrete to allow the NZS 3101 provisions for concrete shear capacity to be used. The 

shear contribution of the steel sheet is determined using the rectangular flat plate 

provisions of NZS 3404. 

 

It has to be noted that the standards are generally applicable only if some boundary 

conditions are maintained. Outside this range the standard may not reflect the analysed 

behaviour very accurately. For example, in NZS 3101 the concrete compressive strength 

should be between 25 MPa and 100 MPa (NZS 3101, 2006, 5.2.1) and the density should 

be in the range of 1800 kg/m3 to 2800 kg/m3 (NZS 3101, 2006, 5.2.2) which is only 

fulfilled for the first experimental test. The equations for the shear design in NZS 3101 are 

based on a mixture of theory and testing, incorporating empirical values gained from tests. 

As some construction details or material properties from the proposed floor concept may 
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vary from the experimental testing used for the equation development in the standard, the 

results gained from the calculation according to this standard for the last two experimental 

tests can be used as a guideline only. 

 

In order to compare the results with the experimental tests, all strength reduction factors 

used in the standard are set to 1.0. Actual material strengths are used instead of nominal 

strengths. For example the yield strength for the rebars obtained from the test certificate is 

used instead of the nominal value from the standard. However, to keep the equations as 

close as possible to the standards the subscript “n” is retained in the written calculations, 

although this refers to the actual capacity based on measured material properties. 

 

Firstly, in section 5.2.2 and 5.2.3 the theory and equations being used are explained first. 

After that a specific calculation based on the parameters from the second floor test is 

shown as this test was the most important test which showed the close match to the 

expected floor behaviour. At the end of each section the corresponding analyses of the first 

and third tests are shown for comparison. 

 

5.2.2 Flexural Strength 

The flexural strength is calculated according to NZS 3101. Where necessary the equations 

were adjusted to allow the contribution of the steel sheet to the flexural strength. 

 

The flexural strength requirement according to NZS 3101 (2006, Eq.7-1) is given as 

follows: 

 nM M   (5.1) 

Where M   is the design moment at the section at ultimate limit state,   is the strength 

reduction factor and nM  is the nominal flexural strength of the section. 

 

In order to compare the calculated results with the results from the experiment, the strength 

reduction factor and all other safety factors are set to 1.0. 
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the effective width effb  shall be equal to or less than the width of the web plus one-quarter 

of the span length of the beam: 

 
4500 mm

100 mm
4effb    1225 mm 1200 mm  (5.3) 

This requirement is fulfilled, so that the total specimen width of 1200 mmb   may be used 

in design. 

 

Furthermore, the standard requires that the effective compressive overhanging slab width 

on each side of the web shall not exceed eight times the minimum slab thickness or the 

total depth of the beam. Assuming that the overhanging slab width is measured up to the 

web fillet, this requirement is given in Eq.(5.4) for the first and second experimental floor 

test with a slab thickness of 150 mm. The requirement for the third floor test with a slab 

thickness of 100 mm is given in Eq.(5.5). The dimensions from the three floor tests are 

given in Figure 4-33, Figure 4-43 and Figure 4-70. 

 
8 150 mm

500 mm min
500 mm

 
  

 
 (5.4) 

 
8 100 mm

450 mm min
500 mm

 
  

 
 (5.5) 

Both equations are also fulfilled, so that the total specimen width of 1200 mmb   may be 

used in all three floor designs and does not have to be reduced. 

 

cF  in Figure 5-1 is the compression force and may be calculated as follows: 

 '
1c cF f ab  (5.6) 

where 1  is a factor defined in 7.4.2.7 (NZS 3101, 2006) and which shall be taken as 0.85 

for a concrete compression strength '
cf  up to 55 MPa. 

 

tF  is the tension force resulting from the rebar and steel sheet forces: 

 1 2 3t r s s sF F F F F     (5.7) 

with: 

 r y sF f A  (5.8) 
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 1 , ,1s y sheet sheetF f A  (5.9) 

 2 , ,2s y sheet sheetF f A  (5.10) 

 3 , ,3s y sheet sheetF f A  (5.11) 

where yf  is the yield strength of the reinforcement or steel sheet and sA  is the area of 

flexural tension reinforcement or part of the steel sheet which is interrupted by the two 

holes (Figure 5-1). 

 

For equilibrium considerations, the compression force cF  and the tension force tF  have to 

be the same: 

 c tF F  (5.12) 

Eq.(5.6) and Eq.(5.8) substituted in Eq. (5.12) gives the depth of the equivalent rectangular 

stress block a . 

 

'
1

'
1

c y s

y s

c

f ab f A

f A
a

f b







 
 (5.13) 

With the value a  known, the distance c  from the extreme compression fibre to the neutral 

axis may be obtained from Eq.(5.2). If the neutral axis is known and all tension and 

compression forces have been calculated, the nominal flexural moment nM  can be 

calculated. 

 

With the known location of the neutral axis the strain value at the height of the rebar can 

also be deduced and checked that it exceeds yield strain. If this is verified, the assumption 

that the reinforcement has yielded is true and the use of the yield stress of the 

reinforcement yf  in the calculation is valid. 

 

 

Test 2 

The parameters used for the second test are as follows: 

1200 mmb   

532 MPayf 
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, 410 MPay sheetf   

 2 22 10 mm 628.3 mmsA    

' 19.6 MPacf   

 

The yielding strength of 532 MPayf  is taken from Figure 5-2 which is based on the test 

certificate given in the appendix. 

 

 
Figure 5-2: Stress-strain distribution of the rebars used in the second and third test according to test 

certificate (Appendix 1    REBAR Test Certificates) 

 

The tension forces for the second test may be calculated as: 

 1 2 3t r s s sF F F F F     (5.14) 

 2532 MPa 628.3 mmr y sF f A    334.3 kN  (5.15) 

 1 , ,1 410 MPa 55 mm 1.6 mms y sheet sheetF f A     36.1 kN  (5.16) 

 2 , ,2 410 MPa 245 mm 1.6 mms y sheet sheetF f A    160.7 kN  (5.17) 

 3 , ,3 410 MPa 15 mm 1.6 mms y sheet sheetF f A     9.84 kN  (5.18) 
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 334.3 kN 36.1 kN 160.7 kN 9.84 kNtF     540.9 kN  (5.19) 

 
'

1

'
1

540.9 kN

0.85 19.6 MPa 1200 mm

c t

c t

t

c

F F

f ab F

F
a

f b







 

   
 

27.06 mm

 (5.20) 

 

Check if reinforcement has yielded at this stage: 

 
1

27.06 mm

0.85

a
c


  31.83 mm (5.21) 

    0.003 460 mm 0.003 460 mm 31.83 mm

31.83 mmr

c

c


   
   0.040  (5.22) 

 

The reinforcement starts yielding at: 

 ,

500 MPa

200000 MPa
y

r yield
s

f

E
    0.0025  (5.23) 

which is lower than the calculated strain in Eq.(5.22). Therefore, the use of the lower 

characteristic yield strength yf  in the calculation is valid. 

 

This may be accurate enough if a bi-linear stress strain curve is used as recommended in 

section 7.4.2.4 of NZS 3101 where the stress in the rebar after yielding should be 

considered as a constant value yf . 

 

However, the test certificate (Appendix 1    REBAR Test Certificates) of the rebar used 

shows that the stress is not constant after yielding. The test certificate specifies only two 

points of the stress-strain curve, between these points linear behaviour is assumed (Figure 

5-2). 

 

Eq.(5.22) indicated a strain value of 4.0% in the rebar. At this strain Figure 5-3 shows a 

slightly higher value of 568 MPa, in comparison to the value of 532 MPa used in the 

calculation beforehand. 
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Figure 5-3: Stress-strain distribution according to Figure 5-2 with an additional pair of values 

Therefore, the calculation is repeated with a stress value in the rebar of 568 MPa. 

 

 1 2 3t r s s sF F F F F     (5.24) 

 2568 MPa 628.3 mmr y sF f A    356.9 kN  (5.25) 

 1 , ,1 410 MPa 55 mm 1.6 mms y sheet sheetF f A     36.1 kN  (5.26) 

 2 , ,2 410 MPa 245 mm 1.6 mms y sheet sheetF f A    160.7 kN  (5.27) 

 3 , ,3 410 MPa 15 mm 1.6 mms y sheet sheetF f A     9.84 kN  (5.28) 

 356.9 kN 36.1 kN 160.7 kN 9.84 kNtF     563.5 kN (5.29) 

 
'

1

'
1

563.5 kN

0.85 19.6 MPa 1200 mm

c t

c t
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28.19 mm

 (5.30) 
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The red line in Figure 5-4 indicates the strain of 0.002 at which the steel sheet starts 

yielding as shown in Figure 3-21. From Figure 5-4 it can be seen that the two bottom steel 

parts have yielded. The small top steel part has not yielded. In Eq.(5.28) it was assumed 

that the steel sheet has yielded, which is not true for the 15mm top part. However, the same 

calculation was done neglecting the top steel part ( 3sF ), which is on the conservative side, 

and which showed a difference for all three floor tests for the nominal bending moment, 

 

nM , of less than 0.1%. As the real solution lies between these two results, the assumption 

that the entire steel sheet has yielded is acceptable. 

 

The ultimate bending moment of the cross section may be calculated as follows (see Figure 

5-1 and for dimensions Figure 5-18): 

 

1 2

3

460 mm 442.5 mm 242.5 mm
2 2 2

         37.5 mm
2

28.19 mm 28.19 mm
356.9 kN 460 mm 36.1 kN 442.5 mm

2 2

28.19 mm
   160.7 kN 242.5 mm 9.84 kN 37

2

n r s s

s

a a a
M F F F

a
F

               
     

   
 
         
   
    
 

28.19 mm
.5 mm

2
  
 

 211.5 kNm

 (5.33) 

 

For comparison the same calculation is made for an ordinary Tee-section built with stirrups 

and no steel sheet: 

 2568 MPa 628.3 mmt r y sF F f A     356.9 kN  (5.34) 

 
'

1

356.9 kN

0.85 19.6 MPa 1200 mm
t

c

F
a

f b
  

 
17.85 mm  (5.35) 

 
17.85 mm

460 mm 460 mm
2 2

a
z      451.1 mm  (5.36) 

 356.9 kN 451.1 mmn tM F z   161.0 kNm  (5.37) 

 ,with steel sheet

,without steel sheet

211.5 kNm

161.0 kNm
n

n

M

M
  1.31  (5.38) 
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Therefore, the steel sheet increases the flexural strength by 31% compared to a comparable 

Tee-section built with ordinary stirrups. 

 

The calculated bending moment of 211.5 kNm relates to a force at midspan of: 

 
4 4 211.5 kNm

4.5 m

M
F

l


   188.0 kN  (5.39) 

In order to compare this force with the measured actuator force in the experimental test, the 

dead load of the floor has to be subtracted (0 kN in the experimental test relates to the floor 

loaded with its own dead load): 

 

2

line load point load8 4

2

ql Fl
M M

ql
F

  

 
 (5.40) 

With the line load q from Eq.(4.25) this gives: 

 dead load

kN
4.35 4.5 m

m
2 2

ql
F


   9.79 kN  (5.41) 

Therefore, the comparable load for the experimental floor test according to NZS 3101 

would be: 

 188.0 kN 9.79 kNF    178.2 kN  (5.42) 

 

The calculated failure load is 4% lower than measured in the experiment: 

 NZS 3101

experiment

178.2 kN

186 kN

F

F
  0.96  (5.43) 

 

Test 1 

The same procedure used for the calculation of the second test is used for the first test with 

the following parameters: 

1200 mmb  

523 MPayf 
 

, 410 MPay sheetf   

 2 24 10 mm 1257 mmsA    

' 34.3 MPacf   
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The stress-strain curve for the rebars used in the first test according to the test certificate is 

shown in Figure 5-5. 

 
Figure 5-5: Stress-strain distribution of the rebars used in the first test according to test certificate   

(Appendix 1    REBAR Test Certificates) 

 

The tension forces may be calculated as follows: 

 1 2 3t r s s sF F F F F     (5.44) 

 2523 MPa 1257 mmr y sF f A   657.2 kN  (5.45) 

 1 , ,1 410 MPa 55 mm 1.6 mms y sheet sheetF f A     36.1 kN  (5.46) 

 2 , ,2 410 MPa 245 mm 1.6 mms y sheet sheetF f A     160.7 kN  (5.47) 

 3 , ,3 410 MPa 15 mm 1.6 mms y sheet sheetF f A     9.84 kN  (5.48) 

 657.2 kN 36.1 kN 160.7 kN 9.84 kNtF      863.8 kN  (5.49) 

 
'

1

'
1

863.8 kN

0.85 34.3 MPa 1200 mm

c t

c t

t

c

F F

f ab F

F
a

f b
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'

1

'
1

910.5 kN

0.85 34.3 MPa 1200 mm

c t

c t

t

c

F F

f ab F

F
a

f b







 

   
 

26.03 mm

 (5.59) 

 
1

26.03 mm

0.85

a
c


    30.62 mm (5.60) 

    0.003 440 mm 0.003 440 mm 30.62 mm

30.62 mmr

c

c


   
   0.040  (5.61) 

 

The nominal bending moment of the cross section may be calculated as follows (see Figure 

5-1 and for dimensions Figure 5-16): 

 

1 2

3

440 mm 442.5 mm 242.5 mm
2 2 2

         37.5 mm
2

26.03 mm 26.03 mm
703.9 kN 440 mm 36.1 kN 442.5 mm

2 2

26.03 mm
   160.7 kN 242.5 mm 9.84 kN 37

2

n r s s

s

a a a
M F F F

a
F

               
     

   
 
         
   
    
 

26.03 mm
.5 mm

2
  
 

 353.2 kNm

 (5.62) 

 

For comparison the same calculation is done for an ordinary Tee-section built with stirrups 

and no steel sheet: 

 2560 MPa 1257 mmt r y sF F f A    703.9 kN  (5.63) 

 
'

1

703.9 kN

0.85 34.3 MPa 1200 mm
t

c

F
a

f b
  

 
20.12 mm  (5.64) 

 
20.12 mm

460 mm 440 mm
2 2

a
z      429.9 mm  (5.65) 

 703.9 kN 429.9 mmn tM F z    302.6 kNm  (5.66) 

 ,with steel sheet

,without steel sheet

353.2 kNm

302.6 kNm
n

n

M

M
  1.17  (5.67) 
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Therefore, the steel sheet is able to increase the flexural strength by 17% compared to a 

comparable Tee-section built with ordinary stirrups. 

 

The calculated bending moment of 353.2 kNm relates to a force at midspan of: 

 
4 4 353.2 kNm

4.5 m

M
F

l


   314.0 kN  (5.68) 

With the line load q from Eq.(4.21) the dead load which has to be subtracted from 

Eq.(5.68) gives: 

 dead load

kN
5.01 4.5 m

m
2 2

ql
F


  11.27 kN  (5.69) 

Therefore, the comparable load to the experimental floor test after NZS 3101 would be: 

 314.0 kN 11.27 kNF    302.7 kN  (5.70) 

 

This is 2.5 times the value measured in the experiment: 

 NZS 3101

experiment

302.7 kN

121 kN

F

F
  2.50  (5.71) 

 

Test 3 

The parameters for the third test are: 

1200 mmb  

532 MPayf 
 

, 410 MPay sheetf   

 2 24 10 mm 628.3 mmsA    

' 13.7 MPacf   

 

The third test used rebars from the same test certificate as test two (Figure 5-2). Therefore, 

the tension forces may be calculated as follows: 

 1 2 3t r s s sF F F F F     (5.72) 

 2532 MPa 628.3 mmr y sF f A    334.3 kN  (5.73) 

 1 , ,1 410 MPa 70 mm 1.6 mms y sheet sheetF f A     45.9 kN  (5.74) 
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MPa 245 m

MPa 15 m

N 160.7 kN

550.7 kN
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9.41 mm

0.85
4
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 1 2 3t r s s sF F F F F     (5.81) 

 2556 MPa 628.3 mmr y sF f A    349.3 kN  (5.82) 

 1 , ,1 410 MPa 70 mm 1.6 mms y sheet sheetF f A     45.9 kN  (5.83) 

 2 , ,2 410 MPa 245 mm 1.6 mms y sheet sheetF f A     160.7 kN  (5.84) 

 3 , ,3 410 MPa 15 mm 1.6 mms y sheet sheetF f A     9.84 kN  (5.85) 

 349.3 kN 45.9 kN 160.7 kN 9.84 kNtF      565.7 kN  (5.86) 

 
'

1

'
1

565.7 kN

0.85 13.7 MPa 1200 mm

c t

c t

t

c

F F

f ab F

F
a

f b







 

   
 

40.49 mm

 (5.87) 

 
1

40.49 mm

0.85

a
c


   47.63 mm (5.88) 

    0.003 460 mm 0.003 460 mm 47.63 mm

47.63 mmr

c

c


   
   0.026  (5.89) 

 

The nominal bending moment of the cross section may be calculated as follows (see Figure 

5-1 and Figure 5-20 for dimensions): 

 

1 2

3

460 mm 450 mm 242.5 mm
2 2 2

         37.5 mm
2

40.49 mm 40.49 mm
349.3 kN 460 mm 45.9 kN 450 mm

2 2

40.49 mm
   160.7 kN 242.5 mm 9.84 kN 37.5 m

2

n r s s

s

a a a
M F F F

a
F

               
     

   
 
         
   
    
 

40.49 mm
m

2
  
 

 209.2 kNm

 (5.90) 

 

For comparison the same calculation is done for an ordinary Tee-section built with stirrups 

and no steel sheet: 

 2556 MPa 628.3 mmt r y sF F f A     349.3 kN  (5.91) 

 
'

1

349.3 kN

0.85 13.7 MPa 1200 mm
t

c

F
a

f b
  

 
25.00 mm  (5.92) 



Theoretical Modelling 

 192

 
25.00 mm

460 mm 460 mm
2 2

a
z      447.5 mm  (5.93) 

 349.3 kN 447.5 mmn tM F z   156.3 kNm  (5.94) 

 ,with steel sheet

,without steel sheet

209.2 kNm

156.3 kNm
n

n

M

M
  1.34  (5.95) 

 

Therefore, the steel sheet is able to increase the flexural strength by 34% compared to a 

comparable Tee-section built with ordinary stirrups. 

 

The calculated bending moment of 209.2 kNm relates to a force at midspan of: 

 
4 4 209.2 kNm

4.5 m

M
F

l


   186.0 kN  (5.96) 

With the line load q from Eq. (4.27) the dead load which has to be subtracted from 

Eq.(5.96) gives: 

 dead load

kN
2.82 4.5 m

m
2 2

ql
F


   6.35 kN  (5.97) 

Therefore, the comparable load to the experimental floor test after NZS 3101 would be: 

 186.0 kN 6.35 kNF    179.7 kN  (5.98) 

 

This is 14% higher than the value measured in the experiment: 

 NZS 3101

experiment

179.7 kN
1.14

157 kN

F

F
   (5.99) 

 

5.2.3 Shear Strength 

 

According to NZS 3101 (2006, Eq.7-4) the design of cross-sections of members shall be 

based on: 

 nV V   (5.100) 
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V   is the design shear force at the section at ultimate limit state and   is the strength 

reduction factor. The strength reduction factors are set to 1.0 as in the flexural strength 

calculation. 

 

nV  is the total nominal shear strength of the section in N, defined of a concrete and a steel 

part (NZS 3101, 2006, page 7-4): 

 n c sV V V   (5.101) 

where cV  is the nominal shear strength provided by the concrete in N and sV  is the nominal 

shear strength provided by the shear reinforcement in N. 

 

cV  can be calculated from Eq.(5.102): 

 c c cvV v A  (5.102) 

where cvA  is the effective shear area, the area used to calculate the shear stress in mm2, and 

cv  is the shear resisted by the concrete in MPa. 

 

cv  is given by: 

 c d a bv k k v  (5.103) 

ak  is a factor allowing for the influence of aggregate size on shear strength and shall be 

taken as 0.85 if the maximum aggregate size is less than 10 mm (NZS 3101, 2006, page 9-

6) which is true for all three tests. 

 

dk  is a factor allowing for the influence of the member depth on the shear strength: 

 
0.25

400
dk

d
   
 

 (5.104) 

where d  is the distance from the extreme compression fibre to the centroid of the 

longitudinal tension reinforcement, measured in mm. 
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bv  is given in Eq.(5.105). The factor of 0.85 in front of 
'

cf should be used for “sand-

lightweight” concrete where the average splitting tensile strength is not specified (NZS 

3101, 2006, page 9-7) which is applicable for all three tests. 

 

 
  

   
'

'

'

0.07 10 0.85
min  but 0.08 0.85

0.2 0.85

w c

b b c

c

p f
v v f

f

    
 
 

 (5.105) 

where '
cf  is the specified compressive strength of concrete in MPa and wp  is given in 

Eq.(5.106). 

 s
w

w

A
p

b d
  (5.106) 

sA  is the area of flexural tension reinforcement in mm2 and wb  is the width of the web in 

mm. 

 

sV  in Eq.(5.101) is the nominal shear strength provided by the shear reinforcement and is 

reflecting the steel part in the shear calculation. NZS 3101 generally requires stirrups for 

beams if the shear resistance of the concrete alone is not sufficient. Therefore, the 

equations for sV  are only valid for stirrups. However, to incorporate the shear resistance of 

the steel sheet in the calculation according to NZS 3101, the shear resistance of the steel 

sheet is calculated according to the Steel Structures Standard (NZS 3404, 1997). 

 

In NZS 3404 the shear capacity vnV  of a flat plate with non-uniform shear stress 

distribution may be calculated with Eq.(5.107) (NZS 3404, 1997, chapter 5.11.3). This 

value vnV  is then used in Eq.(5.101) as the shear strength of the steel sheet ( sV ). 

 
*

*

2

0.9

vu
s vn vu

vm

va

V
V V V

f

f

  
 

  
 

 (5.107) 

where vuV  is the nominal shear capacity of the flat plate calculated assuming a uniform 

shear stress distribution and where *
vmf  and *

vaf  are the maximum and average design shear 

stresses in the web determined by a rational elastic analysis. 
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vuV  is given by chapter 5.11.2.2 (NZS 3404, 1997) for a stocky web, on the basis that the 

steel sheet is unable to buckle as it is imbedded in the concrete web. 

 0.6vu w y wV V f A   (5.108) 

where yf  is the yield stress of the steel sheet and wA  is the gross sectional area of the steel 

web. 

 

Test 2 

With the corresponding data from the second test the concrete contribution cV  is 

determined as follows: 

 
2628.3 mm

100 mm 460 mm
s

w
w

A
p

b d
  


0.0137  (5.109) 

 

  
 

  
 

'

'

0.07 10 0.85
min

0.2 0.85

0.07 10 0.0137 0.85 19.6
   min

0.2 0.85 19.6

0.78
   min

0.75

w c

b

c

p f
v

f

    
 
 
     
  
 

  
 

0.75

 (5.110) 

 
0.25 0.25

400 400

460dk
d

        
   

0.97  (5.111) 

 0.97 0.85 0.75c d a bv k k v    0.62 MPa (5.112) 

 0.62 (100 460)c c cvV v A    28.5 kN (5.113) 

 

The shear area for concrete strength is taken as the depth of the section times the width of 

the web. This is in accordance with NZS 3101. The gross sectional area of the steel web 

wA  is calculated at midspan under consideration of the two holes in the steel sheet as 

shown in Figure 5-18: 

  15 mm 245 mm 55 mm 1.6 mmwA      2504.0 mm  (5.114) 

 20.6 0.6 410 MPa 504.0 mmvu w y wV V f A      124.0 kN  (5.115) 
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For a non-uniform shear stress distribution, NZS 3404 requires determination of the 

average shear stress, *
vaf , and maximum shear stress, *

vmf , for input into Eq.(5.107). These 

change according to the internal actions which are a function of the applied loads, 

however, it is conservative to use the values applicable for a rectangular flat plate in shear, 

namely *
vmf / *

vaf =1.5. 

 

 

*

*

2

0.9

2 124 kN
    124 kN

1.5
0.9

1.0

    

vu
s vn vu

vm

va

V
V V V

f

f

  
 

  
 


 

   
 

 103.3 kN 124 kN

 (5.116) 

 

Therefore, the nominal shear strength provided by the steel sheet may be taken as: 

 sV 103.3 kN  (5.117) 

With cV  from Eq.(5.113) it follows: 

 28.5 kN 103.3 kNn c sV V V    131.8 kN (5.118) 

 

The maximum measured actuator compression force at midspan in the second 

experimental test was 186 kN and hence the maximum shear force was 93 kN. Similar to 

the bending moment calculation, the dead load of the floor has to be subtracted from 

Eq.(5.118) in order to compare the results from the experimental test with the results from 

the calculation. 

 

With the corresponding load at midspan for the dead load dead loadF  from Eq.(5.41) the total 

nominal shear strength of the section is: 

 
dead load 9.79 kN

131.8 kN 131.8 kN
2 2n

F
V     126.9 kN (5.119) 

 

This results in a theoretical maximum actuator force needed to cause shear failure of: 
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vmV  is the nominal web shear capacity in the presence of bending moment and   is the 

strength reduction factor which is set to 1.0 as in the previous calculation. 

 

The shear and bending interaction from NZS 3404 is applied to the steel sheet alone. 

Therefore, vV in Eq.(5.121) is the nominal shear capacity of the steel sheet only, which is 

103.3 kN taken from Eq.(5.116). With a 100% bending moment utilisation which means 

that *
sM M  Eq.(5.121) becomes: 

  

*1.6
2.2

     103.3 kN 0.6

     

  
   

   


 62.0 kN

vm v
s

M
V V

M

 (5.122) 

 

Due to the 100% bending moment utilisation the allowable steel sheet shear force is 

reduced to 60% of its capacity. 

 

Therefore, the total nominal shear strength nV  from Eq.(5.118) becomes: 

 28.5 kN 62.0 kNn c sV V V    90.5 kN  (5.123) 

 

This gives a maximum midspan force of: 

 2 2 90.5 kNnF V   181.0 kN  (5.124) 

 

If the dead load from Eq.(5.41) is subtracted this yields a maximum actuator load of: 

 181.0 kN 9.79 kNF    171.2 kN  (5.125) 

which is lower than the calculated maximum midspan force of 178.2 kN in Eq.(5.42) when 

the bending moment capacity is reached. Therefore the maximum applicable actuator force 

at the middle of the floor due to bending moment and shear interaction should be 171.2 kN. 

 

However, with this reduced force the bending moment capacity is not fully utilised 

anymore. Therefore, the shear capacity does not have to be reduced by the maximum 40% 

and can be increased. The required force must lie between 171.2 kN (Eq.(5.125)) and 
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178.2 kN (Eq.(5.42)). This force can be calculated iteratively or by writing Eq.(5.121) in 

terms of the unknown force F. 

 

Thus vmV  in Eq.(5.121) is replaced by *V  which is given by: 

 * dead load

2 c

F F
V V


   (5.126) 

and *M  is replaced by: 

 
2

*

4 8

Fl ql
M    (5.127) 

Substituting in Eq.(5.121) gives: 

 

2

dead load

1.6
4 8

2.2
2

   
           

      

c v
s

Fl ql

F F
V V

M
 (5.128) 

 

and solving for the unknown F: 
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 (5.129) 

 

If all known values are substituted in Eq.(5.129), the unknown force F may be calculated 

to: 

 

 2 kN
1.6*103.3kN 4.35 4.5m 9.79kNm2.2 103.3kN 28.5kN

8 211.5 kNm 2
1.6 103.3 kN 4.5 m

0.5
4 211.5 kNm

   

F

 
   


 


175.7 kN

 (5.130) 
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This is the maximum theoretical actuator force which can be applied to the floor before 

failure occurs under consideration of shear and bending moment interaction. This force is 

5.5% lower than the measured actuator force in the experimental test of 186 kN. 

 

The position of the maximum value in the shear and bending moment interaction diagram 

is shown in Figure 5-9. 

 

 
Figure 5-9: Shear and bending moment interaction floor test 2 

 

Test 1 

The same procedure used to calculate the shear strength of the second test can be adopted 

for the first test: 
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 (5.132) 

 
0.25 0.25

400 400

440dk
d

        
   

0.98  (5.133) 

 0.98 0.85 1.00c d a bv k k v    0.83 MPa  (5.134) 

 0.83 (100 440)c c cvV v A    36.5 kN  (5.135) 

 

The gross sectional area of the steel web wA  is calculated at midspan taking into account 

the two holes in the steel sheet as shown in Figure 5-16: 

  15 mm 245 mm 55 mm 1.6 mmwA      2504.0 mm  (5.136) 

 20.6 0.6 410 MPa 504.0 mmvu w y wV V f A      124.0 kN  (5.137) 
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 103.3 kN 124 kN

 (5.138) 

 

Therefore, the nominal shear strength provided by the steel sheet may be taken as: 

 sV 103.3 kN  (5.139) 

With cV  from Eq.(5.113) it follows: 

 36.5 kN 103.3 kNn c sV V V    139.8 kN (5.140) 

 

With the corresponding load at midspan for the dead load dead loadF  from Eq.(5.69) the total 

nominal shear strength of the section after subtracting the dead load is: 
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dead load 11.27 kN

139.8 kN 139.8 kN
2 2n

F
V     134.2 kN (5.141) 

 

This results in a theoretical maximum actuator force needed to cause shear failure of: 

 2 2 134.2 kNnF V     268.3 kN  (5.142) 

which is 11% lower than the maximum calculated force of 302.7 kN (Eq.(5.70)) for the 

flexural resistance but which is also 2.2-times higher than the maximum force of 121 kN 

recorded in the first experimental test. 

 

With Eq.(5.129) the maximum force at midspan considering shear and bending moment 

interaction for the first test may be calculated as follows: 

 

 

2
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 245.7 kN

 (5.143) 

 

The position of the maximum value on the shear and bending moment interaction diagram 

is shown in Figure 5-10. 
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The gross sectional area of the steel web wA  is calculated at midspan taking into account 

the two holes in the steel sheet as shown in Figure 5-20: 

  15 mm 245 mm 70 mm 1.6 mmwA      2528.0 mm  (5.149) 

 20.6 0.6 410 MPa 528.0 mmvu w y wV V f A      129.9 kN  (5.150) 

 

*
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 108.2 kN 124 kN

 (5.151) 

 

Therefore, the nominal shear strength provided by the steel sheet may be taken as: 

 sV 108.2 kN  (5.152) 

With cV  from Eq.(5.113) it follows: 

 23.8 kN 108.2 kNn c sV V V    132.0 kN (5.153) 

 

With the corresponding load at midspan for the dead load dead loadF  from Eq.(5.97) the total 

nominal shear strength of the section after subtracting the dead load is: 

 
dead load 6.35 kN

132.0 kN 132.0 kN
2 2n

F
V     128.8 kN (5.154) 

This results in a theoretical maximum actuator force of: 

 2 2 128.8 kNnF V     257.7 kN  (5.155) 

which is 43% higher than the maximum calculated force of 179.7 kN (Eq.(5.98)) for the 

flexural resistance and 64% higher than the maximum recorded force in the experimental 

test of 157 kN. 

 

With Eq.(5.129) the maximum force at midspan considering shear and bending moment 

interaction for the third test may be calculated as follows: 
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 176.6 kN

 (5.156) 

 

The position of the maximum value on the shear and bending moment interaction diagram 

is shown in Figure 5-11. 

 

 
Figure 5-11: Shear and bending moment interaction floor test 3 

 

The shear and bending moment interaction has to be considered if the maximum shear and 

maximum bending moment act at the same place or close to each other. In Figure 4-16 it is 

shown that this is the case for a single load at midspan as used in the experimental tests. 
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(Figure 4-16). In this case, a shear and bending moment interaction calculation would 

probably not be necessary. 

 

5.2.4 Summary of Flexural and Shear Strength Results 

The flexural and shear strength results from section 5.2.2 and 5.2.3 are summarised in 

Table 5-1. 

 

Table 5-1: Summary of calculated flexural and shear strengths 

 Test 1 Test 2 Test 3 

Flexural 

Strength 

1 :with  

steel sheet 

353.2 kN 

Eq.(5.62) 

211.5 kN 

Eq.(5.33) 

209.2 kN 

Eq.(5.90) 

2 :without 

steel sheet 

302.6 kN 

Eq.(5.66) 

161.0 kN 

Eq.(5.37) 

156.3 kN 

Eq.(5.94) 

1

2
  1.17 1.31 1.34 

Shear Strength 

Concrete 
36.5 kN 

Eq.(5.135) 

28.5 kN 

Eq.(5.113) 

23.8 kN 

Eq.(5.148) 

Steel Sheet 
103.3 kN 

Eq.(5.139) 

103.3 kN 

Eq.(5.117) 

108.2 kN 

Eq.(5.152) 

Total 
139.8 kN 

Eq.(5.140) 

131.8 kN 

Eq.(5.118) 

132.0 kN 

Eq.(5.153) 

 

Due to the use of four rebars in test 1 instead of two, the flexural strength in test 1 is much 

higher than the flexural strength for tests 2 or 3. The shear strength provided by the 

concrete is decreasing from test 1 to test 3 as a result of the decreasing concrete strength. 

The steel sheet shear strength is very similar in all three tests. In the last test it is a little 
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higher as the steel sheet height was slightly increased (compare Figure 5-20 with Figure 

5-18). 

 

The results for the maximum applicable actuator force at midspan calculated in section 

5.2.2 and 5.2.3 are summarised in Table 5-2 and are compared to the values measured in 

the experimental tests. 

 

Table 5-2: Summary of maximum applicable actuator forces before failure 

 Test 1 Test 2 Test 3 

Calculated 

Flexural Strength 

Alone 

302.7 kN 

Eq.(5.70) 

178.2 kN 

Eq.(5.42) 

179.7 kN 

Eq.(5.98) 

Calculated  

Shear Strength 

Alone 

268.3 kN 

Eq.(5.142) 

253.8 kN 

Eq.(5.120) 

257.7 kN 

Eq.(5.155) 

Calculated 

Combined 

Flexural/ Shear 

Strength 

245.7 kN 

Eq.(5.143) 

175.7 kN 

Eq.(5.130) 

176.6 kN 

Eq.(5.156) 

Experiment 
121 kN 

Figure 4-39 

186 kN 

Figure 4-49 

157 kN 

Figure 4-77 

Experiment

Calculated
 0.49 1.06 0.89 

 

It can be seen that in all three tests the interaction equation of shear and bending is crucial. 

Therefore, the failure mode is not a well-defined single failure mode in bending or shear. 

Instead, the shear and the bending moment capacity interact, so that at the failure load both 

capacities have reached their limits at the same time. 

 

The calculated moment/ shear capacities are made on the basis that the reinforcing bars and 

bottom of the steel sheet reach tensile yield under positive moment action. This condition 
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was met only in test number two, for which the ratio of experimental/ calculated applied 

load is 6%. This shows that the calculation method is robust and incorporates the key 

aspects of the floor system’s behaviour. For test number one and three, embedment failure 

of the rebar developed prior to yielding, limiting the experimental capacity to less than the 

calculated capacity. This was especially severe in test number one. 

 

5.2.5 Slab Reinforcement 

The slab spans between the two webs and cantilevers at each side of the double-Tee 

section, with reinforcement generally needed to resist the sagging and hogging moments. 

As the slab span is perpendicular to the floor span of the T-section, the design of the slab 

can be separated from the design of the T-section for vertical loads. 

 

During the experimental testing described in chapter 4, the loading was aimed at testing the 

strength and stiffness of the T-beam along its main span direction. The concrete slab 

between the webs of the double-Tee specimen was not loaded or tested apart from carrying 

its self-weight. The rebar amount chosen for the experimental test was 12-mm rebars at a 

spacing of 500 mm (section 4.3.3.2). This gives a value per metre of: 

 sA 
2mm

226 
m

 (5.157) 

This amount was chosen to maintain the structural integrity of the slab during fabrication 

and testing of the T-section. 

 

The final slab would need to resist the chosen service load of 5 kN/m^2 and has to fulfil 

the required equations for the minimum amount of reinforcement according to NZS 3101. 

 

As detailed on the following pages, 10-mm rebars at every 200 mm are required for the top 

and bottom reinforcement in the slab by a concrete cover of 25 mm which gives for each 

layer: 

 
2mm

393 
msA  (5.158) 
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Additional holes are necessary in the 1.6 mm steel sheet to run the bottom and top layer 

through it. If the concrete cover for the top layer would be reduced to 20 mm, no additional 

holes would be needed, as the concrete cover to the 1.6 mm steel sheet is 30 mm and, 

therefore, the rebars could be placed directly on top of the sheet. However, the holes have 

an advantage in positioning the bars in pre-defined locations and holding them during 

concrete placement. 

 

According to NZS 3101 (9.3.8.2.1) the minimum reinforcement shall be greater than: 

 

'
c

w
y

s

w

y

f
b d

4f
A max

b d
1.4

f



 




 (5.159) 

The positive contribution of the steel fibres is ignored. 

 

For the second floor test, 

the specified compressive strength of concrete is: '
cf 19.6 MPa , 

the lower characteristic yield strength of longitudinal reinforcement is: yf 500 MPa , 

the width of web/slab for 1 m is: wb 1000 mm , 

the distance from extreme compression fibre to centroid of longitudinal tension 

reinforcement is: d 120 mm , 

and, therefore, the minimum reinforcement is: 

 

'
c 2

w
y

s

w

y

f 19.6
b d 1000 120 266 mm

4f 4 500
A max

b d 1000 120
1.4 1.4

f 500


   

 
  



2336 mm

 (5.160) 

For the 10-mm rebars at every 200 mm chosen, this requirement is fulfilled: 

  
2 2mm mm

393 336 
m msA  (5.161) 

 

The slab has also to be designed for the dead and service load which is shown for the floor 

specimen from the second test with a concrete density of 1858 kg/m^3 (Table 4-2) and a 

slab thickness of 0.15m. Therefore, the mass for a width of one metre will be: 
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3

kg
0.15 m 1.0 m 1858

m
m    

kg
279

m
 (5.162) 

and the line load due to dead load will be: 

 dead load 2

kg m
279 9.81

m s
q   

kN
2.73

m
 (5.163) 

 

A common service load of 5 kN/m^2 is used in this example, which yields for the 1-m 

width: 

 service load 2

kN
5.0 1.0 m

m
q   

kN
5.0

m
 (5.164) 

With load factors of 1.2 for the dead load and 1.5 for the live load, the total factored load 

is: 

 total dead load service load

kN kN
1.2 1.5 1.2 2.73 1.5 5.0

m m
q q q        

kN
10.78

m
 (5.165) 

 

The bottom reinforcement is calculated for the sagging moment from Eq. (3.2). 

 

 

 

2

2

1.5 m
1.5 m 0.85 m

2
kN

10.78 1.5 m kNm    10.78 1.5 m 0.85 m
2 m

q
M q    

      1.62 kNm

 (5.166) 

 

With the simplification that the distance between the centroids of the compression force 

and the tension force is 0.9 d and with an effective depth, d, of 0.12 m, the tension force in 

the rebar can be calculated with the following equation. 

 
1.62 kNm

0.9 0.9 0.12 mt

M
F

d
  


15.01 kN  (5.167) 

 

Therefore, the area of flexural tension reinforcement, sA , has to be: 

 
15.01 kN

500 MPa
t

s
y

F
A

f
   230.0 mm  (5.168) 
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The rebar amount calculated in Eq.(5.168) was based on an effective depth of 0.12 m for a 

0.15-m thick slab. For an effective depth of 0.07 m (for a 0.10-m slab) the amount would 

change to (dead load is assumed to be the same): 

 
1.62 kNm

0.9 0.9 0.07 mt

M
F

d
  


25.71 kN  (5.169)  

 
25.71 kN

500 MPa
t

s
y

F
A

f
   251.4 mm  (5.170) 

 

This required rebar amount is also easily fulfilled by the chosen 10-mm rebars at every 200 

mm: 

  
2 2mm mm

393 51.4 
m msA  (5.171) 

 

With Eq.(3.1), Eq.(3.2) and Figure 3-5, it was shown that the hogging and sagging moment 

are the same for a constant distributed load. Therefore, the amount for the top 

reinforcement over the support has to be the same as calculated for the bottom 

reinforcement in Eq.(5.170). 

 

The chosen 10-mm rebars are the principal reinforcement of the slab. Perpendicular to this 

direction (i.e. in parallel to the T-beam span direction), no structural reinforcement is 

needed in the slab. In this direction it would be cost-effective to use the steel fibres as 

crack control. As part of prototype production, crack control tests on the slab with flexural 

reinforcement transverse to the ribs and steel fibres only in rib direction would be the 

recommended option. If the NZS 3101 provisions for shrinkage and temperature are 

invoked, one layer of 8mm diameter rebars at 200 mm spacing for the top and bottom layer 

would be chosen, giving: 

 
2mm

2 251
m

  
2mm

502 
msA  (5.172) 

This is also in accordance with 8.8.1 of NZS 3101 (shrinkage and temperature 

reinforcement): 

 s
y

0.7
A f

gross concrete Area
0.0014


 



 (5.173) 
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For a 150 mm slab this gives: 

 
2

s
y

0.7 0.7
0.0014A 502 mm 500 f0.0033

gross concrete Area 150 mm 1000 mm
0.0014

      


 (5.174) 

 

Similar to the shear strength calculation in section 5.2.3 for the web, where the equations 

are explained and analysed for all three floor tests, the shear strength has to be checked 

also for the slab, even if shear reinforcement is rarely required for slabs. 

 

In the following, it is shown that no shear reinforcement is necessary for the slab. The 

dimensions are taken from the most critical third floor test. 

 

The area of flexural tension reinforcement for the slab,
 

sA , was defined in Eq.(5.158) as: 

 
2mm

393 
msA  (5.175) 

and, therefore, for a width,
 

wb , of 1 m: 

  2393 mm  sA  (5.176) 

 

According to section 9.3.9.3.4 of (NZS 3101, 2006), bv  may be calculated as: 

 
2393 mm

1000 mm 70 mm
  


0.0056s

w
w

A
p

b d
 (5.177) 
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 (5.178) 

 

and for members with an effective depth equal to or smaller than 400 mm: 

  1.0dk  (5.179) 
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The value for cv  and the nominal shear strength resisted by concrete,
 

cV , is given by: 

 

 

 

'0.17 0.85
max

0.17 0.85 0.85 13.7
max

1.0 0.85 0.40

0.45 MPa
max

0.34 MPa

      
  

      
   

 
  

 
0.45 MPa

a c
c

d a b

k f
v

k k v

 (5.180) 

 0.45 (1000 70)    31.5 kNc c cvV v A  (5.181) 

 

For no shear reinforcement, the nominal shear strength of the section, nV , equals the 

nominal shear strength provided by the concrete, cV . 

    31.5 kNn c s cV V V V  (5.182) 

 

The dead load,
 

dead loadq , and service load,
 

service loadq , for the third test are given in 

Eq.(5.184) and Eq.(5.185). 

 
3

kg
0.1 m 1.0 m 1655

m
   

kg
166

m
m  (5.183) 

 dead load 2

kg m
166 9.81

m s
  

kN
1.63

m
q  (5.184) 

 service load 2

kN
5.0 1.0 m

m
q   

kN
5.0

m
 (5.185) 

 

With load factors of 1.2 for the dead load and 1.5 for the live load, the total factored load 

is: 

 total dead load service load

kN kN
1.2 1.5 1.2 1.63 1.5 5.0

m m
        

kN
9.46

m
q q q  (5.186) 

 

With the dimensions shown in Figure 3-5 and the linear distributed load from Eq.(5.186), 

the maximum design shear force located at the support is calculated as: 
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kN

9.46 0.85 m
m

    8.04 kNV  (5.187) 

 

According to section 7.5 of (NZS 3101, 2006), Eq.(5.188) is fulfilled without any need for 

shear reinforcement in the slab. 

 0.75 31.5 kN     8.04 kN 23.63 kN nV V  (5.188) 

 

5.3 CALCULATION OF MOMENT-DEFLECTION 

CAPACITY 

Section 5.2.2 presents the calculation of maximum flexural strength. However, the 

moment-deflection relationship under increasing loading also requires determination and 

that is presented in this section. To make it possible to predict the relatively complex 

behaviour of the floor specimen under bending by means of an analytical model, it is 

necessary to make some simplifications. 

 

The following assumptions have been made for the entire chapter 5: 

1. No slip between steel components and concrete 

2. Plane sections are assumed to remain plane (Bernoulli hypothesis) 

3. Influence of interaction between bending and shear stress is negligible. 

4. The simplified material parameters from sections 3.3.2 and 4.2 are used. 

5. The floor is modelled as a simply supported beam, with a span length of 4.5 m. The 

difference between that simplification and the real support at the SHS is analysed in 

section 6.4. 

6. The shear lag effect and creep or shrinkage effects are neglected. 

 

Example based on Floor Test 2 

The procedure for the calculation of the bending-moment capacity is illustrated by detailed 

reference to an example based on the second experimental floor test. The dimensions of the 

cross-section are provided in Figure 5-12. 
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Usually the position of the neutral axis is unknown and has to be found in an iteration 

process, where the compression and tension forces have to stay in equilibrium. To initiate 

the process, the position of the neutral axis has to be roughly estimated at first. With the 

position of the neutral axis and the strain value from the rebars, the linear strain 

distribution for the whole cross-section can be drawn. 

 

With the known strain distribution and with the material stress-strain diagrams, the stress 

distribution in the rebars, steel sheet and concrete can be deduced. Furthermore, with these 

stresses in the cross-section, the forces above and below the neutral axis can be calculated 

and their state of equilibrium checked. 

 

If the tension forces are not equal to the compression forces, the assumption of the neutral 

axis was wrong, and the procedure has to be started again, with a changed assumption for 

the neutral axis. After a few iterations, the difference between tension and compression 

forces should be minimal, indicating that the correct neutral axis has been found. 

 

To avoid performing this quite time-consuming iteration process by hand, the assumed 

position of the neutral axis is calculated beforehand with an Excel program, which is 

introduced in section 5.6. This computed value is later checked for correctness by the hand 

calculation in this section. 

 

The Excel program predicts a position for the neutral axis of 90.45 mm from the top of the 

concrete surface. With that value and the calculated strain in the rebars (Eq.(5.190)), the 

strain diagram for the cross-section can be drawn as shown in Figure 5-13 to Figure 5-15. 

Because of the Bernoulli hypothesis, the strain distribution has to be linear. 

 

Figure 5-13 to Figure 5-15 show the strain, stress and force distribution over the height of 

the cross-section for the reinforcement (Figure 5-13), the steel sheet (Figure 5-14) and the 

concrete (Figure 5-15). The strain distribution in all three figures has to be the same (since 

compatibility is assumed). 

 

With the given strain distribution and the material diagrams from sections 3.3.2 and 4.2, 

the stress distribution for each material can also be drawn. 
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As the rebars are located at only one height of the cross-section, the stress in the rebars at 

that height can simply be calculated by multiplying the strain at this position with the 

modulus of elasticity for steel. However, generally, the material stress-strain diagram from 

the sections are taken and turned by 90 degrees clockwise to show the stress distribution 

over the cross-section at different height points as seen Figure 5-14 and Figure 5-15. The 

material stress-strain diagrams used are shown in Figure 3-21 for the steel sheet and the 

simplified stress-strain diagram from Figure 4-9 for the concrete in tension. 

 

The calculation is illustrated for a section of the floor unit near midspan. Figure 3-12 

shows that at midspan of the floor slab there are two “windows”, one with a height of 

50 mm and the other with 75 mm, which will weaken the steel sheet. These holes in the 

steel sheet result in holes in the stress diagram as well, as displayed in Figure 5-14. 

 

As can be seen in the strain diagram for the steel sheet, the yield strain value of 0.002 is 

reached at one point. At that point the stress value in the steel sheet is: 

 205000 MPa 0.002yf E      410 MPa  (5.191) 

That value is the yielding point for the steel sheet. Therefore, the stress distribution stays 

constant at a value of 410 MPa for all higher strain values than 0.002, which is 

demonstrated at the bottom part of the stress diagram for the steel sheet in Figure 5-14. 

 

With the simplified material diagram for concrete in tension from Figure 4-9, the 

calculated strain distribution results in the plotted stress distribution in Figure 5-15. 

Because of the different slab and web thickness, which influences the concrete force, the 

stress diagram for concrete needs an additional separation at 350 mm from the bottom. The 

concrete fillets at the slab-web junction are neglected. 

 

At this stage the strain and the stress distribution in the entire cross-section for all three 

materials, reinforcement, steel sheet and concrete, are calculated. In order to predict the 

bending moment for this cross-section, the stress diagrams from Figure 5-13 to Figure 5-15 

have to be transformed to resultant forces. For this, the areas of the stress diagrams are split 

into simple shapes, which are subsequently replaced by forces acting at the respective 

centroids of the stressed areas. 
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The forces in the cross-section can be calculated by associating stresses with the 

corresponding areas, which are generally named A  in the equations below. Most of them 

represent triangular or rectangular parts of the stress diagram.  

 

For the reinforcement in Figure 5-13 the resulting force is simply the stress value in the 

rebars multiplied by the area of the rebars as shown in Eq.(5.192). 

 

For the steel sheet in Figure 5-14 the forces are: 

sheet, 1F : the small part at the top of the stress diagram which is in compression 

sheet, 2F : rectangular shape with a stress value of 45.98 MPa 

sheet, 3F : triangular shape with height of 233.94 mm 

sheet, 4F : rectangular shape with a stress value of 410 MPa (height =11.06 mm) 

sheet, 5F : rectangular shape with a stress value of 410 MPa (height = 55 mm) 

 

For the concrete in Figure 5-15 the forces are: 

concF : triangular shape at the top of the stress diagram which is in compression 

conc, 1F : triangular shape with a stress value of 4.07 MPa 

conc, 2F : small piece from the stress value at 1.2 MPa after the concrete cracked to the stress  

value of 1.123, which is the stress in the concrete at the width-change from slab to 

web (350 mm from bottom surface) 

conc, 3F : very slim rectangular shape with a stress value of 0.144 MPa over a height of  

350 mm 

conc, 4F : triangular shape over a height of 350 mm 

 

The precise values for the forces are given below. 
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Reinforcement: 

Two rebars of 20 mm diameter were used for the second floor test. The force, which 

represents the stress behaviour for the two bars, is specified below: 

 2
reinf 2

N
575 628 mm

mmyF f A     361.1 kN  (5.192) 

 

Steel sheet: 

The steel sheet has a thickness of 1.6 mm. Eq.(5.193) to Eq.(5.197) define the forces in the 

sheet. 

 sheet, 1 2 2

1 N N
94.06 70.72 1.6 mm 15 mm

2 mm mmyF f A
         
 

1.98 kN (5.193) 

 sheet, 2 2

N
45.98 1.6 mm 233.94 mm

mmyF f A      17.21 kN  (5.194) 

 sheet, 3 2 2

1 N N
410 45.98 1.6 mm 233.94 mm

2 mm mmyF f A
         
 

68.13 kN

 (5.195) 

 sheet, 4 2

N
410 1.6 mm 11.06 mm

mmyF f A      7.26 kN  (5.196) 

 sheet, 5 2

N
410 1.6 mm 55.0 mm

mmyF f A      36.08 kN  (5.197) 

 

Concrete Tension: 

The forces for the concrete in the tension zone are evaluated in the following equations. 

 conc, 1 2

1 N
4.07 1200 mm 31.88 mm

2 mmcF f A       77.85 kN  (5.198) 

 conc, 2 2 2

1 N N
1.2 1.123 1200 mm 27.67 mm

2 mm mm

         

cF f A
        
 

 38.56 kN

 (5.199) 

 conc, 3 2

N
0.144 100 mm 350 mm

mmcF f A      5.04 kN  (5.200) 

 conc, 4 2 2

1 N N
1.123 0.144 100 mm 350 mm

2 mm mm

         

cF f A
        
 

17.13 kN

 (5.201) 
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Concrete Compression: 

If the cross-section is in equilibrium, the sum of all forces has to be zero. Except for the 

concrete compression force, the forces are calculated above. Therefore, the last missing 

force can be calculated with Eq.(5.202). 

 

conc reinf sheet, 1 sheet, 2 sheet, 3 sheet, 4 sheet, 5 conc, 1 conc, 2

conc, 3 conc, 4          

       361.1 kN 1.98 kN 17.21 kN 68.13 kN 7.26 kN 36.08 kN

          77.85 kN 38.56 kN 5.04

F F F F F F F F F

F F

       

 

     
    kN 17.13 kN

       


 626.4 kN

 (5.202) 

 

Check if assumption of neutral axis is correct: 

Alternatively, the concrete compression force, concF , may also be calculated with the stress 

diagram, like all other forces beforehand. If the assumption of the neutral axis in the 

beginning was correct, the results for concF have to be equal. 

 
conc 2

1 N
11.55 1200 mm 90.45 mm

2 mm
           

cF f A      

 626.8 kN 626.4 kN 
 (5.203) 

 

For simplicity, the Excel program uses an averaged steel-sheet thickness, *t , without holes. 

The steel sheet with its cuts for the “windows” is shown in Figure 3-12 and Figure 3-13. 

The real steel sheet is 1.6 mm thick. According to Eq.(5.204), the 24 holes are “smeared” 

over the entire length to lead to the reduced average thickness, *t . 

 * 455 mm 4400 mm 24 50 mm 75 mm
1.6 mm

455 mm 4400 mm
t

   
  


1.53 mm  (5.204) 

In contrast, the example above uses the real thickness of 1.6 mm and considers the holes. 

Therefore, although the initial calculated neutral axis with Excel is a good estimate, it will 

not be exactly the same as the neutral axis calculated in the example. This is the cause of 

the very small difference in the result of Eq.(5.203). 

 

Moment Capacity: 
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The moment capacity of the cross-section may be calculated by multiplying all forces by 

their vertical distance to the neutral axis as in the following equation. 

 

conc conc reinf, +15% reinf sheet, 1 sheet, 1 sheet, 2 sheet, 2

sheet, 3 sheet, 3 sheet, 4 sheet, 4 sheet, 5 sheet, 5 conc, 1 conc, 1

conc, 2 conc, 2 conc, 3 conc,

        

       

M F z F z F z F z

F z F z F z F z

F z F z

       

       

     3 conc, 4 conc, 4    

2
    626.4 kN 0.09045 m 361.1 kN 0.36955 m

3
0.015 m

       1.98 kN 0.04545 m
2

0.23394 m
       17.21 kN 0.02955 m

2

2
       68.13 kN 0.23394 m 0.02955 m

3

    

F z 

    

    
 
    
 
     
 
0.01106 m

   7.26 kN 0.23394 m 0.02955 m
2

0.055 m
       36.08 kN 0.05 m 0.01106 m 0.23394 m 0.02955 m

2

2 0.02767 m
       77.85 kN 0.03188 m 38.56 kN 0.03188 m

3 2

0.3
       5.04 kN

     
 
       
 

       
 

 
5 m

0.02767 m 0.03188 m
2

0.35 m
       17.13 kN 0.02767 m 0.03188 m

3

    

   
 
     
 

 208.8 kNm

 (5.205) 

 

Final actuator force in the middle of the span: 

If the moment capacity is known, the matching point load in the middle of the span can be 

recalculated. To compare the result with the load-deflection curve from the experimental 

test, the dead load of the floor has to be subtracted. The second floor specimen weighed 

1994 kg, which results in a self-weight per unit length of: 

 
2

1994 kg m
9.81

4.5m s
q   

kN
4.347

m
 (5.206) 

The moment generated by the dead load of the floor is therefore: 
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 2

2

dead load

kN
4.347 4.5m

m
8 8

ql
M


   11.0 kNm  (5.207) 

Finally, the maximum load capacity of the floor slab before the rebars start to yield can be 

calculated as: 

    dead load4 4 208.8 kNm 11.0 kNm

4.5 mmachine

M M
F

L

   
   176 kN  (5.208) 

This is the maximum load capacity of the floor slab before the rebars start to yield and not 

the maximum load capacity of the floor overall. The maximum load capacity of the floor 

overall has to be slightly higher than 176 kN. Even when the rebars are already yielding, 

the maximum capacity has not yet been reached. If the curvature increases and therefore 

also the strain, the point in the cross-section where the steel sheet starts yielding is shifted 

closer to the neutral axis. Therefore, more areas of the steel sheet will have a final stress 

value of 410 MPa, which results in higher forces and a higher moment resistance. The final 

load, at which all stress shapes in the steel sheet are rectangles with a value of 410 MPa, is 

only an idealised theoretical limit value, which is never reached, because it assumes 

infinite strain. 

 

This hand calculation is presented here mainly to explain the theory. The comparison of 

the theory with the experimental test result is made in section 5.6.4, but is based on this 

theory. 

 

5.4 COMPOSITE SECTION PROPERTIES 

5.4.1 Moment of Inertia 

For calculating the deflection, it is first necessary to calculate the bending stiffness, EI , 

and therefore the moment of inertia, I . 

 

One method would be to transform the concrete area to an equivalent steel area. Therefore, 

the concrete area has to be divided by a value n , which is defined as the quotient of the 
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modulus of elasticity of steel over the modulus of elasticity of concrete. The moment of 

inertia can then be calculated in the normal way on the transformed cross-section. 

 

For this method, it is assumed that the elastic modulus stays constant and that no slip 

occurs between the concrete and the steel surfaces. Without modifications, this method is 

only applicable in the elastic range and can be explained in the following three steps: 

 

1. Transformed cross-section 

Before the cross-section can be analysed, it has to be transformed to one single 

cross-section with one homogenous elastic modulus. The difference of the elastic 

moduli between steel and concrete is represented by the value n : 

 s

c

E
n

E
  (5.209) 

Therefore, the area of the concrete is divided by n  to transform the concrete area 

into an equivalent smaller steel area. Only the width is altered in order to maintain 

the same strain levels at any given height. All further investigations are based on 

that transformed cross-section. 

 

2. Centroid identification 

Working on the transformed cross-section, the centroid can be located in the same 

way as for a normal steel section. Therefore, the cross-section is subdivided in 

several parts, iA, for which the centroid and the moment of inertia are easy to 

calculate separately. 

Thus, the vertical centroid position of the whole cross-section z* gives: 

 
 

* i i

i

A z
z

A


 


 (5.210) 

where z is measured from the top surface of the cross-section. 

 

3. Transfer of Axes 

Knowing the centroid of the cross-section makes it possible to calculate the 

moment of inertia directly. However, it is usually more convenient to calculate the 

moment of inertia about a parallel axis, ( pI ), for example the top surface of the 
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Figure 5-24: Acomp floor test 1 

 

For the second floor test, the shear modulus was calculated as: 

 
   

2

N
14178

mm
2 1 2 1 0.2

c
c

c

E
G


  

  2

N
5908

mm
 (5.220) 

The composite area for the second floor test is calculated in Figure 5-25. 

 

 
Figure 5-25: Acomp floor test 2 

 

According to Figure 5-26, the third floor test has a slightly changed cross-section. 
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2
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2
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4 [m
2
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]= 6.39E‐03

8

A B C D E F

1 Gs= 7.89E+04 N/mm
2

2 Gc= 5.91E+03 N/mm
2

nG= 13.35

3 No. Part A

4 [m
2
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Figure 5-23 to Figure 5-27 trace the calculation of sA or compA  for the uncracked cross-

section. Therefore, all values given in Figure 5-25 can be found also in the Excel sheets as 

long as the concrete is not cracked. This can be checked in the last seven columns of 

Figure 5-40. It is assumed that as soon as the concrete cracks the cracked concrete part 

cannot carry any shear loads anymore. Therefore, the shear area in Figure 5-23 and Figure 

5-26 has to be reduced such that only the uncracked concrete part is contributing to the 

shear area. As the Excel sheet calculates the height of the concrete cracking line for every 

kN-step, the area is reduced automatically. This can be seen in the “part concrete”-column 

of Figure 5-40, where the value of 3.75E-03 m^2 is constant up to a load of 24 kN. After 

that, the concrete is cracked and the shear area reduced. 

 

For the steel sheet, it is assumed that after it has yielded, the yielded part no longer 

contributes to the shear stiffness. Therefore, the shear area of the steel sheet has to be 

reduced also after a specific load. The Excel sheet does this automatically in the “part 

sheet”-column of “Matrix 1”(Figure 5-40). However, Figure 5-40 is only showing a section 

of “Matrix 1”, which is the top part with the rows up to a load of 60 kN. The steel sheet 

starts yielding for the second test at 134 kN, therefore, the value of 6.71E-04 m^2 for the 

steel sheet part stays constant until this load is reached. 

 

5.5 DEFLECTION 

The equation to calculate the maximum deflection u  for a simply supported beam loaded 

at midspan neglecting the shear contribution to deflection is: 

 
3

48

Fl
u

EI
  (5.222) 

Eq. (5.222) implies that the bending stiffness, EI , stays constant throughout the whole 

length. This might only be the case at a low load level. As soon as the load increases, the 

modulus of elasticity, E , will slightly decrease, and as soon as the concrete cracks, the 

second moment of area, I , will decrease rapidly as well. 

 

Therefore, the bending stiffness in the middle of the slab is much less, because the concrete 

is cracked, than it is at the ends over the supports, where the concrete is still uncracked. 
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For the example, it is assumed that the modulus of elasticity and the second moment of 

area stay constant over the length. 

 200000 MPaE   (5.225) 

 6 4554 10  I mm   (5.226) 

 1 l m   (5.227) 

The three equations above inserted in Eq. (5.224) leads to Eq.(5.228). 

 
6 4

2 0.25m 5kNm 0.75m 15kNm 1.25m 25kNm 1.75m 35kNm 1m

200000 MPa 554 10  mm

i
bending i

i i i

M
u M l

E I
 

        


 




1.90 mm

 (5.228) 

 

Because the bending stiffness stays constant in the example, the result in this case can also 

be checked with the simple Eq.(5.222), which leads to a similar result of 1.93 mmu . The 

accuracy of the unit load method can be improved if smaller intervals l  are taken. 

 

Generally, the bending stiffness is not constant over the length. In reality, the concrete will 

crack under load first in the middle part, and will reduce the second moment of area only 

locally. At the same time, the second moment of area near the support remains the same. In 

this case, the distribution of the bending stiffness over the length has to be calculated first, 

to use the corresponding bending stiffness for each part i  in Eq. (5.224). 

 

For the shear deformation, the unit load method is applicable as well with a similar 

expression: 

 
0

l

shear
s

V
u V dx

GA
   (5.229) 

By subdividing the length l into small parts of l , Eq.(5.229) transforms to Eq.(5.230). 

 
,

i
shear i

i i s i

V
u V l

G A
   (5.230) 

For the example calculated, Figure 5-29 shows the shear force diagram and the virtual 

shear force diagram. 
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5.6 THEORETICAL MODEL - EXCEL PROGRAM 

5.6.1 Introduction 

The Excel program uses the theory outlined to analyse the floor unit F1 under concentrated 

load at midspan. Relevant parameters are listed in the beginning and can easily be adjusted. 

However, the program makes no claim to be generally applicable. The cells are 

programmed for the specific situations of the second and third experimental floor tests. 

Changes to the assumed values are possible, but have to be done with care, as different 

values can change the arrangement of load cases or the range the cells are programmed for. 

 

The program is able to analyse the floor for every given load. If the floor is able to carry 

the load, the neutral axis is calculated, and the steel and concrete stress distribution at 

midspan is presented in diagrams. For the optimisation process to find the neutral axis, a 

tool called “solver” is used. 

 

The solver tool is a Microsoft Excel add-in, which helps to determine the optimum value 

for a formula in a particular target cell. To do this, the solver adjusts the values of other 

cells that are related to the target to find a solution that satisfies all constraints. 

 

The program is also able to calculate the values for the load-deflection curve at midspan. 

To achieve this, the program starts its calculation at a load value of 0 kN and increases this 

value in steps of 1 kN. The results of each step are saved, as they are needed to construct 

the final load-deflection curve. 

 

In order to not have to manually start the solver for every 1 kN, this process is programmed 

in a macro. A high priority, when developing the Excel program, was keeping it simple and 

reviewable, and so macros were used only when absolutely necessary. 

 

If the assumed floor parameters in the Excel program should be changed, the macro has to 

be used with care. As the solver dialog box is turned off, no warning will inform the user, 

if the solver cannot find a valid solution. Therefore, the results have to be checked 

separately, or the solver dialog box has to be turned on. This procedure is explained in 
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section 5.6.3 and will display the solver dialog box after every 1 kN step. This message 

box will confirm whether a valid solution was found or not. 

 

For simplicity, the macro uses a constant elastic modulus for concrete for all load cases. In 

section 5.6.5, it will be shown that this assumption is acceptable. 

 

The program does not check the maximum concrete compression strain. Therefore, the 

calculated strain values in the Excel sheets have to be checked manually to see if the 

calculated strain at the top surface is less than the maximum strain at the peak stress point 

given by the experimental tests in Figure 4-4. In section 5.6.4 it is shown that this is only 

necessary at a load level very close to the peak load. It is also consistent with the visual 

observation of no concrete compression crushing in any test. 

 

The macro calculates the floor deflection that will satisfy equilibrium for each kN-

increment in load. The analysis could alternatively be controlled by incrementing the 

maximum concrete strain and using equilibrium to calculate the corresponding applied 

load. This would have the advantage of allowing the analysis to proceed easily into the 

fully plastic part of the load deflection response. However, in this thesis the load increase 

is preferred, as for any single given load the strain and stress distribution can be checked 

instantly. Also, a user of the spreadsheet will generally have a better idea of expected loads 

rather than concrete strains. 

 

The second and third experimental floor tests are analysed with the Excel program. As the 

slab thickness is different for these two floors, it was easier to program an individual Excel 

program for each floor type than trying to combine all different possibilities in one 

program. Due to the early failure of floor test one, no special case Excel program was 

written for the first floor test, but the first floor test will be included as one of the cases 

analysed with the finite-element program in chapter 6. If not otherwise indicated, the 

following figures refer to the program used to analyse the second floor test. 

5.6.2 Excel sheets 

The excel program consists of the following 11 different excel sheets: 
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 Calculation 

 Load Cases 

 Strain 

 Stress Steel Sheet 

 Stress Concrete 

 Matrix 1 

 Matrix 2 

 Matrix 3 

 Diagram 

 Diagram Data 

 Example 

 

The left part of the sheet “Calculation” is displayed in Figure 5-30. This is the start screen, 

where all important parameters for the calculation can be set. 

 

There are two possible ways to use the program: 

1. A load is chosen, for which the floor should be analysed. After using the solver 

from the Excel task bar separately, the neutral axis and every important parameter 

for the cross-section will be calculated. 

2. The macro is chosen, which analyses the floor not only for one given load, but also 

analyses the floor automatically for every load in the range of 0 kN to 193 kN for 

the second floor test. 193 kN is the maximum load which can be carried by the 

second floor specimen, analysed with the first method. If floor parameters are 

changed, and the first method shows a different maximum load, then, the cells in 

the corresponding Excel sheets have to be adjusted manually. In addition to this, 

the results of the macro are used to calculate the deflection of the floor at every 

kilonewton. 

 

The first method is recommended for analysing the cross-section at a specific stage, or to 

try out different parameters. The second method should be chosen when the overall 

performance of the floor is sought, or when deflection is of particular interest. 
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xcel sheet “Caalculation”, flooor test 2 
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changing material diagrams have to be modified for the FEM-analysis. How to model the 

concrete cracking behaviour is discussed further in section 6.2. 

 

Figure 5-59 shows the rapid change of the neutral axis location when the concrete cracks.  

 

As the solver needs to calculate the neutral axis to find a solution, this rapid change can be 

interpreted by the solver that no convergent solution exists. The solver runs several 

interpolation processes until it finds a convergent solution. If the starting values suggest a 

load before the concrete cracks the solver adjusts the position of the neutral axis, trying to 

fulfil the requirements. If the final solution is a load before the concrete cracked the 

solution is convergent and can easily be found. If the solution is a load after the concrete 

has cracked it is possible that the solver cannot find a solution. Therefore, the entire load 

range can be divided into two groups: the load range before the concrete cracks and the 

load range after the concrete has cracked. The solver always needs starting values in the 

cells B2, B6 and B7, even if these values are zero. Therefore, the solver always starts in 

one of these groups. The solution in one group can easily be found, only if the solver starts 

in one group and the solution is in the other group can the solver not find it. 

 

In this case, the values of the changing cells B6 and B7 are too different from the solution. 

However, if the cells B6 and B7 are changed manually with values roughly similar to the 

solution, the solver will be placed in the correct group and will then be able to find the 

exact solution again. 

 

Therefore, some pre-calculated results are given in Figure 5-33, which is a table placed in 

the Excel sheet “Calculation”, for different load levels. These results were calculated with 

the solver and are valid for the second experimental test. They show in which range the 

neutral axis and the strain in the rebars have to be for different load levels. If the assumed 

values are not changed the solver should find exactly the same solution. However, the 

solver does not use the values from the solution example table in any way for its 

calculation. The table is only an aid for the program user to set the values manually in cells 

B6 and B7, to put the solver in the correct starting group if that is necessary. Therefore, 

only two points, one before and one after the cracking load at about 25 kN would be 

sufficient. However, the other load examples are given to show at least one example for 



Theoret

 

each po

differen

 

If the a

anymor

 

Solution

Howeve

matter a

problem

 
 

tical Modell

ossible com

nt load cases

assumed val

re. However

n examples 

er, with the

at which loa

m around the

ling 

mbination be

s for concre

lues in Figu

r, they can s

are also gi

e parameter 

ad level (ass

e load wher

Figure 5-33

etween the 

ete. 

ure 5-30 ar

still be used

iven in the 

for the thir

suming a lo

re the concre

: Right part Ex

246

two differ

re changed,

d as a guidel

Excel shee

rd test the s

oad under th

ete cracks d

xcel sheet “Ca

rent load ca

the solutio

line for simi

et for the th

solver could

he maximum

does not exi

alculation”, fl

ases for ste

on examples

ilar tasks. 

hird experim

d always fin

m valid load

st for the gi

oor test 2 

eel and the

s will not m

mental floor

nd a solutio

d). Therefor

iven values

 

e four 

match 

r test. 

on, no 

re, the 

. 



To k

actua

back

 

An e
 

 

keep the Ex

ally calculat

k to sheet “C

example for 

xcel sheets c

ted in sheet

Calculation”

the sheet “L

Figure 5

clearly laid

t “Load Ca

”. 

Load Cases

5-34: Left part

247 

d out, all gr

ases”, and o

s” is given in

t, Excel sheet 

5.6  Theo

rey tinted ce

only the actu

n Figure 5-3

“Load Cases”

oretical Mod

ells in shee

ual used va

34 to Figure

”, floor test 2 

del - Excel P

et “Calculat

alues are tra

e 5-36. 

Program 

tion” are 

ansferred 

 



Theoretical Modelling 

 248

 
Figure 5-35: Right top part, Excel sheet “Load Cases”, floor test 2 

 

Load Case Concrete = 3
Row of Matrix = 37
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Figure 5-36: Right bottom part, Excel sheet “Load Cases”, floor test 2 

 

The loading spectrum from zero to the final load is separated into three different load cases 

for the steel sheet and five different load cases for the concrete. During loading, the shape 

of the stress distribution over the cross-section will vary. For example, in the beginning the 

shape for the sheet part which is in tension will be a triangle, as seen in the example for 

load case one in Figure 5-34. After increasing the load, the steel sheet will start yielding at 

the bottom part. Consequently, the stress in this region cannot be further increased. The 
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stress shape will now change from a triangle to a trapezoid, as seen in the example for load 

case two. 

 

After initially yielding, the cross-section analysis changes from one force representing the 

triangle in tension to two forces representing the trapezoid. It would be very confusing to 

have a lot of these “if-then” alternatives pyramiding in one Excel equation. Therefore, the 

different load cases have been established, where each of them represents a load area with 

the same geometrical shape as the stress distribution in the cross-section. 

 

The Excel program finds out automatically which load case is relevant for the given values 

in sheet “Calculation”, and displays the actual load case in the red cells at the top of the 

sheet “Load Cases”. Only the actual load case is marked red, and the corresponding values 

are marked bold and black. The results of this sheet are the values in the grey tinted cells, 

which are transferred to sheet “Calculation”, where they are needed for the calculation. 

 

The shapes for the concrete load cases are based on the concrete stress-strain diagram from 

the flexural tensile strength tests in section 4.2.1. At the cross-section height of 350 mm, 

measured from the bottom, the concrete load cases need an additional separation, because 

the width changes here from the web of 100 mm to the slab of 1200 mm. 

 

Figure 5-37 to Figure 5-39 show the sheets “Strain”, “Stress Steel Sheet” and “Stress 

Concrete”. Each of these sheets’ diagrams shows the actual strain or stress distribution for 

the given parameters in sheet “Calculation”. Meanwhile, the diagrams in sheet “Load 

Cases” are fixed and will not change, since they are only examples for a type of load case. 
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columns that follow are more or less ancillary columns, which calculate the shear area for 

each given load. 

 

“Matrix 2” calculates the total bending deflection of the floor slab for every given load. 

Therefore, the bending-moment over the floor length is calculated first at every 100-mm 

increment, as seen in Figure 5-41, by assuming a linear bending-moment distribution over 

the length of the floor. 

 

The bending stiffness is also calculated for every 100-mm increment, as seen in Figure 

5-42, and so the Excel function VLOOKUP is used. Because the macro only calculated the 

cross-section in the middle part of the slab at 2.25 m, a comparison is used between the 

moment value anywhere in the slab closer to the support and the moment value at 2.25 m. 

The cross-section is originally the same everywhere in the floor. Only at the places where 

the moment has reached a level where the concrete is already cracked, will the bending 

stiffness be reduced locally. While increasing the load of the floor, the bending-moment at 

a low load level in the middle part of the slab will be reached by a cross-section that is 

further away from the middle part and only a little bit later at a higher load level. It is 

assumed that the two cross-sections behave similarly under the same bending-moment. 

 

The right most column in Figure 5-42, EI2.25m, shows for the first rows up to a load of 24 

kN a constant value of 5.31E+07 Nm2, which is the bending stiffness for the uncracked 

floor. The same value can be seen in Figure 5-57, where the bending stiffness at midspan is 

plotted as a function of the increasing load. If the load increases, the concrete at the bottom 

of the floor will reach its tension capacity and will crack. For the second floor test the 

values from the simplified stress-strain diagram from Figure 4-9 are used for characterising 

this behaviour and this material diagram is implemented in the Excel sheets as shown in 

Figure 5-35 and Figure 5-36, where the material diagram from Figure 4-9 is turned by 90 

degrees to match the sketches in Figure 5-35 and Figure 5-36. Initially, it is only the 

concrete at the bottom that is affected, as the strain has its maximum value there. When the 

load is increased further, the critical strain where the concrete starts cracking will move 

upwards in the cross-section increasing the area of cracked concrete. Therefore, the 

bending stiffness decreases, as shown in Figure 5-57. The material properties for the steel 

sheet and the rebars are also implemented in the Excel sheets. Therefore, if the steel sheet 
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or the rebars start yielding, the bending stiffness will be affected as shown in Figure 5-57. 

This diagram shows the bending stiffness at midspan for varying load levels. Therefore, 

the values from the y-axis are the same as the values in the last column, EI2.25m, in Figure 

5-42. 

 

This column, EI2.25m, calculates the bending stiffness for different load levels only at 

midspan, which is 2.25 m apart from the support. At a load level of 29 kN the concrete at 

midspan is already cracked, resulting in the reduced bending stiffness of 4.75E+07 Nm2. 

The bending moment for any given load has its maximum at midspan. Further away from 

midspan the bending moment is reduced until it reaches zero at the supports. Therefore, the 

cross-sections closer to the support are utilised less. This is reflected in Figure 5-42, where 

all other sections from EI0.05m  to EI2.15m apart from midspan still have their uncracked 

bending stiffness of 5.31E+07 Nm2 for a load level of 29 kN. For example, at the load level 

of 38 kN, the area where the bending stiffness is reduced has increased from section EI2.25m 

to EI1.85m. At this load level only the sections from EI0.05m to EI1.75m are showing the 

uncracked bending stiffness of 5.31E+07 Nm2. 

 

The values in Figure 5-42 are calculated with the help of the Excel function VLOOKUP. 

Therefore, the bending moments at all cross-sections from M0.05m to M2.25m and for all load 

levels have to be calculated as shown in Figure 5-41. In this figure only the first 60 x 1-kN 

load steps of the Excel sheet are shown, which should be sufficient to explain the 

procedure. At a load level of 44 kN the value for the section at 0.75 m from the support 

(M0.75m) shows a bending moment of 20.17 kNm. The Excel function VLOOKUP takes 

this value of 20.17 kNm and searches in the last column (M2.25m) of Figure 5-41 for the 

closest value, in this case 20.01 kNm at a load level of 8 kN. As all bending stiffness 

values have been calculated for the midspan section at EI2.25m for all load cases as shown 

in the last column of Figure 5-42, VLOOKUP takes the bending stiffness at section 

EI2.25m for a load level of 8 kN, which is the uncracked value of 5.31E+07 and writes it 

into the requested cell at section EI0.75m for a load level of 44 kN. 

 

 

In this way, the characteristics of the cross-section under load have to be calculated only 

once, as shown in Figure 5-58. All other bending stiffness values from different cross-
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sections are calculated by comparing the actual bending moment at this cross-section with 

the diagram (Figure 5-58). 

 

Therefore, for example, the function VLOOKUP takes the moment at location 1.05 m and 

searches for the same or next closest moment in the calculated values at 2.25 m. Because 

the moments are the same at these two locations, the bending stiffness has to be the same 

as well. In this way, it is possible to calculate the bending stiffness at every location in the 

slab and at every load level. 

 

In Figure 5-43, it is illustrated how the total bending deflection is calculated. Based on the 

theory explained in section 5.5, each column represents a part of Eq. (5.228). 

 

According to Figure 5-44 and Figure 5-45, the total shear deflection in “Matrix 3” is 

calculated in a similar way to the total bending deflection in “Matrix 2” and is based on the 

same theory from section 5.5. 
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The sheet “Example” in Figure 5-48 to Figure 5-50 was created to give an overview of the 

floor behaviour. It shows the strain and stress diagrams for selected load levels from to the 

maximum load. 
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The description of the Excel program is based on the second floor test. The values under 

“Assumptions” in the sheet “Calculation” can be changed to simulate different floor 

models, as long as the load cases stay valid. The third floor test had a slab thickness of 

100 mm, against a 150 mm slab thickness in floor test two. Because the slab thickness has 

a significant impact on the type and number of load cases, it is not programmed as a 

changeable variable. Therefore, a separate Excel program was established for the third 

floor test. 

 

The assembly of the sheets are similar to the previous one, and the values are updated for 

the third floor test. In particular, the concrete load cases in sheet “Load Cases” had to be 

changed to the new dimensions and are shown in Figure 5-51 and Figure 5-52. 

 

As mentioned earlier in section 1.1, the goal of the thesis was to analyse the 4.5-m long 

floor specimen experimentally and theoretically. Therefore, the Excel sheets were written 

for the very particular geometry used in the second and third experimental test only for a 

length of 4.5 m. The construction of the sheets “Matrix 2” and “Matrix 3” (Figure 5-41 to 

Figure 5-45) are based on this length. Therefore, the columns correspond to half of the 

floor section at every 0.1-m interval. For example: M0.05m, M0.15m, M0.25m,… or EI0.05m, 

EI0.15m, EI0.25m,… or u0.0-0.1m, u0.1-0.2m, u0.2-0.3m,… in Figure 5-41 to Figure 5-43. 

 

As these columns in the Excel sheets are fixed, the sheets can only analyse the behaviour 

of the experimental tests with a floor length of 4.5 m. However, most of the material 

parameters under “Assumptions” in Figure 5-30 are changeable as long as the load cases 

stay valid. This facilitates analysing the floor behaviour for different concrete, steel sheet 

or rebar parameters. The intention of the Excel table was to use the same equations used 

for a hand-calculation, but obtain rapid results, while understanding at the same time what 

the program is doing and where the values are coming from. The visualisation of different 

load cases was very helpful in understanding the floor behaviour under increasing load. 

However, the drawback is that the sheets are not very flexible. A more flexible program 

would have split the cross section in finite elements or strips so that the program would not 

have to work with different load cases. However, it was not intended to write a finite 

element program as the analysis with finite elements is undertaken with the finite element 

modelling program Abaqus in chapter 6. Abaqus is able to model the floor unit more 
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closely than the Excel-based calculation method, however, the Abaqus model does not 

easily offer the same insights into the internal actions as the first-principles calculation 

does. 

 

The two Excel files which analyse the behaviour from the second and third experimental 

floor test can be found in the Appendices. 

 



Theoretical Modelling 

 270

 
Figure 5-51: Load cases for concrete top part, floor test 3 
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Figure 5-52: Load cases for concrete bottom part, floor test 3 

 

5.6.3 Macro 

The advantage of using a macro is that the solver does not have to be started separately for 

every increased kilonewton step. Figure 5-53 lists the short macro code which is used in 

the Excel program for the second floor test. 
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are set to zero, the solver will usually find a solution. Only when the solver has been used 

before with a very high load, might the values be too different from the solution for 0 kN, 

which is the first load step used by the macro, so that the solver will not find a solution. 

That was mentioned earlier in section 5.6.2, and that is also the reason why the macro is 

split in two halves. The first half calculates the first 25 rows in the for-next loop, which are 

for the load levels from zero to 24 kN for the actuator load. The second half calculates in a 

second for-next loop the rest of the rows, which are for the load levels from 29 kN to the 

final load. The part in between 25 kN and 28 kN, which is in most cases the range where 

the concrete starts to crack and which could create problems for the solver, is left out. 

 

The next lines set the solver parameters, similar to the solver parameter window in Figure 

5-32. At the end of the for-next loop, the macro saves all important parameters in the green 

tinted cells in sheet “Matrix 1”. After that, the loop starts again with the next row, which 

increases the load by one kilonewton. 

 

Checking the results is recommended when parameters from the assumptions part are 

changed on sheet “Calculation”. The macro turns the solver dialog box off, which means 

that no error message occurs, even when the solver cannot find a solution. Alternatively, 

the SolverSolve UserFinish in the macro could be changed from True to False. Then, the 

solver dialog box will appear after every analysed kilonewton step. The starting values for 

the cells B6 and B7 at the beginning of each for-next loop are designed for the given 

parameters. Therefore, these values have to be adjusted accordingly, if parameters are 

changed. 
 



Figuree 5-53: Macro

273 

o code for Exc

5.6  Theo

cel program, f

oretical Mod

floor test 2 

del - Excel PProgram 

 



Theoretical Modelling 

 274

5.6.4 Results 

The results of greatest interest were the load-deflection curves of the theoretical model 

generated by the Excel program, as they allowed immediate comparison with the 

experimentally determined plots. If the theoretical model was to be used as a tool to assist 

design, it was important that it gave reasonable values for stiffness and ultimate load and 

generally provide a “good fit” to the experimental data. Load-deflection diagrams are 

printed in Figure 5-54 for floor test two and in Figure 5-55 for floor test three. Because the 

first floor test failed in an unexpected mode far below its intended capacity, no Excel 

program was established for the first test. However, in the finite-element analysis, all three 

floor specimens were analysed. 
 

 
Figure 5-54: Load-deflection curve, floor test 2 

The load-deflection curve in Figure 5-54 consists primarily of two straight lines and a 

curved end. The first line reaches from the origin to the state where the concrete starts to 

crack. The little gap in the graph before the concrete cracks is the missing kilonewton steps 

in the macro from 25 kN to 28 kN. After the concrete cracked, the slope changes and stays 

relatively constant, until the rebars start to yield. Even after this point, the maximum load 

can be increased by the spread of yield into the steel sheet. 
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The final load of 194 kN is slightly higher than the measured 186 kN in the experimental 

test. 

 

By using 1.0-kN load increments, the solver in Excel can find solutions up to 193 kN. Only 

when finding the last point at 194 kN was manual intervention needed. Because the 

solution for 194 kN is so different from the solution for 193 kN, the solver requires starting 

values closer to the solution of 194 kN to resolve the problem. 
 

 
Figure 5-55: Load-deflection curve, floor test 3 

Figure 5-55 shows a very good agreement between the experimental test results of floor 

test three and the results from the Excel simulation between zero and 60 kN. For loads 

higher than 60 kN, the load-deflection curve from the experimental test will separate more 

and more from the theoretical simulation by bending to the right. This behaviour is even 

stronger for floor test three than observed for floor test two. 
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Figure 5-56 displays the strain in the rebars at midspan for the second floor test. The last 

point at 194 kN in the load-deflection diagram is a situation with an extremely high-strain 

value, where the strain gauge (type KFW) would be at the limit of its performance, which 

the manufacturer describes to be at 28000   . Also, the theoretical assumptions made for 

the calculation might not apply anymore at this stage. 
 

 
Figure 5-56: Rebar strain at midspan, floor test 2 

Figure 5-57 displays the bending stiffness of the floor at midspan at different load levels. 

This diagram contributes to the understanding of the fundamental floor behaviour under 

load. Up to a load of 27 kN, the bending stiffness stays constant. After that, the concrete 

tension strength at the bottom of the specimen is reached and the concrete cracks. This has 

a significant influence on the bending stiffness, which rapidly decreases. With increasing 

load, the bending stiffness approaches a constant value again, before the yielding of the 

steel sheet causes a very slight change in slope. At a load level of 182 kN the rebars also 

start yielding, causing the final steep decline of the bending stiffness. 
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The Excel program calculates the bending and shear deflections separately and adds them 

together for the total deflection. In Figure 5-60 the results are shown for the bending 

deflection alone and for the total deflection for comparison. It can be seen that the shear 

deflection for the second floor test is much less than the bending deflection, but not so 

small that it is negligible. 
 

 
Figure 5-60: Bending and shear deformation separately, floor test 2 

In Figure 4-4, the stress-strain curves for the concrete in compression were printed. Each 

curve was simplified to three straight lines with different elastic moduli from E1 to E3. E1 

defines the stress strain behaviour at the beginning of the curve and has the highest value. 

E3 defines the end of the curve with the lowest value and E2 is somewhere between. For 

simplicity, the Excel sheets are written for one constant concrete elastic modulus in 

compression only. Therefore, only one of the three elastic moduli (E1 to E3) can be used in 

the Excel sheets. In order to cover the average slope of the stress-strain diagram, the 

medium elastic modulus, E2, was used for all calculations. For example, for the second 

floor test this would be E2 = 14178 MPa (Figure 4-4). 

 

In Figure 5-61, the results of all three elastic moduli are shown. In reality, a combination of 

all three elastic moduli, or, even more accurately, the real curve of the stress-strain diagram 
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defines the concrete behaviour. However, the Excel program was used to calculate the 

extreme cases of the whole floor consisting of a constant low elastic modulus of 

11677 MPa or a constant high elastic modulus of 16816 MPa (for the second floor test). 

From Figure 5-61, it can be observed that, for these cases, the load-deflection curves do not 

differ much and, therefore, the Excel simulation with a constant medium elastic modulus 

of 14178 MPa should be accurate enough. 
 

 
Figure 5-61: Low, medium and high concrete elastic modulus, floor test 2 

 

In a standard compression test, the concrete peak stress value typically occurs at a strain 

value of about 0.002. This agrees well with the recordings from the three different concrete 

types in Figure 4-4. Normally, a falling branch of the stress-strain curve can be observed 

after this peak load, reaching an ultimate strain value between 0.003 and 0.004. However, 

this post-peak behaviour is not modelled in the Excel sheets. As mentioned previously, the 

stress-strain curve of concrete in compression is modelled as one straight line with the 

medium elastic modulus E2 from Figure 4-4. The post-peak behaviour of the concrete is 

only important if some concrete parts in the cross section exceed the peak stress value. 

From Figure 4-4 it can be seen that the peak stress value for the second test has a value of 
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20.8 MPa and a corresponding strain value of 1780 . This is still significantly less than 

the 0.003 to 0.004 strain at which concrete compression failure is initiated. 

 

The maximum compression strain value for the floor test should be at any time at the top 

surface of the cross-section. The macro, programmed in the Excel sheets, calculates the 

strain distribution in the cross-section for every given load in “Matrix 1” (Figure 5-40). 

The second column, “strain top”, shows the calculated strain value at the top concrete 

surface. However, Figure 5-40 is only showing a selection of the sheet “Matrix 1”, which 

is the part of the first 60-kN steps. Figure 5-62 shows a selection of the same sheet for the 

last 5-kN steps and for the first six columns. It can be seen that only in the last row, at a 

load of 194 kN, is the peak strain value of 1780  exceeded. Although the peak 

compression strain is not checked automatically, this manual check shows that the 

calculations up to 194 kN are correct, as they are totally independent of the post-peak 

behaviour of the concrete. 

 

Figure 5-40 shows also the rapid strain increase for the last kN-steps. The corresponding 

points in the load-deflection curve can be seen in Figure 5-54, where the curve is nearly 

horizontal at the maximum load level. 

 

 
Figure 5-62: Extract from “Matrix 1” for the last kN-steps 

 

The stress-strain diagram for concrete in tension for the second floor test is shown in 

Figure 4-9. The Excel program uses a very similar graph as demonstrated in Figure 5-63. 

Generally, the elastic modulus in tension is either similar or the same as the elastic 

modulus in compression at a low stress level. Therefore, Figure 4-9 and the graph from the 

experiment in Figure 5-63 both use a value of 16816 MPa. Instead, the Excel program uses 

Fmachine strain top strain bottom z reinf M

[kN] [10-6] [10-6] [mm] [10-6] [kNm]
190 -1053.58 5847.88 76.33 5295.77 224.76
191 -1119.78 6612.64 72.41 5994.05 225.89
192 -1201.97 7640.00 67.97 6932.65 227.01
193 -1315.30 9207.65 62.50 8365.81 228.14
194 -2415.47 34796.75 32.46 31819.77 229.26
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the medium elastic modulus of 14178 MPa, which causes the small difference in the slope 

in Figure 5-63 before the concrete cracks. 

 

FEM programs like Abaqus have difficulties in modelling concrete behaviour in tension in 

the way that the Excel program has been set up to do. Therefore, different ways are needed 

to model such behaviour in Abaqus, as will be discussed in detail in section 6.2. 

 

Figure 5-63 shows, with the red line, a different concrete diagram where the maximum 

tension strength of 1.3 MPa is close to the strength after the concrete cracks with 1.2 MPa. 

As the concrete strength rapidly decreases after cracking, this behaviour causes problems 

when using finite-element programs. Different approaches to avoid these problems are 

discussed in the finite-element chapter in section 6.2. To use the material behaviour as 

displayed with the red lines in Figure 5-63 is one possibility. The small jump from 1.3 MPa 

for the maximum stress value to 1.2 MPa is only used in the Excel program to obtain a 

diagram shape the program is intended for. In Abaqus, this model would match a diagram 

with a maximum strength of 1.2 MPa. Figure 5-64 displays the result of the two concrete 

tension models shown in Figure 5-63 (Excel 1 and 2). 

 

This is an advantage from the Excel program, as the results from different models are able 

to be compared with the results from the experimental model, with the steep stress 

decrease after cracking. This behaviour cannot be modelled directly with Abaqus. 
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Figure 5-63: Different concrete tension diagrams, floor test 2 

 
Figure 5-64: Results of different concrete tension diagrams, floor test 2 

Figure 5-64 shows that the slopes of the graphs at low load levels are different, as a result 
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Therefore, the influence of the maximum tension force on the load-deflection curve is not 

of major interest. More important is the area under the stress-strain curve, which is known 

as fracture energy. As mentioned in the theory of the Excel calculation, this area affects the 

force which determines the bending-moment. The area under the graph in Figure 5-63 

before the concrete cracks is relatively small. Therefore, it causes a small force and 

bending-moment difference as well. 

5.6.5 Discussion of the load-deflection curve 

The load-deflection curve at midspan, as simulated with the Excel program, can be closely 

approximated by two lines before the rebars start yielding. The two different slopes are 

demonstrated in Figure 5-65 and Figure 5-66 for floor test two and three. 
 

 
Figure 5-65: Two line simplification, floor test 2 
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Figure 5-66: Two line simplification, floor test 3 

The point of intersection of the two lines coincides with the initiation of concrete cracking. 

For the third floor test, this cracking behaviour simulated with the Excel program matches 

the curve from the experimental test very closely. Up to about 60 kN, the graph from the 

Excel simulation is nearly identical to the experimental graph. 

 

In Figure 5-65, the graph from the second experimental floor test is almost perfectly linear 

for up to about 50 kN and does not show the typical slope change predicted by the theory 

when the concrete starts cracking. The question is: why not? 

 

The steel beam which is loading the floor was seated in all experimental tests on fast 

curing plaster to the top floor surface. This was to ensure, there was a solid support of the 

beam without any gaps. In the second test, the beam was pressed by the testing machine 

against the floor to distribute the wet plaster. By mistake, the load used was significantly 

higher than necessary. As soon as the mistake was recognised, the load was immediately 

removed. The loading time was about five seconds. It was not recorded how high the load 

was. No visible displacement or deformation was observed. 

 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

140.00

160.00

180.00

200.00

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00

Deflection [mm]

F
 m

ac
h

in
e 

[k
N

]

Channel 2-3

Excel, Floor test 3

Slope 1

Slope 2



Theoretical Modelling 

 286

After analysing the load-deflection curve from Figure 5-65, it is likely that the floor was 

loaded with at least 50 kN. This would explain why the curves from the test and the Excel 

program differ. If the floor was loaded with 50 kN before the recorded test was started, the 

concrete would have been loaded above the crack initiation threshold. Therefore, the 

recorded graph is not the first loading behaviour of the floor as simulated in the theory. 

Instead, the recorded data from the experimental test show the load behaviour of the 

second load cycle, which is less stiff and follows the slope of the second model line for the 

post-cracking regime. 

 

It has to be noted that there are other parameters which are neglected in the theoretical 

model, which may also influence the cracking behaviour. For example, the concrete 

shrinkage characteristics lead to tensile stresses in the concrete. Especially at low loads, 

this could influence the results. The movement of the floor element under the testing 

machine prior to the test also influences the floor behaviour at a low load level. 

 

The slope of the load-deflection curve for the second experimental test at a load of about 

60 kN matches very well the slope from the Excel simulation, as shown in Figure 5-65. At 

higher loads, the graph from the experimental test shows decreasing stiffness and increases 

the gap between experiment and theory. The same behaviour can be observed in the third 

floor test, as shown in Figure 5-66. At loads over 60 kN, the deflection from the 

experimental test does not increase in proportion to the load. The gap between the results 

of the experimental test and the Excel simulation increases at higher load levels. 

 

The reason for the different results is that the Excel simulation assumes no slip between the 

rebar and the concrete at all times, however, as detailed in section 4.3.5.4 and 4.3.6.4, slip 

occurred during the experimental floor tests. It was shown that the slip started abruptly at a 

specific load. Therefore, the graphs from the experimental test and from the Excel 

simulation are very similar at low load levels, where the assumption of no slip is true. At 

higher load levels, the influence of the slip behaviour increases and also, therefore, the gap 

between experiment and theory. 

 

For the third floor test in Figure 5-66, the gap is bigger than in the second floor test in 

Figure 5-65. The results from the second experimental floor test show a graph which is 
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relatively close to a straight line before the rebars start yielding. However, in the third floor 

test, the graph is smoothly curved up to the point of failure. No slope change, as the rebars 

start yielding, can be observed in this test. This is caused by the fact that the slip region in 

the third test extended to midspan, which did not happen in the second floor test. When slip 

extends to midspan, the maximum theoretical load cannot be reached. This behaviour was 

explained in section 4.3.6.4. 

 

For the second floor test, slip was detected only at the ends and not at midspan, and so the 

maximum load in the experimental test and the Excel simulation was nearly identical. The 

difference between the experimental and theoretical graph is moderate. However, in the 

third floor test, where slip was detected at midspan, the maximum load from the 

experimental test was less than the result from the Excel program. Because of the bigger 

spread of slip in the third test compared to the second test, the gap between theory and 

experiment is also bigger. 

 

Rebar slip was not included in the theoretical model, as it was the intention from the outset 

to detail the reinforcing and its interconnection in such a way that the slip was either 

prevented or confined to a small region. This condition was only achieved in test number 

two and requires further research, as noted in section 7. 

5.6.6 Conclusions 

The outcomes of the theoretical model as implemented in the Excel program compared 

with the observed performance of test two and three can be summarised as follows: 

 With the help of the Excel program, it is possible to theoretically model the floor 

behaviour. The load-deflection diagram at midspan, which is one of the main 

interests, can be predicted by the program. 

 In reality, slip was detected during the three experimental tests. Slip at the ends of 

the floor, but not at midspan, did not affect the maximum load of the floor for test 

number two, although it did affect the deflections of the floor, which were higher 

than the results from the model which assumes no slip. 

 In the third floor test, slip was also detected at midspan. This resulted in a decrease 

of the maximum load capacity of the floor. Therefore, the maximum load in the 
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third experimental test was less than the results from the theory. As slip is more 

widespread in the third floor test compared to the second test, the gap between 

theory and experiment is also bigger in the third test. 

 When the floor cracks the graph from the load-deflection curve significantly 

changes its slope. In the third floor test, this behaviour corresponds very well 

between theory and experiment. In the second floor test, this behaviour could not 

be observed. This is very likely due to a preload of at least 50 kN leading to cracks 

at midspan prior to the loaded deflections of the floor being recorded. Therefore, 

the measured deflections of the second experimental test were the second load 

cycle (up to 50 kN) and not the first. Only the first load cycle can show the typical 

crack initiation behaviour. 

 With the Excel program, some situations can be modelled which cannot be 

modelled in a finite-element program. The after-crack behaviour of concrete often 

leads to severe numerical problems in finite-element programs. Normally, it is 

difficult to model the rapid decrease of the concrete tension strength immediately 

after cracking. This behaviour can be modelled with the Excel program without 

difficulty. Therefore, different concrete tension models were analysed and 

compared with the Excel program. A simplified model which best agrees with the 

real behaviour can also be transferred to, and used in, the finite-element analysis. 

 It was shown that the simulation of the load-deflection curve, with the constant 

medium modulus of elasticity of concrete, is sufficiently accurate. 

5.7 NATURAL FREQUENCY 

The transverse natural frequency 1  in radius/ sec for a simply supported beam is given in 

Eq.(5.234). 

 2
1 4

EI

l A
 


  (5.234) 

where   is the density of the beam. 

 

To use the natural frequency, 1f  (Hz), and the self-weight, q , Eq.(5.234) can be 

transformed to Eq.(5.235). 
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     (5.235) 

where g  is the standard gravity. 

 

With the moment of inertia for the composite section, compI , calculated in section 5.4.1, 

and the line load, q , for the first floor test from section 4.3.4.1, Eq.(5.235) becomes: 
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2 2

1 4 4

m N
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33.5 Hz  (5.236) 

 

With the corresponding values for floor test two and three, Eq.(5.235) can be transformed 

to Eq.(5.237) and Eq.(5.238). 
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30.9 Hz  (5.238) 

 

The measured values for the natural frequency in section 4.4 were 26 Hz, 19.5 Hz and 

22 Hz, for floor tests one to three. This shows that the natural frequencies in the 

experimental tests are all lower than in the theory. 

 

The theory assumes an unloaded, and therefore uncracked, cross-section with the highest 

possible value for the composite moment of inertia. But the floor at the experimental test is 

at least loaded with its dead load, which still should not change the composite moment of 

inertia. Figure 5-57 shows the moment of inertia decreased rapidly after the concrete 

cracked in the cross-section at a relative low load level. During preparations for the load 

test, the floor element is moved under the test machine and the formwork was taken off. 

During that procedure, the floor had to resist some unmeasured pressure at a low level on 

the top of its own dead load. 
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One explanation of the lower natural frequency in the experimental test could be that these 

preloadings additional to the dead load could cause microcracks, which decreased both the 

moment of inertia and the natural frequency. 

 

Microcracks produced by concrete shrinkage are another process which is not further 

analysed in this thesis and which would also decrease the moment of inertia. 

 

The natural frequencies will also be measured with the Abaqus model in section 6.6. 

 

 

The natural frequency was experimentally measured in section 4.4 and theoretically 

modelled in this section for a floor length of 4.5 m by a width of 1.2 m. However, only the 

frequency of the final 9-m product is of real interest. From Eq.(5.235) it can be seen that if 

the length, l , is multiplied with the factor 2, the natural frequency has to be multiplied with 

the factor ¼ if everything else stays the same. Therefore, the natural frequencies for the 9-

m floor can be estimated from the results of the 4.5-m model. For further examination the 

experimentally measured frequencies from section 4.4 are used to predict the 9-m floor 

behaviour in Table 5-3. 

 

Table 5-3: Natural frequency for 4.5-m and 9.0-m floor specimen 

 Test 1 Test 2 Test 3 

4.5m 

experimental tested 

in section 4.4 

26 Hz 19.5 Hz 22 Hz 

9.0 m 

factor 1/4 
6.5 4.9 5.5 

 

The design of the floor regarding the vibration behaviour is generally a serviceability issue. 

The floor will not break or fail if the natural frequency will not perfectly match the 

recommended values. However, recommended values are given in several publications to 

prevent discomfort for people inside the building. Mast, for example, discussed the 

vibration behaviour for precast concrete floors (Mast, 2001). In this paper the research of 
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 0P  = constant force representing the excitation in kN 

       = 0.29 kN for buildings 

       = 0.41 kN for footbridges 

 nf  = fundamental natural frequency in Hz 

   = modal damping ratio 

       = 0.01 for footbridges 

       = 0.03 for a typical office area 

       = 0.05 for office floors with full-height room partitions 

 W  = effective weight of the floor in kN 

 

The effective weight, W , might be calculated as follows: 

 W wBL  (5.240) 

where  w  = uniformly distributed weight per unit area (actual dead and actual live load) 

 L  = floor span 

 B  = effective width 

with 

 

0.25
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D

 
   

 
 (5.241) 

where  C  = perpendicular flexural continuity factor from 1.0 (edge) to 2.0 (middle) 

 parD  = transformed moment of inertia per unit width of floor parallel to the span 

           = 
parI

b
 with b  = beam spacing 

perpD  = transformed moment of inertia per unit width of floor perpendicular to the  

   span 

with 

 
3

12
e
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d
D

n
  (5.242) 

where  ed  = effective depth 

 
1.35

s

c

E
n

E
  = dynamic modular ratio 
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The theory above is applied for the parameters from the second floor test with the 

dimensions of one real size floor element (9 m long and 3 m wide). With the effective 

depth of the floor slab assumed to be ed  = 0.12 m and 

 
200000 MPa

1.35 1.35 16816 MPa
s

c

E
n

E
  


8.81  (5.243) 

the transformed moment of inertia per unit width for the perpendicular floor span is given 

by: 

 

 
 33 0.12 m

12 12 8.81
e
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d
D

n
  


31.63E - 05 m  (5.244) 

For the transformed moment of inertia per unit width for the parallel floor span it is 

assumed that the effective moment of inertia for the 3-m wide specimen is about two times 

the amount calculated in Figure 5-19. 
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b


   31.97E-04 m  (5.245) 

 

Therefore, the effective width may be calculated as: 
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2.0 m  (5.246) 

 

With the line load of 4.35 kN/m from (4.25) for the 1.2-m wide floor specimen, the 

effective weight of the full-size floor yields to: 

 
4.35

2.0 m 9.0 m
1.2 m

kN
mW wBL     65.3 kN  (5.247) 

 

Therefore, the estimated peak acceleration ratio from (5.239) may be calculated with the 

following equation. 
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0.027 = 2.7%  (5.248) 
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From Figure 5-67 it can be seen that the peak acceleration ratio for offices is limited to 

0.5%. Therefore, the vibration acceptance criterion for human comfort in office buildings 

is not fulfilled. However, for car parks or buildings with less strict requirements the floor 

may be suitable. 

 

If the proposed floor product is intended to be used in office buildings, further research is 

necessary to show that the human response to floor vibration can be made acceptable. 

Frequency measurements on experimental real-size floor slabs are recommended, 

following for example the testing protocol in (AISC, 1997) or (Smith et al., 2009). 

 

In Eq.(5.248), the modal damping ratio,  , was assumed to be 0.03 for a typical office 

area as recommended in (AISC, 1997). However, for a more accurate approach it is 

recommended to conduct real size floor tests and calculate the modal damping ratio from 

the measured response curve or to use finite element analysis. Furthermore, with the finite 

element program, the real floor support conditions at the longitudinal side could be 

modelled, which would positively increase the damping ratio compared to a single floor 

element. With the finite element results, the floor could be analysed according to the 

general assessment method given in (Smith et al., 2009). 

 

5.8 CONCLUSIONS 

The conclusions of the chapter 5 can be summarised as: 

 The theoretical model implemented in the Excel program is able to analyse the 

floor behaviour under load and model the load-deflection curve at midspan based 

on the assumption of no slip between rebar and concrete. The detailed conclusions 

of the Excel program are given in section 5.6.6. 

 To explain and verify the theory, a hand calculation was done in an example in 

section 5.3. The bending and shear deflection could be calculated with the unit load 

method, as explained in section 5.5. 

 The natural frequencies measured in the experimental tests were between 22% and 

32% lower than the results from the theory. It is not totally clear where this 
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difference comes from. In section 6.6, the behaviour has been analysed further with 

the finite-element program. 
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6 FINITE-ELEMENT ANALYSIS 

6.1 INTRODUCTION 

To investigate the behaviour of the experimental test specimens, the finite-element 

program Abaqus, version 6.7-1, was used. The objectives of the finite-element analysis 

were: 

 To analyse and compare its results with the experimental tests and with the results 

from the theoretical modelling. 

 To model and analyse the support condition as actually implemented. The Excel 

program assumed a simply supported beam, but was not able to model the support 

on the SHS. Abaqus was expected to be able to calculate a model supported either 

on the SHS or on the bottom of the concrete web. The difference should show how 

accurate the assumption in the Excel simulation was. 

 To model the floor behaviour into the inelastic range more accurately than the hand 

method could achieve, taking account of bearing, moment and shear interaction. 

 

The Abaqus model assumes, for simplicity, that the steel parts are totally connected to the 

concrete throughout the entire time. Therefore, the model neglects any slip between these 

parts. Even with this simplification, finite-element programs often have a problem 

modelling the behaviour after the concrete cracks. Section 6.2 explains different 

possibilities to avoid this problem. It was intended to develop a floor reinforcing system 

that was detailed and interconnected in such a way that slip was prevented or confined to 

small end regions. Consequently, it was not regarded as a high priority for inclusion in the 

theoretical or finite-element models. 

 

Section 6.3 comments on how the floor is simulated in Abaqus and defines all parameters 

used in the model. 

 

The results of the Abaqus analysis can be found in section 6.4. 
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In section 6.5, the load-deflection curve obtained from the Abaqus model is discussed and 

compared with the results from the Excel program and with the results from experimental 

testing. 

 

Section 6.6 calculates the natural frequencies for all three floor tests and compares these 

values also with the results from the theory and experimental section. 

6.2 MODELLING REINFORCED CONCRETE 

A simply supported concrete beam with rectangular cross-section and one or two rebars 

loaded at midspan is a very simple construction. However, in Abaqus, it is a highly 

complex process to model this construction in detail with exactly the same structural 

characteristics. The following statements are applicable to a range of finite-element 

programs and are not limited to Abaqus alone. 

 

The difficulty lies in modelling the composite-material reinforced concrete. The concrete 

material itself is normally modelled with enough accuracy as a homogenous material. Steel 

or concrete parts under compression generally lead to good results in Abaqus, if the 

materials are not mixed in the structure. The problems begin when the different materials 

are modelled in one construction together, as in a reinforced concrete structure, and when 

the concrete starts to crack under tension stresses: 

1. The connection between the two materials needs to be modelled in Abaqus. The 

easiest way to do this is to “tie” these parts together so that they are totally 

connected, similar to a stiff welding line. If the concrete cracks, the finite concrete 

elements can separate. But as soon as the cracking gap reaches the rebar, the FEM 

program has an unsolvable problem: On one hand, the tension forces in the 

concrete try to separate the two finite concrete elements. On the other hand, the tied 

connection between the rebar and the concrete holds the concrete elements in place. 

The finite concrete elements connected to the rebar cannot separate and stay in 

place at the same time. 

2. When a single material cracks, it is often seen as the failure point, and the FEM 

model normally stops. However, in a reinforced concrete beam, the failure point of 

the beam is not reached when the concrete cracks under bending. The tension 
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forces, which cannot be carried anymore by the concrete, will be transferred to the 

rebar. 

 

There are different ways to prevent the first problem. One solution is to model the rebar as 

an “embedded” element, as is done in this thesis. The embedded element technique is used 

to specify a group of elements which lie embedded in a group of host elements and can be 

used to model reinforcement. The response of the host elements are used to constrain the 

translational degrees of freedom of the embedded nodes. 

 

Different approximation methods are possible for the second problem as well. Most 

methods modify or avoid the sudden decrease of stress after cracking in the material 

diagram of concrete. 

 

After the concrete has cracked, some material between the cracks, where the bond has not 

been destroyed, can still carry tension forces from the rebar to the surrounding concrete. 

This behaviour may be considered as an increase in stiffness in the rebar and is therefore 

known as the “tension-stiffening effect”. This effect can be modelled either in the material 

diagram of the rebar or in the material diagram of the concrete, where it defines the after-

cracking behaviour. Therefore, the same topic can also be understood as “concrete-

softening behaviour”. But it has to be noted that the most perfect theoretical model is not 

necessarily the best choice for the material definition in an FEM program. To keep Abaqus 

running, it is sometimes necessary to model a smoother after-cracking behaviour of 

concrete than that which results from a material test.  

 

Many researchers are working on a concept to model concrete in tension in general or 

specifically in an FEM program. Winkler (2001) gives a general overview of concrete 

behaviour under tension, and the Comite Euro-International du Beton (1993) presents a 

model code which provides more details of a concrete model than most national codes do. 

Carpinteri and Aliabadi (1999) and Maekawa et al. (2003) describe and analyse different 

models for concrete and reinforced concrete structures. A collection of papers relevant to 

this topic are given in (Hendriks et al., 2002), (Konsta-Gdoutos, 2006) and (Meschke, 

2006). 
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Several papers discuss the after-cracking behaviour in the stress-strain diagram of the 

concrete. In particular, if the graph in the stress-strain diagram after the crack should be 

linear, bilinear or parabolic. However, a lot of parameters influence the after-cracking 

behaviour in a reinforced concrete construction, which makes it difficult to find a general 

solution. Specifically, steel fibres or other material fibres added to the concrete mix do not 

normally increase the tension strength of concrete, but they do influence the after-cracking 

behaviour significantly. Therefore, in most cases individual material tests are necessary to 

define the after-cracking behaviour. 

 

Abaqus offers three different concrete models as described in the Abaqus Analysis User’s 

Manual (Simulia., Abaqus Version 6.7-1): 

1. The “smeared crack concrete model”, which is available in 

Abaqus/Standard only. 

2. The “brittle cracking model”, which is available in Abaqus/Explicit only. 

3. The “concrete damaged plasticity model”, which is available in 

Abaqus/Standard and Abaqus/Explicit. 

 

Each of these three models is designed to provide a general capability for modelling 

concrete. The most flexible model, which can also be used in both Abaqus programs, 

Standard and Explicit, is the concrete damaged plasticity model. For the floor analysis in 

this thesis, the concrete damaged plasticity model was used. 

 

The input values for Abaqus are split into elastic and plastic data. The elastic modulus and 

Poisson’s ratio have to be defined separately; the rest is defined in the concrete damaged 

plasticity model. Some general plasticity parameters have to be defined in this model first. 

Therefore, the default values or the values recommended from Abaqus were used. After 

this, the compressive behaviour has to be given in tabular data of stress and plastic strain 

values. The tensile behaviour can be modelled in three different ways: First, the stress and 

plastic strain table is one option. Secondly, the table may be filled with stress and plastic 

displacement values. Or, as a third option, it may be filled with stress and fracture energy 

values. All three options describe the same thing: the post-failure behaviour of the 

concrete. Therefore, it is not relevant for the data definition which method is being used. 
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The concrete material was tested in section 4.2.1 with the results summarised in a stress-

strain diagram. Therefore, the stress and plastic strain table was used in this thesis. 

 

The simplified stress-strain diagram from the second floor test, as analysed in section 

4.2.1, is repeated in Figure 6-1. Abaqus recommends in the Abaqus Analysis User’s 

Manual (Simulia., Abaqus Version 6.7-1) a linear decreasing stress value after the concrete 

cracking point. The strain at zero stress should be about ten times the strain value at the 

crack point. This recommendation is also plotted in Figure 6-1.  
 

 
Figure 6-1: Abaqus recommendation for after crack behaviour, floor test 2 

Due to the fact that Abaqus cannot model the real concrete behaviour in tension, this 

recommendation at least keeps the model running. But Figure 6-1 shows as well that 

although agreeing at maximum tensile stress, the Abaqus model does not align closely with 

the experimental data in the post-cracking region. 

 

In this thesis, a different approach, which is based more on the experimental test data was 

used as demonstrated in Figure 6-2. The difference in the load-deflection curve between 

this model and the real crack behaviour is very small as this comparison was already 
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analysed with the Excel program in section 5.6.4 and shown in Figure 5-63 and Figure 

5-64. 
 

 
Figure 6-2: After crack behaviour used in Abaqus, floor test 2 

 

In order to understand the impact which the concrete material behaviour in tension has on 

the load-deflection curve of the floor, four different concrete models were analysed with 

the Excel program (Figure 6-3). The first one is the same as the one used in the Excel 

calculation for the second floor test. The next one overestimates the concrete post-cracking 

stress with a linear stress reduction after the crack point. The blue line underestimates the 

concrete behaviour with a stress decrease to zero after the concrete cracks. And finally, the 

green line simulates a concrete material with nearly no tension strength. 

 

Because the Excel program normally requires input data with a jump in the stress value 

after cracking, the jump distance is set for the red example to a very small value of 

0.01 MPa, from 4.07 MPa to 4.06 MPa. The influence of this small adjustment on the 

results is insignificant, and can be ignored. 
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The load-deflection curves for the four models are shown in Figure 6-4. This diagram 

demonstrates the influence of the concrete material definition in relation to the load-

deflection curve of the floor. A final strain value of 3500  was kept constant. Otherwise, 

even more concrete diagram variations would be possible. 
 

 
Figure 6-3: Different concrete cracking models, floor test 2 
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Figure 6-4: Load-deflection curve for different concrete models, floor test 2 

It can be seen that the modelling of the concrete tensile behaviour has a significant 

influence around the initial cracking load. It has relatively little influence on either 

subsequent stiffness or ultimate load. 

6.3 FINITE-ELEMENT MODEL 

Because the tested T-section in the experimental test is double symmetric, only one quarter 

of it (half length and half width) was modelled in Abaqus as seen in Figure 6-5. 
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the load proportionality factor (LPF). Abaqus starts with a low LPF and increases that 

factor step by step. For example, if the highest factor equals two, the maximum load for 

that floor is two times the given load value at the beginning. Because the Abaqus results 

should be easily comparable with the load-deflection curve of the test, the load 

proportionality factor is set to 1.0 at the maximum load reached at the experimental test. 

 

For the first experimental floor test with a maximum measured load of 121 kN, the beam 

pressure, p , in the model is therefore set to: 

 
121000 N

4 50 mm 600 mm
p  

  2

N
1.01

mm
 (6.1) 

The pressure for the second and third test is calculated accordingly in Eq.(6.2) and  

Eq.(6.3). 

 
157000 N

4 50 mm 600 mm
p  

  2

N
1.31

mm
 (6.2) 

 
186000 N

4 50 mm 600 mm
p  

  2

N
1.55

mm
 (6.3) 

As only one quarter of the experimental tested floor is modelled, only one quarter of the 

final load from the experiment equals the final load in the Abaqus simulation, which is 

indicated by the number four in the denominator. 

 

All steel parts are modelled individually with their corresponding material behaviour. The 

steel sheet, the SHS and the 6-mm steel plate are “merged” together into one part as seen in 

Figure 6-6, which implies that they cannot separate anymore. The same was achieved in 

the experimental test by the welding lines between the steel parts. The rebar is constrained 

with the type “tie” to the 6-mm steel plate, which simulates a stiff welding connection as 

well. 
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The rebar was modelled as a “truss” element, which supports loading only along the axis. 

Therefore, it is particularly suitable for long slender elements. The steel sheet is modelled 

as a “shell” element, which is generally used for structures where one dimension, the 

thickness, is significantly smaller than the other dimensions. All other materials were 

generated as common “solid” elements. 

 

The material data given in section 3.3.2 are “nominal” stress and strain data. The nominal 

stress is also called engineering stress and is the force per unit un-deformed area. But, most 

FEM programs, including Abaqus, require “true” stress and strain values for their material 

definition, where the true stress is the force per deformed or current area. Therefore, the 

material values from section 3.3.2 need to be transformed, before they can be used as input 

values in Abaqus. Eq.(6.4) converts nominal stress, nom , to true stress, true . 

  1true nom nom     (6.4) 

And Eq. (6.5) calculates the true strain, true , which is also called logarithmic strain, out of 

the given nominal strain value. 

  ln 1true nom    (6.5) 

Instead of the total strain, which is the sum of the elastic and the plastic strain, Abaqus 

requires the plastic strain values plus the elastic modulus, E . The input value for the 

plastic true strain can be obtained from: 

 , , , ,
true

pl true total true el true total true E

        (6.6) 

 

From Eq.(6.4) and Eq.(6.5), it can be concluded that the difference between nominal and 

true data is only significant for high strain values and could therefore be neglected in the 

elastic range. However, this thesis uses true values for all material definitions in Abaqus. 

 

Additional to the supports conditions, the symmetric boundary conditions also had to be 

modelled. Therefore, the displacement in x direction, the rotation about the y-axis and the 

rotation about the z-axis have to be zero for the surface at the cut of 2.25 m of the floor 

length. Similarly, the displacement in the z direction, the rotation about the x-axis and the 

rotation about the y-axis have to be zero for the surface at the cut of 0.6 m of the floor 

width. The orientation of the coordinate system is displayed in Figure 6-5. 
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The results of an FEM program depend on a lot of parameters. Therefore, the results 

always have to be checked carefully. For example, if the maximum floor capacity of a 

floor element is investigated, and the model stops at a certain stage, it has to be analysed, if 

the model stops, because the final load is reached or because of other problems in the 

model. An important part in the model is the rebar. If the rebar has not reached its yielding 

stress at midspan, it is an indication that the maximum floor capacity has not been reached, 

and that the floor model has stopped because for other reasons. In the Abaqus simulation, 

the maximum stress and strain value in the rebar was checked at the step, where the Riks 

method stopped. The program shows with the values of 587 MPa and 8368    for the 

simulated second floor test an expected stress distribution, where the rebar reached the 

yielding stress of 576.6 MPa (true stress) in the middle of the floor slab. 

 

Figure 6-9 shows the von Mises stress distribution in the steel sheet. The red part presents 

yielded parts or parts close to the yielding stress measure of 410.8 MPa (true stress) at 

midspan. The right part closer to the support is still in the elastic range. 
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Figure 6-11: Abaqus results for floor test 2 

 

The floor from the experimental test has to carry its own dead load in addition to the load 

applied from the test machine. In contrast to that, the Abaqus model is not carrying the 

dead load. In order to compare both results, the diagram from the Abaqus model is shifted 

in the point of origin approximately by the influence from the dead load as seen in Figure 

6-11. With Eq.(6.7), the dead load (line load) is transferred to a corresponding point load. 

 

4 3

line load point load

5

384 48

ql Fl
u u

EI EI
  

F = 0.625ql
 (6.7) 

With the corresponding dead loads, q , Eq.(6.7) changes to Eq.(6.8) for floor test one to 

Eq.(6.10) for floor test three. 
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-0.1

0.1

0.3

0.5

0.7

0.9

1.1

-1 4 9 14 19 24 29 34

L
P

F
 [

/]

Deflection [mm]

Channel 13-12

Abaqus



6.4  Results 

315 

The slope from the graph can be calculated from the first calculated point in Abaqus for all 

three floor elements as: 

 1

0.1805

0.7417 mm
slope  

1
0.243

mm
 (6.11) 

 2

0.1829

1.729 mm
slope  

1
0.106

mm
 (6.12) 

 3

0.01563

0.1203 mm
slope  

1
0.130

mm
 (6.13) 

Therefore the dead load equals a shifted coordinate system with the amount on the x- and 

y-axis of: 

 1

14.1 kN

121 kN
y   0.117  (6.14) 

 1

0.117
1

0.243
mm

x   0.481 mm  (6.15) 

 2

12.2 kN

186 kN
y   0.0656  (6.16) 

 2

0.0656
1

0.106
mm

x   0.619 mm  (6.17) 

 3

7.93 kN

157 kN
y   0.0505  (6.18) 

 3

0.0505
1

0.130
mm

x   0.389 mm  (6.19) 

 

During the development of the Abaqus model, it was convenient to work with one step 

only, the Riks method. To avoid repeating the adjustment at the point of origin, it would 

also be possible to analyse the dead load in an individual step, before the Riks step. 

 

To model the floor behaviour by hand or with an Excel program, some simplifications 

were necessary, as explained in chapter 5. One of the simplifications was that the floor is 

modelled as a simply supported beam. In reality the support conditions are slightly 

different, but it was assumed that the support condition mostly influences the local 

behaviour and does not much influence the load-deflection curve. 
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With Abaqus both situations were simulated: one situation with the real support conditions 

at the SHS and one situation with a 50 mm square support plate under the concrete web to 

simulate a simply supported beam without the hanger system. The load mid-deflection 

curves for both models are plotted in Figure 6-12. It can be seen that the difference 

between these curves is very small, and so the assumption made is therefore acceptable. 

 

 
Figure 6-12: Different support conditions for floor test 2 

 

The concrete in compression was modelled by three straight lines as shown in Figure 4-4 

and repeated in Figure 6-13. The post-peak behaviour was neglected. However, concrete 

models normally include post-peak behaviour. The model from Hognestad (Canadian 

Portland Cement Association, 1989) for example is shown in Figure 6-14 which assumes a 

linear behaviour between the peak stress and ultimate strain. 
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In section 5.6.4 it was shown that the post-peak behaviour has little influence on the load 

deflection curve, as the concrete strain is reaching the peak strain only just before the 

maximum load is applied. However, the post-peak behaviour of the concrete, as shown in 

Figure 6-15 for the second test, is modelled in Abaqus to confirm this result. The 

behaviour before the peak stress was modelled as beforehand and measured in the 

experimental tests. The post-peak behaviour was modelled, according to Figure 6-14, 

linearly to a strain value of 0.0038 with a reduction of the stress value of 15%. 

 

 
Figure 6-15: Simplification of stress-strain curve for second floor test with post-peak behaviour 

 

The Abaqus result of the load deflection curve for the second floor test by modelling the 

concrete in compression with a post-peak behaviour as simplified in Figure 6-15 is shown 

in Figure 6-16. For comparison the original Abaqus result from Figure 6-11 without the 

modelled post-peak behaviour is drawn in the same diagram. However, the two curves are 

so identical in Figure 6-16 that they are drawn exactly on top of each other. This confirms 

the statement from section 5.6.4 that the post-peak behaviour of the concrete does not have 

an influence on the result of the load-deflection curve for the cases considered and the 

simplified concrete models used in the Excel sheets and the Abaqus analysis are accurate 
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enough and acceptable, provided a check is made to ensure that maximum concrete strains 

do not exceed the value at peak stress. 

 
Figure 6-16: Abaqus result for concrete modelled with post-peak behaviour from Figure 6-15 

 

Without the post-peak behaviour the first and third floor test have also been modelled with 

Abaqus. The load-deflection curves for the first and third floor tests are shown in Figure 

6-17 and Figure 6-18 respectively. In the first floor test, the rebars were not connected 

properly to the rest of the floor, which resulted in the specimen failing far below its 

theoretical capacity. But, up to that failure point, the experimental test results agreed very 

well with the Abaqus results. Therefore, the thin black line, which is normally used for the 

experimental test results, is changed to thick red to make the line easily seen in Figure 

6-17. 
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Figure 6-17: Abaqus results for floor test 1 
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Figure 6-18: Abaqus results for floor test 3 

 

6.5 DISCUSSION OF THE LOAD-DEFLECTION-
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Figure 6-20 the Excel simulation shows a better correlation to the experimental test 

than the Abaqus model does. 

 The reason why the Abaqus deflections are higher in the beginning, before the 

concrete cracked, is that the concrete model is a simplification of the real concrete 

behaviour in tension. As explained in section 6.2, the stress-strain diagram after the 

concrete has cracked is modelled in Abaqus to gain a smooth running model. 

However, the floor performance before the concrete cracks cannot be modelled 

accurately in this way. 

 The Abaqus results give a larger deflection than the Excel model. One reason for 

this is the different concrete model for tension that has been discussed in section 

6.2. Figure 5-64 demonstrates the results for the Excel model (Excel 1) and the 

concrete model used in Abaqus (Excel 2) in one diagram, simulated with the Excel 

program. It can be noted that the deflection for the Abaqus model (Excel 2) always 

has to be slightly higher than the deflection of the Excel program (Excel 1). Similar 

to the Abaqus diagrams in Figure 6-19 and Figure 6-20, the diagram also shows the 

missing break in the slope when the concrete cracks (the graph with the concrete 

tension strength of 1.3 MPa). 

 The difference between the Excel results and the Abaqus results slightly increases 

at higher loadings. A reason for this could be that the Excel program analyses the 

bending and shear deflection separately with de-coupled stresses, before the 

deflections are added together to obtain the total deflection. The FEM program 

Abaqus, instead, works with fully interacting 3-D stresses and can superpose 

several stress conditions at the same time. Specifically, at loads close to the 

maximum load, this difference will become noticeable. 

 The calculated maximum load or the load where the rebars start yielding is very 

similar in the Excel and Abaqus model. However, the maximum deflection for the 

maximum load is difficult to compare. Due to the fact that the load-deflection curve 

is nearly horizontal at this stage, very small load increases can result in large 

deflection increases. Therefore, the maximum deflection between Excel and 

Abaqus is more easily compared at the stage where the rebars start yielding. 

 In Figure 6-19, the results from the experimental test differ more and more from the 

Excel and Abaqus simulation at higher load levels. This is a result of the slip 

between the rebars and the concrete, which was noted and discussed in section 
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4.3.5.3. Due to the fact that slip only occurred close to the support and not in the 

middle of the rebar length, the slip only influences the deflection of the floor. In the 

middle of the floor, the specimen can still carry the maximum bending-moment, 

which is confirmed in Figure 6-19, due to the fact that the maximum loads from the 

experiment, the Excel simulation and the Abaqus simulation are similar. 

 In Figure 6-20, the differences between the results of the experimental test and the 

Excel and Abaqus simulations also increase at higher load levels. This time, the slip 

also appears in the middle of one rebar as monitored in Figure 4-84. As a result, the 

deflection difference from the theory is, first of all, much larger in the third test 

than it was in the second test. Secondly, the maximum bending-moment from 

theory cannot be reached in the experimental test. This can be seen in Figure 6-20, 

where the maximum load of the third experimental test is much lower than the 

maximum load of the Excel and Abaqus simulation. This is due to the fact that the 

strain in the rebars cannot reach the yield point of about 2800  at midspan, 

because one rebar starts slipping beforehand at a strain value of 1773  (Figure 

4-84). 

 

 
Figure 6-19: Second floor test, load-deflection curve 
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Figure 6-20: Third floor test, load-deflection curve 

Sometimes, simulating exactly the load-deflection behaviour from an experiment with a 

FEM simulation is attempted, regardless if the experiment showed “correct” results or not. 

The case of slip between the rebar and the concrete is relatively difficult to simulate with 

an FEM program if the overall response of the floor is important. 

 

A very simplified way to simulate the slip of the rebar would be by changing its material 

behaviour. It should be clearly pointed out that this method will only demonstrate a very 

rough simplification, which is mainly based on the empirical values found by comparison 

of the results. Figure 6-21 shows in blue the normal, true stress-strain diagram used in 

Abaqus. The red graph is used for the slip simulation. The difference between the graphs is 

very small, such that they lie nearly on top of each other in Figure 6-21. The point at 

272 MPa is the stress value where slip was observed for the first time in the second floor 

test. The strain value at the yielding point was found by comparing the results. The strain 

value with the result that most closely matched the experimental test was selected. The 

load-deflection curve from the modified Abaqus simulation can be seen in Figure 6-22. 
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Figure 6-21: Modified stress-strain diagram of rebar for slip simulation 

 

 
Figure 6-22: Slip simulation for floor test 2 
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The reasons for the difference between the measured and predicted natural frequencies 

cannot be conclusively established from the work undertaken. However, some possibilities 

about the reason for this have already been given in section 5.7. Furthermore, the support 

conditions under the SHS are idealised in Abaqus with a support distance of 30 mm to the 

concrete surface, which was best estimated from the experimental testing. The assumption 

in the theory of a fully symmetric specimen was not given in the experimental testing. 

Instead, the hollow sections at the supports were slightly twisted during the welding 

process and the concrete pour so that the final floor element was not fully supported at both 

ends at the same time. This behaviour would have decreased the bending stiffness of the 

floor specimen and also the natural frequency. 

6.7 CONCLUSIONS 

The conclusions of chapter 6 are: 

 The results of the Abaqus model and the Excel program are in general very similar, 

as shown by the load-deflection curves in Figure 6-19 and Figure 6-20. 

 The concrete tension behaviour demonstrated in the flexural tensile strength test in 

section 4.2.1 cannot be incorporated into Abaqus without causing numerical 

modelling problems. Therefore, a simplification was used, avoiding the rapid 

decrease in the stress following the peak load being reached. The simplified model 

is shown in Figure 6-2 and uses a maximum tensile strength of 1.2 MPa, instead of 

4.07 MPa. As a result, the Abaqus graph cannot show the typical slope change in 

the diagram when the concrete starts cracking, whereas the Excel graph can. 

 For both of the tests analysed, the difference between the Abaqus and Excel results 

increases at higher loads. In the Excel program, the flexural and shear deflection 

are analysed separately at the full cross-section. Abaqus considers 3D-stresses and 

takes account of all interactions at the same time. This difference is most noticeable 

at high loads. 

 The maximum load in the Abaqus and Excel simulation were very close, with a 

difference under 2%. 

 The reason for the larger deflections in the experimental test, when compared with 

the Abaqus model, is the same as the reason that the deflections in the experimental 
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test are larger than predicted by the Excel program. The difference is due to the slip 

between rebar and concrete and was analysed in section 5.6.5. 

 The fact that the maximum load of the third experimental test was lower than the 

Abaqus model was also caused by slip at midspan, as discussed in section 5.6.5. 

 By readjusting the stress-strain diagram of the rebars, it was possible to simulate 

the slip between the rebars and the concrete. As a result, the Abaqus program was 

able to simulate the same load-deflection curve as measured in the experimental 

test. But it has to be noted that this was based on a trial and error method to find the 

best fit to the experimental test and does not give insight into the actual slip 

characteristics. 

 The results of the natural frequency analysis with Abaqus agree well with the 

results from the theory section. However, the results from the experimental tests are 

in all three cases about 25% less. No conclusive reasons for this could be found; 

some suggested reasons are given. 
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7 DISCUSSION AND SUGGESTIONS 

FOR FURTHER WORK 
Chapters 4 to 6 each contain specific discussion and conclusions sections, keeping the 

results and discussions close together. This chapter does not discuss the details again, but 

focuses on bringing together the main results and making suggestions for improvements. 

 

The new “F1” floor element has been shown to be a feasible contender as a long-spanning, 

precast flooring system component and to fulfil the brief from the CSA partnership. 

 

The innovative use of sheet-steel reinforcing had demonstrable benefits in: 

 ensuring a robust, slab-level support detail. 

 providing steel in an adaptable form, able to contribute to the demands of both 

shear and flexure. 

 eliminating conventional stirrups and allowing a very compact reinforcing 

assembly leading to a reduced overall web thickness. 

 permitting a self-supporting reinforcing assembly, capable of being lifted and 

placed in the formwork as a single unit. 

 providing a support detail with a robust load path and ability to provide a level top 

concrete surface on deforming supports. 

 

The use of lower density, fibre-reinforced concrete resulted in good composite 

performance of the concrete/ sheet-steel combination and allowed construction of a unit 

with sufficient strength and stiffness to meet normal industrial loading requirements. 

 

The F1 development program was constrained by limitations of funding, time and physical 

resources, allowing only three large-scale floor test specimens to be constructed and tested. 

Poor concrete quality and rebar anchorage in the first test specimen led to reduced 

performance, but enough information was obtained to confirm the effectiveness of the 

sheet-steel and dispel any worries about web splitting. The need for properly compacted 

concrete and effective rebar anchorage and attachment were addressed in the second test, 

allowing the target load to be borne and showing suitable ductile behaviour. The third test 



Discussion and Suggestions for further Work 

 330

was intended primarily as a confirmation of the second test, although, a thinner slab was 

used (100 mm rather than 150 mm) with lower density concrete. The connection of rebars 

to the steel sheet with conventional reinforcing tie-wire proved to have less capacity than 

necessary, leading to some separation and limiting the post-maximum load performance. 

 

Theoretical modelling, based on a simple assumption of linear strain, together with careful 

consideration of concrete-cracking behaviour, applied with precision both over the cross-

section and along the length of the floor unit, gave behaviour predictions that agreed well 

with observed experimental tests. The assumption of no slip on the concrete/ steel interface 

limited the model’s predictions to some extent. Despite this, the peak load prediction was 

unaffected, provided slipping did not approach the midspan region. Stiffness, however, 

would be affected by any occurrence of slip. Slip was not incorporated in the model, which 

was aimed primarily at peak load prediction and the load-deflection behaviour up to that 

point. Good detailing and interconnection of the reinforcement was intended to ensure that 

slip was effectively suppressed and sufficient experimental evidence was gathered, 

especially from the second test, to suggest that this goal was achieved for that test and can 

be achieved in practice. 

 

Finite-element analysis generally confirmed the results of the theoretical model. Concrete 

cracking behaviour, always difficult to model in finite-element programs, was 

approximated based on the results of the theoretical model, which was able to experiment 

with different tensile stress-strain relationships. Full composite action was also assumed in 

the finite-element model. Incorporating treatment of slip into the theoretical or the Abaqus 

model may be worth considering for future development. 

 

There are some improvements and further work which could be conducted in continuation 

of this project: 

 If the floor development process is finalised and several 4.5 m long specimens have 

confirmed the concept, a full-scale floor test with the dimensions of nine metres in 

length and three metres in width is essential, with strain gauges at intervals between 

the midspan and end to monitor slip. 

 The rebar connection to the surrounding concrete is very important and full 

development of this rebar at the point of maximum moment in the centrally loaded 
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4.5 m span test is required. It will be an important research area to determine 

appropriate embedment details, then build representative models and undertake 

pull-out tests to determine the anchorage details and development length required. 

However, this will not be practical to undertake until the preferred form of 

reinforcement and anchorage into the end plate is determined. 

 Repeat tests of the same kind as the second test but with revised rebar anchorage 

details are then required to determine variability. 

 A 5000 cycle load test is required on the final planned detail to determine resistance 

to shakedown in service. 

 

One conclusion from this research is that the steel sheet is very effective for carrying shear 

forces. Especially at the support, the sheet is able to fulfil complex load conditions and is 

able to utilise its advantages against other floor types. This is of particular importance, as 

the support detail is often critical in conventional precast floor units as discussed in section 

2.4. 

 

It was not planned to develop a better support detail for double-Tee floors, but the ideas of 

this thesis can be used to do so. The sheets could be only one metre long at each support 

and the thickness can easily be adjusted to the requirements. The use of two parallel steel 

sheets for wider concrete webs would also be possible.  

 

Unlike double-Tee floors or hollowcore slabs, the F1 unit always has the steel sheet in the 

cracking plane, which prevents brittle cracking at the support. Brittle cracking mechanisms 

are critical for floor systems, as the sudden local failure can lead to total failure of the floor 

system, which can in turn result in total collapse of the building if the floor below collapses 

as well, due to the extra load of the first crushed floor. 

 

This thesis presents experimental tests, theoretical and finite-element models that 

demonstrate the feasibility of the F1 unit. However, at the moment the F1 unit is still a 

research project and is not yet at the stage of a “prototype” for commercial production. 

Apart from more experimental tests, some other details have to be investigated further. 

These include, for example, the levelling system at the SHS, which should allow the 

adjustment of the height with a screwed bolt to make a concrete topping unnecessary. 
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Furthermore, the connection between the units along their transverse edges has to be 

developed and investigated, especially with regards to the diaphragm shear transfer under 

seismic loading. 

 

One possibility for further development could be to replace the reinforcing bars in the 

bottom of the ribs with prestressing tendons. These would be installed in the former and 

would pass through the holes in the end plate, as is shown in Figure 4-44 for the rebars. 

The tendons would be stressed against the formwork, as they are for a conventional 

double-Tee. However, dead end anchors would be installed at the steel plates before the 

concrete was poured. When the prestressing bars are cut after the concrete has hardened 

sufficiently, the tension force in the tendons would be resisted through compression in the 

steel end plate and in the concrete and steel sheet at the bottom of the rib. This would have 

the following advantages: 

 The compression would eliminate visible cracking in the base of the ribs under 

serviceability conditions. 

 The dead-end anchorage would ensure the solid bond of the tendon into the 

concrete and prevent premature slip. 

 The prestressing would decrease the deformation, which is important in toppingless 

systems. 

 The floor height could be minimised. 



8  Conclusions 

333 

8 CONCLUSIONS 
Specific conclusions from the experimental testing and numerical modelling are given in 

each of the chapters 4 to 6. This chapter describes in general terms the principal 

conclusions of the research project: 

 A new composite precast floor concept which uses a 1.6-mm perforated steel sheet 

as part of the reinforcing system has been developed, analysed and tested. 

 The steel sheet is able to carry forces at any location and in any direction in its 

plane and is an effective replacement for conventional stirrups. The continuously 

distributed forces in the sheet are beneficial for the concrete-cracking behaviour. 

Stirrups can only carry loads in a vertical direction and have the disadvantages of 

stress concentrations at the locations where they are placed. 

 The steel sheet also contributes an increase in the bending-moment resistance of the 

floor, which is not possible with stirrups. 

 Experimental testing has verified that the floor concept is constructible. The floor 

behaviour was analysed and evaluated after each test to improve the floor concept. 

The rebar connection to the concrete and to the rest of the floor was insufficient in 

the first test. The best results were obtained in the second test, when the rebar ends 

were welded to the 6-mm steel end plate, and when the rebars were also spot-

welded to the steel sheet. Further developments are feasible to improve this end 

anchorage and attachment between rebar and steel sheet along the length of the 

member. 

 Before the first experimental floor test was conducted, the main concern was that 

the concrete at the web might separate at each side from the steel sheet when 

loaded. The experimental testing has shown that this failure mode does not occur, 

at least for the steel-fibre dosage and with the percentage of openings used in the 

steel sheet, and that the steel sheet remains well connected to the concrete at all 

times. 

 Strain gauges glued to the rebars indicated slip between the rebar and the 

surrounding concrete at a specific load stage. If the slip occurred only at the ends of 

the rebars, it affected only the deflection behaviour, but not the maximum load 

capacity of the floor. In the third floor test, slip was also detected in the midspan 

region, which let to a lower maximum load capacity of the floor. 
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 Predictions from theoretical modelling implemented in an Excel spreadsheet and 

from finite-element analysis with the program Abaqus were confirmed by the 

results from the experimental tests. In particular, the load-deflection curve was 

calculated and compared with the data from experimental testing. In order to make 

the theory accessible to hand calculation, some simplifications had to be made, 

such as calculating the flexural and shear deflections separately. Abaqus is able to 

superpose these actions and can model this behaviour more precisely, which is 

most important for behaviour beyond the elastic range. However, some material 

behaviour can be modelled more easily using Excel, in particular, the rapid change 

in stresses at a given level when the concrete cracks. 

 At the support and especially, for floor types with a hanger system, the stress 

distribution is very complex and may change for different load conditions. The 

steel sheet is able to resist these complex stress distributions, even when the stress 

directions change. The developed support detail with the square hollow section and 

the 6-mm steel plate welded to the steel sheet showed a very robust and reliable 

behaviour under experimental testing. 

 The use of steel-fibre reinforcement improved the tensile strength of the concrete 

and added to its ability to connect through the “windows” in the steel sheet. 

 The entire reinforcing system can be, advantageously, fabricated as a self-

supporting rigid assembly, which can be lifted by its ends and placed in the 

formwork. 
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APPENDIX 1    REBAR TEST CERTIFICATES 

The first test certificate with the cast number 51168-01 corresponds to the rebars used in 

the first experimental test. The second test certificate with the cast number 53888-01 

corresponds to the rebars used in the second and third experimental test. 
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APPENDIX 2    EXCEL PROGRAM TEST 2 

The Microsoft Excel file for analysing the second experimental floor test as discussed in 

section 5.6 can be found on the attached CD-ROM. 

 

APPENDIX 3    EXCEL PROGRAM TEST 3 

The Microsoft Excel file for analysing the third experimental floor test as discussed in 

section 5.6 can be found on the attached CD-ROM. 

 


